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ABSTRACT
Wide Bandgap (WBG) semiconductor devices, including silicon carbide (SiC)
and gallium nitride (GaN), are rapidly becoming the cornerstone of high-
performance power electronics due to their superior electrical and thermal
properties. Despite these advantages, WBG devices face reliability challenges
caused by complex failure mechanisms, thermal stresses, and material
degradation. This paper presents a comprehensive review of the reliability
issues, underlying failure mechanisms, and lifetime prediction models for WBG
devices. Emphasis is placed on the effects of thermal cycling, bias stress, and
packaging on device degradation. Key reliability assessment methods and
predictive modeling approaches are also discussed. Tables and figures
summarize common failure modes, stress factors, and reliability estimation
techniques, offering insights for both academic research and industrial

applications.
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INTRODUCTION

Wide Bandgap (WBG) semiconductor devices such as SiC and GaN are transforming power
electronics applications, ranging from electric vehicles and renewable energy systems to high-
frequency converters. Their high breakdown voltage, low on-resistance, and high-temperature
tolerance enable devices to operate efficiently in environments where traditional silicon (Si)

devices fail.

Despite these advantages, WBG devices exhibit unique reliability concerns due to intrinsic
material properties, device structure, and operational stresses. Unlike silicon devices, WBG
devices are more sensitive to thermal stress, high electric fields, and packaging-induced
mechanical strains, which can accelerate failure mechanisms. Understanding these failure
pathways and predicting device lifetime is crucial for designing robust and durable systems.

This paper provides a detailed review of the reliability challenges, failure mechanisms, and
lifetime prediction methods for WBG devices, emphasizing practical insights for both

researchers and engineers.

RELIABILITY OF WBG DEVICES

Reliability in semiconductor devices is a measure of the probability that a device will perform
its intended function under specified operating conditions for a given period of time. For Wide
Bandgap (WBG) devices such as silicon carbide (SiC) MOSFETSs and gallium nitride (GaN)
HEMTSs, reliability is particularly critical because these devices are often used in high-power,
high-temperature, and high-frequency applications where failure can lead to system downtime,

safety hazards, or catastrophic damage.

Unlike conventional silicon (Si) devices, WBG devices operate at higher junction temperatures
(up to 200-250°C for SiC and 150-200°C for GaN) and can switch at much faster rates. While
these advantages improve efficiency, they also make WBG devices more sensitive to stress-
induced degradation, including:
e Electrical Stress: High voltages and currents cause local heating, hot carrier injection,
or dielectric breakdown.
e Thermal Stress: Repeated heating and cooling cycles create mechanical stress and

fatigue in metallization, solder, and packaging materials.
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e Mechanical Stress: Packaging, mounting, or vibration-induced stresses can lead to

delamination, die cracking, or bond wire lift-off.

Assessing reliability involves a combination of empirical testing (accelerated lifetime tests),
physics-of-failure modeling (understanding how specific stresses cause degradation), and
statistical lifetime prediction. This approach allows engineers to estimate device Mean Time

To Failure (MTTF) and design more robust systems.

FACTORS AFFECTING RELIABILITY
The reliability of WBG devices is influenced by multiple interrelated factors. These factors can
be broadly categorized into intrinsic device factors and extrinsic operational/environmental

factors.

1. Thermal Stress
Thermal stress arises from the repeated expansion and contraction of materials due to
temperature changes during operation. WBG devices often operate at high power densities,
which generate localized hotspots in the semiconductor die. Over time, thermal cycling leads
to:

e Solder fatigue in the die attach

e Bond wire lift-off

e Package warping or delamination

e Thermal runaway in extreme cases
Example: In a SiC MOSFET used in an electric vehicle inverter, junction temperatures can
exceed 175°C during peak operation. Repeated driving cycles (thermal cycling) can cause

micro-cracks in the solder and eventual electrical failure after several thousand cycles.

2. Electrical Stress
Electrical stress includes high voltage, high current, and rapid switching operations, which can
accelerate device degradation. Common effects include:
e Gate oxide breakdown: High electric fields in MOSFET devices can cause time-
dependent dielectric breakdown (TDDB).
e Hot carrier injection: Energetic carriers can create interface traps and shift threshold

voltages.
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e Avalanche stress: Excessive voltage spikes can cause localized heating or permanent

device damage.

Example: GaN HEMTs used in RF amplifiers may experience voltage overshoot during high-
frequency switching. Over time, this can lead to gradual degradation of the gate and channel

regions.

3. Mechanical Stress
Mechanical stress is caused by mismatches in Coefficient of Thermal Expansion (CTE)
between the semiconductor die, substrate, solder, and packaging materials. It is also introduced
during mounting, handling, or vibration. Mechanical stress leads to:

e Die cracking

e Bond wire fatigue

e Solder joint failure

e Substrate warping
Example: In high-power converters, repeated vibration from motor operation can accelerate
mechanical fatigue of GaN devices, reducing the device lifetime even without high electrical

or thermal stress.

4. Humidity and Environmental Factors
Moisture and environmental contaminants can also degrade WBG devices. Exposure to
humidity and corrosive environments may result in:

e Corrosion of metallization layers

e Increased leakage current

e Degradation of encapsulation and passivation layers
Example: Outdoor solar inverters using SIC MOSFETs may experience humidity-induced
corrosion over long-term operation, particularly in tropical climates. Protective coatings and

hermetic packaging can mitigate this effect.

5. Device Design and Material Factors
Intrinsic factors such as the quality of the semiconductor crystal, die thickness, gate oxide
quality, and metallization type also significantly influence reliability. Imperfections in these

materials can accelerate the onset of failure under thermal, electrical, or mechanical stress.
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Example: SiC devices with thinner die or imperfect gate oxides are more prone to gate leakage

and breakdown under high-voltage stress, reducing long-term reliability.
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Figure 1: Overview of factors affecting WBG device reliability
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FAILURE MECHANISMS IN WBG DEVICES

Wide Bandgap (WBG) semiconductor devices such as SiC MOSFETs and GaN HEMTs offer
high breakdown voltage, high thermal conductivity, and fast switching capability, making them
ideal for high-power and high-frequency applications. However, these very characteristics also
expose them to unique failure mechanisms that differ from conventional silicon devices.
Understanding these failure pathways is critical for predicting device lifetime, designing

reliable systems, and implementing mitigation strategies.

WBG devices can fail due to thermal, electrical, mechanical, or material-related stresses,

often acting in combination. The main failure mechanisms are described below.

1. Thermal-Related Failures
Thermal stress is one of the most significant factors affecting WBG device reliability. High-
power operation generates localized heating, which can lead to:

e Junction degradation: Excessive junction temperatures can cause irreversible material
changes in the semiconductor, including defect generation and dopant migration,
leading to performance deterioration.

e Thermal runaway: Uneven heat distribution creates hotspots that exacerbate self-
heating, potentially causing catastrophic failure if not properly managed.

e Solder fatigue and bond wire lift-off: Repeated thermal cycling induces mechanical
stress due to differences in coefficients of thermal expansion (CTE) between the die,

solder, and substrate, resulting in crack formation and eventual electrical disconnection.

Example: In SiC MOSFET modules used in electric vehicle inverters, repeated operation
between -40°C and 175°C can cause microcracks in solder layers after several thousand cycles,
reducing thermal and electrical performance.
Mitigation strategies include:

e Using high-reliability solder and thermal interface materials (TIMSs)

e Optimizing heat sinks and cooling systems

e Careful thermal modeling to avoid hotspot formation

.

2. Gate Oxide Degradation

The gate oxide is the most critical insulating layer in MOS-based WBG devices. Its failure is
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often the primary cause of device breakdown. Key mechanisms include:

e Time-Dependent Dielectric Breakdown (TDDB): Continuous high electric fields
stress the oxide, leading to gradual formation of conductive paths and eventual
dielectric failure.

e Bias Temperature Instability (BTI): Prolonged bias and temperature stress shifts the
threshold voltage, affecting switching performance and increasing leakage currents.

e Hot Carrier Injection (HCI): Energetic carriers create traps at the SiC/oxide or

GaN/insulator interface, further degrading gate performance.

Example: GaN HEMTs in RF amplifiers experience threshold voltage drift and leakage
increase after extended operation at high voltage and temperature due to oxide degradation.
Mitigation strategies include:

e Optimizing gate oxide thickness and quality

e Implementing passivation layers and barrier films

e Limiting gate voltage overshoot during switching

3. Metallization and Interconnect Failures
Thermal and mechanical stresses impact the metallization layers and interconnects, leading to
fatigue and eventual failure. Mechanisms include:
e CTE mismatch: Differences in thermal expansion between the die, solder, and
substrate cause cyclic stress and micro-cracks in metallization layers.
e Electromigration: High current density in metallization layers can cause atom
migration, creating voids and hillocks that disrupt current flow.
e Bond wire lift-off: Repeated thermal cycling or vibration can fracture bond wires,

resulting in open circuits.

Example: In SiC MOSFET power modules, metallization fatigue under repeated switching
leads to increase on-resistance and eventual open-circuit failures.
Mitigation strategies include:

e Using low-CTE packaging materials

e Optimizing metallization thickness and alloy composition

e Implementing robust bond wire design and placement
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4. Packaging-Induced Failures
The package plays a critical role in both electrical performance and reliability. Packaging-

related failures often originate from:

Encapsulation stress: Epoxy or molding compounds can shrink or crack, inducing
stress on the die.

Substrate warpage: Uneven thermal expansion of substrates during operation or
solder reflow can create mechanical stress.

Solder voids and delamination: Poor soldering during assembly or void formation
during reflow leads to weak thermal and electrical connections.

Example: GaN devices in high-frequency converters sometimes experience substrate

delamination due to repeated thermal cycling, which causes localized electrical failures.

Mitigation strategies include:

Using underfill materials to reduce die stress
Selecting low-CTE substrates and encapsulants

Improving soldering techniques to minimize void formation

5. Surface and Interface Degradation

WBG devices are particularly sensitive to surface and interface states because of their high

electric fields and thin passivation layers. Mechanisms include:

Interface trap formation: Bias and temperature stress create traps at
semiconductor/insulator interfaces, degrading carrier mobility and increasing leakage.
Surface oxidation or contamination: Exposure to oxygen, moisture, or contaminants
can alter surface properties, affecting switching and conduction.

Charge accumulation: Trapped charges in the surface or buffer layers can shift

threshold voltages and degrade switching reliability.

Example: GaN HEMTSs operating at high power show threshold voltage drift and increased

leakage due to charge trapping at the AlGaN/GaN interface over extended operation.

Mitigation strategies include:

Surface passivation with SiN or AI203 layers

Device design to reduce high-field regions at the surface
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e Encapsulation to prevent environmental contamination

Table 2: Common failure mechanisms in SiC and GaN devices

) Failure _ o
Device Type ) Primary Cause Mitigation Strategy
Mechanism
SiC Gate oxide ) ) o )
High E-field + T stress Optimized gate design
MOSFET breakdown
SiC Metallization ] Advanced solder + package
) Thermal cycling _
MOSFET fatigue design

Surface trap o
GaN HEMT Gate leakage _ Passivation layers
accumulation

. ) Heat sinks + thermal interface
GaN HEMT || Thermal runaway | High power density )
materials

LIFETIME PREDICTION METHODS
Predicting WBG device lifetime is essential for ensuring reliability in high-stress applications.
Lifetime models combine empirical testing with physics-of-failure approaches.

1. Accelerated Stress Testing
Devices are subjected to elevated temperature, voltage, and switching stress to accelerate
failure. This provides statistical data to estimate mean-time-to-failure (MTTF).

2. Physics-of-Failure Models

Models consider underlying degradation mechanisms such as thermal fatigue, gate oxide wear-
out, and bond wire lift-off. Activation energy-based Arrhenius models are often used:
MTTF=A-eEakT\text{MTTF} = A \cdot e*{\frac{E_a}{kT}}MTTF=A-ekTEa

where AAA is a pre-exponential factor, EaE_aEa is activation energy, kkk is Boltzmann

constant, and TTT is absolute temperature.

3. Prognostics and Health Management (PHM)
PHM uses real-time monitoring of device parameters like on-resistance, leakage current, and

junction temperature to predict remaining useful life (RUL). Machine learning approaches are

154 Page 146-156 © MANTECH PUBLICATIONS 2017. All Rights Reserved



Journal of Power Electronics and Drives
MANIECH

Publications Volume 2, Issue 3, September-December 2017

increasingly applied to improve prediction accuracy.

4. Thermal-Cycle Fatigue Models

The Coffin-Manson model is widely used to predict solder and bond wire fatigue under cyclic
thermal loading:

Nf=C(Ae)-mN_f= C (\Delta \epsilon)*{-m}Nf=C(Ae)—m

where NfN_fNf is the number of cycles to failure, Ae\Delta \epsilonAe is strain range, and

C,mC, mC,m are material constants.

Figure 2: Schematic of lifetime prediction workflow combining accelerated testing, physics-

of-failure models, and PHM.

CASE STUDIES

1. SiC MOSFET in Electric Vehicles

A 1200V SiC MOSFET module used in EV inverters was analyzed under thermal cycling of -
40°C to 175°C. Failure occurred primarily due to solder fatigue in die attach after ~5000 cycles,

confirming thermal stress as the dominant mechanism.

2. GaN HEMTs in RF Applications
GaN HEMTs operating at 50V and 2 GHz were monitored for gate leakage and threshold shifts.
Surface traps and bias stress were found to significantly reduce lifetime under prolonged

operation, highlighting the importance of surface passivation.

DISCUSSION
WBG devices offer unprecedented performance, but their reliability depends heavily on device
design, packaging, and operational environment. Combining empirical testing, physics-of-
failure models, and predictive algorithms provides a robust approach for lifetime estimation.
Future research should focus on:

e Advanced packaging to reduce thermal and mechanical stress

e Real-time health monitoring for predictive maintenance

e Material improvements to enhance oxide and metallization reliability

e Machine learning-driven lifetime prediction models
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CONCLUSION
Wide Bandgap devices, while offering superior efficiency and high-temperature operation, face

unique reliability challenges. Understanding failure mechanisms such as thermal fatigue, gate

oxide degradation, and metallization cracking is critical. Lifetime prediction models,

incorporating accelerated testing, physics-of-failure approaches, and PHM, are essential for

ensuring safe and durable operation. Continued advancements in packaging, material science,

and predictive analytics will enhance the long-term reliability of SiC and GaN devices in

demanding applications.
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