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Development of the Line-Focus-Beam 
Ultrasonic Material Characterization System 

Jun-ichi Kushibiki, Member, IEEE, Yuu Ono, Member, IEEE, 
Yuji Ohashi, and Mototaka Arakawa, Member, IEEE 

A bstract-A line-focus-beam ultrasonic material char- 
acterization (LFB-UMC) system has been developed to 
evaluate large diameter crystals and wafers currently used 
in electronic devices. The system enables highly accurate 
detection of slight changes in the physical and chemical 
properties in and among specimens. Material characteri- 
zation proceeds by measuring the propagation characteris- 
tics, viz., phase velocity and attenuation, of Rayleigh-type 
leaky surface acoustic waves (LSAWs) excited on the water- 
loaded specimen surface. The measurement accuracy de- 
pends mainly upon the translation accuracy of the mechan- 
ical stages used in the system and the stability of the tem- 
perature environment. New precision mechanical transla- 
tion stages have been developed, and the mechanical sys- 
tem, including the ultrasonic device and the specimen, has 
been installed in a temperature-controlled chamber to re- 
duce thermal convection and conduction at the specimen. 
A method for precisely measuring temperature and longi- 
tudinal velocity in the water couplant has been developed, 

.and a measurement procedure for precisely measuring the 
LSAW velocities has been completed, achieving greater rel- 
ative accuracy to better than zk0.002% at any single chosen 
point and &0.004% for two-dimensional measurements over 
a scanning area of a ZOO-" diameter silicon single-crystal 
substrate. The system was developed to address various 
problems arising in science and industry associated with the 
development of materials and device fabrication processes. 

I. INTRODUCTION 

VALUATION techniques of material properties and de- E vice fabrication processes associated with research and 
development of new device materials and devices in elec- 
tronics science and industry are of extreme importance, as 
the ultimate performance of these devices depends primar- 
ily upon the quality of materials and secondarily upon the 
technology of the device fabrication processes. At present, 
it is of the greatest importance to produce higher quality, 
larger diameter substrates of semiconductor single crystals 
such as silicon (Si) and gallium arsenide (GaAs) and of fer- 
roelectric single crystals such as lithium niobate (LiNb03) 
and lithium tantalate (LiTa03), with homogeneity of their 
chemical and physical properties in and among crystals 
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and substrates. It is also essential to  develop and estab- 
lish fabrication processes for higher quality layered media, 
such as epitaxial layers, amorphous layers, passivation lay- 
ers, and ion-implanted layers, which are associated with 
device configurations. Furthermore, thin film properties, 
including adhesion and residual stresses at the interfaces 
between film layers and substrates and surface damage in- 
troduced to the surfaces of the substrates during the fab- 
rication processes such as slicing and polishing, greatly 
affect performance of the devices such as super large scale 
integrated and high speed electronic devices, ultra high 
frequency (UHF) and super high frequency (SHF) surface 
acoustic wave (SAW) devices, and surface waveguide-type 
optical devices that utilize the material properties within 
a few microns beneath the surface. To contribute to the 
resolution of these problems, it is of fundamental impor- 
tance to accurately analyze and evaluate the properties 
of materials and the device fabrication processes. Thus, it 
is necessary to develop new analytic and evaluation tech- 
niques enabling highly accurate detection of slight changes 
in the physical and chemical properties on a microscopic 
scale over an entire surface of bulk materials and thin film 
materials on large diameter substrates. It is also neces- 
sary to improve the conventional methods using X-rays, 
electron beams, infrared radiation, and visible light or to 
utilize such new methods as the scanning-tunneling mi- 
croscope (STM) and atomic force microscope (AFM) to 
evaluate surface properties of materials and devices with 
an atomic-sized resolution on a microscopic scale. 

We have been studying material characterization with 
the ultrasonic micro-spectroscopy (UMS) technology [l] 
using ultrasonic focused waves and ultrasonic plane waves 
in the VHF and UHF ranges. The UMS technology, in 
which the line-focus-beam (LFB) acoustic microscopy sys- 
tem [2] plays a central role, analyzes and evaluates mate- 
rial properties through nondestructive, noncontact imag- 
ing with a high spatial resolution and/or highly quantita- 
tive measurements of the acoustic properties of the mate- 
rials investigated. 

LFB acoustic microscopy can measure the propagation 
characteristics, viz., phase velocity and attenuation, of 
LSAWs on the boundary between a solid specimen and the 
water couplant by V(z) curve measurements. A distinct 
feature of this system is the perfect directionality of the 
linearly focused ultrasonic beam, which enables exciting 
and propagating LSAWs along one desired direction on the 
water-loaded specimen surface and quantitatively charac- 
terizing elastic and structural anisotropy of the specimens 
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with very high accuracy. The system is applicable for spec- 
inlens of all configurations, such as semi-infinite specimens, 
thin film or diffused layer specimens, and thin plate spec- 
imens. Its applications can be extended to almost all re- 
search problems associated with elastic properties of ma- 
terials, viz., characterization of anisotropy and inhomo- 
geneity in materials; structural analysis of polycrystalline 
materials; evaluation of thin film, diffused/implanted, or 
surface-damaged layers; analysis of residual stress and de- 
formation; and determination of the elastic constants of 
bulk and thin film materials. The system has been applied 
to  a great variety of material characterizations and has 
been shown to be very useful and effective in evaluating 
materials and device fabrication processes [I]-[22]. 

Considerable effort has been made to improve the mea- 
surement accuracy of the LFB acoustic microscopy system 
so that very slight variations or differences in elastic prop- 
erties of materials can be obtained. The measurement ac- 
curacy depends mainly upon the displacement accuracy 
of the mechanical translation stages of the system and 
the stability of the temperature environment. The com- 
plete system has been installed in a. temperature-controlled 
room so that it achieves a relative accuracy for LSAW 
velocity measurements to better than *O.OO5% at a sin- 
gle chosen point of a specimen and &O.Ol% over a scan- 
ning area of 75 mmx75 mm [23]. A system calibration 
method for the absolute measurement has also been pro- 
posed to calibrate the differences of measured values of 
LSAW propagation characteristics resulting from different 
systems and/or devices used and different ultrasonic fre- 
quencies employed [ 241. 

In this paper, we describe a new version of the LFB- 
UMC system that has been developed from the viewpoint 
of applying the UMS technology to deal with various prob- 
lems currently arising in the research and development of 
materials. The keys to enhancing the accuracy of the sys- 
tem are chiefly the development of stable electrical circuits 
and a high precision mechanical system, the stabilization 
of the measurement temperature environment, and the 
precise temperature measurement of the water couplant. 
Details of the newly constructed LFB-UMC system and 
its performance are fully described herein. 

11. MEASUREMENT PRINCIPLE 

The general measurement principle and the method 
of LFB acoustic microscopy have been described in de- 
tail previously [2]. LFB acoustic microscopy measures the 
propagation characteristics of LSAWs excited on a water- 
loaded specimen surface by analyzing the V(z) curves, 
which are the transducer outputs recorded by changing the 
distance z between the LFB ultrasonic device and the spec- 
imen, as illustrated in Fig. 1. The origin of the coordinate 
system is placed at the focal plane in water. Ultrasonic 
plane waves are produced by the ti-ansducer and converge 
into the shape of a wedge, namely the LFB, formed by 
the cylindrical ultrasonic lens. When the ultrasonic line- 

PLANE Z 
Fig. 1. Cross-sectional geometry of the LFB ultrasonic device de- 
scribing the principle of V(z) curve measurements. 

focused waves are focused onto the surface of the speci- 
men through the water couplant, the component incident 
at a critical angle &,SAW excites LSAWs on the water- 
loaded specimen surface. The LSAWs radiate longitudinal 
waves into the water a t  the angle of &SAW, propagating on 
the surface of the specimen. When the ultrasonic device is 
moved toward the specimen (away from the focal plane), 
only the two phasor components, viz., axial waves (#O, 
Vo(z)) and LSAWs (#l, V,(z)) shown in Fig. 1, effec- 
tively contribute to  the transducer output because of the 
effect of the lens [25]. Each phasor is expressed as follows: 

and 

where &SAW = sin-'(Vw/VLSAW); kw and VW are the 
wave number and longitudinal velocity of water, respec- 
tively; VLSAW is the LSAW velocity; f is the ultrasonic 
frequency; and $0 and $1 are the initial phases. The out- 
put V(z) curve is obtained as the sum of these two phasors, 
given by the following equation: 

V(Z) = VO(Z) + V,(z). (4) 

Therefore, the amplitude of the phasor V(z) is ex- 
pressed as 

V(z) = IV(z)I = IVo(z) + Vl(Z)I. (5) 

Fig. 2 shows a typical V(z) curve measured at  225 MHz 
for a (1 11) gadolinium gallium garnet (GGG) specimen 
with LSAWs propagating in the [Ti21 direction ((111)- 
[Ti21 GGG specimen). The LSAW velocity VLSAW is de- 
termined from the oscillation interval Az of the V(z) curve 
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Fig. 3. Numerical calculations of measurement errors of LSAW veloc- 
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ity versus errors of z-stage translation. Tw = 23°C; f = 225 MHz; 
VLSAW = 2000, 3000, 4000, 6000, and 10000 m/s. 

using the following equation: 

The attenuation of LSAW is also obtained from the am- 
plitude variation of the V(z) curve. Details of V(z) curve 
analysis to obtain the LSAW propagation characteristics 
have been described previously [a]. 

111. ERROR FACTORS 

In this section, we discuss the source of errors in mea- 
suring the propagation characteristics of LSAWs by LFB 
acoustic microscopy, focusing on the LSAW velocity, which 
is used mainly in material characterization. It is easily seen 
from (6) that the measurement accuracy of the LSAW ve- 
locity depends greatly upon three factors: the oscillation 
interval of the V(z) curve Az, the longitudinal wave ve- 
locity in water VW, and the ultrasonic frequency, f .  The 
system frequency is sufficiently stable so that the frequency 
f exhibits no influence on the measurement accuracy. As 

' a consequence, the effects of the displacement errors of 
the mechanical translation z-stage and the effects of the 
measurement errors of the water temperature, which in- 
volve the parameters of Az and Vw, respectively, on the 
measurement accuracy, are treated. 

A .  Errors of the %-Stage Translation 

The translation errors of the z-stage directly affect the 
intervals Az of the measured V(z) curves. Although the 
moving characteristics of the z-stage vary with its mov- 
ing region in a complicated manner, numerical calcula- 
tions were made on the assumption that the translation 
errors occur at a constant rate. Fig. 3 shows the LSAW 
velocity errors as a function of the translation errors of 

ERROR OF TEMPERATURE ["C] 
Fig. 4. Numerical calculations of measurement errors of LSAW veloc- 
ity versus measurement errors of couplant temperature around 23OC. 
f = 225 MHz; VLSAW = 2000, 3000, 4000, 6000, and 10000 m/s. 

the z-stage, calculated at 23°C and at 225 MHz according 
to (6), in the range 2,000 to 10000 m/s. When the trans- 
lation error is positive, i.e., when the z-stage travels too 
far, the measured AZ is too small, and the LSAW velocity 
obtained is less than the true value. When the translation 
error is negative, the LSAW velocity obtained is greater 
than the true value. The slopes are nearly equal at any 
value of LSAW velocity considered. The reproducibility of 
the moving characteristics of the z-stage must be 1t0.004% 
to achieve the desired relative accuracy of the LSAW ve- 
locity of &0.OO2%. 

B. Measurement Errors of the Couplant Temperature 

In the V(z) curve analysis, the propagation character- 
istics of LSAWs are obtained using the propagation char- 
acteristics of longitudinal waves in water as the reference. 
The phase velocity VW and the attenuation coefficient aw 
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of longitudinal waves in water are obtained from the liter- 
ature [26], [27], respectively. Errors in measuring the wa- 
ter temperature directly affect the measurement accuracy 
of LSAW propagation characteristics. A thermocouple is 
used to measure the temperature of the water couplant. In 
general, a temperature distribution exists in the couplant, 
mainly because of the temperature gradient produced by 
the temperature decrease at  the air surface of the couplant 
resulting from the heat of vaporization and because of the 
changes in the temperature of the convective environment 
around the couplant. 

Fig. 4 shows the calculated velocity errors caused by 
errors in measuring the water ternperature using (6) at 
225 MHz in the velocity range 2,000 to 10 000 m/s, where 
the true water temperature value was assumed to be 23°C. 
When the measured water temperature is greater than 
the true value, Vw is estimated to be greater, so that 
the obtained LSAW velocity becomes greater than its true 
value. The slopes are also nearly equal at  any value of the 
LSAW velocity considered. The measurement accuracy of 
the water temperature must be better than f0.02"C to 
achieve the measurement accuracy of the LSAW veloc- 
ity of ~tO.O02%. 

IV. LFB-UMC SYSTEM 

The block diagram of the newly developed LFB-UMC 
system is shown in Fig. 5. The entire system is installed in 
a temperature- and humidity-controlled clean room. The 
system consists of eight main elements: the LFB ultrasonic 
device, pulse-mode measurement system, mechanical sys- 
tem, temperature control system, temperature measure- 
ment system, pure water supply system, sample loader and 
unloader, and computer system. 

The system operates in the frequency range of 50 to 
1,000 MHz using several ultrasonic devices with differ- 
ent frequency ranges. Experiments in this paper are con- 
ducted using an LFB ultrasonic device designed for 225- 
MHz operation with a cylindrical concave surface of l-mm 
radius and an aperture half-angle of 60°, which can be 
used in the frequency range from 100 to 300 MHz. The 
pulse-mode measurement system was developed from ex- 
perience gained from the measurement of radio frequency 
(RF) tone burst signals [28], [29]. A network/spectrum an- 
alyzer (Model HP-4396A with option 1D5 and a custom- 
made option T01; Hewlett Packard Japan, Ltd.) is used 
for transmitting and receiving the electrical signals and en- 
ables highly accurate measurements of the amplitude and 
phase of the RF pulse signals in the zero-span mode. The 
RF pulse signals are applied to the ultrasonic transducer 
and converted into ultrasonic waves. Only the reflected sig- 
nal from the surface of the specimen is extracted through 
the RF gate circuit from the signals reflected from the 
electrical terminal of the transducer and the lens surface, 
etc., and fed into the network/spectrum analyzer. In the 
amplitude measurement, the detected pulse video output 
is converted into a conventional video output through the 
peak-holding circuit and low pass filter and is recorded 

through the 16-bit A/D converter. In the complex mode 
measurement, the input signals are quadrature-detected 
and output as the real and imaginary parts of the com- 
plex signals. In the V(z) curve measurement, the detected 
output is precisely recorded as a function of distance z by 
employing positioning pulses from a laser interferometer 
for trigger pulses of the A/D converter. 

The mechanical system is constructed so that highly 
accurate measurements are made at a single point on the 
specimen and over a two-dimensional scanning area. Fig. 6 
is a schematic view of the newly developed mechanical sys- 
tem. The z-stage utilizes an air bearing system with pre- 
cise straightness and is driven by a stepping motor with 
a harmonic gear and a micro-step driver having a moving 
resolution of 0.01 pm/step. The straightness of the z-stage 
is estimated to be better than 1 x lop7 rad/" by a laser 
autocollimator. A laser interferometer using a He-Ne laser 
(Model 117A; Spectra-Physics Co.) with a resolution of 
4 nm is set on the moving axis of the z-stage to determine 
the position of z accurately. The sample stage is mounted 
on an automatic three-axis tilting stage placed on the ro- 
tation stage. The three-axis tilting stage can provide tilt in 
the x and y axes and can move in the z-axis direction using 
stepping motors with resolutions of 6 x lop7 rad/step and 
0.07 pmlstep, respectively, enabling alignment between 
the LFB ultrasonic device and the specimen with the de- 
sired accuracy and reproducibility. The scanning range of 
the zy-stage is 200 mm x 200 mm, enabling measurements 
for substrates with 200-mm diameter. The rotation and 
zy-stages are also driven by stepping motors with resolu- 
tions of O.OlO/step and 0.1 pm/step, respectively. 

The temperature control system is composed of an 
acrylic chamber with a high efficiency particulate air 
(HEPA) filter, mounted in its ceiling, and an air condi- 
tioning unit, as illustrated in Fig. 7, which houses the me- 
chanical system, including the ultrasonic device and the 
sample stage. The temperature inside the chamber can be 
set at  a desired value in the range from 19 to 27°C with 
the temperature controller set in 0.001"C steps. Temper- 
ature is measured by a temperature sensor employing a 
platinum resistance thermometer and is fed into the tem- 
perature controller. The air, the temperature of which is 
controlled by the air conditioning unit, is supplied to the 
chamber from the upper part through the air supply duct ' 
and the HEPA filter by the circulating fan. The return 
air passes through the air return duct at the lower part 
of the chamber back to the air conditioning unit. The re- 
turn air is then cooled by the cooling unit and reheated by 
the electric heater, whose output is PID-controlled by the 
temperature controller so that the temperature around the 
sensor is maintained at  the selected value. 

During the V(z) curve measurement, the couplant tem- 
perature is measured using a copper-constantan thermo- 
couple (JIS T-Model, Class 1; CHINO Co.). A thermoelec- 
tric temperature-compensating device [Model ZERO-CON 
(ZC-114/ZA-10); Komatsu Electronics Inc.] with a stabil- 
ity of better than f0.005°C is used for the reference (cold) 
junction of the thermocouple. This temperature measure- 
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Fig. 5. Block diagram of the LFB-UMC system. 

ment system is calibrated within f0.01"C using a standard 
platinum resistance thermometer (Model R800-2; CHINO 
Co.). An average temperature calculated from eight tem- 
peratures taken during one V(z) curve measurement is em- 
ployed. 

The computer controls the entire system and analyzes 
the measured V(z) curves according to the procedure of 
V(z) curve analysis [2]. 

The system is also equipped with a sample transfer sys- 
tem and a temperature-controlled automatic pure water 
supply system for the couplant to enable measurement of 
a large number of specimens precisely and efficiently. The 
details of these systems have been described elsewhere [30]. 

V. SYSTEM EVALUATION 

A. z-Stage 

In the previous LFB systems [2], [23], the z-stage posi- 
tioning was determined by counting the number of pulses 
of the stepping motor drivers. The translation accuracy of 
the mechanical stages depends on the mechanical preci- 
sion of their components, such as lead screws and guides, 
and the rotation accuracy of the stepping motors and 
harmonic gears; hence, the moving characteristics of the 
stages vary with their travel regions and are not always 
uniform. Therefore, high reproducibility of LSAW velocity 
measurements can be realized by using the same travel 
region of the z-stage in V(z) curve measurements [23], 
[24]. However, the moving characteristics of the mechani- 
cal stages may change with time because of friction heat 
and wear of their mechanical components. To avoid these 
effects, the distance z is determined by the method de- 
scribed in the Section IV (i.e., a laser interferometer). 

The usefulness of this method is discussed here by com- 
paring the positioning accuracy with that obtained by the 
conventional method using the number of pulses for the 
stepping motor. In examining the positioning accuracy of 
the z-stage, we used the previously developed method of 
measuring the moving characteristics of precision mechan- 
ical translation stages using ultrasonic plane waves [31]. In 
this method, the LFB ultrasonic device in the system is re- 
placed with a plane wave ultrasonic device to radiate plane 
waves through a water couplant onto a reflector set on the 
z-stage. The moving characteristics of the z-stage are in- 
vestigated by measuring and analyzing the phase variation 
of the signals reflected from the reflector with the z-stage 
translation. Ultrasonic plane waves at 200 MHz were used 
in the measurements, and the travel distance of the z-stage 
was selected to be 600 pm, considering the measurement 
conditions of the V(z) curve using the LFB ultrasonic de- 
vice designed for 225-MHz operation. 

Fig. 8(a) shows the measured relative phase variations 
for the distance z positioned by the pulse number for the 
stepping motor, where the phase changes caused by propa- 
gation of longitudinal waves in water were subtracted from 
the measured phases. Hence, the relative phase variations 
reflect the positioning characteristics of the z-stage. The 
phase velocity of the longitudinal waves in water was found 
to be 1491.23 m/s at 23°C from the literature [26], and 
the wavelength was calculated to be 7.46 pm at 200 MHz. 
Hence, the phase changes by 360" for a z-stage translation 
of 3.73 pm, and a phase change of 1" corresponds to  a 
z-stage translation of about 0.01 pm. Periodic changes of 
approximately lo", corresponding to the z-stage transla- 
tion of 0.1 pm, at intervals of 40 pm for z are observed 
in Fig. 8(a). These are attributed to the harmonic gear 
used for driving the z-stage. Fig. 8(b) shows the position- 
ing characteristics of the z-stage positioned by the laser in- 
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Fig. 8. Positioning errors of the z-stage with the number of pulses 
for stepping motor (a) and with the laser interferometer (b). 

terferometer. Although small variations of approximately 
4" are detected, it is found that the periodic changes shown 
in Fig. 8(a) are completely eliminated and that highly ac- 
curate positioning is accomplished. 

The measured relative phases both in Fig. S(a and b) 
have a negative gradient with respect to z over the en- 
tire travel region. Although the positioning errors of the 
z-stage or misalignment between the ultrasonic device and 
the reflector could cause this, the primary cause may be 
the measurement error of the couplant temperature be- 
cause there is a temperature difference between the propa- 
gation region of the ultrasonic waves and the temperature 
measurement position caused by the temperature distri- 
bution in the couplant, as described in the Section III-B. 
Hence, the phase variation caused by wave propagation 
in water with no translation error of the z-stage is not 
correctly subtracted because of the erroneous estimation 
of the longitudinal wave velocity of water using the mea- 
sured temperature. If the gradient of the relative phase 
shown in Fig. 8(b) is assumed to be caused by temperature 
measurement errors, the temperature difference in water 
is estimated to be 0.096"C. This temperature distribution 
in the water couplant will be discussed in the Section V-C. 

B. Alignment 

Alignment between the LFB ultrasonic device and the 
specimen surface is of fundamental importance for reliable, 
accurate measurements. The alignment can be made with 
high accuracy and high reproducibility using two tilting 
stages, with the ultrasonic device mounted on one and the 
sample stage mounted on the other, as shown in Fig. 6. 
However, there might still be some problems because of 
the yaw and pitch of the z-stages during the V(z) curve 
measurements and because of the roll and pitch of the 
zy-stages and the surface profile of the specimen in two- 
dimensional measurements. Hence, we investigated the in- 
fluences of misalignment on the measurement accuracy of 
the LSAW velocity by performing experiments at 225 MHz 
for the (111)-[TT2] GGG specimen. 

Because the LFB acoustic lens has a cylindrical sur- 
face, we conducted experiments for the two cases shown 
in Fig. 9, which depicts the experimental situations for 
the specimen surface tilted along the focused and unfo- 
cused axes of the lens. Fig. 10 shows the changes of the 
relative output of the signal, reflected from the specimen 
surface placed at the focal plane, for the tilting angle cp. 
Circles represent the results for case a,  and dots for case b 
in Fig. 9. The relative output of the reflected signal barely 
changed when the specimen was tilted along the focused 
axis in the experimental range, but changed significantly 
when the specimen was tilted along the unfocused axis. 
Hence, highly accurate alignment can be made by utilizing 
the tilting angle dependence of the output along the un- 
focused *is of the reflected signal. Conversely, the tilting 
of the specimen surface along the unfocused direction, i.e., 
misalignment, can be estimated using the output change. 
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The results of the influence of misalignment on the 
LSAW velocity measurements are shown in Fig. l l ( a  and 
b), which correspond to cases a and b of Fig. 9. It is ob- 
served that misalignment must be within f0.03" for both 
the cases to guarantee a velocity measurement accuracy 
within &0.002%. Better alignment within &0.01" along 
both the focused and unfocused axes should be made 
for precise measurements, as the tilting stages used in 
the present system have sufficient resolution and repro- 
ducibility for such precise alignment as described in Sec- 
tion IV. The profile of the measured values in case b, shown 
in Fig. l l (b ) ,  does not exhibit symmetry for the tilting an- 
gle. This might be due to the thickness distribution and 
inhomogeneity of the ZnO film for the transducer and the 
acoustic matching layer on the cylindrical lens surface or 
anisotropy of the sapphire LFB lens. Therefore, it is nec- 
essary to examine the influence of the misalignment on 
velocity measurements for each device used in the system 
in advance, as different characteristics could exist among 
employed ultrasonic devices. 

The measured temperature using a thermocouple dur- 
ing the V(z) curve measurements differs from the temper- 
ature of the propagation region of the ultrasonic waves, 
because of the temperature distribution in the water cou- 
plant, as described in Section 111-B. This causes some 
errors in determining the longitudinal wave velocities of 
the water couplant used for determination of VLSAW given 
in (6). We therefore investigated the temperature distri- 
bution in the couplant at two positions using two ther- 
mocouples, as shown in Fig. 12. One thermocouple was 
positioned just under the LFB lens surface, denoted as 
region A, where the ultrasonic focused waves propagate 
for actual V(z) curve measurements and the thermocouple 
cannot be placed. The other was positioned near the lens 
surface, denoted as region B, where the water temperature 
is usually measured during V(z) curve measurements. The 
temperature in region A, TA, and that in region B, TB,  
are measured simultaneously when the temperature dis- 
tribution in the couplant is stable, and the temperature 
difference between two regions, AT, is given by 
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Fig. 13. Dependences of temperatures TA and TB and temperature 
difference A T  in water couplant on volume of the couplant. 

AT = TA - TB. (7) 

The temperature distribution was investigated for an 
LFB ultrasonic device designed for 225-MHz operation, 
which is usually employed for material characterization 
by the LFB-UMC system. The distance between the two 
thermocouples was approximately 3 mm, and the distance 
between the lens surface and the specimen was the focal 
length of 1.15 mm in region A. The zy-stage used in the 
system was set at  the origin (x = y = 0) of the system 
coordinate. The entire mechanical system, including the 
specimen, was installed in a temperature-controlled cham- 
ber in which the relative humidity was within 40 f 1% 
during the measurements. 

First, t,he relationship between the temperature distri- 
bution and the quantity of the couplant was studied using 
the GGG substrate as the specimen. The measured tem- 
peratures TA and TB are given in Fig. 13. Each of the 
plotted values is the average of 10 measurements exhibit- 
ing a maximum deviation of f0.01"C. TB is less than TA, 
because of the vaporization heat of water. As the couplant 
quantity increased, both TA and TB decreased monoton- 
ically. The increase of the surface area of the water cou- 
plant, facing the air, probably helped to increase the to- 
tal heat of the water vaporization. The obtained values 
of AT are also given in Fig. 13, where it is seen that 
AT became larger as the coupliint quantity decreased. 
When the couplant volume was in the range from 0.6 to 
1.2 cc for the present system, the values of AT were within 
0.057 f O.O03"C, corresponding to a measurement error of 
-0.0057 f 0.0003% in LSAW velocity from the previous 
numerical calculation using (6). 

Next, the relationship between the temperature differ- 
ence and the thermal conductivity of materials was in- 
vestigated using a couplant quantity of 0.7 cc. We exam- 
ined many specimens, such as Teflon; Pyrex glass; single 
crystal plates of LiTaO3, LiNb03, a-quartz, GGG, and 
Si; and metal plates of A1 and Au, with different ther- 
mal conductivities and thicknesses. The results are shown 
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Fig. 14. Dependences of temperatures TA and TB (a) and tempera- 
ture differences A T  (b) in water couplant on thermal conductivities 
K. of specimens with couplant volume of 0.7 cc. The thermal conduc- 
tivity is divided by the specimen thickness h. 

in Fig. 14, where thermal conductivity ~ / h  is used consid- 
ering the thicknesses of the specimens. The temperature 
was greater for specimens with larger thermal conductiv- 
ity, as shown in Fig. 14(a). AT was the greatest for the 
smallest thermal conductivity, as shown in Fig. 14(b). The 
values of AT were within 0.063 f 0.008°C, corresponding 
to a measurement error of -0.0063 f 0.0008% in LSAW 
velocity, for specimens such as single crystals, glasses, and 
metallic materials, which are usually characterized by the 
LFB-UMC system and have thermal conductivities ex- 
ceeding 2 x lo2 W/(m2 . K ) .  

Similarly, the temperature difference was also measured 
for the ultrasonic plane wave device used to evaluate the 
z-stage moving characteristics in Section V-A. The differ- 
ence was 0.094"C, which was in good agreement with the 
value of 0.096"C estimated from the phase gradient shown 
in Fig. 8. 

VI. MEASUREMENT PROCEDURE 

A .  Water-Couplant Temperature 

For the V(z) curve measurements at  a single chosen 
point, the temperature TA during measurement is deter- 
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mined accurately using TB and AT according to  the rela- 
tionship 

where TB is measured during the period of V(z) curve mea- 
surements using the thermocouple and AT is obtained in 
advance for each specimen under the same stable condi- 
tions as V(z) curve measurements at a single point on the 
specimen surface. 

For two-dimensional measurements, the values of AT 
could, in general, be different at different positions on the 
specimen surface. Therefore, a method of determining the 
water temperature and the longitudinal wave velocity in 
water was developed using V(z) curves to obtain the lon- 
gitudinal wave number in water, kw. 

A carrier leakage signal, denoted by V,, arises from an 
insufficient on/off ratio in the RF tone burst pulse gener- 
ation circuit used in the system. The phasor V, does not 
depend on the relative distance z and is approximately 
expressed as 

where is the phase. The V, signal is received and 
detected together with the V(z) curve signal. Fig. 15(a) 
shows the typical V(z) curve measured for the (111)- 
[TI21 GGG specimen at 225 MHz. The on/off ratio of 
the RF pulse generation circuit was 75 dB. Small inter- 
ference signals between the V(z) curve signals and the 
V, signals exist over the entire V(z) curve. The inter- 
ference signals are derived from the V(z) curve as shown 
in Fig. 15(b). The spectral distribution of the interference 
signals from z = -500 to -30 pm in Fig. 15(b) was ob- 
tained by FFT analysis as shown in Fig. 15(c). The two 
peaks in the spectral distribution correspond to the wave 
numbers ko(= 2kw) and kl(= ~ ~ W C O S ~ L S A W ) ,  which are 
associated with phasors VO and VI,  determining the V(z) 
curves, as given by (1) and (a ) ,  respectively. Therefore] kw 
was successfully obtained from Icw = ko/2. Fig. 2 shows 
the V(z) curve from which the small interference signals 
were removed. As described in Section IV, the system op- 
erates in the complex mode measurement so that kw can 
be also obtained from the measured complex V(z) curves. 

The wave numbers, however, obtained from the V(z) 
curves were slightly different from the true value of kw 
because of the performance characteristics of the ultra- 
sonic device employed. Therefore, a procedure to measure 
the water temperature, T ~ ( I c ,  y), and the longitudinal 
wave velocity in water, VW(Z, y), at the position ( I C ,  y) 
on the specimen surface in two-dimensional measurements 
was developed using the wave number, expressed as k k ,  
obtained from the V(z) curve. 

Tw(z,  g) is given using T A ~  as a reference value ob- 
tained at a single point measurement by 
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Fig. 15. V(z) curve measured for ( l l l ) - [ i i 2 ]  GGG specimen at 
225 MHz and spectral distribution of the small interference signals on 
the V(z) curve. a) V(z) curve, b) interference signals, and c) spectral 
distribution. 
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Because Vb is equal to 2 ~ f / k k ,  LlTw(x, y) is given by 

where k k o  at TAO is obtained from the V(z) curves mea- 
sured at  a single point on the spe,cimen surface under sta- 
ble temperature conditions and k w ( x ,  y) is obtained from 
the V(z) cyrve measured at position (z, y). The changing 
ratio of V, for temperature is obtained from the litera- 
ture [26], as it is nearly equal to that of Vw. T ~ ( x ,  y) is 
then obtained by substituting (11) into (10). 

Similarly, Vw(z, y) is obtained using Vwo at TAO as a 
reference value as 

where AVw(x, y) is represented by 

(13) 
dS(w 

AVW(X, y) = - .  dT ATw(z, Y ) .  

Therefore, if ATw(z, y) is determined, V ~ ( X ,  y) is ob- 

Measurements of V(z) curves 
for specimen examined 
and standard specimen 

1 
AT(specimen examined) 

=AT(standard specimen) ? 

Analyzing V(z) curves and 
applying calibration method 

7?!3 YSAW 
tained by substituting (13) into (12). AVw(z, y) is also 
given by substituting (11) into (13) as Fig. 16. Measurement procedure of LSAW velocities at a single point. 

AVw(X, Y)  = . (14) 2. Two-Dimensional Measurement: A flowchart of the 
procedure for two-dimensional measurements is shown &o . kt , (z ,  9) 

Even for the V(z) Furve measurements at a single point, 
the monitoring of kw discussed previously is also useful 
for understanding and confirming the experimental tem- 
perature situations. 

B. LSAW Velocity 

1. Single Point Measurement: A flowchart of the mea- 
surement procedure for obtaining the LSAW velocity at a 
single point and stable temperature is shown in Fig. 16. 
First, the V(z) curves are obtained for a standard speci- 
men used for system calibration [24] and for the specimen 
examined (step Sl) .  TB should be corrected using the value 
of A T  measured in advance (step S4) if the values of AT 
differ between them (step S2). However, it need not be 
corrected (step S3) if the values of' AT are the same, bpt 
it is necessary to confirm that the analyzed values of k ,  
for both specimens are almost constant for precise veloc- 
ity measurements. Next, the V(z) curve analysis and the 
calibration method are applied, and VLSAW is obtained for 
the specimen examined (steps S5 and S6). However, if the 
values of AT for the examined and standard specimens are 
slightly different, e.g., f0 .0 l0C,  V~,SAW is obtained within 
the estimated measurement error associated with the tem- 
perature, &O.OOl%, using TB. 

in Fig. 17. TB measured for the standard specimen should 
be corrected using AT (steps SI  to S3). Tw(z, y) and 
Vw(z, y) in two-dimensional measurements for the spec- 
imen examined are determined by the proposed method 
using the V(z) curves (steps S4 to S7). VLSAW is then ob- 
tained by analyzing V(z) curves and applying the cali- 
bration method (steps S8 to Sl0). If ATw(z, y) in (10) 
is small, e.g., f0 .0 l0C,  VLSAW is obtained within the es- 
timated measurement error associated with the tempera- 
ture, *O.OOl%, using TAO as T ~ ( x ,  y). 

VII. MEASUREMENTS AND RESULTS 

We investigated the stability of the measurement tem- 
perature environment and actual accuracy of the present 
LFB-UMC system for LSAW velocity measurements at 
225 MHz, using two specimens of optical grade Z-cut 
LiTaO3 and (100) Si single crystal substrates. AT for each 
specimen was obtained from the results in Fig. 14(b). The 
specimens used have sufficient thickness to avoid the influ- 
ence of the reflected waves from their back surface on the 
LSAW velocity measurements [32],  [33J. 
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Fig. 18. Experimental results of 100 repeated V(z) curve measure- 
ments for ZY-LiTaO3 specimen at 225 MHz. a) LSAW velocities 
using water couplant temperatures TA and T ~ ( k b ) ;  b) water cou- 
plant temperatures TA, TB,  and Ta(kL) .  

Fig. 17. Measurement procedure of LSAW velocities in two- 
dimensional measurements. 

A .  Optical Grade LaTaO, Crystal 

Using the measurement procedure shown in Fig. 17, 
we demonstrated that the LFB system could evaluate the 
elastic homogeneity of a conimercially available, optical 
grade LiTa0.7 single crystal (length: 79 mm; diameter: 
101 mm) [34] grown and pulled along the crystallographic 
Y-axis direction by the Czochralski method. A 4-mm thick 
2-cut substrate, prepared in parallel along the pulling Y- 
axis direction, was taken for LSAW velocity measurements 
in which LSAWs propagated along the Y-axis direction. 
The ( l l l ) - [TT2]  GGG specimen was used as the standard 
specimen for the system calibration [24]. 

First, following the measurement procedure in Fig. 16, 
we repeated V(Z) curve measurements 100 times (35 min) 
at the central position of the specimen surface in a well- 
stabilized measurement temperature environment, to ob- 
tain the reference temperature TAO. The water couplant 
volume was 0.7 cc. Fig. 18(b) shows the water couplant 
temperatures TB measured by the thermocouple at re- 
gion B in Fig. 12 and the determined temperatures TA 
obtained from (8) with AT = 0.062"C for the 4-mm thick 
2-cut LiTaOs substrate, and, for reference, variations of 
the "averaged" temperatures T ~ ( k b )  on the wave propa- 

gation path estimated from the wave numbers k b  of the 
longitudinal velocities in the recorded V(Z) curves. The 
measured temperatures, TB and TA, were almost constant 
with some variations during the measurements, similar to 
the variations in T~(kb). The averaged value of temper- 
ature TA was 23.025"C with k 2 ~ 7  of f0.005"C, and that 
for T ~ ( k b )  was 23.025"C with f 2 a  of f0.009"C, where 
u is the standard deviation. The resolution in TA or TB 
is slightly better than that in T ~ ( k b ) .  However, a very 
stable temperature environment was maintained for long- 
time measurements because of the temperature controller 
used in the system. Further stabilization of the temper- 
ature environment is possible by enclosing the specimen 
area and by circulating precisely temperature-controlled 
water around the enclosed area. The calibrated LSAW ve- 
locities determined using the values TA and T ~ ( k b )  and 
the oscillation intervals AZ analyzed from the V(z) curves 
are shown in Fig. 18(a). The averaged LSAW velocity is 
3317.94 m/s with 52a of *0.06 m/s (*0.0018%) for TA 
and with k2a of f0.07 m/s (310.0021%) for T ~ ( k k ) .  TAO 
was taken as 23.025"C. 

Next, we measured the V(z) curves in 1-mm steps over a 
distance of 66 mm on the specimen surface along the 2 axis 
of the system (along the central line of the Y axis of the 
Z-cut substrate), where the y stage was set at the origin 
(y = 0). Temperatures TB(x )  measured using the thermo- 
couple during V(Z) curve measurements are plotted as dots 
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Fig. 19. Correction of LSAW velocity variations measured for ZY-  
LiTaOy substrate. a) LSAW velocities, b) water couplant tempera- 
tures Tw(z) and TB(z) and longitudinal wave number kb(z ) ,  and 
C) AT(z)  = Tw(z)  - TB(z). 

in Fig. 19(b). T B ( ~ )  rapidly decreased for z <-25 mm, 
near the edge of the specimen, because the thermocouple 
was set at the left side of the lens surface in water and the 
maximum deviation was 0.114"C. V&AW determined us- 
ing VW obtained from the literature [26] using the values of 
TB(z)  is plotted as dots in Fig. 19(a), where the velocities 
are calibrated with the GGG standard specimen. VLSA\~ 
decreased rapidly for z <-25 mm, as did T B ( ~ ) .  

kb(z), obtained from the measured V(z) curves, and 
Tw(z) ,  obtained from (10) and (ll), are also shown 
in Fig. 19(b). An average value of 23.013"C and a maxi- 
mum deviation of 0.053"C were obtained for Tw(x) .  The 
deviation of Tw(z) was less than that of T B ( ~ ) ,  which 
shows that the temperature at region A was more stable 
than that at region B. Fig. 19(c) shows the temperature 
differences AT(z) between Tw(z)  and T B ( ~ )  in Fig. 19(b). 

With the 2-stage translation, AT(2) exhibits a maxi- 
mum temperature variation of 0.llO"C from the minimum 
0.050"C at z = -19 mm to the maximum 0.160"C at 
z = -33 mm and has relatively greater changes around 
both ends in the measured region. The calibrated LSAW 
velocities obtained using Tw(z)  are also plotted as circles 
in Fig. 19(a). The true values of LSAW velocities of the 
specimen were successfully determined with a maximum 
deviation of 0.49 m/s and increased almost monotonically 
from the top to the bottom of the crystal substrate. The 
LSAW velocity increase corresponds to the increase in the 
chemical composition ratio of 0.016 Li2O-mol% [34]. This 
information can be used to improve the crystal growth 
conditions, e.g., chemical composition ratio of the starting 
material, for obtaining more homogeneous crystals. 

The results just presented suggest that it is of pri- 
mary importance for accurate measurements to prop- 
erly and correctly detect the temperature variations dur- 
ing the measurements; in the measurement principle pre- 
sented in (6), a slight measurement error in tempera- 
ture, e.g., fO.O5"C, results in a determined LSAW veloc- 
ity error of f0.005%. The results also suggest that the 
temperature correction method using is very effective 
when the temperature variations exceed f0.01"C. How- 
ever, we have to recognize that there is no serious depen- 
dence of the theoretical water-loading effect on the 2 Y -  
LiTaO3 substrate [i.e., the velocity change of f0.007 m/s 
(f0.0002%) for f0.05"C from the calculated value of 
-0.143 m/s/"C around 23°C using the acoustical phys- 
ical constants of water [26], [35] and LiTaO3 [36], [37]], 
according to the LSAW analysis procedure by Campbell 
and Jones [38]. 

B. Large Diameter Sa Substrate 

We also conducted two-dimensional measurement of the 
LSAW velocity for a large diameter substrate using a 3-mm 
thick, 200-mm diameter (100) Si substrate with LSAWs 
propagating along the [001] direction as the reference sub- 
strate with sufficient elastic homogeneity. A (100) Si stan- 
dard specimen' [39] was used for the system calibration for 
the present specimen. Fig. 20 shows the LSAW velocities 
measured at 225 MHz in 1-mm steps over a distance of 
180 mm on the diameter of the substrate along the z axis 
of the system with the measurement procedure described 
in Section VI-B. The average value of LSAW velocities 
was 4926.89 m/s with f 2 a  of f0 .19  m/s (f0.0039%). The 
elastic properties on the substrate surface of the commer- 
cially produced Si single crystal should be uniform for the 
present measurement resolution by the LFB system' [40]. 
Therefore, the results might contain some other slight, ad- 
ditional measurement errors associated with the thermal 

'We prepared the standard specimens of (111) and (100) Si grown 
by the CZ and FZ methods. The acoustic properties will be reported 
elsewhere. 

'We measured the impurity dependence of P concentration on the 
LSAW velocities by the LFB-UMC system. The results will be re- 
ported elsewhere. 
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Fig. 20. Measurements of LSAW velocity for (100)-[001] silicon along 
the diameter of 180 mm at  225 MHz. 

fluctuation around the large substrate because measure- 
ment resolutions with f 2 a  of f0.0015% to 2~0.0021% were 
observed for 50 repeated V(z) curve measurements at nine 
positions separated in 20-mm steps on the scanning line in 
a stable temperature environment. 

VIII. SUMMARY AND FURTHER STUDIES 

In this paper, we described a new version of the LFB- 
UMC system developed for highly accurate detection of 
slight changes in the physical and chemical properties in 
and among substrates to resolve scientific and industrial 
materials problems that have arisen with the recent pro- 
duction of large diameter crystals and wafers. 

The effects of translation errors of the z-stage used in 
the system and measurement errors of the couplant tem- 
perature, which are considered to be the main causes of the 
errors in LSAW velocity measurements, were calculated 
and discussed based on the measurement principle. To at- 
tain a relative accuracy of &0.002% in the LSAW velocity 
measurements, the moving accuracy of the z-stage and the 
measurement accuracy of the water couplant temperature 
are required to be better than f0.004% and ~k0.02~C,  re- 
spectively. We also investigated the temperature distribu- 
tion in the water couplant and found that the temperature 
distribution depended on the volume of couplant and on 
the thermal conductivities of the specimens. A method for 
correcting the temperature and longitudinal wave velocity 
of the water couplant was developed, and a measurement 
procedure to obtain an accurate LSAW velocity at a sin- 
gle chosen point and in two-dimensional measurements was 
established. 

The developed LFB-UMC system was constructed to 
satisfy these requirements. In investigating the measure- 
ment accuracy of LSAW velocities, the system achieved 
a relative accuracy of better than ~t0.002% at any sin- 
gle point and f0.004% in two-dimensional measurements 
over a scanning area of 180 mm x 180 mm. Further im- 

provement of the measurement accuracy could be expected 
with better stabilization of the temperature environment 
around the specimen. 

Although the discussions in this paper have been about 
the LSAW velocities obtained by analyzing the amplitude 
of the V(z) curves, the system is capable of measuring the 
amplitude and phase of RF  tone burst signals with high 
accuracy so that complex V(z) curves can also be mea- 
sured. To measure LSAW velocity accurately through the 
complex V(z) curves, it is essential that the phase varia- 
tions in the V(z) curve are measured with very high accu- 
racy. Hence, higher translation accuracy of the mechanical 
system and a more stable temperature environment are 
required in the complex V(z) curve measurements than in 
the amplitude V(z) curve measurements. For this reason, 
it is more suitable to use only the amplitude information 
of the V(z) curve in practical material analyses and evalu- 
ations. However, because the measurement and analysis of 
complex V(z) curves [41]-[43] are carried out exactly fol- 
lowing the construction mechanism of the V(z) curve, the 
complex V(z) curves are very useful in analyzing the sys- 
tem performance and in studying the measurement mod- 
els and the causes of measurement errors [31], [42], [44]. 
This system is also capable of measuring the propagation 
characteristics of bulk waves by replacing the LFB ultra- 
sonic device with a plane wave ultrasonic device. Elastic 
constants are determined [5], and standard specimens for 
the LFB systems are fabricated [24], through the measure- 
ments of the bulk wave velocities in solid specimens. 

In our future studies, we intend to  apply this system 
to resolve various materials problems in science and in- 
dustry by developing useful analysis and evaluation met h- 
ods. Before the temperature correction method established 
here was introduced, the system was applied to character- 
izing silica glasses [45], evaluating and selecting LiNbO3 
and LiTaO3 wafers for SAW devices [30], [46] evaluat- 
ing inhomogeneities of optical grade LiTaO3 crystals [34], 
characterizing and evaluating optoelectronic device fab- 
rication processes such as proton-exchanged layers and 
domain-inverted layers [47]-[49], and precisely determi- 
nating acoustical physical constants of LiNbOs, LiTaOs, 
synthetic a-quartz, and synthetic silica and fused quartz 
glasses [36], [45], [50]-[52]. Furthermore, we will utilize the 
system in studies for improving conventional ultrasonic 
metrology methods and their accuracy and for develop- 
ing new methods of measuring the acoustic properties of 
materials. 
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