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Abstract — Recent advances in non-destructive evaluation
(NDE) techniques have enhanced our understanding of failure
mechanisms in power electronic systems. In this proceedings article,
we demonstrate shear-force microscopy as a technique to map sub-
surface voids in an electronic Si die soldered to a thermal sink. The
proposed technique utilizes two piezoelectric wafers (dither and
receiver) fitted to a scanning probe to monitor structural health of a
substrate. The dither imparts high-frequency ultrasonic waves to a
thin film of dielectric layer above the electronic device while the
receiver detects attenuated reflected waves from the semiconductor
device. The depth of penetration of ultrasonic waves in the device is
controlled by varying the actuation frequency and input voltage to
the dither. Presence of localized damages within the device affect
mechanical boundary conditions of the vibrating probe which
consequently manifests as a change in slope of the shear-force
approach curve over the device. A shear-force regulated constant
distance point scan is performed over a 1 mm? area of the electronic
device, and the slope of the approach curve at each point is used as
a metric to trace the contour of the void between the Si die and solder
layer. The contour of the damage mapped using a grid scan bears
close resemblance to that reproduced using a confocal scanning
acoustic microscope. We expect that this technique can be scaled
up to a NDE technique in which a spatially distributed array of
piezoelectric actuation elements are kept in close proximity to the
microelectronic device and separated by a dielectric gel. The shear
force signature between the piezoelectric actuation elements and the
surface can precisely detect structural problems during testing of
accelerated aging and aggressive thermal cycling of power
electronic devices.

Keywords — shear-force, power electronic device, sub-surface
imaging

1. INTRODUCTION

Characterization of elastic properties at the nanoscale has
received considerable attention with growing advances in
non-destructive evaluation techniques. Among the various
modalities that have been employed to investigate elastic
properties, methods such as ultrasonic force microscopy [1],
atomic force acoustic microscopy (AFAM) [2], scanning
near-field ultrasound holography [3] have become de-facto
standards. These techniques utilize contact forces between a
scanning tip (measuring a few hundreds of nanometers) and
substrate to record stiffness properties of the substrate. While
the interaction volume between the tip and substrate is
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determined by the tip size and has been used to measure
stiffness properties of the substrate, the stresses generated by
the scanning tip penetrate to a near-field distance within the
substrate, and allow for detection of sub-surface properties
[4]. This characteristic phenomena has been used to examine
defects such as nanoparticles, cracks, and voids within
various substrates. A brief summary of the near-field distance
detected using various scanning probe techniques is
summarized in Table 1. The near-field distance of these
acoustic waves is however limited to a few hundreds of
nanometers and hence, these techniques are unable to detect
features that are buried deep within a substrate. In this
proceedings article, we demonstrate shear-force microscopy
as a method to examine sub-surface defects in medium to
hard substrates and use this technique to detect sub-surface
voids in a multilayer Si die soldered to a copper heat sink.

Table 1: Near-field distance of various scanning probe techniques described

in literature
Near-
Technique field Defect detected | Ref.
distance
Atomic force Al
acoustic 200 nm [2]
. nanostructures
microscopy
. Graphite flakes
[rilitcrfssclgg}force 2 nm embedded in [5]
GaAs substrate
He'tterodyne 82 nm | Au nanoparticles | [6]
microscopy
Scanning near-field
ultrasound 500 nm | Au nanoparticles | [7]
holography
Shear-force Void between
microscopy (this 180 pm the Si die and -
paper) solder interface

Shear-force microscopy

A schematic representation of a shear-force microscope
hardware is depicted in Fig. /. This technique utilizes a
scanning probe fitted with two piezoelectric wafers (dither
and receiver) to measure the structural health of a substrate.
The scanning probe is oscillated at a frequency f; using the
dither to generate ultrasonic waves that propagate within the
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substrate. The near-field distance of these ultrasonic waves
depend on oscillation amplitude of the scanning probe. The
oscillation amplitude of the probe is controlled by varying the
input voltage to the dither. Presence of an isolated damage
within the substrate results in a coupled interaction between
the probe and substrate within a localized volume, thus
affecting the mechanical boundary conditions of the vibrating
probe. This resulting shift in mechanical boundary condition
influences oscillatory dynamics of the scanning probe and
alters electrical voltage response across the receiver while the
probe approaches the substrate at a constant velocity [8]. The
change in electrical voltage across the receiver (also known
as ‘shear-force amplitude”) can be plotted as a function of the
distance of the scanning probe from a substrate and is
commonly referred to as an ‘approach curve’ in literature [9].
The variations in the slope of the approach curve above a
damaged location and healthy site is used as a metric in this
paper to reproduce the contour of the void between the solder
layer and the Si die as outlined in Section 1I-C.
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Figure 1: Schematic depiction of a shear-force microscope. The dither and
receiver are mounted on the scanning probe to detect sub-surface features in
a power electronic device.

Organization of this paper

The objective of the research presented in this paper is to
characterize sub-surface defects in a Si die soldered to a
thermal heat sink using shear-force microscopy. Towards this
goal, we examine effects of (i) excitation frequencies (f;) of
the scanning probe, and (ii) dither actuation amplitude on the
near-field distance of ultrasonic waves using a shear-force
microscope hardware. Tuning the actuation frequency and
dither actuation amplitude allows for investigation of voids
between the solder layer and Si die below the surface of the
device. The contour of the void reproduced using this
technique is compared to a reference image mapped using a
confocal scanning acoustic microscope (C-SAM). Finally,
sub-surface voids within the device are modeled using a
surface-impedance method and a mathematical interpretation
of experimental data is presented. Our results indicate that
shear-force microscopy can be extended to image different

interfacial defects such as delamination and debonding at a
desired subsurface interface by tailoring the actuation
frequency of the scanning probe and dither actuation
amplitude.

II. MATERIALS AND METHODS
A. Fabrication of the scanning probe

The scanning probe used in this experiment is an ultra-
microelectrode which was fabricated using a systematic
procedure described elsewhere [10]. Briefly, quartz
capillaries (L.: 10 cm, O.D.: 1.0 mm, [.D.: 0.5 mm, Sutter
Instrument, USA) were cleaned using nitric acid solution
(ACS reagent, 70%, Sigma-Aldrich) and rinsed with
deionized water (Type 1, Millipore). A Pt wire (25 um dia,
Goodfellow Inc.), was inserted inside the capillary to test the
electrochemical activity of the Si die. The capillaries were
pulled using a P-2000 laser-based pipette puller to form an
hourglass shape and reinforced with a borosilicate capillary
to provide robustness. The glass capillary was polished in a
MHK 1A microelectrode polisher (HEKA Elektronik Dr.
Schulze GmBH) until the diameter at the tip of the capillary
measured 30 pm. The Pt at the tip of the UME measured
approximately 960 nm in diameter. It should be mentioned
that the UMEs were fabricated with Pt to test electrochemical
conductivity of the Si die. The Pt core does not affect shear-
force characteristics of the scanning probe as outlined
elsewhere [11].
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Figure 2: (a), (b) Pictorial representation of the power electronic module
procured from Toyota Engineering & Manufacturing, North America, (c)
Approach curve recorded over a void (defect) and healthy site. The sense
length over the void is approximately 600 nm while that over a healthy site
is 400 nm.

B. Experimental setup

Power electronic devices were procured from Toyota
Engineering & Manufacturing, North America. A schematic
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representation of the device is shown in Fig. 2(a)-(b). The
device consists of a 13 mm x 12 mm Si die (400 pm thickness)
soldered to a 35 mm x 18 mm copper base plate (3 mm
thickness). The Si die was sputtered with 300 nm Au to obtain
a surface with uniform electrochemical conductivity.

The power electronic device was immersed in a dielectric
medium (1 mM ferrocene methanol (FcMeOH) mixed 100
mM  potassium  chloride (KCl)) to characterize
electrochemical conductivity of the Si die. Dither and receiver
piezoelectric wafers were mounted on the scanning probe at a
perpendicular orientation for improved shear-force sensitivity
[11]. The scanning probe was positioned over a damage site
and the dither was stimulated at increasing voltage amplitudes
from 50 mV — 500 mV at a frequency such that the scanning
probe is ‘sensitive’ to the void (see Section III). The shear-
force amplitude (at the receiver) was recorded as a function of
the distance of the scanning probe from the Si die to generate
an approach curve as shown in Fig. 2(c). Subsequently, the
scanning probe was retracted from the substrate and
positioned above a healthy site. The approach to the surface
was repeated at the sensitive frequency to generate a curve as
shown in Fig. 2(c). Upon observing a change in slope of the
approach curve at the sensitive frequency, an automated shear-
force regulated scan algorithm was implemented across a 1
mm? area and the slope of the approach curve was used as a
metric to trace the contour of the sub-surface defect.

III. RESULTS AND DISCUSSION

A  multi-parameter experiment was performed to
understand the sensitivity of the sub-surface defect to
actuation frequency and dither actuation amplitude. The
actuation frequency of the probe was swept between 300 kHz
— 700 kHz while the dither actuation amplitude was varied
from 50 mV to 500 mV. The effects of actuation frequency
and dither amplitude on the sensitivity to the defect are
summarized below.

A. Effects of actuation frequency (fa)

In our experiments, we have observed that the sub-surface
void between the Si die and solder layer is sensitive only to
certain frequencies. Specifically, the approach curve (shown
in Fig. 2(c)) exhibits a slope variation between a void and
healthy site only at these ‘shear-force sensitive frequencies’.
We hypothesize this to be a result of an interaction between
the incident ultrasonic wave and the surface of the void. Fig.
3(a) depicts the ultrasonic wave emitted at a frequency such
that the interaction between the incident wave and damage
occurs at a node. In this case, the coupling between the
incident wave and damage appears as a change in slope of the
approach curve. However, when the interaction between the
incident wave and damage occurs at an anti-node (see Fig.
3(b)), the coupled effects observed above the surface of the
device are insufficient to detect the location of the damage.
The shear-force sensitive frequencies for imaging the sub-
surface defect in the power electronic device are determined

through an empirical procedure as outlined in the next
section.
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Figure 3: Schematic illustration of actuation effects on approach curve
characteristics. (a) The incident ultrasonic wave interacts with the void at a
node (frequency f;) which consequently appears as a change in slope of the
approach curve above the surface. (b) The interaction between the incident
wave and void occurs at an anti-node (frequency f) and as a consequence,
the approach curve does not appear to reflect this interaction.

Determination of shear-force sensitive frequencies

The shear-force sensitive frequencies for imaging sub-
surface defects depends on — (a) geometry of the scanning
probe, (b) relative orientation between the dither and receiver,
(c) distance between the dither and receiver, (d) dither
actuation amplitude, and (e) stiffness of the defect. The shear-
force sensitive frequencies of the scanning probe used in this
experimental study (30 um glass tip diameter, 90° dither-to-
receiver orientation and 5 mm dither-to-receiver distance)
were obtained by examining the shear-force response of the
scanning probe when located in the vicinity of a damaged site
to that recorded on a healthy site.
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Figure 4: Differential shear-force spectra between a void and healthy
site. The sensitive frequencies for sub-surface imaging are selected based on
the differential spectra. The chosen sensitive frequency (f = 611.1 kHz) is
shown as a dotted trace. The dither actuation amplitude was 250 mV.
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Fig. 4 depicts the differential amplitude spectra between
the two locations recorded at the receiver when the actuation
amplitude at the dither was kept constant at 250 mV. The
frequencies at which a peak is obtained are used to calibrate
the approach curve above a healthy site and a damaged
location. It should be mentioned that a sensitive peak in the
differential spectra does not guarantee a difference in
approach curve characteristics (between a void and healthy
location) at the corresponding frequency, but merely isolates
the possibilities of identifying sensitive frequencies from a
wide range of data. For instance, we observed that the
approach curve characteristics over a void and healthy site
were similar at 464 kHz but exhibited a slope difference at
611.1 kHz as shown in Fig. 4.

B. Effects of dither actutation amplitude

The effects of dither actuation amplitude on sensitivity to
a sub-surface defect is summarized in Fig. 5. Increasing
dither actuation amplitude results in a higher oscillation
amplitude of the scanning probe. Consequently, the near-field
distance of ultrasonic waves within the substrate increases.
The optimum dither actuation amplitude for achieving a near-
field distance of 180 um (with a 30 um glass tip diameter
probe) was found to be 250 mV.

(a) (b)
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Figure 5: Effects of dither actuation amplitude on near-field distance in
power electronic devices using shear-force microscopy. In (a), the near-field
distance is far less than the actual defect depth due to lower actuation
amplitudes (<100 mV). Increasing dither actuation amplitude to 250 mV in
(b) leads to a higher penetration depth and defect sensitivity.

C. Void description and mapping

The optimum experimental conditions for detecting a sub-
surface void between the solder layer and Si die are described
in Table 2. These parameters were used to map the contour of
a void using a shear-force regulated constant-distance point
scan in the shear-force microscope hardware. A 1 mm x 1
mm area encompassing both defective spots and healthy sites
were mapped using this technique. The scanning probe

approached the Si die until the shear-force measured at the
receiver decreased by 100 mV. The slope of the approach
curve was recorded as a metric once this threshold in shear-
force was met, and the scanning probe was retracted by
approximately 20 pum. It is important to note that the
retraction distance from the Si die was set to this value to
account for the tilt in the surface of the device across the scan
length in both x and y directions. The scanning probe was then
translated in the (x,) plane to the next location and the
approach to the substrate was repeated at this pixel. An image
consisting of 96 pixels/mm? was constructed by using the
slope of the approach curve as a metric. Fig. 6(a) depicts the
approach curves recorded over the Si die over an array of grid
points encompassing the void and healthy site. It is noticed
that the slope of the approach curves over the void is lesser
than the value recorded over a healthy site. This is attributed
to lower localized stiffness of the void-filled region
underneath the Si die. The contour of the sub-surface void
mapped using the slope of the approach curve as a metric is
shown in Fig. 6(b). It is observed that the contour bears a
close resemblance to the C-SAM image of the void (see Fig.

6(c)).

Table 2: Optimum experimental conditions for detecting sub-surface
defects in power electronic devices

Glass diameter 30 pm
Pt diameter 960 nm
Actuation frequency 611.1 kHz
Dither actuation amplitude 250 mV
Dither-to-receiver

orientation 90°
Dither-to-receiver spacing 5 mm

D. Analytical interpretation

In this section, a mathematical interpretation for mapping
sub-surface defects using shear-force microscopy is
presented. The mathematical approach presented is based on
a surface-impedance algorithm developed by Sarioglu and
co-workers [12]. The sub-surface voids between the Si die
and thermal heatsink can be modeled using the surface
impedance based stiffness calculation algorithm. Assuming
that the scanning probe applies shear stresses over the
localized diffusion shell, the interaction volume between the
probe and the substrate acts as an ultrasonic radiator with a
symmetric stress distribution. The mechanical radiation
impedance can be computed using Equation (1) —

- f0w|Tyz(kr)|2krdkr/f0°° Ty, (kp)Vy (k) kydke,

€))
where T, is the shear-stress, V, is the particle velocity, and
k, is the radial wave number of the particular plane wave
component radiated. The relation between the stress fields
and particle velocity fields at the surface can be calculated
using the surface impedance tensor G defined as —

Z(w) =
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Figure 6: (a) Approach curves over a void and healthy site. (b) Shear-force microscopy image of sub-surface defects in a power electronic device. The optimum
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experimental conditions for imaging the device is given in Table 2. (c) C-SAM image of the void region. The region imaged in (a) is depicted alongside.
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where Ty,, Ty,, and T,, are the X, y, z components of the
stress fields and V;, V,,, and V; are the particle velocities in the
three directions. Assuming the scanning probe laterally
vibrates above the surface only in the y-z plane, the acoustic
power radiated into the substrate is determined by the y
component of the particle velocity vector given by ¥, (k,.) =
Gy (k. )Ty, (k,). Since the stress distribution in the vicinity
of the scanning tip is uniform, T,,(k,) = 2rmaj;(ak,)/k,,
we obtain —

—na?

Z(w) = 3)

2
2ma? [ [P 6z ek e,

where J;(.) is the first-order Bessel function of the first kind
and G5, is the element with index 2,2 in the inverse of the
surface impedance matrix at the surface.

Future work would involve computation of (a) near-field
distance as a function of actuation amplitude applied at the
dither, and (b) localized contact stiffness of the Si die with
and without a void below the surface. An automated
algorithm that selects the sensitive frequency based on
experimental conditions would allow for faster imaging of
sub-surface defects and enable precise detection of structural
problems in accelerated thermal cycling of power electronic
devices.

CONCLUSIONS

In this paper, a shear microscopy hardware is used to image
sub-surface defects in a Si die soldered to a thermal heat sink.
A multi-parameter experiment was performed to understand
the sensitivity of the void (between the Si chip and solder
interface) to experimental variables such as dither actuation
amplitude, actuation frequency and glass diameter of the

scanning tip. A constant-distance point scan was performed
across a 1 mm? area encompassing the void and sub-surface
features were detected using the slope of the shear-force
based approach curve as a metric. The contour of the void
was compared to a C-SAM image of the device and our
results revealed a close resemblance between the two images.
An analytical interpretation of near-field distance in the
hardware was further formulated. Based on the results
presented in this paper, we anticipate shear-force microscopy
technique to be scaled up as a non-destructive evaluation
technique for enhancing our understanding of sub-surface
defects during aggressive thermal cycling of power electronic
devices.
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