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Abstract: Power electronic devices are the core components of modern power converters, not only
for normal applications, but also for extreme conditions. Current design of power electronic devices
require large redundancies for reliability. This results in huge volume and weight for a large-capacity
power converter, especially for some extreme applications. Therefore, to optimize the power density,
the reliability of power devices needs to be investigated first in order to obtain the accurate operational
margin of a power device. Although much research on device failure analysis has been reported, there
still lacks efficient failure evaluation methods. This paper first summarizes the current failure research.
Then, a three-step failure analysis method of power electronic devices is proposed as: failure
information collection, failure identification and mechanism, and failure evaluation. The physics-based
modeling method is emphasized since it has a strong relationship with the device fundamentals. After
that, power electronic device applications under extreme conditions are introduced and a design method
of device under extreme conditions is proposed based on the thermal equilibrium idea. Finally, the
challenges and prospects to improve the power device reliability under extreme conditions are

concluded.
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1 Introduction

Power electronic devices are the core components
of modern power converters, not only for normal
applications such as energy saving, electrical traction,
intelligent grid etc, but also for extreme applications
such as high-voltage short-circuit breaking, three deeps
(deep space, deep sea, deep earth), three poles, etc.
Current applications of power electronic devices

require large redundancies for device reliability issues.

However, this brings huge weight and volume to the
power converters, and difficulties to the device control
strategy because of the large amount of serial/parallel
connected devices. To optimize the device power
density, the safety margin of power devices needs to be
clarified accurately, especially for extreme applications.
Therefore, failure analysis of power electronic devices
becomes the fundamental aspect of extreme applica-
tions because it explains why the device fails and
more importantly, it helps define the safety margin of
the device operation.

In the past few years, many research papers on
power device failures have been published”®**!. From
the perspective of analyzing methods, previous
research can be classified into three categories
as shown in Fig.l: 1) qualitative analysis;
2) experimental analysis; 3) model-based evaluation.
The first one gives rough allocations of the device
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failures since it lacks enough quantitative analysis and
is mainly based on after-failure observations. For
example, the reconstruction of the aluminum
metallization in IGBT multichip modules has been
first reported in [5, 6], adhesion failures of AIN
ceramic substrates due to the peeling of the copper
metallization have been reported in [7], thermal
mechanisms on IGBT modules are reported in [8-11],
and failure modes and mechanisms at different stages
of short-circuit have been analyzed in [12-15]. The
second category gives preliminary failure verification
because it uses large sample of experiments to make
failures reoccur and therefore obtains the variation
rules of terminal parameters of power devices. For
example, the bonding wires on device lifetime have
been investigated with simulation and experimental
results in [16-18], temperature influence on IGBT
failure has been analyzed through simulation and
experiments in [19-21], and failure precursor parameter
varying rules of IGBTs have been identified through
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experiments in [22-24]. The third category includes
quantitative analysis and model-based failure prediction,
therefore achieving the most accurate allocation and
evaluation of device failures and is currently the most
popular research field of device failure. For example,
mathematical statistics lifetime prediction methods
based on Coffin-Manson or Arrhenius model have
been published in [25-28], device model-based lifetime
prediction method have been published in [29-34],
mission profile based model has been investigated
in [35-36], and condition monitoring methods based on
terminal parameters have also been published in [37-39].
However, model-based evaluation is of course the
most difficult of the three categories because it requires
the knowledge of not only the device physics, the
failure mechanisms, but also the mathematical statistics.
Therefore, there are still limited efficient ways to achieve
accurate evaluations of device failures, especially when
power devices are operating under extreme conditions
which have stringent requirements for weight and volume
and demand a more critical approach to failure analysis.

The purpose of this paper is to give a general
view of current failure analysis of power electronic
devices based on the proposed research and to present
a design method for power devices under extreme
conditions. The rest is organized as follows: Section 2
introduces the proposed failure analysis method, inclu-
ding failure information collection, failure identification
and mechanism, and failure evaluation. Several
proposed techniques are illustrated in detail as proof
of the proposed failure analysis method. Then, section 3
introduces the extreme applications of power electronic
devices based on the failure analysis and a design
method under extreme conditions is proposed. Finally,
section 4 concludes this paper with future research
challenges and prospects.
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2 Failure analysis

From the perspective of research focus, current
device failure analysis can be classified into three
groups based on the typical device lifetime tube curve
as shown in Fig.2: early failure, random failure and
wear-out failure.

Early failure analysis includes device defects
generating mechanism, defects detection technique
and device process''®'"*® Current research focuses
on the solder voids and process controlt**.

Random failure analysis mainly includes device
random failure mechanism and device reliable applica-
tion techniques. It is widely investigated by resear-
chers from electrical-, thermo- and mechanical induced
aspects!!>!% 1820 83471 1y addition, efficient device
serial/parallel control strategies and improved protection
methods have been published recently!**>%

Wear-out failure includes device fatigue and
aging” ', Lifetime prediction 22331333 i5 always
a research focus in this group and currently the condition
monitoring techniques has become another popular
research focus!?*2% 323437391,

Although much research on device failures has
been carried out, failures still occur frequently. One of
the most important reasons is lack of effective
characterizations of device dynamics and accurate
descriptions of device operation under extreme condi-
tions. This has brought out three critical techniques:
Failure mechanisms, multi-fields coupling model of
devices, and evaluation model of device reliability.
Therefore, this paper proposed a systematic failure
analysis method of power devices as three steps: failure
information collection, failure identification and
mechanism, and failure evaluation, as shown in Fig.3.
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2.1 Failure information collection

This is the precondition of the proposed device
failure analysis method. It determines which failure
mode the failure belongs to. The required information
mainly includes the states of physical surfaces of
power devices and the operational conditions before
the device fails. The former can be achieved by
different kinds of testing instruments such as X-ray,
SEM, SAM, etc. The latter is difficult because it needs
real-time monitoring and recording of the device
terminal parameters during operation, especially right
when the failure happens.

However, in large-capacity power converters
which consist of lots of devices, it may require lots of
monitoring resources and thus bring another challenge
to the topology design. Therefore, monitoring the
most critical devices may be a practical solution.

2.2 Failure identification and mechanism

This is the basis of the proposed failure analysis
method. It focuses on the failure mechanisms of power

devices. As mentioned previously, failure mechanisms
can be classified into two categories: the device inner
factors and outer factors as shown in Fig.4. Inner factors
are related with the device process and materials. Outer
factors are related with the operational conditions. For
extreme conditions, physical limitation of device
material such as melting point needs to be specifically
investigated.

2.2.1 Inner factors

Inner factors of device failures include early and
wear-out failures. Defects are mainly caused by the
fabrication process and packaging process. Fatigue
and aging is mainly caused by device material character-
ristics under certain stresses. Therefore, they are
inherent factors after the device is fabricated.

According to current publications about device
defects, a systematic defects categorization and detec-
tion method is concluded in Fig.5.
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It is classified into observable defects and potential
ones which need certain stress conditions to make
them occur. In each category, they are divided into
chip-related and package-related. Special testing
instruments are required to assist the device defects
analysis. “V” means the defects need certain stresses
to occur.

The fatigue and aging mechanisms of power
devices can be divided into chip-related and package-
related failures according to the failure sources. The £(500us/div)
former mainly comes from the interface fatigue based (a) Avalanche breakdown after three cycles
on the physical structure of the device and the Si
fatigue as shown in Fig.6; the latter mainly comes
from the solder fatigue and the bonding wire fatigue
as shown in Fig.7.
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2.2.2 Outer factors

Outer factors of power device failures need
acquisition of both after-failure physical states and
pre-failure operation conditions of devices. The root
reason for these failures could be electrical-, thermo- (b) Infrared photo of device electrical breakdown
and mechanical induced ones: Fig.8 Device electrical breakdown

2.2.3 Electrical breakdown

This is mainly caused by the avalanche breakdown
either at one high energy avalanche or after accumulated
energy during several breakdowns as shown in Fig.8.
2.2.4 Thermal breakdown

This is mainly caused by large energy by large

current, and finally goes to local or partial burnouts as
shown in Fig.9.

Fig.9 Thermal breakdown under high energy
2.2.5 Mechanical-related failure

This is an important factor especially for press pack
modules because it induces unequal thermal resistance
distribution to the module package, leading to high local
temperature and finally causing device burnout if
operation current is large. As shown in Fig.10, the
surface flatness of a GCT after power cycles with
unequal mounting forces may become severe compared

(a) New device surface flatness : Az <I5pm

(b) Used device surface flatness: Az >1mm

[17]

Fig.7 Bonding wire lift-off and solder fracture (c) Local burnout under unequal mounting force
after fatigue Fig.10 Failure of a GCT under unequal mounting forces
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with the new one, therefore generating unequal thermal
resistance and finally leading to device local burnout.

According to the above descriptions, failure
mechanism analysis of power electronic devices
is therefore a very complicated process requiring
consideration of various factors.

2.3 Failure evaluation

This is the ultimate goal of the proposed failure
analysis method. Failure evaluation achieves the
quantitative characterization of a failure. It requires
the acquisition of both failure mechanisms and device
models. Fig.11 shows the proposed method of device
health monitoring. The main procedures are to first set
the initial states of devices, then monitor the states of
devices after some power cycles and finally compare
with the failure evaluation model simulation results to
see whether the device is still in its healthy status.
Therefore, device failure evaluation model is the most
critical part in failure evaluation procedure.

Changs new modu'e New device module

Unqualified
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Initial
value recording of
parameters

Parameter change
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Meet criterion ?

Health
monitoring simulation
model

Health status monitoring

Health evaluation

Fig.11 The proposed failure evaluation process

Currently, there are two types of failure evaluation
models: 1) mathematical statistical model; 2) physics-
based model.

2.3.1 Mathematical statistical model

The mathematical statistical model has been studied
for a long time such as Coffin Manson model in 1953,
LESIT model in 1997, CIPS model in 2008 and etc.

Several improved lifetime prediction models
have been published recently. One improved lifetime
prediction model is presented with high accuracy as
shown in Eq. (1) and Fig.12%*!,

N M
273+T. i 0
N, = AAT)* | —L=5 | | 24| exp—=— (I
In addition, other kinds of methods have been
published recently based on the new ideas such as neural
network based model, weighted network model and etc.

2.3.2 Physics-based failure evaluation model

The physics-based failure evaluation model has
been studied recently, for example, the mission profile
based model in [35-36]. It shows a new branch of
failure evaluation methods and seems more attractive
because it is based on the device physics and can
characterize a power device more accurately.

To obtain the physics-based failure evaluation
model, the device physics-based models need to be
constructed. However, power devices always work
under a highly coupled multi-fields condition as
shown in Fig.13. A full model including influences of
all coupled fields is still too complicated to be
effectively constructed until now. Therefore, analysis
under separate fields has been carried out by many
researchers recently.
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Fig.13 Multi-fields influences of a power device
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The Trench-FS model is derived as Eq. (2) and
shows good consistence with the measurements as
shown in Fig.14P". Correct voltage peak can be
simulated with the proposed improved physics model.

The reverse recovery model of PIN diodes at
freewheeling especially at short-time freewheeling is
built as Eq.(3), and verified as shown in Fig.15% It
shows good correlation of voltage peak between
simulation and measurements.

In addition, different thermal models of power
devices are proposed by many researchers and show
valuable instructions for junction temperature evaluation
as mentioned above. An improved thermal model is also
shown in [53] with more accurate thermal resistance.

Based on the device physical model and material
physics, condition monitoring methods through different
parameters can be obtained. For example, V.. based
health monitoring model as shown in Fig.16, V-
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based health monitoring model as shown in Fig.17 and
leakage current based health monitoring model as
shown in Fig.18 can be used to evaluate the device
health status through the degradation of device
parameters[54].

In addition, the influence of solder voids on
junction temperature is also modeled from the
perspective of void size, position, and ratio, as shown
in Fig.19 and Fig.20"**). This is also helpful for
condition monitoring of a power device from the
aspect of package.

3 Power electronic device applications
under extreme conditions

3.1 Extreme conditions

As mentioned in the beginning, single devices
need to be operated beyond its rated margin to
increase the power density under extreme conditions
such as high-voltage short-circuit breaker, three deeps
and other applications which demand a restraint on
instrument weight and volume. This brings more critical
requirements to the device reliability. Besides the
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failure analysis, power devices working under extreme
conditions are more condition-related and the safety
margin of device operation needs to be considered very
accurately.

3.2 Design method

Power device design under extreme applications
could follow the following process as shown in Fig.21.
First, multi-fields model of power devices is built.
Second, the control strategy needs to be specified
especially when there are serial/parallel connections of
many devices. Then, testing is carried out and the failure
analysis in section 2 is applied to adjust the model and
control strategies. After that, the characteristic varying
rules of power devices are investigated and the safety
margin of devices under extreme conditions is
obtained. Therefore, device modeling and failure
analysis are the two most important aspects in this
process.

For failure analysis in extreme conditions, thermal
equilibrium needs to be considered based on the above
failure analysis as shown in Fig.22"°*). There exists
the heat dissipation (power dissipation) curve and heat
generation (power generation) curve of a power
device under a certain condition. The relative position
of these two curves can then determine the safety
margin of the specific condition. If the two curves cross

Proposed design process of devices under extreme conditions

over, there exists point B which is the safety point
margin since the generated power is less than the
dissipated power below point B, if they are tangent at
C, then C is the critical margin point. In addition, the
limitation of device material characteristics such as
the melting point should also be considered under
extreme conditions.

However, this is not an easy way in practical
applications. First, the accurate heat generation curve
needs accurate device physics model as mentioned in
section 2.3.2; second, the accurate heat dissipation
curve requires an accurate model of heat sink; third, the
models are multi-fields coupled. Therefore, applications
of power electronic devices under extreme conditions
are very difficult and complicated.

4 Conclusion

In this paper, a general view of failure mechanism
research is introduced first. A proposed failure analysis
method of power electronic devices is then provided.
It consists of three steps: failure information collection,
failure identification and mechanism, and failure evalua-
tion. The first step is the precondition, the second step
is the basic and the final step is the most difficult
because of the complicated modeling. Failure evaluation
is therefore emphasized by describing the physical
modeling of power devices in details. Design method
of devices under extreme conditions was also proposed
based on thermal equilibrium. The analysis shows that
the failure of a power device is a complicated process
and needs to consider various coupled factors. Finally,
the challenges and prospects for failure analysis research
of power electronic and their applications under

extreme conditions are addressed.
4.1 Challenges

Effective characterization of device dynamics
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under multi-fields.
Accurate descriptions of device operation under
extreme conditions.

Prospects
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