
Influence of reflected waves from the back
surface of thin solid-plate specimen on
velocity measurements by line-focus-beam
acoustic microscopy

著者 櫛引  淳一
journal or
publication title

IEEE Ultrasonics, Ferroelectrics and Frequency
Control

volume 47
number 1
page range 274-284
year 2000
URL http://hdl.handle.net/10097/46469

doi: 10.1109/58.818771



274 IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 47, NO. 1, JANUARY 2000 

Influence of Reflected Waves from the Back 
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Abstract-We investigated the velocity measurements of 
leaky surface acoustic waves (LSAW) by line-focus-beam 
(LFB) acoustic microscopy of thin specimens for which 
the waves reflected from the back surface of the speci- 
men (back reflection) must be included in the measure- 
ment model. The influence of back reflection resulted in 
a serious problem in measurement accuracy of the appar- 
ent changes of measured velocities. Using several samples 
of thin synthetic silica glasses, the determination of LSAW 
velocity affected by the reflected waves and the relationship 
between the specimen thickness and the apparent velocity 
change with a periodic frequency interval in the frequency 
dependence of measured LSAW velocities are discussed in 
detail. Three useful methods for eliminating that influence 
are proposed and demonstrated: first, separating the ra- 
dio frequency (RF) pulsed wave signal from the specimen 
surface and the pulses reflected from the back surface by 
reducing the RF pulse width; second, scattering acoustic 
waves from the roughened back surface; and third, taking 
the moving average of measured frequency characteristics 
of LSAW velocities. It is shown that, among these methods, 
the moving average method is the most useful and effective 
as a general means to  eliminate the influence and to  de- 
termine intrinsic velocity values because this method needs 
no specimen process and no system change, and the same 
conventional V ( z )  curve measurement and analysis can be 
employed. 

I. INTRODUCTION 

INE-FOCUS-BEAM acoustic microscopy [I] has become L recognized as a useful method of quantitative material 
characterization, which is made by measuring the prop- 
agation characteristics, i.e. , velocity and attenuation, of 
LSAWs excited at  the water-specimen interface through 
V ( z )  curve measurements. This method has been applied 
to characterize a variety of materials [2]-[20], and its use- 
fulness and effectiveness have been verified, resulting from 
the facts not only that the nondestructive and noncontact- 
ing measurement of acoustic properties can be conducted 
at a microscopic scale on a specimen surface over a large 
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Fig. 1. Cross-section of the LFB acoustic lens describing V ( z )  curve 
measurements. 

area, but also that the accuracy is extremely high. Tem- 
perature stability and mechanical precision on the mea- 
surement have been improved to the point that it has at- 
tained the relative accuracy in velocity of 4=0.002%, at 
a chosen position, and of f0.004% for two-dimensional 
(75 mm x 75 mm) inspection [all. 

The propagation characteristics of LSAWs are obtained 
with the LFB system by measuring and analyzing the in- 
terference output V ( z )  of two components: the waves re- 
flected directly from the specimen surface and the rera- 
diated waves of the LSAWs propagating on the bound- 
ary (see Fig. 1). The procedure of analysis of the V ( z )  
curves has been established based on the simple interfer- 
ence model of the two components [l]. However, this model 
is restricted to sufficiently thick specimens. As RF tone 
burst pulses are used in the measurement, another compo- 
nent, of which the waves are reflected from the back surface 
of the specimen (back reflection), takes part in the interfer- 
ence output in addition to the two components mentioned 
previously [22], [23]. If the specimen is thick enough, the 
component of back reflection has a sufficient time lag rel- 
ative to the component of the waves reflected from the 
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specimen surface, such that the back reflection signals can 
be excluded by using a gate circuit in the system. However, 
if the specimen is thin, the back reflection component must 
be included in the output. As a result, the measured V ( z )  
curves are essentially affected, and the obtained LSAWs’ 
propagation characteristics could be seriously affected. 

In the previous studies, this influence has not been 
taken into consideration in the procedure because it could 
be assumed that the difference in acoustic impedance be- 
tween water, as the coupling liquid, and the solid material, 
as the specimen, is significantly large so that the intensity 
of the wave component reflected from the back surface of 
the specimen is very small and its back-reflection effect is 
negligible because of the focusing of the acoustic beam. 
Now, however, the effect of the back reflection cannot be 
ignored as the measurement accuracy has been improved 
and the applications have been directed to greater accu- 
racy required for detection of extremely small changes and 
profiles in the velocity of objects to be measured. It is of 
extreme importance that the effect of the back reflection 
on the measured values must be bett,er known. In recent 
reports [22], [23], a measurement model to consider the 
back-reflection effects has been investigated, and a novel 
method of eliminating apparent velocity changes in mea- 
sured values has been proposed and demonstrated. 

In this paper, we investigate the effect on measurements 
of velocity using a plane wave model such that the back- 
reflection component, contributing to a transducer output, 
consists of only axial component waves as in synthetic sil- 
ica (SiO2) glasses. The relationships between the specimen 
thicknesses and measured velocity values are examined ex- 
periment ally. 

Next, we investigate the following three ways to exclude 
the influence on measured values. The first is the method 
for separating the pulsed wave signal reflected directly 
from the specimen surface and the pulsed wave signals 
reflected from the back surface by reducing the RF pulse 
width. The second is to scatter acoustic waves on the back 
surface by polishing the back surface of specimens roughly. 
The third is to apply the moving average method in the 
signal processing procedure to the frequency characteris- 
tics of LSAW velocities measured at a chosen position. 

11. MEASUREMENT MODEL 

Fig. 1 illustrates a cross-section of the LFB acoustic 
device with a specimen, which shows the formation prin- 
tide of a V(zl curve. When the mecimen is thick. two 

components, Vo(z) and V,(z), contribute to the trans- 
ducer output. Such a thick specimen means that it is pos- 
sible to separate the component of a pulsed wave reflected 
from the specimen surface and that of pulsed waves re- 
flected from the back surface, in the time domain, and 
to consider the specimen as a semi-infinite medium when 
acoustic waves are excited by applying an RF tone burst 
pulse to the transducer. The measurement principle for 
this case was described in detail in [l]. Here, a more 
practical case of a thin specimen such as wafer-type sub- 
strates, used in electronic devices, is studied. In this case, 
the waves reflected from the back surface, V~b(z),  are in- 
cluded in the transducer output in addition to the two 
components of Vo(z) and V,(z) [22], [23]. It is assumed 
that the components of back reflection pass through only 
one #Ob path as shown in Fig. 1. Supposing that the n- 
fold reflected component in the specimen is denoted as 
V o b n ( z ) ,  each phaser is expressed as shown in (1)-(3), 
where &,SAW = sin-’ (V,/VLSAW), and V, and Ve are the 
longitudinal velocities of water and of the specimen, re- 
spectively; VLSAW is the LSAW velocity; f is the ultrasonic 
frequency; h is the thickness of the specimen; and $0,  $1, 

and $Ob are the initial phases. By moving the ultrasonic 
device toward the specimen (this operation is called ‘de- 
focus’) and changing the relative distance z ,  the output 
V(z) curve is obtained as the sum of these three phasers 
given by the following equation: 

v ( z )  = vO(z) + vl (z)  + VOb(z). ( 4 )  

The output of V(z) is approximately expressed as the 
scalar sum of the interference component, Vr(z), and 
the component reflected directly from the specimen sur- 
face, V L ( ~ ) ,  called the characteristic lens response [l]. As 
V ) ( z )  = IVo(z)I, subtracting IVo(z)l from V(z) curve, ig- 
noring the higher order terms, and using the conditions 
that IVl(z)l << IVo(z)I and (VObn(Z)I << (Vo(z)I, the in- 
terference component VI(.) is expressed as 

V(.) = IV,(z)l cost(z) 

where 

E(.) = 2k, (1 - cos &SAW) z + $1 - 40 and (6) 
4n7r f h xn = - + $0 -$Ob. (7) 

“ t  \ ,  
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If there is no back reflection VOb(z), VI(.) is expressed by 
only the first term of (5), and the oscillation interval Az 
and attenuation a0 of the VI(.) curve are given as 

(9) 
-2~2, + 2 7  sin OLSAW 

COS OLSAW 
a0 = 

where cy, and y are the attenuation coefficients of longitu- 
dinal waves for water and of LSAWs, respectively. Then, 
the LSAW velocity and attenuation for a thick specimen 
are determined with Az and (YO through V ( z )  curve anal- 
ysis using the following relationships: 

(11) 
Y - a o  . COS OLSAW + 2aw - aLSAW - 

~ L S A W  2kLSAW . sin OLSAW 

where ~ L S A W  is the wavenumber of the LSAWs. 
When considering the back reflection, the 2nd and 3rd 

terms of ( 5 )  must be included, and the 2nd term changes 
the interference interval Az and attenuation CYO. To make 
the effect clear, the interference component VI(.) can be 
transformed, omitting the 3rd term, and is expressed as 
follows: 

where 

Here, because IVObn(z)l << Ivo(z)l, & ( z )  < 1, 
and bp,(z) << 1, the approximations sin6pn(z) x 
6p,(z) and cos6pn(z) M 1 are used. In (12), the term 
cos {E (z )  + bp,(z)} contributes to the interference inter- 
val &, and the term IVl(z)( (1 + ba,(z)} contributes to 
the attenuation ao. From (12), the interference interval 
and attenuation of Vr(z), denoted by Az’(z) and ab(z) ,  
are obtained as 

Thus, we examine the behavior of the terms Sp,(z) and 
6a, ( z )  subsequently. 

In (13) and (14), the terms 6a,(z) and 6p,(z) are re- 
lated not only to X, given in (7), but also to IVo(z)J 
and lVobn(z)I. When the specimen surface is located at 
the focus z = 0, IVo(z)/ reaches its peak value because 
the wide spatial frequency components up to Omax are in- 
cluded in the transducer output and, when defocused, be- 
comes a function of z ,  decreasing rapidly because the only 
low spatial frequency components near the axis, i.e., ax- 
ial components, contribute to the transducer output be- 
cause of the lens performance [l], [24]. On the other hand, 
when defocused, lVobn(Z) I having only the axial compo- 
nent, is a function of z ,  increasing monotonically from the 
first assumption as the propagation attenuation in wa- 
ter decreases. Therefore, the function lVObn(Z)( / IVo(z)I 
monotonically increases in the -z  direction, and the terms 
ba,(z) in (13) and bp,(z) in (14) exhibit monotonic in- 
crease or monotonic decrease, depending on the phase 
in the cosine and sine functions. According to the back- 
reflection effect, some changes in a0 and A z  of the Vl(z) 
curve occur depending on the differential coefficients of 
6a,(z) and 6pn(z )  with respect to z ,  as understood from 
(15) and (16), resulting in measurement errors of the 
LSAW phase velocity and attenuation. X, is a function 
of the ultrasonic frequency f and the specimen thickness 
h as given by (7). Thus, in the frequency dependence of the 
propagation characteristics of velocity and attenuation, 
the differential coefficients of aba,(z)/dz and abpn(z)/dz 
at a fixed measurement position (with a constant h) vary 
periodically with f, just given in the form of the superpo- 
sition of 1 to nth harmonics, where Sa,(z) and Sp,(z) are 
represented as summations of cosine and sine functions, 
respectively. When h is fixed, the frequency intervals AFn 
for the n-fold back-reflection components are given as the 
frequency changes of 27r in (7) as 

T r  
ye  A F  - -, (n = 1,2 ,3 , .  . . ). 

- 2nh 

It can be understood from these expressions that the vari- 
ations with the frequency interval AF,  in the frequency 
domain, as a superposition of 1 to nth harmonic sinusoidal 
waves with the frequency intervals AF, given by (17), are 
observed in the frequency dependence of LSAW velocity 
and attenuation. 

Next, we discuss the condition in which the back reflec- 
tion has no influence on the measured values of the LSAW 
velocities. Measurements of V ( z )  curves are made using 
RF tone burst pulses, and the relationship between the 
specimen thickness h and the RF pulse width PW for the 
condition that VO is not overlapped with VOb in the time 
domain is given as 

(18) 
2h 
ve 

(16) 

where Az’(z) and ab(z)  are described as a function of z ,  

1 asan(.) 
ab(.) = Qo + 1 +ba,(z) dz 

PW < -. 

For measurements around 200 MHz, we usually employ 
a cylindrical lens 1 mm in radius and a pulse width of 
about 500 ns. Here, the specimen thickness calculated for 

and Az and a0 are given in (8) and (9), respectively. From 
(15) and (16), it is clear that Ad(.) and ab(.) are different 
from Az and cyo because of the terms Sp,(z) and 6a,(z). 
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Fig. 2. Calculated result of the minimum specimen thickness h with 
no influence of the waves reflected from the back surface on the 
velocity measurement, using the equation h = V&. P W / 2 ,  where P W  
is the RF pulse width, 500 ns, and Vi is the longitudinal velocity of 
material. 
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Fig. 4. Calculated result of the relative amplitude of longitudinal 
wave reflections from the back surface to  that from the top surface 
as a function of acoustic impedance for several solid materials. 

medium i to medium j ,  Rij and Tij, are given as follows: 

2zj T.. - ___ 
23 - zj + zi 

where Zi is the characteristic impedance of medium i. The 
amplitude of the waves reflected from the top surface, IVol, 
and that from the back surface, IVObI, are represented as 

AIR 
Fig. 3. Schematic diagram of longitudinal wave reflections at each 
boundary. 

the condition that PW = 500 ns is shown in Fig. 2. The 
upper left side region of the solid line satisfies (18), in 
which ideal measurements can be conducted. In the lower 
right side region, the influence of the back reflection must 
be considered. 

We now consider the amplitude of the waves because of 
the back reflection. The acoustic impedance and attenu- 
ation of the specimen should be taken into consideration 
as the parameters concerning its amplitude. The following 
simple model is used: the RF pulses of plane ultrasonic 
waves are normally incident on the water-specimen bound- 
ary, and a part of acoustic wave energy is transmitted into 
the specimen and is totally reflected from the specimen-air 
boundary as shown in Fig. 3.  The reflection and transmis- 
sion coefficients of the ultrasonic waves propagating from 

where the subscripts w, s,  and a denote water, specimen, 
and air, respectively. A is the amplitude of the incident 
wave at the water-specimen boundary. Here, the attenu- 
ation of the waves in the specimen is ignored because it 
is much smaller than that in water, and the propagation 
distance in the specimen is also shorter than that in wa- 
ter. It is assumed that the total reflection at the boundary 
between specimen and air occurs so that R,, = -1. There- 
fore, IVob/Vol is given by 

The calculated results for several typical solid materials are 
shown in Fig. 4 as a function of the acoustic impedance. It 
is seen from Fig. 4 that the relative amplitude decreases as 
the acoustic impedance increases. Therefore, less influence 
by the back reflection can be expected for solid materials 
with larger acoustic impedances. Although the situation 
for the focused waves is practically different from that for 
this model, that result could be a useful guide for consider- 
ation of the influence of back reflection. To investigate the 
influence of the back reflection in the following examina- 
tion, synthetic silica glass with a relatively small acoustic 
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TABLE I 
PREPARED SPECIMENS OF SYNTHETIC SILICA GLASS WITH VARIOUS 

THICKNESSES. 

Sample Thickness (mm) 

1 0.2656 
2 0.5786 
3 1.0666 
4 1.9648 

impedance is taken as the specimen. This influence on the 
LSAW velocity, which is mainly adopted for material char- 
acterization, is investigated below. 

111. INFLUENCE ON MEASURED LSAW VELOCITY 

Four synthetic silica glass specimens (N-ES; Nippon 
Silica Glass Co., Tokyo, Japan) with various thicknesses 
shown in Table I were employed. All specimens have 30- 
mm diameters, and both of their surfaces are optically pol- 
ished. The velocity of longitudinal waves is Vi = 5928 m/s, 
determined by the double-pulse interference method [25]. 
Thus, according to (18), Vo and VOb do not overlap for 
the case of the specimens thicker than 1.5 mm, i.e., the 
thickness of sample 4 satisfies that condition. 

To investigate how the back reflection influences the 
measured LSAW velocity, the frequency dependences of 
LSAW velocities for each specimen in Table I were mea- 
sured in l-MHz steps in the frequency range 120 to 
270 MHz using the RF pulse width of 500 ns. Fig. 5 and 6 
show typical V ( z )  curves measured at 225 MHz and the fi- 
nal spectral distributions for samples 4 and 1 (see Table I). 
The dotted lines in Fig. 5(a) and 6(a) are the character- 
istic lens response VL(Z).  In both figures, it is clear that 
the two V ( z )  curves differ from each other because of the 
back-reflection effect. Fig. 7 shows the results of the fre- 
quency dependence of LSAW velocities for samples 1 and 
4 (see Table I). The frequency dependence for sample 4, 
shown by the solid line, is understood to be due mainly 
to the frequency characteristics of the LFB acoustic lens 
device [21] because the components of VO and VOb do not 
overlap. On the other hand, for sample 1, it can be inter- 
preted that the dotted line involves the same frequency 
dependence as the solid line and the additional periodic 
change of about 10 MHz because the one- to five-fold com- 
ponents reflected from the back surface overlap with VO. 
So, by subtracting the solid line from the dotted line, in 
Fig. 7, the frequency dependence of the LFB device can 
be eliminated, and the curve in Fig. 8(a) is obtained. This 
figure shows the apparent velocity changes caused by the 
influence of the back reflection for sample 1. Similarly, the 
apparent velocity changes for samples 2 and 3 were ob- 
tained in Fig. 8(b) and (c), respectively. It is clear from 
Fig. 8 that the magnitude and frequency interval of the 
apparent velocity changes become smaller as the speci- 
men thickness increases. Taking notice of the shape of the 
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0.0 0.5 1 .o 1.5 

WAVE NUMBER [ rad/p m] 
Fig. 5. V ( z )  curve measured for sample 4 at 225 MHz with 500-ns 
pulse width (a) and spectral distribution obtained by V ( z )  curve 
analysis (b). Dotted line in (a) is the characteristic lens response 
VL ( z ) .  

curves in Fig. 8, the curve in Fig. 8(a) exhibits a charac- 
teristic sharpened-upward curve in frequency dependence 
similar to a shape superposing several harmonic compo- 
nents because the one- to five-fold components reflected 
from the back surface contribute to the measurements. On 
the other hand, the curve in Fig. 8(c) is most likely sinu- 
soidal in frequency dependence because only the one-fold 
component contributes to the measurements. The maxi- 
mum deviations of the apparent LSAW velocity changes 
in the frequency range in Fig. 8 are 34.9 m/s (1.02%) for 
sample 1, 14.3 m/s (0.42%) for sample 2, and 5.3 m/s 
(0.15%) for sample 3. 

Next, to discuss the frequency intervals in the periodic 
velocity change observed in Fig. 8, FFT analysis was car- 
ried out for each curve in Fig. 8. The result for the curve 
in Fig. 8(a) is shown in Fig. 9. Five peaks in the spectral 
distribution are detected, and the values are presented in 
Table 11. In the same table, the calculated results obtained 
by substituting Ve = 5928 m/s and n = 1 - 5 into (17) 
are also given. These are in excellent agreement, within 
f0.02 MHz, and the number of the detected five peaks is 
also equal to the number of the fivefold components over- 
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Fig. 6. V ( z )  curve measured for sample 1 at 225 MHz with 500-11s 
pulse width (a) and spectral distribution obtained by V ( z )  curve 
analysis (b). Dotted line in (a) is the characteristic lens response 
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Fig. 8. Apparent LSAW velocity changes influenced by the waves 
reflected from the back surface of Si02 glass. Pulse width = 
500 ns. Specimen thickness: (a) 0.2656 mm, (b) 0.5786 mm, and 
(c) 1.0666 mm. 

Fig. 7 .  Frequency dependences of LSAW velocities for Si02 glasses. 
Pulse width = 500 ns. Solid line: sample 4 with 1.9648-mm thickness; 
dotted line: sample 1 with 0.2656-mm thickness. 
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Fig. 9. Spectral distribution analyzed by FFT of the apparent LSAW 
velocity change in Fig. 8(a). 

TABLE I1 
EXPERIMENTAL RESULTS OF SPECTRA SHOWN IN FIG. 9 AND 

CALCULATED RESULTS OF FREQUENCY INTERVALS OBTAINED BY (17). 

Measured Calculated 
No. (MHz) (MHa) 

1 11.183 11.160 
2 5.574 5.580 
3 3.717 3.720 
4 2.791 2.790 
5 2.236 2.232 

lapped with VO, which is predicted for sample 1 with a 
0.2656-mm thickness. In Table 11, the frequency spectrum 
of the first peak can be regarded as the fundamental, and 
the following spectra correspond to the frequency intervals 
of the harmonic components. In a similar way, the mea- 
sured frequency spectra of the first peak for Fig. 8(b) and 
(c) are 5.131 and 2.779 MHz, respectively, comparing fa- 
vorably with the calculated values of 5.123 and 2.779 MHz. 
Further, the numbers of detected peaks are two for sample 
2, 0.5786-mm thickness, and one for sample 3, 1.0666-mm 
thickness, which also corresponds to the numbers of the 
n-fold components overlapped with VO, that is n = 2 and 
1, respectively. This shows that this simple model using 
plane waves is very useful for discussing the effect of the 
back reflection on the LSAW velocity. Therefore, it can be 
interpreted that the frequency intervals of the apparent 
and periodic velocity changes, shown in Fig. 8, are domi- 
nantly determined by AF,  in (17). 

IV. ELIMINATION METHODS 

A .  Pulse Width . 

The first way taken to eliminate the back reflection is to 
reduce the RF pulse width and separate the wave reflected 

c!s “ I  20 

I I 

I,,I,,,,I,,,,I,I 
200 250 

FREQUENCY [MHz] 

Fig. 10. LSAW velocity changes for sample 3 with 1,0666-mm thick- 
ness relative to the velocity values for sample 4 with 1.9648-mm 
thickness. Pulse width = 300 ns. 

directly from the specimen surface and the waves reflected 
from the back surface. For the two samples 3 and 4 of Ta- 
ble I, the frequency dependences of the LSAW velocities 
were measured using the pulse width of 300 ns, and the 
result for sample 3, by subtracting the frequency depen- 
dence of the LFB device measured for sample 4, is shown in 
Fig. 10. As shown in Fig. 8(c), which is the result obtained 
with the pulse width of 500 ns, the periodic changes were 
observed because the back reflection waves overlap with 
the front reflection waves VO by 140 ns. In contrast, in 
Fig. 10, the back reflection waves are separated perfectly, 
and there is no periodic change. The maximum derivations 
of those apparent changes in LSAW velocity in Fig. 8(c) 
and Fig. 10 are 5.3 m/s (0.15%) and 1.8 m/s (0.052%), 
respectively. However, we consider that the variations of 
about 1.8 m/s in Fig. 10 are not due to the back-reflection 
effect but due to the accuracy of measurement for SiOa, 
which is around *O.Ol% for the shorter characterization 
distance z ,  -30 to -300 pm, because of higher attenua- 
tion of the relevant propagation wave mode caused by the 
water-loading effect on the Si02 substrate. 

B. Scattering at the Back Surface 

The second way is taken by scattering ultrasonic waves 
at the back surface roughened with grinding powder. The 
specimens were three synthetic silica glass specimens (T- 
4040; Toshiba Ceramics Co., Tokyo, Japan; dimensions: 
30 mm x 25 mm x 0.5 mm) with the back surfaces rough- 
ened with the different grinding powders. The average par- 
ticle diameters of the grinding powders are shown in Ta- 
ble 111, in which the average roughnesses measured with 
the confocal laser scanning microscope (Leica Co., Heidel- 
berg, Germany) are also given. The frequency characteris- 
tics of LSAW velocities are measured for those specimens 
with the pulse width of 500 ns, and the frequency charac- 
teristics of the LFB device is subtracted from each result. 
Fig. 11 shows the results of the apparent velocity changes 
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. TABLE111 

28 1 

PARTICLE DIAMETER OF GRINDING POWDERS AND ROUGHNESS OF 

THE BACK SURFACE O F  THE SPECIMEN 

Particle diameter Roughness 
Sample (w) (pm) 

A 0.5 0.3 
B 40 1.4 
C 80 2.2 

for samples A, B, and C (Table 111). In Fig. 11, the max- 
imum deviations are 15.0 m/s (0.43%), 11.3 m/s (0.33%), 
and 7.9 m/s (0.23%), respectively, for samples A, B, and 
C. The longitudinal wavelength range in the synthetic sil- 
ica glasses is 49.4 to 22.0 pm for the,frequency range 120 
to 270 MHz. As the wavelength becomes shorter relative 
to the roughness of the back surface, and, therefore, as 
the ultrasonic frequency becomes higher, the waves trans- 
mitted to the inside of the specimen are scattered more 
effectively at the back surface, and the apparent changes 
of LSAW velocity become smaller. 

C. Moving Average 

On the basis of the fact described in the previous section 
that the apparent changes of LSAW velocity can be rep- 
resented as superposition of several harmonics, the third 
way can be taken to eliminate the apparent changes by tak- 
ing the moving average processing of the frequency depen- 
dence of LSAW velocities. The moving average method is 
performed for the waveforms (a), (b), and (c) in Fig. 8 us- 
ing the frequency intervals of 11, 5 ,  and 3 MHz, which are 
determined to be the closest values to those obtained by 
FFT analysis. That processing was carried out two times 
in order to eliminate effectively the apparent changes. The 
solid lines in Fig. 12 are the obtained results; the dotted 
lines are the same as the solid lines in Fig. 8. The maximum 
deviations of the solid lines in Fig. 12 are 1.4 m/s (0.040%), 
1.2 m/s (0.034%), and 0.8 m/s (0.024%), respectively, as 
the apparent velocity changes are eliminated effectively by 
the moving average processing, leaving only unavoidable 
variations associated with the accuracy of measurements. 
Furthermore, although the results of the moving average 
should appear around the line 0 m/s, basically if the same 
properties of the specimens were assumed, we see the slight 
differences obtained for each specimen within *I - 2 m/s, 
which suggests the significantly different properties among 
the specimens. 

V. DISCUSSION 

'5 
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(a) Sample A 1 

I I I I I I I I I  
200 250 
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200 250 
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Fig. 11. Apparent LSAW velocity changes for the Si02 glasses 
with back surface roughened with various grinding powders. Pulse 
width = 500 ns. Grinding powder size: (a) 0.5 pm, (b) 40 bm, and 
( c )  80 Pm 

As observed in Fig. 8(c) and Fig. 10, the first method of 
reducing the RF pulse width is the easiest and most effec- 
tive way €or the specimens with lesser thicknesses that do 
not satisfy (18) for ideal measurements. However, consid- 
ering that the thickness of most of the commercial wafers 
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for electronic devices is < 1 mm, this method is not al- 
ways the best way to eliminate the influence of the back 
reflection for precise measurements. It can be understood 
from the results of Fig. 11 that the second method might 
be considerably more useful for the reduction of the back- 
reflection effect at higher frequencies, but it is also not an 
essential one for precise measurements. 

As compared with the previous two methods, it can be 
said that the third method of moving average processing 
is the most useful of the three to eliminate the influence 
of back reflection because this method needs no specimen 
processing and no system change, and the same conven- 
tional V ( z )  curve measurement and analysis can be em- 
ployed. 

To determine the LSAW velocities of the specimen, we 
may add the moving averaged value to the frequency de- 
pendence of LSAW velocities for sample 4 with no influence 
of the back reflection or we may apply the moving average 
processing directly to the measured frequency characteris- 
tics of LSAW velocities. For the purpose of obtaining the 
absolute LSAW velocity values, it is necessary to include 
the system calibration procedure using standard specimens 
[21] to eliminate the apparent frequency dependence of 
the LFB ultrasonic device. Obtaining the absolute value 
of LSAW velocity for sample 4.and adding the value to 
the averaged value of each solid line as shown in Fig. 12, 
we can, then, determine the true values of LSAW velocity 
for samples 1, 2, and 3, resulting in 3423.4, 3423.5, and 
3421.4 m/s, respectively. 

When measurements of one or two-dimensional scan- 
ning of LSAW velocity over a specimen surface are carried 
out, basically the true value at each measurement position 
can be obtained by measuring the frequency dependence 
of LSAW velocities at each measurement position and by 
taking those moving averages. However, this means that it 
takes a great deal of time to obtain the V ( z )  curves and 
to process the curves. It is, therefore in the near future, 
necessary to develop some ideas for shortening the time 
for measurements. 

VI. CONCLUSION 

For material characterization by LFB acoustic mi- 
croscopy, when the waves reflected from the back surface 
cannot be separated from the waves reflected from the top 
surface in the time domain because the specimen is thin, 
the influence of the back reflection on the measured LSAW 
velocities was investigated. It was confirmed by investigat- - 

ing the periodic frequency interval in the frequency de- 

ent thicknesses that the vertical component waves of the 

Fig. 12. Results obtained by a moving average processing for the 
waveforms shown by dotted lines. 

pendence of LSAW velocities for s i o z  glasses with differ- 

back reflection, which are normally incident to the speci- 
men surface, transmitted partially into the specimen, and 
reflected at the back surface, affect the determination of 
LSAW velocities. The condition of the specimen thickness 
with no influence on the back reflection was clarified. Then, 
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it was shown that the magnitude of the apparent changes 
of LSAW velocity depends on the thickness of the specimen 
and the ultrasonic frequency, and it was suggested that the 
magnitude also depends on the acoustic impedance of the 
specimens. 

Then, for improvement, three methods of reducing the 
pulse width, scattering the back reflection, and taking the 
moving average processing of the frequency dependence of 
LSAW velocities were proposed, and their usefulness was 
studied experimentally. It was found that the moving av- 
erage method is most useful. It became possible to apply 
the LFB system to precise characterization of thin speci- 
mens such as wafer-type substrates for which the influence 
of the back reflection cannot be eliminated simply by re- 
ducing the pulse width, without giving up measurement 
accuracy. 

In this paper, we have taken synthetic silica glass as a 
specimen with a relatively small acoustic impedance for 
demonstration. However, we have already confirmed that 
the influences of the back reflection in measurements for 
LiNb03 and LiTaO3 wafers with relatively large acous- 
tic impedance exist. It is very important to consider the 
proper conditions, such as specimen thickness and RF 
pulse width, for precise measurements, as well as the sys- 
tem stability, such as mechanical precision and tempera- 
ture stability [all, [as] .  
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