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Abstract- In the study, acoustic emission (AE) was applied to
monitor the wear-out failure in discrete SiC Schottky barrier
diodes (SBD) devices with a Ag sinter die attach to successfully
monitor the real-time progress of failure of Al ribbons for the first
time. After eliminating background AE noise including the power
on-off switch and the ambient noise via a noise filtering process,
AE signals were successfully collected for the SiC devices during a
power cycling test. Furthermore, AE monitoring was compared to
the traditional failure monitoring method using forward voltage.
Physics-of-Failure (POF) analysis was performed, and fatigue
cracks and lift-off in Al ribbons were confirmed as the dominant
failure modes for the discrete devices. Specifically, AE counts that
correspond to one of the time-domain parameters of AE signals
increased with power cycling, thereby corresponding to the
observed fatigue cracks in Al ribbons leading to lift-off failure.
Additionally, the AE count rate was highly correlated with the
crack growth rate. Based on the relationship between an AE count
rate and fatigue crack growth rate, the results indicate that AE
monitoring can be used to understand the fatigue propagation in
Al ribbons (i.e., failure mechanism) and also as an early warning
before catastrophic lift-off fracture for power electronic devices.

Index Terms- Acoustic emission (AE), Al ribbon, Failure,
Monitoring, Power cycling test (PCT), Ag sinter joint

|. INTRODUCTION

Power electronic devices are widely used for energy
conversion in various industries such as electric vehicles, power
generation, and renewable energy. The emergence of power
electronic devices using silicon carbide (SiC) semiconductors
has facilitated more compact designs and high energy
efficiency due to its superior material properties [1]-[3].
However, compared to traditional silicon (Si), the raised energy
density of SiC-based power electronic devices requires high-
temperature operation and results in many reliability issues [4]—
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In SiC-based power electronic devices, wear-out failure after
long-term operation is mainly caused by the failure in
packaging components, such as bond wire lift-off, substrate
delamination and die attach cracks, because the existing
packaging components based on Si devices are not durable
enough to satisfy strict reliability requirements [6][7][8].

Generally, the wear-out failure of power electronics
devices is evaluated by Physics-of-Failure (POF) analysis after
a power cycling test (PCT) or thermal shock test (TST)
[9][10][11]. However, the POF analysis is much complex and
expensive for application in field reliability and it cannot
predict the lifetime of power electronics. Recently, many
studies focused on real-time monitoring methods using various
failure precursor parameters, which make it possible to analyze
the wear-out failure mechanism and lifetime during a reliability
test. The value of failure precursor parameters, such as ON-state
resistance, collector-emitter voltage, forward voltage, junction
temperature, and thermal resistance, are well related and change
with the wear-out failure of packaging components during
device operation, and thus provide information for the final
failure [12][13]. However, the current failure precursor
monitoring is limited for application in power electronic
devices [14] because it requires an additional electric circuit and
high-resolution measurement to sense a small deviation under a
high-voltage high-current operation [15]. Additionally, failure
precursor parameters are sensitive to final failure although they
are unable to detect failure progress [16]. Finally, the variation
in one of the failure precursor parameters can affect another
parameter, which results in an incorrect understanding of wear-
out damage mechanism and lifetime prediction [17][18].
Therefore, it is necessary to modify failure precursor
monitoring.

Acoustic emission (AE) monitoring is used as a real-time
evaluation technique for material damage in bulk materials [19]
and various microelectronics such as lithium-ion batteries [20],
multi-layered ceramic capacitors [21], and fuel cells [22]. An
AE sensor is attached to the test object and detects the elastic
waves released from materials when they are damaged during a
reliability test. The damage includes cracking, delamination,
and fracture. Fig. 1 shows an example of the occurrence and
propagation process of elastic waves from the wear-out failure
of power electronic devices. The elastic waves detected due to
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Fig. 1 Generation, propagation, and collection process of acoustic emission
signals (i.e., elastic waves) in power electronics during PCT.

Electrical signal

e

= AE signals

Piezoelectric

Transducer
(= AE sensor)

b)

SiC-SBD
: Sintered Ag

Al ribbon

DBC
substrates

Fig. 2 Fabricated discrete SiC-SBD devices; (a) optical image and (b) cross-
section SEM image.

damage is termed as AE signals and include various damage
information such as the amount, size, and growth ratio of
damage. Damage and final failure information is defined via
analyzing time-domain and frequency-domain characteristics
of AE signals including counts, amplitude, and a central
frequency. Recently, Karkkain et al. attempted to use an AE
sensor on a half-bride power module that consists of power
semiconductors, capacitor, and inductors during PCT [23].
Although AE signals were collected during power module
switch, it was not possible to confirm whether the AE signals
were released from wear-out failure or simply generated from
the power on-off switch. Therefore, the relationship between
collected AE signals and damage should be confirmed to apply
AE to monitor the wear-out failure of power electronic devices.
Additionally, for accurate AE assessment, background AE
noise, such as the power on-off switch noise and ambient noise,
should be filtered during PCT.

In the study, AE was applied for the first time to real-time
monitoring of wear-out failure of discrete SiC Schottky barrier
diode (SiC-SBD) devices during PCT. In section I, the
structure of discrete SiC-SBD devices, PCT setups, and a real-
time AE monitoring system is explained. Section 111 details the
monitoring of forward voltage of discrete devices during power
cycling. The Physics-of-Failure (POF) analysis of tested power
discrete devices was performed via field emission scanning
electron microscopy (FE-SEM) and X-ray inspections. Section
IV describes the filtering of background AE noise via the noise
filtering process for accurate AE assessment. Furthermore, the
collection of AE signals during PCT and relationship between
the observed damage and acquired AE signals is presented.
Finally, the performance of the proposed real-time AE
monitoring is demonstrated based on the relationship.

I1. EXPERIMENT

A. Tested Discrete Devices
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Fig. 3 (a) Experimental apparatus for PCT and real-time AE monitoring and (b)
configuration of an AE system.

Power semiconductors, such as MOSFETSs, IGBTSs, and
diodes are commonly packaged in two types of structures such
as discrete devices and power electronic modules. When
compared with modules, discrete devices exhibit a simpler
packaging structure including one power semiconductor, a
substrate, die-attachment (i.e. joints), and wire interconnection.
In the study, with respect to the first attempt of AE monitoring,
a discrete device with a simpler packaging structure was used.
Fig. 2 shows the tested discrete device. The device was
fabricated using one 1200 V/50 A SiC Schottky barrier diode
(SBD) with a dimension corresponding to 4.77 mm x 4.77 mm
% 0.235 mm. The SiC-SBD device was die attached on an active
metal brazing (AMB) substrate by using a micron Ag sinter
paste and was interconnected via Al ribbons. The AMB
consisted of a SisN4 ceramic plate of 0.32 mm thickness and
two Cu metallized layers with 0.30 mm thickness. Among the
three types of ceramic including Al,O3, AIN, and SisN4 in AMB
substrates, the SisN4 based AMB substrate was selected because
it exhibited the highest thermal damage resistance [24][25]. To
focus on failure monitoring of Al ribbons in the discrete device,
micron Ag sinter paste [26] was selected as the die attach
material because it exhibited a higher thermal resistance when
compared to that of traditional high-temperature solder [8], [27],
[28]. With respect to Ag sinter joints, the backside of the SBD
device and top side of AMB substrates were metallized with a
100-nm Ti barrier layer and 2-um Ag adhesion layer in order.
The Ag paste was printed on the AMB substrates with a
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Fig. 4 Profiles of voltage and current during a power cycling test.

thickness of 100 pm via a stainless screen mask. The devices
were placed onto the printed paste and heated at 250 °C for 1 h
without sintering pressure. Subsequently, two Al ribbons with
a cross-section area of 1.5 x 0.2 mm? were bonded on the SiC-
SBD device and Cu layer of an AMB substrate using an
ultrasonic ribbon bonder (HB-30, TPT Co.) with ultrasonic
power corresponding to 20 W for 2 s [29].

B. Power Cycling Test System and Setup

PCT was performed using a power cycle test system (PST-
2404, ESPEC Co.) and consisted of a power supply, switching
circuit, Ve measurement circuit, heatsink, and an air cooling
system. The discrete device is mounted on the heatsink as
shown in Fig. 3(a). A 50-pum thick silicon film was placed
between the modules and heatsink to decrease interfacial
thermal resistance. The heatsink was cooled via a rotating fan,
and the temperature was maintained at approximately 25 °C.

During PCT, the discrete device is heated by a constant
stress current (Is) corresponding to 45 A, as shown in Fig. 4.
The heating ON time and OFF time were fixed at 2 sand 30 s,
respectively, and performed an initial junction temperature
swing (AT;) of 150 °C. The PCT condition is listed in Table 1.
The harsh temperature swing was selected for the accelerated
PCT test, and this exceeded the general T; of 100 °C [30].
Before and after the application of the stress current, the
junction temperature (T;) was measured via temperature
dependent forward voltage (Vg). The value of Tj is calculated
as follows:

T, =KVp +m. )

where Ve was measured under low measurement current (Im)
corresponding to 400 mA, K denotes the linear association
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Fig. 5 Waveform of a collected AE signal and its characteristic including
counts and amplitude.

TABLE |
CONDITION OF THE POWER CYCLING TEST.
Stress Stress  Measurement Cooling Mi“i".‘“m MaXi”.‘“m Temperature  PCT
: . junction junction f
current time Current time temperature  temperature Swing cycles
W © (in) © e ey @ M)
45A 2s 04A 30s 25°C 175°C 150 °C 5,123

constant between Ve and Tj, which is referred to as K-factor
[31], and m denotes the material constant. Specifically, K and
m were calculated by measuring Ve at several different
temperatures ranging from 25 °C to 200 °C.

During PCT, V¢ on and T; were recorded at each cycle and
monitored as failure precursor parameters. This is established
as a good indicator to detect wear-out failure in bond-wire and
die-attachment [14]. The temperature swing was repeated up to
failure based on the failure criteria, which was defined as an
increase in the Ve by 20 % when compared to its initial value to
protect the tested discrete devices against catastrophic failure
[32].

C. Acoustic Emission Monitoring System and Setup

In the study, AE monitoring was proposed as a hew wear-
out failure monitoring method. During PCT, AE signals were
detected from discrete devices and used to monitor the progress
of failure. As shown in Fig. 3(a), the experimental apparatus is
specially designed to simultaneously detect AE signals during
PCT. Thus, AE signals were collected via a wideband
piezoelectric AE sensor (AE-900S-WB, NF Electronics Co.),
which was directly mounted onto the AMB substrate in discrete
devices via an ultrasonic couplant and acrylic jig. The AE
sensor was electrically insulated from the AMB substrate via an
insulating ceramic layer on the bottom of the sensor. A
wideband type sensor was selected for frequency analysis of the
collected AE signals due to its high and uniform sensitivity with
respect to a large frequency range from 100 kHz up to 1 MHz.
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Fig. 6 (a) Dummy specimens designed for noise filtering and (b-d) Typical
waveform and frequency spectrum of three types of collected noise; (b) cable
noise, (c) cooling fan movement noise and (d) electromagnetic induction noise.

Because the frequency component of AE signals is
strongly dependent with the resonant frequency of the used AE
sensor, AE sensors with a large frequency range from 100 kHz
up to 1 MHz was used in this study, which have some functions
to avoid the resonance frequency influence. The collected AE
signals were amplified via a preamplifier (2/4/6, Physical
Acoustic Co.) at a gain of 40 dB and were filtered by analog
high-pass filter (HPF) and low-pass filter (LPF). HPF is 4th
order butterworth filter. Its filtering level can be selected to 1
kHz, 20 kHz, 100 kHz, and 200 kHz. LPF is 6th order
butterworth filter. Its level also is selectable to 100 kHz, 200
kHz, 400 kHz, 1 MHz, 2 MHz, and 3 MHz. The filtering
frequency level was decided based on the results of noise
leveling test as mentioned in the next sub-section D of section
I1. The signals were recorded at a sampling rate corresponding
to 2 MHz by the AE acquisition system (PCI-2, Physical
Acoustic Co.), as shown in Fig. 3(b). The frequency filter has
been reported in previous studies for the AE sensor applications
[33] [34].

The characteristics of the AE signals were used to evaluate
damage in the material. Fig. 5 shows the representative
waveform of AE signals and its time-domain characteristic
parameters [20]. The highest sound pressure is defined as
amplitude. Essentially, a signal was recorded when its
amplitude was higher than or equal to the threshold value,
which corresponded to the criterion for effective signals. The
number of times that a waveform exceeds the threshold is
defined as AE counts and its time derivative. Additionally, the
frequency-domain characteristics of AE signals were analyzed
through Fast Fourier Transform (FFT). Specifically, FFT is
commonly used to determine AE source in conjunction with
time-domain parameters and also to eliminate noise.

D. Background AE Noise Filtering Process and Setup
Typically, the noise filtering method is applied to filter
unnecessary noise and collect AE signals that correspond to the
wear-out damage [35][36], which is considered as the most
important step for accurate AE assessment. In noise filtering
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Fig. 7 Variation in forward voltage of a diode during PCT.

process, background noise must be collected under the same
environment as that of an actual test and noise is filtered based
on the investigated noise level including frequency. In the study,
a noise levelling test was investigated using dummy specimens.
The specimens were specially fabricated without the SiC-SBD
chip and Ag sinter joints to avoid Joule heating of the diode.
Patterned Cu islands on substrates are interconnected by Al
ribbons, as shown in Fig. 6(a). Additionally, PCT was
performed on the dummy specimens under the same condition
including high current and fan cooling introduced in table 1.
During PCT, all AE noise signals were recorded with the lowest
level HPF of 1 kHz and with the highest level LPF of 3MHz to
prevent the filter from removing or transforming noise and
investigate the original frequency component of noise.
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Fig. 8 I-V characteristics before and after PCT.

Figs. 6 (b), (c), and (d) show the representative surrounding
noise signals from cables, a rotating fan, and switching on-off
signals of high-current carrying circuits in the PCT system for
the background AE noise filtering process, respectively. The
recorded noise signals did not include AE signals from the
damage of discrete devices because the used dummy specimen
without a chip was not heated and damaged even under high
current. The cables in AE system exhibited very low amplitude
noise below 25 kHz. The mechanical vibration of a cooling fan
(below 30 kHz) and the electromagnetic interference (EMI) of
current switching (below 87 kHz) also generated noise signals.
The frequency level of the collected AE noise ranged less than
87 kHz. Therefore, in order to more accurate signal
measurement and meantime eliminate the noise, the high-pass
frequency filter at 100 kHz was employed to eliminate noise in
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PCT and AE system for the SiC-SBD power module.
Additionally, the threshold of 30 dB was set to eliminate the
existing noise signals based on the amplitude of noise signals
(below 26 dB), which still collected in a retried noise levelling
test with high-pass frequency filter of 100 kHz. Subsequently,
the noise levelling test using dummy specimens was repeated
with the aforementioned setup of the high-pass filter and
threshold. AE signals were not detected and the absence of
occurrence of AE signals during PCT clearly indicated that the
noise filtering process completely eliminated background AE
noise.

Additionally, most industrial machinery vibrations
including that of motors and engines exhibit a characteristic
frequency response below 10 kHz. Thus, the AE system can be
used for various power electronics in industrial environments
without the noise problem.

I1l. POWER CYCLING TEST

A. Voltage Precursor Parameter Monitoring in PCT

Fig. 7 shows the Ve measurement results of discrete SiC-
SBD devices during the power cycling test under the test
condition as listed in Table 1. After 4,060 cycles, a sudden
increase was observed in Vg, and this increased by 20 % from
its initial value after 5,123 cycles. Lifetime of devices could be
determined based on the failure criteria of a Vr increase.

Fig. 8 shows a comparison of current-voltage (I1-V)
characteristics of discrete devices before and after PCT. The I-
V curves were measured at room temperature via a curve tracer
(CS-3200, IWATSU Co.). The electrical resistance (Rg) of the
discrete devices was measured from |-V curves, and it was
observed that it increased after PCT. The measured R
corresponds to the sum of individual resistances in chip and
packaging and is simply expressed as follows:

RF = R(:hip + Rpackaging ' (2)

Fig. 10 Micro-focused X-ray inspection results of Ag sinter joints in discrete
devices before PCT (a) and after PCT (b).

(b)
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=
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Fig. 11 Cross-section observation of (a) one unfeatured ribbon and (b) Ag
sinter joint in the tested discrete SiC-SBD devices after PCT.

where Rehip and Rpackaging denote the resistance of the chip and
resistance of packaging elements including ribbons, die-
attachment, metallization, and substrates, respectively.
Generally, an increase in Renip occurs due to the oxidation of
leads of Si diodes. In the case of SiC diodes, a significant
change was not observed in the electrical characteristic up to a
maximum exposure temperature of 240 °C [37]. On the other
hand, failure in die-attachment and bond wire leads to a
significant increase in Rr after PCT with AT; from 80 °C to
160 °C given the decrease in cross-section area in packaging
elements acting as the current path, thereby leading to an
increase in Rpackaging [38]. Therefore, Rr increased after power
cycling, and these results from failures such as cracks,
delamination, and lift-off failure in die-attachment or in ribbon
bonding. Additionally, V¢ on variation shown in Fig. 7 is given
as follows:

VF_ON = IS ’ RF = IS '(Rchip + Rpackaging ) 3)
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Fig. 12 Waveform and its corresponding frequency spectrum of typical AE
signals collected during PCT.



where Is denotes the stress current for heating in power cycling
test. In the study, Is was fixed at 45 A. In order to maintain the
constant stress current, the increase in Rg after PCT increases in
VE_on.

B. Physics-of-Failure Analysis of Tested Discrete Devices

The failure mode of tested discrete devices was evaluated via
FE-SEM observation and X-ray transmission inspection. Figs.
9 show the inspection results of the appearance and fracture
surface of devices after PCT. One of the two Al ribbons is
completely fractured by lift-off and the other ribbon is still
bonded on a chip, as shown in Fig. 9 (a). Ratchet marks are
observed on the fracture surface of the ribbon lift-off as shown
in Fig. 9 (b). The marks, which are typically observed on a
fatigue fracture surface, indicated that the lift-off failure was
induced by fatigue. Generally, fatigue fracture involves three
steps including crack initiation, crack propagation, and final
fracture. The sharp and large fatigue cracks initially occur at the
edge of Al ribbon bonding as shown in Fig. 9 (c). There is a
large cracked region between the spot marked ‘crack initiation
area’ and the area containing striations. The cracks propagated
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Fig. 13 Histogram of the measured central frequency of collected AE signals.

into the center in the direction of ratchet marks as shown in Fig.
9 (b), and this is followed by the final lift-off failure. Striation
marks in the vertical direction to ratchet marks are observed as
shown in the magnified images of Fig. 9 (d), and this also
indicates the propagation direction of fatigue cracks. Fig. 10
shows the micro-focused X-ray inspection (XVA-160N, Uni-
Hite System Corporation, Japan) results of Ag sinter joints in
the discrete device before and after PCT. It is found that some
small voids in the Ag sinter joint structure after sintering
process as shown in Fig.10 (a). After the power cycling test, the
voids almost did not any change as shown in Fig.10 (b). Hence,
it can be inferred that the sinter Ag joined structure had an
appropriate interface bonding ratio during the sintering process
and high power cycling reliability. Although the thermal shock
resistance of Ag sinter joints depends on manufacturing
conditions, chip size, and the used Ag paste [39] [40] [41], the
results in the present study indicate that Ag sinter joints exhibit
excellent high temperature reliability for PCT.

Fig. 11 shows the cross-section of one unfractured ribbon
of the tested discrete device after PCT. More than half of the
bonded interface between an Al ribbon and a SiC-SBD chip is
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Fig. 14 Monitoring result of total AE counts (a) and AE count rate (b) during
PCT with the monitoring results of forward voltage.

delaminated, and this is caused by fatigue cracks, as shown in
Fig. 11 (a). Conversely, after PCT, any delamination did not
occur at the interface between sintered Ag and the substrate or
between sintered Ag and a SiC-SBD chip, as shown in Fig. 11
(b). The Ag sinter joints maintained a micro- porous network
structure without any evident cracks, and this can be attributed
to the robust die shear strength of approximately 40 MPa and a
low resistivity of 3.9 x 1078 Q cm [26].

Based on the results of Al ribbons and Ag sinter joints after
PCT, fatigue cracks and lift-off in Al ribbons corresponded to
the dominant failure modes in the discrete devices used in the
current study. The results were similar to those reported in
previous studies wherein bond wire lift-off corresponds to the
main failure mechanism. The Ve of diodes increases with the
bond wire lift-off [42][43][44]. Therefore, Al ribbon’s lift-off
corresponds to the main reason for increases in Vg, as shown in
Fig. 7, and it is evaluated via Vr measurement. However,
although the observed fatigue cracks gradually propagated
before final lift-off failure, Ve was not changed prior to the
sudden increase that is caused by lift-off failure. In this case,
the measurement of Ve on cannot be used to monitor the
progress of fatigue cracks in the Al ribbon, and thereby
resulting in the ribbon’s final lift-off failure.

IV. ACOUSTIC EMISSION MONITORING TEST
A. Source of Acoustic Emission

The AE monitoring was simultaneously performed with
PCT and a number of AE signals were collected during PCT.
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Fig. 12 shows typical waveform and their frequency spectrum.
They indicate that the collected AE signals were burst type
waveforms, and this was completely different when compared
to the noise signals shown in Fig. 6. It is known that the burst
type signals are typically emitted via a sudden energy release
when damage such as cracks and delamination occurs [45].
Based on the typical source of burst type and the observed
fatigue cracks in Al ribbon bonding shown in Fig. 9, the source
of collected AE signals from discrete devices during PCT is
attributed to fatigue cracks in the Al ribbon bonding.

The frequency components of collected AE signals are
estimated by FFT, as shown in Fig. 12. They were also
completely different with that of noise signal as shown in Fig.
6. These FFT results clearly prove that noise signals were
completely filtered. The signals were composed of various
frequency components. A central frequency, defined by the
arithmetic mean of frequency components in the spectrum, was
used to characterize the representative frequency of each AE
signal [46]. Fig. 13 shows the distribution of estimated central
frequency. It corresponds to a bell-shaped curve. A peak in the
distribution curve was approximately 500 kHz. The frequency
component depends on the type of fracture, which denotes the
source mechanism of AE signals [47]. The bell-shaped
distribution with a single peak also supports the fact that the
collected AE signals are emitted simply from the fatigue cracks
in Al ribbon bonding.

Frequency analysis of AE signal needs to be studied due
to three reasons as follows; it relies heavily on FFT, which is a
bit risky for a non-periodic signal such as the AE burst, it is
slightly affected by the resonance characteristics of acoustic
emission sensor, though its effect was minimalized by using
wide-band sensor, and the usefulness of various calculation
methods for the representative frequency needs to be compared
and verified. Considering these, the frequency analysis method
will be improved in the further work.

B. Monitoring by Acoustic Emission Parameter

Two types of time-domain characteristic parameters of
collected AE signals including total AE counts and amplitude
are monitored during PCT and are compared with Ve on
monitoring results (Fig. 7), as shown in Fig. 14 and Fig 15,
respectively. Fig. 14 (a) shows the monitoring results of total
AE signal counts in PCT. The total number of AE counts (i.e.,
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Fig. 16 (a) cumulative counts of collected AE signals during switching ON and
OFF period of PCT and (b) cumulative AE counts according to cycling time
of PCT test.

total AE counts) increased at a different count rate during the
PCT. The count rate represents the increasing speed of the AE
signal counts in unit cycle, and this is equivalent to the
inclination angle of the count curve shown in Fig. 14 (a). The
increase in total AE counts proceeded through three stages
based on the count rate. Total AE counts steeply increased with
a high-count rate initially (stage 1), then increased smoothly
with a low count rate (stage 2), and was followed by an abrupt
increase (stage 3). The AE counts are generally considered to
optimally reflect material damage. The total AE counts were
proportional to the progress of material damage wherein the
damage corresponded to the AE source. Thus, the results
indicate that fatigue cracks propagated based on three stages at
a different rate during PCT.

To clearly divide the progress of fatigue based on the AE
count stage, an AE count rate was calculated as the total count
number per cycle, as shown in Fig. 14 (b). The change in the
count rate clearly indicates that the progress of fatigue crack is
divided into three stages as indicated by a red dashed line. The
three stages can be classified into the highest count rate during
the early step of PCT (stage 1), low count rate (stage 2), and re-
high-count rate (stage 3). Stage 2 and stage 3 were divided at
approximately 4,060 cycles where the count rate started to
increase again. In fatigue tests of bulk metals, high AE count
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rates were observed when fatigue cracks were initiated, cracks
were rapidly propagated, and metals were finally fractured
[19][48][49][50]. Based on the results of the aforementioned
previous studies, stage 1 is attributed to crack initiation, as
shown in Fig. 9 (c). Specifically, AE signals in stage 2 occur
from the crack extension at the crack tip during the crack
propagation, as shown in Fig. 9 (d). In stage 3, crack
propagation caused catastrophic fractures and increased the AE
count rate. Based on the relationship between the AE count rate
and fatigue progress, it was concluded that AE offers the ability
to accurately detect fatigue crack initiation, crack propagation,
and catastrophic fracture. It demonstrated that the monitoring
of the AE count rate can provide an early warning before final
lift-off fracture via evaluating the progress status of fatigue
cracks. The early warning could be provided when AE count
rate increased more than the determined level, which indicating
that the power device reaches the accelerated stage of fatigue
crack propagation before final lift-off failure.

Fig. 15 shows the variation in the amplitude of collected
signals during power cycling. One dot denotes the amplitude of
one AE signal, and many AE signals with amplitude ranging
from 30 dB to 71 dB occurred prior to lift-off failure. Low
amplitude signals below 40 dB occurred throughout the whole
process of fatigue damage although high amplitude signals
ranging from 41 to 71 dB were emitted in the early and middle
stages of total power cycling. In a bulk metal, it was reported
that high amplitude signals are generated due to plastic
activities ahead of a crack tip when fatigue cracks initiate and
rapidly propagate [51][52][53]. Thus, high amplitude signals in
stage 1 occurred due to crack initiation in Al ribbons and those
in stage 2 were attributed to the accelerated crack propagation
before ribbon’s lift-off failure. Hence, the observations support
the relationship between AE count rate and fatigue progress.

Fig. 16(a) shows the cumulative counts of collected AE
signals during switching ON and OFF period in PCT. The
number of cumulative AE counts during the ON period of
power cycling, which is defined as the total amount of fatigue
crack initiation and propagation, was significantly lower than
that during the OFF period. The AE occurrence suggested that
fatigue cracks of Al ribbon bonding almost nucleated and grew
during the cooling stage in power cycling. Fig. 16 (b) shows the
cumulative AE counts according to cycling time during PCT
test in a detail. The cracking takes place more during the cooling
period. In addition, the AE counts increased in the certain
temperature range (at 8s) and decreased when the temperature
significantly reduced (after 20s) during cooling period. This
indicated that more AE counts were caused not just because of
longer time. Although a detail experiment or simulation need to
support, the fatigue crack looks more easily extended during the
cooling process, which may be related with the change of
thermal stress direction and distribution in the certain
temperature range during cooling period. Recently, it was
reported while the Al alloy was obviously damaged, a fast stress
relief was evidenced after unloading from the tension,
especially at the beginning of unloading [54]. In this study, we
proposed that the cooling period lead to a fast stress relief

generated at the heating period, and then leads to many cracks
generation.

V. CONCLUSIONS

The study examines the application of AE monitoring, and
the results indicate detection of the progress of failure in power
discrete SiC-SBD devices during power cycling tests.

Various sources of AE noise including power switching
noise were completely eliminated via a noise filtering process
that utilized specially designed blank specimens. A number of
AE signals were successfully detected during PCT prior to
reaching final failure. A physics-of-failure analysis was
performed, and the initiation and propagation of fatigue cracks
in Al ribbons bonding were observed although thermal damage
was absent in Ag sinter joints. The source of AE signals is
attributed to the initiation and propagation of fatigue cracks in
Al ribbons. This demonstrates that AE monitoring exhibits
excellent sensitivity to fatigue cracks. The AE acquisition can
be used as a sensitive early warning method via detecting
fatigue cracks that lead to catastrophic lift-off failure in the
ribbons.

The variation in AE count rates, one of the parameters of
AE signals, was divided into three stages, which was highly
correlated with the three-step process of fatigue crack
accelerated propagation observed in Al ribbon bonding, and it
is defined as initiation, propagation, and catastrophic lift-off
fracture. The amplitude of collected AE signals supports the
correlation between the AE activities and fatigue process. Thus,
it is concluded that AE monitoring can be used as an early
warning method via detecting accelerated propagation stage
that lead to lift-off fracture in the ribbons before catastrophic
failure.

The proposed AE monitoring method in this study still has
the limitation for applying to actual power modules. Sensitivity
of AE sensors strongly depends on the attachment pressure and
it is difficult to control it. Additionally, AE system including
sensor and acquisition circuit is no price competitiveness.
However, the limitation would be solved by packaging small
and cheap piezoelectric elements on substrate inside power
module. Future studies will focus on development of AE
monitoring system using the packaged piezoelectric element
inside power module to ensure reproducibility and price
competitiveness.
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