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Abstract: This paper investigates the potential of Scanning Acoustic Microscopy (SAM) for 3D
inspection of modern electronic devices using a single scan. Two complementary approaches to
focus on different internal interfaces are examined: the Synthetic Aperture Focusing Technique
(SAFT) utilizing a conventional SAM transducer and beaforming applied on an annular array
transducer. A detailed comparison of both methods is presented. The image evaluation reveals
that the SAFT approach delivers superior performance in terms of resolution and clarity.

Keywords: Scanning Acoustic Microscopy (SAM), 3D inspection of microelectronic devices,
Synthetic Aperture Focusing Technique (SAFT), Annular Arrays, Signal processing

Introduction

Scanning Acoustic Microscopy (SAM) is a well-
established tool in failure analysis and quality assur-
ance. Traditionally, it has been standard practice to
inspect commonly bonded interfaces to detect delam-
inations or misalignments. Earlier technologies, such
as flip-chip packaging, typically required only a two-
dimensional evaluation of a single interface. In con-
trast, modern manufacturing approaches—exemplified
by System-in-Package (SiP) designs — necessitate
comprehensive three-dimensional inspection. High-
Bandwidth Memory (HBM), for instance, consists of
a stack of at least eight silicon dies, all of which must
be examined. In power electronics, the complexity
increases further, with structures such as bond wires
routed non-parallel to the surface, posing additional
challenges for inspection.

To meet the required detection limits, SAM uses
transducers operating within the range of 20 MHz to
2000 MHz, depending on the specific requirements
of the application in consideration. To achieve high
resolution, these transducers are characterised by a
high degree of focusing, resulting in minimal lateral
extension of the focus spot and a correspondingly
minimal depth of field. Therefore, it can be concluded
that a single scan is capable of producing a sharp
image of a single interface with precise focus at the
point of interest. However, images of interfaces be-
fore or beyond the focus are significantly blurred. For
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sharp images of all interface several scans need to be
performed. Consequently, conventional SAM imaging
is forced to compromise between inspection time and
the probability of detecting small defects. To over-
come this tradeoff, SAFT and annular array focusing
can be aplied, allowing focusing in different depths
by postprocessing measurement data from a single
lateral scan.

The efficacy of the Synthetic Aperture Focusing
Technique (SAFT) in enhancing the performance of
the inspection process has been demonstrated through
its successful implementation [1]. SAFT works by su-
perposing pre-processed signals from multiple mea-
surement positions for each imaging point. This cre-
ates a virtual transducer with a synthetic aperture that
focuses at a specific depth. SAFT has been demon-
strated using laboratory [2] and industrial samples,
including an HBM stack [3]. SAFT can be applied
with standard single-element SAM transducers.

In other areas of ultrasonic applications, there
are many different transducer designs. Phased array
probes are a common part of medical ultrasound and
low frequency NDT applications. A three-dimensional
image can be created by scanning only one line, while
focusing in the other two dimensions is achieved
through various methods [Huang, 2017]. However,
phased arrays consist of 64, 128 or more elements
and require advanced technology to manufacture, as
well as complex electronics to generate pulses and
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detect signals. Therefore, phased arrays operating at
frequencies of 100 MHz or higher continue to be the
focus of theoretical simulation studies.

In contrast, annular arrays consist of several concen-
tric, ring-shaped elements. Typically, only six to ten
elements are required to generate a focal spot approx-
imately one wavelength in size, which can be shifted
along the acoustic axis. Annular arrays are fabricated
using either PVDF [4] or CMUT technology [5] with
center frequencies around 50 MHz are available. As
demonstrated in [6], it is well established that thin
films of ZnO can be structured accordingly. There-
fore, ZnO is a suitable material for the fabrication of
annular array structures working above 100 MHz.

The objective of this investigation is to compare
the achievable resolutions for different measurement
depths from a single lateral scan for three approaches:
direct focusing with a single transducer, SAFT recon-
struction, and focusing using an annular array. To this
end, a customized annular array was designed, tak-
ing into account current manufacturing constraints.
Sound field simulations were carried out to predict
the performance of the proposed design. The evalu-
ation focuses on the detection of delaminations at
silicon—copper interfaces for various silicon layer thick-
nesses.

Methods

Sound field simulation

Sound field calculations are performed using
harmonic Green's functions in combination with
point source synthesis and a separation approach
[7]. The surface of the piezoelectric element is
used as the source area, and the stress distribution
on the lens surface is computed accordingly. This
stress distribution serves as a novel source for
calculating the resulting stress distribution on the
silicon surface. This approach allows the calculation
of the sound field distribution within the silicon
sample or on its backside. To obtain time-domain
signals, stress components must be calculated for a
set of frequencies. Harmonic synthesis is then carried
out via the inverse Fourier transform.

SAFT with conventional SAM Transducers
Conventional SAM measurements are performed
by scanning an area in the lateral zy-plane. At each
scan position, an ultrasonic wave is excited, and the
reflected signal is recorded. In the case of C-scan
imaging, the maximum amplitude at a defined depth
is evaluated and color-coded for each individual pixel.
The complete signal is recorded at every position,
resulting in a 3D dataset for subsequent processing.
For SAFT reconstruction, the phase shift migration
(PSM) technique is employed [8]. The 3D dataset is
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transformed into the frequency domain, multiplied
by a phase term, and then transformed back into
the time domain. This phase term depends on the
sound velocity and the distance between the source
and the reconstruction depth.To apply SAFT to
SAM data, the transducer's focal point is assumed
to act as a virtual point source for the purpose of
reconstruction. According to the Near-Field SAFT
approach [3], reconstruction can be performed at
arbitrary depths—even if the focal point is located
beyond the sample.

Beamforming with annular arrays

In most applications involving array transducers,
time shifts for beamforming are determined using
simple geometric models. Each array element is rep-
resented by a discrete attachment point, and the
distance from each point to the designated focus po-
sition is calculated. Time-of-flight differences are then
derived under the assumption of a constant speed of
sound in a homogeneous propagation medium.

These time-of-flight differences are used to delay
the individual signals prior to their superposition. In
the case of the array used in this study, however, the
wave propagates from the element through a lens body,
is then focused by a spherically shaped calotte, and
undergoes refraction as it passes from water into sili-
con. Due to the complex geometry and the significant
refraction at the interface, geometric approximations
for the wave propagation prove insufficient in this case.
Instead, we make use of simulation data, in which
the phase information for each frequency and array
element has been precomputed. Beamforming is then
achieved by applying phase shifts to the harmonic
sound fields, such that all components constructively
interfere at the designated focus position.

Generation of simulation data

The 8mm-VHF+ transducer operating at a frequency
of 180 MHz (PVA TePla, Westhausen, Germany) was
selected for use as a single-element transducer. A
water path of 0.8 mm was chosen. The amplitude
distribution is color-coded in decibels (dB) and nor-
malized to its individual maximum. The sound fields
in silicon are calculated for both, the single-element
transducer, Fig. 1, and for the six array elements,
Fig. 2. The geometry of the array elements is sum-
marized in Tab. 1. The elements are located at the
rear side of a lens body, which has a total length of
12mm and a spherically shaped calotte with a radius
of curvature of 20 mm.

The reflected signal was calculated assuming silicon
layers of different thicknesses z, followed by copper,
Fig. 3 left. For this purpose, the stress distribution at
the corresponding depth was computed. The reflec-
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Fig. 1: left: sketch of the simulated setup and right:
Sound field of the 8mm-VHF+ Transducer

Tab. 1: Geometry of the annular array with the inner
radii v; and the outer radii r,, of each element

Element ‘ 1 2 3 4 5 6
r; / mm ‘ 0 0.72 1.03 1.27 1.48 1.67
re / mm ‘ 0.68 099 123 144 1.63 1.80

tion coefficient for the defect-free silicon-to-copper
interface is 0.39. For a smaller area of 50 pm x 50 pm,
the reflection coefficient was set to —1, modeling a
delamination. The scan data were generated by a 2D
convolution of the local reflection coefficients with the
signals at the interface. For both transducers, layer
thickness z of 0.4mm, 0.6 mm and 0.9 mm were se-
lected. Furthermore, echoes for a layer whose backside
is located within the focus of the 8mm-VHF+ trans-
ducer at 0.736 mm were calculated. This reference
is used to evaluate image quality. Fig. 3 right illus-
trates the resulting scan data for the focused scan
(top left) and the defocused scans. Additionally, sig-
nals obtained from scanning were calculated for all
six array elements and all three layer thicknesses.

Results and discussion

Three examples of SAFT reconstructions are shown at
the top of Fig. 4. The delamination at z = 0.6 mm is
reconstructed with greater clarity than at z = 0.4 mm,
which can be attributed to the smaller distance be-
tween the defect and the focal point. This observation
is consistent with the expected increase in near-field
effects at shallower depths (see Fig. 1). In both cases,
the structures are surrounded by zones of reduced
amplitude. At z = 0.9mm, a loss of contrast and an
apparent enlargement of the defect are observed. The
reduced reconstruction quality results from a signif-
icant portion of the reflected wave not returning to
the transducer, leading to a loss of signal energy and
information. The images obtained using annular array
focusing, Fig. 4 bottom, exhibit low contrast and an
overestimated defect size. As shown in Fig. 5, the
amplitude distribution along a single scan line allows
a direct comparison between annular array focusing
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Fig. 2: Sound field of the 6 array elements.
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Fig. 3: Scan with 8mm-VHF+ Transducer in focus
and for 3 depths out of focus.

(left) and SAFT reconstruction with the 8mm-VHF+
transducer (right). Compared to the amplitude pro-
files from the directly focused scan (black lines), it
becomes clear that only SAFT reconstructions in the
near field yield sufficiently accurate results. Even in
these cases, a moderate reduction in contrast is ob-
served.It must be noted that the annular array does
not meet performance expectations. Despite the high
number of degrees of freedom in its design, the array
was configured according to established guidelines [4].
All elements have equal surface area to ensure consis-
tent near-field length, and both the lens body length
and radius of curvature were selected such that no
near-field structures occur within the depth range rele-
vant for the measurements (see Fig. 2). These findings
stand in contrast to previous results and applications
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Fig. 4: Calculated images for three different depths;
top: SAFT reconstruction with the 8mm-VHF+ Trans-
ducer and bottom: focused images obtained with the
annular array.
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Fig. 5: Comparison of the amplitudes along a line
scan; left: focusing with the annular array and right:
the SAFT reconstruction.

of annular arrays in fluid environments.

Conclusion

The comparison of reconstruction results demon-
strates a clear improvement in performance when
applying the Near-Field SAFT algorithm. In contrast,
both the far-field SAFT reconstruction (see Fig. 5,
yellow line) and the beamforming results obtained
with the annular array show reduced contrast and an
overestimation of structure size, indicating a loss of
resolution. The findings of this study suggest that
annular arrays, in their current form, are not well
suited for use in SAM. To enable their practical appli-
cation, the focusing resolution must be significantly
improved. This requires a broad parameter space and,
consequently, the development of revised design rules.
Existing guidelines, derived for configurations with
homogeneous sound velocity or simple geometries,
appear to be insufficient for more complex cases in-
volving refractive interfaces. It should also be noted
that all array designs remain subject to manufacturing
constraints. The present design was selected based
on current fabrication capabilities, and experimental
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validation of the simulation results is still pending.
Nevertheless, this study provides an initial theoreti-
cal assessment of the Near-Field SAFT algorithm's
performance. By systematically varying the assumed
layer thicknesses, key performance characteristics can
be derived, and the applicable limits of the algorithm
can be defined.
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