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Abstract—Turn-OFF failure under clamped inductive load, is one
of the most concerns in insulated gate bipolar transistor (IGBT)
chips. Besides, this turn-OFF failure can be attributed to two causes,
i.e., the dynamic latch-up and the secondary breakdown. Despite
great simulation work investigated previously, the experimental
research should be further focused. Up to now, the typical fea-
tures and differences for these two turn-OFF failures still remain
unclear. In this article, two failures’ waveforms are first compared
in experiment. Moreover, their internal current, electric field, and
temperature distributions are compared by simulation in detail.
Then, two different failure features, focusing on the failure cell
structures, are summarized from the scanning electron microscope
(SEM) results for the first time. The marked signatures of these
failures, such as the current filament path and the mixture region,
are further analyzed in this article. According to the SEM results,
the lateral and vertical current paths can be observed in dynamic
latch-up chip and secondary breakdown chip, respectively. These
failure signatures in waveforms and SEM results can contribute to
the distinguished method to the failure causes in IGBT device, and
enhance the chip’s performance more effectively.

Index Terms—Distinguished method, dynamic latch-up,
insulated gate bipolar transistor (IGBT), marked signatures,
secondary breakdown.

I. INTRODUCTION

INSULATED gate bipolar transistor (IGBT) devices are
widely used in the renewable power system, the electric

vehicles, and the aerospace industry [1]. In light of the extreme

Manuscript received 8 May 2022; revised 11 July 2022; accepted 18 July
2022. Date of publication 21 July 2022; date of current version 6 September
2022. This work was supported by the National Natural Science Foundation of
China-State Grid Corporation Joint Fund for Smart Grid under Grant U1766219.
Recommended for publication by Associate Editor B. Shao. (Corresponding
authors: Xuebao Li; Yaohua Wang.)

Jiayu Fan, Zhibin Zhao, Xuebao Li, and Xiang Cui are with the State Key Lab-
oratory of Alternate Electrical Power System With Renewable Energy Sources,
North China Electrical Power University, Beijing 102206, China (e-mail:
fanjiayu@ncepu.edu.cn; zhibinzhao@ncepu.edu.cn; lxb08357x@ncepu.edu.
cn; x.cui@ncepu.edu.cn).

Yaohua Wang, Feng He, and Mingchao Gao are with the State Key Lab-
oratory of Advanced Power Transmission Technology, Beijing Institute of
Smart Energy, Beijing 102211, China (e-mail: wangyaohua@geiri.sgcc.com.cn;
hefeng@geiri.sgcc.com.cn; gaomingchao@geiri.sgcc.com.cn).

Zhong Chen is with the Department of Electrical Engineering, University of
Arkansas, Fayetteville, AR 72701 USA (e-mail: chenz@uark.edu).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2022.3192922.

Digital Object Identifier 10.1109/TPEL.2022.3192922

thermo-electrical stress, high current capability is required dur-
ing IGBT chip turned OFF under clamped inductive load (CIL).
Meanwhile, turn-OFF failures under CIL are one of the most
common failure modes in the actual application [2], [3]. There-
fore, the reverse bias safe operation area (RBSOA) is considered
as one of the most important performances in IGBT devices [4].
The investigations about turn-OFF failures, can not only enhance
chip’s property, but also help to distinguish the failure cause in
engineering [5]. The relevant physics of failure contributes to
the device aging evaluation and health management as well [6].
Up to now, many detection approaches have been proposed on
the bond wire faults in IGBT devices [7], [8], but there are few
methods to distinguish the turn-OFF failures under CIL in IGBT
devices.

Hence, more experimental researches should be focused on
the turn-OFF failures in IGBT chip under CIL, since great sim-
ulations have been studied extensively. Especially for the com-
parisons of different failure causes, their features and marked
signatures still remain unclear so far.

The device manufactures have made great efforts to improve
device’s RBSOA performance. In 2001, based on the semicon-
ductor numerical simulation, Yoshikawa et al. [9] at Fuji Electric
analyzed the impact ionization rates in IGBT chips with dif-
ferent concentration profiles. He investigated the relationships
between the RBSOA and the gate resistance as well. In 2004,
Rahimo et al. [10] at ABB Switzerland Ltd., first demonstrated
the IGBT devices with switching-self-clamping-mode (SSCM).
It was shown that the turn-OFF capability could be extend over
three times rated current with low losses. Since then, Rahimo
[11] summarized the future trends in IGBT devices in 2013,
he proposed that the RBSOA margins and the SSCM played
an important role for developing the high temperature operation
and integration. Besides, Ogura et al. [12] at Toshiba Microelec-
tronic Center researched the turn-OFF destruction mechanism in
high-voltage IGBT devices in 2004. The analytical model con-
sidering dynamic avalanche generation explained the relation
between the RBSOA and gate conditions in IGBT chip. More-
over, the device manufactures, like Infineon and Dynex, have put
forward their novel IGBT structures to enhance chips’ RBSOA
performances successively [13], [14]. In 2016, Shiba et al. [15]
studied the current filament during IGBT’s turn-OFF process by
semiconductor numerical simulation, and reported the simu-
lation setting. The current filament was regarded as the vital

https://orcid.org/0000-0001-9217-7484
https://orcid.org/0000-0002-5248-8533
https://orcid.org/0000-0002-6009-0015
https://orcid.org/0000-0003-4779-4365
https://orcid.org/0000-0001-7353-6269
mailto:penalty -@M fanjiayu@ncepu.edu.cn
mailto:penalty -@M fanjiayu@ncepu.edu.cn
mailto:zhibinzhao@ncepu.edu.cn
mailto:lxb08357x@ncepu.edu.penalty -@M cn
mailto:lxb08357x@ncepu.edu.penalty -@M cn
mailto:x.cui@ncepu.edu.cn
mailto:wangyaohua@geiri.sgcc.com.cn
mailto:hefeng@geiri.sgcc.com.cn
mailto:gaomingchao@geiri.sgcc.com.cn
mailto:chenz@uark.edu
https://doi.org/10.1109/TPEL.2022.3192922


14472 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 12, DECEMBER 2022

signature in the turn-OFF failures, which limited the RBSOA
of IGBT chip. Based on the detailed simulation analysis, the
chip performance can be improved effectively. Nevertheless, the
shortcoming of the IGBT devices can be unearthed after using
in the practical use, especially for the CIL with high current,
which is one of the most extreme conditions in engineering.

As for the IGBT’s users, it is vital to distinguish the turn-OFF

failure causes. In 1998, Trivedi and Shenai [5] at the Univer-
sity of Illinois studied the turn-OFF failure in IGBTs under
CIL by simulation. According to his analysis, the avalanche
multiplication was the main reason that leads IGBT device’s
turn-OFF failure. Since then, he compared the turn-OFF failures
between the CIL and the short circuit. Because the overheated
areas were different in CIL and short-circuit, their performances
and concentration profiles ought to be optimized respectively
[16]. In 2007, Castellazzi et al. [17] at ETH Zurich proposed
a IGBT model, which included the self-heating effects and the
parasitic n–p–n bipolar junction transistor (BJT). The simulation
results showed that the current imbalance internal the parallel
IGBT chips would lead to the dynamic latch-up failure during
the turn-OFF period. In 2011, Perpiñà et al. [18], [19] at the
Institute of Microelectronics of Barcelona confirmed that there
were two different failures causes during IGBT turned OFF

under CIL, which were the dynamic latch-up and the secondary
breakdown. These two failure causes were firstly compared by
simulation, whereas the experimental comparisons still need
further attention. Moreover, it was found that not only the
cell structure, but also the gate runner layout would affect the
current crowding among cells internal the IGBT chip [20]. After
that, they designed the new layout for the active region and
terminal region, to optimize the electric field and temperature
distributions in the IGBT chip [21], [22].

At present, two turn-OFF failure causes in IGBT chip under
CIL have been investigated extensively. However, the features
and marked signatures of these turn-OFF failures are unknown.
Considering the physical processions are too complex to study
by numerical simulation, it is still a challenge to carry out the
failure analysis after the failures. For example, the detailed
comparisons for these failures’ waveforms are lacking. After
the turn-OFF failure occurs, a more direct experimental method
is needed, to observe the failure characteristics in chips and
distinguish the failure causes. Therefore, the work in this article
provides a good supplement for IGBT device’s turn-OFF failure.
The conclusions in this article make a deeper understanding
to the turn-OFF failure in IGBT chip under CIL, and further
contribute to distinguish failure causes.

In this article, the experimental setup and the simulation
conditions are firstly introduced in Section II. Second, the two
failures’ waveforms and mechanisms are systematically com-
pared in Section III. Then, the failure features observed by
scanning electron microscope (SEM), as well as their internal
thermoelectrical conditions are analyzed in Section IV, respec-
tively. Meanwhile, the marked signatures in SEM results like
current filament path and mixture region size are summarized
in detail. Finally, according to the IGBT failure waveforms and
failure cells structures, the distinguished methods to the failure
causes in IGBT chip under CIL are put forward for the first time
in Section V.

Fig. 1. IGBT’s RBSOA platform. (a) Equivalent circuit. (b) Photography [23].

II. EXPERIMENT SETUP AND SIMULATION

A. Measurement Setup

The equivalent circuit of the RBSOA platform is shown in
Fig. 1(a). The device under test is the planar field-stop (FS) IGBT
chip, whose rated parameters are 3.3 kV and 50 A, respectively.
To further carry out the SEM scanning conveniently, these chips
are packaged as press pack IGBT chips. The dc-link voltage
is determined by the dc source and the capacitor (Cs), and the
inductance load (L) is 0.72 mH. Besides, the free-wheeling diode
is DZ950N44K, whose rated parameters for voltage and current
are 4.4 kV and 950 A. Meanwhile, the collector voltage Vce

and gate voltage Vge are measured by the high-voltage probe
PINTECH P6028A (200 MHz, −3 dB) and the high-voltage
probe LeCroy PP026 (500 MHz, −3 dB), respectively. The
load current Ic is measured by the Rogowski Coil CWT Mini
(30 MHz, −3 dB) [23].

In Fig. 1(b), it is displayed that the thermostat determines the
chip’s temperature Tj. The load current Ic that IGBT chip turns
OFF can be adjusted by the single pulse trigger. In general, the
current limit of the IGBT chip is several times as much as its
rated current (50 A). Whereas, this limits of each IGBT chip are
different due to the non-ideal chip parameters. At Vce = 2.5 kV,
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Fig. 2. Typical turn-OFF waveforms of the IGBT chip under CIL (Vce= 2.5 kV,
Ic = 190 A, Rg = 5 Ω, and Tj = 150 °C).

Rg = 5 Ω, Tj = 150 °C, the current limit in this article is in
the range of 150–190 A. Based on this RBSOA platform, the
typical turn-OFF waveforms under CIL with 190 A load current
are demonstrated in Fig. 2.

As shown in Fig. 2, the dc-link voltage is set as 2.5 kV, and
the load current is 190 A. Besides, the gate resistance Rg is
5 Ω, and the chip temperature Tj is 150 °C. In such overload
conditions, the electrothermal interactions in the IGBT chip is
intense. During the turn-OFF period, the voltage slope dVce/dt
changes at t1, which indicates the dynamic avalanche occurs
internal the IGBT chip. Meanwhile, the collector current is
almost constant before t2. At this period, although the collector
voltage is lower than 2.5 kV, the overcurrent might lead IGBT
chip failure. After that, when the collector voltage Vce reaches
the dc-link voltage, the collector current starts to fall at t2. The
load current is switched to the free-wheeling diode branch. At
this moment, the electric field peak and the accumulated heat
are still harmful to the IGBT chip. Then, the turn OFF period of
the IGBT chip ends with the voltage overshoot and current tail.

B. IGBT Model and Cell Structure

The internal current, electric field, and temperature distribu-
tions are analyzed by the two-dimensional (2-D) semiconductor
numerical simulation in this article. The circuit in the simulation
is shown in Fig. 1(a), which is the same as the experiment
equivalent circuit. The schematic cross-sectional view of the
FS IGBT cell is demonstrated in Fig. 3 [19].

In Fig. 3, it is shown that there are p–n–p BJT and MOS
structures in the IGBT cell, which realizes the voltage control
and bipolar device at the same time. Meanwhile, the parasitic
n–p–n BJT is inevitably brought in. The latch-up phenomenon
will take place when the voltage drop across the base resistance
Rb is greater than activation voltage Vbi. When the latch-up
occurs, the high current density under the high electric field and
high temperature destroys the cell and the whole chip instanta-
neously. Besides, in the IGBT cell, the collector voltage Vce is
sustained by the P well/ N−drift junction. With the increasing of
the temperature and current density, the impact ionization and

Fig. 3. Schematic cross section view of the FS IGBT cell [19].

the avalanche multiplication are enhanced, which might lead this
junction breakdown.

The latch-up and the junction breakdown are labeled as
dynamic latch-up and the secondary breakdown during IGBT
turned OFF, respectively. It is indicated that the dynamic latch-up
failure and secondary breakdown failure are more likely to
happen at high temperatures. Therefore, the temperature depen-
dencies in the IGBT chip should be considered in the simulation.
The self-heating model, thermal insulation boundary, and the
impact ionization model are added as well.

The physical parameters for the IGBT chip in the simulation
have been adjusted to match its static and dynamic characteris-
tics. Meanwhile, the IGBT chip is set as the thermal insulation,
and the initial temperature is set as 150 °C (423 K). In the simu-
lation, the load current Ic is 150 A, the dc-link voltage is 2.5 kV,
and the gate resistance Rg is 5 Ω, respectively. According to the
simulation results, the current, electric field, and temperature
distributions internal the IGBT chip are analyzed. Based on the
2-D simulation, the different trigger conditions of two turn-OFF

failures are compared in detail, which are consistent with the
SEM results in Section IV.

III. FAILURE MECHANISMS UNDER CIL IN IGBT CHIP

In this section, the dynamic latch-up failure and secondary
breakdown failure are compared by experiment for the first time.
In 2007, Castellazzi et al. [17] at ETH proposed the IGBT model
to investigate the dynamic latch-up failure in the IGBT devices.
Whereas, the relevant experiment research, especially for single
IGBT chip, is lacking. Up to now, the experiment research on the
dynamic latch-up failure, as well as the comparisons between
these two failures, have not been reported yet.
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Fig. 4. Typical experiment waveforms of IGBT’s dynamic latch-up failure
(Vce = 2.5 kV, Ic = 150 A, Rg = 5 Ω, and Tj = 150 °C).

A. Dynamic Latch-Up Failure

Based on the platform, the typical experiment waveforms of
IGBT’s dynamic latch-up failure are shown in Fig. 4.

In Fig. 4, the dc-link voltage is 2.5 kV, the load current is 150
A, the gate resistance is 5 Ω, and the chip temperature Tj is set as
150 °C. It is shown that the highest collector voltage Vce reaches
2169 V at t3, which is less than the dc-link voltage. Therefore, the
collector current increases over 220 A rather than falling. After
t3, the oscillations in collector voltage, load current and gate
voltage are observed, which indicates the failure occurs. In light
of the parasitic n–p–n BJT, the dynamic latch-up failure in IGBT
chip occurs when the voltage drop across the base resistance Rb

is over the activation voltage Vbi. The activation voltage Vbi can
be expressed as

Vbi = Rb(IP + IDIS) (1)

where IP is the hole current component, and IDIS is the corre-
sponding displacement current component.

Besides, the base resistance Rb can be written as

Rb =
1

qμPNA

LP

Z
(2)

where q is the elementary charge, μP is the hole carrier mobility,
NA is the acceptor concentration in the P well region, LP and Z
are the lateral current flow path and cross section, respectively.
The hole current component IP is related to the load current Ic,
and the displacement current component IDIS is proportional
to the voltage slope dVce/dt. Compared with the waveforms
in Fig. 2, the dynamic latch-up failure in IGBT chip is more
likely to happen at the initial stage of the turn-OFF period,
before the collector current starts to fall. Furthermore, the failure
waveforms in Fig. 4 are consistent with the simulation results in
[17], which confirms that the IGBT failure in Fig. 4 belongs to
the dynamic latch-up failure.

It should be noted that Cortes et al.[21], [22] reported the
dynamic latch-up failure in the IGBT devices, which occurred
when the collector current was falling. It is because that the hole
current component IP in (1) can be generated by the avalanche

Fig. 5. Photography of the dynamic latch-up IGBT chip’s active region.

multiplication as well. This special phenomenon is led by the
high electric field strength, which is located at junction between
the active region and the terminal region.

For most typical dynamic latch-up failure, its waveforms are
similar to the ones shown in Fig. 4, which is the focus in this
article as well. Due to the dynamic latch-up failure takes place at
the position which is close to the chip’s surface, it is inferred that
the melted area in the IGBT chip is relatively shallow. Besides,
the photography of the IGBT chip after the dynamic latch-up
failure is displayed in Fig. 5.

According to the top view of the IGBT chip, it can be seen
that the evident melted area on the surface of the IGBT chip.
While, the melted area is a through-hole in the cross section
view. Therefore, it is no longer effective to distinguish the
failure causes by the melted areas depths, and more detailed
signatures should be investigated to obtain the typical features
of the dynamic latch-up failure in IGBT chip.

B. Secondary Breakdown Failure

Correspondingly, the typical experiment waveforms of
IGBT’s secondary breakdown failure are displayed in Fig. 6.

As displayed in Fig. 6, the collector voltage Vce rises to its
maximum at t4, and the load current drops to its minimum at
the same time. After that, the current increases to 432.5 A rather
than reducing to zero, and the voltage can no longer be sustained.
Meanwhile, the oscillation in the gate voltage waveform can be
observed, which indicates the IGBT’s turn-OFF failure.

At IGBT’s turn-OFF period, the collector voltage Vce is sus-
tained by the P well/ N−drift junction, and the electric field
peak is close to this PN junction as well. According to the
semiconductor physics, the electric field can be written as

div E =
q

εSi
(ND −NA + p− n) (3)
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Fig. 6. Typical experiment waveforms of IGBT’s secondary breakdown failure
(Vce = 2.5 kV, Ic = 170 A, Rg = 5 Ω, and Tj = 150 °C).

where E is the electric field, εSi is the dielectric constant of
silicon, ND is the donor concentration, p is the hole carrier
concentration, and n is electron carrier concentration.

At the turn-OFF period, the carriers present into the P
well/N−drift junction are the holes. Therefore, (3) can be sim-
plified as

div E =
q

εSi

(
ND +

JP
qvsat

)
(4)

where JP is the hole current density, vsat is the hole saturation
velocity. Moreover, since the carriers in the depletion region are
hole carriers, the hole current density JP is equal to the load
current density JC, that is

div E =
q

εSi

(
ND +

JC
qvsat

)
. (5)

Then, the breakdown voltage BVRBSOA in the depletion re-
gion can be expressed as

BVRBSOA =
5.34× 1013

(ND + JC

qvsat
)
3/4

. (6)

The breakdown voltage BVRBSOA is related to the impact
ionization. According to (4) and (6), it is indicated that the
hole carriers generated by impact ionization will strength the
electric field peak, and further lower the breakdown voltage.
The generation G by impact ionization can be simplified as

G =
1

q
(αn |Jn|+ αp |Jp|) (7)

where αn and αp are the electron and hole ionizations, Jn and
Jp are the electron and hole current density, respectively. The
carrier ionizations can be expressed as

αn, αp = A exp[−(b/E)] (8)

where the constant values in silicon semiconductors are given as
A = 3.80 × l06 cm−2, b = 1.75 × l06 V/cm for electron carriers,
and A = 2.25 × l07 cm−2, b = 3.26 × l06 V/cm for hole carriers.

Fig. 7. Photography of the secondary breakdown IGBT chip’s active region.

According to (5) and (6), the electric filed peak internal the
IGBT chip is related to the load current. Therefore, when the
dc-link voltage increases under the CIL, the current limit will
decrease for the secondary breakdown failure. It is shown in
(7) and (8) that the generation component G is increasing with
the current density and the electric field. Then, the generation
carriers will further enhance the electric field peak. Therefore,
the positive feedback between the carrier concentration and
electric field leads the secondary breakdown failure during the
turn-OFF period. The photography of the secondary breakdown
IGBT chip is shown in Fig. 7.

It was reported in 2011 that the depth of the melted area in the
secondary breakdown was 50 μm [19]. However, in this article,
the experiment results show there is a through-hole in the cross
section view, which is similar as the one in Fig. 5.

In short, it is shown that the cross section of the failure IGBT
chips are similar, which might not distinguish the failure causes
effectively. Whereas, according to the failure waveforms, it is
indicated that the typical dynamic latch-up failure happens at the
initial stage of the turn-OFF period. At that time, the collector
voltage does not reach the dc-link voltage due to the activation
of the parasitic n–p–n BJT. As for the secondary breakdown
failure, it is demonstrated in Fig. 6 that the collector current first
reduces, and then increases after the failure occurs. Furthermore,
although the through-hole cannot provide more information
about the failure causes, more detailed features for the failure
IGBT chips can be further investigated by SEM analysis.

IV. FAILURE SIGNATURES OBSERVED BY SEM ANALYSIS

Since the cross section views in both failure chips are similar,
more signatures should be investigated. For example, typical
SEM results for the failure chip cells are shown in Fig. 8.
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Fig. 8. SEM results for the IGBT chip. (a) IGBT cell. (b) Failure structures.

The relatively complete IGBT cell is displayed in Fig. 8(a).
The gate oxide structures and the doping concentration profiles
are shown in Fig. 8(a). According to the principle of SEM, the
darker region in SEM results represents the higher doping con-
centration. Therefore, the darkest region in Fig. 8(a) corresponds
the N+ region in Fig. 3. It is shown that there is a through-hole
in the failure IGBT chip, which is on the left of the Fig. 8(b).
Besides, although the surrounding cells failed, their structures
remain relatively complete. Moreover, the damage degree of
these parallel cells decreases with the increasing distance from
the melted area.

Due to the electrothermal effect during the turn-OFF period, it
is difficult to analyze failure procession internal the IGBT chip.
Whereas, more information can be obtained by the failures’
SEM results. Meanwhile, the simulation at turn-OFF period
can provide the auxiliary explain to the observation results.
After comparing nearly 100 failure cell structures, the failure
signatures, including their differences and similarities, are in-
vestigated in detail in Section IV.

A. Dynamic Latch-Up Failure

After comparing the failure cells in five chips, ten typical
failure features after dynamic latch-up failure are summarized
from nearly one hundred cells, which are shown in Fig. 9.

According to the SEM results, for the IGBT cell which is
closer to the melted area, there are more heats and higher
carrier concentration during the turn-OFF period. Meanwhile, it
is well-known that there are complex relationships between the
electric field and heats in the failure processing, which is difficult
to simulate. In light of the different carrier concentrations and
thermal conditions, the distributions of the electric field are
different as well. Thus, these failure features cannot represent
the development processions in the dynamic latch-up failures.

From Fig. 9(a)–(e), it is demonstrated the P well region
structures are relatively intact, and their features are closer
to the cells that is successfully turned OFF. For example, in
Fig. 9(a), there is a local bright area at the boundary of the P
well region, which indicates the original doping concentration
has been changed. Moreover, with the increasing of the heats
and carrier concentrations, there are two gaps at the boundary of
the P well region, which is under the gate electrode in Fig. 9(b).
The similar results are highlighted in Fig. 9(c) as well, and other
P well structures remain relatively complete.

Moreover, the conditions that dynamic latch-up failure occurs
are researched by simulation. At the initial stage of the turn-
OFF period, the internal current, electric field, and temperature
distributions in the IGBT chip are analyzed in simulation, to
investigate the trigger conditions before the dynamic latch-up
failure. The simulation results are displayed in Fig. 10.

During the turn-OFF period, the heat, generated by electric
field and current flow internal the IGBT chip, cannot be trans-
ferred the cool medium, so the thermal insulation boundaries
are set in the simulation. As shown in Fig. 10(a), the internal
temperature distribution is relatively uniform, which is close
to 150 °C (423 K). The area that local temperature increases
is under the gate electrode, which is at the boundary of the P
well region as well. Besides, the highest temperature is about to
164 °C (437 K). Meanwhile, the trigger conditions of dynamic
latch-up failure are simulated in Fig. 10(b). According to the
electric field simulation results, the electric field strength is
high at the boundary of the P well region. At the initial stage
of the turn-OFF period, the highest electric field strength is
about 8 × 104 V/cm. Considering the plenty of electron carriers
near the emitter electrode, the inversion layer and the electron
channel under the gate electrode has not disappeared at this time.
Furthermore, it is shown the current density, the electric field
strength, and the temperature are extremely high around the P
well region. Besides, these current flow paths are mainly lateral.
Hence, due to large current flows, the dynamic latch-up failure
occurs during the turn-OFF period. Eventually, with the activation
of the parasitic n–p–n BJT, large amounts of current and heats
lead the IGBT’s turn-OFF failure.

According to the results in Fig. 10, the gaps’ locations in
Fig. 9(b) and (c) are consistent with where the current accu-
mulates internal the IGBT chip. It is shown in Fig. 10 that the
high current density, high temperature and the high electric field
strength are the main reasons to cause the gaps at the boundary
of the P well region. When the failure occurs, the current density
and temperature increase rapidly. Then, the current density and
the local hotspot leads the gaps at the boundary of the P well
region. Even, for the cells fail more severely, it is shown that
there are lateral current paths in Fig. 9(f), (g), and (j).

In Fig. 9(a) and (b), it is demonstrated that there is a local
bright area at the boundary of the P well region. Based on the
simulation results in Fig. 10(b), the bright area in the failure cell
corresponds to the position with high electric field strength in
simulation. It is indicated that the original doping concentration
is changed by the high temperature and high electric field
strength after the failure, which further leads the bright area
in the failure cell. Moreover, it is shown that the boundary of P
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Fig. 9. Failure features after the dynamic latch-up failure.

Fig. 10. Current, electric field, and temperature distributions in IGBT chip
before dynamic latch-up failure (Vce = 2.5 kV, Ic = 150 A, Rg = 5 Ω, and
Tj = 150 °C). (a) Current and temperature. (b) Current and electric field.

well /N−drift junction becomes indistinct, which are shown in
Fig. 9(d) and (e). Taking Fig. 9(d) as an example, no gaps under
the gate electrode can be observed. When it comes to Fig. 9(e),
both P well region gap and the indistinct boundary are evident.
Then, the heats melted the metal material on the chip’s surface,
which means the failure further develops.

Fig. 11. Detailed signatures of the dynamic latch-up failure in IGBT chip.

As for the SEM results from Fig. 9(f)–(j), it is shown that the
P well structures are destroyed, forming the mixture region with
the electrode metal at high temperature. According to the results
in Fig. 9, the mixture region internal the failure chip starts at the
emitter electrode. After developing laterally and vertically, the
mixture region even reaches the N−drift region. In Fig. 8(b), it
is indicated that the size of the mixture area decreases with the
distance from the center of the through-out hole. Furthermore,
the detailed signatures of the dynamic latch-up failure in IGBT
chip are shown in Fig. 11.

The maximum depth of the mixture region can reach 27.6 μm
in Fig. 11(a), and the maximum width reaches 42.7 μm in
Fig. 11(b). The width of the P well region is 21.1 μm, which is
half of the maximum width in Fig. 11(b). Moreover, the depth
of the P well region is about 4.6 μm, which is one-sixth as deep
as the mixture region one in Fig. 11(b). Except for the size of
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Fig. 12. Failure features after the secondary breakdown failure.

the P well region, other two signatures in the dynamic latch-up
IGBT chip can be observed. One is the current filament path. It
is shown in Fig. 9(f), (g) and (j) that there are current filament
paths nearby the gate electrode. So many lateral current paths
indicate that the inversion layer and the electron channel exist,
which are consistent with the simulation results in Fig. 10(a).
The other one is the gate structure in the cell. Due to the local
concentration of the heat and current density, the damage to the
gate structure is severe, which is shown in Fig. 9(h) and (i).
Based on the SEM results, the gate oxide and metal materials
are badly damaged in dynamic latch-up failure.

B. Secondary Breakdown Failure

When it comes to the secondary breakdown failure, 5 failure
chips with nearly 100 cells are compared. The different failure
cells are summarized and classified as well, which are displayed
in Fig. 12.

In Fig. 12, there are ten different typical cell structures. From
Fig. 12(a)–(e), the P well region gap and the indistinct boundary
are observed as well, where the P well structures are relatively
intact. Especially in Fig. 12(c) and (d), the P well region gaps
are obvious, which are similar to SEM results in the dynamic
latch-up failure.

To further compare the differences between the dynamic
latch-up failure and the secondary breakdown failure, the trigger
conditions that secondary breakdown occurs are analyzed by
simulation, which are shown in Fig. 13.

Compared Fig. 13(a) with Fig. 10(a), it is found that the
current density under the gate electrode is much lower. Besides,
the temperature in the IGBT chip increases with the decrease of
the collector current, and the highest temperature appears at the P
well/N−drift junction. At the initial stage of the turn-OFF period,
the highest temperature is 164 °C (437 K), then it reaches 182 °C
(455 K) in Fig. 13(a). The electric field strength is increasing at
the same time, and the highest electric field strength reaches
3 × 105 V/cm. Hence, the impact ionization and the avalanche

Fig. 13. Current, electric field, and temperature distributions in IGBT chip
before secondary breakdown failure (Vce = 2.5 kV, Ic = 150 A, Rg = 5 Ω, and
Tj = 150 °C). (a) Current and temperature. (b) Current and electric field.

multiplication are enhanced at the P well/ N−drift junction,
which are led by the high electric field strength and the high
temperature. In the secondary breakdown failure, although the
current density internal the IGBT chip decreases with the chip
turned OFF, the heats continue to accumulate and finally causes
the P well/ N−drift junction breakdown.
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Fig. 14. Detailed signatures of the secondary breakdown IGBT chip.

In the secondary breakdown failure, the gaps at the boundary
of the P well region are similar to the ones in the dynamic latch-
up failure. Whereas, the lateral current paths in the failure cells
are not observed. It is indicated that the lateral current density
decreases with the collector voltage increases. Thus, the lateral
current density and the high temperature causes the gaps during
the failure process, while their energies are not enough to form
the lateral current paths in the failure cells. As for the bright
area in Fig. 12(a) and (b), it is displayed in Fig. 13(b) that the
electric field strength at the corresponding area is extremely
high. Then, the original doping concentration will be changed
with the temperature increases in the failure process.

Furthermore, from the Fig. 12(f)–(j), more different failure
cell structures in parallel cells are demonstrated. It is shown in
Fig. 12(f)–(h) that there is a clear current path, which forms
under the P well/ N−drift junction. The current path locates
exactly as the results simulated in Fig. 13(a), where there are
amounts of current and heats. Hence, these vertical current paths
can be regarded as the signature of the secondary breakdown
failure. Compared with the P well region in the dynamic latch-up
failure, there are many P well structures with smaller size of the
mixture region. Taking Fig. 12(f) and (j) as the examples, the
size of the mixture region is close to the P well region. Besides,
the sizes of different mixture regions are recorded and compared
in Fig. 14.

In Fig. 14(a), it is shown that the maximum depth of the
mixture region is 22.4 μm, and the maximum width reaches
41.6 μm. The maximum depth in secondary breakdown failure
is smaller than that in dynamic latch-up failure (27.6 μm).
Meanwhile, the maximum width in Fig. 14(a) is close to the
one (42.7 μm) in Fig. 11(b). Thus, it is not always effective to
distinguish the failure causes by the maximum depth of the
mixture region. Whereas, there are many mixture regions in
the secondary breakdown failure, whose sizes are much smaller
than those in the dynamic latch-up failure. The depths of the
mixture region in Fig. 14(b) and (c) are 9.21 and 5.87 μm,
respectively. Correspondingly, their widths in Fig. 14(b) and
(c) are 28.7 and 18.3 μm, respectively. The size of the mixture

TABLE I
SUMMARY OF THE FAILURE SIGNATURES

◦: Observed ×: Not observed

region indicates that the secondary breakdown failure is less
damaging, compared with the dynamic latch-up failure. The
gate structures in Figs. 12 and 14 validate this conclusion as
well. In the secondary breakdown failure, the gate oxide and the
metal material are still unbroken. Even in Figs. 12(j) and 14(a),
it can be seen that the gate structures in the cell still remain
relatively intact. According to simulation in Figs. 10 and 13, in
light of the different overheated locations, the failure causes can
be effectively judged by the gate structure.

V. FAILURE DISCUSSIONS

The planar FS IGBT chips are tested in this article, whose
rated parameters are 3.3 kV/ 50 A. To carry out the SEM analysis
conveniently, the devices under test are packaged as PRESS pack
IGBT chips. The dynamic latch-up failure and the secondary
breakdown failure are systematically introduced in Section III.
Then, in Section IV, the SEM results of two failure IGBT chips
are displayed and compared in detailed. Different failure modes
will lead different features in the failure chip. Therefore, these
signatures can be used to distinguish to failure causes. Although
it is hard to investigate the failure process internal the IGBT
chip, the semiconductor numerical simulation can provide the
auxiliary explain to the SEM results. Moreover, in this section,
the summary of these failure signatures is given in Table I.

As discussed above, the moment that the dynamic latch-up
failure occurs is at the initial stage of the turn-OFF period, when
the inversion layer and the electron channel still exist. Therefore,
in Fig. 10(a), there are heats and current crowding under the gate
electrode, which make the parasitic n–p–n activate. After that,
the dynamic latch-up occurs and finally leads to the IGBT chip
failure. For the secondary breakdown failure, it is shown that the
overheated area in the IGBT cell is close to the P well/ N−drift
junction. Although the current density isn’t as high as the one at
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the beginning of the IGBT turned OFF, the increasing of the tem-
perature enhances the avalanche multiplication. With more gen-
erated carriers and higher electric field peak, the breakdown hap-
pens and the junction can no longer sustain the collector voltage.

As given in Table I, the local bright area, the P well region gap
and the indistinct boundary can be observed in both dynamic
latch-up failure and secondary breakdown failure. However,
with the increase of the electric field and thermal stress, the
two different failure chips have different features in the current
filament path, the gate structure, and the mixture region. The
lateral current paths are observed in Fig. 9(f), (g), and (j), where
their positions are under the gate electrode. According to the
simulation results in Fig. 10, such high current density activates
the parasitic n–p–n BJT. The currents direction and their posi-
tions are consistent with the SEM results in Fig. 9. As for the
secondary breakdown failure, there are vertical current paths in
Fig. 12(f) to (h). Based on the simulations results, these vertical
current paths are caused by the avalanche multiplication at the P
well/ N−drift junction. The simulation in Section IV verifies the
SEM results, which shows the current filament path can be re-
garded as the marked signatures to distinguish to failure causes.

Except for the current filament path, the gate structure and
the mixture region in the failure cell can also be the auxiliary
signatures. It is shown that the gate structures in the secondary
breakdown failure chip remain unbroken. Taking Fig. 12(j)
as an example, the gate oxide and the metal material in the
IGBT cell are intact after the secondary breakdown failure.
Compared with the dynamic latch-up failure like Fig. 11(b), the
gate structures are damaged by the heats and the current. Even,
the gate structures are completely destroyed in Fig. 9(i) after
the dynamic latch-up failure.

Since there is a through-hole in the failure IGBT chip, the
depth of the melted area is no longer effective to distinguish
the failure causes. During the failure progressing, the metal
at the emitter electrode is first melted and further forms the
mixture region at high temperature, which is shown in Fig. 9(e).
In general, the mixture regions are bigger than the P well region
in the dynamic latch-up failure, whereas the mixture regions
in the secondary breakdown are similar in size to the P well
region. Besides, the maximum depth of the mixture region in
the dynamic latch-up failure is close to the one in the secondary
breakdown failure. The maximum widths of the mixture region
in the two failures are similar as well.

Based on the interactions among the current, electric field,
and the temperature during the failure process, the distinguished
method is proposed in this article. Considering the packaging has
limited influence on the temperature and electric field internal
the chip, this method can be applicable to the IGBT devices with
different packaging. For the chips with different doping profiles
and structures, the SEM results to the failure cells signatures
can contribute to the failure analysis. Hence, the analysis and
proposed method have the referential significance for IGBT turn-
OFF failure under CIL.

VI. CONCLUSION

The features of the dynamic latch-up failure and the secondary
breakdown failure are systematically compared by experiment

and simulation in this article. Then, according to the SEM scan-
ning, the marked signatures, for the turn-OFF failure under CIL
are put forward to distinguish to failure causes. The following
conclusions can be summarized.

1) The features of the dynamic latch-up failure and the sec-
ondary breakdown failure are compared by experiment
and simulation for the first time. It is shown that the typical
dynamic latch-up failure occurs at the initial stage of
the turn-OFF period, and the secondary breakdown failure
happens after the collector current starts to fall. High
current density and local high temperature under the gate
electrode activates the n–p–n BJT in the dynamic latch-
up failure. As for the secondary breakdown failure, the
highest temperature reaches 182 °C at the P well/N−drift
junction, which further leads the avalanche multiplication
and junction breakdown.

2) The failure cells characteristics for two turn-OFF failures
are firstly compared by SEM observation. The SEM obser-
vation focuses on the parallel cells structures surrounding
the melted area. The results show that the current filament
path, the gate structure, and the mixture region can be
regarded as the marked signatures of the failure causes.
This proposed method contributes to the deeper failure
analysis in the IGBT devices.

3) The distinguished method to the failure cause for the
IGBT chip under CIL is put forward. For the waveforms
characteristics, the secondary breakdown failure happens
when collector voltage reaches dc-link voltage, and the
load current has fallen at that time. For the SEM results,
the lateral current path and the vertical current path are
obvious in the dynamic latch-up failure and the secondary
breakdown failure, respectively. Moreover, the gate struc-
ture and the size of the mixture region can be the auxiliary
signatures as well.
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