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In this research, the radiation induced single event effects (SEE) observed in silicon
carbide (SiC) power MOSFETs have been studied. Heavy ions, terrestrial neutrons and
protons were selected as radiation environments to be investigated, as representative of
space, avionics and high-energy accelerator applications. SEE tests and electrical analysis
were performed in order to identify the modes and mechanisms of failure, and to assess
the reliability of commercial SiC MOSFET technologies. The research initially focused on
the non-catastrophic SEEs induced by heavy-ion irradiation, which represent a significant
risk for the part reliability in space applications. The broad-beam and microbeam results
pave the way to the understanding of the degradation mechanism, named single event
leakage current (SELC). Two types of degradation are described in this work, involving
different parts of the SiC MOSFET structure depending on the applied voltage during the
operation. At low bias the SELC is observed in the region under the gate oxide, whereas
for voltages over a certain threshold a second mechanism involving the p-n junction is
newly added. Heavy-ion latent damage effects were also studied through radiation tests
and scanning electron microscopy (SEM) analysis of the damaged site. Two mechanisms
were observed, involving the gate oxide and the SiC crystal lattice. Finally, the heavy-ion
SEEs are summarised as function of the operational bias and linear energy transfer
(LET). The second part of this work focused on SiC MOSFET reliability when exposed to
proton and terrestrial-neutron environments. Accelerated single event burnout tests were
performed using devices with different architectures. Electrical analysis of the damaged
devices was carried out to investigate the failure mechanism. The results provide useful
information about the reliability of the commercial SiC MOSFET technologies for avionic
and high-energy accelerator applications.

This project was carried out in the framework of a collaboration between the Physics
Department at the University of Jyväskylä, the radiation to electronics (R2E) project at the
European Council for Nuclear Research (CERN), and the Advanced Power Semiconductor
(APS) Laboratory at ETH Zürich.

Keywords: silicon carbide, power MOSFETs, radiation effects, Single Event Effects,
SELC, SEB, SEGR, latent damage
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Martinella, Corinna Yksittäisten hiukkasten aiheuttamat säteilyilmiöt piikarbidipohjai-
sissa MOSFET-tehotransistoreissa
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(JYU Dissertations
ISSN 2489-9003; 401)
ISBN 978-951-39-8726-8 (PDF)

Tässä työssä on tutkittu yksittäisten hiukkasten aiheuttamia säteilyilmiöitä piikarbidista
(SiC) valmistetuissa MOSFET-tehotransistoreissa. Tutkimukseen valitut säteilytyypit
sisälsivät raskaita hiukkasia, neutroneja sekä protoneja. Näitä hiukkasia tavataan tyypillis-
esti avaruus-, ilmailu- sekä kiihdytinsovelluksien toimintaympäristöissä. Säteilytestaukset
ja sähköiset karakterisoinnit suoritettiin, jotta vauriomekanismien eri moodit saatiin
selville, sekä kaupallisten SiC MOSFET-teknologioiden luotettavuus arvioitua. Ensisi-
jaisesti tutkimus keskittyi raskaiden hiukkasten ei-katastrofaalisiin säteilyilmiöihin, jotka
luovat merkittävän riskin komponenttien luotettavuudelle ja sen arvioimiselle avaruussovel-
luksissa. Fokusoituja (ns. mikrosuihkuja) sekä laaja-alaisia suihkuja käyttämällä on
mahdollista paremmin ymmärtää SELC-vauriomekanismia (engl. Single Event Leakage
Current). Tässä työssä kuvataan kahdenlaista SELC-vauriotyyppiä, mitkä kohdistu-
vat fyysisesti transistorin eri osiin riippuen käytetystä biasjännitteestä. Matalammilla
jännitteillä SELC havaitaan hilaoksidin alueella, kun taas korkeammilla jännitteillä
vaurio havaitaan transistorin runkodiodin alueella. Työssä tutkittiin myös raskaiden
hiukkasten aiheuttamia piileviä (latentteja) vaurioita kuvantamalla vauriokohtia elek-
tronimikroskoopin avulla. Latentteja vauriotyyppejäkin havaitaan kahdenlaisia, joihin
liittyvät alueet komponentin sisällä ovat hilaoksidi sekä SiC substraatti. Yllä mainituista
tuloksista on mahdollista määrittää raskaiden hiukkasten SEE-ilmiöiden eri alueet käyt-
töjännitteen sekä hiukkasen energiajätön funktiona. Työn toisessa osassa keskityttiin SiC
MOSFETien luotettavuuteen protoni- ja neutronisäteily-ympäristöissa. Kiihdytettyjä
SEB-testejä (engl. Single Event Burnout) käyttäen eri komponenttiarkkitehtuureja tutkit-
tiin. Saadut tulokset antavat hyödyllistä tietoa kaupallisten SiC MOSFET teknologioiden
luotettavuudesta ilmailu- sekä kiihdytinsovelluksissa.

Tämä projekti tehtiin yhteistyössä Jyväskylän yliopiston fysiikan laitoksen, CERN:n
R2E-projektin (Radiation to Electronics), sekä ETH Zürichin APS (Advanced Power
Semiconductor) laboratorion kanssa.

Avainsanat: piikarbidi, teho-MOSFET, säteilynvaikutukset, SEE, SELC, SEB, SEGR,
latentit vauriot

Suomentanut alkuperäisestä englanninkielisestä tekstistä: Arto Javanainen
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1 Introduction

The increasing global energy demand requires drastic improvements in energy efficiency to
meet the requirements for a sustainable development scenario. During the late 1980s, it was
demonstrated that power devices based on Silicon (Si) technology are rapidly approaching
their theoretical limits, and new alternatives for materials should be considered in the
future to reach higher efficiency. In this context, the wide-bandgap silicon carbide (SiC)
semiconductor has emerged as one of the most viable alternative to silicon (Si) for the
next-generation material for power devices. In fact, thanks to their physical, electrical
and thermal properties, SiC power devices can work at higher switching frequencies,
higher voltages and temperatures, achieving lower conduction losses with respect to the
Si counterparts [1].

Although research on SiC material has been performed for several decades, the suggestion
of using it to manufacture power device served as additional motivation. Since then,
Laboratories all over the world have made considerable effort in advancing crystal growth
and device processing techniques required for vertical power devices.

The first SiC Schottky diode was commercially released in 2001, followed by the first
junction field-effect transistor (JFET) in 2008. Additional years of research were required
for the SiC metal-oxide-semiconductor field-effect transistor (MOSFET), due to the
challenges related to the high densities of oxide/SiC interface states and oxide traps, that
inhibit carrier mobility and lead to instabilities in threshold voltage [2]. Finally, in 2011
the first SiC MOSFET appeared on the market.

It has taken time for the technology to mature, to address the reliability concerns and
for the price to drop sufficiently, but eventually these milestones have been achieved by
multiple manufacturers, and in the past few years SiC MOSFETs have seen tremendous
commercial progress [3]. Nowadays SiC power MOSFETs are found in a variety of
applications in the automotive, photovoltaic and power supply segments [4].

Due to the higher energy required for ionization and defects formation in respect to
Si, SiC technology has been considered highly suitable to harsh working conditions,
including radiation exposure [5]. These advantages make SiC technology desirable also for
space, avionics and high-energy accelerator applications [4, 6, 7]. Despite the beneficial
characteristics of SiC, its adoption in these fields is still hindered by the unexpected
susceptibility to the radiation encountered in these applications, which increases the risk
of single event effects (SEEs). These effects are a perturbation of the normal operation of
the device, which can cause permanent degradation or complete failure of the component,
preventing the implementation of the current commercial technologies in these fields.
During recent years, extensive work has been done by the community to understand the
SEE mechanisms in SiC power technology, with the objective to ultimately develop more
SEE-tolerant devices [8].
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2 Chapter 1. Introduction

1.1 Objectives of the thesis

This project was carried out in the framework of a collaboration between the Physics
Department at the University of Jyväskylä, the radiation to electronics (R2E) project at the
European Council for Nuclear Research (CERN), and the Advanced Power Semiconductor
(APS) Laboratory at ETH Zürich.
The research focuses on the physical SEE mechanisms observed in commercial SiC power
MOSFETs exposed to heavy-ion, terrestrial-neutron and proton radiation environments.
In order to assess the reliability of commercial SiC MOSFETs technologies, experimental
SEE tests were performed in different European facilities. After the irradiation, the
electrical characteristics of the devices were analysed to investigate modes and mechanisms
of failure.
The first part of this work focused on the degradation and latent damage mechanisms
observed when exposing the devices to heavy-ions, which is critical for space applications.
Successively, terrestrial-neutron and proton SEE tests were performed in order to study the
reliability of different commercial SiC MOSFETs for avionic and high-energy accelerator
environments.

1.2 Outline of the thesis

This thesis is structured in five chapters, summarized below.
Chapter 2 is an introduction on SiC material properties, SiC power components, and
SiC MOSFETs applications. The physical, electrical and thermal properties of SiC are
described, highlighting the interesting features for power applications. SiC power devices
are introduced, focusing especially on SiC MOSFETs, describing the planar and trench
architectures and the market projection. The second part of the chapter discusses the
potential applications of SiC MOSFETs as semiconductor switches for the injection kicker
system in high-energy accelerators at CERN.
Chapter 3 provides the underlying concepts regarding radiation interaction with matter
and radiation effects in electronics. The critical radiation environments for SiC power
applications in space, avionics and high-energy accelerators are described, followed by
a list of useful concepts for radiation testing. The final part of the chapter reviews the
literature on SEE in Si and SiC power components. An overview of the mechanisms of
degradation and failure in MOSFETs and diodes is provided, highlighting the context
where this research is inserted.
Chapter 4 focuses on the heavy-ion experiments, relevant especially for space applications.
The heavy-ion facilities and the experimental setup and methods are described before
presenting the results and discussion for leakage current degradation and latent damage.
The chapter concludes with a summary of the SEEs induced by heavy-ion in SiC power
MOSFETs.
Chapter 5 describes the experiments and the results obtained with lighter particles, such
as atmospheric-like neutrons and protons. This chapter is relevant for avionics and
high-energy applications. After the description of the facilities and the experimental setup
and methods, the results for terrestrial-neutron and proton irradiations are discussed.
Chapter 6 provides a list of suggestions collected along the years, followed by a summary
of the main findings of this research and some possible follow-up studies that might
expand the work presented in this thesis.



2 Background on SiC properties and
SiC power devices

SiC crystallizes in wide variety of structures, each of which exhibits unique electrical,
optical, thermal and mechanical properties. Due to these characteristics, SiC has emerged
as the most viable alternative to silicon for next-generation semiconductor for high-
efficiency and high-power density applications.

This chapter briefly describes the properties of the main SiC polytypes and the advantages
of SiC as a wide bandgap semiconductor for power applications, giving an overview on
SiC power devices, their properties, applications and market projection. The design and
working principle of SiC power MOSFETs are described for commercial planar and trench
technologies.

SiC power devices are considered an interesting technology for space, avionics and
high-energy accelerator industries. An overview of the potential SiC power MOSFETs
applications in the CERN accelerator complex is given. After introducing the Large
Hadron Collider (LHC), its upgrade the High-Luminosity LHC (HL-LHC) and the Future
Circular Collider (FCC), three case studies are reported for SiC MOSFETs applications
in the kicker systems used to inject and extract the beam along the acceleration chain.

3
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2.1 Properties of SiC

2.1.1 Crystal structure
SiC is a wide bandgap (WBG) semiconductor, with a rigid stoichiometry of 50 % Si and
50 % carbon (C). Both Si and C atoms are tetravalent elements, with 4 valence electrons
in the outermost shells. In the ground states, Si and C have the following electronic
structures:

Si, 14e− : 1s2s22p63s23p2

C, 6e− : 1s22s22p2 (2.1)

In SiC crystal, Si and C share electron pairs in sp3-hybrid orbitals with covalent bonds.
The basic structural unit is a tetrahedron of four carbon atoms with a silicon atom in the
middle. The high energy of the Si-C bond (4.6 eV), gives SiC a varieties of outstanding
properties [9], as described below.
SiC exists in about 250 different crystalline forms and it is the best known example of
polytypism. This phenomenon, which is a variant of polymorphism, is characterized
by a variation of the periodicity only along the growth axis, leading to different crystal
structures between polytypes, without changes in the chemical composition [10, 11]. A
certain polytype is defined by the Si-C bilayer stacking sequence along the stacking
direction (c-axis) of the hexagonal close-packed system. The SiC bilayer is known as the
basal plane and can be viewed as a planar sheet of Si atoms coupled with a planar sheet
of C atoms, while the c-axis is defined normal to the Si-C bilayer plane. On each Si-C
bilayer (A), there are two possible stacking sites (B, C) as illustrated in Figure 2.1. The
Ramsdell’s notation is commonly used to identify the SiC polytypes. In this notation,
the number of Si-C layers in the unit cell are combined with the letter representing the
Bravais lattice type i.e., C for cubic, H for hexagonal, and R for rhombohedral. The
structures of popular SiC polytypes, 2H-SiC, 3C-SiC, 4H-SiC and 6H-SiC, are schematized
in Figure 2.2 in a ball-stick model, after [12, 13]. Yellow and black circles represent Si
and C atoms in a three-dimensional perspective. The chain structure which defines the
stacking sequence are in black, while Si-C bonds are in red.
SiC is used mostly in its synthetic form because it is extremely rare in nature. The
mechanical and thermal properties are very similar among different polytypes, while the
optical and electrical properties vary a lot. For this reason, for device applications, the
polytype control is a crucial aspect of SiC crystal growth. The technological process for
crystal growth is not discussed in this work, but an overview can be found in [9, 14–16].

Figure 2.1: The SiC bilayer (A) is a planar sheet of Si atoms with two possible stacking sites
(B, C). The c-axis is defined normal to the Si-C bilayer plane. Image from the public domain.
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Figure 2.2: Representation of the most popular SiC polytypes, 2H-SiC, 3C-SiC, 4H-SiC and
6H-SiC, in a ball-stick model. Yellow and black circles represent Si and C atoms in a three-
dimensional perspective. Si-C bonds are in red, while the chain structure, which defines the
stacking sequence, are in black. Reprinted with permission from [13]. © 1994, APS.

2.1.2 Band structure

The bandgap is defined as the difference in potential energy between the valence and the
conduction band. It is the minimum energy required for an electron to be excited from
valence to conduction band, where it is considered as "free". Depending on the bandgap,
materials can be divided into metals, semiconductors and insulators. SiC belongs into the
semiconductor category, but it has a wider band with respect to Si, therefore it is defined
as a WBG material. The bandgap values at room temperature of the most common SiC
polytypes are respectively 2.36 eV for 3C-SiC, 3.26 eV for 4H-SiC and 3.02 eV for 6H-SiC,
whereas it is 1.12 eV for Si.

2.1.3 Impurity doping and carrier density

The intrinsic carrier density at room temperature (i.e. the electrons and holes generated
by thermal excitation), indicated as ni, is extremely low in SiC due to the wide bandgap.
Specifically it is about 0.13 cm−3 for 3C-SiC, 5 x 10−9 cm−3 for 4H-SiC and 1 x 10−6 cm−3

for 6H-SiC. The Fermi level, which is the probability of electron occupancy at different
energy levels, does not approach the midgap (intrinsic level) even at high temperature
of 700-800 K, as expected from such low ni. This gives the great advantage for SiC
electronic devices to operate at high temperatures with still low leakage current. Figure
2.3 shows the intrinsic carrier density for major SiC polytypes and Si [9]. For the same
temperature, ni is orders of magnitude lower than Si for all the main SiC polytypes.
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Figure 2.3: Temperature dependence of the intrinsic carrier density for 3C-SiC, 4H-SiC, 6H-SiC
and Si. Reprinted with permission from [9]. © 2014, John Wiley and Sons.

2.1.4 Mobility

The effective electron mass and its anisotropy has a strong dependence on the SiC
polytypes, while for holes the polytype dependence is weaker. As the mobility, indicated
as µ, is inversely proportional to the effective mass, there is a large variation of electron
mobility among SiC polytypes. Moreover, the anisotropy of the electron mass causes
different mobility and therefore different electron transport among the crystal planes of
the same polytype [17].

In this context, 4H-SiC is the most attractive polytype for vertical power devices fabricated
on 0001 wafers. Indeed, at a given dopant density, the electron mobility of 4H-SiC is
almost double of 6H-SiC, also the hole mobility is slightly higher. This is visible in
Figure 2.4, where the electron and hole mobilities for these two polytypes are reported as
function of the donor and acceptor densities at room temperature and along the c-axis.
Furthermore, usually hexagonal SiC polytypes exhibits strong anisotropy in electron
mobility. However, in 4H-SiC the mobility anisotropy is relatively small (i.e., the electron
mobility along the c-axis is only 20% than the one perpendicular to the c-axis).

2.1.5 Drift velocity

The saturated drift velocity is a key parameter for semiconductor materials. It determines
frequency limitation of semiconductor devices and consequently the range of the most
effective application. For 4H-SiC, the saturated drift velocity for electrons is estimated
∼ 2.2 · 107 cm/s at room temperature (vs ∼ 1 · 107 cm/s for Si and GaAs), making SiC
suitable for higher frequencies applications (RF and high power microwave devices).
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Figure 2.4: Comparison between 4H-SiC and 6H-SiC low-field electron (a) and holes (b)
mobility along the c-axis versus donor and acceptor densities at room temperature. The electron
mobility of 4H-SiC is almost double of 6H-SiC, also the hole mobility is higher, making 4H-SiC
the most attractive polytype for vertical power MOSFETs. Reprinted with permission from [9].
© 2014, John Wiley and Sons.

2.1.6 Breakdown electric field strength
High reverse voltage applied across a p-n junction or a Schottky barrier, can induce the
electric field to exceed certain limits, causing the breakdown of the junction. SiC can
withstand electric fields over eight times greater than Si or GaAs without undergoing
avalanche breakdown. This makes SiC an interesting material for high-voltage, high-power
devices, such as power transistors and diodes and power thyristors and surge suppressors.
Two mechanisms can cause breakdown namely the avalanche breakdown and the Zener
tunneling breakdown. For junctions with a region lightly doped, the avalanche breakdown
is dominant, as in most power devices. The carriers can gain very high kinetic energy
while travelling through high electric field regions and undergo scattering events with
the electrons in the valence band. The excessive energy is transferred to these electrons,
which are excited to the conduction band, generating a new electron-hole pair. If these
newly-generated electrons have sufficiently high energy, they can cause a secondary branch
of impact ionization. Consecutive collisions can cause the multiplication of carriers and a
rapid increase in their density, triggering an avalanche effect and leading to the breakdown.

2.1.7 Thermal conductivity
The thermal conductivity of SiC is much higher than Si (i.e., 4.9 W cm−1K−1 at room
temperature for high-purity SiC, while it is 1.4-1.5 cm−1K−1 for Si). It is not sensitive
to the SiC polytype, but it is influenced by the crystal direction and the doping density
[18]. Having higher thermal conductivity, SiC devices can operates at higher power levels
with respect to Si and still dissipate the large amounts of excess heat generated.

2.1.8 Mechanical properties and hardness
SiC is one of the hardest known material. The Young’s modulus, which is a measure of
the stiffness of a material and it is defined as the ratio between stress and strain, is much
higher for SiC (380-700 GPa [19]) with respect to Si. SiC maintains the high hardness
and elasticity also at high temperatures.
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2.2 SiC power devices

2.2.1 SiC advantages for power applications
Thanks to its physical, electrical and thermal features described before, SiC outperforms
Si in several material properties, as shown in Figure 2.5.

Figure 2.5: Radar chart of Si, SiC and GaN relevant material properties, remade after [20].

SiC has about 10 times higher electric field strength compared to Si, which allows to
manufacture SiC power devices with much thinner drift layers in respect to Si ones. Since
the resistance of high-voltage devices is mostly determined by the thickness of the drift
region, SiC can reduce the resistance per unit area for the same blocking voltage capability,
and therefore reduce the conduction losses. This makes SiC devices particularly suitable
for high-voltage operations.
SiC has 3 times higher thermal conductivity in respect to Si, meaning 3 times more
efficient cooling capability, permitting higher power density. Due to the wide bandgap, the
intrinsic carrier density at room temperature is extremely low, giving the great advantage
for SiC electronic devices to operate at high temperatures with low leakage current. For
the current SiC device, the guaranteed operating temperature is between 150◦C and
175◦C, mainly due to the thermal reliability of the package. When properly packaged,
they can reach 200◦C [21]. Finally, the saturated electron drift velocity in SiC is about
twice to that of Si (i.e. 4H SiC at room temperature), making SiC devices suitable for
higher frequencies applications.
These properties make SiC an attractive material for manufacturing power devices that
can far exceed the performance of their Si counterparts. However, even though the
benefits of SiC for power applications have been widely demonstrated, it has taken time
for SiC technology to mature, to address the reliability concerns and for the price to
drop sufficiently. For these reasons, the growth of SiC adoption has been relatively slow
until 2017, especially for the replacement of Si MOSFET and Si insulated gate bipolar
transistor (IGBT) devices.
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2.2.2 Applications and market overview

SiC devices have penetrated into different sectors of ground applications, and nowadays
they are found in a variety of applications in automotive, photovoltaic and power supply
segments. During the next years, the SiC industry is expected to accelerate even further,
as industrial players have increasing confidence in the SiC power market. An overview of
the power electronics market per device type and the projection for the following years, is
visible in Figures 2.6, after [22]. The SiC MOSFET and SiC MOSFETs module shares
are expected to increase and take part of the Si MOSFET market share, reaching 10 % of
the Si market by 2025 [21].

Figure 2.6: Power electronic market share split by device in 2018 and 2024, after [22].

The SiC power device market is expected to reach 1.4 billion dollars by 2023. Figure 2.7
after [23], shows the SiC power device market revenue split by application between 2017
and 2023. Today the automotive segment is dominant, especially for electric vehicles (EV)
and hybrid electric vehicles (HEVs), and it drives both the technological development and
market demand [24]. For example, Tesla integrated SiC MOSFET based power modules
in its Model 3 inverter in 2017 [25], and many automotive manufacturers had implemented
SiC devices in on-board and off-board charging systems. The power factor correction
(PFC)/power supply segment is also a leading application. While in the future, electric
vehicle (xEV)-related applications, rail, photovoltaic (PV) and others are also expected
to contribute to the market evolution. Traditional applications will eventually open up to
SiC as prices fall. Finally, over a long time frame, the 3300 V - 10 kV class products will
be used in applications such as railway traction, high voltage DC power conversion, MW
motor drivers for wind, ship and industrial use, solid-state breakers, etc. [21].

In addition to the aforementioned ground applications, the advantages of SiC MOSFETs
make these devices attractive also for space and avionics, where higher efficiency results
in a more compact design, lower wait and cost reduction. SiC MOSFETs have been
considered also for applications in high-energy accelerators at CERN. An overview of
three possible use cases in the CERN accelerator chain are described in Section 2.3.
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Figure 2.7: SiC power device market revenue split by application from 2017 to 2023, after [23].

2.2.3 SiC power MOSFET basics

The metal –oxide– semiconductor field-effect transistor or MOSFET is a field-effect tran-
sistor (FET) with a metal gate electrode, which is insulated with an oxide layer from
the semiconductor channel. SiC power MOSFETs and SiC modules are used in a wide
range of applications, such as power supplies, DC-to-DC converters, low-voltage motor
controllers, and many others.

Figure 2.8 (a) shows a commercial SiC power MOSFET in a conventional 3-pin packages
(TO-247). The presented device is a 80 mΩ N-channel MOSFET from the 2nd generation
manufactured by Cree/Wolfspeed. The MOSFET is rated for 1.2 kV, and has the reference
number of C2M0080120. This device type has been used as the baseline for this work.
From the package cross-section in Figure 2.8 (b), it is visible how the chip (or die)
is soldered on the heat sink. Source and gate are connected to the pins through the
bond-wires, whereas the drain is directly connected to the heat sink at the back of the
package. Figure 2.8 (c) shows a front-side picture of a bare die. The gate and the source
pads are highlighted, while the drain is on the bottom of the die. The gate stripes are
also visible. A short summary on the power MOSFET working principles and designs are
discussed below. This is not intended to be an exhaustive overview on power MOSFETs,
and more complete discussions can be found in [26–28].

For high blocking voltage applications, power MOSFETs are designed in a vertical
structure. The source and the drain are at the opposite sides, in order to accommodate
a wide depletion region across which the high drain-source voltage is applied, while
minimizing the die area. The current flows through a lightly-doped epitaxial layer (or
epi-layer) and a substrate. The latter is located in the bottom side, closer to the drain,
and it is usually degenerately doped to minimize the impact on the on-state resistance.

There are currently two designs of SiC MOSFETs commercially available: planar-gate
and trench-gate devices [29–31]. Among the trench devices, single and double-trench
design can be distinguished, where the first have only a trench gate, whereas the second
has a trench source and a trench gate [29]. The schematics of a single cell for the
three architectures are shown in Figure 2.9. In particular, a general design for a planar
device (as the devices from Cree/Wolfspeed), a double trench MOSFET from Rohm and
the CoolSiCT M trench MOSFET from Infineon are presented. The epi-layer and the
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Figure 2.8: a) Commercial SiC power MOSFETs from Cree (C2M0080120D) in a TO-247
package; b) cross-section of the device; c) frontal picture of the bare die.

substrate are represented in green and in blu, respectively. The gate, source and drain
contacts are labelled accordingly, as the p- and n-well.

Figure 2.9: Cell schematic of the three architectures of SiC power MOSFETs: (a) general
design for planar gate, (b) trench gate design of CoolSiCT M MOSFET from Infineon and (c)
double trench (trench source and trench gate) design from Rohm. Reprinted from [32]. © 2021,
Martinella et al., licensed under CC BY 4.0.

The gate-source voltage (VGS) determines the conductivity of the device, independently
from the architecture, meaning that the current flowing through the main channel between
the drain and source is dependent on the gate (control) voltage. The characteristic of
changing the conductivity with the gate voltage is used for switching or amplifying signals.
In normal operation, no current flows in the gate, as the gate oxide isolates the gate
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electrode from the rest of the device structure.

Most power MOSFETs are manufactured on a single chip structured with a large number
of closely packed identical cells. One of the reason is to minimize the MOSFET resistance
between the drain and the source when the device is in the on-state, therefore to reduce
the voltage drop and increase the power-switching performance. This parameter is called
RDS(on) and it is the sum of many contributions, as visible in Figure 2.10 (a) for a planar
device:

RDS(on) = RS +RD +RCh +RSub +RJF ET +RA +Rwcml (2.2)

where:

• RS is the source diffusion resistance;

• RD is the drift region resistance;

• RCh is the channel resistance;

• RSub is the substrate resistance

• RJF ET is the resistance of the parasitic JFET component between the two body
regions;

• RA is the accumulation resistance;

• Rwcml is the sum of the bond wires, the contact resistance between the source and
the drain, the metallization an the lead frame contributions.

For devices with increasing breakdown voltage, the epi-layer must become less doped and
thicker, penalising the on-state resistance. Therefore, in high voltage device the RDS(on) is
dominated by the epi-layer resistance (RD) and the JFET resistance (RJF ET ). Conversely,
for low-voltage applications the RDS(on) is dominated by the channel resistance, and the
competitiveness of SiC MOSFETs is limited by the much higher values.

As a consequence of the vertical power MOSFET structure, some parasitic components are
formed, such as the parasitic JFET, the parasitic npn bipolar junction transistor (BJT)
and the body diode. They are represented in Figure 2.10 (b) for a N-type planar MOSFET
and are further described below:

• The parasitic JFET is created between the two body, in a region also called "neck
region". At increasing drain-source voltage (VDS), the depletion widths of the two
adjacent body diodes extend into the drift region and it restricts the current flow.

• The parasitic npn BJT of the MOSFET has its collector at the n- layer in the
drain, the base at the source p-well, and the emitter in the source n+ well. This
parasitic structure can make the device susceptible to unwanted device turn-on and
premature breakdown. The activation of the parasitic BJT is the cause of SEB in
Si-power MOSFETs, as further described in Section 3.5.1.2.

• The body diode is formed between the n- layer of the drain (cathode) and the p+
well of the source (anode). When the MOSFET is in the OFF state with VGS = 0
V, the leakage current is flowing entirely through the body diode.
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(a) Internal resistances. (b) Parasitic JFET, npn BJT and body diode
components.

Figure 2.10: (a) The RDS(on) is the sum of different contributions. (b) Parasitic components
formed in the vertical structure of the power MOSFET.

In respect to the planar MOSFET, the trench structure features higher cell densities, which
allow having lower RDS(on) specifications per unit die size. However, trench MOSFETs
are more difficult to manufacture compared to the planar design. The gate oxide and
the metallization are deposited in a trench cut into the wafer surface. The gate field in
a trench device exerts influence over a much greater region of the active semiconductor.
As a result, the cells can be physically smaller yet yield the same RDS(on) as planar
devices. The channel is formed vertically, which allows the vertical flow of the current.
The basic MOSFET operation and details discussed above apply also for the trench and
the double-trench design presented in figure 2.9.

Nowadays, trench MOSFETs from manufactures like Rohm and Infineon [30, 31] compete
with advanced planar technologies from Cree/Wolfspeed, ST-Microelectronics, Microsemi,
etc. Most of the results discussed in this work refers to the N-channel planar MOSFETs
from Cree/Wolfspeed [33]. However, additional commercial devices from different manu-
facturers were used for the neutron study discussed in Chapter 5, which included both
planar and trench technologies.
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2.3 SiC applications in high-energy accelerators at CERN

2.3.1 The European Center for Nuclear Research (CERN)
The European Center for Nuclear Research (CERN) or Organisation Européenne pour
la Recherche Nucléaire is a research center based in Geneva. It was founded in 1954
with the scope of using science for peace, investigating the fundamental structure of the
universe. To perform this task, the most powerful accelerator complex was built across
the franco-swiss border by CERN and its member states.

2.3.2 CERN accelerator chain
The accelerator chain at CERN is a succession of machines that accelerate particles (i.e.,
protons and ions) to increasingly higher energies. The last stage of the chain is the
Large Hadron Collider (LHC), the largest accelerator in the world, which straddles the
French-Swiss border going from the lac Léman to the Jura mountain. It is about 27 km
long, buried from 50 to 175 m. The particles reach energy of 6.5 TeV per beam and of 7
TeV for the future operation called High-Luminosity LHC (HL-LHC) planned for 2025.

The CERN’s accelerator chain is illustrated in 2.11. Each accelerator boosts the energy
of the protons before injecting the beam into the next machine in the sequence. The first
machine in the chain is the Linear accelerator 2 (LINAC 2). At the exit, the protons
have an energy of 50 MeV and gained 5% in mass. Then the particles enter the Proton
Synchrotron Booster (PSB), the next step in CERN’s accelerator chain, and accelerate
them to 1.4 GeV for injection into the Proton Synchrotron (PS), which operates up to
25 GeV. The Super Proton Synchrotron (SPS) is next. It operates at up to 450 GeV
and provides the beam to the LHC and experimental areas. Beams are injected in LHC
through two transfer lines and they travel along the 27 km ring in opposite directions close
to the speed of light, colliding in four experiment: ATLAS, CMS, ALICE and LHCb. The
total energy at the collision is 13 TeV (increasing to 14 TeV with HL-LHC). There, the
large detectors placed in the experimental caverns collect information about the particles
shower coming from the collisions, so that physicists can pin down the particles identity.
Lead ions are also accelerated during few weeks at the end of the year: those starts from
a source of vaporized lead and are injected in the Linac3 and in the Low Energy Ion Ring
(LEIR). They then follow the same chain to LHC (PS, SPS, LHC), where ALICE is the
experiment dedicated to this run.

Along the accelerator the beam is also extracted for many different experiments. An
example is the CERN High energy AcceleRator Mixed field facility (CHARM) built in
the PS east area and fashioned to test electronic systems meant to be installed in the
underground areas of the accelerator chain [34]. For a complete description of the LHC
accelerator chain and experiments refer to [35].

During the acceleration beam losses occur along the chain and create a mixed radiation
environment, unique in terms of energies and particles involved [36–38], as further
described in Section 3.3.3. This harsh environment creates a significant risk for the
electronic systems installed in the underground areas if they are not designed for such
radiation levels. The results for protons and ions operations analysed during Run 2
(2015-2018) are presented in [39–43], whereas an overview for HL-LHC can be found
in [36, 44]. The Radiation to Electronic (R2E) Project started in 2007 with the main
objective to reduce the number of failures due to radiation in the LHC and its injector
chain, minimizing the downtime of the machine.
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Figure 2.11: CERN’s Accelerator Complex. Image from the public domain.

2.3.3 The Future Circular Collider (FCC)

The Future Circular Collider (FCC) study was performed by CERN to develop the design
for a higher performance particle collider to extend the research currently being conducted
at the LHC, once it reaches the end of its lifespan. The purpose of the FCC is to reach
collision energies of 100 TeV, in the search for new physics. To do that, an underground
tunnel of 100 km, close to the current LHC site, is needed. A schematic map showing
the proposed location for FCC is visible in Figure 2.12. Three different scenarios for
particle collisions were examined: hadron (proton-proton and heavy ion) collisions [45],
like in the LHC; proton-electron collisions and electron-positron collisions. Physics and
detector studies are performed for each option. In-depth analyses of infrastructure and
technologies required were also carried out by a team of experts. A conceptual design
report for the FCC was submitted in January 2019, as input to the next update of the
European Strategy for Particle Physics [46].
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Figure 2.12: Schematic map of the proposed location for the FCC tunnel. Image from the
public domain.

2.3.4 SiC applications in high-energy accelerators
Kicker systems are used for the injection and extraction of the beam along the accelerator
chain at CERN. Historically, the pulse generators for kicker system use thyratrons.
Recently, multiple studies have been carried out to employ semiconductor switches instead
of thyratrons and several prototype inductive adders (IAs) are under constructions at
CERN. Compared to the traditional systems, IA has several advantages, such as the
modularity, the scalability and the possibility to improve the pulse quality reducing the
ripple.

A prototype IA based on semiconductor switches was designed for the kicker pulse
generator of the FCC injection system, which requires a very fast system to achieve a high
filling factor [7, 47]. The IA consists of a stack of toroidal 1:1 transformer cores, as visible
in the schematic drawing in Figure 2.13, after [47]. The FCC injection kicker requirements
for a beam energy of 3.3 TeV are a pulse length of 2.00 µs a rise and fall times of 430 ns
in the magnet and < 75 ns for the current pulse in the generator, a system impedance
of 6.25 Ω and a total voltage and current of respectively of 15.70 kV and 2.50 kA. The
semiconductor switches have a relatively low ratings for voltage and current compared
to the traditional thyratron, hence multiple switches in series and parallel are needed.
The rated pulse current of fast switching MOSFETs is typically between 100 and 250 A,
hence the need for the primary of each transformer to have multiple parallel branches in
order to provide the output current of 2.5 kA, as required. Among the semiconductor
switches available on the market, SiC MOSFETs rated for at least 1.2 kV and 190 A,
were identified as the most appropriate, thanks to the low on-state resistance (less than
50 mΩ) and the fast switching times. Indeed, even though IGBTs are available up to
several kV and several hundreds Amps, the switching times are not sufficiently fast. For
Si MOSFETs, instead, the on-state resistance is in the range of several hundreds mΩ,
which can induce a relatively high voltage drop for a low impedance system.

The IA is also a very interesting option to upgrade the older existing kicker system. An
example is the kicker system of the PS accelerator, which was built is 1970s and, due to
the need for maintenance and difficulties to source components, would benefit from the
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Figure 2.13: Schematic of two inductive adder layers. Reprinted from [47]. © 2016, Kramer et
al., licensed under CC-BY-3.0.

substitution with a modern technology. The IA designed for the FCC can be used as
a basis and modified to obtain the required output for the PS injection and extraction
kicker systems [48]. However, the requirements for rise time of the output pulse of the PS
system (i.e., 42 ns - 49 ns) are significantly more challenging than the ones for the FCC
system.

Finally, the IA technology is not suitable for kicker systems which require longer pulses,
such as SPS and LHC. Nevertheless, a new Marx generator based on SiC MOSFETs is
under study for use in SPS and potentially LHC [49]. The specifications of the output
pulse are: 3 µs flat top duration, 40 kV, 3.2 kA, 1 Hz repetition rate and 30 ns rise
and fall time. The first results with a four-stage Marx generator, operating at 800 V
per stage and 2700 A, exhibited promising rise and fall times, indicating that parallel
SiC MOSFET technology can be used for replacing thyratrons in kicker applications.
However, additional tests need to be performed to validate this technology.

In order to evaluate the reliability of commercial SiC MOSFETs technology for applications
in high-energy-accelerator radiation environments, several commercial SiC MOSFETs
were tested with high-energy protons and neutrons, which are the most dominant particle
species in this environment. The devices under tests were selected considering the
requirements for the inductive adder. Among the tested devices, the one from Rohm
with reference number SCT3030KL was identified as the most interesting solution for this
application. The experiments and the results are discussed in Chapter 5.





3 Background on radiation effects

This chapter focuses on radiation effects on SiC power MOSFETs. In order to comprehend
them, firstly the physical mechanisms of radiation interaction with matter are introduced,
describing the electronic stopping, the nuclear stopping and the nuclear reaction physics.

Secondly, the radiation effects on electronic devices are discussed, focusing in particular
on the SEE mechanisms and relevant radiation environments which can induce SEEs
on SiC power MOSFETs (i.e. space, terrestrial atmosphere and high-energy accelerator
environments). Some background concepts for radiation testing are also given, in order
to understand the experimental results in Chapter 4 and 5.

The last section of this chapter reviews the scientific literature about SEEs on power
diodes and MOSFETs; from the first studies with Si components, toward the most recent
results obtained from experimental campaign and simulations on SiC devices.
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3.1 Particle interactions with matter

Understanding of the physical SEE mechanisms in SiC MOSFETs must be based on a
familiarity with the fundamental processes by which particles interact with matter. First
of all, two broad categories for particles can be defined, as in Table 3.1 [50]: charged
radiation and non-charged radiation. Depending on the type of particle and its energy,
the interaction occurs via different mechanisms. The most relevant for this work are
the interactions of heavy-ions, atmospheric neutrons and high-energy protons (energy of
200 MeV) as summarised in Table 3.2. An overview is briefly given below, whereas the
mechanisms for electrons and electromagnetic radiation interactions are not discussed,
but a complete description can be found in [50].

Table 3.1: Classification of charged and uncharged radiation.

Charged particulate radiation Uncharged radiation

Heavy-ions Neutrons
Protons EM radiation (X-rays, γ-rays)
Electrons

Table 3.2: Interaction mechanisms.

Electronic stopping Nuclear stopping Nuclear reactions

Heavy-ions Heavy-ions Heavy-ions
High-energy protons High-energy protons High-energy protons

Atmospheric neutrons

3.1.1 Stopping power
For charged particles the stopping power S is defined as the average energy loss of a
particle per unit path length, measured for example in [keV/um] [50]:

S = −dE
dx

(3.1)

sometimes it is divided by the density of the target and referred as a mass stopping power.
By definition S is a force and not a power, and it is also sometimes referred to as stopping
force [51].
The stopping power is the sum of three main processes: (i) electronic stopping, (ii) nuclear
stopping and (iii) radiative emission of energy. The first describes the slowing down due
to the inelastic collisions between the orbital electrons of the absorber and the particle
moving through it. The second refers to the elastic collisions between the particle and
the nuclei of the absorber. The third can be neglected for ion energies well below the
speed of light, as in the cases discussed in this work. Therefore the stopping power can
be written as the sum of two independent components [52]:

S = Selectronic + Snuclear (3.2)

Generally, for low energy ions, the nuclear stopping is dominant, whereas for high energy
ions the energy is mostly lost through electronic stopping [53]. At intermediate energies
both mechanisms are important. A schematic representation is shown in Figure 3.1, while
the two mechanisms are further described in the next sections.
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Figure 3.1: Schematic representation of the nuclear stopping and electronic stopping contribu-
tions to the stopping power, as function of the particle energy.

3.1.2 Electronic stopping
Charged particles interact with matter primarily via Coulomb forces between their positive
charge and the negative charge of the orbital electrons within the medium they cross
[50]. Any time the particle passes in the vicinity of an orbital electron, the latter feels
an impulse of attraction due to the Coulomb force. Depending on the proximity of
the encounter, this impulse can excite the valence electron to a higher shell within the
absorber atom or remove it completely, ionizing the atom. The second process is called
direct ionization.

The energy transferred to the electrons is coming from the incoming charged particle,
which progressively loses energy through multiple interactions, decreasing velocity along
its trajectory, until it stops. At the beginning, the particle track is not greatly deflected
by any of the encounters which occur isotropically, and it tends to be quite straight.
As the energetic particle slows down, it may deviate more easily from this linear path,
particularly near the end of the range (i.e., the maximum length of penetration).

The products of these interactions are either excited atoms or ion pairs formed by a
positive ion of the medium and a free electron. The positive ion usually recombines to
form a neutral atom, whereas the free electron in some cases has enough kinetic energy
to create additional ions. These energetic electrons, often called delta rays, are emitted
in the surrounding volume and interact with other atoms, releasing their energy and
producing additional tracks. Usually, they have a smaller range respect to the primary
charged particle, so the additional tracks are created as clusters closed to the primary
one. These delta rays represent an indirect process by which the primary particle releases
its energy in the medium (i.e. indirect ionization). For charged particles, the specific
energy loss can be described with the Bethe formula as [50]:

− dE

dx
= 4πe4z2

m0v2 NB (3.3)

where

B = Z

[
ln
(2m0v

2

I

)
− ln

(
1− v2

c2

)
− v2

c2

]
(3.4)
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here, v represents the velocity and z the charge of the primary particle, N is the density
number and Z the atomic number of the absorber atoms, m0 is the electron rest mass, e
is the electronic charge and I represents the average excitation and ionization potential
of the absorber.

The Bethe equation is valid for charged particles at larger velocities in respect to the
velocity of the orbital electrons of the absorbing atoms. For lower particle energies, where
the charge exchange with the absorber becomes important, the Bethe formula begins
to fail. The positive particle will tend to pick up electrons from the absorber, until it
becomes a neutral atom. Near the end of the track, the charge and therefore the electronic
energy loss are reduced, and the curve falls off. A plot of the specific energy loss along
the track is known as a Bragg curve; an example for an alpha particle at energy of 5.49
MeV traveling in air is shown in Figure 3.2.

Figure 3.2: Bragg curve for an alpha particle in air. Image from the public domain.

3.1.3 Nuclear stopping

The incoming charged particle can also interact with the nuclei of the target which is
surrounded by an electrostatic barrier, called the Coulomb barrier [54, 55]. If the energy
of the incident particle is below the energy necessary to overcome the Coulomb barrier,
then the particle is scattered by elastic collisions with the nuclei of the target atom. The
theoretical framework behind the nuclear stopping describes the classical collision between
two charged particles and it will not be discussed in this context. However, a simplified
representation is given in Figure 3.3. Due to the interaction, the incoming particle is
deflected by and angle θ and part of its kinetic energy is transferred to the target atom.
If this energy is higher than the bonding energy of the lattice, then the atom is released
(called primary recoil or knock-on atom) and can produce additional subcascades if it has
high enough energy.
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Figure 3.3: The incoming particle is deflected of an angle Θ, which depends on the impact
parameter b, the electric charges of the incoming particle and target nucleus, and their relative
velocity.

3.1.4 Nuclear reactions
Finally, if the energy of the incident particle is sufficient to overcome the Coulomb barrier
of the target atoms, or if the particle has no charge as in the case of a neutron, nuclear
interactions can occur including fission and spallation reactions, which causes the fracture
of the nucleus of the lattice atom [50, 56]. The recoiling products of the fission and
spallation reactions can also produce ionization tracks and are part of the class of indirect
ionization processes.

An ion may exchange energy, momentum, even nucleons with the target nucleus; however,
for charged ions, these processes are more likely to happen at high energy levels, due to
the electrostatic forces which separate the nuclei.

Conversely, neutrons release their energy only through indirect ionization. In fact, neutron
particles must first undergo interactions which alters their properties, transferring full or
partial energy to the electrons, the nuclei of the medium atoms or the recoils produced by
the nuclear reactions. Consequently, these products will ionize the atoms of the absorber.
The interactions between neutrons and the target nuclei include elastic and inelastic
scattering, neutron captured and fission reaction [50, 57]. The resulting nuclei after the
inelastic scattering (i.e., spallation reaction) or neutron capture might be at an excited
state, which eventually de-excitate via different modes, including alpha and beta decay
and gamma-ray emission. The neutron cross-section for nuclear reactions depends on the
particle energy and on the target isotope [58].
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3.2 Consequences of irradiation

The incident radiations can lose energy interacting with the target atoms through different
physical processes. Eventually, the transferred energy can ionize the atoms of the medium
either through direct ionization via electronic stopping of the incident particle, or through
indirect ionization from electronic stopping of recoiling products.

In semiconductors and dielectrics, the electron which is ionized and removed from its
bound state, leaves a hole behind which appears to have a positive charge, due to the
fact that the ripped electron is not screening anymore the nucleus charge of the original
atom. Therefore holes can be studied as virtual particles with a positive charge, which
can move among nearby atoms being filled by bound electrons, leaving in turn hole
behind. Depending on the target material, the ionization process can have a wide range of
consequences, with effects more or less severe. For electronic components, three different
categories of effects are identified: single event effect (SEE), total ionizing dose (TID)
and displacement damage (DD). While SEEs are caused by the interaction of a single
energetic particle, TID and DD are instead cumulative effects related to the ionizing dose
and the particle fluence respectively. The present work focuses on SEEs, hence the effects
related to the TID and DD are not discussed in detail the present study.

3.2.1 Single Event Effects
SEEs are radiation effects produced by the passage of a single energetic particle through
microelectronic and optoelectronic devices/components, causing tracks of charge carriers
(i.e., an electron-hole (e-h) plasma) and consequently the disturbance of the normal
operation [59, 60]. For old technologies, SEEs were usually dominated by direct ionization
processes involving heavy-ions, since the threshold LET for SEE was below the LET of
protons and electrons [61]. However, to push for higher performance devices and integrated
circuits (ICs), transistors and other elements of devices have scaled to progressively smaller
sizes [62]. This scaling phenomena have reduced the critical charge necessary to produce
SEEs, therefore the threshold LET necessary to initiate an SEE. Nowadays, some devices
have reached dimensions such that direct ionization from energetic protons [63, 64],
energetic muons [65] and even energetic electrons [66] can produce SEEs.

A particle striking into the depletion region of a reversed-biased diode or of a transistor in
off-state generates e-h pairs which are separated by the intense electric field applied in that
region. The drift of the electrons toward the positive electrode and of the holes toward
the negative one generates a current pulse, which can induce a transient or a permanent
effect. This ranges from recoverable corruption of data to complete and irreversible loss
of the system, depending on the target device. The impact of the SEE can expand to the
IC level and affect subsystems and systems. A list of common SEEs is shown in Table
3.3 for completeness. However, only single event burnout (SEB), single event leakage
current (SELC) and single event gate rupture (SEGR) are relevant for this work, and are
further discussed later in this chapter, in Section 3.5.

3.2.2 Total Ionizing Dose
The Total Ionizing Dose (TID) is a cumulative effect caused by ionizing radiation which
induces the creation of excess charge in the dielectric layers used for insulation in electronic
devices, as for example the silica insulator (SiO2) of MOS technology. When a MOS
device is irradiated, e–h pairs are created in the dielectric. For an oxide under bias, the
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Table 3.3: List of Single Event Effects

SEE Acronym Effect

Single Event Burnout SEB Destructive failure. It occurs in power devices.
Single Event Gate Rupture SEGR Conductive path through a damaged gate dielectric.

It occurs in power devices.
Single Event Leakage Current SELC Permanent increase of the gate and drain leakage

currents. It occurs in SiC power devices.
Single Event Hard Error SEHE An irreversible change in operation typically as-

sociated with permanent damage to one or more
elements of a device (e.g., gate oxide rupture)

Single Event Upset SEU A bit flip in a logic memory.
Multiple Cell Upset MCU Bits in multiple cells flips.
Multiple Bit Upset MBU Multiple-cell upset in which two or more error bits

occur in the same word.
Single Event Transient SET Current or voltage transient.
Single Event Multiple Transient SEMT Multiple current or voltage transients.
Single Event Latchup SEL An anomalous current path is formed which can

cause an abnormal high-current state in a very short
time scale. Recovery requires power cycling the
device. Permanent damage may also occur.

Single Event Functional Interrupt SEFI A soft error that causes the component to reset,
lock-up, or otherwise malfunction.

electrons which do not recombine are typically drifted and eventually collected in the
order of picoseconds. The holes, instead, have much lower mobility in respect to electrons
in SiO2 and, in case of positive bias during the exposure, transport dispersively towards
the Si/SiO2 interface, where a fraction is trapped at defects sites. Over time, this cause
a positive charge built-up in the insulator which alters the electric field. The macroscopic
consequence of the trapped charge is the shift of the threshold voltage, which can have
a drastic impact on the proper operation of the electronic system in which the MOS is
integrated. With increasing temperature, the trapped holes can escape the defects sites
and drift out of the insulator, reducing the TID effects; this process is known as annealing.
The TID effects in MOS and bipolar devices have been extensively reviewed by Fleetwood
in [67] and [68], providing an overview of the progress among the last fifty years.

3.2.3 Displacement Damage
The bombardment of a target with heavy-ions, neutrons and protons but also high-energy
electrons and gamma-rays can induce DD effects [69]. This is a cumulative long-term
non-ionizing effect, characterised by the displacement through nuclear scattering, fission
and nuclear reactions of some of the target atoms from their original position. This effect
can modify the electrical and optical properties of the target material. In semiconductors,
an atom displaced from its original lattice position, creates a vacancy (the absence of an
atom from its lattice position) and an interstitial (an atom in a non-lattice position). The
combination of a vacancy and an adjacent interstitial is known as a Frenkel pair. These
defects in the crystal lattice lead to the generation of new energy levels in the bandgap
of the semiconductor, which act as traps and can be occupied and left by the carriers,
degrading the electrical and optical properties of the irradiated device [70]. In insulators,
the DD may induce the creation of low-resistivity paths of defects, which, under high
bias condition, can lead to the increase of leakage current and eventually cause dielectric
breakdown [71]. A review of DD in devices and materials was done by Srour et al. in [72].
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3.3 Variety of radiation environments causing SEEs

The variety of radiation environments that can cause SEEs increases as technology
advances. In this section, an overview of the radiation environment encountered for
space, ground, avionic and high-energy accelerator applications of SiC power devices are
presented. Radiation tests and simulations are needed in order to study the reliability of
the commercial technologies in these environments.

3.3.1 Space radiation environment
In space, SEEs can be caused by ionizing radiation produced by three different sources
[73, 74]: galactic cosmic rays (GCRs), solar energetic particles (SEPs), and radiation belt
particles (Van Allen Belts) trapped in space around the Earth. The three sources are
illustrated in Figure 3.4.

Figure 3.4: SEE in space are caused by three different sources: galactic cosmic rays, solar
energetic particles and Van Allen radiation belts, after [75]

SEPs are products of dynamic solar activities and they are connected with the eleven-year
cycle of the Sun, which culminates with a dramatic increase of the solar flare intensity,
especially during periods when there are numerous sunspots. A solar eruption is shown in
Figure 3.5 (image from NASA/SDO/Steele Hill). In turn GCRs are produced by events
outside the solar system but primarily within the Milky Way galaxy, such as supernova
explosions, pulsars, stellar flares and the explosions of galactic nuclei. GCRs are composed
by high-energetic-heavy ions of elements that have had all their electrons stripped away
and that are traveling through the galaxy at nearly the speed of light. The distribution
of particle species in GCRs is approximately 90 % of protons, 9% of alpha-particles and
the residual 1% are heavier atomic nuclei with a wide range of LETs [73]. They can pass
practically unimpeded through a typical spacecraft, inducing SEEs.

Because of the interaction with the Earth atmosphere, some particles (most GCRs) can
be trapped, forming the Van Allen radiation belts. They have a double-ring structure,
with an inner and an outer belt, composed of trapped protons and electrons. The proton
distribution, which exhibits a single ring structure and correspond to the inner belt,
extends to 4 RE , where RE represents the radius of Earth. The energy of the trapped
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Figure 3.5: Solar eruption in April 2018. The Earth is superimposed on this image to give
readers a sense of the scale. The eruption was about 20 times the diameter of our planet, after
NASA/SDO/Steele Hill.

protons is up to GeV and it is sufficient to cause SEE through the indirect ionization
mechanism. The trapped electrons also have a double-ring structure [73, 75], with energies
up to 100 MeV. Recently, the electrons at Jupiter’s belts, which have energy up to GeV,
are also attracting attention [76]. These electrons can cause SEEs through the indirect
ionization process similar to protons [77].

Figure 3.6: Van Allen radiation belts. Image from the public domain.

3.3.2 Atmospheric radiation

The SEP and GRC particles which are not repelled by the terrestrial magnetic field
can enter the Earth’s atmosphere and react with Oxygen (O) and Nitrogen (N) atoms,
creating a shower of secondary cosmic rays. These showers of secondaries can reach the
ground, causing SEEs in avionics and ground level applications. The cosmic ray cascades
are illustrated in Figure 3.7. The physics of the cosmic ray interaction in the atmosphere
has been previously reviewed in many works [78–81] and it is briefly explained below.
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Figure 3.7: Cosmic rays cascade in the atmosphere. Image from the public domain.

The Earth’s atmosphere is mostly composed of O and N gases, with variable densities
depending on the altitude [74]. The particles with strong interactions, called hadrons,
such as nucleons and pions, undergo several collisions and none of the original primaries
reach the surface. Instead, they create a cascade of secondaries which consist mainly of
pions, muons, neutrons, electrons, and photons. These particles differ in their type of
interaction with other particles, their mass and lifetime. The heavier particles are least
deflected, causing narrow dense cascades, while light particles form a more diffuse halo.
Fever than one in a hundred primary particles create a cascade which reaches the sea
level. Indeed, as the particles penetrate the atmosphere, there are also many absorption
processes. Most of the particles are lost from the cascade because either they decay
spontaneously (i.e., the mean lifetime for pions is in the order of ns, while for muons it is
about a µs), or they lose energy in collisions and reach thermal energies before arriving
at the surface. The peak of the cosmic ray intensity, and therefore of the atmospheric
neutrons, occurs at about 10-25 km, which is critical for avionic applications, being the
altitude of many commercial airplane flights [74]. Below, there is a net loss of total
particles in the cascades, having, for example, a neutron flux at sea level of 13 n/(cm2h)
for energies higher than 1 MeV (reference conditions at sea level in NYC from JEDEC
JESD89A standard [82]). Additional details about the atmospheric neutron spectra are
discussed in Section 5.1.2.

3.3.3 The high-energy-accelerator environment

A detailed knowledge of the LHC radiation field is important in order to reduce the risk
of SEEs for the electronic systems installed in the underground areas, with a possible
direct impact on beam operation and a consequent downtime of the machine. In-depth
studies of the radiation field and beam loss productions are required to allow predictions
for the future levels for the HL-LHC operations [36] and the FCC project. For this reason,



3.3. Variety of radiation environments causing SEEs 29

measurements are performed every year and are used as a baseline for the predictive
scaling. For the purpose of this study, the present LHC radiation environment was
considered as reference for the high-energy accelerator applications.

The sources of losses in the LHC tunnel and in the close shielded areas, can be grouped
in three main categories [39]:

• Particles debris generated during the collisions in the experimental caverns;

• Particle showers in the collimation areas, in the absorbers and in the injection/extraction
regions;

• Beam-gas interaction inside the beam pipe all around the ring.

The variety of sources create a mixed radiation field composed of charged and neutral
hadrons (protons, pions, kaons and neutrons), photons, electrons and muons [37].

For the purpose of radiation tests in a LHC-like environment, hadrons with energy above
20 MeV, defined High Energy Hadrons (HEH), are considered to be equally effective in
inducing SEEs due to their similar interaction cross-section that has a rapid decrease
below 20 MeV. Moreover, at lower energies, the HEH are no longer able to reach the
sensitive area of the devices. Below 20 MeV the contribution from HEH is therefore
considered insignificant for the damage on the electronics. Neutrons are not included in
this definition since they can contribute also at lower energies. However, the extensive
use of concrete in the tunnel walls and in the shielding of the alcoves, induce a significant
contribution of thermal neutrons (i.e., energy ∼ 0.025 eV). Figure 3.8 (a) and 3.8 (b)
show respectively the particle energy spectra for the tunnel and the shielded areas of
LHC, where the latter are the zones adjacent to the tunnel with a certain amount of
concrete shielding. In the tunnel the HEH fluence is orders of magnitude higher than
in the shielded areas, in the order of 1010cm−2y−1 with energies up to 100 GeV. In the
shielded areas, instead, the fluence is dominated by neutrons, with a fraction of charged
hadrons ranging from 2-10 % [37].

(a) LHC tunnel area. (b) LHC shielded areas (RRs alcove).

Figure 3.8: FLUKA Monte-Carlo simulation of the particle energy spectra (lethargy) for RRs
(shielded areas) in LHC for a nominal operation at 7 TeV. The spectra are normalized for one
proton-proton collision. Reprinted with permission from [38]. © 2011, IEEE.
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3.4 Useful concepts for radiation testing

It is known that use of commercial electronic components (COTS) provides several
advantages. However, the parts need to satisfy the quality and reliability requirements in
order to be qualified for the specific applications. Here quality means the assessment of
the manufacturing and test process, evaluating the matching of the qualifications and the
presence of faulty parts. With reliability, instead, it is considered the probability of parts
to meet the relevant specification over the time, under the worst operational conditions.
In order to study the physical SEE mechanisms and the reliability of SiC power MOSFETs
exposed to heavy-ion, neutron and proton environments, radiation tests were performed
in different European facilities. This section provides several concepts about radiation
testing useful for the comprehension of the results discussed in Chapter 4 and Chapter 5.

3.4.1 Linear Energy Transfer (LET)
An important quantity, closely connected to the stopping power described before, is the
linear energy transfer (LET), defined as the amount of energy locally deposited (dEL)
per unit of distance travelled by the ionizing radiation (dl) [50]:

LET = dEL

dl
(3.5)

The LET is usually expressed in [keV/µm]. The difference between the LET and the
stopping power S is the fact that the latter is defined as the average energy loss per
unit path length, therefore it also includes the electrons with higher kinetic energy which
travel further from the main track (the delta rays). This means that for small target
volumes the LET is less than S. Differently, for large target volumes LET and stopping
power are considered as equals. This is the case of normal radiation testing procedure,
where for most of the devices the target volume size is unknown.

3.4.2 Particle range
The particle range is defined as the total path length travelled by the ion inside the target
until it comes to rest. The projected range perpendicular to the surface can also be used
to indicate how deep the particle has penetrated in the target.

3.4.3 Cross-sections, failure in time (FIT) and degradation rate
Two standard figure of merits are used to evaluate the probability of destructive failure
for SiC power components exposed to radiation environments: the failure cross-section (σ)
and the failure in time (FIT) rates, where the second is used only for ground applications.
The failure cross-section is defined as the number of failures detected per unit beam
fluence:

σ = failures

fluence
(3.6)

The FIT rate is defined as the number of failures considering 109 hours of operation at a
sea level, with a cosmic-rays-induced neutron flux of 13 n/(cm2h) for energies above 10
MeV (reference conditions at sea level in NYC from JEDEC JESD89A standard [82]).
An additional parameter called degradation rate was also used in this work to evaluate the
susceptibility of the devices to leakage current degradation. In this case, the degradation
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rate is defined as the difference between the leakage current after and before the exposure,
normalized by the fluence and the active area of the device under test (DUT).

3.4.4 Test standards
There is currently no test standard dedicated to radiation tests of WBG power devices.
However, during the recent years, several efforts have been done in order to collect
information and produce guidelines for the radiation effects community. While waiting
for a dedicated document, the standards for radiation tests of silicon power components
are commonly used as reference:

• United States military standard MIL-STD-750E M1080.1 [83];

• JEDEC JESD89A standard [82];

• JEDEC JESD57A standard [84].
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3.5 SEEs in Si power devices - State of the art

When SiC power devices appeared on the market in 2001, many studies about SEE
mechanisms were already available for their Si counterparts. This knowledge was used
as a baseline to investigate whether the same radiation effects were observed also in SiC
devices or not. During the last 20 years, a lot has been done around this topic, differences
among effects observed in Si and SiC devices have been reported and some new SEE
mechanisms have been identified for SiC components. As the basic understanding of SEE
mechanisms in Si power devices is required in order to comprehend the susceptibilities
of SiC power devices, firstly an overview on SEEs in Si in given below, followed by the
description of the current knowledge available for SiC power MOSFETs in Section 3.6. A
review of SEEs in Si and SiC power devices was published by Lauenstein in [8].

3.5.1 Overview of SEEs in Si power MOSFETs and diodes
Si power MOSFETs are susceptible to two different catastrophic failure modes: SEB and
SEGR. The first observations on SEB in Si power MOSFET were reported by Waskiewicz
et al. in 1986 [85], while exposing different commercial power MOSFETs to a Californium-
252 ion source. Later, a non-destructive test setup has been developed in order to allow
measurement of the SEB cross-sections [86]. Since SEB were observed also with low
LET ions (< 10 MeVcm2/mg), it was hypothesised that also recoil atoms induced by
high-energy neutrons and protons were able to cause SEB, as Oberg et al. reported later
in 1996 [87]. The first review papers on SEB and SEGR in Si vertical planar MOSFETs
were published in 1996 by Titus and Wheatley [88] and by Johnson et al. [89]. Since then,
SEB and SEGR have been extensively studied, more recent and updated bibliography on
this subject was provided by Titus in [90]. Furthermore, a review of heavy-ion induced
SEEs in Si trench MOSFETs was published by Galloway in [91].

Finally, SEB can occur also in BJTs [92, 93], power p-n diodes [94–96] and Schottky
diodes [97–100], whereas IGBT are susceptible to SEGR and SEL [101–103]. The SEE
mechanisms for Si MOSFETs and diodes are summarized in the next sections.

3.5.1.1 SEGR mechanism in Si power MOSFETs

This section describes three different SEGR mechanisms proposed for Si power MOSFETs:
the dielectric breakdown, the micro-break and the thermal runaway.

Dielectric breakdown. The first and most well-known mechanism for SEGR in Si
power MOSFETs exposed to heavy-ions is the oxide breakdown. As firstly proposed by
Fischer [104], it involves both the interaction of the primary ion with the gate oxide and
the charge ionization in the epitaxial layer of the device. The critical electric field required
for dielectric breakdown, is temporarily reduced by the passage of the impinging particle,
through a mechanism which is still unclear, but different hypothesis were formulated and
three of them are presented below.

The first hypothesis, states that the oxide electric field is enhanced by the ion strike
[105, 106]. For a n-type VD-MOSFET in off-state with a positive drain-source bias,
the vertical drift field in the epi-layer causes the electrons and holes to be transported
from the oxide/silicon (Si/SiO2) interface toward the drain contact and the body region,
respectively. However, electrons are transported faster than holes, therefore a higher
concentration of positive charges is created at the Si/SiO2 interface. This accumulation
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of holes induces negative mirror charges in the oxide, creating a transient increase of
the electric field in the gate oxide, in addition to the applied one, causing the dielectric
breakdown if a sufficiently high electric-field strength is reached. The coupling of the drain
voltage with the Si/SiO2 interface is a function of the ion penetration range, the strike
location [89], the angle of incidence and the drain-source bias during the exposure [8, 107].
The worst condition for SEGR occurs when the ion strikes the neck or JFET region (the
area between the p-well), with an angle parallel to the vertical electric field, penetrating
completely through the epitaxial layer. In addition, considering a given ion species, the
energy which results having the Bragg peak at the interface between the epitaxial layer
and the substrate, represents the worst-case condition, due to the increasing LET along
the epitaxial layer [108, 109]. Conversely, the e-h pairs generated in the highly-doped
substrate do not contribute to the SEGR mechanism.
The second hypothesis for the oxide electric field to approach breakdown strength, was
formulated by Boruta et al. [110]. They proposed that among the carriers generated by
ionization in the oxide, the electrons are swept away faster than the holes, creating net
oxide charges which induce non-uniform electric field in the oxide, which could induce a
breakdown at a lower voltage respect to the situation with a uniform electric-field.
A third hypothesis, formulated by Carlotti et al. [111], proposed structural modifications
at the Si/SiO2 interface which result in a Si bump into the oxide, creating a high-curvature
region, inducing intense local electric field.

Micro-break. Scheick et al. [112] proposed two additional SEGR modes for Si power
MOSFETs; the micro-break and the thermal runaway. The micro-break mechanism
was observed in devices which exhibited a multitude of small-magnitude SEGR events
accumulated during a single exposure. This mode is characterised by a slow increase
of the drain leakage due to small steps in the order of few nA or tens of nA (for those
specific testing conditions), which are quantified as micro-breaks and do not recover
once the irradiation is stopped. The proposed model for enhanced current associated
with a micro-break, is the tunneling of electrons from trapping sites in the oxide into
the conduction band or from the metalization into the oxide conduction band (or both).
The defects created by the displacement damage induce by the ion strike in the oxide,
represent damage sites with a reduced potential barrier, which increase the probability of
electron tunneling. The micro-break SEGR mode requires lower electric-field strength in
respect to massive SEGR, and therefore can occur at lower bias voltage.

Thermal runaway. Micro-breaks may alter the device operation only slightly, but they
represent a significant risk to the part reliability. Scheick et al. [112] showed how the
micro-break evolved into a thermal meltdown when additional stress was applied during
the post-irradiation analysis. Even though the device is barely affected by the initial micro-
break, the defects which contribute to the enhancement of current through the tunneling
mechanism (which is dominant at lower temperatures), can also increase the current
due to thermally induced mechanism (which becomes dominant at higher temperatures).
Initially the current flowing through the oxide is increased by the tunneling mechanism,
by Joule heating the temperature rises and it increases the thermal conductivity of the
oxide by enhanced thermal generation of carriers, which in turn causes a further increase
of the leakage current through the oxide. This regenerative process can induce an unstable
condition called thermal runaway and eventually lead to the oxide meltdown. Therefore,
the ion interaction can reduce the electric field needed to cause such effect, having a
post-IV induced thermal runaway.
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3.5.1.2 SEB mechanism in Si power MOSFETs

Multiple works discuss the SEB mechanism for Si power MOSFETs [113–117]. In this
case, the SEB mechanism involves the parasitic BJT, which is an inherent structure
formed in the vertical design of a power MOSFET between the n+ source (emitter), the
p-body (base), and the epitaxial layer (collector) (for a N-type MOSFET, as described in
2.2.3). Figure 3.9 shows a quasi-stationary simulation of a Si MOSFET I-V characteristic
at different stages of breakdown (image from [90] after [118]).

Figure 3.9: Quasi-stationary simulation of a Si MOSFET I-V characteristic at different stages
of breakdown. Reprinted with permission from [90], after [118]. © 2013, IEEE.

Considering firstly this characteristic, independently from the ion strike, it is observed
that when the drain-source bias reaches a certain level, the MOSFET is driven into
avalanche breakdown mode (at 708 V in this example), having a rapid increase of the
drain current, with a small increase of the drain voltage. As the drain current increases,
the passage through the p-body region causes a voltage drop which, if higher than the
built-in potential (∼ 0.7 V), induce the activation of the parasitic BJT. The process
becomes self-sustaining and substantially higher current flows along this path, and through
the source [90]. Rapidly the device reaches a condition which induces a second breakdown,
characterised by a sudden decrease in the blocking voltage capability and an uncontrolled
current increase, which ultimately causes the catastrophic failure of the device.
When a heavy-ion with sufficient LET crosses the sensitive regions of a MOSFET biased
in its off-state condition, a certain amount of charge is created. If the induced current is
sufficiently high, this event induces a transition of the device from its normal off-state
blocking voltage into its bipolar turn-on state or into its second breakdown state, inducing
a destructive SEB. However, the transition process and the positive feedback loop can be
interrupted using circumvention techniques, which quenches the drain current before the
second breakdown occurs, as firstly demonstrated by Oberg and Wert [86]. This effect
is achieved using an external resistor in series at the drain, which causes a voltage drop
and a momentarily reduction of the drain bias, sufficient to stop the second breakdown
[119]. Based on these considerations, a non-destructive circuit for SEB test with Si
power MOSFETs was developed and its commonly used, as also reported in the test
standards [83]. Differently, as discussed later in section 3.6.3.2, it is not possible to design
a non-destructive circuit for SEB test of SiC MOSFETs, due to the higher energy stored
in the parasitic capacitance of the device.
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3.5.1.3 SEB mechanisms in Si-based PiN and Schottky diodes

SEB induced by cosmic-rays in Si-PiN diodes was firstly reported in 1994 by Kabza
et al. [120] and Zeller [121]. The failure was attributed to a localized breakdown in
the bulk of the device, but the exact mechanism was not identified. As no parasitic
BJT structure is present in diodes, the mechanism has to be different from the one
described for Si MOSFETs. Furthermore, the failure could not be prevented using
external resistors in series, suggesting that the capacitive energy stored in the p-n junction
could provide sufficient current density for the destructive event, with no possibility to
limit it. Simulations performed later by Walker et al., suggested a possible mechanism for
SEB, involving a thermal feedback in which the heat generated from the impact-ionized
charge current results in temperature rising to the level at which the intrinsic carrier
concentration begins to dominate. This increased current sets off the feedback loop by
continuing to raise the temperature and thus the intrinsic carrier current until burnout
occurs [8, 122]. Albadri et al. published a review of the research on SEB mechanisms in
PiN diodes in [95]. Destructive failures have been reported also for Si-Schottky diodes in
[98–100]. The pin, Schottky and JBS diode structures are shown in Figure 3.10, after [8].

Figure 3.10: Pin, Schottky and JBS diode structures, after [8].

3.5.1.4 Leakage current degradation in Si devices

For Si components, the single particle induced degradation (SELC) is less common in
respect to SiC, and it is generally not considered as an issue. However, in the following
two works degradation was observed also in Si components.
Casey et al. [100] reported leakage current degradation in Si-Schottky diodes. Casey
performed a test campaign with 45 different Si-Schottky diodes from 10 manufacturers
tested using xenon ions at energy of 10 MeV/amu (LET of 59 MeVcm2/mg). Non-
catastrophic effect, characterised by an increase of the leakage current degradation was
observed in approximately one quarter of the diodes. Among those, only few were seriously
damaged, with leakage level out of specifications after a Xe fluence of 106 ions/cm2.
During terrestrial neutron experiments, Asai et al. observed that the currents in Si IGBT
and Si MOSFET increased step by step in a staircase pattern [123]. Asai called this effect
“micro-burn”, which however has not been observed in SiC MOSFETs and diodes.
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3.6 SEEs in SiC power devices - State of the art

3.6.1 Overview of SEEs in SiC power MOSFETs and diodes
The susceptibility of SiC devices to SEEs was firstly discovered in SiC power diodes, as
they became commercially available about ten years before SiC MOSFETs. The very
first SEB in SiC devices was observed in Schottky diodes during displacement-damage
experiments performed with protons by Scheick et al., and also was confirmed with
heavy-ions in the same study [124]. Additional experiments with heavy-ions revealed a
non-catastrophic damage observed at lower bias voltage in respect to the SEB threshold,
characterised by a permanent leakage current increase in the device [125, 126]. Once
SiC power MOSFETs became available on the market, their susceptibility to both the
SEB and the leakage current degradation was observed with heavy-ions [99, 127–129].
This effect was recently named Single Event Leakage Current (SELC) [130]. Furthermore,
atmospheric neutrons were also reported to cause destructive failure through recoiling
atoms produced by the elastic and inelastic reactions with the SiC-lattice [131–135], and
by protons through fragments of spallation reaction. However, at the time of writing this
work, degradation has not been reported for proton and neutron irradiations.

In the next sections, first the heavy-ion induced SEEs are discussed for SiC diodes, then
for SiC MOSFETs. In the case of SiC MOSFETs, SEEs induced by atmospheric neutrons
and protons are also presented. A review of SEEs in WBG (i.e., SiC and GaN) power
devices have been compiled by Lauenstein in [8].

3.6.2 SEEs in SiC power diodes
Depending on the beam parameters and the reverse bias (VR), three different responses
can be observed in the reverse leakage current (IR) of SiC Schottky diodes exposed to
heavy-ions, as shown in Figure 3.11 [125, 126]. At low reverse bias, enhanced charge
collection is observed. In this case, IR is higher in respect to the effect attributable to
the ionization, however no permanent damage is observed. At higher reverse bias during
irradiation, a permanent increase in IR is measured. This effect is usually referred to
as leakage current degradation or SELC. At even higher bias there is the region of the
destructive SEB. The same has been observed also for PiN and JBS diodes [6, 129].

Figure 3.11: Different regions of response observed for SiC Schottky diodes under heavy-ion
exposure, remade after [126].
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Even though the degradation effect is non-destructive, the device operation is altered, and
it complicates the assessment of radiation reliability for the tested parts. The threshold
for SEB becomes difficult to identify, due to the increasing leakage induced by degradation.
The device eventually fails due to the cumulative damage, before a minimum fluence
required to identify the SEB threshold is reached. However, despite the difficulties to
identify the minimum threshold for SEB, the maximum SEB cross-sections (when the
destructive failure is instantaneously observed as soon as the DUT is exposed to the
beam), can still be experimentally measured [8].

Witulski et al. irradiated 1.2 kV junction barrier Schottky (JBS) diodes with different
ions, and mapped the dependency of the SEE mode thresholds on bias and LET, as
shown in Figure 3.12 [136]. Leakage current degradation was observed for LET as low
as 3 MeVcm2/mg at VR below device specifications. LET values above 10 MeVcm2/mg,
immediate SEB were observed at VR lower than 50% of device specifications.

Figure 3.12: Measured thresholds for SEEs in SiC JBS diodes as a function of the ion LET
and the reverse bias (VR). The width of the line indicates minimum and maximum voltage at
which the effect was observed. Reprinted with permission from [136]. © 2018, IEEE.

3.6.2.1 SELC SiC power diodes

The degradation effect or SELC is dependent on the VR, the fluence and the ion LET.
Differently with respect to the case of Si power components discussed in section 3.5.1.3, the
degradation is always observed in SiC devices exposed to heavy-ions with a minimum LET
of 10 MeVcm2/mg. Depending on VR, even a single ion strike can induce a degradation
step in the IR that exceeds the specification level. However, a minimum VR threshold is
required in order to observe degradation, which varies depending on the ion species and
energy. Kuboyama [126] and Kamezawa [125] demonstrated that the peak power (PP )
resulting from the ion strike can be used to normalize the threshold voltage for damage,
where the peak power is proportional to the square of the VR and the LET as [126]:

PP [W ] ∝ V 2
R · LET (3.7)

concluding that the leakage current path is introduced by a thermal effect (local heating).
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Working with these concepts, Johnson et al. performed numerical simulations of SiC
Schottky diodes rated for 600–1700 V, concluding that the diode active layer does not
influence the total instantaneous power [137]. In fact, due to the redistribution of the
electric field during the ion strike at a given bias, the total instantaneous power becomes a
constant value. Therefore, the degradation threshold is found to be independent of device
parameters, including the breakdown voltage and the epitaxial depth and doping density,
and to be only a function of the ion LET, voltage bias and material properties [137, 138].
This means that de-rating devices with higher breakdown voltage (lower epitaxial doping
density or greater epitaxial depth) gives no advantage in preventing degradation in respect
to using devices specified for lower breakdown voltages, as the threshold is representative
of the characteristics of 4H-SiC itself. To mitigate the problem, Abbate et al. suggested
the reduction of the substrate doping by a factor of two, to limit the diode current and
therefore the maximum temperature [139].
Supporting the hypothesis of the thermal effect, Javanainen et al., performed molecular
dynamic (MD) simulations showing that amorphous regions appear along the ion track
starting from a certain value of applied bias, below the one required for destructive failure
[140]. However, the material modifications induced by the heavy-ion strike in biased SiC
power devices, are still a matter of discussion. Laser irradiation were used to study the
phase separation of SiC, providing also insight into the possible effects that the localised
heat generation caused by the heavy-ions could have on 4H-SiC crystal [141].
Finally, Lauenstein reported that the degradation onset was observed at a lower reverse
bias in Schottky diodes compared to PiN ones [6]. However, among the Schottky devices,
the same threshold was observed for devices rated for different voltages (i.e. from 650
V to 1700 V), confirming that the degradation might be related to material properties
rather than electric field strength.

3.6.2.2 SEB in SiC power diodes

Schottky and PiN diodes with different voltage ratings and produced by different manu-
facturers, were observed to experience SEB at a similar fraction of their rated voltages,
suggesting a strong dependence on the electric field [6].
The underlying SEB mechanism in SiC Schottky diodes was suggested by Kuboyama et al.
in [142] based on the previous research performed by [126, 136, 143, 144], and summarized
by Lauenstein in [8]. Kuboyama identified the roles of impact ionization and electron
tunneling, and the mechanism of the electric field clamping at the Schottky contact, in
triggering thermal runaway and SEB. Figure 3.13 shows the carrier densities, temperature,
and electric field near the Schottky contact, obtained by ECORCE TCAD simulations
[145], and their step-by-step interactions, in order to understand the mechanism of thermal
runaway [142].

1. In Step 1, the recombination of electrons and holes generated by the heavy-ion
track is higher at the contact in comparison with the area below it (∼ 29 nm). The
reduced carrier density increases the electric field at the contact, which initiates the
impact ionization process.

2. In Step 2, the electric field is clamped at the Schottky contact. As a result of
the impact ionization, the density of holes at the contact surface exceeds the one
below it, clamping the electric field at a value of ∼ 4 MV/cm (in agreement with
Witulski [136]), and sustained for at least 200 ps. This event occurs as a result of
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impact-ionized charge due to the high field. This process sets up an opposing field
by increasing the hole concentration at the contact, inducing a Joule power density
which increases the temperature.

3. In Step 3 the thermal runaway is activated. The temperature is rapidly increased,
which induce the injection of more electrons from the Schottky contact and the
recombination, reducing the high concentration of holes. At this point, the thermal
runaway process is establish due to the positive feedback of the Joule heating and
increased electron injection, inducing the destructive SEB.

Figure 3.13: Simulations of the SEB mechanism in SiC Schottky diode, divided in three
steps. The picture shows the time evolution of the following variables at the Schottky contact:
temperature ("Tcon", orange), vertical electric field ("Econ", green), electron and hole carrier
density ("ncon", blue and "pcon", magenta). In addition, the carrier density below the contact (29
nm) are indicated as nbel and pbel (blue and magenta broken line). Reprinted with permission
from [142]. © 2019, IEEE.

Furthermore, Shoji explained that the peak electric field strength in SiC power devices
(∼ 4 MV/cm) is ten times higher than in Si devices (∼ 0.4 MV/cm), resulting in a heat
generation density in SiC devices about 100 times higher than in Si ones [143] (as the
Joule power density is proportional to the square of the electric field). This leads to a
much more rapid increase in lattice temperature during an ion strike, supporting the
conclusion that the higher sensitivity of SiC devices to SEB is caused by the significantly
higher heat-generation density compared to Si devices.
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3.6.3 SEEs in SiC power MOSFETs
3.6.3.1 Single Event Leakage Current - SELC

As SiC diodes, also SiC power MOSFETs are susceptible to leakage current degradation
when exposed to heavy-ions. This mechanism was studied in Paper I and Paper II, where
the degradation is named SELC [130, 146]. These works analysed the effect of broad-beam
and microbeam irradiations for SiC MOSFETs of the 2nd and 3rd generation; as discussed
in more details in Chapter 4. The degradation in SiC MOSFETs was previously reported
by Mizuta et al. [127], Lauenstein et al. [129] and Abbate et al.[147–149].

As described in Paper I [146], differently from the case of the SiC diodes, two mechanisms
of degradation were identified for SiC MOSFETs. Initially, at a sufficiently high VDS ,
an increase in drain-gate leakage current (IDG) is observed during the exposure, with
a current path between the gate and drain terminal and a linear proportionality to the
fluence. This effect is non-catastrophic, but it can hamper the device operation. However,
also at very low VDS , where the leakage current degradation is limited to tens of nA
for a fluence as high as 106 ion/cm2 and it alters the overall function very little, this
effect can represent a significant risk to part reliability. In fact, devices with increased
leakage experience accelerated damage, resulting in a much earlier device failure. A
destructive failure characterised by a complete gate rupture is always observed during
post irradiation gate stress (PIGS) test of devices which exhibit this type of degradation
[150]. However, a minimum LET is required to observe this degradation. Furthermore, not
all the MOSFETs exhibit pronounced IDG degradation, suggesting that this mechanism
can be mitigated by design [8]. In Paper II, microbeam studies indicated the JFET region
and the adjacent channels within the MOSFET structure as the sensitive regions are
involved in this type of damage [130]. Abbate’s work confirmed that the IDG degradation
does not involve damage in the body-drain p-n junction [148].

The second mechanism of degradation, was also discussed in Paper I [146]. For VDS

higher than a certain threshold, the IDG keeps increasing linearly with respect to the
fluence, whereas the drain-source leakage current (IDS) starts increasing with a much
larger magnitude with respect to IDG. From the microbeam studies presented in Paper II,
the p-n junction was identified as the sensitive region for this effect [130]. Furthermore, it
was suggested that this second mechanism of degradation observed in SiC MOSFETs, is
the same as the one observed in SiC diodes. As already discussed for SiC diodes in section
3.6.2.1, the Joule heating is responsible of this type of degradation, which results in
increasing temperature and phase change, confirmed also by molecular dynamics simula-
tions [140], as further described in 4.4.1. Finally, a similar mechanism for degradation and
SEB in SiC MOSFETs and SiC JBS diodes was suggested by Ball et al. [151], proposing
highly-localised pulses induced by the ion strike as responsible for the damage. Lower
magnitude energy pulses were identified as responsible for degradation, assuming the SEB
being a more catastrophic form of SELC, as described at the end of the next section.

3.6.3.2 SEB

Figure 3.14 from Witulski et al. [136] reports a summary of 1.2 kV SiC MOSFETs
SEB susceptibility with heavy-ions. The data are collected from different experiments
performed during the recent years by Witulski, Mizuta et al. [127] and Lauenstein et
al. [152]. The image reports also 3D-TCAD SEB simulations. The SEB thresholds are
presented as a function of the LET, and it follows a hockey-stick trend, saturating at ∼ 500
V (less than 50 % of the rated voltage) for LET > 10 MeVcm2/mg. The vulnerability
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Figure 3.14: SEB threshold voltage for 1.2 kV SiC MOSFETs collected from several heavy-ion
experiments presented by Mizuta in [127] and Lauenstein in [152], comparing with 3-D TCAD
SEB simulations. In the legend, the label "This work" refers to the original work from Witulski.
Reprinted with permission from [136]. © 2018, IEEE.

to immediate SEB was observed with LET as low as 1 MeVcm2/mg, due to primary
knock-on atoms during 70 MeV proton irradiations [127].

The SEB mechanism has been subject of debate during the last years, in particular
concerning the role of the parasitic BJT. On one side, the hypothesis that the parasitic
BJT turn-on was necessary to achieve the SEB, as in Si MOSFETs, was supported by
numerical simulations performed by Witulski et al. [136]. Avalanche breakdown, coupled
with a parasitic BJT in a positive feedback loop, was suggested as the reason for the
simulated runaway drain current. Laser studies performed by Johnson et al. on MOSFET
and JBS diode sharing the same fundamental epi-layer properties, identified enhancement
of current in the source region closer to the gate, demonstrating parasitic BJT charge
amplification [153]. In addition, studies of short-circuit ruggedness suggested that the
BJT can be turned on and trigger thermal runaway [154], supporting the active role of
the BJT in SEB mechanism. On the other hand, experimental data collected during both
heavy-ion and neutron irradiations, showed that there exists no consistent difference in
SEB tolerance between SiC diodes and SiC MOSFETs, leading to the conclusion that the
parasitic BJT is not involved in the SEB failure mechanism [123, 129, 134, 155]. This
hypothesis is also supported by the fact that, compared to a Si MOSFET, the parasitic
BJT in SiC MOSFET requires higher voltage to switch on (i.e. the higher forward voltage
drop is higher in SiC), having also a significantly lower gain due to the high doping levels
in the p-body. Supporting this hypothesis, Shoji et al., studied the neutron-induced
SEB in SiC diodes [143] and SiC MOSFETs [155]. In the latter work, Shoji performed
numerical simulations of an ion strike in a SiC MOSFET and in a SiC diode structure
that eliminated the n+ source diffusion region from the MOSFET. The ion trajectory
extended over the n+ source region near the gate, which was identified as the most
susceptible region for BJT current amplification by the laser study of Johnson [153].
The results from the numerical simulation are visible in Figure 3.15, and demonstrated
that no significant difference is observed in current and lattice temperature when the n+
region is included (i.e. MOSFET structure, including parasitic BJT) or not (i.e. diode
structure, excluding parasitic BJT). In both cases, the simulated temperature eventually
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Figure 3.15: SEB currents and maximum lattice temperature simulated with and without
the n+ source diffusion region in SiC power MOSFET. In the case without the n+ region, the
structure forms a SiC diode. Reprinted with permission from [155]. © 2015, Elsevier Ltd.

reaches the sublimation temperature of SiC. The results led to the conclusion that the
SEB mechanism in SiC MOSFETs is not due to the BJT action, but to a shift in the
peak electric field and the punch-through at the n+ source diffusion region, similar to the
case of SiC power diodes [155].

The discrepancy between the findings of Witulski and Shoji concerning the role of the
parasitic BJT, was explained by the experimental work and simulations performed by
Ball et al. [151, 156]. Ball carried out heavy-ion experiments using a non-destructive
technique in attempt to suppress the SEB, inserting a resistor of 100 kΩ between the
power supply and the drain node, to limit the current and induce a voltage drop under
the critical levels for SEB. A similar approach was previously attempted using a 1MΩ
resistor [157]. However, in both cases, the presence of the resistor had no impact, finding
similar SEB and degradation thresholds for SiC MOSFETs and JBS diodes. Ball stated
that, due to the time constant of the circuit, the presence of the resistor should have
provided some protection if the SEB failure resulting from transient was happening on
the order of ns to µs. As this was not the case, then the SEB event was happening at
lower time scales in the order of ps, before the parasitic BJT can contribute significantly
to the MOSFET response. This explained the similarity of SiC MOSFETs and diodes
tolerance to SEB and degradation experimentally measured. Furthemore, this time scale
corresponds to the SEB mechanism in SiC Schottky diodes as proposed by Kuboyama
[142] and explains the difference between Witulski and Shoji conclusions [8].

In the same work, by performing 3-D TCAD simulations of a 1.2 kV SiC MOSFET
and a 1.2 kV JBS diode, Ball showed that for approximately 100 ps after the ion-strike
occurs, the current transients behave identically in both structures, while after that they
begin to deviate, as shown in Figure 3.16 for LET = 10 MeVcm2/mg and a drain bias of
500 V [151]. The energy dissipation occurs during the first 10 ps after the strike event.
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Figure 3.16: Simulated ion-induced current transient for a 1.2 kV SiC MOSFET and 1.2 kV
JBS diode, with identical behavior for the first 100 ps. Reprinted with permission from [151]. ©
2020, IEEE.

The electric field is redistributed, with peaks at the body/drain junction and at the
epi/substrate interface, with the latter resulting in a peak of ∼ 3.2 MV/cm, determined
as the critical electric field to induce avalanche breakdown. The authors also showed that
∼ 40 % of the power density is dissipated at the epi/substrate interface region.

For LET and bias conditions which experimentally result in SEB, the energy dissipated
during the 10 ps after the ion strike, was calculated integrating the power density across
the entire epi-region. The energy resulted in a value ranging between 2-3 nJ [151]. The
series of events was described similar for non-destructive degradation, but the energy
dissipation resulted lower in magnitude, suggesting that SEB is a more catastrophic
form of degradation. Ball et al. proposed highly localized energy pulses induced by
the ion-strike, as a common mechanism responsible for both SEB and leakage current
degradation in SiC MOSFETs and JBS diodes; with lower magnitude energy pulses
responsible for degradation.

3.6.3.3 SEGR

Most of the knowledge available for the SEGR mechanism is provided by studies performed
on Si power devices, as described in section 3.5.1.1. In addition, Deki et al. studied SEGR
susceptibility of 4H-SiC MOS capacitors as a function of LET, suggesting that SiC MOS
capacitors may be less susceptible to SEGR than silicon MOS capacitors [158, 159]. Casey
et al., studied the first generation SiC MOSFETs tolerance to heavy-ion-induced SEGR,
observing that the results fit the estimation of the critical voltage required to observed
SEGR provided by the Titus-Wheatley equation, which was derived for Si MOSFETs
based on ion atomic number (Z) [160, 161]. This result led to the conclusion that any
difference in SEGR susceptibility between SiC and Si MOS devices is likely caused by
differences in the semiconductor, rather than in the oxide [160]. In addition, Pintacuda et
al. studied the oxide reliability of MOS capacitors made of SiC and Si, and SiC MOSFETs
with different gate oxide thicknesses and epitaxial layers, when exposed to heavy-ions.
The results of the failure analyses summarise the tolerance of the different structure to
SEGR and PIGS failure, the latter caused by latent damage, confirming the location of
the damage in the neck region [150].
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3.6.3.4 Latent damage

Some authors have observed experimentally latent gate oxide damage in SiC MOSFETs
heavy-ion exposure. Even though no degradation was observed during the irradiations in
off-state, PIGS testing revealed increased gate leakage current [8, 150, 162]. In respect to
the Si counterparts, the latent damage in SiC MOSFETs is observed at significantly lower
fraction of the rated voltage, despite the fact that the gate oxide maximum field strength
is comparable between the two technologies. The explanation of this effect is due to the
fact that the oxide field is about three times the field in the semiconductor, and that
the electric field strength in SiC is 10 times higher than Si [8, 27]. For this reason, it is
more likely for the oxide in SiC to exceed its breakdown field strength. Abbate et al.,
performed numerical simulations of the heavy-ion strike, confirming that the voltage in
the gate oxide can reach the oxide breakdown level at VDS values comparable with the
experimental ones [148]. However, it was experimentally demonstrated that a minimum
LET is required to observe latent damage during the PIGS test [8].

The minimum threshold voltages to observe oxide latent damage were identified in this
work for 2nd generation Cree devices exposed to different heavy-ion species. The results
are tabulated and discussed in Section 4.3.4.2. In addition, a second latent damage
mechanism was observed in the post-irradiation analysis when exposing the devices in
the pre-SEB region (VDS ∼ 450 V for LET > 7.7 MeVcm2/mg). This effect is discussed
in Section 4.3.4.1.

3.6.3.5 Proton and neutron induced SEE

High-energy protons and atmospheric-neutrons, undergo nuclear reactions with the SiC
lattice, generating fragments which can induce SEBs in both SiC MOSFETs and diodes.

Atmospheric-neutrons Neutrons are non-ionizing particles which interact through
elastic or inelastic scattering with the lattice atoms. This generates recoiling particles
which can indirectly give rise to ionization and create a large number of e-h pairs along
their trajectories, inducing SEB following the same physics described for heavy-ions. A
schematic of the neutron interaction with the 4H-SiC lattice is shown in Figure 3.17.

Figure 3.17: Neutrons interact with 4H-SiC lattice through elastic and inelastic scattering,
creating recoiling atoms (i.e., α, C, Si, Mg, Al) which generate ionizing tracks inside the power
device. Reprinted from [32]. © 2021, Martinella et al., licensed under CC BY 4.0.
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(a) SiC lattice (b) Si lattice

Figure 3.18: Energy of the secondary particle between 1 and 30 MeV generated by the
atmospheric neutron interaction with (a) SiC and (b) Si lattice. The main difference among the
two simulations are the yields for carbon and alpha atoms. The results were obtained by PHITS
calculation. Reprinted with permission from [123]. © 2014, IEEE.

Asai et al. performed PHITS Monte Carlo simulations of the nuclear reactions and the
collisions between the atmospheric neutrons and the lattice atoms of SiC and Si devices
[123], extracting the different yield, energy and range of the reaction products [123]. The
energy spectra of the secondary particles in SiC and Si devices in the range of 1 to 30
MeV are shown in Figure 3.18. The yield of the secondary alpha and carbon atoms is
much higher in SiC with respect to Si. Asai et al. also calculated the projected range of
the secondary particles, demonstrating that in the case of SiC, both the secondary carbon
and alpha particles have enough energy to cross the entire drift layer of the SiC device
(with average range of 10 µm), increasing the probability of SEB. In the case of Si devices,
instead, the drift layer is 10 times larger (average 100 µm), and only the secondary alpha
atoms may have this range and therefore trigger the SEB mechanism.

Many works have been performed about SEEs induced by terrestrial neutrons and,
although they will not be discussed in details here, the reader can found more information
in [123, 131–135, 144, 163–165]. It should be noticed that leakage current degradation
is generally not considered an issue during terrestrial-neutrons irradiation, due to the low
LET of the secondary particles. However, as described in Paper III and in Chapter 5,
from the post-irradiation analysis of different commercial SiC MOSFETs technologies, a
partial gate-rupture mechanism was observed in some parts. For the planar devices, this
effect was found to be similar to the leakage current degradation caused by heavy-ions.
Similarly, a leakage current increase during terrestrial-neutron exposure was previously
observed in Si IGBTs and Si MOSFETs by Asai et al. [123], as mentioned in 3.5.1.4.
Therefore, further investigations are needed in order to understand if the recoiling atoms
produced by the neutron interaction, have a sufficiently LET to induce micro-break, and
therefore degradation of the leakage current in SiC devices.

Protons Concerning the physics of the proton interaction, according to Mizuta et al.
[127], the SEBs observed in SiC SBDs exposed to 70 MeV protons with an LET of 0.0079
MeVcm2/mg, were mainly caused by fragments created by the proton spallation reaction
with the SiC lattice. Through Geant4 simulations, Na and Al ions were identified as the
most probable ion species responsible to cause the destructive failure [166], following the
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same mechanisms described earlier for heavy-ions. Mizuta also concluded that Na and Al
ions must be also the responsible spallation fragments for SEBs in SiC power MOSFETs.

As for atmospheric-neutrons, leakage current degradation is generally not considered
an issue during high-energy proton irradiations. The preliminary results obtained from
proton experiments are discussed in Chapter 5.



4 Heavy-ion induced degradation and
latent damage

This chapter discusses the heavy-ion experiments performed with the broad-beam and mi-
crobeam. Commercial SiC power MOSFETs from the 2nd and 3rd generation Cree/Wolfspeed
were used as DUTs. In particular, the device from the 2nd generation withRDS(on) = 80 mΩ
is used as a reference device to generally discuss the results.

Firstly, the broad beam and microbeam facilities, the beam features, and the experimental
setups and methods are introduced. Then, the results are presented for the heavy-
ion-induced degradation and latent damage (Paper I and II). For the latter, not only
electrical measurements, but also focused ion beam (FIB) coupled with scanning electron
microscope (SEM) analysis of the failure area are discussed (Paper IV). Finally, the
degradation rates are summarized for the broad-beam and the microbeam results.

Two different mechanisms are described for the heavy-ion degradation in SiC MOSFETs,
involving different regions of the device. An electrical equivalent is proposed to explain
the current-transport mechanism in heavy-ion-degraded devices. Finally, at the end of
the chapter, all the heavy-ion SEEs observed during the test campaigns are summarized,
highlighting the critical areas for each SEE as function of the ion LET and the drain-source
bias during the exposure.

47
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4.1 Heavy-ion broad beam experiments

4.1.1 RADEF facility

The heavy-ion broad beam experiments were performed at the RADiation Effects Facility
RADEF in the Accelerator Laboratory of the University of Jyväskylä, Finland. RADEF
is an European Space Agency (ESA) supported European Component Irradiation Facility
(ECIF) since 2005, specialized in radiation effects in electronics and related materials.
Additional information on RADEF can be found in [167].

4.1.2 Heavy-ion broad beam line

The heavy-ion beams are provided by the electron cyclotron resonance (ECR) ion sources
and accelerated by the K-130 cyclotron. During the experimental campaign, the boards
were placed at the end of the main beam line, in a vacuum chamber with an height of
81 cm and an inside diameter of 75 cm, whose layout is reported in Figure 4.1. The
irradiations were performed in vacuum. The printed circuit board (PCB) were fixed on
an aluminum plate which is mounted on a linear movement apparatus (LMA) remotely
operated, which allowed the vertical and the horizontal movements of the board. For all
the irradiations discussed in this work, a standard beam size of to 2×2 cm2 was used.
Four photomultiplier tubes with BC-408 plastic scintillator material, installed on the sides
of the beam aperture, were employed to measure the beam flux and uniformity, while the
purity of the ion species was verified though the energy spectrum. The flux information
were provided as +5 V TTL pulses, where the signal frequency corresponds to the average
flux over the previous second. Real-time flux information were also available. The main
source of uncertainty was considered from the fluence measurement, with an error of
+10%. Finally, all the information about the beam such as the ion species, energy, LET,
flux, cumulative fluence, range in Si, collimators and LMA setting, were displayed in the
control barrack and stored in a log file for each irradiation run.

Figure 4.1: Irradiation chamber for heavy-ion and diagnostic equipment, after [167].
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4.1.3 Heavy-ion cocktails at RADEF
The heavy-ion cocktails at RADEF are a mixture of ions with almost the same mass
to charge ratio, allowing a fast swap between species. The ions are taken to the target
one species at the time. Two ion cocktails with the energies of 9.3 MeV/amu and 16.3
MeV/amu are available up to Xe. Table 4.1 and Table 4.2 summarize the parameters
for the heavy-ion species used in the broad-beam experiments discussed in this chapter.
Figure 4.2 shows the LET profiles as a function of the penetration depth in SiC in
vacuum mode, estimated for the two ion cocktails with ECIF [168]. The vertical dash
lines highlight the epitaxial layer of a SiC MOSFET which extends between 5 µm and
18 µm from the die surface (i.e., 2nd generation). It confirms that the ions penetrate
deep enough and the energy deposition is well defined within the active layer to meet the
worst-case energy deposition criterion as discussed in [169].

Table 4.1: Characteristics of the 9.3 MeV/amu cocktail in vacuum.

Ion Energy Energy/nucleon LET@Surface Range SiC
[MeV] [MeV/amu] [MeVcm2/mg] [µm]

56Fe15+ 523 9.33 20.05 64.2
83Kr22+ 768 9.25 33.75 62.5
131Xe35+ 1217 9.29 62.39 60.1

Table 4.2: Characteristics of the 16.3 MeV/amu cocktail in vacuum.

Ion Energy Energy/nucleon LET@Surface Range SiC
[MeV] [MeV/amu] [MeVcm2/mg] [µm]

40Ar14+ 657 16.42 7.71 175.0
57Fe20+ 941 16.50 14.64 136.4
83Kr29+ 1358 16.36 25.38 125.7
126Xe44+ 2059 16.34 49.10 112.2

Figure 4.2: LET as a function of the penetration depth in SiC for the 16.3 MeV/n and 9.3
MeV/n cocktails (estimation from ECIF). The vertical dash lines highlight the epitaxial layer.
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4.1.4 Setup and method for the broad-beam experiments
4H-SiC MOSFETs from the manufacturer Cree/Wolfspeed, available as bare die, were
selected as DUTs for all the experiments [33]. Bare die were used to directly expose
the chip surface to the beam, allowing sufficient penetration of the heavy-ions through
the sensitive layer of the device (i.e., 5-18 µm), without being stopped in the package
materials [169]. Devices for the 2nd and 3rd generation were used. All the devices differ
in RDS(on) and are rated for 1.2 kV if from the 2nd generation, and 900 V if from the 3rd.
The electrical characteristics of the DUTs are listed in Table 4.3. The 80 mΩ from the
2nd generation was selected as reference device.

Table 4.3: Devices used for the heavy-ions test campaigns with the broad-beam.

DUT Manufacturer Gen. RDS(on) VDS ID@25
[mΩ] [kV] [A]

CPM2-1200-0080A Cree/Wolfspeed II 80 1.2 36
CPM2-1200-0025A Cree/Wolfspeed II 25 1.2 81
CPM2-1200-0040A Cree/Wolfspeed II 40 1.2 60
CPM2-1200-0160A Cree/Wolfspeed II 160 1.2 18
CPM3-0900-0065A Cree/Wolfspeed III 65 0.9 32

Figure 4.3 shows the PCB board used during the experiment. The die were mounted on
a custom FR-4 carrier boards with gold (ENIG) surface using standard SAC 305 solder
paste. Gate and source were connected by aluminum wire bonds with 300 µm diameter,
whereas the drain connection was made by the large soldered bottom pad. Only a single
source wire was used, to minimize shadowing by the wires. Each board housed 5 die
individually biased with BNC connectors for gate and drain.

Figure 4.3: PCB used at RADEF for the 160 mΩ DUTs irradiations.
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Keithley source measure unit (SMU) models 2636 (two channels, up to 200V) and 2410
(one channel, up to 1100V) were used for biasing gate and drain respectively and measure
the drain leakage current (ID) and the gate leakage current (IG). The source leakage
current (IS) was not measured during the exposure. A protection module of 1 MΩ was
installed between the gate terminal and the SMU 2636, to protect the instrument in case
of destructive failure. BNC cables of 1 m were used inside the vacuum chamber, while
the electronics was installed right next to it, so that the cable length was as short as
possible. A GPIB-cable was installed between the two SMUs to allow a simultaneous
control. A GPIB-USB was connected to the Keithley 2410 and then to a laptop placed
in the control barrack through an USB cable of approximately 10 m. The operations
were controlled by a python script. The cumulative count of heavy-ions hitting the device
was recorded during the irradiation using a simple digital counter based on an Arduino
Leonardo microcontroller.

During the irradiations, the VGS was set to 0 V to hold the device in off state, while the
VDS was set to constant positive value during the irradiation. Each device was irradiated
several times and the VDS increased after each run until the device was considered broken
due to the degradation. The boards were mounted in a vacuum chamber and the beams
were at normal incidence to the DUT surface. ID-VDS and IG-VGS characteristics were
measured after each run. All the irradiations and the I-V characterizations were performed
at room temperature.

A detailed description of the experiments performed at RADEF is reported in Paper I
and Paper IV.
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4.2 Heavy-Ion microbeam experiments

4.2.1 GSI UNILAC facility
The heavy ion micro-probe or microbeam facility is situated at the end of the UNIversal
Linear ACcelerator (UNILAC) at the Helmholtzzentrum für Schwerionenforschung (GSI)
in Darmstadt, Germany. The GSI-UNILAC microbeam facility is a unique tool in Europe,
to clearly identify sensitive functions and mechanisms of errors and failures in electronic
components for space and high-energy physics applications, as reported on the GSI
webpage [170] and in the following works [171–173].

4.2.2 Heavy-ion microbeam
The GSI microbeam facility provides ions from carbon to uranium with energies between
1.4 MeV/amu to 11.4 MeV/amu. The beam is focused to a focal spot of about 500 nm in
diameter by means of magnetic quadrupole lenses [174]. An optical microscope situated in
the chamber allows a precise definition of the micrometric area to be scanned with the ion
beam. Deflecting magnets, situated downstream of the focusing lenses, are used to move
the beam in the focal spot. To assure a beam free of scattered particles, the ions enter
the beam line through object slits. A channel electron multiplier (CEM) discriminates
the single hits detecting the secondary electrons emitted by the materials after the ion
hit. To ensure the irradiation with a preset number of particles and to avoid double hits
at the same position, a fast electrostatic beam switch is controlled by the hit detection
system. When a hit is detected, the microbeam is switched off and the probe is moved to
the new coordinates. The irradiation is performed under vacuum.
Gold (Au) and calsium (Ca) ions with an energy of 4.8 MeV/amu and LET values of
94 MeVcm2/mg and 17 MeVcm2/mg respectively, were used during the experiments, as
reported in Table 4.4. In the case of Au, a scanning area with a size of 55×50 µm2 was
selected and exposed to a total of 1600 ions for each scan. For the Ca-beam, 520 ions were
used with a scanning area of 30×25 µm2. For both configurations, the average distance
between the steps in each, X and Y, direction, was in the order of ∼ 1 µm.

Table 4.4: Characteristics of the heavy-ion microbeams.

Ion Energy/nucleon LET Range SiC Window size ∆X ∆Y
[MeV/amu] [MeVcm2/mg] [µm] [µm2] [µm] [µm]

Au 4.8 94 35.4 55×50 1.1 1.56
Ca 4.8 17 29.7 30×25 0.93 1.56

4.2.3 Setup and method for the microbeam experiments
The same setup designed for the broad-beam experiments at RADEF and described in
4.1.4 was employed at GSI-UNILAC and adjusted to be used with the focused beam.
The main difference among the two experiments is the beam focal spot; at GSI-UNILAC
the microbeam has a focal spot of 500 nm and the irradiation frame is selected using
a microscope, whereas the minimum beam size at RADEF is 2×2 cm2, and it is not
possible to have higher resolution of the ion-track location. Hence, the focused beam
irradiation allows micron-accurate localization of the irradiation spot and, consequently,
of the radiation-sensitive regions.
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The same devices used for the broad-beam experiments were tested also at GSI and are
listed in Table 4.3 (a part the DUTs with RDS(on) = 40 mΩ and 160 mΩ). Also in this
case, the results are discussed mostly for the 80 mΩ from the 2nd generation. The PCB
used at RADEF housed 5 dies, while 3 die were installed on the boards used at GSI and
the BNC connectors were soldered on the bottom side. This was done to comply with the
micro-probe-irradiation requirement of having the area to be irradiated as the outermost
surface on the board, to allow the movement of the scanner probe. A picture of the GSI
board is shown in Figure 4.4 (a).

In both the experimental campaign, the same Keithley SMU models 2636 and 2410 were
used following the same procedure during the irradiation and the same I-V characterisa-
tions between the runs, as described in 4.1.4. The cumulative count of heavy-ions hitting
the device and the scanner position within the frame were also recorded for each ion. Each
DUT was irradiated several times scanning the beam spot in different pristine regions of
the die selected with the microscope, until the ID reached several 100 µA. Figure 4.4 (b)
shows the regions irradiated with Au beam for the 80 mΩ die (not to scale).

A detailed description of the experiments performed at GSI is reported in Paper II.

(a) (b)

Figure 4.4: (a) PCB used at GSI-UNILAC for the 80 mΩ DUTs irradiations. (b) Regions
irradiated with Au beam for the 80 mΩ die (not to scale).

4.3 Experimental results

4.3.1 Broad-beam

The first experiment at RADEF was performed with 56Fe+15, 83Kr+22 and 131Xe+35

ions from the 9.3 MeV/amu cocktail. The characteristics are reported in Table 4.1. Each
exposure was run up to a fluence of 106 ions/cm2 with an uncertainty of 10 %. The results
discussed for the 80 mΩ DUTs, were also observed with the 25 mΩ and the 160 mΩ devices
from the same generation, which have the same vertical cell structure, but different active
area. The same considerations can be extended also to the 65 mΩ (3rd gen.).
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At sufficiently high VDS during the irradiation, the ID and IG increase with increasing
fluence, inducing a permanent degradation in the device, also named SELC. The threshold
for SELC degradation was observed at VDS = 300 V for 56Fe+15, VDS= 200 V for
83Kr+22 and VDS= 120 V for 131Xe+35. Figure 4.5 presents the absolute values of the
gate and drain leakage current measured during the exposure as function of the fluence.
The results are shown for a 80 mΩ DUT exposed to 56Fe+15 and 131Xe+35 at VDS = 300
V and VDS = 350 V. Independently from the ion, two scenarios were commonly observed:

• IDG degradation at VDS < 350 V: the absolute value of the gate and drain leakage
currents increase with the same rate and magnitude, and a drain-gate leakage path
is observed, as in Figure 4.5 (a) and (b);

• IDS degradation at VDS ≥ 350 V: the drain leakage increases at higher rate than the
gate leakage, as in Figure 4.5 (c) and (d). The leakage current is divided between
drain-gate and drain-source paths;

Figure 4.5: Equal rate of increase in IG and ID during the irradiation at VDS = 300 V with
(a) 56Fe+15 and (b) 131Xe+35. Each step in the leakage currents is caused by a single incident
heavy ion. The y-axis in (b) is in linear scale and µA. Over VDS = 350 V, the ID increases with
higher rate than the IG, as visible during (c) 56Fe+15 and (d) 131Xe+35 irradiations. Reprinted
with permission from [146]. © 2019, IEEE.

IDVDS and IGVDS were measured promptly after each run, with VDS = [0 V - 1000 V]
and VGS = 0 V. The IDVGS and the IGVGS were also measured, with VGS = [0 V - 5 V]
and VDS = 1 V. Permanent damage in the gate oxide and in the blocking capability
was observed for the devices exhibiting SELC. The results for the 80 mΩ DUTs exposed
to 56Fe+15 and 131Xe+35 are shown in Figure 4.6 (a) and (b), respectively. The data
for 83Kr+22 are not reported, but they are consistent with the one discussed. The
history of the consecutive exposures is indicated on the graph as VDSirr. The ID and
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the IG are represented in green and red, respectively. The pristine values are plotted in
gray. The analysis confirms that, for the degraded DUTs exposed at VDS < 350 V, the
leakage-current path is formed between drain and gate, as visible by the equal leakage
currents values (|ID| = |IG|). Differently, for the DUTs exposed at VDS ≥ 350 V, the IG

and the ID are equal at low VDS during the sweep, but at higher VDS the leakage path
forms between drain and source through the channel (|ID| > |IG|). The magnitude of
this effect varies with VDS during the irradiation and with the ion LET.

Two DUTs exposed to 56Fe+15 at VDS = 300 V and 350 V were compared measuring
the ID, the IG and the IS while sweeping the VDS and the VGS . Figure 4.7 (a) confirms
different current paths for the two situations. Figure 4.7 (b) shows that the channel is
still controllable in both DUTs, even though the IG is very high. Indeed, at low VGS the
ID flows from drain to gate, whereas at higher VGS it flows from drain to source. Hence,
the assumption that ID flows through the channel and not through the base is confirmed.

(a) 56Fe+15 (b) 131Xe+35

Figure 4.6: IDVDS and IGVDS performed between irradiations of the same device with a
fluence of 106 ions/cm2 per run. The VDS during the exposure is reported in the graph as VDSirr.
Reprinted with permission from [146]. © 2019, IEEE.

(a) IDVDS and IGVDS (VGS = 0 V). (b) IDVGS and IGVGS (VDS = 1 V).

Figure 4.7: Comparison of two devices irradiated at VDS = 300 V and VDS = 350 V. Reprinted
with permission from [146]. © 2019, IEEE.
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4.3.2 Microbeam
The following results are discussed for the Au irradiation of the 80 mΩ device. However,
the same considerations are valid also for the 25 mΩ from the same generation an for
the 65 mΩ from the 3rd generation and for the Ca exposures. The irradiations were
performed consecutively on the same DUT, in pristine areas of region 2 (as shown in
Figure 4.4), selected with the optical microscope. The results are shown in Figure 4.8 for
irradiations at VDS = 210 V and VDS = 300 V, and in Figure 4.9 for VDS = 350 V and
VDS = 400 V. These two figures are composed of four panels, further described below.

The exact positions of the irradiated area is is shown in the first panels from the top,
where the irradiation frame is visible on top of the microscope image.
The ID and IG were monitored during the exposure, and the ion-induced degradation
was calculated considering a minimum threshold of 2.5 nA for each step, to discriminate
from the background noise. The data are shown in the second panel of the figures. Due
to the different magnitude of degradation between ID and IG, a second axis is used for
the IG for the runs at 350 V and 400 V. Also, it should be notice that for the run at 350
V, due to a problem with the beam scanner during the exposure, a total of 1200 ions
instead of 1600 was used. This explains the flat measurement towards the end of the run.
The ID and IG steps were analysed as function of the scanner position within the area
exposed during the run. In order to do that, the data for the scanner position originally
logged as computer-aided measurement and control (CAMAC) standard were converted
into the ASCII format and, then, into x–y coordinates inside the irradiated frame (using
micrometer units). Successively, each leakage step was associated with the corresponding
scanner position. From this set of data, heat maps for the gate and drain degradation
were generated for each run. The results are presented in the third and fourth panels. The
gate stripes are indicated with dotted lines on top of the maps, to guide the eyes. The
distance between the stripes is 9.1 µm, based on the technological information available
for the DUT. For each run, the stripes were aligned with the degradation observed in the
gate heat map, assuming the sensitive region for the gate leakage current being in the
oxide of the gate-stack. For each of the four column, the periodicity in the lateral response
observed in the leakage current degradation analysis reflects the periodicity of the striped
structure, which is comparable with the one indicated in the microscope image in the
first panel. This result indicates that the entire MOSFET cell is not uniformly sensitive
to SELC, but the response strongly depends on the ion strike location. Generally, the
sensitive region for degradation enlarges with increasing VDS during the exposure.
The results observed during the broad beam experiment and discussed in 4.3.1, indicate
that for irradiations performed at VDS < 350 V, the leakage current path is between
drain and gate (|ID| = |IG|), whereas for VDS ≥ 350 V, the leakage paths are divided
between the drain-gate and drain-source path, which is also confirmed by the microbeam
results. In Figure 4.8 it is observed that for irradiations at VDS < 350 V, the sensitive
regions are aligned with the gate stripes in the neck area (JFET region) for both gate
and drain heat maps. This area probably includes also the channel regions. However, at
VDS ≥ 350 as in Figure 4.9, the sensitive areas for IG degradation are still aligned with
the same regions, but those for ID degradation are now between the gate stripes, i.e., in
the p-implanted body-diode region of the VD-MOSFET.
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Figure 4.8: The runs refer to an 80-mΩ DUT exposed in region 2. (Left) VDS = 210 V. (Right)
VDS = 300 V. From the top: (a) the frame selected for the irradiation is visible on top of the
microscope image; (b) drain and gate leakage current steps measured during the irradiation; (c)
gate degradation heat map (d) drain degradation heat map. In (c) and (d) the current steps are
represented as a function of the scanner position. Also, the gate stripes are plotted within a
distance of 9.1 µm (based on the technological information) and they are comparable with the
stripes in the zoom visible in (a). Reprinted from [130]. © 2020, Martinella et al., licensed under
CC BY 4.0.
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Figure 4.9: The runs refer to an 80-mΩ DUT exposed in region 2. (Left) VDS = 350 V. (Right)
VDS = 400 V. From the top: (a) the frame selected for the irradiation is visible on top of the
microscope image; (b) drain and gate leakage current steps measured during the irradiation; (c)
gate degradation heat map (d) drain degradation heat map. In (c) and (d) the current steps are
represented as a function of the scanner position. Also, the gate stripes are plotted within a
distance of 9.1 µm (based on the technological information) and they are comparable with the
stripes in the zoom visible in (a). Reprinted from [130]. © 2020, Martinella et al., licensed under
CC BY 4.0.
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4.3.3 Cross-sections
The degradation rates were calculated both for the broad-beam and microbeam experi-
ments and the details are discussed respectively in Paper I and Paper II.

The results from the broad-beam are reported in Figure 4.10 for the three tested devices,
i.e., 25 mΩ, 80 mΩ and 160 mΩ. The results are shown for 56Fe+15, 82Kr+22 and
131Xe+35 ions from the 9.3 MeV/amu cocktail. The degradation rates for the drain
current are normalized with the total fluence accumulated for each exposure (i.e., 106

ions/cm2) and with the active area of each device. Furthermore, the two degradation
mechanisms were equally observed in pristine devices and in devices irradiated multiple
times, exhibiting degradation rates at the same magnitude, concluding that the prior
degradation does not affect the degradation rate.

Figure 4.10: Drain degradation rates for the 25 mΩ, 80 mΩ and 160 mΩ devices from the
exposed to heavy-ion broad-beam. Reprinted from [130]. © 2020, Martinella et al., licensed
under CC BY 4.0.

The microbeam results are compared with the broad beam ones in Figure 4.11, where the
degradation rates are shown for both ID and IG. For the broad-beam data the approach
was the same as discussed before, whereas for the microbeam the results were normalized
considering the total amount of ions injected in the scanner frame. The two degradation
mechanisms are clearly visible from these results, as the gate degradation rate generally
diverges from the drain one and saturates at VDS ≥ 350 V. Furthermore, independently
from the ion, the drain degradation rates converge when approaching the SEB region at
VDS = ∼ 500 V. This is in agreement with the fact that for LET above 10 MeVcm2/mg
the SEB threshold is independent on LET.

Finally, the complementary cumulative distribution function (CCDF) or tail distribution
was calculated for the degradation induced in the ID and IG by the microbeam irradiations.
The results are shown in 4.12, for the four bias conditions discussed earlier in Section
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Figure 4.11: Gate and drain degradation rates for the 80 mΩ DUTs exposed to heavy-ion
broad-beam and microbeam.

4.3.2. Each bin represents the probability of a degradation step with an amplitude
larger than a given x-axis value, normalized by the bin width and the total number of
ions. The irradiation window and the estimated neck region are illustrated on the graph.
As expected, the probability of higher degradation steps increases with increasing VDS .
Furthermore, the probability for IG saturates to values closer to the neck region, whereas
for ID this is observed only for exposures at VDS < 350 V.

Figure 4.12: Tail distributions of the gate (lefts) and drain (right) degradation at different
drain-source bias during the irradiation. For reference, the estimated neck (or JFET) area and
the size of the exposure window are illustrated in the graphs. Reprinted from [130]. © 2020,
Martinella et al., licensed under CC BY 4.0.
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4.3.4 Latent damage

Two additional experiments were performed at RADEF in order to study the latent
damage in the SiC crystal lattice and in the gate oxide. These are fully discussed in Paper
IV. In both cases, the irradiation were carried out using the 16.3 MeV/amu heavy-ion
cocktail and selecting 40Ar+14, 56Fe+15, 82Kr+22 and 131Xe+35 as the ion species for
the test. The characteristics of the heavy-ions are reported in Table 4.2 and the setup
used was the one described earlier in Section 4.1.4.

4.3.4.1 SiC crystal lattice latent damage

The first experiment was performed with the objective of investigating the failure observed
during the post-irradiation VDS-sweep (at VGS = 0V) for devices exposed in the pre-SEB
region. Bare die rated for VDS = 1.2 kV with RDS(on) = 40 mΩ (CPM2-1200-0040B)
were selected as DUTs (additional details in Table 4.3). During the exposure, VDS = 450
V in order to protect from the SEB (for these parts approximately at VDS = 500 V with
LET > 10 MeVcm2/mg) and investigate the pre-SEB region. The VGS = 0 V, to force
the DUTs in off-state. A flux of few tens of ions/cm2s was used, and each die was exposed
until the first radiation-induced step was observed in IG and/or ID. At this bias during
the exposure, the very first signal of degradation can manifest itself in two different ways
depending on the ion strike location, further described below.

In the first case, the first degradation step was observed only in the ID, whereas no
observable change was measured in the IG . The results are summarized in Table 4.5
(DUTs 1-4). This observation is reported in Figure 4.13 (a), where the ID and IG

measurements are shown for four pristine DUTs during the irradiations with 40Ar+14,
56Fe+15, 82Kr+22 and 131Xe+35. After the exposure, the VDS was swept up to 1000 V
at VGS = 0 V, measuring the IDVDS and the IGVDS characteristics simultaneously. As
visible in Figure 4.13 (b), all the four DUTs exposed at VDS = 450 V failed during the
post-irradiation VDS sweep at 580 V < VDS < 700 V. The failure was defined as ID = 20
mA, which is the level of the compliance.

Table 4.5: Summary of degradation steps for each DUT

DUT Ion LET Range SiC ∆ID ∆IG VDSfailure

[MeVcm2/mg] [µm] [µA] [µA] [V]

1 131Xe+35 49.1 112.2 27.4 0 620
2 82Kr+22 25.3 125.7 24.7 0 700
3 40Ar+14 7.7 175.0 67.2 0 660
4 56Fe+15 14.6 136.4 75.1 0 580
5 40Ar+14 7.7 175.0 0.0013 0.0013 550

In the second case, during the exposure the step was observed both in the ID and IG

(|ID| = |IG|). At VDS = 450 V, this was observed only with 40Ar+14, which has the
smallest LET among the selected species. In this case, the device did not fail during
the post-irradiation I-V measurements, showing the typical behaviour of the heavy-ion
degraded device, with the current flowing between drain and gate, as already discussed
in 4.3.1. However, after a second irradiation at VDS = 480 V, the same post-irradiation
failure was observed at VDS = 550 V.
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(a) First degradation step observed during the exposure.

(b) Post-irradiations IDVDS and IGVDS . All the devices failed at
580 V < VDS < 700 V.

Figure 4.13: Results from irradiations with 40Ar+14, 56Fe+15, 82Kr+22 and 131Xe+35 ions.

In conclusion, although the devices were sufficiently derated to protect from the SEB
during the exposure, DUTs irradiations at VDS = 450 V caused the DUTs failure during
the post-irradiation operations. During the exposure, the very first degradation step
was observed only in the ID and involved the second mechanism of degradation via IDS

described earlier. However, for 40Ar+14 which was the lightest ion used (i.e., LET = 7.71
MeVcm2/mg), depending on the ion strike location the degradation was either observed
only in ID, or equally in IG and ID. In the first case the ion-induced damage involved
the p-n junction region, while in the second the neck region. However, for 40Ar+14 this
result is expected, as VDS = 450 V is the threshold to start observing degradation and
the VDS for the two mechanisms are not well defined as with the other ions.

This failure during the post-irradiation analysis was also frequently observed during the
other test campaigns with the broad-beam and microbeam. In order to further investigate
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this event, a Tescan Xe plasma FIB-SEM model Fera3 was used for inspection of the
damage site of some devices that failed during the microbeam irradiation at GSI. The
configuration is such that the electron and ion beam focal points coincide, enabling
simultaneous SEM imaging during FIB milling tasks with Xe plasma. In the SEM
two types of signal can be detected; the secondary electron (SE) and the backscatter
electron (BSE). In the first case, due to inelastic interactions between the primary
electron beam and the sample, the secondary electrons are emitted from the surface of
the sample, providing information on the topography of the surface. In the case of BSE,
the backscattered electrons originate from the elastic interaction with the atoms, creating
a signal which is proportional to the atomic number, and therefore the BSE detector
provides images that conveys information on the sample composition.

The area to be investigated was firstly identified with the microscope, as visible in Figure
4.14 (a). Figure 4.14 (b) shows a SEM image of the damage site on the die surface
measured with SE detector. The hole generated by the failure extends over more than
three gate stripes, for a length of ∼30 µm and a width of ∼20 µm.

(a) (b)

Figure 4.14: (a) Microscope image of the damaged area. (b) SEM image of the damage site on
the die surface measured with SE detector.

The top row of Figure 4.15 shows the cross-section of the damaged site after FIB milling.
The SEM images are measured with SE detector on the left and BSE detector on the right.
Similarly, the SEM images in the bottom row, show a zoom on the damaged area. The
hole has a depth of ∼18 µm, and it extends over the entire epitaxial-layer (5-18 µm). The
image shows that the SiC crystal has melted, meaning that the localized temperature in
the failure region reached the sublimation temperature of SiC (3003 K), and the materials
in the layers above, which have a lower melting point, filled the hole. A crack which starts
at the bottom of the hole is visible in both images. Finally, the vertical columns which
appear in the cross-sections are artefacts due to the preparation of the sample.
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Figure 4.15: Top: cross-section of the damaged site after FIB milling. Bottom: zoom on the
hole. The SEM images were measured with SE detector (left column) and BSE detector (right
column).



4.3. Experimental results 65

4.3.4.2 Gate latent damage

The second experiment was performed with the objective to investigate the latent gate dam-
age observed during the post-irradiation VGS sweep (at VDS = 0.1 V) for devices exposed
in the pre-degradation region. Bare die rated for VDS = 1.2 kV with RDS(on) = 160 mΩ
(CPM2-1200-0160B) were selected as DUTs (additional details in Table 4.3). During the
exposure, the VDS was set sufficiently low to protect from degradation, whereas the VGS =
0 V, to force the DUTs in off-state. Each run was performed with a flux of 104 ions/cm2s
and up to a fluence of 106 ions/cm2. No degradation steps were observed during the
exposure. If the degradation was observed, the run was repeated with a pristine device
decreasing the VDS during the irradiation. After each run the following post-irradiation
measurement were performed:

• IDVDS and IGVDS with VDS = [0 V - 1000 V] and VGS= 0 V;

• IDVGS and IGVGS with VGS = [0 V - 20 V] and VDS= 0.1 V;

• IDVGS and IGVGS with VGS = [0 V - -5 V] and VDS= 0.1 V;

where VGS = -5 V/+20 V are the recommended operational values from the datasheet.
From the experiment it was possible to identify a threshold VDS for each ion species
where no degradation is observed during the exposure, but the latent damage at the
gate is sufficient to cause the oxide rapture during the post-irradiation VGS sweep up
to +20 V. The range for the threshold voltages are listed in Table 4.6. For comparison,
also the threshold voltages for degradation are reported. The results from the run with
131Xe+35 at VDS = 60 V are shown as an example in Figure 4.16. No degradation was
observed during the exposure, however the gate oxide failed at VGS = 10 V during the
post-irradiation sweep, showing a gate latent damage induced by the ion-exposure. From
the operational point of view, the device is considered not operable anymore, being the
IG > 10−9 A and therefore out of specifications.

Figure 4.16: IDVGS and IGVGS of a DUT exposed to 131Xe+35 at VDS = 60 V. No degradation
was observed during the exposure, but the oxide broke at VGS = 10 V due to the latent damage.
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Table 4.6: Threshold voltage for gate latent damage VDS−l.d. and degradation VDS−degr.

Ion LET Range SiC VDS−l.d. VDS−degr.

[MeVcm2/mg] [µm] [V] [V]
131Xe+35 49.1 112.2 50-60 120
82Kr+22 25.3 125.7 50-80 170
56Fe+15 14.6 136.4 80-100 300
40Ar+14 7.7 175.0 350-370 450

It should be noticed that the VDS necessary to observe gate latent damage is extremely
low compared to the maximum rated voltage (less than one tenth). It is also much lower in
respect to Si power MOSFETs, despite the fact that the gate oxide maximum field strength
is comparable between the two technologies. In fact, as already discussed in 3.6.3.4, the
oxide in SiC can easily exceed its breakdown field strength, if not designed properly
[8, 27]. Abbate et al. performed numerical simulations to confirmed that the voltage in
the gate oxide can reach the oxide breakdown level for VDS thresholds comparable with
the experimental ones [148].

Finally, the threshold voltages for gate latent damage presented in this work did not
consider LET < 7.7 MeVcm2/mg. However, it was experimentally demonstrated that a
minimum LET is required to observe latent damage during the PIGS test, and no oxide
latent damage was reported for LET = 1.0 MeVcm2/mg [8] .
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4.4 Discussion

4.4.1 SELC mechanisms
As anticipated in 3.6.3.1, two different mechanisms were identified for the SELC degra-
dation, involving different areas of the MOSFET structure. The first mechanism was
observed for irradiations at VDS < 350 V and it is attributed to the oxide damage,
which results in a leakage path between drain and gate (IDG degradation). The second
mechanism, instead, was observed at VDS ≥ 350 V and it involves the p-n junction,
resulting in a leakage path mostly between drain and source (IDS degradation). The
second mechanism is triggered when certain electrical conditions are created within the
p-n junction during the exposure. For the 2nd gen. Cree/Wolfspeed this threshold was
observed at VDS ∼ 350 V (∼30 % of the maximum voltage), but it can vary depending
on the rated voltage and the manufacturer. For the 3rd gen. devices rated for 900 V,
the threshold was identified at VDS ∼ 320 V (∼35 % of the maximum voltage). The
variability between the two gen. is likely to be related to the differences in the neck width,
with the 3rd gen. devices having a smaller cell pitch and thus narrower neck region [6].

The different regions for the drain leakage response of a device exposed to heavy ions are
summarised in Figure 4.17 and updated with the new observations. At low bias voltages,
is the region of the charge collection, where no permanent damage is observed in the
device and the charge induced by ionization is collected with a similar multiplication
mechanism as in Si MOSFETs. Increasing the bias, is the region of the degradation, where
two sub-regions are identified. First, between Vth1 and Vth2, the area underneath the
gate (JFET and channel regions) is the most sensitive for SELC. The second mechanism
is newly added at biases higher than Vth2, when higher SELC is measured in the p-n
junction region, with a remaining smaller leakage through the gate-oxide. In the third
region, at sufficiently high bias above Vth3, a destructive SEB failure occurs.

The first mechanism of degradation is explained through the hypothesis of a soft oxide
breakdown, previously discussed for Si power MOSFETs in [149, 162]. The Quantum
Point Contact (QPC) model was employed to explain the enhanced leakage currents,
involving the generation of conductive paths in the gate oxide which behave as point
contacts between the gate and the substrate [175].

Concerning the second mechanism of degradation, the SELC via p-n junction is hy-
pothesized to originates from the thermal stress induced by the highly located power
dissipation, as previously suggested by Ball et al. [151], and described in 3.6.3.2. In the
same work it was suggested that a common mechanism is responsible for leakage current
degradation in SiC power MOSFETs and JBS diodes. However, from the experimental
observations, we hypothesized that the common degradation mechanism only involves
the SELC through the p-n junction, and therefore observed for voltage bias higher than
Vth2 (i.e., VDS > 350 V for the studied DUTs). Moreover, molecular dynamic (MD)
simulations showed that amorphous regions appear along the ion track starting from
certain values of applied VDS during the exposure [176]. These regions are unlikely to
recrystallize back completely, leaving permanent structural modification in SiC lattice
[177]. Therefore, it is hypothesized that the thermal transient and excessive lattice
temperature cause the formation of permanent extended defects (EDs) which can be
different dislocations, amorphous pockets, different SiC solid-phase (polytype) inclusions,
stacking faults, clusters, and so on. Further investigation of the irradiated structures with
electron microscopy and optical methods [178, 179] could provide additional information
on the ED nature.
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Figure 4.17: Three characteristic regions of damage for a SiC power MOSFETs exposed to
heavy-ions. The ID is represented as a function of the VDS . Two sub-regions are identified for
degradation (region 2). Firstly, between Vth1 and Vth2, the area underneath the gate (JFET or
neck region + channels) is the most sensitive for SELC. The second mechanism is newly added
at biases higher than Vth2; higher SELC is measured in the p-n junction area, but a smaller
leakage remains also through the gate oxide. Reprinted from [130]. © 2020, Martinella et al.,
licensed under CC BY 4.0.

4.4.2 RADMOS model
An electrical equivalent for the current leakage path in a degraded SiC vertical MOSFET
was discussed in Paper I and it is shown in Figure 4.18. It represents the leakage current
path observed for a device which was exposed to heavy-ions at VDS > 350 V, and therefore
which experienced degradation in the JFET and p-n junction regions. The electrical
equivalent models the current transport for IDVDS and IGVDS with VDS=[0 V - 100 V].

Initially, at low VDS , the current flows from drain to gate with a linear dependence on the
applied bias. Therefore, the current-voltage characteristic can be modeled by a simple
resistor which has two components:

• Rox which represents the oxide resistance and it is divided in Rox1 and Rox2 to
simulate the potential gradient inside the oxide;

• Repi which represents the epitaxial layer resistance.

For a pristine device, Rox ∼ ∞ and IG is negligible, the leakage flows through the body
diode, hence trough the body resistance Rbody. However, this is not the case for a degraded
device, meaning that Rox ≫ Rbody in a pristine device and Rbody ≫ Rox in a degraded
one. Differently, increasing the VDS , the current path was observed to be mostly between
drain and source, with a small contribution between drain and gate.

Following these observations, it was hypothesized that the leakage path through the gate
oxide generates a voltage drop sufficient to partially open the channel. This effect sets the
MOSFET in a condition of “partial on-state”, which allows the current path to the source.
A MOSFET named RADMOS was used to model the very small part of the channel
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which opens as a consequence of the voltage drop in the gate oxide. The gate terminal
of the RADMOS is controlled by the potential created in the gate oxide. If the gate
leakage current is sufficiently high, the VGS−RADMOS ≥ Vth−RADMOS , the MOSFET is
in a partial on-state condition and the current starts to flow to the source.

In order to confirm this hypothesis, the measurements for ID, IS and IG of the 80 mΩ
DUT irradiated with 56Fe+15, 83Kr+22 and 131Xe+35, were compared with fit lines and
simulations performed in LTspice software. The details are discussed in Paper I and
only the general procedure is reported here. Firstly, fits were performed for the IG and
ID measurements. It was demonstrated that for VDS < 100 V, the IG follows a linear
characteristic (i.e., ohmic), whereas the ID follows a quadratic trend, typical of the
MOSFET in on-state. The following equation was used to fit the drain current:

IS = 1
2K
(

VDS

B − 2.6

)2

∗ (1 + λVDS) (4.1)

where K is the transconductance, B = (Rox1+ Rox2)/Rox2 and λ = ∆L/L where L is
the channel length. All the parameters (i.e. B, K, λ and Rox) were extracted for each of
the three ions and are tabulated in the paper. Successively, electrical simulations were
performed using the electrical equivalent showed in Figure 4.19 to describe the degraded
device. Rox1 and Rox2 were adjusted for each case on the values extracted from the fit,
as described above. As first approximation, the RADMOS was considered to have a
threshold voltage of 2.6 V, which is the typical value for a pristine device.

The comparison between the current measurements, the simulations results and the fit are
shown in Figure 4.20 (a) and (b) for the DUTs exposed to 56Fe+15, and 131Xe+35, respec-
tively. The results for 83Kr+22 are reported in the paper, and the same considerations
apply also in this case. A very good agreement is observed between the measurements,
the fit and the electrical simulations, which confirms the linear ohmic behavior for the
gate current and the MOSFET behavior above the RADMOS threshold voltage for the

Figure 4.18: Electrical equivalent for the heavy-ion induced current transport model in a
degraded SiC power VD-MOSFET, valid at VDS < 100 V. Reprinted with permission from [146].
© 2019, IEEE.
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Figure 4.19: Electrical schematic of the model proposed, used to perform simulations at VDS

< 100 V. Reprinted with permission from [146]. © 2019, IEEE.

drain and source current. In conclusion, the model proposed describes accurately the
current path at VDS < 100 V for a degraded device irradiated with 56Fe+15, 83Kr+22

and 131Xe+35 at VDS > 350 V (i.e. Vth2 in Figure 4.17).

Differently, at VDS > 100 V another current transport mechanism becomes dominant,
which is not fully explained by the model above. The IG and ID are observed to follow an
exponential trend, with a linear dependency between them, as visible in Figure 4.21. The
current amplifications, which are different depending on the heavy-ion used, are reported
on the graph and indicated as β.
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(a) 56Fe+15.

(b) 131Xe+35.

Figure 4.20: Comparison of measurements, fit and simulation results. The electrical model
proposed accurately describes the current path for a degraded 80 mΩ device at VDS < 100 V.
Reprinted with permission from [146]. © 2019, IEEE.

Figure 4.21: At VDS > 100 V, the drain and gate current have an exponential trend, with a
linear dependency between them. The current amplification β is reported in the plot. Reprinted
with permission from [146]. © 2019, IEEE.
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4.5 Summary of heavy-ion effects

A large data set was collected during the different tests campaign performed with the
heavy-ion-broad beam and microbeam. The heavy-ion-induced SEEs observed for the
devices from the 2nd generation Cree/Wolfspeed, are graphically represented in Figure
4.22 as function of the ion LET and the VDS bias during the exposure. The results are also
summarized in Table 4.7. However, since in this work all the heavy-ion experiments were
performed using planar MOSFETs from Cree/Wolfspeed, and considering that design and
carrier concentrations vary between device types and manufacturers, the results cannot
be transferred to all SiC power devices without further analysis.

Five different regions of damage with the respective thresholds are identified varying the
LET and the VDS selected during the experiments. A “hockey stick” trend is observed
for all the effects, with the regions becoming narrower and the threshold voltages less
distinguishable with decreasing LET. No data were collected for LET < 7.7 MeVcm2/mg,
but eventually the ion damage is insufficient to induce degradation and latent damage,
and the device directly experiences SEB at higher bias.
At low drain-source bias, the first type of effect observed is the gate latent damage. The
VDS necessary to observe this effect is extremely low compared to the maximum rated
voltage (less than a tenth). At higher bias, the heavy-ion exposure induces the first type
of SELC, named "degradation I", where the area underneath the gate oxide is the most
sensitive (JFET region + channels). Increasing the voltage, the second type of SELC,
labelled "degradation II", is observed. In this case the damage involves mostly the p-n
junction region, but a smaller leakage remains also through the gate-oxide. Over a certain
VDS threshold, in the pre-SEB region, a second latent damage involves the SiC crystal
lattice. After the irradiation, when drain-source bias is applied, the localized power
density induces an increase of temperature, which ultimately causes the sublimation of
the SiC crystal. Finally, for higher voltages, the device experiences directly a destructive
SEB, as reported in [180] for VDS > 500 V and LET > 10 MeV cm2/mg.

Figure 4.22: Heavy-ion-induced effects observed during broad-beam and microbeam experi-
ments, as a function of the ion LET and drain-source bias during the exposure. The plot follows
the representation as proposed for SiC JBS diodes in [136].
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5 Atmospheric-neutron and
high-energy proton experiments

This chapter discusses the SEB experiments performed with lighter particles, such as
atmospheric neutrons and high-energy protons, on different commercial SiC technologies
produced by different suppliers. Three different types of architecture were selected:
planar gate, trench gate and double-trench, where the last has a trench gate and source.
Firstly, the beamline is introduced for each experiment, providing the details of the beam
parameters. Then, after presenting the experimental setup and method, the results are
discussed.

Concerning the terrestrial-neutron irradiations, failure cross-sections and FIT rates were
calculated for the tested references. From the post-irradiation analysis, the failure mode
and the impact of gate rupture in planar and trench gate design are discussed, highlighting
the differences among the device types. Finally, the results for the post-irradiation gate
stress (PIGS) are also presented. A detailed description of the experiment is discussed in
Paper III [32].

From the high-energy proton experiments, the maximum drain-source bias at which
no SEB occur were identified, for a target fluence of 1011 protons/cm2. Additionally,
the effect of the beam angle of incidence was also investigated. However, the proton
results have to be considered preliminary, as additional statistics are needed in order to
consolidate the outcomes.

75
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5.1 Atmospheric neutrons

5.1.1 The ChipIr terrestrial neutron facility

ChipIr is a beamline built at the second target station (TS2) of the ISIS spallation
source at the Rutherford Appleton Laboratory, Didcot (UK) [181–184]. The beamline
design is optimized to mimic the atmospheric neutron spectrum (up to 800 MeV) with an
acceleration factor of up to 109 for ground-level applications. The facility is specifically
tailored for testing radiation effects on electronic components and systems. In Figure
5.1 the layout of the ChipIr facility is shown. The beam enters the room through a hole
in the backward wall, as visible in Figure 5.2. Two remote-controlled optical tables are
available in the irradiation room for the setup installation. During the test campaign, the
front table closer to the beam aperture was used for the DUTs installation. Additional
technical information can be found in the ChipIr webpage [185].

Figure 5.1: ChipIr facility layout, after [185].

5.1.2 Terrestrial neutron beam

The spallation neutrons delivered in ChipIr are produced from the collisions of the high-
energetic protons (i.e., 800 MeV protons extracted from the synchrotron in a beam of
40 µA and pulsed at 10 Hz) with a tungsten target. The fast neutron (En > 1 MeV)
beam is then collided with a secondary scatterer, which allows to optimize the hard
atmospheric-like spectrum and to minimize the gamma-ray flux. The resulting fast
neutron spectrum is similar to the atmospheric one [82] with energies up to 800 MeV
[181], see Figure 5.3. The neutron flux has been studied by different methods and details
of its spectral distribution and hardness can be found in [186, 187]. The neutrons are
delivered into ChipIr according to the time structure of the ISIS source; i.e., pulsed at 10
Hz, with two 70-ns-wide bunches separated 360 ns apart. Immediately in front of the exit
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Figure 5.2: ChipIr experimental all, after [185].

window, a silicon diode measures pulse per pulse the energy deposition, which is used
to retrieve the neutron fluence. A correction factor is applied to take into account the
distance between the DUT position and the diode, since the beam may be attenuated
by the air. A collimator system allows for selecting beams of different sizes. During the
current test campaign, the flux of neutrons above 10 MeV was determined as 5.6·106

cm−2s−1 at the testing position, with a beam size of 10·10 cm2.

Figure 5.3: The ChipIr neutron spectrum (up to 800 MeV) compared to the atmospheric [82]
and LANSCE spectra. Reprinted from [181]. © 2018, Cazzaniga et al., licensed under CC BY
3.0.
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5.2 Experimental setup and method

The objective of the test ChipIr campaign was to investigate the effect of terrestrial-
neutron irradiation on different SiC MOSFETs technologies available on the market.
Accelerated SEB tests were performed to calculate the cross sections and Failure in Time
(FIT) rates. Additionally, the devices that did not exhibit destructive failure during
exposure were characterized and their operational reliability was studied.

Several samples were selected from the commercial technologies. The references and the
corresponding technical information are listed in Table 5.1. All the devices are rated for
1.2 kV and mounted in a TO-247 package. The first three and the last two devices have
similar values of RDS(on). The first three DUTs were chosen following the requirements
for the IA application at CERN, described in Section 2.3.4. The references were selected
with three different architectures: planar, trench and double trench, as described in
Section 2.2.3. In particular, the CoolSiCT M MOSFETs from Infineon have a trench gate
structure [31], whereas the devices from Rohm have a double trench design, with trench
gate and trench source. For the trench gate devices, the channel is formed vertically,
which allows the vertical conduction of current and the reduction of RDS(on). All the
other references have a planar gate structure, as described in Section 2.2.3. Schematics of
the three architectures are shown in Figure 2.9.

Table 5.1: Commercial SiC vertical power MOSFETs tested with terrestrial neutrons at ChipIr.
Three gate architectures were used: planar (pl.), trench (tr.) and double trench (d. tr.).

DUT Manufacturer Gen. RDS(on) VDS ID@25 Gate BVDSS

[mΩ] [kV] [A] [V]

C2M0025120D* Cree/Wolfspeed II 25 1.2 250 pl. 1720
SCT3030KL* Rohm III 30 1.2 180 d. tr. 1926
SCTWA50N120 ST Micr. II 59 1.2 130 pl. 1520
IMW120R090M1H* Infineon V 90 1.2 50 tr. 1483
MSC025SMA120B Microsemi II 25 1.2 275 pl. 1586
*Also tested with high-energy protons.

The setup was designed following the military standard regulations (MIL-STD-750E
M1080.1) [83]. A maximum of 12 DUTs were installed in parallel on each board. A
schematic layout of the setup is shown in Figure 5.4, where only 2 DUTs are illustrated for
brevity. Two boards were stacked during each exposure to test a maximum of 24 DUTs.
The two PCBs were placed at a distance of 58 cm and 76 cm from the beam aperture.
The attenuation of the neutron beam in the first board was estimated to be negligible
for the material used [183]. The gates were grounded directly on the boards, whereas
two Keithley SMU model 2410s [188] (one channel, up to 1100 V), one for each board,
were used to bias the drain and to monitor the total drain leakage as a sum of all devices.
A stiffening capacitor of 10 nF was installed between the drain and the ground of each
DUT, in order to limit the momentary voltage drop at the SMU output during current
transients and supply sufficient amount of charge during a destructive event. The devices
were connected in parallel to the high voltage, but each of them had an individual current
limiting resistor of 860 kW between the drain and the SMU output. This guaranteed the
isolation of the device after a failure and the continuous application of high voltage to all
other devices. Each step increase in the total current monitored was counted as a failure
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(∆ IDS = 1.27 mA). This value corresponds to a short circuit on the DUT, when the total
voltage is applied across the protection resistor. For each reference, three irradiations
were performed on pristine devices at VDS of 1100 V, 976 V and 846 V, which are ∼ 92
%, ∼ 81 % and 72 % of the maximum rated voltage (1.2 kV), respectively. With the gate
directly grounded on the board, VGS = 0 V during the exposure, therefore the DUTs were
in off-state and the gate current was not monitored during the run. The test was stopped
when 50% - 70% of devices failed or when a fluence of 2.8·1010 n/cm2 was reached. Figure
5.5 shows an example of the online measurement recorded during the irradiation of Rohm
devices exposed at 1100 V.

Figure 5.4: Electrical schematic of the experimental setup. For brevity, only two out of the
twelve DUTs are represented. Two boards were used for each run, for a maximum of 24 DUTs
exposed. Reprinted from [32]. © 2021, Martinella et al., licensed under CC BY 4.0.

Figure 5.5: Online measurement of Rohm devices (SCT3030KL) exposed at 1100 V. In order
to highlight the number of failures during the run, the ID is divided by the failure step size.
Reprinted from [32]. © 2021, Martinella et al., licensed under CC BY 4.0.

To investigate the damage, some DUTs were characterized after the irradiation using
a Keithley Parametric Curve Tracer PCT-4B [189]. The breakdown voltage (BVDSS)
measurements were also conducted using a Keithley SMU 2657A [190] on the drain and a
Keithley SMU 2636B [191] on the gate and the source terminals. For a pristine DUT, the
BVDSS is the voltage at which the reverse-biased body-drift diode breaks down causing
significant current to flow between source and drain due to the avalanche multiplication
process, as explained in Section 2.1.6.



80 Chapter 5. Atmospheric-neutron and high-energy proton experiments

5.3 Neutron irradiation results and discussion

5.3.1 Failure cross-sections and FIT rates
A standard 2-parameter Weibull distribution [192] was used to determine the reliability
parameters and calculate the failure cross-sections (σSEB) and FIT rates for the tested
references. The cumulative fraction of failed devices was calculated as a function of
the neutron fluence; the 2-parameter Weibull distribution was fit to the data using a
maximum likelihood estimation (MLE) method [193]. Two parameters were obtained from
this analysis: the shape parameter β, which is an indicator of the failure mechanism, and
the scale parameter η. For stochastic neutron failures β = 1 is expected, as representative
of random events. The mean time between failures (MTBF) and the SEB cross-sections
(σSEB) were calculated as:

MTBF = η Γ(1 + 1
β

) when β 6= 1

MTBF = η when β = 1

σSEB = 1
MTBF

(5.1)

A Poisson distribution dominated by the count statistics was considered to calculate the
error bars. The uncertainty over the fluence was evaluated to be negligible with respect
to the number of events. The upper and lower limits were calculated as:

Errhigh = Nhigh

NSEB ∗MTBF

Errlow = Nlow

NSEB ∗MTBF
(5.2)

where Nlow and Nhigh were obtained from the chi-square distribution with a confidence
level of 95 %. The FIT rates were calculated considering 109 hours of operation and a
cosmic-ray-induced neutron flux of 13 n/(cm2h) for energies above 10 MeV (reference
conditions at sea level in NYC from JEDEC JESD89A [82]). The error bars were calculated
using the same conversion factor. During some runs, multiple SEBs were observed at the
same time. They were considered as a single event to assure the independence between
the SEB, and the total number of DUTs considered in the analysis was reduced
All the parameters (i.e. β, η, MTBF, σSEB) were calculated for each run of each reference
and are reported in Table II in Paper III [32]. These results are graphically represented
below. The failure cross-sections are visible in Figure 5.6 (a) as a function of the bias
during the irradiation. In Figure 5.6 (b) the FIT rates are shown for the tested references,
whereas in Figure 5.6 (c) the FIT rates are normalized with the active area and scaled by
the avalanche breakdown voltage, such that a ratio of 1 would indicate that the critical
field was reached, as suggested in [134]. A common trend is observed for all the devices
and highlighted by the gray shadow. The trench MOSFETs (i.e. IMW120R090M1H and
SCT3030KL) appear to have lower FIT rates with respect to the planar architecture.
In particular, the double-trench device (SCT3030KL), which has the highest avalanche
breakdown voltage, has the best performance. Finally, only two failures occurred for
SCT3030KL exposed at VDS = 1100 V; such low statistics explains why the cross-sections
and FIT results do not increase with respect to the run at VDS = 976 V.
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Figure 5.6: Results from the terrestrial neutron irradiations of commercial SiC MOSFETs from
different suppliers. a) Failure cross-sections. b) FIT rates. c) FIT rates scaled by avalanche
voltage and normalized with the active area. Reprinted from [32]. © 2021, Martinella et al.,
licensed under CC BY 4.0.
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5.3.2 Post-irradiation measurement: breakdown voltage
Post-irradiation measurements were performed for some irradiated devices (fluence up to
2.8×1010 n/cm2). Depending on the technology, they showed more or less severe effect.
The full discussion of results is presented in Section III B of Paper III.

The results are compared for three references tested at 976 V: planar gate from Cree/Wolfspeed
(C2M0025120D), trench gate from Infineon (IMW120R090M1H) and double trench gate
from Rohm (SCT3030KL). BVDSS measurements of the irradiated devices were performed
at VGS = 0 V and stopped at the VDS corresponding to ID = 1.00 mA. This level was
defined as the point for breakdown voltage, however at this current level the device is
still protected from a permanent breakdown of the body diode. The studied references
showed three common scenarios:

• i) no differences observed with respect to a pristine device: no leakage current
increase, neither degradation of the blocking capability of the MOSFETs.

• ii) partial degradation of the device, which exhibited IG and ID orders of magnitude
higher with respect to the pristine level. However, the current paths (drain-to-gate
vs drain-to-source contributions) differ among the three references.

• iii) ohmic trend of ID caused by destructive SEB during the exposure.

Leakage currents measurements (i.e., ID, IG and IS) are reported in the paper as a
function of the VDS for the three references and compared with pristine results. As an
example, the results for scenarios (i) and (ii) are shown in Figure 5.7 for the planar device
from Cree/Wolfspeed (C2M0025120D), as shown in the paper.

5.3.3 Post-irradiation measurement: gate rupture
The current path differs among the devices which exhibited partial degradation, with
higher IG and ID (ii). In order to investigate this effect, ID-VGS and IG-VGS measurements
were performed at (VDS = 1 V). Figure 5.8 summarizes the results. For the planar device
(C2M0025120D) although the gate leakage is higher with respect to the pristine level, the
gate oxide is still operable and the channel is still controlled by the gate voltage. The
planar structure exhibits a partial gate rupture with very high IG and ID and a gate-drain
current path. This signature is the same as observed when degradation is induced by
heavy-ion exposure (i.e. SELC), as discussed in Chapter 4 and reported in [130, 146].
Conversely, for the trench (IMW120R090M1H) and double-trench (SCT3030KL) devices,
the gate oxide was found to be heavily damaged and not operable anymore. In fact, no
positive drain current flows in these devices as the channel is in off-state, showing the
signature of a complete gate rupture. However, a statistical study of this effect would be
needed before generalizing these conclusions to all trench and planar devices.
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(a) Breakdown measurements - planar Cree/Wolfspeed (i)

(b) Breakdown measurements - planar Cree/Wolfspeed (ii)

Figure 5.7: Post-irradiation BVDSS measurements at VGS = 0 V, with a maximum ID current
of 1 mA. Examples from two DUTs from Cree/Wolfspeed: (a) no failure observed and no damage
with respect to a pristine device (i); (b) no failure observed, but partial degradation of the device
(ii). Reprinted from [32]. © 2021, Martinella et al., licensed under CC BY 4.0.

Figure 5.8: Post-irradiation IDVGS and IGVGS measurements performed at VDS = 1 V. For the
trench and double-trench devices, the gate oxide is heavily damaged and not operable anymore.
Conversely, the gate is still operable for the planar device and the channel controllable by the
gate voltage. Reprinted from [32]. © 2021, Martinella et al., licensed under CC BY 4.0.
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5.3.4 Latent damage
The integrity of the gate oxide might be affected even though a device may not show
any measurable damage during the irradiation. Breakdown voltage measurements were
performed after applying positive and negative VGS , for devices belonging to categories
(i) and (ii). The measurement details and the results are reported in the paper and
discussed for the three references mentioned before. As an example, the measurements for
the two devices from Cree/Wolfspeed presented in Figure 5.7 are shown. For the device
belonging to category (i), as in Figure 5.9 (a) no difference was observed in the leakage
currents and in the breakdown point after these cycles. The small differences in the gate
leakage current are caused by the sensitivity of the instrument. Hence, these devices are
operable after the neutron irradiation, the leakage current is still within specification (i.e.,
IG < 100 nA) and no latent damage is observed after applying the gate bias. The same
was concluded for the trench and the double-trench devices.

Differently, for the degraded device with partial gate rupture (ii), as in Figure 5.9 (b),
after the stress at negative VGS , the IS decreased, meaning that higher current is flowing
to the drain-gate path, rather than into the source pad, and therefore the gate damage
increased.

5.3.5 Discussion
The post-irradiation analysis identified three different responses commonly observed in
each of the three architectures. Considering the degraded devices (ii), the planar-gate
architecture exhibited a partial gate rupture mechanism, characterized by very high IDG.
This effect was observed to be similar to the SELC degradation induced by heavy ions,
already discussed in Chapter 4. Conversely, the trench and double-trench architectures
appeared to be more sensitive to a complete gate rupture.

A model for an enhanced gate leakage current in Si devices exposed to heavy ions, was
previously presented by Scheick et al. [112]. It states that the displacement damage caused
by the ions create a significant number of damage sites in the oxide; in correspondence to
these defects there is a reduced potential barrier, which allows the tunneling of electrons
from the trapping sites in the oxide into the conduction band. Similarly, a model for early
defects in SiO2/SiC was discussed in [194] and attributed to the presence of defects in
the oxide bulk. Considering the partial degradation observed for some devices (ii), one
hypothesis explaining this effect is that neutrons are inducing defects in the gate oxide
through displacement damage, and consequently these damage sites are responsible for
the increased gate leakage current. The density and distribution of oxide defects in a
pristine device depend on the oxide process, and can be considered as a by-product of
the SiO2 oxide growth on SiC. Therefore, the initial distribution of defects is different
among devices produced by different manufacturers. However, the role of the initial
defects in SEEs should be further investigated. A second hypothesis is related to the
degradation effect which is observed for SiC devices exposed to heavy ions. In fact,
the recoiling atoms created by neutron interactions with the SiC crystal lattice could
have sufficiently high LET to induce SELC. However, dedicated experimental studies
and numerical simulations are needed in order to further investigate the two hypotheses.
Furthermore, the confirmation of this effect with a different setup would also be beneficial.

Finally, all the devices whose ID in off-state exceeded 1.27 mA were counted as failed.
Consequently, the FITs and the failure cross-section analysis include both the failure
mechanism indicated as SEB (iii) and the degradation with partial or complete gate
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(a) PIGS test - planar Cree/Wolfspeed (i)

(b) PIGS test - planar Cree/Wolfspeed (ii))

Figure 5.9: Breakdown voltage measurements after the post irradiation gate stress test. In red
is the first cycle, reporting the measurement just after the irradiation. In black is the second
cycle, performed after applying a positive VGS up to the rated voltage (i.e. 15 V for Cree, 18 V
for Infineon and 22 V for Rohm). In gray is the third cycle, measured after applying VGS = -5
V. Reprinted from [32]. © 2021, Martinella et al., licensed under CC BY 4.0.

rupture (ii) with the latter also considered not operable from an application point of view
having the leakage current out of specifications. Comparing the normalized FIT rates for
the planar device from Cree (C2M0025120D) reported in 5.6 (c) with the one discussed
by Lichtenwalner et al. in the literature [134], our results are between a factor of 10 - 30
higher. A possible explanation for this difference might be found in the contribution of
the degraded devices.

Finally, the experiments were carried out using a specific reference from each manufacturer,
and further analysis is needed before extrapolating the results to other devices.
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5.4 Proton experiments

Two test campaigns were performed with high-energy protons at the KVI-Center for
Advanced Radiation Technology (KVI-CART) and at the Proton Irradiation Facility
(PIF) at the Paul Scherrer Institute (PSI). The purpose was to identify the maximum VDS

at which no SEB are observed reaching a target fluence of 1011 protons/cm2. During the
PSI-PIF experiment, the effect of the angle between the beam incidence and the device
surface was also investigated. Commercial SiC power MOSFETs with planar, trench and
double-trench architecture were selected from different suppliers as DUTs.

5.4.1 Experimental facilities and setup
KVI-CART is located in Groningen, The Netherlands. The proton beam, provided by
the AGOR cyclotron, was selected with an energy of 190 MeV/proton and a squared
beam spot size of 2×2 cm2. Two boards were used, each of them hosted 4 DUTs. During
each irradiation, one single device was biased and exposed to the beam in a TO-247
package. The DUT was connected through BNC cables to one Keithley SMU 2410 and
one Keithley SMU 2636, which were controlled via GPIB-USB and permitted to bias
drain and gate respectively, and to measure the leakage current. The source was directly
grounded on the board. For each run, a constant VDS was applied during the exposure,
whereas VGS = 0 V, in order to keep the DUT in off-state. If a SEB was observed during
the exposure, another pristine DUT was selected and the VDS was lowered by 50 V for the
new run. To switch between devices, an Arduino Uno multiplexer board controlled the
SMUs signal to different DUTs. The equipment was placed in a shelter of the irradiation
room and connected through a long USB cable to a laptop in the control room. The
total length of the BNC cable was 10 m. Pictures of the setup are shown in 5.10. For
each run, the irradiation was performed until a maximum fluence of 1011 protons/cm2,
with an uncertainty of 10%. The fluence was recorded during the irradiation using a
simple digital counter based on an Arduino Leonardo microcontroller board, having the
flux information provided as +5 V TTL pulses. The same setup was used to perform
the characterisation before and after the run. If the DUT survived, no differences were
observed with the pristine values for the following measurements:

• IDVDS and IGVDS with VDS = [0 V - 1000 V] and VGS= 0 V;

• IDVGS and IGVGS with VGS = [0 V - 5 V] and VDS= 1 V;

Figure 5.10: Each board used at KVI hosted 4 DUTs singularly biased for gate and drain.
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The PSI-PIF facility is located in Villigen, Switzerland. The proton beam is provided
by the PROSCAN accelerator and, by the primary energy degrader, the beam energy
can be set between 230 MeV and 74 MeV. For the purpose of this experiment, the beam
was selected with an energy of 200 MeV and a flatness area of 5 cm diameter (φ), with
uncertainty of 10 %. The experiment was performed using the same setup as described
for the neutron test in 5.2. In this case, the board was redesigned to host a maximum of
4 DUTs in a circular area of 4.5 cm diameter. The devices were biased in parallel at a
constant VDS , while monitoring the sum of all the IDS , whereas the gate was directly
grounded on the board. A step of a fixed size in the drain current (i.e., IDS = 1.27 A),
was counted as a SEB failure.

Initially, the beam was used with a normal incidence with respect to the DUT surface
(i.e., Θ = 0◦) and the irradiations were performed up to a fluence of 1011 protons/cm2. If
a failure occurred, the run was repeated substituting the DUTs and lowering the VDS of
50 V. Once the safe operative VDS was identified, the procedure was repeated with the
device tilted of 90 degrees, in order to have a parallel incidence of the beam with respect
to the DUT surface (i.e. Θ = 90◦). The purpose was to investigate the effect of different
angles of incidence of the proton beam on trench and planar devices.

The characteristics of the two experiments are reported in Table 5.2.

Table 5.2: Characteristics of the KVI-CART and PSI-PIF experiments.

Beam

Facility Energy Dimension Shape Setup Incidence

KVI-CART 190 MeV 2x2 cm2 square single DUT 0◦

PSI-PIF 200 MeV Φ=5 cm circular multiple DUTs 0◦, 90◦

5.4.2 Proton results
The VDS at which no failure was identified for the different conditions, are listed in Table
5.3. In some cases, only a range is indicated, as it was not possible to identify an accurate
value due to the limited number of devices or beam time. The column labelled "DUTs"
indicates the number of devices which survived at that specific voltage.

Similarly as for the neutrons, the trench devices appear to be more robust with respect
to the planar ones, having the best performance with the double trench MOSFET from
Rohm (no failure at VDS = 900 V for Θ = 0◦). However, as showed in Table 5.1, even
though the DUTs are all rated for 1.2 kV, the Rohm device has a much higher breakdown
point (∼ 1.9 kV), which could have an influence on the SEB tolerance. Furthermore,
from the first results obtained from the PSI experiment, a beam with a normal incidence
appears to be the worse-case scenario both for planar and trench devices. However, these
experiments have been carried out with a limited number of devices and additional data
would be needed in order to increase the statistics and confirm the observed results.
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5.5 Summary of proton and neutron effects

Commercial devices with planar-gate, trench-gate and double-trench architectures were
tested with atmospheric-neutrons and high-energy protons. The results lead to the
following conclusions:

• With both atmospheric-neutrons and high-energy protons, the trench MOSFETs
were observed to be less sensitive to SEB failure with respect to the planar ones.
The double-trench architecture, which has also the highest breakdown voltage, was
the most robust in both cases.

• Considering the terrestrial-neutron experiment, five different commercial devices
were irradiated. Cross-section and FIT rates were calculated for DUTs which
resulted out of specifications after the test (IG > 10−9 A). The post-irradiation
analyses were performed on three tested references over five: planar DUTs from Cree
(C2M0025120D), trench DUTs from Infineon (IMW120R090M1H) and a double-
trench DUTs from Rohm (SCT3030KL). Three different scenarios where commonly
observed for the different architectures analysed: (i) no damage with respect to a
pristine device, (ii) partial degradation with higher gate and drain leakage current,
(iii) ohmic trend of the leakage current caused by a SEB. Among the degraded
devices (ii), the trench and double-trench DUTs exhibited a complete gate rupture.
Conversely, a partial gate rupture was observed for the planar reference, which
exhibited a gate-drain leakage path as previously observed for the same devices
showing SELC after heavy-ion irradiation. The gate damage in these devices was
observed to increase after PIGS tests. Overall, the degradation effect observed in
devices from category (ii) requires further investigation; the confirmation of this
effect with a different setup would also be beneficial. Based on the available data,
two hypotheses were proposed for the enhanced gate current: the first is based on
displacement damage caused by the neutrons in the gate oxide, whereas the second
involves SELC caused by the recoiling atoms generated by the neutron interactions.

• In the case of proton irradiation, the post-irradiation analysis was performed only
for devices which survived the test at KVI-CART (i.e. irradiated one at the time).
In this case, no differences were observed in the I-V characteristics with respect
to a pristine part. However, the devices which failed during the exposure and the
devices tested at PSI-PIF with the same setup as the neutron test were not analysed,
therefore it cannot be excluded that partial degradation was induced also by proton
irradiation.

• From the proton experiment at PSI-PIF, it was observed that for all three archi-
tectures, the normal incidence of the beam represents the worse-case scenario with
respect to a parallel incidence. However, higher statistics are needed to confirm the
results.

• The tested devices were selected following the requirements for the inductive adder
application at CERN described in Section 2.3.4. Among the selected references,
the double-trench device from Rohm (SCT3030KL) was identified as the most
interesting solution, being the most robust to SEB for the tested conditions. A
safe operative voltage was identified with protons at VDS = 900 V (VGS = 0 V,
Θ = 0◦, fluence = 1011 protons/cm2). However, the gate rupture observed with
atmospheric-neutrons requires further investigation before considering this device
for applications in the high-energy accelerators at CERN.





6 Summary

6.1 Lessons learned from the experimental campaigns

This first section provides the reader with a list of suggestions/observations collected
during the preparation and the completion of different test campaigns. The idea is to
highlight a few aspects which should be treated with particular attention when testing
SiC power MOSFETs for SEEs.

• When testing with heavy-ions, as soon as the SiC device starts to exhibit degradation,
when the VDS is applied at the beginning of the run, the current is observed to
reach a certain level and then decrease with time. A possible cause of this effect
might be a coupling of the DUT impedance in series with the feedback resistor of
the SMU ammeter. This creates a RC-circuit that requires a finite time to charge
the capacitance of the DUT. When testing with heavy ions, enough time has to
pass between the start of the bias and the start of the irradiation, in order to charge
the capacitor of the DUT and reach the steady-state condition. Depending on the
magnitude of degradation, it might take from a few seconds to a few minutes. If the
irradiation is started prematurely, the heavy-ion induced degradation is partially
masked by the charging effect, resulting in an apparently lower degradation rate.

• When testing a MOSFET, it is important to monitor at least two of the three
terminals in order to figure out the current path. In the standards this is not
specified, and in the past very often radiation tests were performed grounding the
gate terminal directly on the board. When testing Si MOSFETs with heavy ions,
this might not make a difference, whereas with SiC devices monitoring only one
terminal hides information about the underlying degradation mechanism.

• The protection circuit typically used for non-destructive multiple SEB testing with
Si MOSFETs, as reported in the MIL-STD-750E M1080.1 [83], cannot be used for
SiC testing. In fact, the energy stored in the device is sufficient to cause the SEB
even though a limiting resistor is used, inducing the destructive failure of the part.
Hence, the SEB test has to be considered a destructive test and a large number of
devices is required in order to acquire sufficient statistics.

• During some experiments with heavy ions, not reported in this work, limiting
resistors were used at the gate and drain terminal. In particular, the gate resistor
which was installed between the gate terminal and the ground, caused a problematic
effect as soon as the DUT started to be degraded. Over a certain level, the increasing
gate current induced by degradation caused a voltage drop over the resistor which
set the device in an on-state condition during the irradiation. Hence, in general,
attention should be paid on the resistance between the gate terminal and the ground.
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6.2 Conclusions and outlook

This work presented an overview of the results obtained along a four-year research on the
SEE mechanisms in SiC power MOSFETs. The effects of heavy-ion, high-energy proton
and terrestrial-neutron irradiations were studied on different commercial technologies,
providing information to assess the reliability of SiC MOSFETs for space, avionic and
high-energy accelerator applications.

The research initially focused on the non-catastrophic effects induced by heavy-ion
irradiation. In fact, even though the devices can be de-rated at sufficiently low voltage to
protect from the destructive SEB failure, permanent leakage current degradation (named
SELC) and latent damage can still hamper the device operation, representing a significant
risk to the part reliability. A minimum LET is required to observe these effects, and ions
with LET > 7.7 MeVcm2/mg were used in this work. The experiments were performed
with planar devices from the 2nd and 3rd generation from Cree/Wolfspeed, and the 80 mΩ
from the 2nd generation was considered as the reference device. The heavy-ion-induced
SEEs observed during this research were graphically summarized as function of the ion
LET and the drain-source bias during the exposure; five different regions of damage with
respective thresholds can be identified.

Papers I and II focused on the leakage current degradation, whose mechanism was
not fully explained yet [130, 146]. The effect of heavy ions was investigated through
broad-beam and microbeam experiments; the latter was performed with a focal spot of
500 nm and a step size of ∼ 1 µm, allowing the precise identification of the ion-strike
location. Two mechanisms of degradation were identified in SiC MOSFETs. Initially, at a
sufficiently high drain-source bias, a permanent increase in drain-gate leakage current
(IDG) is observed during the exposure, with a current path between gate-drain terminals
and a linear proportionality to the fluence. The microbeam studies indicated the JFET
and the adjacent channels as the sensitive regions involved in this damage. The Quantum
Point Contact (QPC) model was proposed to explain the enhanced leakage currents,
involving the generation of conductive paths in the gate oxide which behave as point
contacts between the gate and the substrate [175]. The threshold for this effect varies
with the ion LET and the device generation.

The second mechanism of degradation is observed for drain-source voltages higher than a
certain threshold (i.e., VDS ≥ 350 V for the studied devices). The IDG keeps increasing
linearly with the fluence, whereas the drain-source current (IDS) increases with larger
magnitude. From the microbeam study, the p-n junction was identified as the sensitive
region for this type of degradation, and it was suggested to be the same as the one
observed in SiC diodes. The threshold for this effect is least influenced by ion LET and
device breakdown voltage with respect to the threshold for the first type of degradation,
leading to the conclusion that this mechanism may involve properties of the SiC material.
The recent results from numerical simulations [151], suggested that Joule heating is
responsible for the damage. The molecular dynamics simulations [140] of SiC diodes
showed that the thermal transient results in a phase change in the SiC lattice at voltages
lower than the ones required for a destructive failure. Based on these findings, in this work
we proposed that the leakage current through the p-n junction is the result of permanent
extended defects (ED) caused by the excessive lattice temperature. These EDs could
be amorphous pockets, clusters, stacking faults, dislocations, different SiC solid-phase
(polytype) inclusions, etc., whose nature could be further investigated by optical methods.

Two mechanisms of latent damage were observed, involving the gate-oxide and the SiC
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crystal lattice, as discussed in Paper IV. The first is observed in the sub-degradation
region at different drain-source bias depending on the ion LET. Even though no clear
signature is observed during the exposure, it always leads to oxide breakdown during the
post-irradiation-gate stress (PIGS). A target fluence of 106 ions/cm2 was used to identify
the VDS threshold voltages for gate latent damage and to assess the oxide reliability for
different ion species and LETs. The second latent damage was observed in the pre-SEB
region, where the second mechanism of degradation is dominant, and the very high IDS

leakage current leads to device failure in the post-irradiation VDS sweep. After the
irradiation, when drain-source bias is applied, the localized power density induces an
increase of temperature, which ultimately causes the sublimation of the SiC crystal as
shown from the SEM-FIB analysis. This effect confirms that devices with increased
leakage experience accelerated damage, resulting in a much earlier device failure.

SEB studies were performed with lighter particles, such as atmospheric-like neutrons
and high-energy protons. Commercial technologies with planar-gate, trench-gate and
double-trench (trench source and gate) architectures were used for these experiments.
The double-trench devices from Rohm showed the highest tolerance to SEB failure with
both terrestrial neutrons and protons. However, even though all the devices were rated
for the same voltage, the Rohm ones have a much higher breakdown point, which could
also play a role in the SEB tolerance.

The results from the neutron study are discussed in Paper III, where failure cross-sections
and FIT rates were calculated for the tested references [32]. The post-irradiation analysis
of the failure mode highlighted different magnitudes of damage in the tested devices. In
particular, some devices did not exhibit an ohmic trend (as in the case of SEB failure),
but enhanced gate and drain leakage currents which went out of specification. Among
these devices, a partial gate rupture signature was observed in the planar devices similar
to the partial degradation induced by heavy ions. Differently, the trench architectures
showed a complete gate rupture.

This study underlined the physical mechanisms of SEEs experienced by the current
commercial SiC MOSFET technologies in different radiation environments. The results
pave the way for the explanation of the degradation mechanisms induced by heavy ions,
providing some information for the mitigation by design of the described effects. However,
the data were obtained from specific commercial SiC MOSFETs and, even though they
could qualitatively be extended to other references, further analysis is needed before
extrapolating the threshold voltages and failure cross-sections to devices with different
architectures or those produced by other manufacturers.

As much as the research reported in this doctoral thesis contributed in understanding
the SEE mechanisms in SiC MOSFETs, multiple open questions still remain around the
degradation mechanism and the nature of the defects created by radiation in the SiC
crystal structure. Possible further studies aimed at shedding light on these open queries
include optical investigation of the irradiated samples and numerical simulations of the
radiation interaction in the SiC crystal, to identify the LET and angular distribution
of the reaction products. Finally, as there is not as much knowledge available for SEEs
in SiC trench and double-trench MOSFETs as for the planar ones, dedicated radiation
tests and numerical simulations are necessary to clarify the SEE mechanisms in these
architectures.





Bibliography

[1] J. A. Cooper, M. R. Melloch, R. Singh, A. Agarwal, and J. W. Palmour, “Status
and prospects for SiC power MOSFETs,” IEEE Trans. Electron Devices, vol. 49,
no. 4, pp. 658–664, Apr. 2002.

[2] B. Ferreira, “International technology roadmap for wide band-gap power semicon-
ductor ITRW,” in 3D-PEIM 2016 - 2016 Int. Symp. 3D Power Electron. Integr.
Manuf. Institute of Electrical and Electronics Engineers Inc., Sep. 2016.

[3] K. M. Speer, “State of the SiC MOSFET: Device evolution, technology merit, and
commercial prospects,” Littlefuse, Tech. Rep., 2017.

[4] M. Rosina, “GaN and SiC Power Device: Market Overview,” Munich, Germany,
2018.

[5] K. Shenai, R. S. Scott, and B. J. Baliga, “Optimum semiconductors for high-power
electronics,” IEEE Trans. Electron Devices, vol. 36, no. 9, pp. 1811–1823, 1989.

[6] J. M. Lauenstein, M. C. Casey, R. L. Ladbury, H. S. Kim, A. M. Phan, and A. D.
Topper, “Space Radiation Effects on SiC Power Device Reliability,” in 2021 IEEE
Int. Reliab. Phys. Symp. IEEE, Mar. 2021, pp. 1–8.

[7] D. Woog, M. J. Barnes, L. Ducimetière, J. Holma, and T. Kramer, “Design of an
Inductive Adder for the FCC injection kicker pulse generator,” J. Phys. Conf. Ser.,
vol. 874, no. 1, 2017.

[8] J. M. Lauenstein, “Wide Bandgap Power - SiC, GaN - Radiation Reliability. NSREC
2020 Short Course,” NASA Goddard Space Flight Center, Greenbelt, MD 20771
USA, Santa Fe, NM, USA, Tech. Rep., 2020.

[9] T. Kimoto and J. A. Cooper, Fundamentals of Silicon Carbide technology Chapter
2: Physical Properties of Silicon Carbide. Wiley - IEEE, 2014.

[10] W. Kleber, “Polymorphism and polytypism in crystals.” Krist. und Tech., vol. 1,
no. 4, pp. 665–666, Jan. 1966.

[11] C. J. Schneer, “Polymorphism in one dimension,” Acta Crystallogr., vol. 8, no. 5,
pp. 279–285, May 1955.

[12] P. Mélinon and B. Masenelli, From small fullerenes to superlattices: Science and
applications. Pan Stanford Publishing Pte. Ltd., Aug. 2012.

[13] P. Käckell, B. Wenzien, and F. Bechstedt, “Influence of atomic relaxations on the
structural properties of SiC polytypes from ab initio calculations,” Phys. Rev. B,
vol. 50, no. 23, pp. 17 037–17 046, Dec. 1994.

95



96 Bibliography

[14] A. Itoh, H. Akita, T. Kimoto, and H. Matsunami, “High-quality 4H-SiC homoepi-
taxial layers grown by step-controlled epitaxy,” Appl. Phys. Lett., vol. 65, no. 11,
pp. 1400–1402, Sep. 1994.

[15] T. Kimoto, A. Itoh, and H. Matsunami, “Step-Controlled Epitaxial Growth of
High-Quality SiC Layers,” Phys. status solidi, vol. 202, no. 1, pp. 247–262, Jul.
1997.

[16] X. Xu, X. Hu, and X. Chen, “SiC Single Crystal Growth and Substrate Processing,”
in Light. Diodes., J. Li and G. Q. Zhang, Eds. Springer, Cham, 2019, ch. SiC
Single, pp. 41–92.

[17] W. M. Chen, N. T. Son, E. Janzén, D. M. Hofmann, and B. K. Meyer, “Effective
Masses in SiC Determined by Cyclotron Resonance Experiments,” Phys. status
solidi, vol. 162, no. 1, pp. 79–93, Jul. 1997.

[18] D. Morelli, J. Heremans, C. Beetz, W. Woo, G. Harris, and C. Taylor, “Carrier
concentration dependence of the thermal conductivity of silicon carbide.” in Inst.
Phys. Conf. Ser., 1994, pp. 137, 313.

[19] C. A. Zorman and R. J. Parro, “Micro- and nanomechanical structures for silicon
carbide MEMS and NEMS,” Phys. status solidi, vol. 245, no. 7, pp. 1404–1424, Jul.
2008.

[20] Yole Développement, “SiC market and prospects,” Yole Développment, Tech. Rep.,
2015.

[21] A. Bhalla, “Status of SiC products and technology,” IntechOpen, Tech. Rep., 2016.

[22] A. Villamor, “Status of the Power Electronics Industry 2019,” Yole Développment,
Tech. Rep., 2019.

[23] H. Lin and A. Villamor, “Power SiC 2018: Materials, Devices and Applications
2018,” Yole Développement, Tech. Rep., 2018.

[24] A. Matallana, E. Ibarra, I. López, J. Andreu, J. I. Garate, X. Jordà, and J. Rebollo,
“Power module electronics in HEV/EV applications: New trends in wide-bandgap
semiconductor technologies and design aspects,” p. 109264, Oct. 2019.

[25] E. Barbarini, “STMicroelectronics SiC Module - Tesla Model 3 Inverter,” SystemPlus
consulting, Tech. Rep., 2018.

[26] B. J. Baliga, Fundamentals of Power Semiconductor Devices. Springer US, 2008.

[27] B. J. Baliga, Silicon carbide power devices. World Scientific Pub Co Pte Lt, 2006.

[28] T. Kimoto and J. A. Cooper, Fundamentals of Silicon Carbide Technology. Singa-
pore: John Wiley & Sons Singapore Pte. Ltd, Sep. 2014, vol. 9781118313.

[29] R. Siemieniec, D. Peters, R. Esteve, W. Bergner, D. Kück, T. Aichinger, T. Basler,
and B. Zippelius, “A SiC trench MOSFET concept offering improved channel
mobility and high reliability,” 2017 19th Eur. Conf. Power Electron. Appl. EPE
2017 ECCE Eur., vol. 2017-Janua, no. March 2018, 2017.



Bibliography 97

[30] R. K. Williams, M. N. Darwish, R. A. Blanchard, R. Siemieniec, P. Rutter, and
Y. Kawaguchi, “The trench power MOSFET: Part i - History, technology, and
prospects,” pp. 674–691, Mar. 2017.

[31] D. Peters, R. Siemieniec, T. Aichinger, T. Basler, R. Esteve, W. Bergner, and
D. Kueck, “Performance and ruggedness of 1200V SiC - Trench - MOSFET,”
in Proc. Int. Symp. Power Semicond. Devices ICs. Institute of Electrical and
Electronics Engineers Inc., 2017, pp. 239–242.

[32] C. Martinella, R. G. Alia, R. Stark, A. Coronetti, C. Cazzaniga, M. Kastriotou,
Y. Kadi, R. Gaillard, U. Grossner, and A. Javanainen, “Impact of Terrestrial
Neutrons on the Reliability of SiC VD-MOSFET Technologies,” IEEE Trans. Nucl.
Sci., vol. 68, no. 5, pp. 634–641, 2021.

[33] Wolfspeed, “Worldwide Leader in SiC MOSFETs | Wolfspeed.” [Online]. Available:
https://www.wolfspeed.com/power/products/sic-mosfets

[34] J. Mekki, M. Brugger, R. G. Alia, A. Thornton, N. C. S. Mota, and S. Danzeca,
“CHARM: A Mixed Field Facility at CERN for Radiation Tests in Ground, Atmo-
spheric, Space and Accelerator Representative Environments,” IEEE Trans. Nucl.
Sci., vol. 63, no. 4, pp. 2106–2114, Aug. 2016.

[35] A. Breskin and R. Voss, The Cern Large Hadron Collider : accelerator and experi-
ments - Ghent University Library. Geneva: CERN, 2008, vol. 1-2.

[36] R. Garcia Alia, M. Brugger, F. Cerutti, S. Danzeca, A. Ferrari, S. Gilardoni, Y. Kadi,
M. Kastriotou, A. Lechner, C. Martinella, O. Stein, Y. Thurel, A. Tsinganis, and
S. Uznanski, “LHC and HL-LHC: Present and Future Radiation Environment in
the High-Luminosity Collision Points and RHA Implications,” IEEE Trans. Nucl.
Sci., vol. 65, no. 1, pp. 448–456, Jan. 2018.

[37] K. Røed, M. Brugger, and G. Spiezia, “An overview of the radiation environment at
the LHC in light of R2E irradiation test activities,” CERN ATS Note, Tech. Rep.,
Sep. 2012.

[38] K. Røed, M. Brugger, D. Kramer, P. Peronnard, C. Pignard, G. Spiezia, and
A. Thornton, “Method for measuring mixed field radiation levels relevant for SEEs
at the LHC,” IEEE Trans. Nucl. Sci., vol. 59, no. 4 PART 1, pp. 1040–1047, 2012.

[39] C. Martinella, M. Brugger, S. Danzeca, R. Garcia Alia, Y. Kadi, O. Stein, and C. Xu,
“Proton physics operations in view of HL-LHC Requirements,” in IPAC2017 Proc.
Copenhagen, Denmark: JACOW, Geneva, Switzerland, May 2017, pp. 2075–2077.

[40] C. Martinella, M. Brugger, Y. Kadi, S. Danzeca, C. Castro, R. G. Alia, and
A. Lechner, “Radiation levels in the LHC during the 2015 Pb-Pb and 2016 p-Pb
run and mitigation strategy for the electronic systems during HL-LHC operation,”
CERN, Tech. Rep., 2018.

[41] C. Martinella, “High Energy Hadrons Fluence Measurements in the LHC during
2015, 2016 and 2017 Proton Physics Operations.” CERN, Tech. Rep., 2018.

[42] O. Stein, M. Brugger, S. Danzeca, R. Garcia Alia, Y. Kadi, M. Kastriotou, C. Mar-
tinella, and C. Xu, “Identification and analysis of prompt dose maxima in the
insertion regions IR1 and IR5 of the Large Hadron Collider,,” in IPAC2017 Proc.
Vancouver, BC, Canada: JACOW, Geneva, Switzerland, May 2017, pp. 2078–2080.

https://www.wolfspeed.com/power/products/sic-mosfets


98 Bibliography

[43] O. Stein, K. Bilko, M. Brugger, S. Danzeca, D. Di Francesca, R. Garcia Alia,
Y. Kadi, G. Li Vecchi, and C. Martinella, “A Systematic Analysis of the Prompt
Dose Distribution at the Large Hadron Collider; A Systematic Analysis of the
Prompt Dose Distribution at the Large Hadron Collider,” in IPAC2018 Proc.
IPAC2018, Vancouver, BC, Canada: JACOW Publishing, Geneva, Switzerland,
Jun. 2018, pp. 2036–2038.

[44] K. Bilko, C. Castro, M. Brugger, R. G. Alia, Y. Kadi, A. Lechner, G. Lerner, and
O. Stein, “Radiation Environment in the LHC Arc Sections during Run 2 and
Future HL-LHC Operations,” IEEE Trans. Nucl. Sci., vol. 67, no. 7, pp. 1682–1690,
Jul. 2020.

[45] A. Abada, M. Abbrescia, and FCC Collaborations, “FCC-hh: The Hadron Collider:
Future Circular Collider Conceptual Design Report Volume 3,” Eur. Phys. J. Spec.
Top., vol. 228, no. 4, pp. 755 – 1107, 2019.

[46] CERN, “FCC CDR.” [Online]. Available: https://fcc-cdr.web.cern.ch/

[47] T. Kramer, M. J. Barnes, W. Bartmann, F. Burkart, L. Ducimetière, B. Goddard,
V. Senaj, T. Stadlbauer, D. Woog, and D. Barna, “Considerations for the injection
and extraction kicker systems of a 100 TeV centre-of-mass-FCC-hh collider.” in
Proceeding of IPAC2016, Busan, Korea, 2016, pp. 3901–3904.

[48] D. Woog, M. J. Barnes, J. Holma, and T. Kramer, “Prototype Inductive Adder for
the Proton Synchrotron at CERN,” in 2018 IEEE Int. Power Modul. High Volt.
Conf. IPMHVC 2018, Jackson, WY, USA, USA, 2018, pp. 464–468.

[49] L. M. Redondo, A. Kandratsyeu, and M. J. Barnes, “Marx Generator Prototype
for Kicker Magnets Based on SiC MOSFETs,” IEEE Trans. Plasma Sci., vol. 46,
no. 10, pp. 3334–3339, 2018.

[50] G. F. Knoll and H. W. Kraner, Radiation Detection and Measurement. John Wiley
& Sons, Inc., 1981.

[51] P. Sigmund, “Stopping Power: Wrong Terminology,” ICRU News, vol. 2000, pp.
5–7, 2000.

[52] M. Backman, “Effects of nuclear and electronic stopping power on ion irradiation
of silicon-based compounds,” Ph.D. dissertation, University of Helsinki, 2012.

[53] J. F. Ziegler, “The electronic and nuclear stopping of energetic ions,” Appl. Phys.
Lett., vol. 31, no. 8, pp. 544–546, Oct. 1977.

[54] M. J. Berger, M. Inokuti, H. H. Andersen, H. Bichsel, D. Powers, S. . M. Seltzer, D. .
Thwaites, and D. E. Watt, “4. Nuclear Stopping Powers,” J. Int. Comm. Radiat.
Units Meas., vol. os25, no. 2, pp. 41–47, May 1993.

[55] P. Sigmund, “Nuclear Stopping,” in Stopping Heavy-Ion. A Theor. Approach.
Springer, Berlin, Heidelberg, Jun. 2004, pp. 85–94.

[56] W. E. Burcham, Elements Nuclear Physics. Longman, 1979.

[57] U.S. Department of Energy, “DOE Fundamentals Handbook - Nuclear Physics and
Reactor Theory,” U.S. Department of Energy, Tech. Rep., 1993.

https://fcc-cdr.web.cern.ch/


Bibliography 99

[58] N. Soppera, E. Dupont, M. Bossant, and O. Cabellos, “JANIS Book of neutron-
induced cross-sections. Nuclear Energy Agency.” 2017.

[59] G. C. Messenger, M. S. Ash, G. C. Messenger, and M. S. Ash, “Single Event
Phenomena I,” in Single Event Phenom. Springer US, 1997, pp. 179–231.

[60] E. Petersen, Single Event Effects in Aerospace. New York, NY: Wiley - IEEE
Press, 2011.

[61] J. George, R. Koga, K. Crawford, P. Yu, S. Crain, and V. Tran, “SEE sensitivity
trends in non-hardened high density SRAMs with sub-micron feature sizes,” in IEEE
Radiat. Eff. Data Work., vol. 2003-Janua. Institute of Electrical and Electronics
Engineers Inc., 2003, pp. 83–88.

[62] R. H. Dennard, J. Cai, and A. Kumar, “A perspective on today’s scaling challenges
and possible future directions,” Solid. State. Electron., vol. 51, no. 4 SPEC. ISS.,
pp. 518–525, Apr. 2007.

[63] K. P. Rodbell, D. F. Heidel, H. H. Tang, M. S. Gordon, P. Oldiges, and C. L. Murray,
“Low-energy proton-induced single-event-upsets in 65 nm node, silicon-on-insulator,
latches and memory cells,” IEEE Trans. Nucl. Sci., vol. 54, no. 6, pp. 2474–2479,
Dec. 2007.

[64] E. H. Cannon, M. Cabanas-Holmen, J. Wert, T. Amort, R. Brees, J. Koehn,
B. Meaker, and E. Normand, “Heavy ion, high-energy, and low-energy proton SEE
sensitivity of 90-nm RHBD SRAMs,” IEEE Trans. Nucl. Sci., vol. 57, no. 6 PART
1, pp. 3493–3499, Dec. 2010.

[65] B. D. Sierawski, R. A. Reed, M. H. Mendenhall, R. A. Weller, R. D. Schrimpf, S. J.
Wen, R. Wong, N. Tam, and R. C. Baumann, “Effects of scaling on muon-induced
soft errors,” in IEEE Int. Reliab. Phys. Symp. Proc., 2011.

[66] J. Barak, M. Murat, and A. Akkerman, “SEU due to electrons in silicon devices with
nanometric sensitive volumes and small critical charge,” Nucl. Instruments Methods
Phys. Res. Sect. B Beam Interact. with Mater. Atoms, vol. 287, pp. 113–119, Sep.
2012.

[67] D. M. Fleetwood, “Total ionizing dose effects in MOS and low-dose-rate-sensitive
linear-bipolar devices,” pp. 1706–1730, 2013.

[68] D. M. Fleetwood, “Evolution of total ionizing dose effects in MOS devices with
moore’s law scaling,” IEEE Trans. Nucl. Sci., vol. 65, no. 8, pp. 1465–1481, Aug.
2018.

[69] G. P. Summers, E. A. Burke, P. Shapiro, S. R. Messenger, and R. J. Walters,
“Damage correlations in semiconductors exposed to gamma, electron and proton
radiations,” IEEE Trans. Nucl. Sci., vol. 40, no. 6, pp. 1372–1379, 1993.

[70] G. C. Messenger, “A summary review of displacement damage from high energy
radiation in silicon semiconductors and semiconductor devices,” IEEE Trans. Nucl.
Sci., vol. 39, no. 3, pp. 468–473, 1992.

[71] M. J. Beck, B. R. Tuttle, R. D. Schrimpf, D. M. Fleetwood, and S. T. Pantelides,
“Atomic displacement effects in single-event gate rupture,” IEEE Trans. Nucl. Sci.,
vol. 55, no. 6, pp. 3025–3031, Dec. 2008.



100 Bibliography

[72] J. R. Srour, C. J. Marshall, and P. W. Marshall, “Review of displacement damage
effects in silicon devices,” IEEE Trans. Nucl. Sci., vol. 50 III, no. 3, pp. 653–670,
Jun. 2003.

[73] M. Xapsos, “A Brief History of Space Climatology: From the Big Bang to the
Present,” IEEE Trans. Nucl. Sci., vol. 66, no. 1, pp. 17–37, 2019.

[74] J. F. Ziegler, “Terrestrial cosmic rays,” IBM J. Res. Dev., vol. 40, no. 1, pp. 19–39,
1996.

[75] D. Kobayashi, “Basic of Single Event Effect Mechanisms and Predictions.” Institute
of Space and Astronautical Science, Japan Aerospace Exploration Agency (JAXA),
San Antonio, TX, USA, Tech. Rep., 2019.

[76] S. Bourdarie, “Comparative earth and Jovian space environment,” Onera, Paris,
France, Tech. Rep., 2014.

[77] M. Tali, R. G. Alía, M. Brugger, V. Ferlet-Cavrois, R. Corsini, W. Farabolini,
A. Mohammadzadeh, G. Santin, and A. Virtanen, “High-Energy Electron-Induced
SEUs and Jovian Environment Impact,” IEEE Trans. Nucl. Sci., vol. 64, no. 8, pp.
2016–2022, Aug. 2017.

[78] J. A. Lezniak and W. R. Webber, “The charge composition and energy spectra of
cosmic-ray nuclei from 3000 MeV per nucleon to 50 GeV per nucleon,” Astrophys.
J., vol. 223, p. 676, Jul. 1978.

[79] D. Smart and M. A. Shea, “Galactic cosmic radiation and solar energetic particles,”
Air Force Geophysics Lab., Hanscom AFB, MA (USA), Tech. Rep., 1985.

[80] A. S. Jursa, “Handbook of geophysics and the space environment,” Air Force
Geophysics Laboratory, Tech. Rep., 1985.

[81] S. Hayakawa, Cosmic ray physics. Nuclear and astrophysical aspects. New York:
Wiley-Interscience Publishing Co., 1969.

[82] JEDEC, “Measurement and reporting of Alpha particle and terrestrial cosmic ray
induced soft errors in semiconductor devices,” JEDEC, Tech. Rep., 2006. [Online].
Available: https://www.jedec.org/standards-documents/docs/jesd-89a

[83] S. MIL-STD-750-1, “Single-Event Burnout and Single-Event Gate Rupture, Method
1080.1 in Test Methods for Semiconductor Devices,” U.S. Department of Defense,
Tech. Rep., 2012.

[84] JEDEC, “Test procedure for the management of single-event effects in
semiconductor devices from heavy-ion irradiations,” JEDEC, Tech. Rep., 2017.
[Online]. Available: https://www.jedec.org/standards-documents/docs/jesd-57

[85] A. E. Waskiewicz, J. W. Groninger, V. H. Strahan, and D. M. Long, “Burnout of
power mos transistors with heavy ions of Californium-252,” IEEE Trans. Nucl. Sci.,
vol. 33, no. 6, pp. 1710–1713, 1986.

[86] D. L. Oberg and J. L. Wert, “First nondestructive measurements of power MOSFET
single event burnout cross sections,” IEEE Trans. Nucl. Sci., vol. 34, no. 6, pp.
1736–1741, 1987.

https://www.jedec.org/standards-documents/docs/jesd-89a
https://www.jedec.org/standards-documents/docs/jesd-57


Bibliography 101

[87] D. L. Oberg, L. L. Wert, E. Normand, P. P. Majewski, and S. A. Wender, “First
observations of power MOSFET burnout with high energy neutrons,” IEEE Trans.
Nucl. Sci., vol. 43, no. 6 PART 1, pp. 2913–2920, 1996.

[88] J. L. Titus and C. F. Wheatley, “Experimental studies of single-event gate rupture
and burnout in vertical power MOSFET’s,” IEEE Trans. Nucl. Sci., vol. 43, no. 2
PART 1, pp. 533–545, 1996.

[89] G. H. Johnson, J. M. Palau, C. Dachs, K. F. Galloway, and R. D. Schrimpf, “A
review of the techniques used for modeling single-event effects in power MOSFET’s,”
IEEE Trans. Nucl. Sci., vol. 43, no. 2 PART 1, pp. 546–560, 1996.

[90] J. L. Titus, “An updated perspective of single event gate rupture and single event
burnout in power MOSFETs,” IEEE Trans. Nucl. Sci., vol. 60, no. 3, pp. 1912–1928,
2013.

[91] K. F. Galloway, “A Brief Review of Heavy-Ion Radiation Degradation and Failure
of Silicon UMOS Power Transistors,” Electronics, vol. 3, no. 4, pp. 582–593, Sep.
2014.

[92] G. H. Johnson, R. D. Schrimpf, and K. F. Galloway, “Single-event burnout of power
bipolar junction transistors,” IEEE Trans. Nucl. Sci., vol. 38, no. 6, pp. 1315–1322,
1991.

[93] S. Kuboyama, T. Suzuki, T. Hirao, and S. Matsuda, “Mechanism for single-event
burnout of bipolar transistors,” IEEE Trans. Nucl. Sci., vol. 47, no. 6 III, pp.
2634–2639, Dec. 2000.

[94] A. M. Albadri, R. D. Schrimpf, D. G. Walker, and S. V. Mahajan, “Coupled electro-
thermal simulations of single event burnout in power diodes,” IEEE Trans. Nucl.
Sci., vol. 52, no. 6, pp. 2194–2199, Dec. 2005.

[95] A. M. Albadri, R. D. Schrimpf, K. F. Galloway, and D. G. Walker, “Single event
burnout in power diodes: Mechanisms and models,” Microelectron. Reliab., vol. 46,
no. 2-4, pp. 317–325, Feb. 2006.

[96] K. H. Maier, A. Denker, P. Voss, and H. W. Becker, “Single event burnout of
high-power diodes,” Nucl. Instruments Methods Phys. Res. Sect. B Beam Interact.
with Mater. Atoms, vol. 146, no. 1-4, pp. 596–600, Dec. 1998.

[97] M. Mauguet, D. Lagarde, F. Widmer, N. Chatry, X. Marie, E. Lorfevre, F. Bezerra,
R. Marec, and P. Calvel, “Single Events Induced by Heavy Ions and Laser Pulses
in Silicon Schottky Diodes,” IEEE Trans. Nucl. Sci., vol. 65, no. 8, pp. 1768–1775,
Aug. 2018.

[98] J. S. George, R. Koga, R. M. Moision, and A. Arroyo, “Single event burnout
observed in Schottky diodes,” in IEEE Radiat. Eff. Data Work., 2013.

[99] M. C. Casey, J. M. Lauenstein, R. J. Weachock, E. P. Wilcox, L. M. Hua, M. J.
Campola, A. D. Topper, R. L. Ladbury, and K. A. Label, “Failure Analysis of
Heavy Ion-Irradiated Schottky Diodes,” IEEE Trans. Nucl. Sci., vol. 65, no. 1, pp.
269–279, Jan. 2018.



102 Bibliography

[100] M. C. Casey, J. M. Lauenstein, R. L. Ladbury, E. P. Wilcox, A. D. Topper, and K. A.
LaBel, “Schottky Diode Derating for Survivability in a Heavy Ion Environment,”
IEEE Trans. Nucl. Sci., vol. 62, no. 6, pp. 2482–2489, Dec. 2015.

[101] L. L. Foro, A. Touboul, A. Michez, F. Wrobel, P. Rech, L. Dilillo, C. Frost, and
F. Saigné, “Gate voltage contribution to neutron-induced SEB of trench gate
fieldstop IGBT,” IEEE Trans. Nucl. Sci., vol. 61, no. 4, pp. 1739–1746, 2014.

[102] P. T. McDonald, B. G. Henson, W. J. Stapor, and M. Harris, “Destructive heavy ion
SEE investigation of 3 IGBT devices,” IEEE Radiat. Eff. Data Work., pp. 11–15,
2000.

[103] E. Lorfevre, C. Dachs, C. Detcheverry, J. M. Palau, J. Gasiot, F. Roubaud, M. C.
Calvet, and R. Ecoffet, “Heavy ion induced failures in a power IGBT1,” IEEE
Trans. Nucl. Sci., vol. 44, no. 6 PART 1, pp. 2353–2357, 1997.

[104] T. A. Fischer, “Heavy-Ion-Induced, Gate-Rupture in Power MOSFET,” IEEE Trans.
Nucl. Sci., vol. 34, no. 6, pp. 1786–1791, 1987.

[105] J. R. Brews, M. Allenspach, R. D. Schrimpf, K. F. Galloway, J. L. Titus, and
C. F. Wheatley, “A Conceptual Model of Single-Event Gate-Rupture in Power
MOSFET’s,” IEEE Trans. Nucl. Sci., vol. 40, no. 6, pp. 1959–1966, 1993.

[106] M. Allenspach, J. R. Brews, I. Mouret, R. D. Schrimpf, and K. F. Galloway,
“Evaluation of SEGR Threshold in Power MOSFETs,” IEEE Trans. Nucl. Sci.,
vol. 41, no. 6, pp. 2160–2166, 1994.

[107] C. F. Wheatley, J. L. Titus, and D. I. Burton, “Single-Event Gate Rupture in
Vertical Power MOSFETs; An Original Empirical Expression,” IEEE Trans. Nucl.
Sci., vol. 41, no. 6, pp. 2152–2159, 1994.

[108] J. L. Titus and C. F. Wheatley, “SEE Characterization of Vertical DMOSFETs: An
Updated Test Protocol,” IEEE Trans. Nucl. Sci., vol. 50, no. 6 I, pp. 2341–2351,
Dec. 2003.

[109] S. Liu, J. L. Titus, M. Zafrani, H. Cao, D. Carrier, and P. Sherman, “Worst-case
test conditions of SEGR for power DMOSFETs,” IEEE Trans. Nucl. Sci., vol. 57,
no. 1 PART 2, pp. 279–287, Feb. 2010.

[110] N. Boruta, G. K. Lum, H. O’Donnell, L. Robinette, M. R. Shaneyfelt, and J. R.
Schwank, “A new physics-based model for understanding single-event gate rupture
in linear devices,” IEEE Trans. Nucl. Sci., vol. 48, no. 6 I, pp. 1917–1924, Dec.
2001.

[111] J. F. Carlotti, A. Touboul, M. Ramonda, M. Caussanel, C. Guasch, J. Bonnet,
and J. Gasiot, “Growth of silicon bump induced by swift heavy ion at the silicon
oxide-silicon interface,” Appl. Phys. Lett., vol. 88, no. 4, pp. 1–3, Jan. 2006.

[112] L. Scheick, L. Selva, Y. Chen, and L. Edmonds, “Current leakage evolution in
partially gate-ruptured power MOSFETs,” in IEEE Int. Reliab. Phys. Symp. Proc.,
2008, pp. 645–646.

[113] T. F. Wrobel, F. N. Coppage, G. L. Hash, and A. J. Smith, “Current induced
avalanche in epitaxial structures,” IEEE Trans. Nucl. Sci., vol. 32, no. 6, pp.
3991–3995, 1985.



Bibliography 103

[114] J. H. Hohl and K. F. Galloway, “Analytical model for single event burnout of power
mosfets,” IEEE Trans. Nucl. Sci., vol. 34, no. 6, pp. 1275–1280, 1987.

[115] J. H. Hohl and G. H. Johnson, “Features of the triggering mechanism for single
event burnout of power MOSFETs,” IEEE Trans. Nucl. Sci., vol. 36, no. 6, pp.
2260–2266, 1989.

[116] S. Kuboyama, N. Ikeda, T. Hirao, and S. Matsuda, “Enhanced Avalanche Multipli-
cation Factor and Single-Event Burnout,” IEEE Trans. Nucl. Sci., vol. 50, no. 6 I,
pp. 2233–2238, Dec. 2003.

[117] S. Kuboyama, N. Ikeda, T. Hirao, and S. Matsuda, “Improved model for single-event
burnout mechanism,” IEEE Trans. Nucl. Sci., vol. 51, no. 6 II, pp. 3336–3341, Dec.
2004.

[118] S. Liu, M. Boden, D. A. Girdhar, and J. L. Titus, “Single-event burnout and
avalanche characteristics of power DMOSFETs,” IEEE Trans. Nucl. Sci., vol. 53,
no. 6, pp. 3379–3385, Dec. 2006.

[119] S. Liu, R. Marec, P. Sherman, J. L. Titus, F. Bezerra, V. Ferlet-Cavrois, M. Marin,
N. Sukhaseum, F. Widmer, M. Muschitiello, L. Gouyet, R. Ecoffet, and M. Zafrani,
“Evaluation on protective single event burnout test method for power DMOSFETs,”
IEEE Trans. Nucl. Sci., vol. 59, no. 4 PART 1, pp. 1125–1129, 2012.

[120] H. Kabza, H. J. Schulze, Y. Gerstenmaier, P. Voss, J. Wilhelmi, W. Schmid,
F. Pfirsch, and K. Platzoder, “Cosmic radiation as a cause for power device failure
and possible countermeasures,” IEEE Int. Symp. Power Semicond. Devices ICs, pp.
9–12, 1994.

[121] H. R. Zeller, “Cosmic ray induced failures in high power semiconductor devices,”
Solid State Electron., vol. 38, no. 12, pp. 2041–2046, Dec. 1995.

[122] D. G. Walker, T. S. Fisher, A. M. Al-badri, and R. D. Schrimpf, “Simulation of
single-event failure in power diodes,” in ASME Int. Mech. Eng. Congr. Expo. Proc.,
vol. 7. American Society of Mechanical Engineers (ASME), Jun. 2002, pp. 39–45.

[123] H. Asai, I. Nashiyama, K. Sugimoto, K. Shiba, Y. Sakaide, Y. Ishimaru, Y. Okazaki,
K. Noguchi, and T. Morimura, “Tolerance against terrestrial neutron-induced single-
event burnout in SiC MOSFETs,” IEEE Trans. Nucl. Sci., vol. 61, no. 6, pp.
3109–3114, Dec. 2014.

[124] L. Scheick, L. Selva, and H. Becker, “Displacement damage-induced catastrophic
second breakdown in silicon carbide Schottky power diodes,” IEEE Trans. Nucl.
Sci., vol. 51, no. 6 II, pp. 3193–3200, Dec. 2004.

[125] C. Kamezawa, H. Sindou, T. Hirao, H. Ohyama, and S. Kuboyama, “Heavy ion-
induced damage in SiC Schottky barrier diode,” Phys. B Condens. Matter, vol.
376-377, no. 1, pp. 362–366, Apr. 2006.

[126] S. Kuboyama, C. Kamezawa, N. Ikeda, T. Hirao, and H. Ohyama, “Anomalous
charge collection in silicon carbide Schottky barrier diodes and resulting permanent
damage and single-event burnout,” IEEE Trans. Nucl. Sci., vol. 53, no. 6, pp.
3343–3348, Dec. 2006.



104 Bibliography

[127] E. Mizuta, S. Kuboyama, H. Abe, Y. Iwata, and T. Tamura, “Investigation of
single-event damages on silicon carbide (SiC) power MOSFETs,” IEEE Trans. Nucl.
Sci., vol. 61, no. 4, pp. 1924–1928, 2014.

[128] X. Zhu, J. M. Lauenstein, A. Bolonikov, B. Jacob, A. Kashyap, K. Sariri, and
Y. Chen, “Radiation Hardness Study on SiC Power MOSFETs Introduction Single-
Event Radiation Test Results and Discussion Results and Discussion,” 2017.

[129] J.-M. Lauenstein, “Getting SiC Power Devices Off the Ground: Design, Testing,
and Overcoming Radiation Threats,” in Microelectron. Reliab. Qualif. Work., El
Segundo, CA, 2018.

[130] C. Martinella, T. Ziemann, R. Stark, A. Tsibizov, K. O. Voss, R. G. Alia, Y. Kadi,
U. Grossner, and A. Javanainen, “Heavy-Ion Microbeam Studies of Single-Event
Leakage Current Mechanism in SiC VD-MOSFETs,” IEEE Trans. Nucl. Sci., vol. 67,
no. 7, pp. 1381–1389, Jul. 2020.

[131] A. Akturk, R. Wilkins, J. M. McGarrity, and B. Gersey, “Single Event Effects in Si
and SiC Power MOSFETs Due to Terrestrial Neutrons,” IEEE Trans. Nucl. Sci.,
vol. 64, no. 1, pp. 529–535, Jan. 2017.

[132] A. Akturk, J. M. McGarrity, R. Wilkins, A. Markowski, and B. Cusack, “Space and
terrestrial radiation response of silicon carbide power MOSFETs,” in IEEE Radiat.
Eff. Data Work., vol. 2017-July. New Orleans, LA, USA: Institute of Electrical
and Electronics Engineers Inc., Nov. 2017.

[133] A. Akturk, J. M. McGarrity, N. Goldsman, D. J. Lichtenwalner, B. Hull, D. Grider,
and R. Wilkins, “The effects of radiation on the terrestrial operation of SiC MOS-
FETs,” in IEEE Int. Reliab. Phys. Symp. Proc., vol. 2018-March. Burlingame,
CA, USA: Institute of Electrical and Electronics Engineers Inc., May 2018, pp.
2B.11–2B.15.

[134] D. J. Lichtenwalner, B. Hull, E. Van Brunt, S. Sabri, D. A. Gajewski, D. Grider,
S. Allen, J. W. Palmour, A. Akturk, and J. M. McGarrity, “Reliability studies of SiC
vertical power MOSFETs,” in IEEE Int. Reliab. Phys. Symp. Proc., vol. 2018-March.
Burlingame, CA, USA: Institute of Electrical and Electronics Engineers Inc., May
2018, pp. 2B.21–2B.26.

[135] A. Akturk, J. M. McGarrity, N. Goldsman, D. J. Lichtenwalner, B. Hull, D. Grider,
and R. Wilkins, “Terrestrial Neutron-Induced Failures in Silicon Carbide Power
MOSFETs and Diodes,” IEEE Trans. Nucl. Sci., vol. 65, no. 6, pp. 1248–1254, Jun.
2018.

[136] A. F. Witulski, R. Arslanbekov, A. Raman, R. D. Schrimpf, A. L. Sternberg, K. F.
Galloway, A. Javanainen, D. Grider, D. J. Lichtenwalner, and B. Hull, “Single-Event
Burnout of SiC Junction Barrier Schottky Diode High-Voltage Power Devices,”
IEEE Trans. Nucl. Sci., vol. 65, no. 1, pp. 256–261, Jan. 2018.

[137] R. A. Johnson, A. Javanainen, A. Raman, P. S. Chakraborty, R. Arslanbekov, A. F.
Witulski, D. R. Ball, K. F. Galloway, A. L. Sternberg, R. A. Reed, R. D. Schrimpf,
M. L. Alles, and J. M. Lauenstein, “Unifying Concepts for Ion-Induced Leakage
Current Degradation in Silicon Carbide Schottky Power Diodes,” IEEE Trans. Nucl.
Sci., vol. 67, no. 1, pp. 135–139, Jan. 2020.



Bibliography 105

[138] A. F. Witulski, D. R. Ball, R. A. Johnson, K. F. Galloway, A. L. Sternberg, M. L.
Alles, R. A. Reed, R. D. Schrimpf, J. M. Hutson, A. Javanainen, J. M. Lauenstein,
D. Grider, D. J. Lichtenwalner, A. Raman, and R. Arslanbekov, “New Insight
into Single-Event Radiation Failure Mechanisms in Silicon Carbide Power Schottky
Diodes and MOSFETs,” Mater. Sci. Forum Submitt., vol. 1004, pp. 2019–2030, Jul.
2020.

[139] C. Abbate, G. Busatto, P. Cova, N. Delmonte, F. Giuliani, F. Iannuzzo, A. Sansev-
erino, and F. Velardi, “Analysis of heavy ion irradiation induced thermal damage
in SiC Schottky diodes,” IEEE Trans. Nucl. Sci., vol. 62, no. 1, pp. 202–209, Feb.
2015.

[140] A. Javanainen, H. Vazquez Muinos, K. Nordlund, F. Djurabekova, K. F. Galloway,
M. Turowski, and R. D. Schrimpf, “Molecular Dynamics Simulations of Heavy
Ion Induced Defects in SiC Schottky Diodes,” IEEE Trans. Device Mater. Reliab.,
vol. 18, no. 3, pp. 481–483, Sep. 2018.

[141] I. Choi, H. Y. Jeong, H. Shin, G. Kang, M. Byun, H. Kim, A. M. Chitu, J. S. Im,
R. S. Ruoff, S. Y. Choi, and K. J. Lee, “Laser-induced phase separation of silicon
carbide,” Nat. Commun., vol. 7, no. 1, pp. 1–7, Nov. 2016.

[142] S. Kuboyama, E. Mizuta, Y. Nakada, H. Shindou, A. Michez, J. Boch, F. Saigne,
and A. Touboul, “Thermal Runaway in SiC Schottky Barrier Diodes Caused by
Heavy Ions,” IEEE Trans. Nucl. Sci., vol. 66, no. 7, pp. 1688–1693, Jul. 2019.

[143] T. Shoji, S. Nishida, K. Hamada, and H. Tadano, “Experimental and simulation
studies of neutron-induced single-event burnout in SiC power diodes,” Jpn. J. Appl.
Phys., vol. 53, no. 4 SPEC. ISSUE, p. 04EP03, Feb. 2014.

[144] H. Asai, K. Sugimoto, I. Nashiyama, Y. Iide, K. Shiba, M. Matsuda, and Y. Miyazaki,
“Terrestrial neutron-induced single-event burnout in SiC power diodes,” IEEE Trans.
Nucl. Sci., vol. 59, no. 4 PART 1, pp. 880–885, 2012.

[145] A. Michez, S. Dhombres, and J. Boch, “ECORCE: A TCAD Tool for Total Ionizing
Dose and Single Event Effect Modeling,” IEEE Trans. Nucl. Sci., vol. 62, no. 4, pp.
1516–1527, Aug. 2015.

[146] C. Martinella, R. Stark, T. Ziemann, R. G. Alia, Y. Kadi, U. Grossner, and A. Ja-
vanainen, “Current Transport Mechanism for Heavy-Ion Degraded SiC MOSFETs,”
IEEE Trans. Nucl. Sci., vol. 66, no. 7, pp. 1702–1709, Jul. 2019.

[147] C. Abbate, G. Busatto, S. Mattiazzo, A. Sanseverino, L. Silvestrin, D. Tedesco, and
F. Velardi, “Progressive drain damage in SiC power MOSFETs exposed to ionizing
radiation,” Microelectron. Reliab., vol. 88-90, pp. 941–945, Sep. 2018.

[148] C. Abbate, G. Busatto, D. Tedesco, A. Sanseverino, F. Velardi, J. Wyss, L. Silvestrin,
F. Velardi, and J. Wyss, “Gate damages induced in SiC power MOSFETs during
heavy-ion irradiation-Part I,” IEEE Trans. Electron Devices, vol. 66, no. 10, pp.
4235–4242, Oct. 2019.

[149] C. Abbate, G. Busatto, D. Tedesco, A. Sanseverino, F. Velardi, and J. Wyss, “Gate
damages induced in SiC power MOSFETs during heavy-ion irradiation-Part II,”
IEEE Trans. Electron Devices, vol. 66, no. 10, pp. 4243–4250, Oct. 2019.



106 Bibliography

[150] F. Pintacuda, S. Massetti, E. Vitanza, M. Muschitiello, and V. Cantarella, “SEGR
and PIGS Failure Analysis of SiC MOSFET,” in 2019 Eur. Sp. Power Conf. ESPC
2019. Institute of Electrical and Electronics Engineers Inc., Sep. 2019.

[151] D. R. Ball, J. M. Hutson, A. Javanainen, J. M. Lauenstein, K. F. Galloway, R. A.
Johnson, M. L. Alles, A. L. Sternberg, B. D. Sierawski, A. F. Witulski, R. A.
Reed, and R. D. Schrimpf, “Ion-Induced Energy Pulse Mechanism for Single-Event
Burnout in High-Voltage SiC Power MOSFETs and Junction Barrier Schottky
Diodes,” IEEE Trans. Nucl. Sci., vol. 67, no. 1, pp. 22–28, Jan. 2020.

[152] J. M. Lauenstein, M. C. Casey, A. D. Topper, E. P. Wilcox, A. M. Phan, S. Ikpe, and
K. Label, “Silicon Carbide Power Device Performance Under Heavy-Ion Irradiation,”
2015.

[153] R. A. Johnson, A. F. Witulski, D. R. Ball, K. F. Galloway, A. L. Sternberg, E. Zhang,
L. D. Ryder, R. A. Reed, R. D. Schrimpf, J. A. Kozub, J. M. Lauenstein, and
A. Javanainen, “Enhanced charge collection in SiC power MOSFETs demonstrated
by pulse-laser two-photon absorption SEE experiments,” IEEE Trans. Nucl. Sci.,
vol. 66, no. 7, pp. 1694–1701, Jul. 2019.

[154] L. Ceccarelli, P. D. Reigosa, F. Iannuzzo, and F. Blaabjerg, “A survey of SiC
power MOSFETs short-circuit robustness and failure mode analysis,” Microelectron.
Reliab., vol. 76-77, pp. 272–276, Sep. 2017.

[155] T. Shoji, S. Nishida, K. Hamada, and H. Tadano, “Analysis of neutron-induced
single-event burnout in SiC power MOSFETs,” Microelectron. Reliab., vol. 55, no.
9-10, pp. 1517–1521, Aug. 2015.

[156] D. R. Ball, “Ion-Induced Single-Event BUrnout Mechanism in SiC Power MOSFETs
and Diodes,” Ph.D. dissertation, Vanderbilt University, 2020.

[157] J. M. Lauenstein, M. C. Casey, K. A. LaBel, A. D. Topper, E. P. Wilcox, H. S. Kim,
and A. M. Phan, “Single-Event Effects in Silicon and Silicon Carbide Power Devices,”
Jun. 2014. [Online]. Available: https://ntrs.nasa.gov/search.jsp?R=20140017356

[158] M. Deki, T. Makino, K. Kojima, T. Tomita, and T. Ohshima, “Single event gate
rupture in SiC MOS capacitors with different gate oxide thicknesses,” in Mater. Sci.
Forum, vol. 778-780. Trans Tech Publications Ltd, 2014, pp. 440–443.

[159] M. Deki, T. Makino, N. Iwamoto, S. Onoda, K. Kojima, T. Tomita, and T. Ohshima,
“Linear energy transfer dependence of single event gate rupture in SiC MOS capaci-
tors,” Nucl. Instruments Methods Phys. Res. Sect. B Beam Interact. with Mater.
Atoms, vol. 319, pp. 75–78, Jan. 2014.

[160] M. C. Casey, J. M. Lauenstein, A. D. Topper, E. P. Wilcox, H. S. Kim, A. M. Phan,
and K. A. LaBel, “Single-Event Effects in Silicon Carbide Power Devices Code 561
NASA Goddard Space Flight Center,” in IEEE Nucl. Sp. Radiat. Eff. Conf., San
Francisco, CA, 2013.

[161] J. L. Titus, C. F. Whealley, K. M. Van Tyne, F. Krieg, D. I. Burton, and A. B.
Campbell, “Effect of ion energy upon dielectric breakdown of the capacitor response
in vertical power mosfets,” IEEE Trans. Nucl. Sci., vol. 45, no. 6 PART 1, pp.
2492–2499, 1998.

https://ntrs.nasa.gov/search.jsp?R=20140017356


Bibliography 107

[162] N. Ikeda, S. Kuboyama, Y. Satoh, and T. Tamura, “Study of latent damage in
power MOSFETs caused by heavy ion irradiation,” IEEE Trans. Nucl. Sci., vol. 55,
no. 6, pp. 3388–3393, Dec. 2008.

[163] A. Akturk, J. M. McGarrity, N. Goldsman, D. J. Lichtenwalner, B. Hull, D. Grider,
and R. Wilkins, “Predicting Cosmic Ray-Induced Failures in Silicon Carbide Power
Devices,” IEEE Trans. Nucl. Sci., vol. 66, no. 7, pp. 1828–1832, Jul. 2019.

[164] K. Niskanen, A. Touboul, R. C. Germanicus, A. Michez, A. Javanainen, F. Wrobel,
J. Boch, V. Pouget, and F. Saigne, “Impact of Electrical Stress and Neutron
Irradiation on Reliability of Silicon Carbide Power MOSFET,” IEEE Trans. Nucl.
Sci., vol. 67, no. 7, pp. 1365–1373, Jul. 2020.

[165] A. Griffoni, J. Van Duivenbode, D. Linten, E. Simoen, P. Rech, L. Dilillo, F. Wrobel,
P. Verbist, and G. Groeseneken, “Neutron-induced failure in silicon IGBTs, silicon
super-junction and SiC MOSFETs,” IEEE Trans. Nucl. Sci., vol. 59, no. 4 PART 1,
pp. 866–871, 2012.

[166] S. Kuboyama, C. Kamezawa, Y. Satoh, T. Hirao, and H. Ohyama, “Single-event
burnout of silicon carbide Schottky barrier diodes caused by high energy protons,”
IEEE Trans. Nucl. Sci., vol. 54, no. 6, pp. 2379–2383, Dec. 2007.

[167] H. Kettunen, “RADEF facility overview — Department of Physics.” [Online].
Available: https://www.jyu.fi/science/en/physics/research/infrastructures/accele
rator-laboratory/radiation-effects-facility/facility-overview

[168] University of Jyväskylä, “ECIF Cocktail Calculator 0.2a, University of Jyväskylä.”
[Online]. Available: http://research.jyu.fi/radef/ECIFcalc/dedx.html?save=

[169] V. Ferlet-Cavrois, J. R. Schwank, S. Liu, M. Muschitiello, T. Beutier, A. Ja-
vanainen, A. Hedlund, C. Poivey, A. Mohammadzadeh, R. Harboe-Sorensen,
G. Santin, B. Nickson, A. Menicucci, C. Binois, D. Peyre, S. K. Hoeffgen, S. Metzger,
D. Schardt, H. Kettunen, A. Virtanen, G. Berger, B. Piquet, J. C. Foy, M. Zafrani,
P. Truscott, M. Poizat, and F. Bezerra, “Influence of beam conditions and energy
for SEE testing,” IEEE Trans. Nucl. Sci., vol. 59, no. 4 PART 1, pp. 1149–1160,
2012.

[170] GSI, “GSI - Space Radiation Physics.” [Online]. Available: https://www.gsi.de/wor
k/forschung/biophysik/forschungsfelder/space_radiation_physics

[171] B. E. Fischer, M. Schlögl, J. Barak, E. Adler, and S. Metzger, “An example of what
you can miss in single-event-effect testing, when you do not have a microprobe,”
Nucl. Instruments Methods Phys. Res. Sect. B Beam Interact. with Mater. Atoms,
vol. 158, no. 1-4, pp. 245–249, Sep. 1999.

[172] F. W. Sexton, “Microbeam studies of single-event effects,” IEEE Trans. Nucl. Sci.,
vol. 43, no. 2 PART 1, pp. 687–695, 1996.

[173] A. Haran, J. Barak, D. David, N. Refaeli, B. E. Fischer, K. O. Voss, G. Du, and
M. Heiss, “Mapping of single event burnout in power MOSFETs,” IEEE Trans.
Nucl. Sci., vol. 54, no. 6, pp. 2488–2494, Dec. 2007.

[174] B. E. Fischer, “The scanning heavy ion microscope at GSI,” Nucl. Inst. Methods
Phys. Res. B, vol. 10-11, no. PART 2, pp. 693–696, May 1985.

https://www.jyu.fi/science/en/physics/research/infrastructures/accelerator-laboratory/radiation-effects-facility/facility-overview
https://www.jyu.fi/science/en/physics/research/infrastructures/accelerator-laboratory/radiation-effects-facility/facility-overview
http://research.jyu.fi/radef/ECIFcalc/dedx.html?save=
https://www.gsi.de/work/forschung/biophysik/forschungsfelder/space_radiation_physics
https://www.gsi.de/work/forschung/biophysik/forschungsfelder/space_radiation_physics


108 Bibliography

[175] A. Cester, L. Bandiera, J. Suñe, L. Boschiero, G. Ghidini, and A. Paccagnella,
“A novel approach to quantum point contact for post soft breakdown conduction,”
Tech. Dig. Electron Devices Meet., pp. 305–308, 2001.

[176] A. Javanainen, K. F. Galloway, C. Nicklaw, A. L. Bosser, V. Ferlet-Cavrois, J. M.
Lauenstein, F. Pintacuda, R. A. Reed, R. D. Schrimpf, R. A. Weller, and A. Virtanen,
“Heavy ion induced degradation in SiC Schottky diodes: Bias and energy deposition
dependence,” IEEE Trans. Nucl. Sci., vol. 64, no. 1, pp. 415–420, Jan. 2017.

[177] M. Backman, M. Toulemonde, O. H. Pakarinen, N. Juslin, F. Djurabekova, K. Nord-
lund, A. Debelle, and W. J. Weber, “Molecular dynamics simulations of swift heavy
ion induced defect recovery in SiC,” Comput. Mater. Sci., vol. 67, pp. 261–265,
Feb. 2013.

[178] P. Berwian, D. Kaminzky, K. Roßhirt, B. Kallinger, J. Friedrich, S. Oppel,
A. Schneider, and M. Schütz, “Imaging defect luminescence of 4H-SiC by ultraviolet-
photoluminescence,” in Solid State Phenom., vol. 242. Trans Tech Publications
Ltd, 2016, pp. 484–489.

[179] K. X. Liu, X. Zhang, R. E. Stahlbush, M. Skowronski, and J. D. Caldwell, “Differ-
ences in Emission Spectra of Dislocations in 4H-SiC Epitaxial Layers,” Mater. Sci.
Forum, vol. 600-603, pp. 345–348, Sep. 2008.

[180] K. F. Galloway, A. F. Witulski, R. D. Schrimpf, A. L. Sternberg, D. R. Ball,
A. Javanainen, R. A. Reed, B. D. Sierawski, and J.-M. Lauenstein, “Failure Estimates
for SiC Power MOSFETs in Space Electronics,” Aerospace, vol. 5, no. 3, p. 67, Jun.
2018.

[181] C. Cazzaniga and C. D. Frost, “Progress of the Scientific Commissioning of a fast
neutron beamline for Chip Irradiation,” J. Phys. Conf. Ser., vol. 1021, no. 1, p.
012037, Jun. 2018.

[182] C. Cazzaniga, M. Bagatin, S. Gerardin, A. Costantino, and C. D. Frost, “First tests
of a new facility for device-level, board-level and system-level neutron irradiation of
microelectronics,” IEEE Trans. Emerg. Top. Comput., vol. 6750, pp. 1–1, 2018.

[183] C. Cazzaniga, B. Bhuva, M. Bagatin, S. Gerardin, N. Marchese, and C. D. Frost,
“Atmospheric-like neutron attenuation during accelerated neutron testing with
multiple printed circuit boards,” IEEE Trans. Nucl. Sci., vol. 65, no. 8, pp. 1830–
1834, Aug. 2018.

[184] C. D. Frost, S. Ansell, and G. Gorini, “A new dedicated neutron facility for
accelerated SEE testing at the ISIS facility,” in IEEE Int. Reliab. Phys. Symp.
Proc., 2009, pp. 952–955.

[185] C. D. Frost, “ISIS ChipIr technical information.” [Online]. Available: https:
//www.isis.stfc.ac.uk/Pages/Chipir-technical-information.aspx

[186] D. Chiesa, M. Nastasi, C. Cazzaniga, M. Rebai, L. Arcidiacono, E. Previtali,
G. Gorini, and C. D. Frost, “Measurement of the neutron flux at spallation sources
using multi-foil activation,” Nucl. Instruments Methods Phys. Res. Sect. A Accel.
Spectrometers, Detect. Assoc. Equip., vol. 902, pp. 14–24, Sep. 2018.

https://www.isis.stfc.ac.uk/Pages/Chipir-technical-information.aspx
https://www.isis.stfc.ac.uk/Pages/Chipir-technical-information.aspx


Bibliography 109

[187] M. Cecchetto, P. Fernández-Martánez, R. G. Alia, R. Ferraro, S. Danzeca, F. Wrobel,
C. Cazzaniga, and C. D. Frost, “SEE Flux and Spectral Hardness Calibration of
Neutron Spallation and Mixed-Field Facilities,” IEEE Trans. Nucl. Sci., vol. 66,
no. 7, pp. 1532–1540, Jul. 2019.

[188] Tektronix, “Model 2410 1100V SourceMeter Service Manual Rev. B | Tektronix.”
[Online]. Available: https://www.tek.com/keithley-source-measure-units/keithley-s
mu-2400-series-sourcemeter-manual-3

[189] Tektronix, “Keithley PCT Parametric Curve Tracer Configurations | Tektronix.”
[Online]. Available: https://www.tek.com/keithley-semiconductor-test-systems/kei
thley-pct-parametric-curve-tracer-configurations

[190] Tektronix, “Keithley SMU 2650 Series High Power SourceMeter® | Tektronix.”
[Online]. Available: https://www.tek.com/keithley-source-measure-units/keithley-s
mu-2650-series-high-power-sourcemeter

[191] Tektronix, “2600B Series SMU | Tektronix.” [Online]. Available: https:
//www.tek.com/keithley-source-measure-units/smu-2600b-series-sourcemeter

[192] F. D. Bauer, “Accurate analytical modelling of cosmic ray induced failure rates of
power semiconductor devices,” Solid. State. Electron., vol. 53, no. 6, pp. 584–589,
Jun. 2009.

[193] M. Reid, “reliability · PyPI.” [Online]. Available: https://pypi.org/project/reliabili
ty/

[194] Z. Chbili, A. Matsuda, J. Chbili, J. T. Ryan, J. P. Campbell, M. Lahbabi, D. E.
Ioannou, and K. P. Cheung, “Modeling early breakdown failures of gate oxide in SiC
power MOSFETs,” IEEE Trans. Electron Devices, vol. 63, no. 9, pp. 3605–3613,
Sep. 2016.

https://www.tek.com/keithley-source-measure-units/keithley-smu-2400-series-sourcemeter-manual-3
https://www.tek.com/keithley-source-measure-units/keithley-smu-2400-series-sourcemeter-manual-3
https://www.tek.com/keithley-semiconductor-test-systems/keithley-pct-parametric-curve-tracer-configurations
https://www.tek.com/keithley-semiconductor-test-systems/keithley-pct-parametric-curve-tracer-configurations
https://www.tek.com/keithley-source-measure-units/keithley-smu-2650-series-high-power-sourcemeter
https://www.tek.com/keithley-source-measure-units/keithley-smu-2650-series-high-power-sourcemeter
https://www.tek.com/keithley-source-measure-units/smu-2600b-series-sourcemeter
https://www.tek.com/keithley-source-measure-units/smu-2600b-series-sourcemeter
https://pypi.org/project/reliability/
https://pypi.org/project/reliability/




Included articles





Publication I

C. Martinella, R. Stark, T. Ziemann, R. G. Alia, Y. Kadi, U. Grossner, A. Javanainen,
"Current Transport Mechanism for Heavy-Ion Degraded SiC MOSFETs", IEEE Trans
Nucl. Sci., vol 66, no. 7, pp. 1702-1709, Mar. 2019.

© 2019, IEEE



220 

 

1 

Abstract— High sensitivity of SiC power MOSFETs has been 

observed under heavy ion irradiation, leading to permanent 

increase of drain and gate leakage currents. Electrical post-

irradiation analysis confirmed the degradation of the gate oxide 

and the blocking capability of the devices. At low drain bias, the 

leakage path forms between drain and gate, while at higher bias 

the heavy ion induced leakage path is mostly from drain to source. 

An electrical model is proposed to explain the current transport 

mechanism for heavy-ion degraded SiC power MOSFETs. 

 
Index Terms— SiC power MOSFETs, heavy ion irradiation, 

gate leakage, single event effects. 

 

I. INTRODUCTION 

ide band-gap semiconductor, such as silicon-carbide 

(SiC) are very attractive for power devices due to their 

physical properties. The wide energy bandgap of 3.23 eV 

(4H SiC at room temperature) allows SiC devices to operate at 

high voltage, high temperatures and switching frequencies 

while achieving lower conduction losses in comparison to 

silicon [1], [2]. SiC devices are expected to be used in harsh 

environments, indeed it is considered as promising technology 

for space and accelerator applications, such as the injection 

kicker pulse generator for the Future Circular Collider [3]. 

Recently, various studies were performed to investigate the 

radiation tolerance of SiC devices. High sensitivity has been 

noticed under heavy ion irradiation and a unique Single Event 

Effect (SEE) phenomenon has been observed in plain Schottky 

diodes, junction barrier Schottky diodes [4], [5] and SiC power 

MOSFETs [6], [7]. While silicon-based power MOSFETs 

typically directly experience catastrophic failure such as Single 

Event Gate Rupture (SEGR) or Single Event Burnout (SEB). 

SiC power MOSFETs, instead, are shown to exhibit three 

characteristic regions as a function of the drain-source bias 

conditions during the exposure, as visible in Fig. 1 [6].  
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The first non-destructive region occurs at low bias voltages. 

In this region, the ion-induced charge is collected with a similar 

multiplication mechanism as in Si MOSFETs and no permanent 

damage is observed in the device. The second region occurs at 

higher bias, where a unique phenomenon is observed for SiC 

devices, causing permanent degradation resulting in increased 

leakage currents with increasing heavy ion fluence. The damage 

is not catastrophic, but the device operation may become 

limited. In the third region, at sufficiently high bias, a SEB 

occurs leading to a catastrophic failure of the device. The 

mechanism triggering the SEB in SiC MOSFETs is still under 

study. Different hypotheses have been formulated.  

Witulski et al. [7] investigated the SEB through experimental 

measurements and TCAD simulations. Their work concludes 

that at sufficiently high current generated by the ion strike and 

applied bias, the parasitic bipolar junction transistor (BJT) 

which is an intrinsic part of the device structure, turns on, 

resulting in the catastrophic SEB. This mechanism is very 

similar to the SEB in silicon-based power MOSFETs. 

In the same work, experimental measurements of SEB 

threshold voltages versus heavy-ions LET for 1200 V SiC 

MOSFETs are reported and compared with previous results 

based on the works of Mizuta et al. [6] and Lauenstein et al. [8]. 

In their work, all the MOSFETs exhibit catastrophic failure at 

bias voltage significantly lower than the rated 1200 V when 

exposed to heavy ions with LET values above 10 𝑀𝑒𝑉/(𝑚𝑔/
𝑐𝑚2). Conversely, at LET values below 10 𝑀𝑒𝑉/(𝑚𝑔/𝑐𝑚2), 

SEB occurs at higher voltages and the region for ion-induced 

degradation (region 2 above) becomes narrower. Finally, at 

very low LET values, there is a direct transition from region 1 

to region 3 as drain bias is increased, hence no permanent non-

destructive leakage current increase is observed for light ions, 

including protons.  

Current Transport Mechanism for Heavy-Ion 

Degraded SiC MOSFETs 

C. Martinella, Member, IEEE, R. Stark, Member, IEEE, T. Ziemann, Member, IEEE,  

R. G. Alia, Member, IEEE, Y. Kadi, Member, IEEE,  

U. Grossner Member, IEEE and A. Javanainen Member, IEEE 
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Fig. 1. Three characteristic regions of damage for SiC power devices as a 

function of the drain-source bias during the heavy ion irradiation. 
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Shoji et al. studied the neutron-induced SEB in SiC power 

diodes [9] and SiC power MOSFETs [10] through experiments 

and TCAD simulations, concluding, differently, that an SEB 

can occur in a diode structure without activating the parasitic 

npn transitor. They claim that the catastrophic failure occurs 

due to a shift in the peak electric field in the n-drift/n+ interface 

and punch-through of the electric field to the cathode at the 

device surface. Through TCAD simulations, Shoji et al. 

demonstrated similar mechanism in SiC power MOSFETs as a 

shift in the peak electric field and a punch-through at the n+ 

source diffusion region. 

Additionally, Asai et al. [11] performed studies with 

neutrons, concluding that there exists no consistent difference 

in SEB tolerance between SiC diodes and SiC MOSFETs and 

that the conventional SEB mechanisms developed in Si 

MOSFETs, such as parasitic bipolar transistor and tunneling 

assisted avalanche multiplication mechanism, may be 

suppressed in SiC devices [12].  

 For SiC MOSFETs the previous studies have mostly 

concentrated on the SEB and the permanent increase in the 

drain leakage. The ion-induced gate damage (such as SEGR) in 

these devices has not been previously discussed in that detail. 

For silicon power MOSFETs instead, the ion-induced effect in 

the gate oxide has been studied quite widely previously [13]. 

For SEGR the mechanism has been concluded as following. 

The primary ionizing ion generates electron-hole-pairs along 

the path through the oxide and the semiconductor, creating a 

track of ionized plasma in the active layer of the device. For an 

n-type device in off-state with a positive VDS, electrons move 

towards the drain (in VD-MOSFETs represented by the 

backside substrate and contact), while a high concentration of 

holes is created at the Si/SiO2 interface. Mirror charges are then 

induced at the gate and this creates a transient field across the 

oxide in addition to the applied field [14] [15]. Furthermore, the 

critical field required for the oxide breakdown is thought to be 

decreased by the ionization within the oxide induced by the 

impinging particle. The oxide response in Si power MOSFETs 

was described for the first time in [16]. 

A detailed description of SEGR mechanisms caused by 

heavy ions in Si Power MOSFETs is given in [17]. The 

important ion beam characteristics for inducing SEGR are the 

Linear Energy Transfer (LET) and the total energy deposited in 

the epitaxial layer (including the epi/substrate interface region).  

 Finally, three different types of SEGR modes have been 

proposed for Si power MOSFETs [18]; the micro-break, the 

thermal runaway and the avalanche breakdown. The proposed 

model for an enhanced gate current associated with a micro-

break is that oxide defects from displacement damage caused 

by the ion hit create a significant number of damage sites at 

which there is a reduced potential barrier, permitting the 

tunneling of electrons from trapping sites in the oxide into the 

conduction band. 

In this paper, we focus on the second region of degradation 

as shown in Fig.1, investigating the permanent non-catastrophic 

damage observed in SiC power MOSFETs during heavy ion 

irradiations. The results from the irradiation experiment and the 

electrical analysis are reported and discussed. The degradation 

rates were also calculated for all the tested devices and observed 

to be independent on the prior degradation. Finally, a 

mechanism describing the radiation induced leakage paths 

within the device structure is proposed and combined with 

simulations using an equivalent circuit to model this leakage. 

 

II. EXPERIMENTAL METHODS  

A. Experimental Setup 

The heavy ion experiments were performed at the RADiation 

Effects Facility (RADEF) in the Accelerator Laboratory of the 

University of Jyväskylä, Finland. Three types of 4H-SiC 

MOSFETs from the manufacturer Cree/Wolfspeed, available as 

bare die (CPM2-1200-0025B, CPM2-1200-0080B, and CPM2-

1200-0160B), were selected as devices under test (DUTs). All 

three DUTs are rated for 𝑉𝐷𝑆 = 1200 𝑉,  but differ in RDS(on)  

(25 mΩ, 80 mΩ, and 160 mΩ, respectively). All three types of 

devices are of the 2nd generation, and the different RDS(on) have 

been achieved by adjusting the active area in the die. This work 

discusses mostly the results for the 80 mΩ irradiations.  

Bare die were used in order to directly expose the chip 

surface to the beam to allow sufficient penetration of the heavy 

ions through the sensitive layers of the device, without being 

stopped in the package materials.  

The die were mounted on custom FR-4 carrier boards with 

gold (ENIG) surface using standard SAC 305 solder paste. 

While the drain connection was made by the large soldered 

bottom pad, the gate and source were connected by aluminum 

wire bonds with 300 µm diameter. To minimize shadowing by 

the wires, only a single source wire was used. Each board 

housed 5 die individually biased with BNC connectors for gate 

and drain. Keithley Source Measure Unit models 2636 (two 

channels, up to 200V) and 2410 (one channel, up to 1100V) 

were used for biasing gate and drain respectively. 

 

 

 
Fig. 2. Bragg curves as function of the penetration depth with SiC. 

TABLE I 

CHARACTERISTICS OF THE ION SPECIES USED IN THIS STUDY 

 

Ion 
Energy 

[MeV] 

Energy/ 

nucleon 
[MeV/amu] 

LETSRIM @surface 

[MeV/mg/cm2] 

Range 

SiCSRIM  
[µm] 

56Fe+15 523 9.33 20.05 65.63 

82Kr+22 768 9.36 33.75 63.89 

131Xe+35 1217 9.29 62.39 61.43 
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B. Heavy Ion Irradiation Tests 

The boards were mounted in a vacuum chamber and the die 

exposed to a fluence of 1x106 ions/cm2 during the test runs, 

while bias voltages were kept constant. The heavy ion species 

used during the test were 131Xe+35, 82Kr+22 and 56Fe+15, with an 

energy per nucleon of ~ 9.3 MeV/amu. The ion characteristics 

are listed in Table 1. While the gate voltage VGS was set to 0 V 

to hold the device in off state, the drain voltage VDS was set to 

constant positive value during the irradiation and increased 

after each run until the device was considered broken due to the 

degradation. The ID-VDS and IG-VGS curves were measured after 

each run. The beams were at normal incidence to the DUT 

surface. All the irradiations and the I-V characterizations were 

performed at room temperature. 

The ion LET versus the penetration depth in SiC was 

estimated with ECIF (European Component Irradiation 

Facility) Cocktail Calculator [19]. The Bragg curves for each 

ion species used in the tests are reported in Fig. 2. The epitaxial 

layer is highlighted in the figure by vertical dashed lines and it 

extends from 5 µm until 18 µm from the die surface. This 

confirms that the energy deposition is well defined within the 

active layer and the ions penetrate deep enough in the device 

structure to meet the worst-case energy deposition criterion as 

discussed in [20].  The main source of uncertainty is due to the 

fluence measurement and, in general, for the RADEF facility an 

error of +10% is considered. 

C. Degradation Rate and Post Irradiation Analysis 

The die were irradiated at different VDS bias conditions and 

the drain and gate leakage currents were measured during the 

exposure. The degradation rate is defined as the difference 

between the leakage current measured at the end of the run 

(after exposure to the beam) and at the beginning of it (before 

exposure) normalized by the fluence and the active area of the 

die. The active area was calculated from the microscope images 

as the metallized area subtracted with the gate pad and the gate 

conductors. The shadowing effect due to the bond wires was 

estimated, obtaining an active area of 19.92 mm2 for the 25 mΩ, 

5.74 mm2 for the 80 mΩ and 2.75 mm2 for the 160 mΩ die. 

Moreover, electrical analysis of the die was performed before 

and after the irradiation at the Advanced Power Semiconductor 

Laboratory (APS) at ETH Zurich, using a wafer probe station 

MPI TS200-HP connected with a measurement equipment 

Keithley PCT-4B. 

 

III. RESULTS 

A. Current Measurements During Irradiation 

Drain and gate leakage currents were monitored during the 

exposure of the DUTs. If the device degradation was not severe 

at the end of the run, the VDS was increased, while VGS was kept 

constant at 0 V. At sufficiently high VDS bias, the same increase 

in absolute value of the drain and the gate leakage currents were 

observed during the exposure. The threshold drain-source 

voltage to observe degradation was determined at 𝑉𝐷𝑆 𝑖𝑟𝑟 =
 300 𝑉, 200 𝑉 and 120 𝑉 during the irradiation with 56Fe+15, 
82Kr+22 and 131Xe+35

 respectively. Fig. 3 presents the absolute 

values of ID and IG as a function of exposure time for two 

pristine 80 mΩ DUTs irradiated at VDS = 300 V with 56Fe+15 (a) 

and 131Xe+35 (b). Each step in the current is caused by a single 

     

 
 

Fig. 3. Equal rate of increase in the gate and drain leakage currents during the irradiation at 𝑉𝐷𝑆𝑖𝑟𝑟 = 300 V with 56Fe+15 (a) and 131Xe+35 (b). Each step in the leakage 

currents is caused by a single incident heavy ion. The y-axis in figure (b) is in linear scale and μA unit. At 350 V and above, the drain leakage increases with higher 

rate than the gate leakage, as visible during 56Fe+15 (c) and 131Xe+35 (d) irradiation. The fluence in each case was 106 ions/cm2 with an uncertainty of +10%. 
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incident ion. For 131Xe+35 the individual steps are less 

distinguishable due to high ion flux with respect to the speed of 

the current monitoring, hence only linear increase in leakage 

with increasing ion fluence is observed.  

Conversely, during the runs at 𝑉𝐷𝑆𝑖𝑟𝑟 ≥  350 𝑉, with all the 

devices and all the ions, the drain leakage was observed to 

increase at higher rate than the gate leakage. This behavior is 

illustrated in Fig. 3 (c, d) by showing the 56Fe+15 and 131Xe+35 

results respectively, but the same trend was measured also with 
82Kr+22 which has an intermediate LET. From the tests it is 

observed that the ion-induced leakage path is from drain to gate 

for 𝑉𝐷𝑆𝑖𝑟𝑟  ≤ 350 𝑉, while at higher irradiation bias the leakage 

current is divided between drain-gate and drain-source paths, as 

discussed in more details below. 

B. Post-Irradiation measurements at RADEF and prior 

degradation effect 

The drain and gate leakage were measured promptly after 

each run in absence of the beam, sweeping VDS from 0 V to 

1000 V with 𝑉𝐺𝑆 =  0 𝑉 and VGS from 0 V to 5 V with 𝑉𝐷𝑆 =
1 𝑉 respectively. Permanent damage was observed in the post 

characteristics for devices tested with bias voltages above the 

degradation threshold. For all the DUTs the gate was 

permanently damaged and the blocking capability of the device 

degraded with increased VDSirr during the test. In general, no 

latent defect damage was observed. If there was no damage 

during the exposure, it was not measured as well during the 

post-irradiation stressing the DUTs up to 𝑉𝐺𝑆 = 5 𝑉. 

 In Fig. 4 the ID and IG as a function of VDS, measured after 

each run, are shown for two 80 mΩ DUTs exposed to multiple 

irradiations with 56Fe+15 (a) and 131Xe+35 (b) beams. The history 

of the consecutive exposures is shown on the graph as VDSirr. In 

the case of 56Fe+15 the die was exposed also at 𝑉𝐷𝑆𝑖𝑟𝑟 =
 340 𝑉, 360 𝑉, but the results are not shown here in order to 

have a more readable graph. The data for 82Kr+22 are also not 

presented here, but they are consistent with the results reported 

for 56Fe+15 and 131Xe+.  

These measurements confirm the trend that was already 

observed during the irradiation. Indeed, it is clearly visible that 

for the DUTs exposed to the beams at 𝑉𝐷𝑆𝑖𝑟𝑟 <  350 𝑉, the 

observed drain and gate leakages are due to a direct path 

between drain and gate, as confirmed by the equal leakage 

currents values (|𝐼𝐷|  = |𝐼𝐺|). Conversely, for the DUTs 

irradiated at VDSirr ≥  350 V, the drain and gate currents are 

equal at low VDS values, but at higher VDS the current starts to 

flow from drain to source through the channel (|𝐼𝐷| > |𝐼𝐺|). The 

effect depends on the applied drain-source bias during the 

irradiation and on the ion LET values. Although the results are 

not discussed in this work, the same mechanism was observed 

also during the irradiation of the 25 mΩ and 160 mΩ die of the 

2nd Generation Cree/Wolfspeed, which have different active 

area, but the same vertical cell structure.  

 Most of the tests were performed exposing the same DUT to 

consecutive irradiation runs. In order to analyse the effect of the 

degradation induced by the previous irradiations at lower 

voltage, the test was repeated with 56Fe+15 and 131Xe+35 beams 

using pristine die and exposing them for a single run at 𝑉𝐷𝑆𝑖𝑟𝑟 =
 300 𝑉 and 𝑉𝐷𝑆𝑖𝑟𝑟 ≥  350 𝑉. Three DUTs were selected for the 

analysis with 131Xe+35: DUT 1 was exposed to 131Xe+35 at 

VDSirr = 120 V, 170 V, 300 V, 350 V (same die as in Fig. 4 (b)), 

 
 

 
Fig 4. Post-irradiation IDVDS and IGVDS curves for 80 mΩ DUTs irradiated with 56Fe+15 (a) and 131Xe+35 (b). The drain-source bias during the irradiation are reported 

in the IDVDS graph as VDSirr. Comparison of IDVDS and IGVDS (c), transfer characteristic (d) and body diode (e) for three DUTs exposed to 131Xe+35 at 𝑉𝐷𝑆𝑖𝑟𝑟 =  300 𝑉 

and 𝑉𝐷𝑆𝑖𝑟𝑟 =  350 𝑉 as pristine die or after prior degradation from previous irradiation at lower VDSirr. 
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while DUT 2 and DUT 3 were exposed only for a single run at 

𝑉𝐷𝑆𝑖𝑟𝑟 = 300 V and 𝑉𝐷𝑆𝑖𝑟𝑟 ≥ 350 V respectively. Similarly it 

was done for 56Fe+15, but the second pristine die was exposed to 

 𝑉𝐷𝑆𝑖𝑟𝑟 =  370 𝑉. All the irradiations were done with a fluence 

of 106 ion/cm2.  

In Fig. 4 (c, d, e) the measurements are shown for the DUTs 

irradiated with 131Xe+35. It is clearly visible in Fig. 4 (c) that the 

same characteristics are observed for the device already 

degraded as for the pristine die exposed to a single run. This 

result confirms that the current path within a degraded device is 

not affected by the prior damage history of the device, but it 

depends only on the drain-source bias during the irradiation 

(VDSirr). Moreover, in Fig. 4 (d) it can be seen that the transfer 

characteristics for the irradiated die are still comparable with 

the reference values (i.e. DUT 1 is used as reference example 

and the difference is mostly caused by part-to-part variation). 

For DUT3 the transfer characteristics differs from that of the 

other devices probably because of some electrical stress 

induced effects during the post characterization. Finally, the 

body diode characteristic are presented in Fig. 4 (e). Here again 

the leakage path through the gate is evident at the lower VDS 

values where |𝐼𝐷| = |𝐼𝐺|, while at sufficiently high reverse 

voltage, the diode characteristics become dominant and the path 

is then through the body and it is comparable with the reference 

measurements for the pristine device (the differences again are 

caused by part-to-part variation). The measurements for 56Fe+15 

confirm the same trend, concluding that no induced effect on 

the current path within a heavy ion degraded die was observed 

due to the prior irradiation history.  

C. Post-Irradiation analysis. 

After the irradiation tests, some of the die were electrically 

characterized at the APS Laboratory at ETH Zurich using a 

wafer probe station and measuring simultaneously the IG, ID and 

IS. The results in this section compare measurements of 3 DUTs 

tested at 𝑉𝐷𝑆𝑖𝑟𝑟 ≥ 350 𝑉 with 56Fe+15, 82Kr+22 and 131Xe+35 and 

a DUT tested at 𝑉𝐷𝑆𝑖𝑟𝑟 =  300 𝑉 with 56Fe+15. For the latter 

DUT, the testing was stopped after the first exposure that 

induced degradation in the die, with only a single visible step in 

the drain and gate leakage. 

In Fig. 5 (a) the gate leakage current measurements of the 4 

DUTs in comparison with a reference measurement of a pristine 

CPM2-1200-0080B die are shown. It confirms that the gate 

oxide was heavily damaged during the irradiations and that the 

degradation is higher with increasing LET and drain-source 

bias voltage. Moreover, to not induce further damage in the 

device, the maximum measurable current was IG = 10-7 A. This 

value was reached at lower VGS with increasing damage.  

The current analysis presented in Fig. 5 (b) was performed 

increasing VDS until a drain current threshold level of 1mA was 

reached. In this case also the source current IS was measured, 

confirming the different current paths in devices tested at 

𝑉𝐷𝑆𝑖𝑟𝑟 = 300 𝑉 and 𝑉𝐷𝑆𝑖𝑟𝑟 ≥ 350 𝑉, as discussed earlier.  

 Similar analysis is reported in Fig. 5 (c) as a function of VGS 

with 𝑉𝐷𝑆 = 1 𝑉. At low VGS, the drain current flows from drain 

to gate, while at higher VGS it flows from drain to source. This 

leads to the conclusion that the channel can still be controlled 

at VGS below the VGS breakdown voltage, although the gate 

leakage is very high. Hence, the assumption that the ID is 

flowing through the channel and not through the base part of 

the MOSFET is confirmed. 

D. Degradation Rate 

The degradation rates as a function of the drain-source 

bias(VDSirr) during the irradiation are presented in Fig. 6 (a) for 

the 25 mΩ , 80 mΩ and 160 mΩ DUTs irradiated with 56Fe+15, 
82Kr+22 and 131Xe+35 (the results refer to one DUT for each case). 

The permanent increase of the drain leakage during the ion 

exposure was normalized by the fluence and the active area of 

the die, as described previously.  

In general, at VDSirr values above the degradation threshold, 

the degradation rate increases with increasing VDSirr. Focusing 

on the 131Xe+35 results, there is a sudden change in the bias 

dependent trend of the degradation rate as observed in Fig 6 (a) 

 
 

Fig. 5. (a) IGVGS measurements for irradiated devices in comparison with a 

reference measurements of a CPM2-1200-0080B die. (b) IDVDS, IGVDS, ISVDS 

current measurements (𝑉𝐺𝑆 = 0 𝑉) (c) IDVGS, IGVGS, ISVGS current 

measurements (𝑉𝐷𝑆 = 1 𝑉). 
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at 300 V. This suggests that there can be two different 

mechanisms depending on the VDSirr, as seen during the 

experiment. Moreover, approaching the SEB threshold at 

approximately 500 V [7], the dependence of the degradation 

rate on the LET becomes less distinctive.  

Furthermore, the degradation rates for a die exposed to 

multiple consecutive runs and pristine die exposed only to a 

single run (as explained earlier) are at the same magnitude. 

Additionally, the same die tested as pristine at 𝑉𝐷𝑆𝑖𝑟𝑟 =  300 𝑉, 

were exposed for two more runs (at 𝑉𝐷𝑆𝑖𝑟𝑟 =  350 𝑉, 400 𝑉 for 
131Xe+35 and 𝑉𝐷𝑆𝑖𝑟𝑟 =  370 𝑉 for 56Fe+15). The results for these 

die with a shorter prior degradation history are again at the same 

magnitude as all the other results. This leads to the conclusion 

that the prior degradation does not affect the degradation rate. 

This observation could suggest that also the SEB threshold is 

not affected by the prior damage, however further studies are 

needed in order to verify the hypothesis. 

A magnified view of the degradation rates for gate and drain 

leakage considering the LET variations for the 80 mΩ die is 

shown in Fig. 6 (b). A clear superimposition of the drain and 

the gate degradation is observed until 𝑉𝐷𝑆𝑖𝑟𝑟 =  300 𝑉, 

independently from the prior degradation. At 𝑉𝐷𝑆𝑖𝑟𝑟 ≥  350 𝑉, 

the gate degradation diverges from the drain response, showing 

a common behavior independent from the heavy ion LET.  

 

IV. CURRENT TRANSPORT MODEL FOR HEAVY-ION 

DEGRADED SIC MOSFETS  

A heavy ion strike can induce damage at the gate interface 

and create a leakage path through the oxide in the neck side. 

From the experimental results and from the electrical post-

irradiation analysis, the heavy ion induced current path through 

the degraded device was schematized as follows.  

At low VDS the current flows from drain to gate, exhibiting a 

linear dependence on the applied bias. Hence, the current 

voltage characteristics can be modeled by a simple resistor. 

This resistor can be considered to have two components Rox 

and Repi (𝑅𝑒𝑝𝑖 ≪  𝑅𝑜𝑥) that represent the oxide resistance and 

the epilayer resistance, respectively. The effect of temperature 

variation during operation was not considered for the 

estimation. Moreover, in a pristine device the oxide leakage 

current is negligible (𝑅𝑜𝑥~ ∞), hence the leakage flows 

through the body resistance RBody. As observed from the 

experimental results, this is not the case of a degraded device, 

concluding that:  

 

 {

𝑅𝑜𝑥 ≫ 𝑅𝐵𝑜𝑑𝑦 (pristine device)

𝑅𝐵𝑜𝑑𝑦 ≫ 𝑅𝑜𝑥 (degraded device)
   

 

 

 

(1) 

At higher VDS, the leakage path was observed to be mostly 

from drain to source, with a lower contribution of leakage from 

drain to gate. It was hypothesized that the leakage through the 

gate oxide generates a voltage drop sufficient to partially open 

the channel, setting the MOSFET in a condition of “partial on-

state”, sufficient to allow the current flowing to the source. 

The electrical equivalent for the current transport is 

illustrated in Fig. 8 and is proposed to describe the heavy ion 

degraded device at 𝑉𝐷𝑆 <  100 𝑉. The very small part of the 

channel that opens as a consequence of the radiation induced 

leakage in the gate is modelled with a MOSFET named 

RADMOS. The gate terminal of the RADMOS is controlled by 

the potential generated in the gate oxide of the DUT. The total 

 
Fig. 6. (a) Rate of heavy ion induced increase in drain leakage current as a function of the drain-source bias during the irradiation. The results refer to a single DUT 
for the 25 mΩ, 80 mΩ and 160 mΩ. For the pristine 80 mΩ a different DUT was used for each irradiation. The short history 80 mΩ reports the results for the same 

DUTs exposed first as pristine at 𝑉𝐷𝑆𝑖𝑟𝑟 = 300 𝑉. (b) Magnified views of (a) considering heavy ion variation for the 80 mΩ die and comparison between the drain 

and the gate degradation rate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 7. Electrical equivalent for the heavy-ion induced current transport model 

in a degraded SiC power VD-MOSFET, valid at 𝑉DS < 100 V.  
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resistance of the gate was divided in 𝑅𝑜𝑥1 + 𝑅𝑜𝑥2 in order to 

simulate the potential gradient inside the oxide. At sufficiently 

high current flowing in the gate oxide, the 𝑉𝐺𝑆−𝑅𝐴𝐷𝑀𝑂𝑆 >
𝑉𝑡ℎ−𝑅𝐴𝐷𝑀𝑂𝑆 , the channel is partially opened and the currents 

start to flow to the source.  

To confirm this hypothesis, fits for the ID, IS, IG measurements 

of the 80 m device irradiated with 56Fe+15, 82Kr+22 and 131Xe+35 

were done. For 𝑉𝐷𝑆 <  100 𝑉, it was confirmed that the IG 

follows a linear behavior (i.e. ohmic), while the ID and IS follow 

a quadratic behavior characteristic of a MOSFET in on state. 

From the fit was found the following equation for IS:  

 

               𝐼𝑆 =
1

2
𝐾 (

𝑉𝐷𝑆

𝐵
− 2.6)

2

(1 + 𝜆𝑉𝐷𝑆) 

 

where 𝐵 = (𝑅𝑜𝑥1 + 𝑅𝑜𝑥2)/𝑅𝑜𝑥2, K is the transconductance 

and 𝜆 =
𝛥𝐿

𝐿
 where L is the channel length. The fits were done 

for all the DUTs and the parameters are listed in Table II. 

 An electrical model to describe the degraded device is 

proposed in Fig. 8 and it was used to perform simulations with 

the parameters extracted from the fit. For all the cases, 

𝑉𝑡ℎ−𝑅𝐴𝐷𝑀𝑂𝑆 = 2.6 𝑉 was used as first approximation, which is 

the typical Vth for the pristine device. The comparison between 

the measurements, the fit and the simulation results are reported 

in Fig. 9 for the DUTs exposed to 56Fe+15 (a), 82Kr+22 (b) and 
131Xe+35 (c) beams. For 𝑉𝐷𝑆 <  100 𝑉, there is a very good 

agreement between the measurements, the fit and the electrical 

model proposed in Fig. 8. The results confirm the linear ohmic 

behavior for IG and the MOSFET behavior for ID and IS above 

the threshold voltage.  

For 𝑉𝐷𝑆 > 100 𝑉, another current transport mechanism, not 

fully explained by the model above, becomes dominant. The ID 

and IG start to follow an exponential behavior. A linear 

 
 

Fig. 8. Schematic layout proposed to describe the current transport in the 
heavy ion degraded device. The model was used to perform electrical 

simulations at 𝑉DS < 100 V. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TABLE II 

PARAMETERS USED FOR THE SIMULATIONS 

Ion Roxide [ B K [S] 

56Fe+15 8.82 x 109 9.5 1.80 x 10-7 1,16 x 10-3 

82Kr+22 3.13 x 108 10.4 3.70x 10-7 3.24 x 10-3 

131Xe+35 1.52 x 108 11.2 2.40 x 10-7 1.21 x 10-2 

 

 
Fig. 9. Comparison of measurements, fit and simulations of ID, IG, IS as function 

of the VDS. The model for the simulation  is valid until VDS = 100 V The results 

are shown for 56Fe+15 (a), 82Kr+22 (b) and 131Xe+35 (c). For VDS > 100 V, the 

behaviour becomes exponential and there is a linear proportionality between 

ID and IG (d). The current amplification  depends on the heavy ion induced 
degradation. 

 

 

 

 

 

 

(2) 
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dependency is observed between ID and IG currents, as visible 

in Fig 9 (d). The current amplifications, defined as  are 

reported on the graph and they are dependent on the heavy ion 

induced degradation. However, the current amplifications 

measured do not involve the parasitic n-p-n BJT typically 

associated with the SEB in power MOSFETs [7].  

Although a detailed discussion of the SEB mechanisms is 

beyond the scope of the present article and the focus of the work 

is on the non-destructive degradation region, this secondary 

transistor observed in the sub-region of the SEB is different 

from the parasitic BJT described in the literature. However, the 

current amplification observed at 𝑉𝐷𝑆 > 100 𝑉, could bring 

some suggestions on the description of the SEB phenomenon. 

Finally, it has to be noticed that the observed charge transport 

mechanisms in ion-degraded SiC MOSFETs are different from 

those in SiC Schottky power diodes [21]. Indeed, in the case of 

ion-degraded SiC Schottky diodes, the charge transport is 

governed by the space charge limited current. 

 

V. CONCLUSIONS  

The ion-induced damage in the SiC power MOSFETs 

depends on the LET and the drain-source bias during the 

exposure. For all the DUTs, permanent increase in drain and 

gate leakage currents and degradation of the blocking capability 

were observed. Although no Vth shift was observed in the 

DUTs, the gate oxide was strongly affected in all the cases, and 

it was already damaged after the irradiation at 𝑉𝐷𝑆𝑖𝑟𝑟 = 300𝑉, 

200 𝑉 and 120 𝑉 respectively with 56Fe+15, 82Kr+22 and 131Xe+35. 

The results show that the ion-induced leakage path during the 

irradiation is from drain to gate when the irradiation bias is 

below 350 V. Above this bias voltage, the leakage current is 

divided between drain-gate and drain-source paths. Moreover, 

within the region studied (300 ≤  𝑉𝐷𝑆𝑖𝑟𝑟  ≤ 350 𝑉), the 

leakage current path and the gate and drain degradation rate 

were observed to be independent on the prior degradation. 

An electrical model is proposed to explain the current 

transport in the degraded SiC power MOSFETs. A current 

control phenomenon is described, leading first to the activation 

of the secondary MOSFET induced by radiation in the channel 

area (RADMOS) then, at 𝑉𝐷𝑆 > 100𝑉, to an exponential 

behavior, with a linear dependence between ID and IG currents.  

The mechanisms described here do not involve the parasitic 

n-p-n BJT, the intrinsic part of the device typically associated 

with catastrophic SEB in power MOSFETs [7]. However, the 

radiation induced secondary transistor as in the model proposed 

in this work, could bring some hints on the description of the 

SEB physical mechanisms. 

Moreover, the charge transport model proposed for SiC 

power MOSFETs is also different from the one previously 

observed in SiC Schottky power diodes, where the charge 

transport is governed by the space charge limited current. 
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Abstract— Heavy-ion microbeams are employed for probing 

the radiation-sensitive regions in commercial SiC VD-MOSFETs 

with micrometer accuracy. By scanning the beam spot over the die, 

a spatial periodicity was observed in the leakage current 

degradation, reflecting the striped structure of the power 

MOSFET investigated. Two different mechanisms were observed 

for degradation. At low drain bias (gate and source grounded) only 

the gate-oxide (at JFET or neck region) is contributing in the ion-

induced leakage current. For exposures at drain-source bias 

voltages higher than a specific threshold, additional higher  drain 

leakage current is observed in the p-n junction region. This 

provides useful insights for the understanding of basic phenomena 

of Single Event Effects in SiC power devices. 

 

Index Terms— SiC VD-MOSFET, heavy-ion, single event effect, 

microbeam, leakage current degradation, SELC 

I. INTRODUCTION 

 

ilicon carbide (SiC) is a wide bandgap material of great 

interest for high power and high temperature electronic 

applications, including space [1], [2] and accelerators [3]. 

Higher breakdown field and thermal conductivity makes SiC a 

very attractive material for power electronics compared to 

silicon [4], [5]. However, like their silicon counterparts, SiC 

power devices (MOSFETs and diodes) are sensitive to Single 

Event Effects (SEE). In particular, a unique SEE signature is 

observed in SiC power devices under heavy-ion irradiation 

[6]- [9]. For power MOSFETs, single ions can cause permanent 

degradation that leads to a gradual increased leakage in both 

drain and gate currents with increasing heavy ion fluence. This 

damage is not catastrophic, but the device operation may be 

altered, which complicates the assessment of radiation 

tolerance in these parts. This effect is here refereed to as Single 

Event Leakage Current (SELC).  

The heavy-ion induced degradation in SiC MOSFETs was 

previously studied in [9]. It was observed that the gate area is 

the most vulnerable part within the MOSFET structure. The 

results show that the ion-induced leakage path forms from drain 

to gate when the irradiation bias is below a certain threshold 

voltage (about 30% of the maximum voltage or 𝑉𝐷𝑆 𝑖𝑟𝑟 = 350 𝑉 

for the 80 mΩ die from the 2nd Gen. Cree/Wolfspeed studied in 

the paper). Above this bias voltage, a permanent and more 

severe damage is caused in the MOSFETs and the leakage 

current is divided between drain-gate and drain-source paths. 

Also, the leakage current path and the gate and drain 

degradation rate were observed to be independent of the prior 

degradation. Based on the experimental results, an electrical 

equivalent circuit model was proposed in [9] to explain the 

current transport in the degraded SiC VD-MOSFETs.  

SiC power MOSFETs are also sensitive to Single Event 

Burnout. Numerous experiments and simulations have been 

performed to study the SEB in SiC power devices for space and 

terrestrial environments [10]-[19]. Due to the similarities in 

results on SiC MOSFETs and diodes, it has been hypothesized 

that, the conventional SEB mechanisms developed in Si 

MOSFETs, such as parasitic bipolar transistor and tunneling 

assisted avalanche multiplication mechanism [20], may be 

suppressed in SiC devices. Indeed, there is no parasitic n-p-n 

BJT in the diode structure. 

In order to extend the exploration of the physical mechanisms 

of ion-induced failure in SiC VD-MOSFETs, experiments were 

performed at the UNILAC micro-probe line at the 

Helmholtzzentrum für Schwerionenforschung (GSI) in 

Darmstadt (Germany). Au and Ca ion beams were used for the 

experiment. The focused beam (or microbeam) irradiation 

allows micron-accurate localization of the radiation-sensitive 

regions providing unique information for a deeper physical 

understanding of the SEE mechanisms in SiC technology. 

Different regions of the die were exposed to the heavy-ion 

microbeam and the ion-induced steps in the gate and drain 
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leakage current were analyzed as a function of the x-y 

coordinate within the scanned frame. The striped structure of 

the die was clearly recognizable and different sensitive regions 

were identified for different drain-source bias during the 

exposure, providing insight into the SELC mechanism. Two 

different responses to the ion strikes were observed in the 

monitored leakage currents. First, below a certain threshold 

voltage (about 30% of the maximum rated voltage or 

𝑉𝐷𝑆 𝑖𝑟𝑟 >  350 𝑉 for the 2nd Gen. Cree/Wolfspeed) only the gate 

region (above JFET region) was observed to be sensitive to 

SELC. Secondly, increasing the bias during the exposure 

(𝑉𝐷𝑆 𝑖𝑟𝑟 >  350 𝑉), higher sensitivity was measured in the p-n 

junction region of the vertical MOSFET. 

Finally, it is hypothesised that the latter response in the 

observed SELC, is caused by the appearance of extended 

defects, generated by an ion initiated thermal stress, that 

consequently degrade the p-n junction area.  

II. HEAVY ION MICRO-PROBE EXPERIMENT 

A. The heavy ion micro-probe facility 

The GSI’s heavy ion micro-probe facility is situated at the 

end of the linear accelerator UNILAC. The ions enter the 

microbeam line through object slits assuring a beam free of 

scattered particles [21]. The beam is focused to a focal spot of 

about 500 nm in diameter by means of magnetic quadrupole 

lenses and it is moved in the focal plane using deflecting 

magnets, situated downstream of the focusing lenses. The 

single hits are discriminated by a channel electron multiplier 

(CEM) which detects the secondary electrons emitted by the 

materials due to the ion hit. To ensure the irradiation with a 

preset number of particles and to avoid double hits at the same 

position, a fast electrostatic beam switch, situated in front of the 

object slits, is controlled by the hit detection system. When a hit 

is detected, the microbeam is switched off and the probe moves 

to the new coordinates. 

The irradiation is performed under vacuum and an optical 

microscope situated in the chamber allows a precise definition 

of the area to be scanned with the ion beam. 

B. Experimental setup  

Second and third generation vertical double-diffused power 

MOSFETs (VD-MOSFETs), available in bare die, from the 

manufacturer Cree/Wolfspeed were used as Devices Under Test 

(DUTs). Bare die were chosen in order to avoid the laborious 

decapsulation process, and directly expose the chip surface to 

the beam to allow sufficient penetration of the heavy ions 

through the sensitive active layers of the device, without being 

stopped in the package materials [22]. The references and the 

technical information of the tested devices are listed in Table I. 

Three die individually biased via BNC connectors for gate 

and drain were mounted on a custom FR-4 carrier board with 

gold (ENIG) surface using standard SAC 305 solder paste. The 

gate and source were connected by aluminum wire bonds with 

300 µm diameter and only a single wire was used to reduce the 

shadowing effect [22]. The drain connection was made onto the 

carrier board by the large soldered bottom pad. No capacitors 

or resistors were installed between the contacts. Keithley 

Source Measure Units, models 2636 (two channels, up to 200V) 

and 2410 (one channel, up to 1100V), were used during the 

irradiation to bias gate and drain, respectively, and to monitor 

the leakage currents. The cumulative count of heavy-ions 

hitting the device was recorded during the irradiation using a 

simple digital counter based on an Arduino Leonardo 

microcontroller board.  

C. Heavy ion microbeam irradiation 

Au and Ca ions with an energy of 4.8 MeV/amu and Linear 

Energy Transfer (LET) values of respectively 94 and 17 

MeVcm2/mg were used in the experiments. Each DUT was 

irradiated several times scanning the beam spot in different 

pristine regions of the die until the drain leakage current reached 

a level of several 100 microamperes. Multiple DUTs were 

tested during the test campaigns. In the case of Au, a scanning 

area with a size of 55x50 μm2 was selected for each irradiation 

and a total of 1600 ions in each scan was used. For the Ca-beam, 

520 ions were used with a scanning area of 30x25 μm2. The 

average distance between the steps in each, X and Y, direction, 

for both configurations was on the order of ~1 μm (see Table II 

for details). During the irradiation, the gate voltage VGS was set 

to 0 V to hold the device in off-state, while the drain voltage 

VDS was set to a constant positive value. Different values for the 

drain bias were used. 

TABLE I 

LIST OF DEVICES UNDER TEST 

Reference Gen. 
RDS(on) 

[mΩ] 

VDS 

[V] 

ID @ 25֯ 

[A] 
#DUTs 

CPM2-1200-0025B II 25 1200 98 3 

CPM2-1200-0080B II 80 1200 36 7 

CPM3-0900-0065B III 65 900 36 6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 1. Regions of the 80 mΩ die irradiated with Au beam (not to scale). 

 

 

 

 

 

 

TABLE II 

CHARACTERISTICS OF THE ION SPECIES  

Ion 
LET  

[MeVcm2/mg] 

Range 

[μm] 
Window size 

[X x Y μm2] 

ΔX 

 [μm] 

ΔY 

[μm] 
 

Au 94 35.4 55x50 1.1 1.56 

Ca 17 29.7 30x25 0.93 1.56 
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III. EXPERIMENTAL RESULTS 

A. Exposure of different areas of the 80 mΩ DUT 

In this work, the presented results are for the 80 mΩ die from 

the 2nd Gen. Cree/Wolfspeed, but similar considerations are 

valid also for the 25 mΩ and 65 mΩ DUTs. For an exemplary 

80 mΩ DUT, the irradiated regions are indicated in Fig. 1 (not 

to scale). During Au irradiation, gradual permanent degradation 

(SELC) in the device was observed at 𝑉𝐷𝑆 𝑖𝑟𝑟 > 150 𝑉 (~12.5% 

of the rated voltage). At drain biases below 350 V (~30% of the 

rated voltage), the magnitude and degradation rate of the 

leakage currents, for both drain and gate, were equal. Similarly 

it was observed for the 25 mΩ, while for the 65 mΩ devices 

from the 3rd Gen., equal gate and drain current were observed 

at 𝑉𝐷𝑆 𝑖𝑟𝑟 < 320 𝑉 (~35% rated voltage).  

Two examples for an 80 mΩ die exposed to Au beam in 

region 1 and 4 at 𝑉𝐷𝑆 𝑖𝑟𝑟 = 210 𝑉 are shown in Fig. 2. The 

corresponding positions of the scanning areas are visible on the 

micrographs in Figs. 2 (a) and (d). The leakage current 

evolution during the irradiations are shown in Figs. 2 (b) and 

(e). The heavy-ion induced steps were analysed from the 

leakage current evolution by using a threshold step height of 2.5 

nA to filter the background noise and are reported in Figs. 2 (c) 

and (f). 

The total degradation induced by the ion exposures in regions 

1-7 at 𝑉𝐷𝑆 𝑖𝑟𝑟 = 210 𝑉 were calculated using two different 

methods and are listed in Table III. In the first method, the total 

radiation induced degradation was calculated summing all the 

leakage current steps higher than 2.5 nA. In the second method, 

instead, the induced degradation was calculated from the ID-VD 

and IG-VD measurements performed before and after each run 

(at 𝑉𝐺𝑆 = 0 𝑉), considering the leakage current increase at 

𝑉𝐷𝑆 𝑖𝑟𝑟 = 210 𝑉. The sequence of exposures is the same as 

reported in the table lines. Generally, the second method gives 

higher results since additional leakage current increase was 

caused by the stress induced during the post-irradiation IV 

measurements. The activation of latent damage in the gate 

oxide due to the post-irradiation electrical stress was previously 

discussed in [23]. Overall, the response is in the order of a few 

hundreds of nA and it is consistent between the different areas 

of the die (as expected). However, some differences are still 

visible. It has to be considered that not all the ions hitting the 

device during the scanning within the same window frame 

cause a permanent increase in leakage current. Also, a pristine 

area was selected for each irradiation and the position of the 

window to be irradiated was not exactly the same with respect 

to the device structure between different runs (i.e., number of 

stripes covered by the window). The combination of these 

effects could be a reason for the different responses observed. 

Also, the SMU range was automatically selected during the 

measurements leading to different measurement sensitivity 

TABLE III 

CURRENT DEGRADATION IN DIFFERENT REGIONS  
 

Region * 

ΔID / ΔIG  

(nA) 
1st method 

ΔID / ΔIG  

(nA) 
2st method 

1 237 / 226 192 / 191  

2 221 / 215 396 / 396 

3 140 / 122 419 / 418 

4 178 / 168 344 / 341 

5 157 / 166 311 / 313 

6 262 / 239 361 / 362 

7 366 / 356 555 / 555 

* 80 mΩ die exposed to Au-beam at 𝑉𝐷𝑆 𝑖𝑟𝑟 = 210 𝑉  

 

 

 

 

 

 
Fig. 2. Au irradiation in Region 1 and 4 of an 80 mΩ at 𝑉𝐷𝑆 𝑖𝑟𝑟 = 210 𝑉. The exact location of the irradiation is identified by the window frame on the microscope 

images respectively in (a) and (d). The drain and gate leakage currents increases are shown in (b) and (e) (for a pristine device, the leakage currents are on the order 

of 10 pA), while in (c) and (f) is the cumulative sum of the radiation induces leakage steps.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 



 4 

during the runs due to the elevated baseline for the leakage 

current caused by the degradation induced by the radiation.  

B. Sensitive areas for gate and drain SELC 

In order to define the sensitive regions for gate and drain 

SELC and its dependence on the drain-source bias during the 

exposure, some runs were analyzed in more detail. The results 

are reported for an 80 mΩ DUT exposed to Au particles in 

region 2 at four different VDS irr conditions. The runs were 

performed consecutively with the same DUT and the results are 

shown in Fig. 3 for 𝑉𝐷𝑆 𝑖𝑟𝑟 = 210 𝑉 and 𝑉𝐷𝑆 𝑖𝑟𝑟 = 300 𝑉  and 

in Fig. 4 for 𝑉𝐷𝑆 𝑖𝑟𝑟 = 350 𝑉 and 𝑉𝐷𝑆 𝑖𝑟𝑟 = 400 𝑉. An optical 

         

      
Fig. 3. All the runs refer to region 2 of an 80 mΩ DUT. On the left: 𝑉𝐷𝑆 𝑖𝑟𝑟 = 210 𝑉, on the right: 𝑉𝐷𝑆 𝑖𝑟𝑟 = 300 𝑉. From the top: 1) the frame selected for the 

irradiation in region 2 is visible on top of the microscope image; 2) drain and gate leakage current evolution during the irradiation; 3) and 4) the gate and the 

drain current steps are respectively represented as a function of the scanner position. The gate stripes were plotted within a distance of 9.1 μm, based on the 
technological information in 3) and 4) and they are comparable with the stripes in the zoom visible in 1). 
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microscope was used to select the scanning area to be irradiated 

and the exact positions are shown in the first panel from the top. 

A pristine area was selected for each new run. During the 

exposure, ID and IG were monitored and the leakage current step 

evolutions calculated using a threshold of 2.5 nA. The data are 

presented in the second row of graphs. For the runs at 350 V 

and 400 V, separate axes are used for ID and IG, due to the higher 

degradation rate for the drain current. Also, in the irradiation at 

350 V only a total of 1200 ions were used in the scan, due to a 

problem with the beam scanner during the exposure. 

Unfortunately, this was noticed only afterwards and the run was 

not repeated. For the irradiations performed at 𝑉𝐷𝑆 𝑖𝑟𝑟 < 350 𝑉, 

         

      
Fig. 4. All the runs refer to region 2 of an 80 mΩ DUT. On the left: 𝑉𝐷𝑆 𝑖𝑟𝑟 = 350 𝑉, on the right: 𝑉𝐷𝑆 𝑖𝑟𝑟 = 400 𝑉. From the top: 1) the frame selected for the 

irradiation in region 2 is visible on top of the microscope image; 2) drain and gate leakage current evolutions during the irradiation; 3) and 4) the gate and the 

drain current steps are respectively represented as a function of the scanner position. The gate stripes were plotted within a distance of 9.1 μm, based on the 

technological information in 3) and 4) and they are comparable with the stripes in the zoom visible in 1). 
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as discussed in [9] and as mentioned earlier, the leakage current 

path is from drain to gate, i.e., Δ𝐼𝐷 ≈ Δ𝐼𝐺 . For 𝑉𝐷𝑆 𝑖𝑟𝑟 >  350 𝑉, 

instead, the leakage paths are divided between drain-gate and 

drain-source path. For both gate and drain, the current steps 

induced by the heavy ions were analyzed as a function of the 

scanner position within the scanning area used in the run. The 

amplitude of each radiation-induced step was calculated using 

a threshold value of 2.5 nA for ID and IG. If the step was lower 

than the threshold, it was set to 0 A to filter the noise. Moreover, 

the SMUs were usually logging data at a slower rate than the 

ion strikes arrived (especially for low leakage values), therefore 

for some ion counts no current data is available. In the analysis, 

the delta currents are set to 0 A for these ion strike locations. 

Successively, the data for the scanner position logged as 

CAMAC standard (Computer-Aided Measurement And 

Control) were converted into ASCII format and, then, into x-y 

coordinates (using μm units) inside the irradiated frame. 

Finally, each leakage step was associated with the 

corresponding scanner position and heat maps were generated 

for the gate and drain degradation for each run, as presented in 

the third and fourth row graphs of Figs 3 and 4. Additionally, 

the gate stripes within a distance of 9.1 μm are indicated with 

dotted lines to guide the eye, based on the technological 

information available for the device. For each run, the stripes 

were aligned with the degradation observed in the gate heat 

map, assuming the sensitive region for the gate leakage current 

being in the oxide of the gate stack. The striped structure of the 

die is clearly visible in the heat map and comparable with the 

one in the microscope image. Indeed, the periodicity in the 

lateral response observed in the leakage current degradation 

analysis reflects the periodicity of the striped structure. This 

result confirms that the entire MOSFET cell is not uniformly 

sensitive to SELC, but the response strongly depends on the ion 

strike location. In general, the sensitive region enlarges with 

increasing VDS irr. In particular, for the irradiations at 

𝑉𝐷𝑆 𝑖𝑟𝑟 <  350 𝑉 (Fig. 3), the sensitive regions are aligned with 

the gate stripes in the neck area (JFET region) for both gate and 

drain heat maps. However, at 𝑉𝐷𝑆 𝑖𝑟𝑟 > 350 𝑉 (Fig. 4) the 

sensitive areas for gate degradation are still aligned with the 

same regions, but those for the drain leakage degradation are 

now between the gate stripes, i.e., in the p-implanted body-

diode region of the VD-MOSFET. This result supports the 

hypothesis that at increasing drain-source bias during the 

exposure and approaching the SEB threshold (~500 V), the 

body diode area is contributing to the current amplification 

process.  

C. Cumulative distribution function for gate and drain SELC 

The cross sections for SELC probabilities in different biasing 

conditions can be represented using complementary cumulative 

distribution functions (CCDF) for the measured gate and drain 

steps. The CCDFs for the four VDS irr conditions discussed 

earlier are shown in Fig. 5. Each bin represents the probability 

of the heavy-ion-induced step with a height above a given x-

axis value. The distribution was normalized with the total 

number of ions in the run and the bin width. The probability to 

measure higher degradation steps increases with increasing 

drain-source bias during the exposure, as expected. Indeed, at 

𝑉𝐷𝑆 𝑖𝑟𝑟 = 400 𝑉, the maximum step height for drain and gate 

current were 𝛥𝐼𝐷 = 1.5𝑥10−6 𝐴 and 𝛥𝐼𝐺 =  2.9𝑥10−8 A, 

respectively. The size of the exposure window and the 

estimated transistor’s neck region (within this window) are 

illustrated in the graphs. For the gate leakage the probability 

saturates to values close to the neck area (or JFET region). 

Probably the most sensitive areas for gate degradation are those 

close to the channel, but the resolution is not high enough to 

explicitly see that (Δ𝑋 = 1.1 𝜇𝑚). 

D. Test methodology 

During the experiments, an initial overshoot and subsequent 

levelling in the leakage current were observed once the DUT 

had been degraded to a certain level. In the run shown in Fig. 2 

(b) the device exposed to the beam was pristine, while in the 

run in Fig. 2 (e) the part was already damaged. In the latter case, 

the leakage current was on the order of μA. Comparing the 

current evolutions, for the degraded part (Fig 2 (e)), higher 

current values are measured promptly after the VDS bias was 

applied, followed by an immediate decrease of the current over 

the increase of the ion count. During the experiments, the 

irradiation started before the system reached the steady state 

condition, so the increase in the ion-induced leakage current 

was partially masked by this effect of overshoot and its 

levelling. In order to get rid of this effect in the analysis, the 

total degradation was then calculated summing all the leakage 

current steps over 2.5 nA, instead of considering the delta 

between the final and the initial value of the current. However, 

this effect has been identified as part of a testing methodology 

for future work. Unfortunately, due to the limited number of 

 
Fig. 5. Complementary cumulative distribution function for the measured 
cross-section of the gate and drain SELC at different drain-source bias during 

the irradiation. For reference, the size of the exposure window and the 

estimated transistor’s neck area (or JFET region) are illustrated in the graphs. 
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tested devices still operable, it was not possible to obtain 

detailed conclusions and further investigation is needed to 

better understand the origin of this behavior. However, we 

suggest a possible explanation due to a thermal effect in the ion-

induced damage area within the device. In a degraded DUT, the 

current can be considered to flow through very small damage 

sites (i.e., 10 – 100 nm size) causing very high current densities 

at localised leaky points. Once the bias is set, the temperature 

in these local spots increases very rapidly due to the high 

current density. If the conductivity of the leaky region is 

inversely proportional to temperature similarly to metals, then 

it could explain the observed behaviour in the leakage current 

promptly after applying the bias voltage. Additional studies are 

needed to validate this hypothesis. 

 Finally, since the work was performed in the context of the 

basic mechanism research, it was decided to avoid installing 

any additional capacitances to limit the external influences on 

the observed results. Therefore, the setup used was different 

from the one recommended by the military standard 

(MIL- STD-750 M1080). 

IV. DISCUSSION ON SELC MECHANISM 

The microbeam results confirm that two different mechanisms 

are governing the SELC, involving different areas of the 

MOSFET structure. One mechanism is attributed to oxide 

damage (above the JFET or neck region) that results in leakage 

path between drain and gate. The other degradation mechanism 

is triggered when the bias applied during the exposure is 

sufficiently high to reach certain electrical conditions within the 

pn-junction. These different areas for ion induced drain leakage 

response are illustrated in Fig. 6, where the three regions 

discussed in [9] are updated with the new considerations. At 

low bias voltages, the ion-induced charge is collected with a 

similar multiplication mechanism as in Si MOSFETs and no 

permanent damage is observed in the device. At higher bias, 

two sub-regions are identified for degradation. Firstly, between 

Vth1 and Vth2, the area underneath the gate (JFET area) is the 

most sensitive for SELC. More precisely, the channel area 

should also be included in this considerations. The second 

mechanism is observed at biases higher than Vth2, when higher 

SELC is measured in the p-n junction region, but a smaller 

leakage remains also through the gate oxide. In the third region, 

at sufficiently high bias above Vth3, a catastrophic Single Event 

Burnout failure occurs.  

 Concerning the first mechanism of degradation, similarities 

are found with Si power MOSFETs soft oxide breakdown 

which was previously discussed in [23] and [24]. The increase 

of the leakage current was explained though the Quantum Point 

Contact (QPC) model. According to this theory, conductive 

paths are generated in the oxide which behave as point contacts 

between the gate and the substrate [25]. Similarities are found 

also with the precursor ion damage mechanism in Si MOS 

structures with thin oxides as described in [26]. This 

mechanism was described as an unrelated effect with respect to 

SEGR.  

For the second SELC mechanism via p-n junction, a common 

explanation for SiC power MOSFETs and JBS diodes is 

proposed. Experimental data previously presented in [10], 

suggested that a common mechanism is responsible for leakage 

current degradation in SiC power MOSFETs and junction 

barrier Schottky (JBS) diodes when exposed to heavy ions. 

Technology Computer-Aided Design (TCAD) simulations of 

the two structures were also discussed in [10]. Ion-induced 

highly localised energy pulses were demonstrated and are 

proposed as a common mechanism for SELC degradation in 

SiC power MOSFETs and JBS diodes. However, no TCAD 

simulations were reported yet concerning the difference 

observed experimentally for heavy-ion irradiations at 𝑉𝐷𝑆 𝑖𝑟𝑟 <
350 𝑉 and 𝑉𝐷𝑆 𝑖𝑟𝑟 > 350 𝑉. Moreover, in [27] molecular 

dynamics (MD) simulations of heavy ion induced defects for 

SiC Schottky diodes has been performed. The structure of the 

ion track was obtained after the first 100 ps when the energy 

has already dissipated into the bulk and the atoms in the core of 

the track have cooled down. The results suggest that the 

combination of the ionization of the impinging ion and the 

applied bias, can result in prompt Joule heating that leads into 

amorphous regions within the material. Indeed, the energy 

deposited via Joule heating is sufficient to cause a phase 

transition in the material, which is unlikely to recrystallize back 

completely, leaving permanent structural modification in SiC 

lattice, as suggested in [28]. 

 It is hypothesized that the common mechanism described in 

[10] for SELC in JBS diodes and SiC power MOSFETs, only 

involves the SELC through the p-n junction, therefore observed 

for voltage bias higher than Vth2 (𝑉𝐷𝑆 𝑖𝑟𝑟 > 350 𝑉 for the 

studied DUTs). The SELC via p-n junction originates from the 

thermal stress induced by the highly located power dissipation. 

The thermal transient and excessive lattice temperature, 

probably causes the formation of permanent extended defects 

(EDs), which remain after the switch off of the irradiated 

device; e.g., MD simulations showed that amorphous region 

along the ion track appears starting from certain values of 

applied VDS [27]. However, MD simulations now give rather 

qualitative results and there were no experimental studies yet to 

investigate the sites of heavy-ion impact. For this reason, the 

material modifications induced by the heavy-ion strike in 

biased SiC power devices, are still a matter of discussion. Those 

EDs can be amorphous pockets, different dislocations, stacking 

faults, different SiC solid phase (polytype) inclusions, clusters, 

 
Fig. 6. Three characteristic regions of damage for SiC power MOSFETs as a 

function of the drain-source bias during the heavy ion irradiation. Two sub-
regions are identified for degradation (region 2). Firstly, between Vth1 and Vth2, 

the area underneath the gate (JFET or neck region) is the most sensitive for 

SELC. The second mechanism is newly added at biases higher than Vth2, when 
higher SELC is measured in the p-n junction area, but a smaller leakage remains 

also through the gate oxide. 
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etc. More could be stated about the ED nature investigating the 

irradiated structure by electron microscopy and optical methods 

[29]-[31]. However, it should be clearly stated that the 

experiments were performed using a specific device type from 

one manufacturer; as both design as well as the resulting 

efficient carrier concentration in the specific areas will vary 

between device types and manufacturers, the results cannot be 

transferred to all SiC power devices without further analysis.  

Finally, the role of the p-n junction degradation under SEB 

conditions needs to be further investigated taking into account 

also other types of devices from different manufacturers.  

V. CONCLUSIONS  

A unique SEE signature named Single Event Leakage 

Current (SELC) is observed in SiC power devices under heavy-

ion irradiation. Micro-probe experiments were performed at 

GSI in Darmstadt (Germany) with Au and Ca ion beams in 

order to study the SELC mechanism. 2nd and 3rd generation 

commercial SiC VD-MOSFETs from the manufacturer 

Cree/Wolfspeed were used as DUTs.  

Different regions of the die were exposed to heavy ions and 

detailed analyses were done for the 2nd Gen. 80 mΩ devices. 

The response to heavy ions was observed to be homogenous 

over the scanned areas around the die (as shown in Fig.1).  

The ion-induced steps in the gate and drain leakage current 

were plotted as a function of the x-y coordinate within the frame 

scanned by the microprobe. A comparison was made for 

irradiations with Au at different drain-source bias during the 

exposure. The striped structure of the die is clearly visible in the 

gate and drain SELC heat maps. Two mechanisms involving 

different areas of the MOSFET structure were observed for the 

heavy-ion induced degradation. Firstly, at lower bias, the area 

underneath the gate (JFET or neck region) is the most sensitive 

for SELC. The second mechanism gets activated at higher 

biases and stronger SELC response is observed in the p-n 

junction region (smaller leakage contribution remains through 

the gate oxide).  

For the first mechanism, similarities are found with the Si 

power MOSFETs soft oxide breakdown, previously explained 

with the QPC model. Concerning the second mechanism of 

degradation, it is discussed that at sufficiently high bias, the 

highly localized power dissipation caused by the heavy-ion 

strike generates a thermal transient and excessive lattice 

temperature. The thermal stress causes the formation of 

permanent extended defects (EDs) which degrade the p-n 

junction. For example, MD simulations showed that the 

amorphous region along the ion track appears above certain 

values of applied VDS. However, the material modifications 

induced by the heavy-ion strike in biased SiC power devices are 

still a matter of discussion and the nature of the EDs should be 

further investigated.  

Finally, it is hypothesized that SELC is the manifestation of 

the same mechanism in JBS diodes and SiC power MOSFETs 

only when it involves the SELC through the p-n junction of the 

MOSFET, therefore for voltage bias higher than a certain 

threshold (𝑉𝐷𝑆 𝑖𝑟𝑟 > 350 𝑉 for the studied DUTs).  
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 Abstract—Accelerated terrestrial neutron irradiations were 

performed on different commercial SiC power MOSFETs with 

planar, trench and double-trench architectures. The results were 

used to calculate the failure cross-sections and the failure in time 

(FIT) rates at sea level. Enhanced gate and drain leakage were 

observed in some devices which did not exhibit a destructive 

failure during the exposure. In particular, a different mechanism 

was observed for planar and trench gate MOSFETs, the first 

showing a partial gate rupture with a leakage path mostly between 

drain and gate, similar to what was previously observed with 

heavy-ions, while the second exhibiting a complete gate rupture. 

The observed failure mechanisms and the post irradiation gate 

stress (PIGS) tests are discussed for the different technologies. 

 

Index Terms— Silicon Carbide, Power MOSFETs, neutrons, 

Single Event Effects, Single Event Burnout, gate damage 

I. INTRODUCTION 

ide bandgap materials such as Silicon Carbide (SiC) and 

Gallium Nitride (GaN) have gained popularity in recent 

years. Between them, SiC is the most mature technology and 

has become a viable alternative to Silicon-based power devices 

in high-efficiency and high-power density applications [1-2]. 

The higher breakdown field and thermal conductivity make SiC 

a very attractive material for different ground applications, such 

as automotive and solar inverters, but also for the avionics and 

space industries [3-4]. Moreover, SiC is considered as a 

promising technology for accelerator applications [5-6]. 

However, SiC devices are known to be susceptible to Single 

Event Burnout (SEB), Single Event Gate Rupture (SEGR) and 

Single Event Leakage Current (SELC). SEB and SEGR are 

caused, among others, by high-energy neutrons [7-15], while 

SELC has been reported only with heavy-ions [16-20]. 

The high-energy neutrons originate from cosmic ray 

interactions with the atmosphere. These include solar event 

particles (SEPs) originated by dynamic solar activity and 

galactic cosmic rays (GCRs) created by events outside the solar 

system, such as the explosion of galactic nuclei and supernova, 

pulsars and stellar flares [21-23]. These particles (i.e., 92% 

protons, 6% alpha particles and 2% heavier atomic nuclei) are 

responsible for Single Event Effects (SEEs) observed in 

electronics used in space. The particles that are not deviated or 

trapped by the magnetic field enter the Earth’s atmosphere and, 

upon interacting with, e.g., oxygen and nitrogen atoms, create a 

shower of secondary particles. These interactions result in 

neutrons, protons, muons, pions and electromagnetic waves 

[22]. Some particles decay or are absorbed, while others travel 

further in the atmosphere, causing a cascade through spallation 

reactions. Due to the charge neutrality and the abundance, this 

gives rise to a high flux of secondary neutrons traveling vast 

distances in the atmosphere. The peak of neutron intensity 

occurs at about 10-25 km, which is critical for avionic 

applications, being the altitude of many commercial airplane 

flights [21]. Below, there is a net loss of total particles in the 

cascades, having a flux which drops two orders of magnitude at 

sea level, with a neutron flux of less than 25 n/(cm2h) for 

energies higher than 1 MeV [22]. Data centers and the Si power 

electronics community have reported failures and upsets at sea 

Impact of Terrestrial Neutrons on the Reliability of 

SiC VD-MOSFET Technologies 

C. Martinella, Member IEEE, R. G. Alia, Member IEEE, R. Stark, Student Member IEEE, 

 A. Coronetti, Member IEEE, C. Cazzaniga, Member IEEE, M. Kastriotou, Member IEEE,  

Y. Kadi, Member IEEE, R. Gaillard, Senior Member IEEE, U. Grossner, Member IEEE,  

and A. Javanainen, Member IEEE 

W  

  

Manuscript received October 2, 2020, accepted February 22, 2020. 

This work was supported by the European Space Agency ESA/ESTEC 

under Contract 4000124504/18/NL/KML/zk and by the European Union's 

Horizon 2020 research and innovation programme under the MSC grant 

agreement no. 721624. 

C. Martinella is with the Department of Physics, University of Jyväskylä, 

FI-40014 Jyväskylä, Finland, with CERN Engineering Department, 1211 

Geneva 23, Switzerland, and with the Advanced Power Semiconductor 

Laboratory (APS), ETH Zurich, Physikstrasse 3, 8092 Zurich, Switzerland (e-

mail: corinna.martinella@cern.ch). 

R. Stark and U. Grossner are with the Advanced Power Semiconductor 

Laboratory (APS), ETH Zurich, Physikstrasse 3, 8092 Zurich, Switzerland (e-

mails: stark@aps.ee.ethz.ch, ulrike.grossner@ethz.ch).  

R. G. Alia, A. Coronetti and Y. Kadi are with CERN Engineering 

Department, 1211 Geneva 23, Switzerland. A. Coronetti is also with the 

University of Jyväskylä, FI-40014 Jyväskylä, Finland (e-mails: 

ruben.garcia.alia@cern.ch, andrea.coronetti@cern.ch, yacine.kadi@cern.ch). 

A. Javanainen is with the Department of Physics, University of Jyväskylä, 

FI-40014 Jyväskylä, Finland and with the Electrical Engineering and Computer 

Science Department, Vanderbilt University, Nashville, TN 37235 USA (e-

mail: arto.javanainen@jyu.fi). 

C. Cazzaniga and M. Kastriotou are with ISIS Facility, STFC, Rutherford 

Appleton Laboratory, Didcot OX11 0QX, U.K. (e-mail: 

carlo.cazzaniga@stfc.ac.uk, maria.kastriotou@stfc.ac.uk). 

R. Galliard is Consultant at Saint-Arnoult en Yvelines France (e-mail: remi-

gaillard@orange.fr). 

 

 

 

 

 
 

Fig. 1. By the elastic and inelastic scattering with the 4H-SiC lattice, 

the atmospheric neutrons produce recoiling atoms (i.e., , C, Si, Mg, 

Al) which generate ionizing tracks inside the power MOSFET. 
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level [24-27]. Additionally, due to the exponential increase of 

neutron flux with increasing altitudes, problems can be 

encountered for applications at higher altitudes, for example on 

a mountain top [23]. 

Furthermore, neutrons can cause issues for electronic 

systems installed in high-energy accelerators, such as the Large 

Hadron Collider (LHC) complex and its future upgrade High 

Luminosity LHC (HL-LHC) at CERN, Geneva [28]. Here, 

commercial SiC power MOSFETs have been considered for the 

design of a prototype inductive adder (IA) to be used as a pulse 

generator for the injection kicker magnets [5-6]. 

The physics of neutron induced SEB in SiC power devices 

has been previously studied, and an explanation for this 

destructive effect was suggested in [7]. Although neutrons are 

non-ionizing particles, the recoiling atoms, generated from their 

elastic or inelastic scattering with the lattice atoms, can 

indirectly give rise to ionization and create a large number of 

electron and hole (e–h) pairs along their trajectories. This event 

is followed by a hole impact ionization with associated 

multiplication factors and a consequent thermal transient and 

excessive lattice temperatures. This leads to local lattice 

sublimation and formation of voids, resulting in the loss of 

device blocking ability, hence a destructive failure. A schematic 

of the neutron interaction with the 4H-SiC lattice is shown in 

Fig. 1. Finally, it was reported that no consistent differences 

have been observed in the SEB tolerance for SiC MOSFETs 

and SiC diodes [8]. This supports the hypothesis that the 

conventional mechanisms underlying SEB in Si MOSFETs, 

such as parasitic bipolar junction transistor (BJT) and tunneling 

assisted avalanche multiplication mechanisms [29], may be 

suppressed in SiC devices, where the current gain of the 

parasitic BJT is lower. Indeed, there is no similar parasitic BJT 

structure in the diode design. 

In this work, we investigate the effect of neutron irradiation 

on different commercial SiC power MOSFETs produced by 

different manufacturers. The devices were selected with three 

different types of design: planar gate, trench gate and double 

trench, where the last has a trench gate and source [30]. The 

schematics of the three architectures are shown in Fig. 2. The 

radiation sensitivity is discussed for the different technologies. 

Experiments were performed at ChipIr, the beamline at the 

Rutherford Appleton Laboratory (U.K.) providing an 

atmospheric-like neutron environment. During the irradiations, 

destructive failures were observed and the failure cross-sections 

and FIT rates are presented for the tested references. 

Additionally, from the post-irradiation analysis, the latent 

damage and the impact of gate rupture in planar and trench gate 

design are discussed highlighting the differences among these 

device types and the dependence of the failure type on the 

technology. Finally, the results for the post-irradiation gate 

stress (PIGS), performed as recommended by the MIL-STD-

750, test method 1080 [31], are also presented. 

II. NEUTRON IRRADIATION EXPERIMENT 

A. The ChipIr terrestrial neutron facility 

ChipIr is a beamline built at the second target station (TS2) 

of the ISIS spallation source at the Rutherford Appleton 

Laboratory, UK [32-34]. The facility is specifically tailored for 

testing radiation effects on electronic components and systems. 

The beamline design is optimized to mimic the atmospheric 

neutron spectrum (up to 800 MeV) with an acceleration factor 

of up to 109 for ground-level applications. The neutrons 

delivered to the ChipIr facility are emitted from the spallation 

of high-energy protons with a tungsten target (i.e., 800 MeV 

protons extracted from the synchrotron with beam current of 40 

μA and pulsed at 10 Hz). The neutrons are delivered to ChipIr 

according to the time structure of the ISIS source, i.e., in 10 Hz 

pulses, with two 70-ns-wide bunches separated 360 ns apart. A 

silicon diode, placed in front of the testing position, measures 

the energy distribution of single pulses. This is used to retrieve 

the neutron fluence at the device under test (DUT) location 

knowing the detection efficiency and, by means of a correction 

factor function of the distance between the diode and the DUT 

position, which takes into account the beam divergence. During 

the test campaign, the measured flux of neutrons above 10 MeV 

was 5.6 x 106 cm−2s−1 at the testing position. A collimator 

system allows for selecting beams of different sizes. For the 

current experiment, a beam size of 10 cm x 10 cm was used. 

 
Fig. 2. Schematics of the three architectures of SiC power MOSFETs tested in this work: (a) planar gate, (b) trench gate from Infineon and (c) 
double trench (trench source and trench gate) from Rohm. Picture remake after the original from Siemieniec et al. [30]. 
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B. Experimental method  

The aim of this study is to investigate the effect of 

atmospheric-like neutrons on different commercial SiC 

MOSFET technologies. Accelerated testing of Single Event 

Burnout (SEB) by using terrestrial neutrons was performed. 

The obtained data were used to calculate the effect cross 

sections and failure in time (FIT) rates at ground level. 

Additionally, the devices that did not exhibit destructive failure 

during exposure were characterized and their operational 

reliability was studied. 

Several samples were selected from the commercially 

available SiC VD-MOSFET technologies. The references and 

the corresponding technical information are listed in Table I. 

All the devices are rated for 1.2 kV and they are mounted in a 

TO-247 package. The devices were irradiated in their original 

packaging. The first three devices were selected with similar 

values of RDS (ON) among them, and the same was done for the 

last two devices. The references were selected with different 

design: planar, trench and double trench. In particular, the 

DUTs from Infineon have a trench gate structure [35], whereas 

the Rohm have a double trench design, with trench gate and 

trench source. For the trench gate devices, the channel is formed 

vertically, which allows the current to flow vertically while 

reducing the RDS(ON) [36]. All the other references have a planar 

gate structure. 

The test setup was designed following the military standard 

specifications (MIL-STD-750E M1080.1) [31]. Each test board 

can host a maximum of 12 devices in parallel. A schematic 

layout of the setup is presented in Fig. 3, where two DUTs are 

illustrated for brevity. Two boards were stacked to test up to 24 

DUTs for each run. They were installed at a distance of 58 cm 

and 76 cm from the beam aperture, respectively. The 

attenuation of the neutron beam in the first board was estimated 

to be negligible for the material used in the tested boards [37]. 

Two Keithley Source Measurement Unit (SMU) model 2410s 

(one channel, up to 1100 V), one for each board, were used to 

bias the drain and to monitor the total leakage currents as a sum 

of all devices. The gates were grounded directly on the board. 

A stiffening capacitor of 10 nF was installed between the drain 

and the ground for each DUT, in order to supply sufficient 

amount of charge during a destructive event. Moreover, it also 

limited the momentary voltage drop at the SMU output during 

current transients. The devices were connected in parallel to the 

high voltage, but each of them had an individual current 

limiting resistor of 860 kΩ between the drain and the SMU 

output. This guaranteed the isolation of the device after a failure 

and the continuous application of high voltage to all other 

devices. Each step increase in the total current measured by the 

SMU was accounted as a failure (𝛥𝐼𝐷𝑆 = 1.27 𝑚𝐴). This value 

corresponds to a short circuit on the DUT and the total voltage 

is applied across the protection resistor. In Fig. 4 an example of 

the online measurements recorded during an exposure run is 

shown. The results are presented for Rohm SCT3030KL 

devices exposed at 1100 V. Here, the measured drain current 

TABLE I 

LIST OF DEVICES UNDER TEST 

Reference Man. 
RDS(on) 

[mΩ] 

VDS 

[kV] 

ID @ 25֯ 

[A] 

BVDSS 

[kV] 

Gate 

 

#DUTs 

 

C2M0025120D 
Cree/ 

Wolfspeed 
25 1.2 250 1720 planar 51 

SCT3030KL Rohm 30 1.2 180 1926 
double 

trench 
48 

MSC025SMA120B Microsemi 25 1.2 275 1586 planar 50 

SCTWA50N120 ST-Micr. 59 1.2 130 1520 planar 66 

IMW120R090M1H Infineon 90 1.2 50 1483 trench 65 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 3. Schematic layout of the setup. Only two DUTs out of 12 hosted 
by a single board are illustrated here for brevity.  
 

 
 

Fig. 4. Example of online measurement for Rohm devices 

(SCT3030KL) exposed at 1100 V. The drain current measured during 

the exposure is divided by the failure step size in order to highlight the 

number of failures during the run.  
 

 

 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 4 

was divided by the failure step size (𝛥𝐼𝐷𝑆 = 1.27 𝑚𝐴) in order 

to highlight the number of failures during the run.  

For each reference, three irradiations were performed on 

pristine devices at VDS of 1100 V, 976 V and 846 V, which are 

~ 92 %, ~ 81 % and 72 % of the maximum rated voltage (1.2 

kV) respectively. During the irradiation 𝑉𝐺𝑆 = 0 𝑉 to keep the 

device in off-state. The gate current was not monitored during 

the run. The test was stopped when 50% - 70% of devices failed 

or when a fluence of 2.8 x 1010 n/cm2 was reached. 

Some of the DUTs were characterized after the irradiation 

using a Keithley Parametric Curve Tracer PCT-4B in order to 

investigate the radiation-induced damage. In addition, 

breakdown voltage (BVdss) measurements were conducted 

using a Keithley SMU 2657A on the drain and a Keithley SMU 

2636B on the gate and the source terminals. For a pristine 

device, the BVDSS is the voltage at which the reverse-biased 

body-drift diode breaks down causing significant current to 

flow between source and drain due to the avalanche 

multiplication process. 

III. EXPERIMENTAL RESULTS 

A. Weibull distribution analysis and FIT rates 

In order to calculate the SEB cross-sections and the FIT rates, 

reliability parameters were determined using a standard 2-

parameter Weibull distribution [23]. The cumulative fraction of 

failed devices was calculated as a function of the neutron 

fluence; a 2-parameter Weibull distribution was fit to the data 

using a maximum likelihood estimation (MLE) method [38]. 

Two parameters were extracted from this analysis: , called the 

shape parameter, which is an indicator of the failure 

mechanism, and , which is the scale parameter. Weibull 

distributions with β < 1 have an early-life failure, which 

decreases with time, while distributions with β > 1 have a 

failure rate that increases with time, also known as wear-out 

failures. For stochastic neutron failures  = 1 is expected, as 

representative of random events. The mean time between 

failures (MTBF) and the SEB cross-sections (SEB) were 

calculated as (1): 

 

𝑀𝑇𝐵𝐹 =  x  (1 +
1


 ) when   1 

𝑀𝑇𝐵𝐹 =  when  = 1 

SEB = 
1

𝑀𝑇𝐵𝐹
 

 

The error bars were calculated considering a Poisson 

distribution dominated by the count statistics. The uncertainty 

over the fluence was considered negligible with respect to the 

number of events. The upper and lower limits were calculated 

as in (2), where Nlow and Nhigh were obtained from the chi-

square distribution with a confidence level of 95%: 

𝐸𝑟𝑟ℎ𝑖𝑔ℎ =
𝑁ℎ𝑖𝑔ℎ

𝑁𝑆𝐸𝐵 ∗ 𝑀𝑇𝐵𝐹
 

𝐸𝑟𝑟𝑙𝑜𝑤 =
𝑁𝑙𝑜𝑤

𝑁𝑆𝐸𝐵 ∗ 𝑀𝑇𝐵𝐹
 

 

The FIT rates were calculated considering 109 h of operations 

and a cosmic-ray-induced neutron flux of 13 n/(cm2 h) for 

energies above 10 MeV (reference conditions at sea level in 

NYC from JEDEC JESD89A standard). The same conversion 

factor was used also for the error bars as described above for 

cross-sections.  

In Table II the parameters extracted from the analysis are 

listed for the tested references. In the case of Rohm, the tests 

were performed only at 1100 V and 976 V. In some runs, 

multiple SEBs were observed at the same time. For the analysis, 

they were considered as a single event, in order to assure the 

independence between the SEB events. Therefore, the total 

number of tested DUTs was reduced. 

The failure cross-sections are shown in Fig. 5 (a) as a 

function of the bias during the irradiation. In Fig. 5 (b) the FIT 

rates are shown for the tested references, while in Fig. 5 (c) the 

FIT rates are normalized with the active area and scaled by the 

avalanche breakdown voltage, such that a ratio of 1 would 

indicate that the critical field was reached. This approach was 

 

(1) 

 

(2) 

TABLE II 

FAILURE ANALYSIS 

Reference Man. 
VDS irradiation 

[V] 
 

 
[n/cm2] 

Failed / Total 

DUT 
SEB 

[cm2]  

MTBF 

[h] 

C2M0025120D 
Cree/ 

Wolfspeed 

1100 0.70 3.31 x 107 6 / 13 2.39 x 10-8 4.18 x 107 

976 0.67 9.43 x 107 11 / 20 8.04 x 10-9 1.24 x 108 

846 0.97 1.47 x 109 8 / 18 6.71 x 10-10 1.49 x 109 

SCT3030KL ROHM 
1100 1.14 2.24 x 109 9 / 24 4.69 x 10-10 2.13 x 109 

976 4.02 2.24 x 109 2 / 24 4.93 x 10-10 2.03 x 109 

MSC025SMA120B Microsemi 

1100 1.54 8.12 x 105 13 / 13 1.37 x 10-6 7.31 x 105 

976 1.12 1.31 x 107 11 / 15 7.96 x 10-8 1.26 x 107 

846 0.85 1.34 x 108 13 / 22 6.85 x 10-9 1.46 x 108 

SCTWA50N120 ST-Micr. 

1100 0.85 4.33 x 106 19 / 20 2.13 x 10-7 4.69 x 106 

976 1.05 1.13 x 107 17 / 22 9.06 x 10-8 1.10 x 107 

846 1.04 9.32 x 107 15 / 24 1.09 x 10-8 9.15 x 107 

IMW120R090M1H Infineon 

1100 0.91 6.41 x 107 14 / 17 1.50 x 10-8 6.67 x 107 

976 0.82 5.83 x 108 16 / 24 1.54 x 10-9 6.49 x 108 

846 0.93 2.60 x 109 8 / 24 3.73 x 10-10 2.68 x 109 
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suggested and previously discussed in [9]. A common trend is 

observed for all the devices and highlighted by the gray shadow. 

The trench MOSFETs (i.e., IMW120R090M1H and 

SCT3030KL) appear to have lower FIT rates if compared to the 

planar architecture. In particular, the double-trench device 

(SCT3030KL), which has the highest avalanche breakdown 

voltage, has the best performance. 

B. Post-irradiation measurements: breakdown voltage 

Post-irradiation measurements were performed for some 

devices, which showed more or less severe effects depending 

on the technology. In this and the following sections, the 

measurements are discussed for the three tested architectures: 

planar gate from Cree/Wolfspeed (i.e., C2M0025120D), trench 

gate from Infineon (i.e., IMW120R090M1H) and double trench 

from Rohm (i.e., SCT3030KL). As an example, the results are 

compared for the references tested at 976 V. BVDSS 

measurements of the irradiated devices were performed at 

𝑉𝐺𝑆 = 0 𝑉 and stopped at the VDS corresponding to 

𝐼𝐷 =  1.00 𝑚𝐴, which is defined as the breakdown voltage. At 

this current level, the device is still protected from a permanent 

breakdown of the body diode. Three different responses were 

identified for all the studied references: i) no damage observed 

with respect to a pristine device; ii) partial degradation of the 

device, which exhibited higher gate and drain leakage currents; 

iii) ohmic trend of the leakage current caused by SEB. 

Examples of the leakage currents (ID, IG and IS) are reported as 

a function of the drain-source bias (VDS) for the three references 

in Fig. 6. The top and the bottom panels show respectively the 

measurements for the i) and the ii) scenarios described above. 

A measurement of a pristine device for each reference is given 

in gray for comparison. In Fig. 6 (a), (b), (c), the measurements 

are all in the same range as the pristine device, and the small 

differences observed are caused by part-to-part variation (i.e., 

the pristine device is not the same part as the irradiated one, but 

belongs to the same lot). For these devices, no damage was 

induced by the neutron exposure and no leakage current 

increase is observed, neither degradation of the blocking 

capability of the MOSFETs. Differently, a clear degradation 

was induced by the neutron exposure in the devices reported in 

Fig. 6 (d), Fig. 6 (e) and Fig. 6 (f). The leakage currents are 

orders of magnitudes higher with respect to the pristine level 

for all the three devices, however, the current paths (drain-to-

gate vs drain-to-source contributions) differ among them.  

Finally, the measurements for (iii) are not reported, but from 

the ohmic trend of the leakage current, it was concluded that the 

devices failed through an SEB during the exposure. 

C. Post-irradiation measurements: gate damage 

In order to investigate the different leakage path observed for 

(ii), ID-VGS and IG-VGS measurements were performed at 

VDS = 1 V. The results are presented in Fig. 7, which shows that 

the gate oxide is still operable for the planar device 

(C2M0025120D) and the channel is still controlled by the gate 

voltage, but the gate leakage is higher with respect to the 

pristine level. The device exhibits a partial gate rupture with 

very high gate and drain leakage current and a gate-drain 

current path. This effect is similar to the degradation induced 

by heavy-ion exposure (i.e., SELC), previously reported in [18-

19]. Conversely, repeating the measurement for the double-

trench (SCT3030KL) and the trench (IMW120R090M1H) 

devices, the gate oxide was found to be heavily damaged and 

not operable anymore. Indeed, the channel is in off-state for 

these devices and no positive drain current flows. From these 

observations, it was concluded that the damage in the trench 

devices has the signature of a complete gate rupture. 

D. Latent damage: PIGS test 

Even though a device may not show any measurable damage 

during the irradiation, as for category (i), the integrity of its gate 

oxide might be affected. In order to study the effect of latent 

 

 
 

 
 

 
 

Fig. 5. a) Failure cross-sections of SiC MOSFETs from different 

suppliers as a function of the bias during the terrestrial neutron 

irradiations. b) FIT rates for 109 hours of operation. c) FIT rates 
scaled by avalanche voltage and normalized with the active area.  
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damage on the gate oxide integrity and on the blocking 

capability, breakdown voltage measurements were repeated 

after applying positive and negative voltage bias at the gate 

oxide, following the PIGS test as recommended in MIL-STD-

750, test method 1080 [31]. The VGS was first swept positively 

up to the rated value for each reference (i.e., +15 V for 

Cree/Wolfspeed, +18 V for Infineon and + 22 V for Rohm) or 

until a leakage current of 1 mA was measured. Secondly, a 

𝑉𝐺𝑆 = −5 𝑉 was then applied at the gate oxide. The results are 

shown in Fig. 8 (a), (b), and (c) for the three devices discussed 

before in Fig. 6 (a), (b), and (c) respectively, which did not 

exhibit any measurable damage after the exposure (i). No 

difference was observed in the breakdown point and in the 

leakage currents after these cycles. The small differences in the 

gate leakage current might be due to the instrument sensitivity. 

Hence, these devices are operable after the neutron irradiation, 

the leakage current is still within the specification (i.e., 

𝐼𝐺 <  100 𝑛𝐴) and no latent damage is observed after applying 

the gate bias.  

However, for the degraded device (ii) previously presented 

in Fig. 6 (d), after the stress at negative VGS, the IS decreased, 

meaning that higher current is flowing to the drain-gate path, 

rather than into the source pad, as shown in Fig. 8. (d). This is 

evidence of an increased gate damage induced by the negative 

gate bias.  

IV. DISCUSSION 

From the results presented, three different scenarios where 

commonly observed for the different architectures analysed. 

Considering the FIT normalized with the active area and scaled 

by the breakdown voltage, the trench devices showed a better 

performance to SEB with respect to the planar ones, with the 

double-trench architecture as the most robust. However, part of 

the trench and double-trench devices exhibited a complete gate 

rupture. Conversely, a partial gate rupture was observed for the 

planar reference analysed, which exhibited a current leakage 

path between gate and drain as previously observed for planar 

gate devices suffering from SELC after heavy-ion irradiation. 

Additionally, for the device with the gate partially ruptured, the 

gate damage increased after the PIGS test, which was already 

reported for devices suffering from SELC after heavy-ion 

experiments [39]. 

A model for an enhanced gate current associated with a 

leakage was previously presented for Si devices and heavy-ion 

irradiation. It states that the oxide defects from displacement 

damage caused by the ions create a significant number of 

damage sites at which there is a reduced potential barrier, 

permitting the tunneling of electrons from trapping sites in the 

oxide into the conduction band [40]. Similarly, a model for 

early defects in SiO2/SiC was discussed in [41] and attributed 

 

 
Fig. 6. Different responses were observed in the devices exposed to neutrons: i) no failure observed and no damage with respect to a pristine 
device, as in a), b) and c); ii) no failure observed, but partial degradation of the device, as in d), e), and f). The measurements of the leakage 

currents (ID, IG, IS) were performed at 𝑉𝐺𝑆 = 0 𝑉 and with a maximum ID current of 1 mA.  
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to the presence of defects in the oxide bulk. It is hypothesized 

that, through displacement damage, neutrons are inducing 

defects in the gate oxide, which are responsible of the increased 

gate leakage current. Furthermore, the density and distribution 

of oxide defects in a pristine device depend on the oxide process 

and can be considered as a by-product of the SiO2 oxide growth 

on SiC, therefore different among devices produced by different 

manufacturers. 

Finally, it should be noted that the setup used during the 

experiment was counting as a failure event all the devices 

whose ID leakage current in off-state exceeded 1.27 mA. 

Therefore, the FITs and the failure cross-section analysis 

includes both the failure mechanism indicated as SEB (iii) and 

degradation with partial or complete gate rupture (ii), with the 

latter also considered not operable from an application point of 

view due to the very high leakage currents. 

V. CONCLUSIONS 

Results from accelerated terrestrial neutron experiments 

were presented for different commercial SiC technologies with 

planar, trench and double-trench architectures.  

Different failure mechanisms were observed from the post-

irradiation analysis of the irradiated devices, and three different 

responses were commonly identified for each of the three 

architectures: (i) no damage observed with respect to a pristine 

device, (ii) partial degradation of the device, which exhibited 

high leakage currents, (iii) SEB (i.e., ohmic trend of the leakage 

current). Categories (ii) and (iii) were considered failed devices 

from an application point of view. Failure cross-sections and 

FIT rates were calculated for these devices. MOSFETs with a 

trench structure appear to be less sensitive to neutron-induced 

failures with respect to the planar ones. The double trench-

architecture, which has also the higher breakdown voltage, was 

observed to be the most robust.  

Examples were reported and discussed for the degraded 

devices (ii) and the impact of gate rupture was discussed for the 

three designs. The planar-gate architecture exhibited a partial 

gate rupture mechanism, probably induced by displacement 

 
Fig. 7. ID-VGS and IG-VGS measurements performed at VDS = 1 V. The 

gate oxide is still operable for the planar Cree/Wolfspeed device 

(C2M0025120D) and the channel is still controlled by the gate 
voltage. Conversely, the gate oxide is heavily damaged and not 

operable anymore for the trench and double-trench structures. 

 

 
 

 

 

 
 

 

 

 
 

  

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 

 
 

Fig. 8. Breakdown voltage measurements after the post irradiation 

gate stress (PIGS) test. The results are reported for the planar (a), 
trench (b) and double-trench (c) DUTs, which did not show any 

damage during the exposure (i), and for the planar DUT (d) which 

was partially degraded (ii). The first cycle reports the measurement 

just after the irradiation, while the second and the third represent the 
measurements repeated after applying a positive VGS up to the rated 

voltage and a negative VGS of -5 V, respectively. 
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damage and characterized by very high leakage currents with a 

gate-drain current path. This effect was observed to be similar 

to the SELC degradation induced by heavy-ions, already 

discussed for the same reference, but reported here for neutron 

irradiation. The trench and double-trench architecture, instead, 

appeared to be more sensitive to a complete gate rupture. 

However, it should be clearly stated that the experiments 

were performed using a specific device type from each 

manufacturer. Both the design as well as the resulting efficient 

carrier concentration in the specific areas will vary between 

device types and generation from the same manufacturer; 

therefore, the results cannot be extrapolated to all SiC power 

devices without further analysis. 
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