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ABSTRACT

Layer on substrate structures are often subject to various
types of defects, particularly those resulting from manu-
facturing process during thin-film growth. Currently, one
method of inspecting such structures involves the use of
IDT transducers for excitation and laser vibrometry for
reception. In this work, we propose a complementary
approach inspired by passive noise correlation imaging
methods initially developed in geophysics. This technique
is applied here to image layered structures on substrates by
exploiting the correlation of diffuse acoustic waves and
the associated principle of passive Green’s function re-
construction, enabling the detection and imaging of de-
fects. The analysis was performed using numerical sim-
ulations and preliminary experiments on silicon wafers
(3 mm thick). IDTs (10-25) MHz were used to generate
surface waves, and the resulting displacement field was
captured using laser vibrometry. Simulations and mea-
surements were carried out on both defect-free and defect-
containing cases. Correlation matrices were calculated on
Full Matrix Capture mode. Finally, a beamforming algo-
rithm was applied to localize defects, taking into account
silicon’s anisotropy.

Keywords: Ultrasonic imaging, beamforming,
anisotropy, Noise correlation, SAW, IDT.

1. INTRODUCTION

Layer-On-Substrate (LOS) structures are subject to nu-
merous degradations related to: manufacturing defects
during thin film growth (thickness gradient), the quality
of layer adhesion to the substrate (surface roughness),
cracks, and delaminations. For these reasons, the mi-
croelectronics industry is increasingly interested in non-

destructive evaluation methods, particularly for character-
izing bonding quality in wafer assemblies. The work pre-
sented here proposes an alternative method based on the
correlation of diffuse surface acoustic waves generated by
inter-digital transducers (IDTs) operating in the frequency
band between 10 and 25 MHz.

Typically, LOS characterization using IDT is per-
formed by emitting a short (broadband) pulse onto the
sample to be inspected, whose vibrational displacement
amplitudes are then measured by a laser vibrometer. At
high frequencies, this procedure must be performed with
high precision, making automation a challenge. This
so-called active method has yielded very promising re-
sults for the characterization of thin layers such as sol-
gels [1, 2].

Meanwhile, the acoustic field correlation approach,
initially used in geophysical applications [3–6] or in un-
derwater acoustics [7–9], provides a relevant theoretical
basis for the passive reconstruction of the medium’s im-
pulse response known as the Green’s function (GF). Gen-
erally, GF estimation by noise correlation is based on the
principle that waves emitted by random noise sources,
when recorded at two points in the medium, can be used
to retrieve the impulse response of the medium between
these points sensing. In other words, the cross-correlation
CAB(t) of the signals recorded at these two points A and
B makes it possible to reconstruct the impulse response of
the medium :

∂

∂t
CAB(t) = K [GAB(t)−GAB(−t)] + nAB(t) (1)

where CAB is the cross-correlation between points A
and B of the medium, GAB is the Green’s function (GF)
between the same points, K is a constant depending on the
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properties of the medium and the noise source, and nAB

is the residual error of the GF reconstruction.
This method is particularly useful in situations where

it is difficult to generate controlled signals, such as in
seismology, aeronautics, etc. However, the reconstruc-
tion quality is particularly influenced by the way the
sources are distributed (localized or not), the number of
sources, and the nature of the medium (absorption, atten-
uation, scattering, reverberation) [10]. In NDT/SHM, this
method has been successfully validated at low frequencies
(10, 30) kHz (Lamb waves) on aluminum damaged plates
(cracks, holes, etc.) [11, 12].

In this work, we propose to extend this method to high
frequencies (5-25) MHz by exploiting surface waves to
probe microstructures (silicon wafers). Although complex
(due to anisotropy), we first propose a simple numerical
study to validate the approach on an anisotropic medium,
and then it was attempted experimentally by developing
suitable instrumentation using IDTs. Although promising,
IDTs have rather poor reception capabilities; we therefore
propose to use them here as a source of diffuse surface
acoustic waves. IDTs are fabricated to focus the energy of
surface acoustic waves onto the entire wafer [13]. To take
full advantage of this method, optical detection is used and
correlation functions are calculated. Figure 1 illustrates
this principle.

Figure 1. Schematic representation of the proposed
characterization method based on the diffuse acous-
tic wave correlation.

The paper is divided into three parts: Section (1) is
dedicated to the imaging in silicon (100); Section (2) is
dedicated to numerical validation; and Section (3) is ded-
icated to the development of the instrumentation and pre-
liminary tests on the GF reconstruction. Finally, a conclu-
sion and perspectives.

2. IMAGING IN ANISOTROPIC MEDIA USING
SURFACE WAVES

2.1 SAW propgation in Silicon (100)

Surface Acoustic Waves (SAW) propagate parallel to the
surface of an elastic material, and their amplitude de-
creases rapidly, often exponentially, through the depth of
the material. The penetration depth is of the order of the
wavelength, providing high sensitivity to surface defects,
voids, cracks, coatings, films, and nano/microparticles ad-
hering to the surface. These waves are currently attract-
ing increasing interest, particularly for miniaturization as-
pects. However, the acoustic propagation of these waves
in anisotropic media is complex, where velocities depend
on the propagation direction. Several theoretical stud-
ies [14, 15] are devoted to determining an analytical for-
mulation of velocity profiles in anisotropic materials. In
this paper, the velocities are calculated numerically using
the analytical equation proposed by Teransako et al. [16].

On can recall here the Hooke’s law extended to
anisotropic materials using a tensor formulation that in-
cludes orientation:

σij = cijkl ϵkl; i, j, k, l = 1, 2, 3 (2)

where σ and ϵ are the stress and strain tensors.
The general case of a fourth-rank tensor requires

81 terms. By exploiting the cubic symmetry properties
(silicon (100) has a face-centered diamond cubic crys-
tallographic structure), the anisotropic properties of a
cubic crystal can be described with a 6 × 6 matrix using
a simplified tensor notation, which requires only three
independent values: c11 = 165.7 GPa, c12 = 63.9 GPa,
and c44 = 79.56 GPa.

The physical properties of silicon (100) are: Poisson’s
ratio ν = c12

c11+c12
= 0.278; Young’s modulus E = c11 −

2νc12 = 130 GPa; density ρ = 2330 kg/m3; and the
Zener coefficient Z = 2c44

c11−c12
= 1.56.

In our case, the material under test is considered as
a semi-infinite volume. Fig. 2 shows the estimated speed
profile.

Two modes are observed for surface waves (regular
mode and pseudo-mode) over a velocity range of 4500 to
5500 m/s.

In the following subsection, to perform defect imag-
ing, an interpolation was performed on the two observed
modes.
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Figure 2. Theoretical (background) and experimen-
tal (red dots) velocity profiles.

2.2 Imaging in anisotropic material

Considering two receivers Ri and Rj , the cross-
correlation of the recorded signals across Ns noise sources
can be expressed as follows:

CijNNs
(ω) = Ns Dij(ω) + nijNs

(ω) (3)

where Dij represents a deterministic term containing
the causal and anti-causal parts of the Green’s function
between the two receiver positions, and nijNs

is a term
related to the residual noise from the reconstruction of
the Green’s function. As in [17], we adopt the differential
beamforming algorithm to extract the defect signature,
i.e., ∆C = Cdef − Cref , where “def” and “ref” refer to
the cases with and without defects, respectively.

The principle consists of taking the image element in-
dex (i,j) of the matrix ∆φ and backpropagating it accord-
ing to the current position of the pixel (xp, yp) and for
each propagation direction (see Fig. 3). Concretely, this
consists of multiplying the differential matrix by a phase
function involving the wave number k depending on the
surface wave direction, i.e.

bpf(xp, yp)(ω) =

N,N∑
i=1, j=1

∆Cij(ω) e
[+j k(ω,αip) dip+k(ω,αpj) dpj ]

(4)
with αip = atan

∣∣∣ yp−yi

xp−xi

∣∣∣ and αpj = arctan
∣∣∣ yj−yp

xj−xp

∣∣∣.
The terms dip and dpj are the distances from receiver i to
pixel and from pixel to receiver j, respectively.

Figure 3. Illustration of the beamforming algorithm
in anisotropic medium (backpropagation).

After returning to the time domain using an inverse
Fourier transform, the pixel intensity is obtained by sum-
ming the resulting waveforms for each index value (i, j)
and calculating the energy of this sum over a time window
T0 (typically the inverse of the bandwidth):

I(x, y) =

∫ T0

0

[bpf(xp,yp)(t)]
2, dt, (5)

where bpf(t) is the FT of bpf(ω).

For pixels located on the defect, this amounts to a con-
structive sum and therefore to a maximum intensity at the
defect position.

In Section 3, a numerical validation was proposed.

3. NUMERICAL VALIDATION

To validate the imaging algorithm proposed for
anisotropic media, a simplified numerical simulation is
proposed.

We consider the propagation of surface waves in an
infinite plate without absorption. In the frequency domain,
this propagation between a source and a receiver Ri at
positions r⃗s and r⃗i, respectively, can be modeled in the far
field using the propagation function defined as follows:

P (r⃗s, r⃗i, ω) =
1√

(r⃗s − r⃗i)
e[−j k(ω,αip) dip+k(ω,αpj) dpj .]

(6)
Therefore, the signal received at Ri can be expressed

as follows:
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u(r⃗s, r⃗i, ω) = P (r⃗s, r⃗i, ω)ue(ω), (7)

where ue(ω) is the Fourier transform of the transmit-
ted signal.

In the presence of a defect, the signal received at Ri

can be written as follows:

ud(r⃗s, r⃗i, ω) = u(r⃗s, r⃗i, ω) + ∆u(r⃗s, r⃗i, ω), (8)

with ∆u(ω) = fd(ω)P (ω)u(ω). Here fd represents
the defect scattering amplitude and r⃗d is the defect posi-
tion.

Using the inverse Fourier transform, we return to the
time domain to obtain the signals ud(t) and u(t) received
by Ri in both cases: with and without a defect, respec-
tively.

The tested configuration consists of an infinite silicon
wafer whose properties are implicitly introduced in the
previously estimated dispersion curves. Twelve receivers
(crosses) are placed at known positions on its surface. The
origin is taken at the low left corner of the wafer. At the
center of the imaging array, a defect is modeled by a point
scatterer of constant fd (isotropic scatterer). A set of 361
sources (red dots) are randomly distributed around the re-
ceivers.

The transmission signal is a sinusoidal cycle weighted
by a Hanning window at a center frequency of 7 MHz.
The sampling rate is 300 MS/s. The signals are acquired
for 28 µs. For each pair of receivers, the summed cross-
correlation across all sources is calculated. The back-
propagation-based imaging algorithm discussed above is
then applied to the positive-time correlations. The lo-
calization image obtained for an area of (45 × 45) cm2
around the defect is shown in Fig. 4 for active and passive
cases.

Pixel intensities are normalized relative to the max-
imum intensity. As observed, the defect location is cor-
rectly localized in passive mode compared to active result.

In what follows, we propose a suitable instrumenta-
tion to validate these numerical results.

4. EXPERIMENTAL VALIDATION: ESTIMATION
OF GREEN’S FUNCTIONS

Here, we initially focused on studying correlation func-
tions in a ”defect-free” case. The experiments were per-
formed on a silicon wafer of 7 cm in diameter and 2 mm

Figure 4. Defect localization image in active (raw
signals in FMC mode) and passive (correlation func-
tions, red circles indicate source positions) configu-
rations.

thick. Surface acoustic waves were generated using a 7
to 25 MHz IDT transducer designed for this study [13],
oriented at 45 degrees to favor the radiation of Rayleigh
waves and minimize their conversion into bulk waves ra-
diating into the substrate (cf Fig. 5). Since the transducer
aperture is approximately 2 mm, the measurement points
were chosen within the IDT’s radiation zone. The mea-
surement step size was approximately 10 mm, and a mea-
surement grid of N = 25 points was created. Each Ascan
is averaged 350 times and recorded over 2 ms. This cor-
responds to approximately 1000 times the reverberation
time in the wafer.

The correlation functions are then calculated, and we
obtain N× N impulse responses. Figure 6 shows a seismo-
gram of cross-correlations between measurement point 3
of the grid and the other points on the same line.

As can be seen, the correlation functions are not sym-
metrical at zero. This demonstrates poor reconstruction
quality of the Green’s function (generally, when the cor-
relation function is symmetrical between positive and neg-
ative times, it is a good indicator of convergence towards
the Green’s function). This can be explained by the fact
that surface waves are not sufficiently reverberant at these
operating frequencies. Another phenomenon may also oc-
cur, such as the conversion of surface wave modes into
bulk waves. This work is in progress.

5. CONCLUSION

In conclusion, this study has shown the interest of the
passive approach by correlation of diffuse waves to im-
age silicon wafers. The results obtained by the numerical
simulation are promising and have allowed to validate the
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Figure 5. Experimental setup.

imaging algorithm in anisotropic medium. An experimen-
tal study was also conducted where an instrumentation
adapted to generate a high frequency diffuse field by in-
terdigital transducers was proposed. A preliminary study
was first carried out on the estimation of the Green func-
tions on a healthy wafer (without defect). The first results
clearly show that surface waves are not very reverberant
at these frequency ranges. To image micro-structures it is
necessary to consider lower frequencies while remaining
at the MHz scale, which can be particularly interesting in
particular to image bonding defects in wafers. This ap-
proach certainly has a strong potential in the field of mi-
croelectronics.
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