
 
 

Delft University of Technology

An Outlook on Power Electronics Reliability and Reliability Monitoring

Martin, Henry A.; Smits, Edsger C.P.; Poelma, R. H.; van Driel, Willem D.; Zhang, G. Q.

DOI
10.1007/978-3-031-59361-1_10
Publication date
2024
Document Version
Final published version
Published in
Recent Advances in Microelectronics Reliability

Citation (APA)
Martin, H. A., Smits, E. C. P., Poelma, R. H., van Driel, W. D., & Zhang, G. Q. (2024). An Outlook on Power
Electronics Reliability and Reliability Monitoring. In Recent Advances in Microelectronics Reliability:
Contributions from the European ECSEL JU Project iRel40 (pp. 251-282). Springer.
https://doi.org/10.1007/978-3-031-59361-1_10
Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1007/978-3-031-59361-1_10
https://doi.org/10.1007/978-3-031-59361-1_10


Green Open Access added to TU Delft Institutional Repository 

'You share, we take care!' - Taverne project  
 

https://www.openaccess.nl/en/you-share-we-take-care 

Otherwise as indicated in the copyright section: the publisher 
is the copyright holder of this work and the author uses the 
Dutch legislation to make this work public. 

 
 



Chapter 10 
An Outlook on Power Electronics 
Reliability and Reliability Monitoring 

Henry A. Martin , Edsger C. P. Smits, R. H. Poelma , 
Willem D. van Driel , and G. Q. Zhang 

10.1 Introduction 

Reliability is an essential performance metric in power electronics for developing 
high-efficiency and high-power-density devices. In today’s rapidly evolving tech-
nological landscape, meeting reliability requirements presents several challenges. 
These include catering to field-critical applications, enduring harsh environmental 
conditions, adhering to rigorous testing and safety regulations, accommodating 
the need for higher power density, complex integration, uncertainties related to 
new materials, and resource constraints [1]. Besides, reliability qualification has 
undergone a transformative shift. The evolution of reliability qualification is distinct 
into four stages, as illustrated in Fig. 10.1 [2–5]. In the past, micro- and power 
electronic devices underwent various stress tests (temperature cycling, thermal 
shock, humidity testing, electrical overstress, and vibration testing), irrespective of 
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Fig. 10.1 The evolution of reliability summarized as wave 1 (past), wave 2 (present), wave 3 
(ongoing), and wave 4 (future). Each stage highlights the driving aspect of reliability research and 
its vital focus elements [Adapted from iREL4.0 newsletter (with permission)] 

their application. The component failure rates were further documented in empirical 
military handbooks MIL-HDBK-217, technical handbook SR-232 from Telcordia, 
technical report IEC 62380, and Siemens SN29500 standards. This approach was 
primarily reactive, focusing on identifying and resolving issues after they occurred. 
A proactive knowledge-driven approach later emerged, emphasizing reliability 
physics and understanding failure mechanisms. Esteemed bodies like JEDEC, IEEE, 
and ECPE have instituted predefined testing standards and guidelines for electronic 
components. These span across integrated circuits, discrete semiconductors, elec-
tronic modules, and passive components, categorized based on their designated 
applications. This proactive paradigm reflects preemptive issue mitigation rather 
than reactive troubleshooting. 

A noticeable trend has recently emerged, focusing attention on application-driven 
qualifications. This approach emphasizes mission-profile-based testing, active con-
dition monitoring, and an intricate grasp of two complementary approaches in 
reliability engineering: the physics of failure (PoF) and the physics of change 
(PoC). The PoF approach analyzes root-cause failure mechanisms, considering 
materials, defects, and stresses, while the PoC approach seeks to understand 
physical alterations resulting from failure. In the evolving landscape of reliability, 
traditional metrics like failure in time (FIT) and mean time to failure (MTTF) are 
being superseded by remaining useful life (RUL) prediction with a shift in focus 
from understanding failure mechanisms to degradation mechanisms and device 
robustness [6, 7]. Physics-informed computational techniques, including machine 
learning (ML) and artificial intelligence (AI), are expected to play a crucial role 
in early fault prediction and performance decline. Reliability modeling based 
on digital-twin and real-time online monitoring are anticipated to be pivotal for
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high-value applications. These coordinated approaches are essential in developing 
reliable power semiconductor devices, ensuring seamless operation, and promoting 
a sustainable environment. 

In order to support the evolving reliability qualification methods, several mea-
surement strategies have been devised to streamline the process of reliability 
monitoring. Monitoring reliability entails assessing the device condition contin-
uously throughout its lifetime. In this context, three fundamental conceptions of 
implementing condition monitoring are elucidated below [8, 9]: 

1. Measuring the device’s intrinsic parameters as an indication of the device 
performance degradation 

2. Add-on (or) embedded sensors to measure the device’s robustness against 
performance degradation 

3. Reliability modeling approach to compare the device’s performance against a 
computational model 

Reliability modeling at the component level, system level, and software relia-
bility has the highest percentage of research publications [10]. Therefore, reliability 
modeling is excluded from the scope of this chapter. Recent publications on lifetime 
modeling are presented in [11, 12]. The primary objective of this chapter is to 
present a comprehensive overview of various relevant measurement techniques, 
particularly thermal measurements, commonly used in industry and academia that 
can support reliability monitoring (both online and offline). An ideal strategy for 
device performance monitoring would avoid additional sensors to measure temper-
ature, humidity, and mechanical stresses. An increment in those stressors might 
not directly relate to the device’s electrical performance characteristics. Besides, 
additional sensors might introduce additional failure modes. Hence, measuring the 
device’s intrinsic electrical performance parameters is preferable. However, the 
limitation in understanding the relationship between various stressors and the device 
performance degradation requires embedded sensors for reliability monitoring. 

This chapter discusses the current state of power electronics reliability and 
several noteworthy reliability measurement methodologies. Section 10.2 explores 
the power electronics market and survey reports from literatures on power device 
failure rates. Section 10.3 focuses on selected chip-level and package-level degra-
dation mechanisms. Section 10.4 provides a detailed review of various reliability 
measurement methodologies. Section 10.5 summarizes the discussed methods, 
highlighting their advantages and disadvantages. The chapter concludes with an 
emphasis on the need for online reliability monitoring for a sustainable future. 

10.2 Power Electronics Market and Failure Statistics from 
Field Experiences 

Concerns about device efficiency and reliability surfaced due to the increasing 
demand for high power. The recent transition towards wide-bandgap (WBG)
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semiconductors further amplified reliability concerns. While silicon has tradition-
ally been the preferred material for semiconductors, its energy gap decreases 
from . ∼1.12eV at room temperature (. 25◦C) to around . ∼1eV at .300◦C, resulting 
in reduced power transistor efficiency at high operating temperatures [13, 14]. 
Consequently, semiconductor materials with bandgap energy exceeding 2eV at 
. 25◦C have gained significant interest, enabling the development of power tran-
sistors with higher breakdown voltage and higher operating temperature, thereby 
generating market demand. The increasing demand is reflected in the current 
market projections: As of 2021, the global power electronics industry was valued 
at around . ∼$17B, and it is expected to grow at a compound annual growth rate 
(CAGR) of 6.9% by 2026 [15]. This growth is primarily driven by three segments: 
(a) consumer electronics, (b) automotive electric vehicle (EV) systems, and (c) 
industrial applications. 

(a) Silicon metal oxide semiconductor field effect transistors (MOSFETs) have 
traditionally dominated consumer applications. However, in recent times, gal-
lium nitride (GaN) technology is replacing silicon in fast-charging consumer 
electronics. 

(b) The automotive inverter technology market has conventionally relied on inte-
grated gate bipolar transistor (IGBT) modules based on silicon. The adoption 
of SiC technology in automotive inverters has experienced significant growth 
since Tesla implemented silicon carbide (SiC) MOSFETs. In 2020, BYD 
semiconductors and LUCID Motors also adopted SiC MOSFETs in their 
automotive inverters [16]. 

(c) Silicon IGBT modules dominate high-power industrial applications, including 
photovoltaic (PV), wind energy, and battery energy storage systems (BESS). 
SiC IGBTs demonstrate higher efficiency than Si IGBTS for controllers used in 
aircraft ground power units (AGPUs) [17]. 

A survey conducted on the reliability of power converters across various 
applications revealed that power semiconductor devices are particularly susceptible 
to failures [18]. Figure 10.2 illustrates the failure rates of power semiconductor 
devices in four highly demanding industrial applications. In wind energy systems, 
a survey conducted over a span of 15 years on 1500 wind turbines indicated 
that approximately 23% of the reported malfunctions (34,582) were attributed to 
electrical system failures, with wind energy power converters exhibiting the highest 
failure rate distribution [19] (Fig. 10.2a). Similarly, in utility-scale-grid-connected 
photovoltaic (PV) systems, a survey revealed that 37% of unscheduled maintenance 
events between 2001 and 2006 accounted for 59% of the overall maintenance 
cost. Among these events (Fig. 10.2b), power inverters were responsible for the 
majority of repairs [20, 21]. In electric railway traction chain (ERTC) systems, 
power semiconductor devices play a vital role. A survey conducted from 2009 to 
2013 reported that the traction power converter contributed to 34% of the total 
failures in the traction drive systems [22] (Fig. 10.2c). Furthermore, as the aerospace 
industry moves towards electrified aircraft, the demand for high-power converters 
in hybrid electric propulsion systems is increasing. A survey on the failure rate of



10 An Outlook on Power Electronics Reliability and Reliability Monitoring 255

Fig. 10.2 The percentage failure rate of power devices against other components was compiled 
based on the survey reports in high-power demanding industrial applications. (a) In wind energy 
systems, power converters have the highest distribution of the failure rate [19]. (b) The power 
inverter malfunction in PV systems accounted for 37% unscheduled maintenance [20, 21]. (c) 
The traction power converter led to 34% of the total failures in electric train traction systems 
[22]. (d) The power converter failure rate in aircraft electric-drive systems was reported to be 
47% of the total system failure [23]. (a) Wind energy systems. (b) Photovoltaic (PV) systems. (c) 
Electric railway traction chain (ERTC) Systems. (c) Electric drive panel systems in aerospace [The 
graphical data shown are adapted from the literatures that are cited] 

electric-drive panel systems revealed that power converters accounted for 47% of 
the total system failures [23] (Fig. 10.2d). 

The survey findings reported in the literature provide compelling evidence 
that despite the extensive history of power electronics, its reliability remains a 
significant concern, particularly due to its impact on real-life applications resulting 
in increased downtime and costs. While power electronics play a crucial role in 
automotive applications, comprehensive statistical data on the failure rate of power 
devices in electric vehicles (EVs) is rarely available to the public. However, it is
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worth noting that power MOSFETs used for battery connect/disconnect switches in 
automobiles exhibit a failure rate of a few per million [24]. The failure statistics 
depicted in Fig. 10.2 have significant implications attributed to factors such as 
electrical overstress and environmental conditions like temperature and humidity. 
Consequently, it is imperative to explore and understand the key chip-related and 
package-related degradation mechanisms that contribute to these failures. 

10.3 Power Electronics Degradation Mechanisms 

Material degradation is an inevitable natural phenomenon that significantly affects 
power electronics’ device reliability, performance, and lifespan. Power devices 
experience degradation caused by multiple factors, including operating tempera-
ture, power input, switching stresses (electrical transients), humidity, mechanical 
stresses, and aging. Figure 10.3 illustrates a schematic of a typical power module 
and provides a classification of chip-related and package-related degradation, which 
will be discussed further in detail. 

10.3.1 Chip-Related Degradation Mechanisms 

Chip-related degradations primarily involve intrinsic mechanisms, where the 
device’s internal operation deteriorates, primarily as a result of electrical overstress 
and temperature. Among these mechanisms, two dominant wear-out mechanisms at 

Fig. 10.3 A schematic of a typical power module is shown with layer stacks of different materials 
enclosed in a plastic housing. Some dominant degradation mechanisms in power electronics 
are classified into chip-related and package-related. The time-dependent dielectric breakdown 
(TDDB), negative bias temperature instability (NBTI), and hot carrier injections are categorized as 
dielectric contamination. Though the mechanisms are differentiated as chip- and package-related, 
they overlap in reality



10 An Outlook on Power Electronics Reliability and Reliability Monitoring 257

the chip level are electromigration and dielectric contamination. Electromigration 
on the chip level refers to the movement of ions in the circuit interconnects, 
leading to their degradation over time. On the other hand, dielectric contamination 
involves the entrapment of ions in the dielectric material. Both of these mechanisms 
contribute to degraded performance and eventual failure of the chip. The impact 
of temperature on the electromigration process and gate-oxide contamination 
accelerates the rate of deterioration. Higher temperatures exacerbate these wear-out 
mechanisms, intensifying the degradation of the chip and shortening its overall 
lifespan. 

10.3.1.1 Electromigration 

Metal interconnects on semiconductors are susceptible to electromigration at high 
current densities (. 105 A/cm. 2) [25]. Electromigration is a material transport phe-
nomenon that occurs when electrons flowing through the conductors transfer their 
momentum. This leads to either the depletion or accumulation of material, resulting 
in open-circuit or short-circuit conditions, respectively [26, 27]. The process of 
ions electromigrating is thermally activated, which is shown in Black’s equation for 
electromigration (Eq. (10.1)). The .MTTFEM is inversely proportional to the current 
density j , the effective length .Leff over which the current density is applied, and an 
Arrhenius behavior of thermal activation. Here . Ea represents the activation energy 
for migration, T is the temperature in Kelvin, and k is the Boltzmann constant. 
The constant n in the equation is specific to the material and influences the overall 
behavior of the electromigration process [27–29]: 

.MTTFEM ∝ 1

jn × Leff

exp

⎛
Ea

kT

⎞
(10.1) 

The degradation caused by electromigration experiences exponential growth 
with increasing temperature. It is also possible for electromigration to occur at the 
package level, affecting components such as wire bonds and interconnects. Apart 
from temperature, the presence of intermetallic compounds significantly influences 
the rate of electromigration. Intermetallics such as copper-tin (Cu-Sn), silver-copper 
(Ag-Cu), nickel-tin (Ni-Sn), or gold-aluminum (Au-Al) at interface joints or wire 
bonds can accelerate the migration rate. 

10.3.1.2 Dielectric Contamination 

In metal oxide semiconductor (MOS) devices, the dielectric serves as an insu-
lating oxide layer between the gate and the conductive channel. Contamination 
of the dielectric, i.e., ions getting entrapped, can lead to transistor performance 
degradation. Applying a sufficiently high electric field across the dielectric layer 
can cause dielectric breakdown, which is a time-dependent (TDDB) failure. This
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failure occurs due to processes such as electron tunneling or ion entrapment in 
the oxide layer over time [27, 29–32]. The lifetime of the dielectric is heavily 
influenced by various factors, including the quality and thickness of the oxide layer, 
the applied electric field, and the operating temperature of the device. However, 
conflicting experimental observations have been reported, particularly for ultrathin 
dielectrics, leading to controversies in the equations that define TDDB [31–33]. 
Based on experiments conducted in reference [33], an empirical model for mean 
time to failure (MTTF) due to TDDB has been derived from [27, 29]. In Eq. (10.2), 
. tox represents the gate oxide thickness, .Aox denotes the oxide area over which a 
voltage V is applied, and T is the temperature in Kelvin. The parameters a, b, X, Y , 
and Z are fitting parameters used in the model. 

.MTTFTDDB ∝ 10tox × Aox

V (a−bT )
× exp

⎛
X + YT −1 + ZT

kT

⎞
(10.2) 

Contamination of the dielectric can also occur through other means. At extremely 
high operating temperatures (beyond the lattice temperature), some ionic charge 
carriers flowing through the conductive channel are entrapped (diffused) in the gate 
oxide layer. This phenomenon is referred to as ionic contamination or hot carrier 
injection [8, 30]. Like TDDB, another effect of dielectric contamination is the 
negative bias temperature instability (NBTI), a commonly observed phenomenon in 
PMOS devices. It arises due to the presence of gate-oxide interface traps (positive 
charges) that neutralize the negative gate voltages [30]. NBTI happens also in 
NMOS devices operated under negative bias. 

The chip-level degradation mechanisms mentioned above primarily result in 
reduced efficiency and electrical performance, which can be observed by a shift 
in the device threshold voltage and higher leakage currents. These mechanisms do 
not immediately impact transistor operation but instead cause cumulative damage 
over time. However, the degradation process can be accelerated under extremely 
harsh environmental conditions. For instance, the power semiconductor devices 
used in avionics and space applications have reported single-event burnout failure. 
This occurs due to the transfer of kinetic energy from charged particles in the 
Earth’s magnetic field and exposure to cosmic radiations like high-energy neutrons 
[8, 34, 35]. 

10.3.2 Package-Related Degradation Mechanisms 

Chip-related degradation mechanisms are primarily driven by intrinsic stresses, 
whereas electronic packages are susceptible to both intrinsic and extrinsic environ-
mental conditions. At the package level, dominant wear-out mechanisms include 
moisture ingress, corrosion, and thermomechanical fatigue. Similar to chip-related 
degradation, the operating temperature has a significant influence on the rate of 
deterioration in package-related mechanisms.
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10.3.2.1 Moisture Ingress 

Epoxy-based molding compound (EMC) is a commonly used encapsulant for 
electronic devices, providing protection against temperature, humidity, and dust. 
However, being hygroscopic, EMC is susceptible to oxidation when exposed to 
high temperatures and highly humid conditions. In [36], the moisture diffusion 
characteristics of an epoxy-based molding compound (90.6wt% silica filler and 
2.04 g/cm. 3 density) were analyzed using a dynamic sorption analyzer at temper-
atures . 20◦C to  . 85◦C with 0–85% relative humidity. Moisture ingress, in turn, 
leads to device degradation through electrochemical migration and corrosion. A 
review on moisture ingress in photovoltaic modules has reported that the moisture 
content in the thermoplastic polymer encapsulant led to corrosion on the metal 
grids [37]. The aging process of the epoxy compound due to moisture ingress 
is accelerated at higher temperatures due to increased moisture absorption and 
diffusion within the EMC material. An experimental study [38, 39] demonstrated 
that pristine EMC undergoes rapid oxidation within 24 hours when exposed to 
elevated temperatures. The oxidation significantly alters the mechanical properties 
of the molding compound, including changes in the elastic modulus, thermal 
expansion coefficient, and glass transition temperature. The mean time to failure 
(MTTF) due to moisture ingress follows an inverse relationship with relative 
humidity (RH) and exhibits an Arrhenius behavior characterized by an exponential 
decay (Eq. (10.3)). The constant n in the equation depends on the specific epoxy 
compound being used. 

.MTTFMI ∝ 1

RHn
exp

⎛
Ea

kT

⎞
(10.3) 

The oxidation of the molding compound further impacts the reliability of 
the package solder joints. The correlation between the oxidation of the molding 
compound and solder-joint thermal fatigue was investigated in [40]. It provides 
insights into the effects of oxidation on the lifetime and durability of solder joints. 

10.3.2.2 Corrosion 

Corrosion is a well-studied phenomenon, but its significance in electronics packag-
ing requires further attention. An overview of failure mechanisms associated with 
corrosion in control electronics (ECU), sensor electronics, and power electronics 
is provided in [41]. Water treeing is a corrosion mechanism that degrades the 
packaging molding compound in high-power electronic devices operating in the 
kV range. High voltages generate electric fields that ionize the moisture content in 
the molding compound, resulting in the formation of microchannels. Based on an 
electrochemical corrosion process called anodic migration, dendrite structures start 
growing within the microchannels. An experimental study was conducted in [41] 
to analyze the dendrite structures due to anodic migration phenomenon (AMP) in
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polymer compounds, and temperature plays a significant role. The mobility of metal 
ions increases with temperature, thereby accelerating the rate of dendrite growth 
through the polymer to form conductive paths. 

In recent times, considerable research efforts have been focused on investigating 
inorganic encapsulation materials with high thermal conductivity as potential 
replacements for epoxy molding compounds in high-power devices [42]. In power 
electronics, cement-based encapsulants were proposed in [43] for their potential 
usage. However, corrosion remains a primary concern when utilizing cement-based 
materials. The mean time to failure (MTTF) due to corrosion can be described by an 
inverse relationship with relative humidity and applied electric field (.E = V/d) and 
an exponential relationship with temperature, as expressed in Eq. (10.4). It is worth  
noting that other forms of material migration, including anodic corrosion, cathodic 
corrosion, and purple plagues, may also occur in packaging materials. 

.MTTFAMP ∝
⎛

1

RHn
+ dm

V

⎞
exp

⎛
Ea

kT

⎞
(10.4) 

10.3.2.3 Thermomechanical Fatigue 

Thermomechanical fatigue (TMF) occurs due to repeated cyclic loading caused by 
temperature fluctuations, temperature gradients within the device, and mechanical 
stressors like vibrations or shocks. A power module consists of layer stacks of 
materials with distinct properties housed within a plastic enclosure. The thermal 
expansion coefficient (CTE) of pure copper (. ∼16.5 ppm/. ◦C) is roughly four to 
five times higher than that of silicon (. ∼3 ppm/. ◦C) or SiC (. ∼4 ppm/. ◦C). This 
discrepancy induces thermomechanical stresses at the interface, as depicted in 
Fig. 10.4. Therefore, selecting the interconnect material between the semiconductor 
die and the copper substrate plays a crucial role. 

Thermomechanical fatigue occurring at the interface material is a cumulative 
damage process. The impact of thermomechanical fatigue conditions on automotive 

Fig. 10.4 A schematic illustration of thermomechanical stresses induced due to thermal expansion 
coefficient . α mismatch. In a stress-free situation, the strain . ϵ will result in independent expansion 
when . ΔT . > 0. However, if the dissimilar materials remain connected, the thermomechanical 
stresses . σ will lead to material warpage
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power modules has been extensively investigated in [44]. One resulting behavior of 
repeated thermomechanical loading conditions is stress migration. Stress migration 
refers to material migration due to thermomechanical stresses. Interestingly, the 
phenomenon of stress migration in silver is also utilized as a die-attachment bonding 
process [45, 46]. An empirical relationship is provided in Eq. (10.5) correlating 
the number of cycles to failure, the temperature swing (. ΔT), and the maximum 
temperature (.Tmax) [47, 48]. 

.MTTFTMF ∝ ΔT n exp

⎛
Ea

kT max

⎞
(10.5) 

The .Tmax is an arbitrary temperature established from the empirical model, sug-
gesting that the material lifetime will be longer if it stayed below the maximum 
temperature. The equation expresses a power law dependence of MTTF on the 
temperature swing and exhibits an Arrhenius behavior of thermal activation between 
MTTF and .Tmax . 

To summarize: 

1. The mean time to failure (MTTF) metric serves as a measure to estimate the 
expected time until a material fails due to degradation. Many prevalent chip-
related and package-related degradation mechanisms demonstrate an Arrhenius 
relationship with temperature. However, it is important to note that these 
empirical models may not be universally accurate and necessitate thorough 
experimental validation. It is also essential to consider complex relationships 
with material properties, testing conditions, and microstructures, which require 
comprehensive experimental validation. 

2. This suggests that traditional reliability concepts such as failure in time (FIT) 
and mean time to failure (MTTF) are undergoing a transition. The failure 
rate documented by empirical handbooks is no longer sufficient to address 
the uncertainties associated with field-critical applications. As a result, the 
future calls for the adoption of real-time online reliability monitoring supported 
by advanced computational techniques for seamless, non-interruptive system 
operation. This transition aims to embrace predictive reliability qualification and 
effectively address the evolving challenges in ensuring reliable performance. 

10.4 Power Electronics Reliability Monitoring 

Reliability, as the highest level of robustness assurance, is essential in ensuring the 
system’s resilience and performance [49]. Reliability monitoring can be defined 
as “a process of continuously assessing the device’s performance throughout its 
lifetime to detect early signs of anomalies and implement predictive maintenance 
strategies to reduce system downtime.” Power semiconductor devices are particu-
larly vulnerable to failures due to factors such as high electric fields, high currents,
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and high temperatures [18]. Field experiences, as illustrated in Fig. 10.2, indicated 
the impact of power component failure and its aftermath, leading to unforeseen sys-
tem downtime and additional repair costs. Such unexpected maintenance could have 
been mitigated through early fault detection based on real-time online monitoring. 
Hence, in this section, we delve into various measurement methods that can support 
online or offline reliability monitoring. 

Monitoring the power device’s reliability involves measuring its key performance 
metric. Particularly in automotive and high-power industrial applications operating 
in harsh environments, device failure caused by thermal breakdowns outweighs 
the impact of vibrations and humidity [50, 51]. To address the importance of reli-
ability monitoring, this section summarizes various measurement methodologies, 
mostly tailored towards thermal methods, as depicted in Fig. 10.5. These tailored 
measurement methods effectively monitor the device’s condition to reduce the 
risks associated with unexpected system interruption during operation. In Fig. 10.5, 
several reliability measurement methods are classified into contact and contactless 
approaches. In the past, measuring the device junction temperature involved directly 
probing thermocouples on the device’s active surface. However, this method 
presented various limitations such as low resolution, contact inaccuracies, and 
the invasive nature of physical probing [47, 49]. To overcome these challenges, 
contactless techniques were introduced, which are further subdivided into thermal 
and nonthermal methods. Among the nonthermal methods, two notable approaches 
are measuring the device’s electrical parameters and using acoustic microscopy. 
These methods are widespread and commonly used measurement techniques in 
various industries. 

The on-state resistance .RDS(on) is a critical electrical parameter that character-
izes the resistance experienced by the current flowing through the channel of a 
device when it is in its conducting state. In most packages, the drain terminal of 
the device is electrically connected to the package substrate. As a result, the on-
state resistance includes the resistance contributions from the die, the die-attach 
material, and the package substrate. Having a lower .RDS(on) is crucial for ensuring 
optimal device performance with minimal power losses and maximum efficiency. 
Changes in the on-state resistance directly correspond to performance degradation 
in the package, particularly in the electrical and thermal interconnects that are 
more susceptible to failures. Therefore, monitoring the device’s on-state resistance 
over its lifetime allows for identifying potential issues with the device’s electrical 
performance. However, localized failures or thermal hotspots may not directly 
reflect in the device’s electrical resistance .RDS(on). 

On the other hand, scanning acoustic microscopy (SAM) is a powerful, non-
destructive method to identify packaging defects. SAM consists of a piezoelectric 
transducer that generates ultrasonic pulses transmitted to the sample through a water 
medium. SAM uses water as a coupling medium due to its excellent ultrasonic 
conductivity and relatively low acoustic impedance. As the ultrasonic waves interact 
with material interfaces, they undergo reflection and scattering, producing an 
echo signal that is converted into an electrical output. An image processor then 
digitizes this signal. The raster scanning motion of the acoustic transducer generates
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Fig. 10.5 Measurement methodologies mostly tailored towards thermal measurements were iden-
tified from the literature and shown. Probing a thermocouple to identify the junction temperature 
was used in early times, which sooner got replaced by contactless techniques, which are further 
subdivided into thermal and nonthermal methods. Measuring the device’s electrical parameters 
and acoustic imaging are the most commonly used methods to monitor the device’s reliability 
performance. Thermal methods are further divided into extrinsic and intrinsic methods. Extrinsic 
methods include optical inspection and embedded sensors. Though several optical techniques exist 
for thermal measurements, thermoreflectance-based thermal imaging and electroluminescence-
based temperature estimation are studied in depth in this section. Likewise, temperature-sensitive 
electrical parameters (TSEP) are discussed under the intrinsic methods. The listed methods are 
commonly used measurement/characterization techniques employed in academia and industries. 
The relevance of the abovementioned methods for online monitoring requires careful consideration 
and implementation, which are further explained in Sect. 10.5 

ultrasonic pulses at high frequencies that are reflected from the sample, thereby 
capturing the depth information [52]. It is important to acknowledge that SAM, 
like any imaging technique, has its limitations. The penetration depth of acoustic 
waves typically ranges from approximately 1 to 2mm for most materials, and 
image quality is highly dependent on the properties of the sample being imaged. 
Encapsulation of semiconductor devices with epoxy molding compounds attenuates 
acoustic signals, while laminates and PCBs introduce significant reflection and 
scattering of ultrasonic pulses due to their complex layered structures with different 
materials. Consequently, an effective strategy for scanning encapsulated packages 
is to perform through-acoustic scan, before mounting on PCBs. During lifetime 
testing, power electronic packages are micrographed at intermittent life cycles to 
identify physical damages resulting from fatigue [53, 54].
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The severity of thermal breakdowns has led to the development of various 
thermal measurement/characterization methods, categorized as extrinsic methods in 
Fig. 10.5. Likewise, semiconductor devices controlling the flow of electrons possess 
electrical properties that are highly sensitive to temperatures. These temperature-
sensitive electrical parameters (TSEP) represent an intrinsic approach that enables 
direct translation of electrical measurements into device temperature readouts. In 
the following subsections, each of these contactless thermal measurement methods 
will be thoroughly reviewed by explaining its underlying physics. 

10.4.1 Optical Thermal Inspection 

Emissivity, a fundamental material property, plays a crucial role in optical thermal 
inspection. It refers to a material’s ability to emit electromagnetic and infrared (IR) 
radiation. In an ideal scenario, a perfect emitter would absorb all incident radiation 
and emit thermal radiation across all wavelengths, and a perfect reflector would 
reflect all incoming radiation. However, in reality, no material is a perfect emitter 
or reflector. IR thermography, one of the earliest techniques used in electronics, 
utilizes IR radiation to detect thermal hot spots and gradients. As all materials 
above absolute zero emit IR radiation to some extent, IR-sensitive photodiode arrays 
and microbolometers can measure the emitted infrared energy as a function of 
temperature. A comprehensive review of IR thermography for nondestructive testing 
can be found in [55]. Steady-state IR thermography has also been employed to 
determine in-plane thermal conductance properties of materials [56]. 

In recent years, fiber-optic thermal sensors have gained significant interest due 
to their advantages, including high sensitivity, wide operating temperature range, 
rapid response time, immunity to electromagnetic interference, and suitability for 
use in hazardous environments. These fiber-optic high-temperature sensing systems 
utilize optical fiber transducers based on various principles such as black body 
radiation, fluorescence-based techniques, interferometry, or fiber Bragg grating 
(FBG) [57]. For instance, Khatir et al. [58] integrated fluorescence-based optic fibers 
into a multichip power electronic module to measure the junction temperature and 
characterize thermal impedance. Other thermal characterization techniques, such 
as Raman thermometry and liquid crystal thermography, have also been utilized 
in [59, 60]. While these optical thermal inspection methods have been extensively 
reviewed in the past, this section specifically focuses on reflectance-based thermal 
imaging and electroluminescence-based thermal monitoring methods, providing 
detailed discussions of their principles and applications. 

10.4.1.1 Thermoreflectance-Based Thermal Imaging 

The reflective properties are specific to each material and can be influenced by 
the interaction with electromagnetic radiation. The energy associated with the



10 An Outlook on Power Electronics Reliability and Reliability Monitoring 265

Fig. 10.6 The temperature-dependent surface reflectivity resulting in a change in amplitude and 
phase shift are schematically shown 

reflected or scattered light beam exhibits a strong dependence on temperature. 
Thermoreflectance-based thermal imaging relies on the temperature-dependent 
surface reflectivity of materials, where thermoreflectance is inversely proportional 
to the material’s thermal conductivity. Consequently, thermoreflectance-based mea-
surements are commonly used to characterize the thermal conductivity of materials 
in both steady-state and transient-state techniques [61]. In optical thermal imaging 
systems employing thermoreflectance, transient techniques are employed, incorpo-
rating detectors with raster scanning capabilities. These detectors comprise arrays of 
photodiode sensors that detect the amplitude and phase shift of the reflected signals, 
as illustrated schematically in Fig. 10.6. The rate of change in surface reflectivity 
with respect to surface temperature change is governed by the thermoreflectance 
coefficient . β, as shown  in  Eq. (10.6). A higher value of . β corresponds to a 
lower noise level in the measurement signal. For example, the thermoreflectance 
coefficient of aluminum is approximately .2.55 × 10−5,K−1, while for silicon, it is 
approximately .1.5 × 10−4,K−1 [62–64]. 

.
ΔR(T (t))

R
=
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1

R

∂R

∂T

⎞
ΔT (t) = βΔT (10.6) 

The thermoreflectance coefficient is influenced by the wavelength of the prob-
ing medium and the surface roughness. By tuning the illumination wavelength, 
certain encapsulant materials can become transparent, allowing for noninvasive 
identification of the device junction temperature. For instance, a thermoreflectance-
based thermal mapping of an IGBT power module encapsulated with silicone 
gel demonstrated that the silicone gel becomes transparent to visible white light, 
with green light exhibiting the highest thermoreflectance coefficient [65]. Similar 
thermal mapping using thermoreflectance thermography has been conducted on the 
surface of power devices, as documented in [64]. A thermoreflectance thermography
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setup with a 488-nm Ar-Ion laser system at 50-MHz frequency was used to 
capture thermal transients in [66]. This method enables submicron spatial resolution, 
making it highly effective for detecting hot spots and obtaining precise thermal 
readings. Thermoreflectance-based thermal imaging is currently the only known 
method that can capture submicron thermal information. 

10.4.1.2 Electroluminescence-Based Thermal Monitoring 

Electroluminescence is a well-established concept, referring to the emission of 
electromagnetic radiation when a material absorbs energy, typically through an 
electric current or electric field. It is driven by radiative recombination, where a 
free electron combines with a positively charged ion (exciton), resulting in the 
emission of a photon. This phenomenon occurs in direct bandgap semiconductors, 
such as amorphous silicon and silicon carbide (SiC), where there is no change 
in momentum during the transition of an electron from the valence band to the 
conduction band. Consequently, SiC exhibits strong electroluminescence due to 
radiative recombination. The intensity of electroluminescence in semiconductor 
devices is influenced by the material’s bandgap and doping concentration. Higher 
impurity concentrations lead to increased electron-hole recombination events and, 
consequently, higher luminescence intensity. Compound semiconductors like gal-
lium nitride (GaN) and indium gallium nitride (InGaN) are renowned for their 
high electroluminescence efficiency and find applications in light-emitting diodes 
(LEDs) and laser diodes. The intensity of electroluminescence is also temperature-
dependent, as well as wavelength-dependent. By calibrating the spectral density of 
the emitted light at a specific wavelength, it is possible to determine the junction 
temperature. The relationship between the electroluminescence spectrum and the 
junction temperature of LEDs has been studied in previous research [67, 68]. 

Electroluminescence-based junction temperature estimation is being success-
fully implemented in wide-direct bandgap devices, such as SiC MOSFETs. The 
MOSFET devices have an inherent structure that allows for the formation of a 
PN junction between the source and drain terminals, known as the body diode. 
Figure 10.7 illustrates the schematic representation of the body diode in a vertical 
MOSFET construction, accompanied by photon emission resulting from the radi-
ation recombination mechanism. By operating the SiC MOSFET in reverse bias 
through the body diode, the junction temperature can be determined. The intrinsic 
body diode of SiC MOSFETs emits visible blue light, which is dependent on the 
device’s current and junction temperature [69, 70]. In a study by Luo et al. [71], 
a simultaneous extraction method for junction temperature and drain current was 
demonstrated for SiC MOSFETs based on the device’s electroluminescence effect. 
Two spectral peaks were observed: at a wavelength of 390 nm, the luminescence 
intensity increases with temperature, while an inverse relationship was observed 
at a wavelength of 510 nm. Another study [72] measured SiC light emission by 
retrofitting a silicon PiN photodiode into a SiC module. Numerous researchers 
have successfully estimated the junction temperature of SiC MOSFETs using the
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Fig. 10.7 Radiative recombination mechanism emitting photons on a SiC vertical MOSFET 
operating under reverse conduction is schematically shown as a symmetric structure 

electroluminescence effect, making it a promising and noninvasive method for 
temperature monitoring [73, 74]. Likewise, porous SiC has been reported to yield 
temperature-dependent photoluminescence properties [75]. 

10.4.2 Thermal Test Chips 

Thermal test chips (TTCs) are specialized devices fabricated using the same process 
technology as semiconductor devices. These chips are equipped with built-in 
heating and temperature sensing elements, enabling engineers to characterize the 
thermal behavior of interconnect materials, optimize package thermal performance, 
and evaluate the effectiveness of thermal interface materials (TIMs). Test chips from 
Thermal Engineering Associates (TEA) [76] contain two metal film resistors, cover-
ing approximately 86% of the active surface area, and strategically placed diodes for 
temperature sensing. Another example is the TTC designed and fabricated by Sattari 
et al. [77], which contains three resistance-based temperature detectors (RTDs) 
and six heaters distributed across a 4 mm . × 4mm area. Metal RTDs offer several 
advantages over diodes due to their higher sensitivity to temperature. However, the 
resistance sensitivity of an RTD relies on the temperature coefficient of resistance 
(TCR) of the base material. In a study conducted by Sattari et al. [78], TTCs were 
utilized to characterize nano metallic silver and copper sinter joints. 

The fabrication of thermal test chips (TTCs) is relatively straightforward and can 
be performed on various semiconductor substrates. The process begins with deposit-
ing an oxide (or) a nitride passivation layer using either chemical vapor deposition
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Fig. 10.8 A schematic illustration of fabricating a relatively simple thermal test chip with active 
areas (heating and sensing) is shown. The realized TTCs are assembled into packages to optimize 
the package’s thermal performance 

(CVD) or plasma-enhanced CVD (PECVD). Subsequently, the active areas, which 
include the heating and sensing elements, are defined through lithography. Another 
passivation layer is then applied over the active areas, with vertical vias spacing 
provided for electrical interconnects. Additionally, a bond pad is created for wire 
bonding or solder bumps. To enhance adhesion with the die-attach material, the 
backside of the semiconductor substrate is metalized. Finally, the wafer is cut into 
individual dies, which are assembled into packages for characterization. The steps 
involved in this process are depicted schematically in Fig. 10.8. The fabrication of 
TTCs follows similar processes as semiconductor devices, and their design can be 
customized to meet specific requirements. Consequently, TTCs offer an appealing 
solution for package thermal optimization. 

The integration of thermal test chips (TTCs) into functional power quad flat 
no-lead (PQFN) surface-mount packages for package reliability analysis has been 
demonstrated in [79]. Furthermore, TTCs have been utilized for characterizing dia-
mond heat spreaders in advanced packaging solutions [80]. Diamond is renowned 
for its exceptional thermal conductivity but relatively low thermal capacity, making 
it an ideal material for heat-spreading applications. To validate the heat-spreading 
effects across an active device surface, TTCs are particularly well-suited due to 
their multiple temperature-sensing elements. Numerous researchers have explored 
the integration of on-chip temperature sensors in electronic modules to analyze the 
device’s thermal performance [81, 82].
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10.4.3 Thermal-Pixel Test Chips 

Thermal-pixel test chips, similar to TTCs, have been developed as a nondestructive 
method for detecting interface delaminations. These test chips, as demonstrated in 
[83–87], incorporate thermoelectrical transducers known as “thixels” that operate 
based on the 3-omega (3. ω) principle. The 3. ω method is widely recognized for 
its precise measurement of the thermal conductivity of thin films. By applying 
an electrical current (I) at an angular frequency of 1. ω, joule heating (Q = I. 2R) 
occurs at a higher frequency of 2. ω. The amplitude and phase of temperature 
fluctuations depend on the material’s thermal properties. This perturbation in the 
heating element’s electrical resistance at 2. ω is amplified by the driving current at 
1. ω, resulting in a small voltage signal across the heating element at a frequency of 
3. ω [88]. 

Wunderle et al. [83–85] employed the same process technology used for 
semiconductor devices to fabricate thermal-pixel test chips, which featured an 
array of 3. ω structures patterned on a glass wafer. Each 3. ω transceiver on the test 
chip emitted a thermal wave into the surrounding materials, and the wave was 
reflected upon interaction with an interface. The thermal wavelength depended on 
the material and the frequency of the AC signal. When a crack or delamination 
was present near a 3. ω transceiver, the reflected signal caused an increase in the 3. ω
voltage. By analyzing the reflected signals, packaging defects in the vicinity of the 
transceiver could be identified. Recent advancements have focused on fabricating 
thermal pixels on a silicon substrate using flip-chip technology, allowing for higher 
thixel density and enabling the detection of on-chip interface delaminations and 
thermal inhomogeneities [86, 87]. 

10.4.4 Temperature-Sensitive Electrical Parameters 

Monitoring the device junction temperature by measuring the temperature-sensitive 
electrical parameters (TSEPs) of semiconductor devices is an effective method for 
reliability monitoring. Temperature has a profound influence on the properties of 
materials at the atomic and molecular levels. Atoms vibrate more vigorously with 
increasing temperature, affecting the kinetic energy and leading to changes in the 
electrical, magnetic, and mechanical properties of materials. In metals, elevated 
temperatures intensify atomic collisions, impeding the flow of electrons and causing 
an increase in electrical resistance. Similarly, temperature variations impact the con-
ductivity and carrier mobility of semiconductors. Various temperature-dependent 
factors, such as charge carrier mobility, doping concentration, and bandgap energy, 
determine the performance of semiconductor devices [49]. Consequently, electrical 
measurements can be correlated to device temperature. For a comprehensive 
understanding of the temperature dependence of semiconductor bandgaps and the 
underlying principles of power semiconductor devices, refer to [89, 90].
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All previously mentioned thermal measurement methods require physical or 
visual access to the semiconductor device. In contrast, measuring the device 
TSEP enables estimating the device junction temperature without the need for 
direct chip access. However, the TSEP assumes a uniform temperature over the 
complete device, which may not hold true in reality due to surface thermal 
gradients. Additionally, the TSEP method may not be applicable when the device’s 
electrical parameters exhibit high nonlinearity with temperature. A study on various 
temperature-sensitive electrical parameters of Si, SiC, and GaN power transistors 
is provided in [91, 92]. In this subsection, we present the temperature dependence 
of two such parameters of a through-hole (TO)-packaged N-channel silicon power 
MOSFET device: the forward bias on-state resistance .RDS(on) and the reverse 
conduction source-drain voltage . VSD. It is essential to realize that the TSEP may 
vary depending on the type of device (e.g., bipolar junction transistor, field-effect 
transistor, diode) and the semiconductor material. 

10.4.4.1 On-State Resistance RDS(on) 

Among the various electrical parameters, the on-state resistance .RDS(on) is a 
critical parameter. It represents the resistance measured across the drain-source 
terminals of a MOSFET device under forward bias conditions. In a vertical 
MOSFET configuration, the drain terminal is located at the bottom of the die and 
is electrically connected to the die pad of the package. Therefore, the measured 
.RDS(on) includes the resistance contributions from multiple components. It is the 
sum of the semiconductor device resistance under on-state conditions (.RDie), the 
die-attach resistance (.RDA), and the package substrate (leadframe) resistance (. RLF). 
The semiconductor device resistance under on-state conditions (.RDie) depends on 
the device structures (trench or lateral). The .RDie comprises of the channel resistance 
(.RCH), drift region resistance (.Rdrift), and substrate resistance (.Rsub). The wire 
bond resistances .Rwire can be neglected assuming 4-point Kelvin contacts. All other 
contact resistances are denoted as . RC. Therefore, the expression for the drain-source 
on-state resistance .RDS(on) of a packaged device can be defined as follows: 

.RDS(ON) ≈ RCH + Rdrift + Rsub + RDA + RLF + RC (10.7) 

The .RDS(on) parameter varies for different devices depending on the semicon-
ductor material and the package assembly processes. Furthermore, the .RDS(on) is 
temperature-dependent, and the temperature coefficient(s) of .RDS(on) is dependent 
on its operating characteristics. For instance, when a MOSFET device is turned on, 
there are two effects that determine the device’s behavior with temperature. With 
increasing temperature, the device threshold voltage reduces, which allows more 
current to flow through the device than at lower temperatures. In contrast, with 
increasing temperature, the thermal resistance property of silicon also increases, 
thereby reducing the flow of current. The resultant effect leads to a critical 
current limit (at zero temperature coefficient [ZTC]), below which the temperature
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Fig. 10.9 .RDS(on) of multiple N-Channel Silicon Power MOSFETs assembled in Through-Hole 
(TO) packages were measured inside a climate-controlled oven at nine different temperatures 
between .−50◦C to .+150◦C. A Gate-Source voltage .VGS of 10V is applied with a drain current . ID

of 1 A 

coefficient experiences a change in sign (negative to positive), and the device 
experiences a risk of thermal runaway. Therefore, it is essential to understand the 
device characteristics and it is crucial to calibrate every device to establish the 
relationship between the electrical on-state resistance .RDS(on) parameter and the 
device temperature. 

To exemplify, multiple commercially available N-channel silicon power MOS-
FETs in through-hole (TO) packages were measured in a climate-controlled oven at 
temperatures from .−50◦C to  .+150◦C (see Fig. 10.9). The device was operated in 
forward bias with a gate-source voltage .VGS of 10V and a drain current . ID of 1 A. 
The resulting voltage difference across the drain-source terminal .VDS was measured 
at different temperatures. Thereby, a relationship between the device’s on-state 
resistance and temperature was established. Consequently, the device’s junction 
temperature during operation can be extracted by measuring its on-state resistance. 
Similar temperature-dependent .RDS(on) measurements on SiC devices have been 
demonstrated in [93]. Moreover, other parameters such as turn-on saturation current 
and threshold voltage also have strong temperature dependence (when the device is 
fully open .RCH << RDS(on)) that is used to estimate the junction temperature of 
SiC power MOSFETs in [94].
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10.4.4.2 Source-Drain Voltage VSD Under Reverse Bias (Body Diode) 

As previously mentioned, silicon and SiC MOSFETs possess a PN junction between 
their source and drain terminals, known as the body diode. This body diode enables 
conduction in the reverse direction when the gate is off. In power electronics 
applications, the body diode plays a crucial role in dissipating inductive energy 
and protecting the MOSFET and circuits from voltage spikes. Tiwari et al. [95] 
demonstrated that the body diode of SiC FETs can safely dissipate inductive energy. 
Furthermore, a comprehensive analysis of the switching performance and robustness 
of power MOSFETs’ body diodes is provided in [96]. During reverse conduction, 
the resistance across the various layers in a packaged device remains relatively the 
same. However, the current direction is reversed, flowing through the body diode, 
resulting in a voltage drop across the source-drain terminals denoted as . VSD. 

The N-channel silicon power MOSFETs in TO packages were measured by 
applying a gate-source voltage .VGS of 0 V, and a negative potential difference 
was applied between the drain-source terminal (.−VDS = +VSD) with a source 
current . IS of 1 A. The voltage difference between the source-drain terminals (. VSD) 
was measured inside a climate-controlled oven at nine different temperatures from 
.−50◦C to  .+150◦C. The relationship between the source-drain voltage (. VSD) and 
temperature is illustrated in Fig. 10.10. A similar experimental investigation of 

Fig. 10.10 The VSD of multiple N-channel silicon power MOSFETs assembled in TO packages 
were measured inside a climate-controlled oven at nine different temperatures between −50◦C and  
+150◦C. A gate-to-source continuous voltage VGS of 0 V is applied with a source current IS of 
1 A
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the source-drain voltage (. VSD) for temperature estimation during power cycling 
tests was conducted in [97]. With the increasing demand for SiC MOSFETs in 
automotive inverter technology, recent research publications indicate the usage of 
the intrinsic body diode of SiC devices for junction temperature estimation. The 
body diode of SiC MOSFETs experiences interface traps when the gate-source 
terminal is set to zero volts (.VGS = 0). To mitigate this issue, an alternative 
approach is to set the gate-source terminal to negative voltages (.VGS < 0V ) 
on SiC devices [98]. The body diode, also called a parasitic diode, proves to be 
a valuable component for accurately estimating the device junction temperature 
without needing external sensing elements. In [99, 100], the junction temperature 
measurements obtained using the TSEP method were compared with measurements 
from an IR camera to assess its accuracy. 

10.5 Comparison of the Different Measurement Methods for 
Reliability Monitoring 

A summary of the measurement methods discussed in the previous section is 
presented in Table 10.1, providing an overview of their merits and limitations. 
Directly probing a thermocouple on the active device surface is a cost-effective 
approach. Still, it necessitates physical access and relies on the accuracy of surface 
contact, making it less desirable despite its affordability. Optical inspection offers 
a contactless and noninvasive means of temperature determination. Infrared (IR) 
thermography is widely employed for temperature distribution analysis, but the 
working environment can influence their effectiveness. Fiber-optic thermal sensors, 
on the other hand, offer immunity to electromagnetic radiation, making them suit-
able for harsh and hazardous conditions. However, both IR and fiber-optic sensors 
are limited to surface measurements. Thermoreflectance-based thermography stands 
out as the method capable of detecting surface temperatures at submicron resolution, 
enabling the identification of microthermal hot spots. The transparency of certain 
materials can be achieved by tuning the illumination wavelength, although this 
requires complex processes and meticulous calibrations. With the increasing use of 
SiC MOSFETs, the electroluminescent property of wide-direct bandgap materials 
emitting visible blue light during reverse conduction has gained attention. Extracting 
device temperature by calibrating the spectral intensity at a specific wavelength 
poses a significant challenge. Despite optical methods’ nonintrusive and noninvasive 
nature, visual access to the device is typically required. 

Thermal test chips (TTCs) can be designed for application requirements, allow-
ing engineers to optimize the package’s thermal performance. The TTCs consist 
of embedded temperature-sensitive heating and sensing elements, offering a non-
invasive alternate solution to probing a thermocouple onto the device’s surface. 
Recent developments focus on incorporating mechanical strain sensors into the 
TTCs. However, test chips require additional input/output readout in real-life 
applications. A recent advancement is the thermal-pixel (thixel) test chip, which
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Table 10.1 A comparative summary of the various measurement methodologies are listed with each 
of its working principle, measurement parameters, advantages, and limitations. To visually represent 
the strengths and weaknesses of each measurement method, we have ranked them into five categories: 
cost, complexity, online monitoring capability, accuracy, and intrusiveness. The ranking system ranges 
from 1 to 5, i.e., the most positive (green-shaded area) to the most negative (red-shaded area) outcome 

Measurement 
Method 

Working 
Principle 

Measurement 
Parameter Advantages Disadvantages Graphical 

Representation 

Direct Contact 
(Thermocouples) 

Physical 
Probing 
(Seebeck 
effect) 

Voltage / 
Temperature 

1. Low cost. 
2. Easy to Implement 
3. Suitable for online 
monitoring. 

1. Low Resolution. 
2. Contact inaccuracies. 
3. Needs physical access to 
the chip. 

IR 
Thermography 

(Optical) 

IR Radiation 
Detection 

IR radiation / 
Temperature 

1. Contactless and non-
destructive method. 
2. Wide temperature range 
(up to 2000oC). 
3. High Resolution. 
4. Rapid detection technique. 

1. Surface measurement only. 
2. Sensitive to emissivity. 
3. Accuracy can be biased 
by its working ambient. 
4. Low to High Cost. 
5. Requires visual access 
to the chip. 

Fiber Optic 
Thermal Sensors 

(Optical) 

Radiation / 
Fluorescence / 
Interferometric / 
Fiber Bragg 
Grating 

Temperature 

1. Small size, contactless, and 
non-destructive. 
2. Highly temperature sensitive 
3. Immune to EM radiation. 
4. Wide temperature range 
(-200oC to 1000oC). 
5. Fast response time. 

1. Surface measurement only. 
2. Difficult to calibrate. 
3. Complex installation and 
needs visual access. 
4. High cost and Fragile 
components. 

Thermo-
reflectance 
(Optical) 

Temperature-
dependent 
Surface 

Reflectivity 

Reflectivity / 
Temperature 

1. Sub-micron spatial resolution. 
2. Contactless and non-
destructive method. 
3. Transparency. 
4. Wide temperature range 
5. Highly temperature sensitive. 
6. Fast response time. 

1. Requires reflective surface 
(material dependent). 
3. Difficult to calibrate. 
4. Complex installation and 
need visual access. 
5. High cost and requires 
dedicated setup. 

Electro-
luminescence 
(Optical) 

Radiative 
Recombination 

Spectral 
Intensity / 

Temperature 

1. Contactless and non-
destructive method. 
2. Low cost - Suitable to 
measure with optical cameras. 
3. Sensitivity and response time 
depends on the detectors. 

1. Surface measurement only. 
2. Radiative recombination 
works only on SiC and 
amorphous Silicon 
3. Difficult to calibrate. 
4. Need visual access to the 
chip. 

Thermal Test 
Chips (TTC) Electrical 

Resistance / 
Voltage / 

Temperature 

1. Package optimization, and 
interface characterization. 
2. Same process technology 
as semiconductor devices. 
3. Design to requirements. 
4. Small and compact. 

1. High Cost. 
2. Limited spatial resolution. 
3. Limited flexibility. 
4. Requires specific electrical 
layout and direct access. 
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Table 10.1 (continued) 

Thermal-Pixel 
Test Chips 3ω Voltage 

1. Ideal alternative for acoustic 
imaging to detect delaminations. 
2. Same process technology 
as semiconductor devices. 
3. Small and compact. 
4. Suitable to integrate on 
real functional power devices. 

1. Expensive and under 
development. 
2. High computational power 
(Depending on thixel density). 
3. Resolution is proportional 
to thixel density. 
4. Complex integration. 
5. Requires specific electrical 
layout and direct access. 

Acoustic 
Imaging 

Reflection of 
Ultrasound 

Acoustic 
Impedance 

1. Contactless (Non-invasive). 
2. Non-destructive method. 
3. High resolution and accurate. 
4. Various scanning methods 
(Lateral and through scan with 
single and sequential steps). 

1. High Cost and complex. 
2. Ultrasound attenuation 
depending on materials. 
3. Misinterpretation. 
4. Direct access and water 
as a medium. 

Temperature-
Sensitive 
Electrical 
Parameters 
(TSEP) 

Electrical 

Resistance / 
Voltage / 

Temperature 

1. Non-invasive, non-destructive. 
2. Real-time monitoring. 
3. High-temperature sensitivity 
4. No external sensors 
5. Wide temperature range. 
6. No visual access is needed. 
7. fast time-transients. 

1. Assumes uniform 
temperature distribution. 
2. Complex semiconductor 
device phenomenon can lead 
to a high non-linearity. 
3. High signal-to-noise ratio. 

utilizes transceivers to emit and receive thermal signals for detecting packaging 
defects. This approach presents an appealing alternative to acoustic imaging. 
However, it is important to note that acoustic microscopy offers a unique advantage 
over other monitoring methods. It enables nondestructive imaging of samples with 
buried interfaces, providing spatial and depth information. Nonetheless, acoustic 
imaging requires a dedicated setup and water as a coupling medium. 

The temperature-sensitive electrical parameter (TSEP) is a promising method-
ology for real-time online condition monitoring, as it eliminates the need for 
external temperature sensing devices. Unlike other methodologies that require direct 
chip access, the TSEP allows for the extraction of device junction temperature 
based on its inherent property. The device’s on-state resistance .RDS(on), which 
exhibits a strong temperature dependence, serves as a key performance indicator for 
MOSFETs. Monitoring the on-state resistance over the device’s lifetime provides 
valuable insights into its electrical and thermal performance. However, it is essential 
to acknowledge that this method assumes a uniform temperature distribution across 
the device, which may not reflect the actual temperature gradients. This could lead 
to an underestimation of the device’s temperature. Furthermore, the signal-to-noise 
ratio is influenced by the transient measurement time. Therefore, each method has 
its own advantages and limitations, making it necessary to carefully choose the 
measurement method based on the application.
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10.6 Conclusion 

As global concerns over environmental sustainability and energy conservation inten-
sify, there is an increasing demand for renewable energy generation, energy-efficient 
systems, industrial carbon-neutral commitments, and electric vehicle transportation. 
At the core of such transitional technologies lies power electronic devices, which are 
pivotal in elevating these systems to higher levels of efficiency and performance. 
However, ensuring the reliability of power semiconductor devices is paramount 
to ensure the long-term viability and widespread adoption of energy-efficient 
technologies. This chapter has presented a comprehensive outlook on the current 
state of power electronics, emphasizing its reliability concerns in field-critical 
applications, elucidating dominant degradation mechanisms encompassing both 
chip-related and package-related aspects, and exploring advanced measurement 
methodologies for reliability monitoring. 

Diverse sectors, including low-power consumer electronics, high-value auto-
motive electric vehicles, and high-power industrial applications, drive the global 
demand for power electronic devices. However, such field-critical applications have 
been surveyed to suffer from more than 20% of unscheduled maintenance and 
repairs. The growing concerns on power device reliability and increasing environ-
mental awareness have prompted the establishment of stringent reliability require-
ments (e.g., Automotive AEC-Q100/101—2000 thermal cycles .−55◦C/.+150◦C for 
highest Grade 0) and safety regulations (e.g., lead [Pb] solder replacement and 
poly-fluoroalkyl [PFA]-free substances) for semiconductor device manufacturers. 
The pursuit of higher efficiency and higher reliability has also led to a transition in 
reliability metrics. The empirical-model-based failure in time (FIT) and mean time 
to failure (MTTF) approaches are being superseded by remaining useful life (RUL) 
prediction. The semiconductor industry and academia have invested considerable 
efforts in developing new measurement methods for reliability/condition monitoring 
to facilitate reliability prediction. This chapter has provided a comprehensive 
overview of various measurement methods, including their underlying physical 
principles. Based on a thorough review of these techniques, a summary that 
highlights their respective advantages and limitations was further presented. A 
multivariate radar chart has been included to interpret the comparison visually. This 
chart plots the measurement techniques based on five key categories: cost, complex-
ity, online monitoring capability, accuracy, and intrusiveness. The radar chart clearly 
and concisely depicts the strengths and weaknesses of each measurement method, 
enabling readers to make informed decisions. 

Investigating failure and degradation mechanisms is crucial for developing 
high-efficiency and highly reliable power devices. However, reliability monitoring 
methods are required for seamless, non-interruptive system operation. Monitoring 
the device condition makes early detection of faults possible, leading to efficient 
maintenance strategies and minimizing costly downtime. The integration of reli-
ability monitoring methods, coupled with a deeper understanding of degradation 
mechanisms, provides a comprehensive and proactive approach to enhancing the 
reliability of power electronics. Such efforts are crucial in building a sustainable
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future where energy-efficient and reliable power systems are pivotal in advancing 
technology, industry, and society. 
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