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Abstract. Cumulative heavy-ion irradiation effects were investigated in a commercial 4H-SiC double
trench MOSFET through a combination of cyclotron experiments and TCAD simulations. Devices
were exposed to continuous '?*Xe*** ion strikes at a linear energy transfer (LET) of 63 MeV-cm?mg
under drain biases from 100 to 400 V. Experimental results revealed the onset of permanent drain and
gate leakage at voltages as low as 200 V, with degradation rates increasing by several orders of
magnitude at higher bias. Post-irradiation measurements confirmed trench oxide rupture and source
leakage path formation, establishing single-event leakage current (SELC) as the dominant
degradation mechanism. In contrast, TCAD simulations of isolated ion strikes predicted catastrophic
single-event burnout (SEB) only at or above 250-300 V, highlighting the critical role of cumulative
damage processes that are not captured in single-strike models. These findings demonstrate that
permanent leakage-driven degradation effectively extends the SELC zone beyond conventional SEB
thresholds, reducing the safe operating area of trench-based SiC MOSFETs. The results have
significant implications for derating strategies in space applications, where current SEB-focused
guidelines may underestimate vulnerability, and highlight the need for radiation-hardening by device
design to ensure long-term reliability.

Introduction

Wide bandgap (WBG) semiconductors such as 4H-silicon carbide (SiC) have become critical
enablers for next-generation high efficiency, temperature, and voltage power electronics. Compared
to silicon (Si), SiC offers a critical electric field nearly an order of magnitude higher, a threefold
higher thermal conductivity, and superior electron saturation velocity [1]. These material advantages
allow SiC devices to operate with thinner drift layers and higher blocking voltages, enabling compact
devices with lower conduction and switching losses. Consequently, SiC metal -oxide-semiconductor
field effect transistors (MOSFETSs) are increasingly displacing Si insulated gate bipolar transistors
(IGBTs) in the 650-1700 V range, particularly in applications demanding high efficiency and fast
switching.

Among SiC device topologies, the double trench MOSFET has emerged as a commercially relevant
architecture due to its compact cell pitch and ability to shield the gate oxide from peak electric fields.
Narrow cell geometries reduce specific on-resistance and chip area, while the lower gate
configuration minimizes switching losses and provides resilience under fault conditions [2]. These
advantages make trench MOSFETs attractive candidates for space systems, where efficiency directly
translates into lower power budgets, reduced thermal management requirements, and decreased
payload weight.

Despite these benefits, SiC power devices face significant challenges when exposed to the radiation
environment of space, where single-event effects (SEE) induced by heavy ions or cosmic particles
can compromise long-term reliability. The majority of qualification strategies have focused on
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preventing single-event burnout (SEB), a catastrophic mode of failure driven by localized avalanche
breakdown and thermal runaway. Therefore, literature derating guidelines for SiC space applications
typically emphasize maintaining safe operating voltages well below the SEB threshold [3, 4].
However, growing evidence suggests that cumulative SEE-induced degradation may occur well
before catastrophic burnout, particularly in trench-based structures. SiC devices in space can be
exposed to heavy-ion fluences exceeding 107 particles/cm? with LET values above 60 MeV-cm?/mg
over the course of a 10-year mission, making repeated strike effects a realistic concern [5]. Recent
studies have documented the onset of single-event leakage current (SELC), defect generation, and
gradual trench degradation under continuous irradiation [6-8]. These mechanisms may result in
permanent leakage paths, compromised blocking capability, or degraded gate insulation - failure
modes that do not manifest as immediate device destruction but can still render the component
unsuitable for mission use. This evolving understanding challenges the adequacy of SEB-focused
derating strategies for WBG devices.

In this work, we investigate cumulative SEE degradation in a commercial 4H-SiC double trench
MOSFET through a combination of cyclotron irradiation experiments and Sentaurus TCAD
simulations. Devices were subjected to continuous '>*Xe3s* ion strikes at linear energy transfer (LET)
of 63 MeV-cm?/mg, across a range of drain bias voltages. Experimental results reveal the progressive
development of drain and gate leakage currents at voltages as low as 200 V, indicating the presence
of permanent structural damage to both source and gate trenches. Complementary TCAD simulations
reproduce transient strike dynamics, including current surges and local lattice heating, and help
identify the vulnerable device features most responsible for degradation. By isolating the onset of
cumulative degradation and contrasting experimental outcomes with simulated SEB thresholds, this
study provides new insights into failure precursors in SiC trench MOSFETs.

Methodology

The device selected for this study was a commercially available 750 V SiC double trench MOSFET.
The trench-gate structure features a compact cell pitch with deep gate and source trenches, offering
both conduction efficiency and oxide field shielding [2]. Prior to irradiation, the device underwent
baseline electrical characterization to establish transfer characteristics and leakage behaviour,
ensuring that subsequent degradation could be attributed solely to irradiation.

Heavy-ion experiments were carried out at the UCLouvain Cyclotron Facility, using a beam of
124X e35* jons with a LET of 63 MeV-cm?/mg. and ion penetration depth of approximately 73 pm in
4H-SiC, sufficient to traverse the full active region of the device. Devices were mounted in a vacuum
chamber and biased in the off-state across a drain-source voltage range of 100 to 400 V while
subjected to a constant ion flux, thereby replicating the conditions of repeated single-event strikes.
The device testing board consisted of current limiting resistors placed on gate and drain side to protect
the respective SMUs in case of explosive breakdown of the MOSFET under test, while a 1 nF
coupling capacitor is used to ensure correct constant voltage biasing while the device is actively
bombarded with heavy ion flux. These components are selected according to ESA standards for
single-event effect testing [9]. Real-time monitoring of gate and drain leakage currents was performed
throughout irradiation, allowing progressive degradation trends to be identified. Following
irradiation, full current—voltage sweeps were repeated, including gate-source and drain-source
leakage tests, as well as transfer measurements, to quantify permanent shifts in device behaviour. The
total active flux seen by the device is calculated by the device active area of 6x10° m?.
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Fig. 1. Heavy ion board circuit schematic for commercial
device testing.

Complementary single-event simulations were performed in
Synopsys Sentaurus TCAD to compare the experimental n
conditions and isolate the underlying failure mechanisms.

The simulated device structure was previously benchmarked ~ Fig. 2. Cross-sectional view of the
and validated in a prior study [10], reproducing the key commercial double trench
geometrical and doping profiles of the epitaxial drift layer, MOSFET illustrating two
source/body regions, and trench oxides. The key parameters ~ simulated heavy ion strike paths:

of the simulated device can be seen in table.1. Heavy-ion 1) at gate strike 2) at source strike.
strikes were modelled as Gaussian electron—hole pair

generation along a cylindrical track, calibrated to the experimental LET and penetration depth. Strike
locations were varied at two key points of vulnerability: 1) at the gate trench and 2) at the source
trench to examine the relative susceptibility of these regions, seen in Fig.2. Transient simulations
were carried out with a time step up to 1 ns after heavy ion impact, capturing the resulting current
surges and lattice temperature evolution under drain biases from 10 - 400 V.

This combined methodology enabled direct correlation between experimental degradation
phenomena and simulated single-event dynamics, providing a framework to interpret the onset of
leakage-dominated failure modes in the double trench architecture.

Table 1. Summary of key device design geometry and parameters.

Symbol Definition Values Units
tese Charge storage layer thickness 2.6
teell Cell pitch 2 um
tsub Substrate thickness 140
ta Drift region thickness 6.8
NesL Charge storage layer doping 5x10!°
Nd Drift region doping 1.5x101'6 cm?®
Naub Substrate doping 1x10"
Vin Threshold Voltage 4.81 \"
Ron,sp Specific on-resistance 1.69 mQ.cm?
BVmax Max. Breakdown Voltage A%

1001
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Experimental Results
Drain leakage
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The progressive evolution of leakage fﬂ"""‘w
currents in the double trench MOSFET 10°
during cumulative heavy-ion
irradiation is illustrated in Fig.3. At
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exhibits stable behaviour with no Gati'.e—~""kaqe
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currents,  reaching  values  of

approxi.mately 140 nA and 120 pA, g ig. 3. Experimental drain and gate leakage currents
respectively, at the end of the exposure of the commercial double trench MOSFET under

sequence (400 V). This behaviour is o muylative heavy ion strikes at increasing blocking
consistent with SELC phenomena voltage (100 to 400 V).

reported in modern literature [6-8].
Even at lower ‘safe operating’ voltages there is device failure via the formation of permanent leakage
pathways within the trench regions. One possible explanation for why there is no instantaneous
destruction of the device could be due to the continuous heavy-ion irradiation flux. This creates a
continuous high electric field beneath the gate, promoting charge trapping and gradual oxide
degradation, forming leakage paths across the dielectric. This pre-damaged path allows charge
dissipation at high voltages, limiting field build-up and preventing full SEB despite reaching the
simulated burnout threshold. The comparison with a commercial diode response at the same
experimental conditions in Fig.4 further emphasises this point: whereas the diode undergoes abrupt
SEB with no intermediate degradation region, the trench MOSFET demonstrates progressive leakage-
dominated failure. This suggests that oxide-influenced SELC is the primary limiting factor in trench-
based structures.
The degradation rate extracted from cumulative irradiation testing is shown in Fig. 5, highlighting the
increase in both drain and gate leakage pathways as a function of blocking voltage with each ion
strike. At drain biases below 150 V, the degradation rate remains negligible, consistent with the
absence of measurable leakage shifts in real-time monitoring. However, from 200 V upwards, both
drain and gate degradation rates increase
. 5 TR sharply with bias, with drain leakage
EsL ( ] progressing by nearly five orders of
magnitude between 200 - 400 V. Gate
166 | ] degradation follows a similar trend, though at
a lower absolute rate, reflecting the
BT E comparatively less stressed area of the gate
trench oxide.
This behaviour indicates that permanent
SELC damage effectively extends the safe
operating area of the device into regions
1E10 | | | | traditionally considered safe by SEB-based
o0 SOOT o0t 50T 206107 derating guidelines. In conventional single-
Total active flux (ions) .
event frameworks, the catastrophic burnout
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Fig. 4. Experimental leakage currents of a threshold defines the boundary of device
commercial diode under cumulative heavy ion ~ survival. By contrast, in this device
strikes at increasing blocking voltage (100 to architecture, cumulative trench degradation

200 V), showing clear SEB. introduces a zone of permanent leakage



Key Engineering Materials Vol. 1056 75

growth that precedes burnout, thereby _ _

. . . Drain Degradation
reducing the effective safe operating area. B} 100 200 300 400
In other words, even when catastrophic " | ' ' :
SEB is not triggered, the accumulation of
SELC damage erodes device reliability at
voltages well below the expected burnout
threshold.
The manifestation of this cumulative
degradation is further examined through
post-irradiation [-V measurements. As
shown in Fig.6, the pre-irradiation I
condition of the commercial MOSFET 1070 . | |
exhibits only a small leakage path 0 éﬁ:’cking Votge (33(; 0
dominated by the gate—drain overlap
region. Following irradiation, a dramatic  Fig. 5. Degradation rate (A/ions) of a) drain and b)
increase is observed, with both the gate~  gate of the commercial MOSFET with response to
source and gate—drain characteristics rising increasing blocking voltage (100 to 200 V).
into the mA range and displaying nearly
identical behaviour. This convergence strongly indicates rupture of the gate trench oxide, establishing
a direct conduction path across gate to drain through the oxide.
Despite the clear trench rupture seen in Fig.6, the pre- and post-irradiation comparison of the transfer
response in Fig.7 shows channel functionality. While the on-state current was reduced, the overall
transconductance profile remained recognisable, demonstrating that gate control was not fully
compromised. The most likely explanation is that rupture occurred locally within specific trench
regions, rather than uniformly across the active area, leaving enough intact channel area for the device
to sustain limited functionality.
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Fig. 6. Comparison of pre- and post-irradiation Fig. 7. Comparison of pre- and post-
gate-drain and gate-source leakage current with irradiation drain current with gate-source
gate-source voltage sweep between -5 to 20 V voltage sweep between 0 to 12 V at Vg =
at Vg=0V. 10 V.

Simulation Results

To interpret the experimental degradation phenomena, transient single-event simulations were
performed using the double trench MOSFET structure benchmarked against previously validated
models. Throughout the simulations, the peak electric field was monitored during heavy ion strike,
with the device not reaching the critical electric field at any blocking voltage up to 400 V.



76 SiC Devices for Quantum Applications and Harsh Radiation Environments

Fig.8 shows the transient drain current induced by a single heavy-ion strike under different blocking
voltages. At all blocking voltages 10 - 400 V, the ion strike produces a sharp current surge, which
persists for several nanoseconds before decaying, irrespective of blocking voltage and heavy ion
location (gate or source). However, the

peak source current rises with blocking 107 . :
voltage, approaching 60 mA at 400 V.
By contrast, the monitored gate current
transient seen in Fig.9 shows minimal

<
impact change at all blocking voltages. %
However, the gate heavy ion strike does Sl
increase the peak gate current by an 8 [raugemen™ !
order of magnitude due to the more & o +i§§ |1 1.,
charge being swept through the gate 2
terminal. The rise in lattice temperature 7 Gate siike 2) Source srike
1s the blggegt 1ndlcatqr of thgrmal 0 e o
runaway within the device. In Fig.10, Time after ion strike (ns)

the simulated SEB threshold is 250 V
for a source strike and 300 V for a gate
strike. This 1s due to the more active

Fig. 8. Simulated '**Xe*" ion strike response for source
leakage current at varying reverse bias voltage (10 to

sweep of charge through the gate 400 V).
terminal in the event of a gate strike. In 107
the heavy ion events below the SEB
threshold, the device temperature 107
begins to reduce without thermal _
runaway, consistent with conventional % 10°
single-strike expectations. This E e e
divergence  highlights a  key o 1o 10
discrepancy: while simulations predict 8 150
burnout only at or above 250 V, o 2
experimental results revealed —>—400
permanent leakage degradation already [ 1) Gate strike [ 2) Source strike
at 200 V. Tt 107 107 107 10 10 100 100 107 100 1 qor
The difference suggests that cumulative Time after ion strike (ns)
irradiation effects, mainly progressive  Fig. 9. Simulated >*Xe*" ion strike response for gate
oxide weakening and localized trench leakage current at varying reverse bias voltage (10 to
damage, reduce the effective failure 400 V).
threshold in practice. Because the s Vs aivg = oV —T—T
present simulations model single 1000 8- 1000
1solated strikes, they do not capture the o
gradual degradation pathways observed € o > 100
experimentally.  Nevertheless, the 8
simulations identify the gate and source E
trenches as the most critical regions of § °r ‘ "
vulnerability, supporting the E
interpretation that trench oxide rupture 1r 1 1
and source leakage paths govern the 4 _
. . 1) Gate strike 2) Source strike
observed experimental failure modes. 01 A A A R S P
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Time after ion strike (ns)

Conclusi . . . .

o'nc uston Fig. 10. Simulated '**Xe**" ion strike response for rise
This work has demonstrated that in lattice temperature from 300 K at varying reverse
cumulative  heavy-ion  irradiation bias voltage (10 to 400 V).

induces progressive degradation in a
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commercial 4H-SiC double trench MOSFET, even at drain biases well below the simulated burnout
threshold. Experimental testing revealed the onset of permanent drain and gate leakage at 200 V, with
degradation rates increasing sharply at higher voltages. Post-irradiation measurements confirmed
trench oxide rupture and source leakage path formation, establishing single-event leakage current
SELC as the dominant degradation mode in this architecture.

Sentaurus TCAD simulations reproduced the transient current and thermal response of individual
heavy-ion strikes, predicting catastrophic burnout only at or above 250-300 V. The divergence
between simulation and experiment highlights the importance of cumulative irradiation effects, such
as progressive oxide damage, which are not captured by single-strike models. Together, these findings
confirm that the gate and source trenches are the most vulnerable features in double trench MOSFETs
and that oxide-mediated SELC damage can extend the effective degradation zone beyond
conventional SEB thresholds.

The implications for space applications are significant. Conventional derating strategies based solely
on SEB thresholds may overestimate the safe operating area of trench-based SiC MOSFETs, as
permanent leakage-driven damage can accumulate under realistic ion fluences long before
catastrophic burnout occurs. Therefore, this work further supports the ongoing literature that derating
strategies must be re-defined to better predict long-term reliability in space environments, and
radiation-hardening by device design is required to push SiC into this market.
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