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Abstract—Switching mechanical wave (SMW) effect has at-
tracted extensive attention over the past few years owing to its broad
application prospects in condition monitoring for insulated gate
bipolar transistor (IGBT) devices. Nevertheless, current research
focuses on an indirect approach of acoustic emission detection
technology to implement the investigation of such phenomenon,
which is not conducive to the mechanism revelation of SMW effect
and the accurate extraction of its physical characteristics. Herein,
an effective detection method based on laser interferometric vi-
brometer is developed to directly capture SMW on IGBT bare
dies. Combining segmented sliding average filtering and empirical
mode decomposition, an efficient extraction algorithm is proposed
to realize accurate acquisition of weak SMW signal. Based on this
method, the dependency relationship between the SMW signal and
turn-OFF switching parameters of IGBT chips is investigated with
an inductive pulse testing circuit, indicating that the intensity of
SMW presents significantly positive correlation with the turn-OrF
power dissipation. Moreover, with the aid of electronical scanning
platform, field distribution characteristics of SMW are also inves-
tigated. This work provides an effective method to realize direct
capture of SMW on IGBT bare dies, paving the way to facili-
tate fundamental exploration of SMW effect in power electronic
devices.

Index Terms—Insulated gate bipolar transistor (IGBT) bare
dies, laser interferometric vibrometer, on-chip detection, switching
mechanical wave.

1. INTRODUCTION

NSULATED gate bipolar transistors (IGBTs) are widely
I employed as crucial core components in power converter
systems due to their low drive power and reduced saturation
voltage [1], [2], [3], [4]. As typical switching devices, the elec-
trical characteristics of IGBTs and their correlated mechanical
properties under switching conditions deserve priority attention
for reliability evaluation. Among a variety of physical proce-
dures involved in IGBT devices, switching mechanical wave
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(SMW) effect has drawn increasing interest in recent years, due
to its great potential for condition monitoring (CM) applications
[5], [6]. Compared with traditional CM technologies for power
semiconductor devices, such as methods based on electrical
parameters [7], [8], thermal parameters [9], [10], and magnetic
parameters [11], the method based on the SMW signal captured
by acoustic emission (AE) sensors possesses the features of fast
response, noninvasiveness, and real-time detection. Therefore,
as a supplement to conventional CM methods, SMW-based
detection is anticipated to be a promising approach for the
monitoring and detecting of mechanical damage, deterioration,
and failure for power semiconductor devices. Unlike conven-
tional mechanical stress waves induced by the degradation of
packaging materials in power semiconductor devices [12], [13],
[14], such as cracking of bond wires, peeling of the solder layer,
the SMW is a kind of transient elastic wave occurring at the
moments of turn-ON and turn-OFF stages of IGBT devices due
to the thermoelastic effect. In other words, as long as the IGBT
devices operate under cyclical switching conditions, periodic
SMW is bound to be generated simultaneously. Notably, this
unique feature makes SMW a promising detection indicator for
CM of power electronic devices.

To date, there has been considerable research on the thermoe-
lastic effect. White [15] explored the phenomenon of transient
surface heating generating elastic waves through theoretical
analysis and experimental verification, discovering that the am-
plitude of elastic waves is proportional to the absorbed power
density, and that the stress wave amplitude is much larger than
the radiation pressure under constraint conditions. Morland [16]
investigated the thermoelastic stress waves generated by pulsed
electromagnetic radiation on the surface of an elastic half-space
through theoretical analysis and mathematical modeling, and
concluded that compressive stresses are instantaneously gener-
ated on the surface for very short pulse durations. Gascoigne and
Mcivor [17] analyzed the stress waves generated in a layered
medium under transient energy deposition by linear thermoe-
lastic theory and Laplace transforms, and concluded that the
maximum stress value depends on the layer thickness ratio,
the wave velocity ratio, and the energy deposition function,
and that the maximum stress can be significantly affected by
optimizing the layer parameters. The above studies focus on
revealing the phenomenon of transient heating on elastomer
surfaces from the perspective of physics, which has a wide
scope of application. However, research on SMW phenomenon
induced by thermoelastic effect in IGBT devices is still rare.
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To be specific, Karkkainen et al. [18] discovered the SMW
phenomenon in IGBTs for the first time by means of AE-based
detection and showed such an effect could be utilized to realize
CM for power semiconductor devices in a follow-up study [19].
Davari et al. [20] proposed a noninvasive method utilizing SMW
for detection of power semiconductor aging, and revealed a
strong correlation between SMW and ON-state voltage drop
from the perspective of spectrum analysis. Bejger et al. [21]
adopted the AE detection method to determine and monitor the
early stages of damage of switching transistors. Besides, they
also carried out how changes in temperature affect the SMW
and found that the intensity of SMW is negatively correlated
with temperature [22]. Li et al. [23] utilized digital filtering
techniques to investigate the SMW effect in IGBT devices and
discovered that the low-frequency component of the signal is
affected by turn-OFF current. Subsequently, they proposed a
novel SMW extraction method based on the differential AE
sensor [24], which can decouple the pulse interference mixed
in the SMW signal, and investigated the effect of temperature
on SMW characteristics [25]. Moreover, they also implemented
a theoretical study on the generation mechanism of SMW in
IGBT devices [26], indicating that the thermoelastic effect exerts
a dominant role in the SMW generation process.

Although these excellent previous investigations promote
insight of the SMW effect in power electronic devices, some
research gaps need to be further addressed. On the one hand,
current research in the SMW effect generally employs AE
sensors mounted on the external surface of the packaged power
electronic devices to acquire SMW signals. Considering the in-
fluence (attenuation and reflection) of functional material layers
in the packaging structure on the acoustic transmission of SMW
signal arising from IGBT bare dies (generation source), such
indirect AE-based detection method is not conducive to the
mechanism revelation of SMW effect and the accurate extraction
of its physical characteristics. On the other hand, limited by the
volume and configuration of AE sensors, the spatial resolution
of such an approach is relatively poor, which can hardly achieve
the characterization of SMW field distribution characteristics on
IGBT bare dies, thus hindering the further exploration of SMW
effect. Therefore, there is a great demand to develop an effective
detection method for directly capturing SMW on IGBT bare dies
without encapsulation, thus facilitating mechanism revelation
and fundamental exploration of SMW effect in power electronic
devices.

To overcome the above bottlenecks, an effective detection
method based on laser interferometric vibrometer is devel-
oped to directly capture SMW on IGBT bare dies. Based on
this method, segmented sliding average filtering and empirical
mode decomposition are performed to accurately extract weak
SMW signal, so as to further reveal the dependence relation-
ship between the SMW and switching parameters including
switching-OFF moment current, power pulse peak value, and the
injected energy of IGBT bare dies. Compared with the current
mainstream AE detection approach, this method utilizes laser
interference detection to achieve directly non-contact capture
of SMW signal on IGBT bare dies, making it possible to study
the SMW effect from its initial generation source. Meanwhile,
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due to the focusable feature of the detection laser beam, high
spatial resolution up to tens of microns could be readily achieved,
thus realizing the characterization of the field distribution of
SMW. The developed ON-chip detection method is bound to
facilitate further understanding and fundamental exploration of
the SMW effect in power electronic devices. To be specific,
by performing real-time frequency analysis of the SMW signal
captured by the developed method, the spectral characteristics
including frequency range and main components of the SMW
signal can be accurately obtained, thus providing reliable bases
for the selection of vibration sensors for SMW-based CM of
IGBT devices.

The rest of this article is organized as follows. In Section II,
the generation mechanism of the SMW effect is analyzed. In
Section III, the measurement principle and experimental setup
with pulse testing circuit with inductive loading are illustrated
in detail. In Section IV, an extraction algorithm is proposed to
realize accurate acquisition of weak SMW signal and further
to implement comprehensive investigation of SMW. Notably,
the impacts of switching conditions including switching-OFF
moment current, power pulse peak value, and the injected en-
ergy during the switching process are analyzed and discussed
in depth. Additionally, the field distribution characteristics of
the SMW are also investigated and presented. In Section V,
limitations and future work are discussed. Finally, Section VI
concludes this article.

II. MECHANISM DESCRIPTION

As mentioned above, the SMW is a kind of transient elastic
wave, which occurs at the turn-ON and turn-OFF moments of
IGBT devices. Due to the power electronic feature of IGBT
devices, it is bound to involve the conversion of electrical energy
to mechanical energy during such a physical process. Current
research finding [26] indicates that thermoelastic effect plays a
key role in this electro-mechanical coupling process. It is worth
noting that the above viewpoint is applicable to those application
scenarios where impulsive energy injection can be triggered in
both turn-ON and turn-OFF moments so that SMW can be induced
due to thermoelastic effect. While for those application scenarios
where impulsive energy injection can only be triggered during
turn-OFF switching process, SMW induced by thermoelastic
effect are only expected to be observed after turn-OFF moment.

To be specific, during the switching process, the inherent
switching loss of IGBT chips is first converted into thermal
energy due to the Joule effect. Typically, the energy of the
switching loss is on the order of tens of millijoules. However,
due to the extremely short duration of the switching process (for
instance, the typical turn-OFF duration time is about 1 us), the
converted heat energy will inevitably generate a large transient
thermal power pulse excitation (up to tens of kW) on IGBT bare
dies. This huge transient thermal pulse excitation necessarily
results in a sharp temperature rise, which in turn causes the
cell bodies in IGBT bare dies to start forced vibrating due to
the thermoelastic effect, which propagates and manifests itself
in the form of mechanical stress waves in IGBT devices. The
whole physical procedure for SMW effect in IGBT devices is
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Fig. 2. Diagram of the adaptive laser interferometric vibrometer based detec-

tion system for IGBT bare dies.

illustrated in Fig. 1. The above analysis indicates IGBT bare dies
are the initial generation source of SMW in packaged IGBT de-
vices. Therefore, realizing direct capture and characterization of
SMW on IGBT bare dies is of great significance for mechanism
revelation of the SMW effect and the accurate extraction of its
physical characteristics in IGBT power devices.

III. METHOD AND EXPERIMENT
A. Measurement Principle

The schematic illustration of the developed adaptive laser
interferometric vibrometer-based detection system is depicted
in Fig. 2. First, a wavelength of 532 nm detection laser beam
is generated by a laser diode and then focused by a lens (L1)
into a light spot on the surface of IGBT bare dies. Then,
the reflected laser beam containing vibration information of
the bare die is refocused through another lens (L2) onto an
adjustable beam splitter (M2), which splits the reflected laser
beam into two detection beams. Subsequently, the two split
detection beams are refocused to induce interference through
a lens (L3). Afterwards, the interfered light intensity carrying
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Fig. 3. (a) Pulse testing circuit with inductive loading. (b) Schematic illus-
tration of observation point on bare die of IGBT 2. (c) Experimental platform
for the observation of SMW signal under pulse testing circuit with inductive
loading.

vibration information is received and transduced by the bal-
anced photoelectric device. Finally, the acquired SMW signal is
transmitted to the LabVIEW-based upper monitoring interface.
Notably, an electronically controlled positioning and scanning
platform is adopted to realize characterization of the SMW field
distribution characteristic on IGBT bare dies. The bandwidth of
the developed detection system is up to 100 MHz. Considering
the high frequency components of the SMW signal could not
normally exceed 10 MHz [13], [23], [27], thus, this detection
bandwidth is high enough to resolve the transient SMW signal.

B. Experimental Setup

The pulse testing circuit with inductive loading is illustrated in
Fig. 3(a). First, a set of single-phase programmable power supply
is connected in parallel with a large energy storage capacitor
to provide the strong current. Second, a power resistor R is
adopted in series with the power supply in the testing circuit to
avoid overcurrent, which may induce unnecessary damage to the
power supply and components in the circuit. Third, a noncontact
caliper current sensor with model 701933 from YOKOGAWA is
utilized to realize accurate load current measurement. Fourth, a
commercially purchased IGBT power module SKM75GB 128D
with half-bridge structure from SEMIKRON is utilized for the
following experimental investigation. Fifth, the IGBT 2 un-
der test is mounted on an electrical positioning and scanning
platform for precise positioning of vibration observation. The
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observation point is shown in Fig. 3(b). Finally, the gate voltage
is generated by a commercially purchased IGBT universal driver
board, which also enables collector and emitter voltage detection
and overshoot self-protection function, thus protecting the IGBT
device from breakdown due to the voltage overshoot. The whole
system containing the laser vibrometer-based detection system
and the testing circuit is configured on an optical table to avoid
the external vibration interference. The practical experimental
setup is shown in Fig. 3(c).

IV. RESULTS AND DISCUSSION

Based on the aforementioned method, this section aims to
develop an effective extraction algorithm to realize accurate
acquisition of weak SMW signal and further implement com-
prehensive investigation of SMW. The whole section contains
four parts, including observation of the SMW signal, extraction
algorithm for SMW, impacts of switching parameters on SMW
intensity, and field distribution characteristic of SMW, which are
illustrated in detail as follows.

A. Observation of SMW Signal

In order to verify the effectiveness of the developed detection
system, the detection laser beam is focused into a testing point
on the IGBT bare die to observe whether SMW exists in the
obtained vibration signal. The corresponding electrical switch-
ing parameters and the captured vibration signal are depicted
in Fig. 4. It can be seen that, as analyzed in the previous
mechanism description section, a transient thermal power pulse
up to 16.4 kW [as shown in Fig. 4(c)] is generated in the IGBT
bare die due to the sharp drop in collector current I. [as shown
in Fig. 4(a)] and the overshoot of voltage between collector
and emitter V. [as shown in Fig. 4(b)]. It is worth noting that
in order to accurately capture and demonstrate the waveform
details at the moment of switching OFF, the observation window
of the oscilloscope is set to be short enough to ensure accurate
measurement of the overshoot in the V. curve and pulse value
in the power loss curve, as shown in the insets of Fig. 4.

Moreover, it can be observed that the captured vibration signal
on the IGBT bare die presents an overall trend of first rising
and then damped oscillating attenuation, as shown in Fig. 4(d).
Specifically, this vibration signal contains three components
which are slowly varying contour signal, ring decaying transient
signal, and sharp electromagnetic interference signal, respec-
tively. It is worth noting that the ring decaying transient signal
starts precisely at the moment of switching OFF with a duration
time about 0.31 ms. By comparison with previous research
results about SMW in IGBTs utilizing AE technology [18], [24],
[25],[26], the above signal features including damped oscillating
attenuation, duration time, and moment of appearance indicate
that the ring decaying transient signal should be SMW signal
induced by thermoelastic effect.

It is worth noting that this indirect comparison has its own
feasibility and validity. To be specific, from the physical per-
spective, both the ring decaying transient signal captured by
the proposed method and the SMW signal measured by the
AE detection method in previously published literatures are
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Fig.4. (a)Collectorloading current. (b) Voltage between collector and emitter.
(c) Power dissipation. (d) Captured vibration signal of a testing point on IGBT
bare die.

essentially the same kind of mechanical vibration signal. In light
of this, the above two vibration signals are comparable. However,
it should also be noted that the captured ring decaying transient
signal corresponds to the vibration signal on the IGBT bare die,
which is the source of vibration for the entire IGBT module.
Nevertheless, the measured vibration signal by the AE detection
method corresponds to the external surface of the IGBT module
after attenuation and reflection induced by the above vibration
source in the propagation process. Obviously, the above two
vibration signals cannot be compared directly in terms of the
intensity of the signals, but should be compared from the three
features including damped oscillating attenuation, duration time,
and moment of appearance. Eventually, from the actual compar-
ison results, the ring decaying transient signal captured by the
proposed method and the vibration signal measured by the AE
detection method in previously published literature [18], [24],
[25], [26] are in good accordance in the above mentioned three
features including damped oscillating attenuation, duration time,
and moment of appearance, which indicates the feasibility and
validity of such indirect comparison to a certain extent.

In order to further verify the consistency of the above obtained
characteristics on SMW signal, another five observation points
on the IGBT bare die are selected and corresponding vibration
signals are also measured, as shown in Fig. 5. The results show
that the vibration signals at the five observation points exhibit a



BAI et al.: DIRECT CAPTURE OF SWITCHING MECHANICAL WAVE ON IGBT BARE DIES

T T T
%20 7777777 [ - _@Point 1 _
i i i
L Rt jmmmmmmmm -
20 |
F0F - PN - - - e R
£
E" S i - — - .
o I
0 L L L
0.0002 0.0004 0.0006
Time(s)
T T T T
-~ I @Point 2 - ! ' @Point 3
,,,,,,,,,,,,,,,,,,,,,,, Sk - TR
20 : SR : : .
-0 R o [ - R |
E"ls ! N Eﬁls !
- I | z I
LU By (. ettty [P Rl I+ L] il | "ot el Rl
£ i \ £ |
0 1 1 1 o ‘ ‘ ‘
0.0002 0.0004 0.0006 0.0002 0.0004 0.0006
Time(s) Time(s)
20 i i @Poinj‘ 4 )] A 3 ,,,,,,, - - 7@[’9@1[57 -
Cx T o | £ 1
o ] S =--—=- a---| BISp-----f - 1
£ | i £ |
L e | R et N - ] SR R et
£ £ |
L 2 oo
0 ‘ 1 1 o 1 ‘ ‘
0.0002 0.0004 0.0006 0.0002 0.0004 0.0006
Time(s) Time(s)

Fig. 5. Selected another five observation points on IGBT bare die and corre-
sponding captured vibration signals.
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Fig. 6. (a) Observation points located on IGBT die (#1) and other observation
points of the module (#2 and #3). (b) Captured vibration signals at observation
points #1, #2, and #3, respectively.

high degree of consistency with the previous conclusions. In or-
der to verify that the origin of the SMW originates from the IGBT
bare die, the SMW signals at some other observation points of
the module other than on the bare die are also captured, as shown
in Fig. 6. It can be seen that among the three observation points,
the farther away from the IGBT bare die, the weaker the SMW
signal becomes, which suggests that the SMW exhibits a gradual
attenuation trend from near to far, thus supporting the viewpoint
that the origin of the SMW is from the IGBT die. Finally, the
above analysis shows that thermoelastic effect-induced SMW
does exist in the IGBT bare die and the developed on-chip
detection method based on laser interferometric vibrometer is
intuitive and effective.
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B. Extraction Algorithm for SMW Signal

The results in the previous section show that the vibration sig-
nal captured by the developed detection system is not pure SMW
signal, but a mixture of the SMW signal and two other compo-
nents, which is not conducive to the subsequent investigation of
the SMW effect. Therefore, there is a need to develop an efficient
signal separation algorithm to achieve accurate extraction of the
SMW signal. Herein, an effective extraction algorithm combin-
ing segmented sliding average filtering (SSAF) and empirical
mode decomposition (EMD) is proposed to realize accurate
acquisition of weak SMW signal. The strategy of the proposed
algorithm is to first separate the relatively low frequency contour
signal component from the original mixed vibration signal by
SSAF, and then realize the separation of SMW signal and
interference noise from the remaining signal with the help of
EMD, thus achieving the extraction of pure SMW signal from
the original mixing signal.

To be specific, the original mixing signal can be expressed as

s1(t) = s2(t) + s3(t) )

where s5(f) is the slowly varying contour signal, s3(¢) is the
mixture signal containing SMW signal and electromagnetic
interference noise signal. Summing the signal values at adjacent
moments within sliding time window w and averaging them give

S [s1(t =) + s1(t+0)] + s1(0)
t) = == 2
p(t) o1 2
where p(t) is the smoothing result. Substituting (1) into (2) yields
(3), which is shown at the bottom of the page.

As the mean value of s3(7) is close to 0, thus, the following
relation exists:

2 [s(t =) + st +3)] + s3(t) (4)
w41

Therefore, (3) shown at the bottom of this page, can be
simplified as

~ 0.

p(t) ~ 2oty [s2(t = i)w++si(t +i)] 4 52()

Based on the abovementioned analysis, it can be seen that
the size of sliding time window w has a major influence
on the smoothing result. Specifically, a short time window makes
the smoothing result closer to the original signal waveform,
while a long time window enables the smoothing effect better.
Considering that the SMW signal occurs after the switching-OFF
moment 71, thus, the original mixing signal s1(¢) is divided
into two separate segments using the switching-OFF moment
as the boundary. Specifically, the left segment contains only the
relatively high frequency electromagnetic interference signal, so
a short sliding time window w; can be adopted to obtain the left
part of contour signal component. The right segment contains
relatively low frequency SMW signal in addition to relatively
high frequency electromagnetic interference signal, so a long

&)

plt) = =1

[s2(t = i) + sa(t + )] + s2(t) + 3.2 [s3(t — 1) + sa(t + )] + s5(t)

w1 ' )
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sliding time window ws, is required to filter out the SMW signal
and obtain the right part of contour signal component. In general,
with the aid of the above segmented sliding average filtering, the
slowly varying contour signal s2(7) is firstly obtained.

The next procedure is to utilize EMD to separate SMW signal
and electromagnetic interference signal. First, the previously
obtained contour signal is removed from the original mixing
signal to obtain a mixture of the SMW signal and electromag-
netic interference signal, i.e.,

Sg(t) = Sl(t) - Sg(t). (6)

Then, maximum envelope e (f) and minimum envelope ex(f)
in the above signal can be fitted by cubic spline function, and
their average envelope is calculated as follows:

e1(t) + 62(t).

es(t) = —— (M)
Subtracting es(7) from signal s3(#) gives an intermediate signal
s4(t) = s3(t) — es(t) ®)

where s4(f) is required to repeat iterations of (7) and (8) until
the condition that s4(7) is a single component is satisfied. Thus,
after k times iteration, the first-order modal component (MC) of
s3(1) is obtained as

ci(t) = s (t). ©9)

Thus, the first-order residual component (RC) r; (¢) is obtained
by removing the first-order MC from s3(7) as follows:

Tl(t) = S3(t) — C1 (t)

Subsequently, repeating the calculation process from
(7)—(10), the other residual MCs c¢5(t), c3(1), ..., cn.1(f) are
obtained until the RC r,(7) is a monotonic function or a constant.

Finally, after n times iteration, the original signal s3(¢) can be
expressed as

(10)

ss(t) = > _cilt)+ 2 ci(t)+ry(t) (11)
1 m—+1

where c¢;(f) is the i order MC and r,(¢) is the final residual
component. It is worth noting that the first part of (11) is the
relatively high frequency electromagnetic interference compo-
nent and the second part is the relatively low frequency SMW
signal component.

The specific processing flow of the proposed extraction algo-
rithm is illustrated in Fig. 7. To be specific, the slowly varying
contour signal is first separated from the original raw data by
SSAF, then, the separated slowly varying contour signal is re-
moved from the original raw data to obtain the remaining mixed
signal, which only contains the SMW signal and interference
noise, and finally EMD is utilized to separate out the interference
noise from the above obtained remaining mixed signal, thereby
extracting the SMW signal.

The detailed process of EMD is as follows. As shown in
Fig. 8, several MCs and a RC are obtained by performing
EMD decomposition on the above remaining mixed signal.
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However, the SMW signal and the interference signal cannot
be directly distinguished from these decomposed MCs and
residual component. The solution is to add each obtained MC in
turn into the residual component, thus gradually reconstructing
the above remaining mixed signal from the low frequency to
the high frequency. Then, from the reconstruction process, the
contribution of each MC to the remaining mixed signal could
be analyzed, thus realizing the identification of the SMW signal
and the interference signal.

Fig. 9 shows the reconstructed waveforms after adding each
MC step-by-step. It is worth noting that from the reconstruction
result between step 7 to 8, it can be seen that after adding
MC 4 into RC and MCs from 10 to 5, the reconstructed signal
waveform shape remains the same, with only the overlay of little
background burr noise. Furthermore, after adding the MC 3,
MC 2, and MC 1 to the above reconstructed signal waveform
(from step 8 to 11), the interference noise gradually appears.
The above analysis shows that the RC and the MCs from 10 to
5 are rightly SMW signal, while the MCs from 4 to 1 are the
electromagnetic interference signal with background burr noise.
In other words, the parameter m involved in the EMD process is
determined to be 4 to achieve the separation of the interference
signal and the SMW signal.

The separated signal components are depicted in Fig. 10.
First, the slowly varying contour component is separated out,
as shown in Fig. 10(b), which is the deformation fluctuation
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Fig. 10. Demonstration of signal component separation. (a) Original vibra-
tion signal. (b) Deformation fluctuation signal. (c) Extracted SMW signal.
(d) Electromagnetic interference signal.

signal caused by thermal expansion effect. To be specific, during
cyclical switching process, there exists considerable ON-state
and switching loss due to the large loading current, resulting
in the temperature swing of the IGBT device via Joule effect.
Because of the difference in the coefficient of thermal expansion
of each functional layer, the mismatch inevitably leads to the
deformation fluctuation due to thermal expansion effect.

Second, ring decaying transient component is extracted after-
wards, as shown in Fig. 10(c), which is rightly the SMW signal
induced by thermoelastic effect. The corresponding generation
mechanism has been explained in the previous section and
will not be repeated here. Finally, the sharp electromagnetic
interference signal is separated out, as shown in Fig. 10(d), which
is induced by space electromagnetic coupling due to large dI./dt.
It can be seen that the SMW signal extracted by the separation al-
gorithm maintains the characteristics exhibited in the original vi-
bration signal in terms of waveform shape, signal amplitude, and
duration time, verifying the accuracy of the proposed extraction
algorithm.

To verify the consistency of the detection and extraction
results and to eliminate the possibility of coincidence, three sam-
ples with same model number are tested and the SMW signals
are also extracted adopting the proposed algorithm, as shown in
Fig. 11.Itcan be seen that the extracted SMW signals of the three
samples exhibit a high degree of consistency in waveform char-
acteristics, including damped oscillating attenuation, duration
time, and moment of appearance. Meanwhile, the discrepancy of
captured SMW signals between different samples mainly lies in
signal strength, which may be induced by individual difference
of samples. It is worth noting that such slight discrepancy is
almost inevitable in practical measurement, and does not affect
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Fig. 11. Captured original vibration signals and extracted SMW signals in
three samples with same model number.

the effectiveness and validation of the developed method. There-
fore, in light of this, only one sample (Sample 1) is selected
for typical demonstration in the subsequent investigation of
SMW.

C. Impacts of Switching Parameters on SMW Intensity

As a kind of transient mechanical wave during switching
process, switching parameters have significant impacts on the
SMW effect. In general, the specific switching parameters con-
tain switching-OFF moment current I oz, power pulse peak value
Puax, and the injected energy E; during pulse excitation.

Gate signals with different pulse width are set to generate dif-
ferent switching-OFF moment current amplitudes corresponding
to 39 A, 52 A, 62 A, 72 A, and 81 A to analyze the impacts of
switching parameters on SMW intensity, as shown in Fig. 12(a).
Corresponding voltage and power dissipation curves of IGBT 2
bare die are exhibited in Fig. 12(b) and (c). It is worth noting that
the area enveloped by the pulse and the time axis in the power
loss curve is the injected energy into the IGBT bare die. In other
words, the injected energy can be calculated by

to

E;= [ P()dt (12)

ty
where P(f) represents the power loss of IGBT bare during
switching-OFF process, #; is the pulse starting moment, and #5 is
the moment when the pulse decays to zero. It can be seen that the
peak value of power pulse and the injected energy increase with
the growth of ON-state loading current, i.e., they are positively
correlated with the ON-state current. Subsequently, the corre-
sponding SMW signals under different switching conditions are
also extracted and illustrated in Fig. 12(d), indicating a clearly
positive correlation between the intensity of SMW signal and
the switching-OFF moment current and power pulse peak value.
Furthermore, in order to intuitively demonstrate the influence
of switching parameters on SMW intensity, the dependency
relationships of SMW signal amplitude, peak-to-peak value, and
energy with switching-OFF moment current I or, power pulse
peak value P, and injected energy E; are extracted, as shown
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Fig. 12. SMW signals with different switching parameters. (a) Collector

loading current curves. (b) Voltage between collector and emitter. (c) Power
loss curves. (d) Corresponding SMW signals.

in Fig. 13. Specifically, the energy of SMW signal is defined as
follows:

T>
E:/ V(t)2dt (13)

Ty

where V(f) represents the SMW signal value, 7 is the vibra-
tion starting moment, and 75 is the moment when the SMW
signal decays to zero. The results show that the three physical
quantities, which reflect the SMW intensity including signal
amplitude, peak-to-peak value, and energy present significantly
positive correlation with switching-OFF moment current Iogp,
power pulse peak value Py .y, and injected energy E;, which
are also consistent with the results of previously reported
study [26].

D. Field Distribution Characterization

With the aid of an electronically controlled scanning platform,
field reconstruction is implemented to characterize the SMW
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field distribution on the surface of IGBT bare dies. Consid-
ering the size of the IGBT bare die used in the experiment
is 9 mmx 10 mm, in order to distinguish the bonding wires,
the scanning points in the X and Y-directions are set to be
50 and 10, respectively. The corresponding spatial resolution
along X-direction is 0.18 mm and 1 mm for Y-direction, which
are enough to distinguish the bonding wires from the IGBT
bare die.

The reconstruction procedure is illustrated in Fig. 14. First,
the laser detection system acquires the original vibration signals
of all the scanning points on entire chip surface and then uploads
the data to LabVIEW interface for storage (see step 1 in Fig. 14).
Then, the disordered vibration data obtained by scanning is
matched to the actual spatial position of the IGBT bare die
(see step 2 in Fig. 14). Afterwards, the extraction algorithm
combining segmented sliding average filtering and empirical
mode decomposition proposed in the previous section is adopted
to remove unrelated signal components and separate out pure
SMW signal (see step 3 in Fig. 14). Subsequently, the sig-
nal characteristics of SMW including amplitude, peak-to-peak
value, and energy can be readily extracted (see step 4 in Fig. 14)
and arranged in a storage matrix for further reconstruction (see
step 5 in Fig. 14). In order to enhance the visual performance of
reconstructed field maps, a piecewise cubic spline interpolation
strategy is adopted. Finally, after cubic spline interpolation, the
visualized field maps can be reconstructed (see step 6 in Fig. 14).

The reconstructed field distribution maps of the three physical
parameters that reflect SMW intensity including amplitude,
peak-to-peak value, and energy are carried out, as shown in
Fig. 15. It can be seen that the middle region of the IGBT bare die
suffers from relatively larger SMW compared to the edge area,
which intuitively and clearly reflects the distribution characteris-
tics of SMW onits surface. This distribution characteristic can be
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explained from the perspective of wave propagation theory. To
be specific, the IGBT bare die is the source of SMW in the whole
packaging module, in which the vibration energy propagates in
the form of wave from near to far. When propagating to the edge
area of the bare die, the acoustic wave of SMW will be divided
into two parts, i.e., the transmissive wave and the reflection wave.
The transmissive wave penetrates through the edge area and
leaks into the packaging substrate structure, while the reflection
wave is reflected back into the middle region of the bare die.
It can be seen that the middle region of IGBT bare die has
relatively less transmissive wave energy leaking into packaging
substrate structure compared with the edge area. Meanwhile,
due to the concentration and superposition of the reflection
waves coming back from the edge area, the vibration energy in
the middle region is enhanced. Therefore, the middle region of
the IGBT bare die exhibits relatively larger SMW compared to
the edge area. Notably, the highest spatial resolution up to 20 m
could be readily achieved by increasing the number of scanning
points, while this action will inevitably lead to a decrease in
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detection efficiency. Therefore, there is a trade-off between
spatial resolution and detection efficiency in the actual detection
procedure. In general, above setup with 500 observation points
is enough to realize field distribution characterization of SMW.

V. LIMITATIONS AND FUTURE WORK

It is worth noting that the proposed method in this article has
certain limitations in actual applications. Due to the detection
principle of laser interference, the IGBT sample needs to be in
open state without shell and silicone gel to ensure the validity
of the detection. These characteristics make it difficult for the
developed system to meet the detection demand of potting or
molding power modules, which are well packaged. For such
application scenarios, we have to admit that the proposed method
can hardly deal with them. Nevertheless, it is also worth noting
that the proposed method in this article has its unique application
prospects. Notably, as we have stated in the introduction part
of the manuscript, for the purposes of mechanism revelation,
accurate physical characteristic extraction, and further explo-
ration of SMW effect, the IGBT device used for testing does not
involve potting or packaging. Therefore, for such application
scenarios, the proposed method in this article has significant
advantages in realizing direct capture of SMW with high spatial
resolution. Besides, it is worth noting that although this work
mainly focuses on SMW induced by turn-OFF energy injection
to verify the effectiveness of the proposed method, the method is
also equally applicable to the investigation of SMW induced by
turn-ON energy injection in IGBT modules. Further investigation
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of the relationship between the turn-ON switching parameters
and the SMW characteristics is also scheduled in our future plan
to make the whole research more thorough and comprehensive.

VI. CONCLUSION

In this article, we developed an effective detection method
based on adaptive laser interferometric vibrometer to directly
capture SMW on IGBT bare dies. The proposed extraction
algorithm combining segmented sliding average filtering and
empirical mode decomposition achieves accurate acquisition of
weak SMW signal. Based on this approach, the relationship
between the SMW and electrical switching parameters of IGBT
chips is carried out, suggesting that the intensity of SMW ex-
hibits significantly positive correlation with the turn-OFF power
dissipation of IGBT devices. Furthermore, field distribution
characteristic of SMW is also investigated with the aid of elec-
trical positioning and scanning platform. The results show that
the middle region of the IGBT bare die suffers from relatively
larger SMW compared to the edge area. This work is bound
to facilitate further fundamental exploration of SMW effect in
power electronic devices.
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