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A B S T R A C T

This paper presents a comprehensive review of reliability challenges and degradation mechanisms of silicon 
carbide (SiC) power MOSFETs, with the objective of clarifying failure phySiCs, test methodologies, and miti
gation strategies relevant to high performance power electronic applications. SiC MOSFETs offer superior ma
terial properties, including a wide bandgap (3.26 eV), high breakdown electric field (3 MV/cm), and high 
thermal conductivity (4.9 W/cm⋅K), enabling operation at high voltage, frequency, and temperature across 
electric vehicles, renewable energy, aerospace, and industrial systems. However, the rapid adoption of SiC 
technology has outpaced the development of mature reliability frameworks, leaving critical gaps in under
standing long-term degradation under extreme electrical, thermal, and mechanical stresses. This review ad
dresses key reliability concerns, including gate oxide degradation, short-circuit ruggedness, avalanche 
robustness, thermo-mechanical failure under power cycling, and body diode reliability. Each section explores 
both fundamental mechanisms and mitigation strategies. Additionally, experimental results from short circuit 
testing, Unclamped Inductive Switching (UIS) characterization, and body diode evaluation are presented to 
illustrate practical proofs of some reliability issues. It further incorporates reliability tests reported in standards 
and the automotive industry, while outlining diagnostic indicators at the device, package, and system levels, 
emphasizing their sensitivity and applicability. In addition, it examines emerging trends including AI-driven 
reliability prediction, advanced packaging, novel oxide technologies, and next generation device structures, 
offering a forward-looking roadmap for improving SiC MOSFET reliability.

1. Introduction

Silicon carbide (SiC) power MOSFETs have emerged as promising 
candidates for next generation power electronics due to their superior 
material properties and performance advantages over traditional silicon 
(Si) devices. 4H-SiC, as the most widely used polytype of silicon carbide 
for today’s commercial power semiconductor devices, exhibits a wide 
bandgap of approximately 3.26 eV, which enables higher breakdown 
electric fields (up to 3 MV/cm) and allows the fabrication of devices with 
much higher blocking voltages, often exceeding 1.2 kV and scalable up 
to 15 kV [1,2]. In addition, it exhibits significantly higher thermal 

conductivity (~4.9 W/cm⋅K) compared to silicon (~1.5 W/cm⋅K), as 
well as a higher saturation electron velocity (~2.0 × 10⁷ cm/s vs. ~1.0 
× 10⁷ cm/s in Si). The primary limitation lies in its lower electron 
mobility (0.95 vs. 1.4 × 10³ cm²/V⋅s), which can restrict channel con
duction. Nevertheless, the superior material properties result in a higher 
low on-state loss index (2.7 vs. 1.6), [3,4]. The comparison has been 
highlighted in Fig. 1.

These advantages make SiC MOSFETs particularly well-suited for 
high efficiency, high frequency, and high power density applications 
such as electric vehicle (EV) powertrains, renewable energy converters, 
aerospace systems, and harsh industrial environments. Their ability to 
operate at elevated junction temperatures, often at up to 175 ◦C, without 
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significant leakage current degradation or thermal runaway further 
expands their usability in automotive, and military grade systems [5,6].

The majority functions of SiC power MOSFETs are in converters [7,
8]. The survey summarised in Fig. 2 demonstrates the major failures in 
these power electronic systems. As shown in Fig. 2(a), thermal stresses 
(steady-state and cyclic temperature variations) account for 55% of 
failures. Vibration and mechanical shock contribute to 20%, followed by 
humidity and moisture effects at 19%, while contaminants and dust 
cause about 6% of failures [9]. Fig. 2(b) illustrates how these stresses 
translate into failures among converter components. Capacitors are 
responsible for 30% of failures. printed circuit boards (PCBs) follow 
closely with 26%. Power devices, which include MOSFETs and IGBTs, 
contribute to 21% of failures, reflecting the impact of high electrical and 
thermal stress. Solder joints represent another critical weak point with 
15%, as they are prone to cracking under thermal and mechanical 
cycling. Connectors and other minor components contribute 3% and 7%, 
respectively [9]. These findings emphasize that managing thermal, 
mechanical, and environmental stresses is essential for improving the 
long-term reliability of converters, while power devices remain a crucial 
focus due to their direct impact on system efficiency and performance 

[10,11].
Reliability, commonly defined as the ability of a device or system to 

perform its intended function over a specified period under given con
ditions, is typically described using failure-rate metrics [12]. For power 
semiconductor devices, the time dependent evolution of failure rate 
follows a characteristic trend known as the bathtub curve, as illustrated 
in Fig. 3. This curve can be divided into three distinct phases: Early 
Failures (infant mortality), Random Failures (useful life), and Wear-out 
Failures [13]. While this framework is general, its interpretation is 
important for SiC MOSFETs due to their operation under higher electric 
fields, higher junction temperatures, and more aggressive thermal 
cycling compared to Si devices.

In the early failure phase, a relatively high failure rate is observed 
due to latent manufacturing and process defects, resulting in premature 
failure of a small fraction of devices. As these units are eliminated, the 
failure rate stabilizes during the useful-life phase, where devices operate 
with near constant reliability and wear-out mechanisms remain inactive 
[14]. Over extended operation, long-term aging and degradation pro
cesses lead to a sharp increase in failure rate, marking the wear-out 
phase. The duration of the useful-life phase defines the practical 

Nomeclture

Vgs Gate Drive Voltage
Rds(on) Drain-Source on-Resistance
Rg Gate Resistance
Vth Threshold Voltage
Rch Channel Resistance
dox Oxide Thickness
L Channel Length
εox Permittivity
μch Channel Mobility
Ron,sp Specific on-Resistance
W Channel Width
Vg Gate Voltage
Dit Interface Traps Density
Eox Electric Field
Ea Activation Energy
β Typical Weibull Slope
Vds Drain-Source Voltage
EAS Avalanche Energy
Qrr Reverse Recovery Charge
VF Forward Voltage Drop
Rth,j− c Thermal Resistance from Junction to Case
Tj Junction Temperature
VBR Breakdown Voltage
Tj,max Maximum Junction Temperature
VF Forward Voltage Drop
Igss Gate Leakage Current
Coss Output capacitance
gm Transconductance
Idss Drain Leakage Current
Vsd Body Diode Forward Voltage

Acronyms
AGD Active Gate Drive
ALD Atomic Layer Deposition
BD Body Diode
BTI Bias Temperature Instability
BJT Bipolar Junction Transistor
CTE Coefficient of Thermal Expansion
DGS Dynamic Gate Stress
DMOS Double-Diffused MOSFET

DRB Dynamic reverse bias
DSC Double-Sided Cooled
EMI Electromagnetic Interference
EV Electric Vehicle
PCBs Printed Circuit Boards
FLR Field Limiting Ring
F-N Fowler-Nordheim
H3TRB High Humidity High Temperature Reverse Bias
HV-H³TRB High Voltage High Humidity High Temperature Reverse 

Bias
HTGB High Temperature Gate Bias
HTRB High Temperature Reverse Bias
HTS High Temperature Storage
IMC Intermetallic Compound
JBS Junction Barrier Schottky
JTE Junction Termination Extension
LSTM Long Short-Term Memory
LTS Low Temperature Storage
MIS Metal Insulator Semiconductor
ML Machine Learning
NBTI Negative BTI
PBTI Positive BTI
PC Power Cycling
RNNs Recurrent Neural Networks
RUL Remaining Useful Life
SAM Scanning Acoustic Microscopy
SBD Schottky Barrier Diode
SC Short Circuit
SCWT Short Circuit Withstand Time
SEM Scanning Electron Microscopy
Si Silicon
SiC Silicon Carbide
SJ Superjunction
SSC Single-Sided Cooled
SVM Support Vector Machines
TAT Trap-Assisted Tunnelling
TC Thermal Cycling
TST Thermal Shock Test
TDDB Time-Dependent Dielectric Breakdown
UIS Unclamped Inductive Switching
WBG Wide Bandgap
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lifetime of the device, which manufacturers aim to fully encompass 
within the rated service conditions.

Despite their benefits, SiC MOSFETs are still a relatively recent 
technological development. Their exposure to combined electrical, 
thermal, and mechanical stresses under extreme operating conditions 
raises significant concerns about long-term reliability. Typical stress 
factors include high dv/dt and di/dt rates, repetitive avalanche events, 
and high temperature biasing, all of which may accelerate degradation 
in gate oxide integrity, threshold voltage stability, and package reli
ability [15,16]. Unlike silicon devices, where decades of field experience 
support robust design practices, SiC adoption has outpaced the devel
opment of comparable reliability frameworks [17,18]. Compounding 
this challenge, many qualification procedures such as High Temperature 
Reverse Bias (HTRB), High Temperature Gate Bias (HTGB), and power 
cycling are directly inherited from Si technology, yet may not 
adequately reflect the unique degradation behaviours of WBG materials 
[19]. For instance, recent studies show that SiC MOSFETs experience 
distinctive reliability threats, such as gate oxide degradation due to high 
electric fields [20], threshold voltage drift [21], and body diode 
wear-out under surge and reverse conduction stress [22].

Failure modes in SiC MOSFETs can be broadly classified into chip- 
level (intrinsic) and package-level (extrinSiC, including interconnects 
and packaging) mechanisms. At the chip level, Fig. 4, the most critical 
degradation typically arises in the gate oxide and the body diode, the 
latter often affected by stacking faults during reverse conduction. At the 
package level, Fig. 5, reliability issues mainly originate from bond wires 
and solder layers, which are prone to thermo-mechanical fatigue. A 
typical package consists of the semiconductor die, bond wires, substrate, 
baseplate, and heat sink. Here, the solder layers provide mechanical and 
thermal connections between the chip, substrate, and baseplate, but the 
solder film between the ceramic substrate and the baseplate is particu
larly vulnerable to cracking and delamination under thermal cycling 
stress.

This review provides a concise evaluation of key reliability chal
lenges in SiC power MOSFETs, focusing on dominant failure mecha
nisms, degradation under electrical and thermal stress, and recent 
advances in ruggedness and design. It draws on current experimental 
data and industry trends to highlight factors affecting long-term 

performance. The paper is structured as follows: Section 2 explores gate 
oxide reliability issues, including threshold voltage instability and time 

Fig. 1. Key characteristics of 4H-SiC versus Si.

Fig. 2. Survey of stress factors and failure contributors in power electronic con
verters: (a) sources of stress, and (b) component level failures.
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dependent dielectric breakdown. Section 3 addresses SC ruggedness, 
clarifying failure phenomena during fault conditions and highlights re
sults for short circuit withstand time (SCWT), while Section 4 focuses on 
avalanche ruggedness and degradation mechanisms, particularly under 
repetitive or unclamped switching transients including experimental 
demonstrations. Section 5 reviews reliability under power cycling stress, 
emphasising the impact of thermo-mechanical fatigue on packaging and 
interconnects. Section 6 discusses the reliability of the body diode and 
its susceptibility to degradation and surge current stress, while consid
ering some experimental results. Section 7 integrates reliability tests and 
related standards, highlighting their methodologies and applicability. 
Section 8 summarizes the diagnostic indicators associated with each 
failure site, comparing their sensitivity and linearity as reliability met
rics. Section 9 outlines solutions and future trends, including novel oxide 
technologies, advanced packaging, AI-assisted prediction, and new de
vice architectures. Section 10 concludes with key insights and future 
research directions. Fig. 6 illustrates the structural organisation of the 
review.

2. GATE oxide degradation and reliability

2.1. Gate oxide structure

Although both Si and SiC MOSFETs employ similar planar and trench 

gate structures, the key differences between the two technologies arise 
from the material properties of SiC, particularly at the SiC/SiO₂ inter
face, rather than structural design. In Si devices, the Si/SiO₂ interface is 
mature and well-optimized, whereas in SiC, the same oxide growth 
process introduces carbon-related defects, such as carbon clusters and 
C–O complexes, which significantly degrade the oxide quality. These 
defects lead to higher interface trap densities, charge trapping, and 
threshold voltage instability. Furthermore, the band alignment between 

Fig. 3. Failure rate progression of semiconductor devices across their lifetime 
(bathtub curve).

Fig. 4. Chip-level architecture of SiC MOSFET (trench structure) [23].

Fig. 5. General package-level architecture of SiC MOSFET [23]. Fig. 6. Structural overview of the paper illustrates the main content of each section.

Fig. 7. Energy band offsets for Si/SiO₂ and 4H-SiC/SiO₂ interfaces (Ec is conduc
tion band edge, Ev is valance band edge) [24].
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SiC and SiO₂ differs from that in Si MOSFETs as shown in Fig. 7. Spe
cifically, SiC has a lower conduction and valence band offset with 
respect to SiO₂, which reduces the energy barrier for carrier injection 
and increases the likelihood of tunnelling and gate leakage [24]. SiC 
MOSFETs may use either planar (DMOS) or trench architectures, as 
shown in Fig. 8 [25]. The planar design forms the channel through 
diffused regions at the device surface, while trench devices etch vertical 
gate channels into the SiC substrate to better manage electric fields and 
reduce on-resistance. These design choices in SiC are aimed at 
improving performance under high voltage and high temperature con
ditions [26,27]. Table I summarizes the key differences between them. 
Each design represents a step forward in improving channel mobility, 
reducing on-resistance, and enhancing reliability. While planar MOS
FETs are simple and widely used, they suffer from poor interface quality 
and higher conduction losses. Double trench devices address these 
limitations by forming channels along trench sidewalls and shielding the 
gate oxide, though non-uniform channel properties remain a concern. 
The asymmetric trench structure further optimizes device performance 
by aligning the channel to the most favourable crystal orientation, 
achieving the lowest on-resistance, improved switching behaviour, and 
robust oxide reliability. However, the SiC/SiO₂ interface remains a 
critical reliability challenge due to the defect mechanisms [28]. To 
compensate, SiC MOSFETs require a higher gate drive voltage (Vgs ≈

15–20 V) compared to Si MOSFETs (Vgs ≈ 10–15 V) to achieve low 

on-resistance (Rds(on)). Additionally, the internal gate resistance (Rg) in 
SiC MOSFETs is inherently higher due to smaller chip sizes for equiva
lent ratings, necessitating lower external gate resistances (≈0–5 Ω) for 
fast switching, though this must be balanced against surge protection 
[29]. The Miller effect is more pronounced in SiC MOSFETs due to their 
faster dv/dt, demanding robust gate drivers. Furthermore, the body 
diode in SiC MOSFETs while fast, has a high reverse recovery charge 
(Qrr) and forward voltage, leading to increased switching losses. This 
often necessitates the use of an external SiC Schottky diode in parallel 
[30]. Table II summarises the key differences between the gate struc
tures of Si and SiC MOSFETs for clearer understanding.

2.2. Threshold voltage instability

Threshold voltage, Vth, represents a critical reliability challenge in 
SiC power MOSFETs, directly influencing device controllability, 
switching accuracy, and long-term system reliability. In contrast to their 
silicon counterparts, SiC MOSFETs exhibit more noticeable and complex 
Vth shifts, primarily due to extensive charge trapping at the SiC/SiO₂ 
interface and within the gate oxide layer. These instabilities can result in 
significant deviations from expected gate drive performance, compro
mising efficiency, control accuracy, and fault tolerance [31,32].

Fig. 8. Schematic of the structure of SiC power MOSFET.
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2.2.1. Mechanisms of Vth instability
• Interface Traps Effects
The 4H-SiC/SiO₂ interface typically exhibits a high density of inter

face traps Dit , higher than 1012cm− 2.eV− 1, primarily due to the presence 
of residual carbon and bond imperfections introduced during oxidation 
[33]. While the structural nature of these defects is introduced in the 
previous section, their dynamic behaviour under high electric fields 
becomes especially critical here. These traps interact with carriers dur
ing device operation, especially under high electric fields which is 
leading to charge capture and emission dynamics that cause transient 
and long-term variations in Vth.

• Bulk Oxide Charge Trapping
Charge trapping also occurs within the bulk of the gate oxide, 

particularly in the presence of near-interfacial oxide traps such as oxy
gen vacancies and hydrogen related defects. These bulk traps contribute 
to gradual Vth drift during prolonged electrical stress, especially in de
vices with ultra-thin gate oxides (<50 nm) and high gate electric fields 
(>5 MV/cm) [34]. This drift typically exhibits logarithmic time 
dependence, with activation energy ≈ 0.1–0.3 eV and worsens at 

elevated temperatures [35].

2.2.2. Impact on circuit behaviour
• Gate Drive Maloperation
Threshold voltage shifts during regular operation (in-situ) can lead to 

significant gate drive misbehaviour. Positive Vth shifts, often caused by 
electron trapping under continuous gate bias, increase the channel 
resistance, thereby raising RDS(on) and contributing to higher conduction 
losses. Conversely, negative Vth shifts may reduce turn-off robustness 
and increase off-state leakage current, potentially leading to thermal 
runaway or degraded efficiency in power converters [36,37].

• Timing Errors
In high frequency switching applications (e.g., EV traction inverters), 

delayed turn on/off due to Vth hysteresis can cause shoot-through cur
rents [38].

2.2.3. Bias temperature instability (BTI) effects
BTI originates from charge trapping and detrapping processes within 

the gate oxide and at the SiO₂/SiC interface, leading to parametric drift, 
hysteresis, and potential degradation of switching margins. It represents 
a progressive and often partially reversible degradation mechanism, 
making its interpretation strongly dependent on stress conditions, and 
recovery behaviour. In SiC MOSFETs, both positive and negative gate 
bias conditions contribute to BTI through distinct phySiCal mechanisms.

• Positive BTI (PBTI)
Under positive gate bias (ON-state condition), electrons tunnel into 

oxide traps, increasing Vth. This effect worsens at high temperatures 
(>150 ◦C) [39].

• Negative BTI (NBTI)
Negative gate stress (OFF-state condition) leads to hole trapping, 

reducing Vth and increasing leakage. NBTI is less severe in SiC than Si but 
remains a concern during prolonged OFF-state biasing at elevated 
temperatures [40].

Studies also show partial Vth recovery upon removal of stress bias, 
indicating reversible trap dynamics, which must be considered when 
interpreting stress test results [41].

Table III compares the effect of PBTI and NBTI on the change value of 

Table I 
Comparison of SiC MOSFET Gate Structures.

Feature Planar Gate 
(DMOS)

Double Trench Asymmetric 
Trench

Channel 
Orientation

Lateral, surface 
channel

Vertical trench 
sidewalls 
(different planes)

Channel aligned to 
a-plane <11− 0>
(optimal 
orientation)

Channel 
Mobility

Low (poor SiC/SiO₂ 
interface, high trap 
density)

Higher than 
planar (but 
varies by 
sidewall 
orientation)

Highest, due to 
optimal 
orientation and 
reduced trap 
density

RDS(on) High (limited 
scalability)

Reduced vs. 
planar (wider 
effective 
channel)

Lowest, ≈ 50% of 
planar

Interface Trap 
Density

High Moderate, but 
varies across 
sidewalls

Lowest (best 
interface quality)

Cell Pitch / 
Scalability

Limited scalability Larger pitch due 
to second trench 
(reduces channel 
density)

Compact design, 
high channel 
density

Gate Oxide 
Reliability

Stressed at higher 
fields, some 
shielding from 
parasitic JFET

Deep p-well 
shields oxide, 
reducing field 
stress

Deep p-well shields 
oxide, reducing 
field stress

Body Diode Present but not 
optimized, higher 
conduction loss

Second trench 
adds significant 
body diode 
conduction area

P-wells act as body 
diode emitters, 
well-optimized

Drive Voltage Requires higher VGS 

for full conduction
Moderate, device 
dependent

Standard +15 V 
drive, easy gate 
control

Switching 
Performance

Moderate, higher 
QGD

Improved, but 
sidewall 
differences 
complicate 
behavior

Excellent, low 
QGD/QGS ratio, 
controlled 
switching, low 
dynamic losses

Maturity of 
Technology

Most mature 
(commercially 
widespread, simpler 
process)

Mature but more 
complex 
fabrication

Latest commercial 
trend (e.g., 
Infineon 
CoolSiC™)

Advantages Simple, established, 
robust

Lower RDS(on), 
oxide shielding, 
proven structure

Best trade-off: low 
RDS(on), high 
mobility, good 
switching & 
reliability

Disadvantages High RDS(on), poor 
mobility, limited 
scaling

Uneven sidewall 
properties, larger 
pitch

More complex 
design, 
orientation- 
sensitive 
fabrication

Table II 
Key Differences Between Si and SiC MOSFET Gate Structures.

Aspect Si MOSFETs SiC MOSFETs

Gate Oxide 
Interface 
Quality

Excellent (Si/SiO₂ interface is 
nearly ideal)

Poorer (SiC/SiO₂ has high 
interface trap density)

Electric Field in 
Gate Region

Lower (Si has lower critical 
field ~0.3 MV/cm)

Much higher (SiC critical 
field ~2.5–6 MV/cm) 
Requires design mitigation

Gate Drive 
Voltage

±10–15 V Often +15–20 V (on) / –5 V 
(off)

Gate Oxide 
Thickness

Can be thin (~10–30 nm) Typically, thicker (e.g., 
40–80 nm), although recent 
devices use thinner oxides 
with passivation techniques 
to mitigate breakdown.

Trench 
Structures

Used to reduce cell pitch and 
on-resistance

Used but require careful 
field-plate and JFET region 
design to avoid field 
crowding

Gate Resistance 
(Rg)

Lower internal Rg Higher internal Rg due to 
small die size and higher 
sheet resistance

Planar Structure Mature, highly optimised 
DMOS with hexagonal, square 
or stripe cellular 
arrangements

Similar DMOS structure, but 
with shorter channels due to 
poor channel field effect 
mobility

Interface 
Degradation 
Over Time

Minimal Significant; reliability 
concern (bias temperature 
instability, threshold voltage 
drift)
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the Vth.
Fig. 9 illustrates the energy band diagrams depicting the two primary 

trapping phenomena: (a) hole trapping and (b) electron trapping. Under 
NBTI, generated holes (h⁺) from impact ionisation or gate injection 
accumulate near the Poly-Si/SiO₂ interface, leading to a negative ΔVth 
due to positive charge screening of the gate field. Conversely, during 
PBTI, electrons tunnel into oxide traps via Fowler-Nordheim (F-N) 
tunnelling from the Poly-Si gate, becoming trapped near the SiO₂/4H- 
SiC interface (Fig. 9b), which increases Vth. The figure highlights how 
these processes alter the local electric field, modulating the effective 
barrier width for F-N tunnelling: Hole trapping alters the local electric 
field, effectively modulating the barrier shape and enhancing carrier 
injection under certain conditions, while electron trapping partially 
restores it. These dynamics, exacerbated by temperature, contribute to 
hysteresis and long-term Vth drift, critically impacting SiC MOSFET 
reliability in high-temperature applications [42].

2.3. Mitigation strategies

The inherent vulnerability of SiC/SiO₂ interfaces to defects has 
driven the development of targeted mitigation approaches, with recent 
advancements focusing on three key areas:

2.3.1. Thermal nitridation of gate oxide
Post-oxidation annealing in NO or N₂O environments introduces ni

trogen at the SiC/SiO₂ interface, passivating carbon related traps and 
significantly reducing Dit [43].

2.3.2. Gate stack engineering
An effective approach is gate stack engineering using alternative 

high-k dielectric materials. Fig. 10 illustrates the simulated variation in 
Vth for 4H-SiC Metal Insulator Semiconductor (MIS) structures as a 
function of dielectric thickness across several dielectric materials, 
including SiO₂, Y₂O₃, AlN, Al₂O₃, and HfO₂. Among these, SiO₂ exhibits 
the highest threshold voltages, with Vth exceeding 7 V at 50 nm thick
ness. In contrast, high-k dielectrics such as HfO₂ and Al₂O₃ demonstrate 
significantly lower Vth values for the same thickness range, indicating 
improved gate control and reduced effective oxide field stress. The use of 
these materials can help suppress charge trapping and interface state 
density, both of which are critical contributors to Vth drift under pro
longed operation. These findings support the ongoing research into 
high-k dielectrics as promising candidates for enhancing long-term 
reliability and stability in SiC power devices [44]. However, despite 
their benefits, high-k dielectrics face challenges such as poor interface 
quality with SiC, increased trap densities, thermal instability, and 
long-term reliability concerns, limiting their full replacement of SiO₂ in 
commercial devices.

2.3.3. Dynamic gate voltage control
Advanced gate driver techniques, such as adaptive Vgs regulation or 

active feedback can compensate for Vth shifts in real time, improving 
system stability and reliability under varying thermal and electrical 
stress [45].

2.3.4. Channel mobility engineering
In addition to gate oxide and voltage control techniques, improving 

channel mobility through interface defect reduction has emerged as a 
crucial strategy for enhancing SiC MOSFET reliability. As described by 
[46], channel resistance Rch is inversely proportional to the channel 
mobility μch, and can be expressed as: 

Rch =
doxL

εoxμchW
(
Vg − Vth

) (1) 

Table III 
Bias Temperature Effect on Vth Shifts.

Stress Condition Mechanism

PBTI Vgs > 0 Electron trapping in oxide
NBTI Vgs < 0 Hole trapping at interface

Fig. 9. Energy band diagrams illustrating how (a) hole trapping and (b) elec
tron trapping influence the tunnelling barrier widths and Fowler–Nordheim 
(F–N) tunnelling currents at the charge injection interface.

Fig. 10. Modelled dependence of threshold voltage on dielectric thickness in 4H-SiC 
MIS structures using various dielectric materials [44].
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where dox, L, εox, W, Vg,Vth are the oxide thickness, channel length, 
permittivity, width, gate voltage, and threshold voltage respectively. 
The study highlighted several reliability benefits associated with 
increasing μch as shown in Fig. 11. 

• Lower Specific On-Resistance: Higher channel mobility reduces the 
specific on-resistance Ron,sp, which allows for smaller chip areas for 
the same current rating. This improves cost efficiency and thermal 
management.

• Thicker Gate Oxides Allowed: With higher μch, a thicker gate oxide 
can be used without degrading on-state conduction. This lowers the 
electric field in the oxide, thus reducing gate oxide stress, charge 
trapping, and threshold voltage instability.

• Improved Short-Channel Behaviour: Higher mobility also permits 
longer channel lengths, helping suppress short-channel effects. This 
improves saturation characteristics, reduces leakage current, and 
enhances short-circuit ruggedness.

Overall, mobility engineering, through advanced interface treatment 
techniques such as nitridation, post-oxidation annealing, and alternative 
dielectrics, offers a compelling route for simultaneous performance 
enhancement and long-term gate reliability.

2.4. Gate oxide degradation mechanisms

The long-term reliability of the gate oxide in SiC MOSFETs is gov
erned by progressive degradation mechanisms, with time-dependent 
dielectric breakdown (TDDB) being the most critical. This stress- 
induced process determines the intrinsic lifetime of the gate dielectric 
under both operational and accelerated test conditions and has emerged 
as a dominant failure mechanism [47].

2.4.1. Experimental evaluation of TDDB
TDDB refers to the progressive accumulation of defects in the gate 

oxide under continuous electrical stress, ultimately resulting in dielec
tric failure. In 4H-SiC MOSFETs, TDDB is influenced by native defects 
such as oxygen vacancies, carbon clusters, and dangling bonds near the 
SiC/SiO₂ interface, which act as precursors for trap-assisted tunnelling 
(TAT) and local field enhancement [31,48]. The degradation mecha
nism involves the formation of percolation paths, leading to either soft 
or hard oxide breakdown. These failures may occur even at gate voltages 
significantly below the intrinsic breakdown field of SiO₂ (approximately 
8–10 MV/cm). Studies have shown that TDDB lifetime (Tb) in SiC ex
hibits a Weibull slope (β) between 2 and 4, indicative of defect-driven 
breakdown [49].

2.4.2. Influence of electric field and temperature
The TDDB lifetime is typically modelled using empirical acceleration 

laws. Field-driven models include the E-model, 1/E model, the com
bined E + 1/E model, each reflecting different assumptions about how 
the oxide field accelerates bond breakage or carrier-induced defect 
generation [47,48]. TAT or percolation model provides a more phySiCal 
picture, describing breakdown as a progressive buildup of localized 
defects until a conductive path forms. In contrast, temperature accel
eration is described by the Arrhenius model, where defect activity in
creases exponentially with thermal energy. Collectively, these 
relationships can be expressed as [50,51]: 

Tb =

⎧
⎪⎪⎨

⎪⎪⎩

Aeγ/Eox ; E − model
AeB/Eox ; 1

/
E model

Aeα/Eox − BEox ; E + 1
/
E model

AeEa/KBT ; Arrhenius model

(2) 

where EOX is the oxide electric field, T is temperature, Ea is activation 
energy, KB is Boltzmann constant and γ, A, α, B are fitting parameters. 
Experimental data report activation energies ranging from 0.7 to 0.9 eV 
for SiC MOSFETs under moderate electric fields (3–6 MV/cm) [52], 
notably lower than Si’s typical range of 1.1–1.3 eV. However, lower Ea 
values (0.2–0.6 eV) may occur in SiC under high-field (>7.5 MV/cm) or 
high-temperature (>175 ◦C) conditions [53]. Table IV Summarizes the 
differences between these acceleration models.

2.4.3. Comparison with Si devices
In comparison to Si MOSFETs, while thermal SiO₂ exhibits similar 

intrinsic breakdown fields in both materials, the TDDB lifetimes in SiC 
devices are often significantly shorter. Si MOSFETs benefit from decades 
of process refinement and typically achieve TDDB lifetimes exceeding 
10⁶ hours under nominal conditions. In contrast, SiC devices require 
advancements such as post-oxidation annealing, alternative dielectric 
stacks, and interface passivation to achieve comparable reliability [54]. 
Table V summarizes the comparison gate oxide degradation mechanisms 
in SiC and Si MOSFETs.

2.4.4. Material and process defects
Beyond intrinsic oxide limitations, process induced imperfections 

during oxidation and interface formation critically impact reliability. 
Non-uniform oxidation, contamination, and insufficient passivation can 
lead to increased trap densities, enhance charge trapping, and accelerate 
early oxide failure. Therefore, improving fabrication control, including 
oxidation temperature, ambient chemistry, and annealing conditions, is 
essential for ensuring consistent oxide quality and extending device 
lifetime [55].

Fig. 11. Enhancement techniques in channel mobility of SiC MOSFETs [46].
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3. SHORT circuit (SC) ruggedness

SiC MOSFETs performance under short-circuit conditions remains a 
key challenge. Compared to traditional silicon devices, SiC MOSFETs 
have a much shorter withstand time during faults, requiring advanced 
protection strategies to ensure system reliability. This section examines 
their failure mechanisms, thermal limitations, and key protection 
methods to enhance ruggedness in high power applications.

3.1. SC failure modes

SiC MOSFETs exhibit distinct SC failure modes compared to their Si 
IGBT counterparts. One of the primary challenges is their inherently 
lower short circuit withstand time (SCWT), which is a critical parameter 
in motor drives and fault-prone environments. For instance, 1.2 kV SiC 
MOSFETs typically endure SC conditions for approximately 2–12 µs [56,
57], whereas similarly rated Si IGBTs can withstand up to 30–40 µs [56] 
under comparable stress conditions. This reduced SCWT in SiC devices is 
attributed to their higher current densities and lower thermal mass, 
leading to rapid temperature escalation during fault events.

The dominant failure mechanisms in SiC MOSFETs under SC condi
tions are thermal runaway and gate oxide degradation. During a short 
circuit event, the device experiences a surge in power dissipation, 
causing localised heating. This rapid temperature rise can lead to the 
melting of metal contacts and degradation of the gate oxide layer, ulti
mately resulting in device failure. Additionally, the high electric fields 
present during SC events can exacerbate gate oxide stress, leading to 
increased leakage currents and potential breakdown.

Furthermore, the device architecture of SiC MOSFETs, characterised 
by thinner gate oxides and shorter channel lengths to achieve low on- 

resistance, inherently compromises their SC ruggedness. These design 
choices, while beneficial for performance, make the devices more sus
ceptible to damage under fault conditions. Therefore, understanding 
these failure modes is crucial not only for real-time protection design but 
also for setting derating guidelines and establishing test protocols for 
device qualification [56-58].

3.2. Impact of high power density

SiC MOSFETs are renowned for their high power density, which, 
while advantageous for efficiency, can exacerbate short circuit vulner
abilities. During SC events, the rapid energy deposition leads to intense 
localised heating, particularly in the drift region, resulting in swift 
temperature rises that can exceed the thermal limits of the device. This 
rapid thermal buildup can lead to thermal runaway and device failure if 
not promptly mitigated [59].

3.3. SC protection methods

To address these challenges, advanced SC protection strategies have 
been developed. Active gate driving techniques, such as dynamic gate 
voltage clamping, have been shown to effectively reduce peak SC cur
rents. For instance, an active gate drive (AGD) approach achieved up to a 
46% reduction in SC current and a 51% reduction in SC loss compared to 
conventional gate drives in 1.2 kV SiC MOSFETs [60].

Complementing AGD, desaturation detection circuits monitor Vds 
during operation. If Vds exceeds a predefined threshold, indicating a 
potential SC event, the circuit rapidly turns off the MOSFET, typically 
within 1–2 µs, to prevent thermal runaway. A comprehensive review 
highlighted that desaturation detection is among the most widely 
adopted short-circuit protection methods for SiC MOSFETs, owing to its 
simplicity and effectiveness. However, it also noted that the response 
speed of desaturation detection can be limited by the blanking time, 
which is the intentional delay introduced to prevent false triggering 
during normal switching transients [56].

To validate the short-circuit protection concepts discussed above, 
representative SCWT experimental results are presented as an illustra
tive case study within the review framework. Fig. 12 shows experi
mental results of the SCWT response of a latest fourth-generation trench 
SiC MOSFET. The gate voltage (yellow) is initially held at –5 V and then 
driven high to initiate the short circuit pulse. Immediately after the fault 
is applied, the drain current (green) rises rapidly to a peak of approxi
mately 297 A, followed by a slight current droop characteristic of 
channel mobility degradation and self-heating during SC conduction. 
During the event, the drain-source voltage (blue) remains clamped near 
the DC bus value of ≈400 V, with a small overshoot up to ≈534 V at SC 
clearance.

The gate source voltage experiences mild negative ringing between 
+20 V and –5 V, and the gate current (pink) remains relatively low with 
a peak of ±(8–15) µA, indicating that the gate oxide remains intact 
throughout the fault duration. This behaviour is consistent with the 
improved SC robustness of trench-structure SiC MOSFETs, where opti
mized channel design and reduced electric field crowding help limit 

Table IV 
Comparison of TDDB Acceleration Models for SiC MOSFET Gate Oxides [31].

Model Mechanism Conduction Path Driving Factor Field 
Dependence

Temperature 
Dependence

Polarity 
Dependence

E-model Thermochemical bond breaking Trap generation Electric field Strong Strong No
1/E model Carrier-induced defect 

generation
Fowler–Nordheim 
tunnelling

Field + energy Strong Weak Yes

E þ 1/E model Combined field + carrier Mix of FN + trap growth Field + energy Strong Moderate Yes
TAT/Percolation 

model
Defect buildup & percolation Trap-assisted tunnelling Electric field Strong Strong Partial

Arrhenius model Thermally activated bond 
breaking

Not field-specific Temperature None Strong (activation 
energy)

No

Table V 
Summary of Gate Oxide Degradation Mechanisms in SiC vs. Si MOSFETs.

Aspect SiC MOSFETs Si MOSFETs

Breakdown Field 
of SiO₂₂

~8–10 MV/cm ~8–10 MV/cm

TDDB Failure 
Features

Defect generation, trap-assisted 
tunnelling, local field 
enhancement, soft/hard 
breakdown

Mainly trap generation 
and oxide wear-out

Defect Sources Carbon clusters, Si dangling 
bonds, oxygen vacancies near 
SiC/SiO₂ interface

Interface traps and oxide 
charges (fewer native 
defects)

Activation 
Energy (Ea) for 
TDDB

~0.2–0.6 eV ~0.7–1.2 eV

Typical Weibull 
Slope (β)

2–4 (field-driven defect 
accumulation)

Often >4 (indicates more 
consistent breakdown 
behaviour)

TDDB Lifetime 
Under Stress

Shorter due to poor interface 
quality and higher field 
operation

Longer, especially with 
optimised oxide processes

Mitigation Needs Post-oxidation annealing, 
nitridation, high-κ dielectric 
integration

Mature process – fewer 
reliability enhancements 
required
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thermal runaway and mitigate gate-oxide degradation during high en
ergy short circuit events. Despite these improvements, the achievable 
SCWT of SiC MOSFETs remains significantly shorter than that of con
ventional Si IGBTs, which continue to offer superior short circuit 
endurance due to their current saturated behaviour and inherently 
robust bipolar conduction.

Table VI highlights the discussed details of SiC MOSFETS under SC 
conditions and compares them with their corresponding in Si IGBTs.

4. Avalanche ruggedness

This section explores the behaviour of SiC devices under UIS, iden
tifies critical failure mechanisms, and reviews design strategies aimed at 
improving avalanche ruggedness and long-term reliability.

4.1. Unclamped inductive switching (UIS)

UIS events represent a critical stress condition in power devices, 
particularly in motor drives, power supply systems, and inductive load 
switching. The standard UIS setup, shown in Fig. 13, applies a high drain 
current and allows the device to absorb the inductor’s stored energy in 
avalanche mode. As shown in Fig. 14, the drain source voltage surges 
during turn-off while the current decays exponentially, resulting in 
significant energy dissipation across the device. In such scenarios, 
avalanche capability becomes a key indicator of device ruggedness. 
Unlike Si IGBTs that inherently avoid avalanche operation due to latch- 
up risks, SiC MOSFETs can enter avalanche mode, allowing them to 
sustain energy from inductive overshoot through impact ionisation and 

hole generation in the drift region. However, due to the wide bandgap 
and low intrinsic carrier concentration of SiC, the onset of avalanche 
conditions leads to extremely high electric fields and significant energy 
dissipation within a small active area, risking localised thermal and 
structural damage if not managed [61,62].

Studies report that SiC MOSFETs withstand avalanche energy in the 
low mJ/mm² range, with failure often precipitated by localized thermal 
hotspots or oxide degradation near the termination edge during UIS 
events [63]. As such, understanding the failure mechanisms and 
improving avalanche tolerance through termination engineering, cell 
design, and robust passivation remains an active research area [64].

To illustrate the avalanche stress mechanisms and reliability impli
cations discussed above, representative UIS experimental results are 
presented as an illustrative case study within the review framework. 
Fig. 15 presents UIS test results conducted on a planar SiC MOSFET. The 
yellow, blue, green and pink waveforms are the gate–source voltage Vgs, 
the drain–source voltage Vds, the avalanche current Id, and the gate 
current Igss, respectively. When the device is forced off under inductive 
load, the drain current cannot change abruptly, forcing the MOSFET into 

Fig. 12. Experimental SCWT waveforms of a fourth-generation trench 
SiC MOSFET.

Table VI 
Key Differences between SiC MOSFETs and Si IGBTs Under Short-Circuit (SC) 
Conditions.

Parameter SiC MOSFETs Si IGBTs

Short-Circuit 
Withstand Time 
(SCWT)

~2–12 µs ≥30 µs

Power Density Higher (leads to rapid thermal rise) Lower (slower 
thermal buildup)

Thermal 
Management

Challenging due to localised 
heating in drift region, thermal 
bottlenecks

Easier due to lower 
heat flux

Dominant SC Failure 
Mechanisms

Thermal runaway, gate oxide 
degradation, defect activation

Latch-up, junction 
failure

Device Design Focus Low on-resistance, fast switching High SC ruggedness
Short-Circuit 

Protection 
Techniques

Active Gate Drive (AGD), 
desaturation detection, dynamic 
clamping, soft shutdown

Desaturation 
detection, soft 
shutdown

Fig. 13. Standard unclamped inductive switching (UIS) test circuit for evaluating 
avalanche ruggedness in SiC MOSFETs.

Fig. 14. Typical drain current and voltage waveforms during UIS, showing 
avalanche phase and energy dissipation.

Fig. 15. Experimental UIS test waveforms of a planar SiC MOSFET.
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avalanche. This is evident from the rise in Vds, which peaks at approx
imately 1.77 kV, significantly above the nominal blocking rating, indi
cating avalanche breakdown of the drift region. Simultaneously, the 
avalanche current exhibits a plateau around 30–35 A, with a peak 
overshoot of 48 A, reflecting the inductive current being commutated 
through the body diode and drift region.

During the avalanche event, the device experiences substantial 
electrical stress. The gate source voltage exhibits a pronounced negative 
ringing, reaching –21 V, driven by high di/dt and parasitic inductances 
in the gate loop. Additionally, the gate current increases sharply, with 
Igss peaking at ±20 μA, indicating hot-carrier injection and localized 
electric-field stress at the gate oxide interface. These UIS degradation 
mechanisms in planar SiC MOSFETs can be explained as impact ioni
zation, hole generation in the JFET region, and oxide electric-field 
crowding can accelerate gate oxide wear-out and elevate leakage 
levels. The measured waveforms therefore clearly illustrate the intrinsic 
UIS vulnerability of planar SiC MOSFET structures and the associated 
reliability risks under high energy avalanche conditions.

4.2. Avalanche failure mechanisms

During avalanche operation in SiC MOSFETs, several intrinsic failure 
mechanisms can be activated depending on the device structure and 
stress conditions. A critical failure pathway involves parasitic bipolar 
junction transistor (BJT) latch-up, which is triggered by impact ionisa
tion in the JFET region. Under high avalanche current, generated 
electron-hole pairs can forward-bias the body source junction, inad
vertently activating the parasitic BJT formed by the n⁺ source, p-body, 
and n-drift regions. Once turned on, this BJT sustains current indepen
dent of the gate bias, leading to thermal runaway and permanent 
damage. Some investigations showed that latch-up thresholds are highly 
sensitive to cell pitch and base resistance, particularly under repetitive 
UIS stress [65].

Another dominant degradation route arises from localised thermal 
damage due to intense power dissipation during avalanche. Power 
densities can exceed 10⁵ W/cm² within microseconds, particularly near 
the gate oxide and termination region, resulting in bond wire lift-off, 
metallization melting, or gate oxide rupture [66]. Studies confirmed 
that thermally induced delamination and micro-cracking in the passiv
ation layers often act as precursors to catastrophic failure, especially 
during repetitive avalanche events. These mechanisms highlight the 
need for careful electrothermal design and termination engineering in 
high reliability SiC power systems [64].

4.3. Design improvements for better UIS performance

Improving avalanche ruggedness in SiC MOSFETs under UIS stress 
requires structural enhancements targeting key failure mechanisms such 
as field crowding, thermal localization, oxide breakdown, and parasitic 
BJT activation. Effective strategies include junction termination opti
mization, buffer layer engineering, and channel structure design (e.g., 
trench vs. planar), each contributing to better electric field manage
ment, thermal handling, and oxide protection.

4.3.1. Optimised junction termination structures
The termination region plays a critical role in determining the 

electric field distribution at the device periphery during UIS events. Poor 
termination design leads to field peaking, which significantly increases 
the risk of gate oxide rupture and early avalanche failure. To counter 
this, Field Limiting Rings (FLRs), Junction Termination Extensions 
(JTEs), and deep trench terminations have been widely adopted. These 
structures distribute the depletion region more uniformly and reduce 
electric field concentration near the gate and edge termination. The 
study [67] demonstrated that grading the JTE region using multi-zone 
doping not only improved the breakdown voltage uniformity but also 
enhanced avalanche energy tolerance in 1.2 kV SiC MOSFETs.

4.3.2. Enhanced buffer layers for high energy transients
The buffer layer, typically located between the n-drift region and the 

SiC substrate, serves as a key energy absorbing layer during avalanche 
conditions. A well-engineered buffer moderates the high energy impact 
ionisation front, disperses heat, and reduces the likelihood of parasitic 
BJT activation by lowering the base resistance. Studies showed that step- 
graded n-type buffer layers in 4H-SiC effectively extended avalanche 
survivability by smoothing the electric field transition at the drift-buffer 
interface [68]. Meanwhile, [69] demonstrated through failure analysis 
that buffer doping profiles significantly influenced avalanche robustness 
by affecting hole extraction and thermal distribution in the device.

4.3.3. Impact of trench and planar structures on UIS ruggedness
Beyond termination and buffer engineering, gate/channel geometry 

significantly affects avalanche tolerance. A recent investigation [70] 
compared the UIS performance of planar, symmetrical double-trench, 
and asymmetrical trench 1.2 kV SiC MOSFETs using a novel high en
ergy avalanche method based on incremental source voltage stress. 
Planar devices showed the lowest avalanche energy density and early 
oxide breakdown due to electric field crowding near the gate oxide. 
Symmetric trench devices, with deep P-well shielding, improved field 
management and energy absorption but became vulnerable under 
elevated temperatures due to oxide fatigue. In contrast, the asymmetric 
trench design, featuring a field-shielded trench and channel aligned to 
the (11–20) crystal plane, exhibited the highest avalanche energy 
tolerance, especially at 175 ◦C. This geometry effectively suppressed 
electric field peaks and improved mobility without triggering parasitic 
BJT conduction. These findings underscore the importance of channel 
orientation, oxide protection, and trench asymmetry in enhancing 
avalanche ruggedness across SiC MOSFET designs.

Key mechanisms, stress responses, and structural improvements 
related to avalanche ruggedness in SiC MOSFETs during UIS operation 
have been summarized in Table VII.

Table VII 
Summary of Avalanche Ruggedness and Design Considerations for SiC 
MOSFETs.

Aspect Description / Observation References

Unclamped Inductive 
Switching (UIS)

UIS events are common in motor drives, 
traction systems, and power supplies, UIS 
forces SiC MOSFETs into avalanche mode 
to absorb inductor energy, stressing the 
drain and gate oxide.

[61,62]

Energy Levels Typical avalanche energy ratings low mJ/ 
mm² range in commercial 1.2 kV SiC 
MOSFETs.

[63]

Failure Trigger 
Locations

Failures commonly initiate at termination 
edges, gate oxide, or localised hotspots.

[63,64]

Parasitic BJT Latch-up Caused by impact ionisation; turns on n⁺/ 
p/n structure, leading to thermal runaway 
and uncontrolled current.

[65]

Thermal Failure 
Modes

>10⁵ W/cm² power densities can cause 
bond wire lift-off, oxide rupture, and 
passivation cracks.

[66]

Termination 
Optimization

FLRs, JTEs, and trench terminations 
reduce field crowding; multi-zone JTE 
doping enhances EAV.

[67]

Buffer Layer 
Engineering

Step-graded or doped buffer layers absorb 
energy, suppress latch-up, and enhance 
thermal stability.

[68,69]

Gate and Channel 
Structure

Avalanche ruggedness is influenced by 
gate geometry. Planar devices show earlier 
oxide breakdown due to field crowding, 
while asymmetrical trench designs 
improve energy tolerance and thermal 
handling.

[70]
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5. Reliability under power cycling stress

Power cycling reliability is a critical factor in the long-term perfor
mance of SiC MOSFETs, especially in applications involving frequent 
thermal transitions caused by periodic power dissipation during opera
tion. Repeated junction temperature fluctuations can induce mechanical 
fatigue in various packaging elements, potentially leading to device 
degradation or failure. This section addresses the primary reliability 
challenges under power cycling conditions, including thermal stress- 
induced bond wire lift-off, degradation of die attach and solder joints, 
and explores emerging relevant solutions.

5.1. Thermal stress and bond wire lift-off

One of the primary failure mechanisms in power semiconductor 
modules subjected to power cycling stress is the degradation and 
eventual lift-off of bond wires, which provide both the main electrical 
connection and a path for heat dissipation between the semiconductor 
die and the package terminals. In SiC MOSFETs, the higher permissible 
junction temperatures (Tj,max of 175–200 ◦C) and faster switching speeds 
lead to more aggressive thermal gradients compared to silicon coun
terparts, making them more susceptible to thermo-mechanical fatigue. 
Repetitive heating and cooling during on-off cycles induce cyclic me
chanical strain at the wire–pad interface, particularly in aluminium 
bond wires, due to the mismatch in coefficient of thermal expansion 
(CTE) between the bond wire and the underlying metallization layer. 
Over time, this strain leads to crack initiation and propagation at the 
heel of the bond, eventually causing partial or complete lift-off, 
increased contact resistance, and localised hot spots [71,72].

Experimental studies using accelerated power cycling tests have 
demonstrated that bond wire degradation remains a dominant failure 
mode in SiC modules even under moderate current and temperature 
swing conditions. For instance, some studies revealed that bond wire lift- 
off typically occurs after 10⁴–10⁶ cycles [73,74], depending on the 
thermal swing (ΔTj) and current amplitude.

Additionally, techniques such as scanning acoustic microscopy 
(SAM) and X-ray imaging have confirmed that early-stage delamination 
or void formation at the wire interface can significantly accelerate the 
degradation process [75]. The PC test is fully described later in the paper 
in reliability tests section. As such, improving wire material selection (e. 
g., AlCu, Ag) and adopting wire-less packaging methods (e.g., sintered 
die attaches or planar interconnects) are active research areas aimed at 
mitigating this reliability bottleneck in SiC-based power modules.

5.2. Die attach and solder joint degradation

While bond wire fatigue is primarily driven by mechanical stress at 
the wire pad interface, the die attaches and solder joints in SiC power 
modules are subject to creep-driven degradation under prolonged power 
cycling. These joints experience plastic deformation and void formation 
due to repeated thermal expansion and contraction, particularly at 
elevated junction temperatures enabled by SiC’s wide bandgap. The 
mismatch in CTE between the SiC die, solder layer, and copper baseplate 
causes shear stress across the die attach region, which gradually initiates 
micro voids and cracks, particularly near the die edges and corners.

Unlike wire bond degradation, which results in open circuit failures, 
solder degradation leads to progressive delamination, reduced thermal 
conductivity, and rising junction to case thermal resistance (Rth,jc), ul
timately resulting in overheating and system-level failure. Studies 
demonstrated that significant void growth and intermetallic compound 
(IMC) formation were observed in the solder layer after 61,000–220,000 
thermal cycles (ΔTj=120 K) and 830,000–1430,000 cycles (ΔTj=90 K), 
while no degradation occurred even after 3000,000 cycles at ΔTj=60 K 
[76,64], directly correlating with device performance degradation. 
Advanced diagnostics like X-ray microtomography, SAM, and 

cross-sectional Scanning Electron Microscopy (SEM) imaging are 
commonly used to monitor void propagation and delamination depth, 
making them essential tools for assessing long-term solder joint reli
ability [77].

For clarity, Table VIII summarises the dominant packaging failure 
sites in SiC MOSFETs under power cycling stress, together with their 
primary stress drivers, and characteristic degradation mechanisms.

5.3. Improving thermo-mechanical reliability

To address the limitations of conventional solder joints and bond 
wires under power cycling conditions, advanced packaging technologies 
such as silver (Ag) sintering and copper (Cu) clip bonding have emerged 
as effective solutions for improving the thermo-mechanical reliability of 
SiC power modules. Unlike traditional solder, Ag sintering offers supe
rior thermal conductivity (~250 W/m⋅K) and mechanical robustness at 
high temperatures. It forms a porous, interlocked microstructure that 
resists creep and void growth under thermal stress, significantly 
extending the lifetime of the die attach layer. Experimental results have 
shown that Ag sintered joints can endure over 10⁶ power cycles with 
minimal degradation [78], making them especially suitable for auto
motive and high frequency switching applications.

In parallel, Cu clip bonding is increasingly replacing aluminium wire 
bonding due to its enhanced current-carrying capability, lower parasitic 
inductance, and better heat spreading. By forming a direct metal 
connection between the SiC die and the lead frame, Cu clips eliminate 
the heel-crack vulnerability associated with wire bonds and reduce the 
thermal resistance path. Studies have reported that Cu clip bonded SiC 
MOSFETs exhibit lower junction temperatures and improved power 
cycling endurance, particularly under high current density conditions 
[79]. Furthermore, the integration of sintered Ag die attach with Cu clip 
interconnects has proven effective in achieving highly reliable, compact, 
and low-inductance packaging designs [80].

Table IX summarises the key differences between traditional and 
advanced packaging approaches discussed in this subsection. In SiC 
MOSFETs, the intrinsic body diode provides a freewheeling current path 
during reverse conduction.

6. BODY diode reliability AND surge current stress

In SiC MOSFETs, the intrinsic body diode provides a freewheeling 
current path during reverse conduction. However, unlike external fast 
recovery diodes, the SiC MOSFET body diode faces unique reliability 
challenges under repetitive reverse conduction and surge current stress. 
This section explores the limitations of using the intrinsic body diode, 
examines the failure mechanisms triggered by high current pulses, and 
highlights recent strategies aimed at improving its ruggedness and 
reliability

6.1. Challenges of using intrinsic body diode

The intrinsic body diode of SiC MOSFETs, formed by the P-N junction 
between the p-body and the n-drift region, presents significant limita
tions when used in reverse conduction. As shown in Fig. 16, this diode is 
embedded in the vertical structure of the MOSFET and conducts current 
when the device is reverse-biased. One of the primary drawbacks is its 
relatively high forward voltage drop (VF), typically ranging from 2.5 V 
to 3.5 V, compared to ~0.7–1 V in silicon PiN diodes. This elevated VF 
results from SiC’s wide bandgap (~3.26 eV), which inherently raises the 
built-in potential across the junction. As a consequence, using the 
intrinsic body diode in continuous conduction, such as in the free
wheeling path of motor drives or inverters, leads to increased conduc
tion losses and reduced overall system efficiency [81,82]. This makes the 
body diode less suitable for applications requiring frequent reverse 
conduction or soft switching unless specific mitigation strategies, such 
as synchronous rectification or external Schottky diodes, are employed. 
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Moreover, while SiC diodes generally exhibit negligible Qrr, the body 
diode in a MOSFET can still experience minor reverse recovery effects 
due to the presence of interface traps and carrier injection, further 
complicating its use in high-speed switching applications [83].

6.2. Failure mechanisms under high surge currents

When a SiC MOSFET’s intrinsic body diode is subjected to high surge 
current events, such as inrushes, fault transients, or freewheeling during 
inductive turn-off, it can experience rapid internal degradation that 
significantly impacts device reliability. Although the body diode does 
not directly involve the gate terminal, the associated self-heating and 
carrier injection during high surge conduction may indirectly induce 
charge trapping near the gate oxide, contributing to a shift in Vth. 
Simultaneously, Rds(on) tends to increase due to carrier mobility degra
dation and contact damage within the source metallization or drift 

region. These changes lead to reduced current-handling efficiency and 
elevated conduction losses in subsequent operation cycles [84].

Additionally, repeated or excessive surge currents can cause non- 
uniform current spreading across the die, resulting in localised hot
spots and possible activation of the parasitic BJT structure under 
extreme conditions. This can initiate soft breakdown of the gate oxide or 
even thermal runaway if adequate protection is not in place. Failure 
analysis in literature has revealed that prolonged exposure to surge 
pulses not only causes deformation in bond wires and metallization 
layers but also contributes to die cracking or delamination in extreme 
cases [85]. Therefore, understanding the thermal-electrical interaction 
during high-current conduction is essential for designing robust SiC 
power modules, particularly in applications with frequent surge stress 
such as EV inverters and industrial drives.

6.3. Solutions to improve body diode reliability

To overcome the reliability and efficiency limitations of the intrinsic 
body diode in SiC MOSFETs, a widely adopted solution is the integration 
of an external Schottky barrier diode (SBD) in a hybrid configuration. 
Unlike the body diode, which has a high forward voltage and exhibits 
bipolar degradation under surge current stress, the SiC SBD is a majority 
carrier device with lower VF (typically <1.5 V) and negligible Qrr. When 
connected in antiparallel with the MOSFET, the SBD naturally conducts 
during reverse current flow, thereby bypassing the intrinsic body diode 
and significantly reducing conduction losses and thermal stress in free
wheeling and reverse conduction applications [86].

This approach not only improves energy efficiency but also enhances 
surge current ruggedness, as the SBD can be designed with optimised 
chip area and layout to better manage current spreading and heat 
dissipation. Commercial implementations, such as hybrid modules that 
co-package a SiC MOSFET and an SBD, have demonstrated improved 
reverse conduction performance and extended device lifetime in motor 
drives, onboard chargers, and power factor correction circuits [87]. 
Moreover, recent advancements in integrated SBD within the MOSFET 
structure show promise in further minimising parasitic elements and 
packaging complexity while maintaining high reliability under repeti
tive stress [88].

To illustrate the practical impact of body diode reliability challenges 
and the effectiveness of mitigation strategies discussed above, repre
sentative experimental case studies are briefly discussed. The perfor
mance of 1.2 kV SiC planar MOSFETs has been thoroughly investigated 
under three operating scenarios in [89]. The first scenario, the device is 
paired with SiC SBD, ensuring that the body diode (BD) does not 
conduct. In the second, the SiC SBD is removed, forcing the device to rely 
solely on its body diode. The third scenario uses both SiC SBD and the BD 
connected in parallel (SBD+BD). For the first case, an auxiliary diode 
must be placed in series with the switch to block BD conduction in the 
third quadrant, which introduces extra conduction losses and affects 
switching losses differently for each device technology. A hard-switched 
converter model is simulated to evaluate and compare the losses of these 
diode configurations against those achieved with synchronous rectifi
cation as shown in Fig. 17. The SiC MOSFET were tested using several 
gate resistance values (10 Ω, 15 Ω, 30 Ω, and 68 Ω) and at a junction 
temperature 150 ◦C. All the tests are conducted with an 800 V DC link 

Table VIII 
Summary of Dominant Packaging Failure Mechanisms in SiC MOSFETs under Power Cycling Stress.

Failure Spot Dominant Stress Drivers Primary Failure Mechanisms Key Degradation Indicators

Bond Wires Junction temperature swing (ΔTj), current density, CTE 
mismatch

Heel cracking, wire lift-off, increased 
contact resistance

Rise in Rds(on), local hot spots, intermittent 
open-circuit behavior

Die Attach / Solder 
Joints

Repetitive thermal cycling, high operating temperature, 
CTE mismatch (SiC–substrate)

Creep, void growth, delamination, IMC 
formation

Increase in Rth(j− c) , reduced heat dissipation, 
thermal runaway

Package-Level 
Interconnects

Mechanical fatigue, thermo-mechanical stress Cracking, delamination, loss of 
mechanical integrity

Degraded thermal impedance, mechanical 
failure

Table IX 
Comparison of Packaging Techniques to Enhance SiC MOSFET Reliability Under 
Power Cycling.

Aspect Conventional Technology Advanced Solution

Die Attach 
Material

Tin-based solder (e.g., SAC 
alloys)

Sintered silver paste

Wire Interconnect Aluminium bond wires Copper clip bonding
Thermal 

Conductivity
~50–60 W/m⋅K ~250 W/m⋅K (Ag sinter), 

superior heat dissipation
Mechanical 

Degradation
Creep, void formation, IMC 
growth

Minimal creep, robust 
microstructure

Power Cycling 
Lifetime

~10⁴–10⁵ cycles (moderate 
ΔTj)

>10⁶ cycles under similar or 
harsher conditions

Failure 
Mechanisms

Bond wire heel cracking, 
solder delamination

Significantly reduced fatigue 
and delamination

Current Carrying 
Capability

Limited (Al wire) High (Cu clip, wider contact 
area)

Inductance High (loop inductance from 
wire bonds)

Low (shorter current path, 
lower ESL)

Integration 
Complexity

Mature and low-cost Higher cost, but increasingly 
adopted in industry

Application 
Suitability

Low/medium stress 
environments

Automotive, industrial, and 
high-reliability systems

Fig. 16. Cross-sectional structure of a typical SiC MOSFET, highlighting the intrinsic 
body diode formed between the p-body and n-drift region.
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and a load current of 30 A. The switching tests are carried out under 
three different high side diode configurations. Fig. 18 presents the 
turn-on and turn-off energies versus gate resistance for three scenarios. 
As illustrated, the turn-off energy does not vary with the body diode 
configuration. This is expected because turning the transistor off effec
tively turns the diode on, and the diode’s turn-on behaviour remains the 
same whether the conduction path is through the BD, SBD, or the 
SBD+BD combination. In contrast, the measured turn-on energies 
exhibit clear differences. The lowest turn-on energy occurs with the SBD 
configuration, followed by the SBD+BD arrangement, and then the BD 
alone. Notably, the SBD+BD configuration results in only a 10.6% in
crease in turn-on energy (averaged across the four gate resistance 
values) compared with the SBD. However, using only the BD yields a 
turn-on energy that is 56.7% higher than the SBD+BD case. These re
sults show an advantage in using the SBD configuration.

The work [90] examines how the body diode of the fourth generation 
SiC trench MOSFET degrades under different gate turn-off voltages. 
Applying a negative gate turn-off voltage leads to pronounced degra
dation, as confirmed experimentally. After 96 h of DC current stress on 
the body diode, the device shows a 22.5% rise in on-state resistance, a 
4.7% increase in diode forward voltage, and >150 nA of additional drain 
source leakage current.

The device is evaluated using a group of samples, where it consists of 

four series connected devices supplied by a current source and cooled by 
a dedicated thermal management system, as shown in Fig. 19. The group 
operates with the manufacturer recommended negative gate source 
voltage (Vgs = –4 V). To apply this negative bias across the gate-source 
terminals of the four series connected devices, four isolated DC/DC 
converters are employed. The group undergoes a 96-hour stress test at a 
constant 10 A, corresponding to 25% of the device’s rated current. This 
results in current densities of 168 A/cm². Device characterization is 
performed before stressing and every 48 h using a Keysight B1505A 
parameter analyser. The primary electrical parameters evaluated are the 
on-state resistance Rds(on), body diode forward voltage Vsd and drain 
source leakage current Idss. The case temperature was continuously 
monitored during the entire test and kept close to 90 ◦C. A noticeable 
change in the static characteristics of the trench MOSFETs appeared 
after 48 h of stress. Fig. 20 shows the evolution of Rds(on) over the test 
duration. The Rds(on) measurements were taken at a drain current of 29 A 
(as specified in the datasheet), with a gate-source voltage of 18 V, and at 
a temperature of 25 ◦C. Devices exhibited a pronounced increase in 
Rds(on). After 96 h of DC current stress, all four devices showed more than 
a 9% rise in Rds(on), with device 4 (D4) reaching a maximum increase of 
22.5%.

Fig. 21 illustrates the body diode voltage drop over time for the 
DUTs. Similar to the trends observed for Rds(on), they exhibit an increase 
in voltage drop. All devices showed a significant rise exceeding 2%, with 
device D4 experiencing the largest shift of 4.75% after 96 h of stress. The 
increase in the Vsd is attributed to stacking faults in the drift region, 

Fig. 17. Test setup of clamped inductive switching illustrates the various high-side 
diode configurations [89].

Fig. 18. Turn-on/off switching energy of the 1.2 kV SiC planar MOSFET under three diode configuration conditions.

Fig. 19. Test circuit configuration of the body diode stress [90].
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which reduce carrier lifetime.
Fig. 22 shows the drain source leakage current Idss measured at 400 V 

over the stress period for the DUTs. For three of them, Idss increased to 
approximately 100 nA, whereas one device experienced a more pro
nounced rise, reaching as high as 700 nA.

Table X shows a comparison of the electrical and reliability charac
teristics of the intrinsic body diode in SiC MOSFETs and a hybrid SiC 
MOSFET + SBD configuration.

7. Reliability tests

Reliability testing plays a central role in validating SiC power 
MOSFETs and ensuring their safe use in demanding applications. Man
ufacturers employ standardized tests to expose devices to accelerated 
stress conditions that mimic, and often exceed, real-world operating 
environments. The testing process involves applying controlled stress 
patterns such as thermal cycling, high humidity exposure, mechanical 
vibration, and rapid temperature changes. Key electrical parameters, 
including thermal impedance, leakage currents, threshold voltage, and 
on-state resistance, are continuously monitored to assess device degra
dation. The ultimate goals are to predict operational lifetime, confirm 
compliance with quality standards, and establish performance limits 
under harsh conditions. To ensure consistency across industries, inter
national organizations have established well-defined reliability stan
dards. The Joint Electron Device Engineering Council (JEDEC) [91] and 
the International Electrotechnical Commission (IEC) [92] provide gen
eral guidelines for evaluating electronic components under harsh con
ditions. In the automotive sector, more specialized frameworks, such as 
AQG 324 from the European Center for Power Electronics (ECPE) [93] 
and the Automotive Electronics Council (AEC) standards [94] are widely 
used to qualify power semiconductor modules for safety-critical 
applications.

In the subsequent parts, specific categories of reliability evaluation 
are outlined. For clarity, Table XI summarizes the main tests, while 
Table XII presents the corresponding standards for each.

7.1. Environmental tests

To assess the suitability of power electronics modules under harsh 
thermal and mechanical conditions, validated through phySiCal analysis 
and evaluation of electrical, mechanical, and insulation properties.

7.1.1. Thermal cycling
Thermal cycling tests assess the durability of power modules under 

repeated passive temperature variations, either by changing the ambient 
temperature (Thermal Shock Test, TST) or by cycling the case temper
ature (Thermal Cycling Test, TC) without electrical bias. The DUT is 
alternately exposed to heating and cooling chambers, typically 
completing 1–2 cycles per hour with at least 15 min at each temperature 
extreme to ensure stabilization. The test primarily evaluates solder joint 
lifetime and mechanical stress caused by mismatched thermal expan
sion. The test duration must allow the device to fully stabilize at both the 
low and high temperature extremes. Typically, the DUT is held at each 
temperature for at least 15 min, with 1–2 cycles completed per hour 

Fig. 20. Change in Rds(on) for SiC trench MOSFETs after body diode stress.

Fig. 21. Change in Vsd for SiC trench MOSFETs after body diode stress.

Fig. 22. Change in Idss for SiC trench MOSFETs after body diode stress.

Table X 
Comparison of SiC MOSFET Body Diode vs. Hybrid SiC MOSFET + SBD 
Configuration.

Aspect Intrinsic Body Diode Hybrid SiC MOSFET + SBD

Conduction 
Mechanism

Bipolar conduction 
(includes minority carriers)

Majority carrier conduction 
only

Forward Voltage 
Drop (VF)

High Low

Reverse Recovery 
Charge (Qrr)

Small but present due to 
minority carrier injection

Negligible

Surge Current 
Handling

Limited; can trigger 
degradation and parasitic 
BJT latch-up

Higher robustness; optimised 
for surge and reverse 
conduction

Power Loss During 
Freewheeling

Higher conduction and 
switching losses

Reduced losses, improved 
efficiency

Reliability Under 
Stress

Prone to Vth shift, RDS(on)

increase, and oxide damage
Enhanced ruggedness; better 
thermal performance

Packaging 
Complexity

Simpler (no additional 
diode)

Slightly increased due to 
added component

Application 
Suitability

Light-load, low-duty reverse 
conduction

Heavy-duty reverse current, 
high-efficiency power 
conversion
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[93]. For power modules, the standard temperature range As Per 
AEC-Q101 is –55 ◦C to maximum rated junction temperature, not to 
exceed 150 ◦C [95]. Modern designs, especially those using sintered dies 
and baseplate-free structures, have demonstrated survival beyond 1500 
cycles without failure [96]. A common failure criterion is defined as a 
20% increase in thermal resistance compared to the initial pre-test 
value. Fig. 23 illustrates a typical test setup and the corresponding 
temperature profile over time.

7.1.2. High and low temperature storage tests (HTS, LTS)
These tests evaluate the impact of prolonged exposure to extreme 

storage conditions on power modules, ensuring package integrity under 
both high and low thermal stress. In HTS, devices are stored at ambient 
temperatures above 125 ◦C for around 1000 h, while LTS subjects them 
to very low temperatures, typically near –40 ◦C, for the same duration. 
After tests, the modules must remain operational and free from any 
phySiCal damage such as cracks.

7.1.3. Vibration test
The test evaluates the mechanical robustness of power modules for 

automotive converter applications, and targets common structural 
weaknesses such as spring-contact fatigue, solder joint instability under 
vibration, and cracks in structural parts. The test frequency range is from 
10 Hz to at least 1000 Hz with an acceleration of 5 g, although lower 
limits may vary depending on the equipment. The device must remain 
fully operational

7.2. Mechanical shock test

The test verifies a device’s resistance to sudden impacts and the 
ability of solder joints to withstand external mechanical stress and 
identifies potential failure modes such as cracks or detachment within 
the module structure. The test is performed without electrical bias, and 
the DUT must retain full functionality.

7.3. Lifetime tests

lifetime tests subject the DUTs to various operating conditions to 
deliberately trigger typical degradation mechanisms in power elec
tronics modules.

7.3.1. High temperature reverse bias (HTRB)
The test assesses long-term device stability under high drain source 

bias, identifying weaknesses in the passivation layer and chip-edge 
sealing. DUTs are stressed at 80–100% of the reverse VBR, with the 
gate shorted to the source, at ambient temperatures near the maximum 
junction rating for 1000 h. A healthy device shows only slight leakage 
current increase, while failure is defined by excessive leakage leading to 
thermal runaway [112]. Leakage is continuously monitored, and 
advanced setups often employ a gradual voltage ramp (“soft bias”) to 
reduce initial overstress [113].

7.3.2. High temperature gate bias (HTGB)
The HTGB test evaluates degradation in gate oxide under combined 

electrical and thermal stress. It detects Vth drift caused by random oxide 
defects and ionic contamination. The test applies the maximum rated 
positive and negative gate source voltages, with the drain shorted to the 
source, at ambient temperatures near the maximum junction rating for 
1000 h. Variations in Vth during the test reveal gate oxide reliability 
issues [112].

Table XI 
Summary of Standard Reliability Tests for SiC Power MOSFET [96].

Test Objective Stress Conditions

High Temperature 
Reverse Bias 
(HTRB)

Evaluates insulation and 
passivation layer stability 
under high reverse bias 
conditions.

Applied bias at 80–100% of 
VBR near Tj,max for 1000 h. 
Observe the change in 
leakage current.

High Temperature 
Gate Bias (HTGB)

Investigates gate oxide 
reliability and degradation 
under elevated gate bias 
stress.

±100% of maximum Vgs 

applied near Tj,max for 1000 
h. Observe the change in 
Igss and Vth shift.

High Humidity High 
Temperature 
Reverse Bias 
(H3TRB)

Simulates degradation 
mechanisms caused by 
moisture exposure under 
combined electrical and 
environmental stress.

85 ◦C, 85% relative 
humidity, 1000 h with part 
reverse biased at 80% of 
rated breakdown voltage. 
Observe the change in 
leakage current.

High Temperature 
Storage Tests 
(HTS)

Assesses long-term 
degradation when exposed 
to elevated ambient 
temperatures.

Storage at >125 ◦C for 
1000 h. DUT must remain 
fully operational without 
damage.

Low Temperature 
Storage (LTS)

Tests device robustness 
under cold storage and 
transportation conditions.

Storage at <–40 ◦C for 
1000 h. DUT must remain 
fully operational without 
damage.

Thermal Cycling (TC) Evaluates mechanical stress 
and fatigue caused by 
repeated passive 
temperature variations.

Cycling between –40 ◦C 
and 125 ◦C until Rth 

increases by >20%.

Vibration Test Verifies mechanical 
integrity under vibration, 
particularly for automotive 
and transportation 
applications.

Sinusoidal vibration, 
10–1000 Hz, 5 g 
acceleration. DUT must 
maintain full functionality.

Mechanical Shock Evaluates resistance to 
sudden mechanical impacts.

Shock applied without 
electrical bias. DUT must 
maintain full functionality.

Power Cycling (PC) Examines thermal fatigue 
caused by repetitive active 
heating and cooling of the 
device.

Fast cycles: ΔTj > 100 ◦C 
(wire-bond fatigue). Slow 
cycles: ΔTj < 80 ◦C (solder 
fatigue).

Table XII 
Summary of Standard Names for SiC Power MOSFET Reliability Tests.

Test Standard Reference

HTRB IEC 60,747–8 
IEC 60,749–23 
JESD22-A108D

[97–99]

HTGB IEC 60,747–8 
IEC 60,749–23 
JESD22-A108D

[97–99]

H3TRB IEC 60,068–2–67 
JESD22-A101C

[100,101]

HTS IEC 60,749–6 
JESD22-A103D

[102,103]

LTS JESD22-A119 [104]
TC IEC 60,749–25 

JESD22-A104D
[95,105]

Vibration Test IEC 60,068–2–6 
JESD22-B103B

[106,107]

Mechanical Shock IEC 60,068–2–27 
JESD22-B104C

[108,109]

PC IEC 60,749–34 
JESD22-A122

[110,111]

Fig. 23. Configuration of the thermal cycling test and applied temperature pro
file [96].
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7.3.3. High humidity high temperature reverse bias (H3TRB/THB)
The H3TRB test, also known as Temperature and Humidity Bias 

(THB), examines moisture-induced degradation in power devices and 
modules. Since most designs are not hermetically sealed, moisture dif
fuses through silicone gel encapsulation and reaches the passivation 
layer, potentially affecting active regions and interconnects. DUTs are 
subjected to 85% relative humidity, 85 ◦C in an environmental chamber, 
and AEC-Q101 recommend using 80% of the rated voltage for 1000 h 
while biased, with drain source leakage current continuously monitored 
to identify weak points in both the device and module structure [114]. 
The test can be extended to High Voltage, High Humidity, High Tem
perature, Reverse Bias (HV-H³TRB), this test applies the same environ
mental stressors but with higher reverse or blocking voltage (for 
high-voltage power devices such as SiC MOSFETs) to more aggres
sively accelerate failure mechanisms [115].

7.3.4. Power cycling
In power cycling (PC) tests, the devices are repeatedly heated 

through electrical losses and cooled afterward by switching off the load 
current. This process creates steep internal temperature gradients over 
successive cycles. Two modes are typically used: active cycling, where 
heating occurs from power dissipation, and passive cycling, where the 
device is externally heated and cooled. Fast cycling (on the order of 
seconds) with large temperature swings (ΔT > 100 ◦C) often leads to 
wire-bond failures, whereas slower cycling (minutes) with smaller 
swings (ΔT < 80 ◦C) primarily causes solder fatigue. Test outcomes are 
usually expressed as curves of maximum cycles versus ΔT, with high ΔT 
values enabling accelerated testing that can be extrapolated to real 
operating conditions [116]. According to the ECPE Guideline, power 
cycling is classified into two categories: Power Cycling with seconds 
(PCsec), using short power pulses (< 5 s) that mainly stress chip-near 
interconnections, and Power Cycling with minutes (PCmin), with 
longer pulses (> 15 s) that affect both near and remote interconnections. 
Fig. 24 illustrates a typical test setup and the corresponding temperature 
profile over time.

Depending on the intended stress conditions and level of realism, 
power cycling tests can be implemented using many configurations as 
stated in the literature [117], while the two main configurations are 
conventional DC, and AC circuits, each designed to impose thermal 
loading on the device through different mechanisms. Each configuration 
offers distinct advantages and limitations: the conventional DC circuit 
provides simplicity and cost-effectiveness but lacks full operational re
alism, and the AC configuration, though more sophisticated and 
resource-intensive, delivers the most representative evaluation by 
incorporating both conduction and switching losses under 
converter-like conditions. Table XII highlights the differences while 
Fig. 25 illustrates the configurations.

7.4. Other tests

These tests are currently not included in standard product qualifi
cation procedures, nor are they referenced in the IEC standard. A 
possible reason is that the test conditions remain under debate, given the 
rapid evolution of new chip generations. While the guideline was orig
inally developed for power modules in electric vehicles, such tests are 
increasingly being adopted for qualifying power modules in industrial 
applications. Another reason is that the previously mentioned tests are 
well matured for Silicon devices however with the emerging of SiC de
vices and due to the significantly higher switching speed, there is a 
growing need to introduce dynamic reliability tests.

7.4.1. Dynamic reverse bias (DRB)
The MOSFET is exposed to a high dv/dt stress (equal or higher than 

50 V/ns) between drain and source at room temperature. Stress can be 
applied through active switching or an external pulsed voltage source. 
The device carries no load current; only capacitive current flows to 
charge and discharge output capacitance Coss. To avoid self-heating, the 
switching frequency is kept relatively low (25 kHz up to 1000 kHz as per 
AQG [93]). The objective is to confirm that trapped charges do not 
induce Vth drift or Rds(on) increase [96]. An alternative approach is the 
dynamic HV-H3TRB test.

7.4.2. Dynamic gate stress (DGS)
Here, the gate is cycled on and off at high frequency (25 kHz ≤ f ≤

1000 kHz [93]) using the recommended negative and maximum positive 
gate voltages, with Vds and load current kept at zero. The aim is to verify 
minimal Vth drift throughout the device’s expected lifetime.

7.4.3. Dynamic high-humidity, high-temperature reverse bias (dyn. 
H3TRB)

Unlike the conventional H³TRB, which applies static bias, the dy
namic version introduces high switching activity to emulate real oper
ating conditions. The test is performed at 85 ◦C and 85% relative 
humidity for 1000 h, with a drain–source voltage between 0.8 and 0.95 
VDSS and switching frequencies from 15 kHz to 25 kHz. During testing, 
rapid voltage transitions are applied with slew rates up to ±30 V/ns to 
assess insulation and passivation stability under dynamic bias and 

Fig. 24. Configuration of the power cycle test and applied temperature profile [96].

Fig. 25. Configurations of the power cycle test (a) Conventional DC test (b) AC test.
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humidity exposure [93]. The device can be tested either in active mode 
(the MOSFET switches itself, creating the dv/dt stress) or passive mode 
(external circuitry generates the alternating voltage for diodes or 
non-switching devices). A gate voltage of Vgs,on and Vgs,off is used, and the 
drain current is kept at zero (Ids = 0 A) to isolate humidity degradation 
mechanisms. This test helps identify weaknesses in surface passivation, 
chip sealing, and edge termination under realistic dynamic electrical 
stress.

7.4.4. Reverse current pulse test
Bipolar degradation is cause due to Basal Plane dislocation which 

form in the substrate during crystal growth and further propagate in the 
epi layer. Under the electrical and thermal stress this BPD expand into 
stacking fault causing shift in Rds(on), Vsd, Idss and in some cases Vth. When 
bipolar reverse current flows through the body diode, crystal defects and 
trapped charges may accumulate, raising forward voltage and acceler
ating device degradation. This effect is intensified under high current 
densities in the pn-junction. Although MOSFET channels normally 
conduct in reverse, during dead times in half-bridge operation the diode 
must carry current for ≈1 µs. To replicate this stress, high current pulses 
(equal to or above rated current) of 1 µs duration with ~1% duty cycle 
are applied to the body diode while keeping the MOSFET switched off.

8. Summary of reliability indicators

After discussing the main degradation mechanisms at the gate oxide, 
body diode, and package levels, it is beneficial to consolidate the find
ings into a single overview. Table XIII summarizes the most relevant 
diagnostic indicators that have been reported for SiC MOSFETs, linking 
each to the corresponding failure site. The table highlights the relative 
sensitivity and diagnostic value of parameters such as threshold voltage 
shift, on-state resistance, leakage current, and forward voltage varia
tions. While these indicators are widely adopted in reliability studies, it 
is important to note that their quantitative behaviour depends strongly 
on device technology, packaging, and stress conditions. Therefore, the 
information provided should be regarded as a comparative guideline for 
identifying suitable monitoring parameters, rather than as absolute 
thresholds.

9. Future directions and emerging technologies for SiC MOSFET 
reliability

This section highlights emerging approaches that go beyond incre
mental improvements, focusing on innovative gate oxide processes, 
advanced packaging schemes, AI-driven reliability modelling, and next- 
generation device architectures. Together, these developments repre
sent the technological frontiers shaping the next era of SiC MOSFET 
reliability.

9.1. Innovations in gate oxide technology

Traditional thermal oxidation techniques and post-deposition 
annealing have shown diminishing returns in reducing interface trap 
densities, especially at the 4H-SiC/SiO₂ interface. To address this, 
Atomic Layer Deposition (ALD) has emerged as a promising alternative 
for achieving ultra-thin, conformal oxide films with precise control over 
stoichiometry and defect incorporation. Unlike conventional methods, 
ALD enables layer by layer growth, which reduces oxygen vacancies and 
provides superior uniformity across large-area wafers, essential for high 
voltage applications [118].

Looking beyond standard dielectrics, next-generation interface en
gineering strategies are exploring the use of 2D materials (such as hex
agonal boron nitride or graphene oxide) as interfacial buffers between 
SiC and high-k oxides. These materials offer the potential to suppress 
interface states, reduce Coulomb scattering, and improve channel 
mobility, all without compromising thermal stability [119]. Further
more, plasma enhanced ALD and digital nitridation techniques, which 
introduce nitrogen at sub-monolayer levels during growth, are being 
investigated to passivate carbon related interface defects more effec
tively than bulk NO annealing, while enabling compatibility with 
non-thermal process flows [120]. As device scaling continues and trench 
architectures become more common, these innovations in dielectric and 
interface formation will be key to achieving long-term threshold voltage 
stability in next generation SiC MOSFETs.

9.2. Advanced packaging technologies

While silver sintering and copper clip bonding have already 
demonstrated their value in enhancing thermal cycling performance, the 
next wave of SiC MOSFET packaging innovations is focused on multi- 
functional reliability, addressing not only thermal management, but 
also electrical performance, form factor, and system integration. One 
promising approach is double-sided cooling (DSC), which enables 
symmetrical heat dissipation through both the top and bottom of the die, 
significantly reducing peak junction temperatures and mechanical stress 
gradients. This is especially advantageous in high power SiC modules, 
where localised heating under high current density can trigger long-term 
failure modes [121]. Fig. 26 illustrates the baSiC architectures of con
ventional single-sided cooled (SSC) and DSC power modules. In the DSC 
structure, the top of the power device is re-metallised to allow soldering 
or sintering, enabling connection to an upper substrate through metal 
blocks. This configuration creates a second heat flow path from the 
device top, theoretically reducing the thermal resistance from junction 
to case (Rth,j− c) by up to 50%.

In parallel, parasitic inductance reduction has become a critical 
packaging objective, particularly for fast switching SiC devices. Tech
niques such as embedded die packaging, planar interconnects, and co- 
packaging with gate drivers are being explored to shorten intercon
nection paths, suppress voltage overshoot, and reduce Electromagnetic 
Interference (EMI) susceptibility in high-frequency applications [122]. 
Furthermore, 3D integration and power module miniaturisation are 
gaining traction, enabling compact, low-inductance layouts that are 
better suited for electrified vehicles and aerospace systems. Research 
also points toward the adoption of flexible substrates and additive 
manufacturing, which offer novel pathways for custom 

Table XIII 
Diagnostic Indicators for Reliability Assessment of SiC MOSFETs.

Failure Site Representative 
Indicators

Diagnostic Value

Gate Oxide - Vth shift - high sensitivity, semi-linear change, 
widely used in lifetime monitoring

- Rds(on) - moderate sensitivity, medium 
linearity, complementary indicator

- Igss - low sensitivity, mainly visible near 
breakdown

- gm - moderate indicators with acceptable 
linearity- Miller plateau 

voltage
- Capacitances (Cgs, 
Cgd, etc.)

- secondary, nonlinear, strongly test- 
dependent

- Switching delay 
times

- secondary, affected by circuit 
parasitics but reflect degradation

Body Diode - Drain leakage 
current (Id,leak)

- highly sensitive early-warning 
parameter

- Forward voltage 
drop (Vf)

- medium sensitivity, useful for 
gradual degradation

- Switching 
transients

- moderate indicator but system- 
depemdent

Package (Bond 
Wires & 
Solder)

- Bond wire 
resistance

- Bond wire resistance: moderate 
sensitivity, reflects fatigue and lift-off

- Forward voltage 
variation

- indicative of interconnect 
degradation

- Die-attach/solder 
resistance

- signals cracks/voids, though harder 
to measure directly in operation
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thermal/electrical routing, mechanical stress buffering, and scalable 
assembly [123]. Collectively, these advancements represent a shift to
ward system-aware packaging, where electrical, thermal, and mechan
ical co-optimisation is essential for ensuring long-term SiC MOSFET 
reliability in mission-critical applications.

9.3. AI-Based reliability prediction models

As SiC MOSFETs continue to penetrate safety and mission-critical 
sectors such as automotive, aerospace, and grid infrastructure, the 
ability to predict device degradation in real-time is becoming increas
ingly essential [23]. Traditional reliability assessment methods, based 
on accelerated life testing and empirical models, are often 
time-consuming, device-specific, and limited in predictive power. In 
contrast, machine learning (ML) techniques offer a data driven frame
work for modelling complex degradation behaviours by analysing large 
datasets of operational and environmental parameters. Recent studies 
have shown that supervised algorithms such as Random Forests, Support 
Vector Machines (SVM), and Neural Networks can successfully correlate 
stress conditions (e.g., temperature, gate bias, duty cycle) with failure 
indicators like Vth drift or RDS(on) increase, enabling early fault detection 
and remaining useful life (RUL) estimation [124,125].

More advanced approaches are integrating real-time sensor data 
from embedded thermal, voltage, and current monitors with recurrent 
neural networks (RNNs) or Long Short-Term Memory (LSTM) models to 
capture temporal degradation trends. These models can support pre
dictive maintenance strategies, where system level actions, such as 
derating or reconfiguration, are dynamically adjusted based on health 
indicators [126]. Additionally, AI is being used to classify failure modes, 
optimise gate driving schemes under varying stress conditions, and 
guide accelerated testing protocols, reducing experimental overhead. As 
part of the broader shift toward digital twins and smart power elec
tronics, AI-enabled reliability frameworks promise to redefine how SiC 
device health is monitored and managed throughout their lifecycle.

9.4. Next generation SiC devices

The future of SiC power devices is being shaped by architectural 
innovations that aim to enhance performance, efficiency, and long-term 
reliability. One key advancement is the Superjunction (SJ) SiC MOSFET, 
which employs alternating p and n-type pillars to achieve ultra-low 
RDS(on) at high voltages while minimising chip area. This enables 
higher current densities and switching efficiency but also introduces 
new challenges in voltage balancing and breakdown control, particu
larly under avalanche or surge conditions, where uniform electric field 
distribution becomes critical [127].

Further design evolution is seen in vertical JFETs and integrated 
Junction Barrier Schottky (JBS) structures, which combine high surge 
ruggedness with efficient reverse conduction, reducing system 
complexity and external component count [128]. In support of higher 
integration and reduced parasitics, Schottky Barrier Diodes (SBDs), 
previously discussed for their role in mitigating body diode limitations, 
are now being explored in monolithically integrated configurations. 
These efforts aim to simplify packaging, minimise inductive losses, and 

improve reverse recovery behaviour in compact power modules, espe
cially for high-speed and automotive applications.

10. Conclusion

SiC MOSFETs offer transformative benefits in efficiency, high tem
perature performance, and compact design, but also present distinct 
reliability challenges unlike those in silicon devices. This review ana
lysed dominant failure mechanisms such as gate oxide degradation, 
short circuit and avalanche breakdown, packaging stress, and body 
diode instability under various electrical, thermal, and mechanical 
stresses. Key degradation pathways such as trap-assisted tunnelling, 
parasitic BJT activation, bond wire lift-off, and diode degradation were 
examined alongside mitigation approaches including interface nitrida
tion, termination engineering, mobility enhancement, silver sintering, 
and hybrid topologies. Experimental results from SCWT testing, UIS 
characterization, and BD evaluation are presented to illustrate how 
modern SiC MOSFETs behave under critical stress events and to validate 
several of the reliability concerns highlighted in the literature. In addi
tion to failure mechanisms, this paper consolidated the wide range of 
reliability tests applied to SiC MOSFETs and summarized the most 
relevant diagnostic indicators at device, package, and system levels, 
highlighting their relative sensitivity and linearity as health monitoring 
metrics. Finally, forward-looking strategies were discussed, emphasizing 
progress in gate dielectric engineering, advanced packaging methods, 
AI-assisted reliability prediction, and next generation device structures. 
Together, these insights provide a comprehensive framework for 
advancing the robustness and durability of SiC MOSFETs and guiding 
future research in their long-term reliability.
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