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Scanning acoustic microscope (SAM) has proved to be a powerful new tech-
nique for investigation and characterization of mechanical properties of ma-
terials, especially, the opaque ones. Non-destructive measurements can be
carried out using SAM in the vicinity of materials’ surfaces or relatively
deeper away from them. The present work is focussed on the effects of an-
nealing on mechanical properties of samples composed of an Al layer (10 um)
on Si substrate. Combining the results obtained from the so-called acoustic
signature and acoustic images of the Al/Si interface with those from the lat-
eral and longitudinal waves (Rayleigh speeds), it is possible to deduce that
the best homogeneous adhesion is obtained after annealing at 500°C.

Key words: non-destructive testing, scanning acoustic microscope, mechani-
cal properties, annealing effects, thin Al/Si films.

CraniBuuii akyctuunuii Mmikpockomn (CAM) e moTy:XHiM HOBUM iHCTPYMEHTOM
IJIs MOCJiMKeHHsS Ta BHU3HAUEHHS MEXaHIUHMX BJIACTHBOCTEH MaTepisdiis,
ocobauBo Hemposopux. CAM yMOMKJIMBJIIOE IIPOBOAUTH HepPYHHIBHI goci-
I:KEeHHs MaTepisjiB K mo0/iu3y IMOBepxXHi, Tak i Ha meakii Bimmasi Bim meil
yraub spaska. Pobora cTocyeThCcsi BUBUEHHS BILIMBY Bifmaysly Ha MexXaHiuHi
BJIACTUBOCTI 3pasKiB, 110 cKJIamaoThed 3 mapy Al (10 Mmxm) Ha migmoxaki 3 Si.
Iloeguyoun pesysbTaTH, OAEep:KaHi 3 Tak 3BaHOI aKyCTHYHOI CUTHATypu u
aKyCTUYHUX 300paskeHb iHTepdeiicy Al/Si 3 BUKOpUCTaHHAM IOIEPEUYHUX i
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MO3M0B:KHIX XBUJIb (PeseiioBux mBuAKOCTEIT), MOKHA 3pOOUTH BUCHOBOK, IO
HaMJIiIIa roMoTeHHa aaresis peanisyerbes micas Bigmaay 3a 500°C.

KuarouoBi cioBa: HepyliHiBHA JiATHOCTHKA, CKAHIBHUI aKyCTUUYHHII MiKpoc-
KOII, MeXaHiuHi BJIacCTUBOCTI, epeKTH Bifgmnany, ToHKi mirisku Al/Si.

CraHupyomuii akyctuueckuii Mukpockon (CAM) aBasieTca MOIITHBIM COBpe-
MEHHBIM MHCTPYMEHTOM JJIif HCCJAeNOBAHUA UM OIpeAeJeHUS MeXaHNUeCKUX
CBOICTB MaTepuaJioB, 0co0eHHO Hempospauubix. CAM mo3BoJsAeT IPOBOAUTH
HepaspyIlawIue MCCIeIOBaHUSI MaTepPUaIoB KakK BOJIM3U UX ITOBEPXHOCTH,
TaK 1 Ha HEKOTOPOM PACCTOSHUU OT Heé Briayonb oOpasiia. PaGora mocBsIieHa
U3YUYEHUIO BJIUSHUA OTIKUra Ha MeXaHWYEeCKUe CBOMCTBa 00pPAa3I0B, COCTOSA-
mux us caod Al (10 MmxMm) Ha momroxkKe us Si. O0beUHAST PE3yAbTATHI, IIOJY-
YeHHbIE HA OCHOBAHUY N3MEPEHUH TaK Ha3bIBA€MOI aKyCTUUYECKON CUTHATYPHI
U aKyCTHUeCKuX m3obOpakeHuil muTepdeiica Al/Si ¢ ucmoab3oBanueM MoOIIe-
PEeYHBIX U IPOAOJbHBIX BOJIH (CKOpocTeit Pajes), MOKHO clesiaTh BbIBOJ, UTO
HaWJIy4Illas TOMOTeHHAas aare3us peaausyercs moce otskura mpu 500°C.

Karouesslie ciioBa: Hepaspylllamlnasa JUarHOCTUKA, CKAHUPYIOMUI aKyCTHuuYe-
CKUI MUKPOCKOII, MeXaHNUYeCcKHe CBOMCTBA, 9(p(peKThl OT:KUTA, TOHKHNE TJIEH-
ku Al/Si.

(Received December 11,2017; last version—September 17,2018)

1. THE ACOUSTIC MICROSCOPE
1.1. The Transducer

In 1970, Quate and Lemons developed, at Stanford University, the
first scanning acoustic microscope (SAM) [1-4]. The most prominent
component of this microscope is the transducer (a piezoelectric thin
film of, typically, ZnO or LiNbO;). It produces a frequency that de-
pends on its thickness. The role of this transducer is to convert a high
frequency electrical signal into an ultrasound wave, which propagates
with the same frequency (as the electrical signal) along a small rod of
quartz or sapphire that acts as an acoustic delay line (Fig. 1).

1.2. The Lens

An acoustic beam generated at one face of this rod is focused by a
spherical, cylindrical or conical cavity cut into the other face of the
rod, which acts, then, as a lens [5—9]. This type of lens is object-
dependent and has given birth to a phenomenon in acoustic microsco-
py, to which a ‘great interest’ is dedicated: the development of quanti-
tative elastic measurements.

Normally, spherical lenses are used for acoustic surface imaging,
since the spherical aberration can be neglected in this case.
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Fig. 1. Schematic configuration of the piezoelectric transducer in reflection
scanning microscope. Rays I and 2 represent respectively axial and Rayleigh
leaky waves; ray 3 represents specular wave.

In bulk imaging, a convergent beam is refracted at the sample sur-
face prior to focusing below the surface. Such refraction occurs off
normal and generates aberrations that can be significant even for small
angles of observation.

However, the use of spherical lenses that eliminate aberration ef-
fects and achieve rigorous convergence of the acoustic beam at deeper
levels in the bulk can easily solve this problem.

Moreover, in anisotropic materials, the fact that the surface wave
velocity depends on the direction of propagation makes the spherical
lenses unsuitable for the study of these materials: they can only help
adjust the final experimental results [5].

However, cylindrical lenses that allow, at a given time, making elas-
tic measurements in one direction are usable for the study, with a cer-
tain precision, of these materials.

This technique is also known as the line-focus beam technique [5].

Lamb’s modes and interfacial weakness detection in multilayer sys-
tems were recently investigated using conical lenses. The last generate
conical wave fronts that have a single angle of incidence on the speci-
men [10]. The description, on the other hand, of the mathematical pro-
cedure for acoustical lens design is available in the literature [11-15].

1.3. The Coupling Liquid for Lens to Sample Signal Transmission

Because the high-frequency acoustic waves do not propagate in the air,
the use of a coupling liquid is necessary for acoustical signal transmis-
sion from lens to sample; this fluid plays also an important role in the
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TABLE 1. Acoustic parameters of water and mercury [16—-18].

_ . Density, Impedance Z, | Attenuation a,
T=298K |Velocity, m/s| 443, Mrayl | dB/(mm-GHz?)

Water 1497 1 1.494 191
Mercury 1450 13.53 19.7 50

determination of the resolution of the acoustic microscope.

The attenuation in the liquid, on the other hand, determines the
highest frequency (and, therefore, the shortest wavelength) that can
be used and, thus, the best resolution that can be achieved.

At frequencies (f) higher than 10 MHz (f > 10 MHz), almost all fluids
experience an attenuation that is proportional to the square of the fre-
quency.

However, the majority of applications employ water and mercury
because of their respective advantages (Table 1).

1.3.1. The Advantages of Water

Water has two advantages: a very weak attenuation at room tempera-
ture (approximately 191 dB/mm at 1 GHz) that decreases to reach
95 dB/mm at 60°C, and a good compatibility with most materials. Ta-
ble 1 presents the principal acoustic parameters of water and mercury.

1.3.2. The Advantages of Mercury

Mercury also has an attractive attenuation coefficient at room temper-
ature. However, the main advantage of this liquid metal is its high
acoustic impedance. This valuable property allows good impedance
matching to solid samples, which, in turn, allows surface examination
by imaging.

Mercury also ensures a good signal transmission at the lens—liquid
and liquid—solid interfaces [16—18].

1.4. The Two Modes of the Acoustic Microscope

The acoustic microscope can work in two modes: the reflection and
transmission modes.

1.4.1. The Reflection Mode

In reflection mode, the SAM operates with a single transducer for
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transmitting and receiving the acoustic signal, thus, resembling a
miniradar or sonar system.

1.4.2. The Transmission Mode

In the transmission mode, however, the use of two transducers sym-
metrically arranged with respect to the sample under investigation is
necessary.

In this case, one obtains the acoustic image of an object, located in a
plane parallel to the sample surface, by scanning mechanically the
sample in two perpendicular directions (x, y) relative to the transducer
collecting the amplitude of the transmitted or reflected beam and dis-
playing the collected amplitude on the screen of the microscope map-
ping apparatus.

The magnification of the scanning field can be varied from 3 to
3000.

The microwave electronics is necessary to acquire and process the
acoustic signal [1, 10, 11].

1.5. Usefulness

Finally, we note that SAM gives information about the elastic proper-
ties of the material under investigation. The contrast in the acoustic
images being due to variations in elasticity and density as well as to
acoustic attenuations in the material. Consequently, this microscope is
particularly suitable for the study of optically opaque materials, for
which the usual optical techniques of characterization fail.

2. ACOUSTIC CHARACTERIZATION

The acoustic signal that originates from the sample is the result of the
superposition of several types of waves that interfere at the transducer
level.

By varying the lens aperture 6 = 50°, it is possible to generate, with-
in a specimen, either one or several modes, those that propagate with
their own specific velocities.

As z varies, the phases of these waves change at different rates; so,
they can alternate between constructive and destructive interference.

Under these conditions, the output voltage V(z) produced by the
transducer presents (pseudo-oscillations) constitute the acoustic mate-
rial signature.

Figure 2 presents an example of the experimental acoustic signature
V(2) for aluminium sample with use a water as the coupling liquid at
600 MHz.
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Fig. 2. Acoustic signature V(z) for water/Al at 600 MHz.

Quate [1] gave the first theory of the V(z) acoustic signature, which
consisted in decomposing the waves (pseudo-oscillations) into frequen-
cy spectra and (then) analysing them by Fourier optics.

However, the theoretical model for the V(z) effect proposed by Shep-
ard and Wilson [19] gives (different) expressions that are easier to
program and that based on the propagation of the acoustic field.

According to this model, the following expression gives the ampli-
tude of the V(2) signature:

emax
V(z) = j P*(0)R(0) exp(2jk, z cos 0) sin 6 cos 6d0, (D)

0

where j = J-1, 0,.., is the opening angle of the lens, P%() is the lens
pupil function, R(6) is the reflectance function of the specimen, and &,
is the wave number in the coupling liquid.

Equation (1) shows that when the specimen is ‘defocused’ (i.e., shift-
ed) by an amount z, the resulting phase difference is 2k,zcos0.

We note that the function R(0) is easily expressible for massive ma-
terials. However, in the case of layered structures, the reflectance
function is more complex, and the Brekhovskikh model must be used to
get it [20].

The Rayleigh wave is the surface acoustic wave that contributes
most to the V(z) interference curve. It results from the superposition
of longitudinal and shear waves, which travel along the surface with a
same phase velocity Vy; this V3 is, however, smaller than the velocity
for the other wave kinds that may be present in the bulk [16—21]. In the
particular case of isotropic solids, this wave consists of two compo-
nents: the longitudinal and the shear components. These are n/2 out of
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phase and are contained within the sagittal plane, i.e., the plane de-
fined by the wave vector normal to the solid surface. The dependence
V(2) permits to determine the velocity of the Rayleigh waves, V, in the
specimen surface, a quantity that is related to the operating frequency
f of the SAM, to the periodicity Az of the resulting oscillations in V(z)
and to the wave velocity V, in the coupling liquid. This velocity is given

by:
V 2 1/2
_ _ _ 0
Vv, =V, [1 {1 2fAz} J : (2)

The period Az (defined as the motion in the z direction needed for an
angular change of 27 in the relative phase) is expressed in terms of the
wavelength (A,) within the coupling liquid and the Rayleigh angle (03)
by:

Ay

Az = m, (3)

where 0y is given by Snell’s law, i.e., sinb =V, /Vx. Here, Vj is expressi-
ble in terms of the longitudinal and shear wave velocities of the mate-
rial (i.e. Vi, and V;) using an expression deduced from the reflective
power [7, 11] (see Eq. (4)), where p, is the density of the material to be
examined:

Vi Vi

1/2 1/2 1/2 172 12

v\ (o veY(ve vz VaV" _(po |V Va
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3. CHARACTERISTICS OF THE SAMPLES

The analysed sample was a segment (®=12cm) of an aluminium-
coated silicon wafer with (100) crystallographic orientation. The alu-
minium layer was deposited via vacuum evaporator Balzers BA510 is
10 um, and its thickness was determined via profilometry. In addition,
the density of the aluminium thin film was determined as 2.709 g/cm?®
via X-ray diffraction using a D8 Discover system (Bruker, Billerica,
MA, USA).

The desired effect through the process of annealing the layer of
Al/Si is to find the optimal conditions for having a homogeneous
thickness of aluminium on the substrate in silicon [100], and in partic-
ular on a surface of (5x5cm) without any chemical reaction between
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Fig. 3. Silicon wafer with uninterred aluminium layer.

aluminium and silicon (Fig. 3), in addition, the objective of this study
is to prepare the supports in Al/Si that will serve for other specific ap-
plications requested by an industrialist.

The acoustic sensor (delay line of SiO, and layer of transducer in
ZnO) used in this work is manufactured in our LEAM laboratory: I—
after mirror polishing of the upper part of the SiO, delay line, the lens
is made whose diameter is a function of the frequency; 2—the deposi-
tion of the different layers is carried out in a Balzers BA 510 evapora-
tor; 3—assembling the sensor and fixing the connectors; 4—control of
the working frequency is set using an HP brand network analyser.

Rayleigh and transversal speeds are calculated after each acquisi-
tion of an acoustic signature V(z) along a wafer line of 12 cm in diame-
ter with a pitch of 10 mm, and this after the acquisition of images
(Fig. 4).

The treatment of the V(z) by fast Fourier transform (FFT) allows us
to calculate the different speeds that interact in the material.

Figures 5 and 6 represent the dispersion of the speeds measured at
600 MHz; we notice: a discontinuity of the curve at 400°C along the
length of the measurement line. That it is not constant at 600°C, it is
constant at 500°C.

The discontinuity and the non-constant of the curves is probably due
to either a detachment of the layer of aluminium against the substrate
(blue contrast Figs. 4, ¢, 6 and 7), or to a default of adhesion.
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Fig. 4. Acoustic images of the interface of the system Al(10 um)/Si[100]; cou-
pling liquid water, f =600 MHz, temperatures of annealing: 400°C (a), 500°C
(b) and 600°C (¢).

Table 2 summarizes the treatments given to four samples in our
study. These have undergone a preliminary metallization at 500°C. We
carried out the study on a series of samples under the same tempera-
ture (24°C) conditions in all cases.

4. RESULTS AND DISCUSSIONS

Figure 4 gives acoustic images taken at the layer/substrate interface
with water as coupling fluid and with a spherical lens with a 50° open-
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Fig. 5. Acoustic signature V(z) and FFT spectrum for water/Al(10 um)/Si at
600 MHz.

ing.

A first instance analysis of the images given in Figure 4 enables us
to discuss the ensemble of the samples that have undergone annealing
at 600°C. These present also a non-uniform contrast embodied by dark
spots (that represent, for instance, short-circuit, separation, etc. and
that are related to the preparation method used); see Fig. 4, c.

The results, obtained after treatment of the acoustic signature and
the calculation of the propagation velocity, strengthen the choice of
the temperature used, i.e. 24°C.

Indeed, on the one hand, we obtain an acoustic signature that is
stronger in the uniform regions and that is more attenuated in the dark
spots; this is confirmed by the results obtained by means of the FFT
(Fig. 5, d'). On the other hand, Figs. 5 and 6 show significant speed
dispersion.

We note at this point as follow.

1. We discarded all reference samples (that have undergone an an-
nealing at 400°C) that presented significant dispersion speeds Vi and
Vr (Figs. 6 and 7).

2. Only the samples, among those that have undergone an annealing
at 500°C, that are characterized by (i) homogeneous images on all sur-
faces (Fig. 1, b), (ii) an acoustic signature V(2), (iii) a signal that is ex-
ploitable by FFT (Fig. 5, ¢') and (iv) practically constant dispersion
speeds (Figs. 6 and 7) will be maintained for possible studies and/or
applications.
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Fig.7. Dispersion of shear velocity for system water/Al(10 um)/Si[100] at
600 MHz.

3. Here, we consider the interfaces as homogeneous whenever they
do not give rise to interference phenomena.

4. We based the acoustic microscope calibration on the 256 colours
levels, the red colour corresponding to a perfect layer/substrate adher-
ence. On the other hand, the blue colour that one can observe in Fig. 4,
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TABLE 2. Characteristics of samples A1(10 um)/Si[100].

No. of sample T of annealing, °C ‘ Chemical attack
A No Yes
B 400 -
C 500 -
D 600 -

¢ (dark holes) corresponds to a complete substrate/layer separation
(and thus, is indicative of maximum signal attenuation).

5. It is possible, using an appropriate model for adherence between
two materials, to compute the reflection coefficient R(0) (in module
and in relative phase) for good as well as for bad adhesion when the me-
dium is a multilayered one.

6. It is not in the aims and purposes of this paper to consider the de-
velopment of the theory of rigid and smooth bonding; this one can be
found in more fundamental papers [7, 11]. Instead, it is intended here
to extract the results that are most significant for the design of a
transducer for acoustic microscopy.

5. CONCLUSIONS AND PROSPECTS

The acoustic microscope with a frequency range from 100 to 600 MHz
seems to be a powerful tool for non-destructive testing. It not only
makes it possible to detect defects whose dimensions are lower than
50 um, but also gives an image that can facilitate their interpretation
and control.

In addition, the possibility that this apparatus gives for evaluating
and studying the defects that develop during the annealing process
makes of it a very precious tool indeed.

The present results show that the acoustic microscopy is a control
tool with performances and flexibility that are particularly well
adapted for performing non-destructive tests. It can become a com-
plementary and/or essential tool for the local mechanical characteriza-
tion of materials placed in hostile environments.

Although the obtained experimental results agree with the theoreti-
cal ones, there remain a few extra points that need further develop-
ment (i.e., in order to improve the possibilities and capacities of this
method); these are:

—taking into account the effects of attenuation (longitudinal and/or
transversal) in theoretical calculations to get closer to reality (that
which is imposed by the actual experimental conditions);

— studying more deeply the opposite phenomenon-related approach;
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— looking further into the study of the linear prediction of the
acoustic signature;

— establishing prototypes (references) that may be used as standards
in the quality control process;

— developing a way (e.g., a digital one) of processing acoustic images
in order to make their interpretations easier.

The authors wish to express very warm thanks to their colleague
N. Hadji, from the Department of Physics, for his valuable help in pre-
paring the English version of this paper.
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