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AN ACOUSTIC MICROSCOPE IN MEASUREMENTS OF MECHANICAL PROPERTIES
OF SURFACE LAYERS — V()
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The V(2) measuring technique, i.e. the application of the acoustic miero-
scope as a measurement tool is presented and explained. In the measurements,
the pressure amplitude distribution on the surface of the lens is controlled in
a certain range, enabling ¥V (2) curves to be optimized with respect to oscillation
amplitudes obtained for the given material. .

¥ (2) curves obtained with this set-up and calculated from them Rayleigh
wave velocities are included in the paper. The possibility of using such a set-up
in thin film measurements has been pointed out.

1. Introduction

The ¥ (2) measurement technique has been developed parallely with acous-
tic microscopy [1,2]. First investigations have been conducted independently
by A. ATALAR at the university in Stanford and R. G. WILsoN in Hughes [3, 4].
This technique applies the acoustic microscope which acts in reflection mode.

A strongly focused beam of ultrasounds (frequency 20 MHz — 100 GHz)
is reflected from a sample loeated in the focal plane, returns to the piezoelectro-
nic transducer and induces an electric signal, which controls the brightness
of the spot on the screen [5, 6]. The sample is scanned in the XY plane and the
location of the focal point on the sample is correlated with the position of the
spot on the screen.

If we stop X ¥ scanning and the distance along the Z-axis will be changed,
i.e. the distance between the sample and the lens, then the voltage on the trans-
ducer proves to depend strongly on this distance. Graphs of voltage in terms of
the lenssample distance have been called V(2) curves. The ¥ (2) curve for a dis-



300 J. LITNIEWSKI

tance z, between the focal point of the lens and the radius of curvature of the
lens seems particularily interesting. In this range, the oscillation period of V (2)
curves is velocity-dependent and the amplitude is dependent on the attenua-
tion of Rayleigh waves, which can propagate on the surface of the sample.
Therefore, V (z) curves are called “acoustic material signature”, because they
univocally characterize the investigated material,

Leading research centres conduet work on the utilization of the V (2) tech-
nique in many fields of science; such as:

' — measurements of velocity and attenuation of surface waves [7, 8, 9],

— film thickness measurements [10, 11],

— crystal acoustic anisotropy investigations [12],

— detection of subsurface cracks [13],

— measurements of rates of surface hardening [14],

— investigations of the influence of heat treatment on the surface [14],

— measurements of residual stress patterns [15], :

— determination of surface distribution of the coefficient of reflection
[16,17],

— acoustic parameter distribution measurements in living eells [18].

Theoretical and experimental research of the process of forming of V(2)
curves can lead to the interpretation of images obtained in the acoustic micro-
seope. However, although acoustic microscope technology is highly advaneed and
‘microscope images of various materials and biologic samples are being obtained,
this problem has not been solved yet.

In our case the lens is located in the near field of the tmnsducer, what
through frequency tuning of the sending-receiving transducer enables changes
of the pressure amplitude distribution on the lens surface, and thus the optimi-
zation of the ¥ (z) curve in terms of the oscillation amplitude.

2. Physical interpretation of the V(2) curve forming effect

W. ParvoN and H. L. BERTONI have given the simplest physical inter-
pretation of V (z) forming on basis of the approximation of “geometric acoustics”.
From among rays reflected directly from the investigated surface (located outside
the focal point) only rays near the axis of the system can reach the transducer.
At the same time, waves inciding onto the sample under an angle close to the
Rayleigh angle induce a LEW surface wave (Leaky Rayleigh Wave), which
propagates on the sample surface and radiates a longitudinal wave under the
Rayleigh angle, 0z, into the liquid. After passing through the lens a part of
these waves reach the transducer. The interference of the directly reflect-
ed wave and the wave induced by the surface wave occurs on the surface of the
transducer. Changes of the distance, 2, give rise to a change in the path and
phase of the wave, what leads to the oscillations of the V(z) function. The
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Fig. 1. a) Diagram of the acoustic part of the system for obtaining V(2) curves; b) Diagram
of waves composing V(z), i.e. wave directly reflected and wave from LEW

oscillation period of the V (z) can be determined on the basis of the given above
interpretation. According to the denotation in Fig. 1, the phases of both ray
beams can be expressed as follows:
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where @, — ray phase for z =0, 6 — Rayleigh angle (sin br = —Z—"’), Ap
R
— Rayleigh wave length, 4,, — wave length in water.
The phase of the wave radiated into water was increased by = according to
[20]. The phase difference is:
47(1 —cosbp)?
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The minimum of the V(z2) curve is obtained when the phase difference
is equal to the = odd multiply. Thus, the calculated V(z) period is:

o 'AR (1+eosBR)- (3)
sin O 2 .

This result is in very good concurrence with experiment.

3. The set-up for obtaining V(z) curves

The experimental set-up built at the Department of Ultrasonics of the
IFTR operates in the 30-40 MHz frequency range. Differences in time in which
the signal directly reflected from the sample and the signal coming from LRW
reach the transducer can be derived from eq. (2) for this system. This difference
equals 0.2 ps for the reflection from an aluminium sample at a frequency of 36
MHz. Hence, sending pulses of a 1 ps length were used in measurements, because



302 J. LITNIEWSKI

such a length ensured overlapping of both signals in the middle part of the
pulse. Fig. 2 presents a diagram of the sending and receiving system. The elec-
tronic system has an output, which enables the visualization of the signal on
the oscilloscope screen, and an output for the registration of V(z) curves on
the ay plotter.
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Fig. 2. Diagram of the electronic part of the system for obtaining ¥V (2) curves

The lens with the radius of the spherical cap of 3 mm, was made from
aluminium, for which the measured coefficient of damping of a longitudinal
wave in this frequency range does not exceed 0.12 dB/em. Geometrical dimen-
sions of the lens and the whole cylinder were chosen in such a manner that
interfering signals reflected from the cylinder walls reached the transducer in
a longer time than the signal reflected from the sample. The transducer has
a 3 mm radius and the distance between the lens and the transducer equals
22.5 mm. Thus, the lens is situated in the near field of the transducer. When
the distance # is changed, then the measured signal moves in a range free from
acoustic noise, determined by signals generated by the first and second reflection
from the surface of the lens.

The area between the lens and the sample was filled with water. The dia-
meter of the focal point formed by such a system theoretically equals 1.8 wave
lengths in water (about 74 pwm). The mechanical system ensures sample move-
ment in three directions with the accuracy of setting of 0.01 mm, and the regu-
lation of the inclination of the sample with regard to the axis of the system with
the accuracy of 0.5 min.



Fig. 3. Photograply of the set-up for obtaining ¥ (2) curves, built at the Department of Ultra-
sonics IFTR

R

Fig. 4. Photograph of the oscilloscope sereen. High frequency signals, from the left: 4 —
sending signal, B — reflection from the lens surface, 0 — signal reflected from the sample,
D — second reflection from the lens surface
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4. The influence of the pressure amplitude distribution on the surface of the lens on the
oscillation amplitude of V(z) curves

The interpretation of the precess of forming of V(2) curves given by PAR-
MON, BERTONI [19] suggests, that the pressure amplitude distribution on the
surface of the lens should decisively influence the oscillation amplitude of V(z)
curves. Especially, it should depend on the ratio of pressure amplitudes in two
regions of the lens — the region near the axis of the system, where radii reflected
from the sample directly reach the transduecer, and the region at such a distance
from the axis of the system, that radii after going through the lens incide into
the sample under an angle close to the Rayleigh angle and generate a LRW
surface wave.

In order to investigate this relationship the spherical surface of the system
lens was located in the near field of the transducer. The thickness of the applied
here transducer is equal to 1/120 of its diameter. It is made from LiJO, (g,
= 18.5-10°kg/s m?) and radiates into aluminium (g, = 17.3-10° kg/s m2).
Therefore, it can be assumed that it vibrates with a piston motion [22, 23] and
thus calculation results from ZEMANEK’S paper [26] can be applied in this case.

Fig. 5. Pressure amplitude distribution in the near field of the transducer with a radius a,

for a/i = 20; the position of the lens is denoted. Lined and not lined regions mark places

where the pressure amplitude exceeds 0.85 and is below 0.35 of the maximal value of the
amplitude, respectively

Fig. b presents the theoretical pressure amplitude distribution for a trans-
ducer vibrating with a piston motion and with a radius @, and a lens situated
in this field [26]. Coordinate D(D = li/a?) depends on the product of the wave
length 2 and the distance from the transducer, I. Hence, changes of the operating

-frequency of the transducer cause (by changing the distribution of the near
field) such changes of the pressure distribution on the surface of the lens, like
a displacement of the lens in the near field by a certain distance. Frequency
changes between 30 and 40 MHz correspond to changes of coordinate D from
0.4 to 0.55 (Fig. b).
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Phage changes in the pressure distribution on the surface of the lens, due
to changes of the operating frequency of the transducer, do not influence the
oscillation amplitude of the V (z) curve, because possible additional phase shifts
between the wave reflected directly from the sample and the wave from the
LREW add up with the phase difference generated during the formation of the
V(z) curve (2) and thus the V(2) curve is only shifted along the Z-axis without
a change in its shape.
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Fig. 6. V(z2) curves for an aluminium sample obtained for various frequencies: a) 40 Mz,
b) 36.5 MHz, ¢) 34 MHz, d) 30 MHz

Measurements were performed for four frequencies (30, 34, 36.5, 40 MHz).
Fig. 6 presents ¥V (z) curves for an aluminium sample. The coefficient determin-
ing the degree of oscillation of the V(z) curve (WO — coefficient of oscillations)
has been calculated for every curve. It is defined as the ratio of the mean oseil-
lation amplitude of V(z) to the value of the signal received when the sample
is exactly in the focal point.
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where: N — quantity of oscillations, 4; — amplitude of the i-th oscillation,
A, — amplitude of the voltage from the transducer for a sample in the focal
point. :
Calculated WO values are given in Table 1.

This coefficient has the maximal value at the frequency of 34 MHz and
hence the distribution of the pressure amplitude in this frequency range is
optimal for the formation of a ¥V (z) curve.

Table 1. Coefficient of oscillations of ¥(z) curves
obtained for various frequencies

Measurement Number of Oscillation
frequency V(2) | coillations coefficient
[MHz]
40 7 I 0.202
36.5 7 0.220
34 6 0.348
30 4 0.242

Fig. 7 presents theoretical distributions of the pressure amplitude on the
lens surface in terms of the distance from the lens axis, for adequate frequencies.
They have been achieved on the basis of ZEMANEK'S caleulations [26]. The
tilled in fields in Fig. 7 are responsible for V(z) formation. The ratio of the
pressure amplitude of the wave which generates LEW and the amplifude of
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Tig. 7. Distributions of pressure amplitude (4) on the surface of the lens in terms of distance
(r) from the axis of the lens, ealculated for various frequencies: a) 40 MHz, b) 36.5 MHz,
¢) 34 MHz, d) 30 MHz
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the wave which propagates along the axis is greatest for the frequency of 34 MHz.
Because also the maximal oscillation amplitude of V(z) is obtained for this
frequency, then such conditions ensure an optimal ratio of the V(z) compo-
nents, i.e. the wave from the LRW and wave reflected directly from the sample.

5. Measurement of surface waves velocities with the V(2) method

V(2) curves have been obtained with the described above set-up for sam-
ples of : aluminium, steel, glass, sapphire, molten quartz and perspex (Fig. 8).
In every case the frequency was measured.

Formula (3) can be written as:

V. 2q1/2
rac -]

hence we have a relationship from which the LRW velocity can be found in
terms of the oscillation period 4z. ¥; marks the wave velocity in a coupling
medium, and f is the operating frequency of the system.

Using formula (5) the LRW velocity can be calculated from V(z) curves.
Table 2 containsg obtained results. The velocity in water was accepted at ¥,
= 1.48 mm [us. Because the lens is spherical, the system measures the velocity
V,, averaged over all directions on the investigated plane, in the ciase of an
Al,O; sample. Velocity measurements for anisotropic materials, carried out
with the application of the ¥ (2) method, can be done with a lens which produces
a line-focus [12].

Table 2. Velocity of Rayleigh waves, Vg, obtained with the V() method

: Number of Period Vi calculated Aensurammont
Material oheiliatines of V(z) [10%m s-1] accuracy

[10—% m] [%]
Aluminium (37.1 MHz) 5 0.150 2.97 3.4
Steel (NC 10) (37.1 MHz) 6 0.158 3.04 2.6
Glass (crown) (37.1 MHz) 4 0.180 3.23 3.1
Molten quartz (33.3 MHz) 3 0.214 3.36 1.5
Al,0,C (34.1 MHz) 2 0.535 5.25 4.2
Perspex (35.6 MHz) 3 0.137 2.82 4.3

Interesting results have been obtained for the perspex sample. In this case
LEW generation does not oceur, because the velocity of Rayleigh waves is
lower in perspex than in water. So here the lateral wave, which propagates
on the water-perspex interface with the velocity of a longitudinal wave in per-
8pex, is responsible for the generation of V(z) curves [24].
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Tig. 8. V() curves obtained for a) aluminium, b) Al,05, c¢) crown-glass, d) steel — NC10,
e) molten quartz, f) perspex

The accuracy of obtained results depends mainly on the error in determining
the period 4dz. An inaccuracy of 45 wm in measuring Az causes a velocity
error of 0.1 mm /ps. Additional disturbances are introduced by low-amplitude

- oscillations, with a period equal to 0.5 wave lengths in water, which overlap
V (). Measuring errors can also result frem inaccuracies in setting the sample
perpendicularily in respect to the axis of the system.

Very accurate velocity measurements can be done with the application
of the numerical technique in finding the oscillation period of V(z), by deter-
mining the spectrum of the V(z) function [25].
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6. Film thickness measurement with the V' (2) method

The V (#) technique also ean find application in indirect measurements
of the thickness of thin films [10]. To this end the dispersion curve of a surface
wave in the film has to be found. Having the relationship between film thickness
and surface wave velocity, the film thickness can be determined from velocity
measurements.

The following experiment confirms the applicability of the V (2) technique
and the built set-up to velocity measurements of surface waves in terms of
film thickness. :
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Fig. 9. V(2) curves obtained for a molten quartz sample with a gold film: a) sample of pure
molten quartz, b) sample with a 0.2 pm gold film, ¢) sample with a 0.8 ym gold film

A sample of molten quartz has been covered in two places with a gold film
of a 0.2 pm and 0.8 pm thickness (this is 0.002 4, and 0.008 1,, respectively,
where 4, is the length of a Rayleigh wave on the surface of molten quartz).
¥V (2) curves have been obtained for these covered areas and for pure molten
quartz. The measurement frequency was optimized and set at 33.3 MHz. The
oscillation period of V(z) curves decreased with the increase of thickness. This
corresponds to a decrease of the surface wave velocity. The measured oscillation
period was used in the calculation of the Rayleigh wave velocity. Table 3 presents
the results in terms of film thickness.

A relatively high velocity decrease (~59,) for a very thin layer of gold:
(0.002 2,) indicates high sensitivity of the method in film thickness measure-
ments. The velocity measuring error for a quartz sample equals about 1.5 %.
Therefore, the application of this set-up and method should make it possible
to observe a gold layer of a 0.0006 4, thickness. This leads to a conclusion that
a system with the lens situated in the near field of the transducer is more sen-
sitive than a system with the lens on the boundary of the far and near field [10].
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Table 3. Measurement results of LRW velocities
on a molten quartz sample with a gold film

Gold film Ogcillation Calculated
thickness period velocity
[10-8 m(4,)] [10-3 m] [10% m s71]

0 0.214 3.36
0.2 (0.002) 0.192 3.19 959%
0.8 (0.008) 0.163 2.96 889%

7. Conclusions

Performed measurements have proved that V(z) curves can be obtained
with the build set-up. The lens in the near field of the transducer changed the
pressure amplitude distribution on the surface of the lens and this influenced
the oscillation amplitude of V(z) curves.

Usually, the lens in systems for obtaining V(z) curves is located on the
boundary of the near and far fields of the transducer. This gives a maximal
pressure amplitude distribution on the axis of the lens, which then decreases
with the distance from the axis. It was proved that the most advantageous
distribution with respect to the size of the oscillation amplitude, is this which
has a minimal value of the pressure amplitude near the axis of the system,
then increases with distance from the axis and achieves a maximum near the
part of the lens which refracts the wave in such a manner that it incides onto
the sample under the Rayleigh angle. It seems that an adequate choice of the
pressure distribution on the lens can lead to “better” V(z) curves, i.e. curves
which allow more accurate velocity measurements or observations of velocity
changes on the surface of materials strongly damping to Rayleigh waves.

The measuring accuracy can be increased still by inereasing the accuracy
of reading of the oscillation period 4z and by obtaining a precisely perpendicular
_position of the investigated surface in respect to the lens axis.

The greatest advantage of measurements conducted with the ¥ (2) method
are results averaged over scarcely ten to twenty wave lengths. Due to this
maps of velocity distribution of Rayleigh waves on a given surface can be
made.

V (z) curves are sensitive to changes of velocity and damping of surface
waves and this causes changes of frequency or oscillation amplitude. Also
faults in the investigated material, which interact with the propagating surface
wave, should influence V (z) curves. Therefore, the V (z) method is particularily
useful in investigations of surface layers of materials.
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