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Abstract: High temperature reverse-bias (HTRB), High temperature gate-bias (HTGB) tests and
electrical DC characterization were performed on planar-SiC power MOSFETs which survived to
accelerated neutron irradiation tests carried out at ChipIr-ISIS (Didcot, UK) facility, with terrestrial
neutrons. The neutron test campaigns on the SiC power MOSFETs (manufactered by ST) were con-
ducted on the same wafer lot devices by STMicroelectronics and Airbus, with different neutron tester
systems. HTGB and HTRB tests, which characterise gate-oxide integrity and junction robustness,
show no difference between the non irradiated devices and those which survived to the neutron
irradiation tests, with neutron fluence up to 2 × 1011 (n/cm2). Electrical characterization performed
pre and post-irradiation on different part number of power devices (Si, SiC MOSFETs and IGBTs)
which survived to neutron irradiation tests does not show alteration of the data-sheet electrical
parameters due to neutron interaction with the device.

Keywords: power device reliability; failure in time; silicon carbide; neutron beam; single event burnout

1. Introduction

Silicon carbide (SiC) power MOSFETs are now used in several applications such
as automotive and avionic, due to their better electrical performance respect to silicon
counterpart. Concerning the device reliability of SiC power MOSFETs, the ruggedness of
these devices against the impact of neutrons generated from cosmic ray interactions with
the atmosphere is now a big concern for its impact on operating life of power systems [1,2].
The atmospheric neutron interaction with power MOSFETs operating at high-voltages may
cause Single Event Burnout (SEB), which results in catastrophic device failure [3]. When
the neutrons strike the lattice atoms realise energy and create electron-hole pairs. If this
interaction occurs in a region where is present an high electric field, it could destroy the
device. The turn-on of the parasitic bipolar junction transistor present in the MOSFET
structure due to the neutron interaction is the conventional mechanism to explain the
SEB phenomenon in silicon power MOSFETs [3,4], and it is sometimes invoked also to
explain the SEB in SiC MOSFET [5], although similar SEB tolerance has been found in
SiC diodes [6]. Some authors report also gate damage in power MOSFET’s after neutron
exposure, which for some devices results in a complete gate rupture (SEGR) [7]. Failure
mechanisms in high-voltage power semiconductor devices due to the cosmic radiation
limit the maximum operating DC blocking voltage, thus accelerated terrestrial neutron
irradiations were usually performed on commercial power MOSFETs to estimate the failure
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in time (FIT) (1 FIT = 1 failure/billion hours) at different de-rated values of their maximum
rated blocking voltages [4,5,8–11]. The atmospheric neutron flux at sea level is 13 (n/cm2 h)
for neutron energies higher than 10 MeV and it increases with the altitude with a peak at
approximately 20-km. For example, at 12 km of altitude, which is the worst case scenario
for avionic applications, the neutron flux is 6000 (n/cm2 h) [12]. The devices that work
for 109 hours are exposed at a neutron fluence of 1.3 × 1010 (n/cm2) at sea level and
6.0× 1012 (n/cm2) at 12 km of altitude. Hence, the FIT constrains are more stringent for
power devices used in avionic applications. Generally, it is necessary to achieve low FIT
values especially when many power devices are used in modules which have to satisfy
industry qualification standards. For example, in automotive applications it is necessary
to achieve device failure rate below 10 FIT in order to have module failure rate below
100 FIT [13].

During accelerated neutron tests the devices can be exposed to high neutron fluence.
This fluence depends on the device FIT value and on the number of the tested samples.
The neutron fluence increases with FIT decreasing and for the same FIT value increases
with the altitude and with decreasing the number of tested devices. Moreover, due to
exponential dependance of the FIT on the bias drain voltage [14], the neutron exposure
during the neutron tests increases with lowering the drain voltage under irradiation.

In addition to SEB and SEGR mechanisms, generally, neutrons can cause displacement
damages in semiconductor devices, which is due to non-ionizing effects when the neutrons
traversing a device. This effect is associated the non-ionizing energy loss rate (NIEL)
concept, which quantifies that portion of the energy lost by an incident particle that goes
into displacements [15]. Neutron displacement damage is well known in bipolar transistors
and it is used to realize neutron dosimeters. In [16] tests performed on different kinds
of commonly used bipolar transistors prove that none are sensitive to neutron exposure
fluence below 1 × 1012 (n/cm2). The effects displacement damage on low-voltage vertical
power MOSFETs were investigated in [17] by exposing the devices to proton irradiations.
The results show defects introduced by displacement damage can significantly affect the
carrier mobility of the devices when the proton dose reaches≈1015 (n/cm2) 1-MeV neutron
equivalent fluence.

The issue of the degradation of power devices which do not fail during neutron irradi-
ation was already investigated by some authors [7,11]. In [7] accelerated neutron tests were
performed on commercial SiC power MOSFETs with different structures. They found that
some power devices show degradation with respect to the pristine device. In [11] the au-
thors show that silicon MOSFETs and IGBTs after irradiation with 1.9 MeV mono-energetic
neutron beam, produce threshold voltage and the leakage gate current degradation.

The aim of this work is to investigate not only degradation phenomena but also
the impact on the reliability of the devices of SiC power MOSFETs do not fail during a
neutron irradiation run. In [8] we performed an electrical characterization to evaluate the
gate-oxide integrity on Si and SiC power devices which survive the neutron tests. In this
work we extend this investigation by means a more complete electrical characterization of
all survived test vehicles irradiated at Chip-Ir facility during many neutron test campaigns,
which include also those reported in [8]. These neutron test campaigns were performed to
increase the statistics and to evaluate neutron performance at avionic altitude, by using
different neutron tester systems as well.

We also performed the statistical analysis of the failed devices, in order to verify if
the neutron fluence to failure has a cumulative distribution function which follows the
exponential distribution, which usually is a-priori assumed in failure rate calculation.

Moreover, for the GEN3 (SCT130N120G3) SiC MOSFETs (STMicroelectronics) we
further investigated the impact on the device lifetime of the neutron exposure by per-
forming High Temperature Reverse Bias (HTRB) and High Temperature Gate Bias (HTGB)
reliability tests. The investigated samples of GEN3 SiC MOSFETs were irradiated at the
ChipIr facility with two different neutron test systems to estimate the FIT value at sea level
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and avionic altitude. The whole survived devices were electrical characterized before and
after irradiation by measuring all static data-sheet parameters.

2. Experimental

All test vehicles (see Table 1 of [8] ) were irradiated with neutrons at the ChipIr beam-
line of the ISIS spallation source at the Rutherford Appleton Laboratory, UK facility. These
devices were irradiated in different neutron test campaigns preformed by STMicroelec-
tronics and Airbus and according to the JEDEC JEP151 procedure [18]. Some results of
the accelarated neutron testing by ST are reported in [8]. These devices were tested to
determine the sea-level failure rate at different drain bias and with zero gate-source voltage
by using a neutron tester system developed by ST. The devices survived the irradiation
test were exposed to neutron fluence in the range 8 × 109–3 × 1010 (n/cm2). Samples of
the GEN3 SiC power MOSFETs, from the same wafer lot, were also irradiated at the ChipIr
facility by the Airbus company to test the neutron ruggedness of these devices at avionic
altitude (12 km). The irradiated samples were biased and controlled with the Airbus test
bench, capable to test up to 3 kV and monitor the gate and drain current of the MOSFET.
The GEN3 SiC MOSFETs samples were irradiated at VDS = 800 and 850 V with fluence up
to 2 × 1011 (n/cm2). These bias conditions are those used in applications of this power
device. The FIT results of the irradiated samples are shown in Table 1.

Table 1. The FIT values of the GEN3 SiC MOSFET tested by Airbus.

VDS(V) under Irradiation (V) FIT Sea Level [95% CI Bounds] FIT 12 km [95% CI Bounds]

800 0.01 [0.006–0.032] 4.6 [2.81–14.72]
850 0.09 [0.053–0.143] 42 [24.73–65.78]

2.1. Electrical Characterization

In Pre and Post-Stress Electrical Test, data-sheet electrical parameters were measured
to monitor the electrical performance of the MOSFETs. In Table 2 are shown the symbols
and test conditions of some electrical paramenters of the power MOSFET. Some parameters
are measured at different conditions (to simplify, the table shows just one condition). The
electrical parameters were measured with the Transistor Tester System for Power Discrete
Devices TESEC Model 800I-TT.

Table 2. Symbols and test conditions of some electrical parameters of the power MOSFETs.

Symbol Unit Parameter Condition at Tj = 25 °C

ISGS nA gate leakage current VGS = −10 V, VDS = 0 V
IGSS nA gate leakage current VGS = +22 V, VDS = 0 V
VTH V gate-source threshold voltage IDS = 1 mA, VG = VD
IDSS µA drain leakage current VDS = 1.2 kV, VGS = 0 V

BVDSS V drain-source breakdown voltage IDS = 1 mA, VGS = 0 V
VDSon V drain-source on-state voltage IDS = 120 A, VGS = 18 V
VFECS V source-drain diode voltage IDS = 10 A, VGS = 0 V

The electrical measurements performed with the TESEC instrument does not allow to
reach a good accuracy for the measurement of the current with values below ≈100 nA. We
measured both the gate and drain currents with better accuracy than that of the TESEC
instrument, by using the SMU Keithely 2635. We performed measurements of the sub-
threshold and Flower-Nordheim curves (i.e., IDS − VGS at VDS = 2 V and IGS − VGS
at VDS = 0 V, respectively) of the GEN3 SiC MOSFET before neutron irradiation and
for the samples which survived the test. It is known that SiC MOSFET’s suffer of the
threshold-voltage instability, due mainly to the defects at the SiC/SiO2 interface [19].
The threshold-voltage instability effect is the shifting of threshold VTH back and forth
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in response to an applied gate-bias stress. Hence, the IDS − VGS curve at VDS constant
depends on the sweeping mode of the VGS voltage. To minimize this effect we use a
preconditioning technique, which brings the interface into a well-defined and reproducible
charge state before the measurement, by applying two consecutive gate bias voltage pulses,
with a few seconds of duration [20].

2.2. HTGB and HTRB Tests

HTRB and HTGB tests were performed according to the test conditions for qualifica-
tion of discrete semiconductors resported in [21]. During the tests, the DUTs were placed
in an environmental chamber which provided a constant temperature of 200 °C and in
the meantime they were bias stressed by applying a DC voltage. The following stress bias
conditions were used:

• HTRB VGS = 0 V, VDS = 1200 V
• HTGB1 VGS = +22 V, VDS = 0 V
• HTGB2 VGS = −10 V, VDS = 0 V

All the devices were stressed under the described condition for 1000 h (6 weeks).
Three measurements steps were performed after 168, 500 and 1000 h. These tests were
performed on 59 samples of GEN3 SiC MOSFETs split in pristine no irradiated (No Irr)
30 samples, 16 samples irradiated by STMicroelectronics (ST) and 13 samples by Air-
bus (AB).

3. Results
3.1. Electrical Characterization of the Survived Samples

The electrical characterization with the automatic TESEC equipment were performed
on the samples before they were irradiated at ChipIr facility by ST and Airbus companies.
At the same time, the same characterization was also performed on 10 golden samples
of GEN3 SiC MOSFET, from the same wafer lot as the irradiated devices. The results
of the electrical parameters on the survived show that the all parameters do not suffer
of any degradation. The drift of the parameters of the survived samples respect to the
values measured before the irradiation tests are of the same magnitude of those of the
golden samples. For example, the the mean of the percentage drift of the threshold VTH at
IDS = 1 mA of the survived GEN3 MOSFETs is 0.75%, whereas that of the golden samples
is 0.67%, for the leakage HVIDSS at VDS = 1.2 kV the drifts of both the survived devices and
golden samples are of order of magnitude of a few nA. These drift values are comparable
with the accuracy limit of the measurement equipment.

In the Figure 1a are shown the IDS − VGS at VDS = 2 V curves of three samples of
the GEN3 SiC MOSFETs which survived the neutron irradiation. For each sample, the
curves measured before and after irradiation are shown. In the same figure are shown
two measurements of the same curves of a golden sample of the GEN3 SiC MOSFET, which
was used to verify the reproducibility of the measurements. We note that the second curve
is slightly shifted with respect to the first one. This shift can be due threshold−voltage
instability of the SiC MOSFETs [20]. The preconditioning technique used to reduce this
effect seems to work in the case of consecutive measurements made in a short period of
time. We note that the sub−threshold curves of the three survived samples show after
irradiation the same slightly shift of the non-irradiated golden sample. Hence, we conclude
that the neutron irradiation does not alter the sub−threshold curves of GEN3 SiC MOSFETs.
In the Figure 1b are shown the IGS − VGS at VDS = 0 V curves of three samples of the
GEN3 SiC MOSFETs, measured for positive values of the gate-source voltage. The value
of the onset voltage of the Fowler-Nordheim regime is ≈27 V. We note that these curves
are not modified after neutron exposure. This demonstrates that the neutron interaction
with the crystal lattice do not cause gate-oxide damage. This behaviour is different from
that of Heavy-Ions, which can induced gate-oxide degradation as a secondary effect of the
interaction of the ions within the Body-Drain Junction creating hot-carriers (holes) which
are injected into the gate-oxide causing its degradation [22].
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The same electrical characterization was also performed in IGBTs, Si and SiC MOSFET
devices, which survived neutron irradiation. For each part-number golden sample devices
were used. The results show that for all Si and SiC devices the drifts of the measured
parameters are of the same order of magnitude of the respective golden samples.
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Figure 1. Sub−threshold (a) and Fowler-Nordheim (b) curves of three samples of the GEN3 SiC MOSFET before and after
neutron irradiation. Two sub−threshold curves of a golden smaple are also shown.

3.2. Weibull Analysis of the Irradiation Failures

To investigate statistical properties of the failure events in power electronic devices
biased at high voltage due the neutron interaction, we plot the cumulative failure distri-
bution F(φ), where φ is the neutron fluence to failure. We assume that F(φ) obeys to the
two parameters Weibull model

F(φ) = 1− e−(φ/η)β

where β is the shape parameter and η is the scale parameter. β close to 1 is in agreement
with random failures implying that η is the mean fluence to failure. In this case, the FIT
parameter, at sea level, is related to scale factor by FIT = 13× 109/η. The aim of this study
is to determine the shape factor β, in order to verify if the failures follow an exponential
distribution and therefore the FIT value does not depend on the time exposure. The
estimation of the Weibull parameters is a critical issue, and several methods exist to
determine these parameters [23]. Several probability estimators of the i-th failure Fi has
been used and we choose the Hazen estimator Fi = (i− 0.5)/n, where n is the number of
failures. This estimator gives the least bias [24]. For the β parameter we use the maximum
likelihood estimator, which demonstrates, between the common approaches in β estimation,
the narrowest distribution for all sample sizes [25].

The purpose of this study is to check if the failure distribution function is comparable
for different device types and for the same device under different bias conditions. In
particular, we investigate if the shape parameter of the Weibull distributions is close to 1.
In Figure 2 are shown the Weibull plots of two different SiC power MOSFET’s (Figure 2a,b),
Si N-MOSFET Figure 2c) and IGBT Figure 2d as a function of the neutron fluence φ.

In Table 3 are shown the values of the shape parameter β for the the Weibull plots
of the Figure 2. In this table are also indicated the extreme values of the 95% confidence
interval (CI) of the estimated β̂ value. We note that the estimated values of the shape
parameters are close to 1. This result is showed by all tested power devices at different
drain bias voltages during irradiation.
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(a) SiC N-MOSFET SCT35N65G2V VDS = 480 V
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(b) SiC N-MOSFET SCT130N120G3 VDS = 950 V
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(c) Si N-MOSFET STB45N40DM2AG VDS = 320 V
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(d) IGBT STGW8M120DF3 VDS = 850 V

Figure 2. Weibull−plots of failed SiC and Si power MOSFETs as a function of neutron fluence.

Table 3. Shape parameter β̂ for some power devices with the lower and upper limits of the 95% confidence interval.

Power Device BVDSS (V) VDS (V) (under Irradiation) β̂ Lower β 95% CI Upper β 95% CI

SiC-SCT35N65G2V 650 480 1.1 0.86 1.50
SiC-SCT130N120G3 950 1200 1.2 0.87 1.50

Si-STB45N40DM2AG 325 400 0.95 0.70 1.30
IGBT-STGW8M120DF3 850 1200 1.20 0.79 1.80

3.3. HTGB and HTRB Tests on Survived GEN3 SiC MOSFETs

In Table 4 are shown the results of the HTGB and HTRB tests performed on the
survived and pristine samples of the GEN3 SCT130N120G3 SiC MOSFET devices.
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Table 4. HTRB and HTGB tests results of the GEN3 SiC MOSFETs.

Failures/Samples

Test Standard Reference Conditions n° Samples Step No Irr ST AB

HTRB MIL-STD-750-1M1038 Tj = 200 °C, BIAS = 1200 V 23
168 h 0/10 0/6 0/7
500 h 0/10 0/6 0/7

1000 h 0/10 0/6 0/7

HTGB1 JESD22A-108 Tj = 200 °C, BIAS = +22 V 17
168 h 0/10 0/4 0/3
500 h 0/10 0/4 0/3

1000 h 0/10 0/4 0/3

HTGB2 JESD22A-108 Tj = 200 °C, BIAS = −10 V 19
168 h 0/10 0/6 0/3
500 h 0/10 0/6 0/3

1000 h 0/10 0/6 0/3

We note that no failures occurs after 1000 h of HTRB and both HTGB tests for pristine
and survived devices irradiated by ST and Airbus. In Tables 5–7 are shown the measured
values of the main parameters of the power devices before and after each reliability step.
The tables show the median value of the electrical parameters and the maximum value
of the drift after the tests respect to those measured at 0 hour. Moreover, in the tables are
indicated the maximum drift acceptable, according to the specifications of [21]. Test failures
are defined as devices exhibiting values out the data-sheet specification or devices not
remaining within ±20% of the initial reading of each test with the exception of leakage limits
which have to not exceed 5 times the initial value. All the tested devices have electrical
parameters drift well below these constrains. Concerning the gate leakage currents we
note that the devices have values during all the test steps below 100 nA and the AEC spec.
asserts that in this case the tester accuracy prevent a post stress analysis to initial reading.
Based on these reliability results, we can assert that there are not difference in the statistical
estimators of the static electrical parameters between the survived to neutron irradiation
and pristine samples.

Table 5. Drifts of some GEN3 SiC MOSFET electrical parameters for the HTRB test.

HTRB

Parameter Median Max Drift Spec. Drift Datasheet Limit0 h 168 h 500 h 1000 h

IGSS @ VGS = −10 V <10 nA <10 nA <10 nA <10 nA - 5 times
initial value <100 nA

IGSS @ VGS = +22 V <10 nA <10 nA <10 nA <10 nA - 5 times
initial value <100 nA

VTH @ IDS = 1 mA 2.58 V 2.48 V 2.47 V 2.46 V <5% <20% >1 V, <6 V

IDSS@ VDS = 1.2 kV 0.44 µA 0.40 µA 0.38 µA 0.32 µA - 5 times
initial value <10 µA

BVDSS @IDS = 1 mA 1.73 kV 1.73 kV 1.73 kV 1.74 kV <2% <20% >1.2 kV, <1.9 kV

VDSon @
IDS = 120 A VGS = 18 V 2.16 V 2.14 V 2.15 V 2.12 V <2% <20% >1.5 V, <4.14 V

VFECS @ IDS = 6 A 2.06 V 2.04 V 2.04 V 2.04 V <1% <20% <5 V
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Table 6. Drifts of some GEN3 SiC MOSFET electrical parameters for the HTGB1 test.

HTGB1

Parameter Median Max Drift Spec. Drift Datasheet Limit0 h 168 h 500 h 1000 h

IGSS @ VGS = −10 V <10 nA <10 nA <10 nA <10 nA - 5 times
initial value <100 nA

IGSS @ VGS = +22 V <10 nA <10 nA <10 nA <10 nA - 5 times
initial value <100 nA

VTH @ IDS = 1 mA 2.76 V 2.92 V 3.02 V 3.02 V <5% <20% >1 V, <6 V

IDSS@ VDS = 1.2 kV 0.30 µA 0.29 µA 0.29 µA 0.06 µA - 5 times
initial value <10 µA

BVDSS @IDS = 1 mA 1.78 kV 1.78 kV 1.78 kV 1.74 kV <2% <20% >1.2 kV, <1.9 kV

VDSon @
IDS = 120 A VGS = 18 V 2.32 V 2.29 V 2.35 V 2.47 V <2% <20% >1.5 V, <4.14 V

VFECS @ IDS = 6 A 2.16 V 2.20 V 2.23 V 2.08 V <1% <20% <5V

Table 7. Drifts of some GEN3 SiC MOSFET electrical parameters for the HTGB2 test.

HTGB2

Parameter Median Max Drift Spec. Drift Datasheet Limit0 h 168 h 500 h 1000 h

IGSS @ VGS = −10 V <10 nA <10 nA <10 nA <10 nA - 5 times
initial value <100 nA

IGSS @ VGS = +22 V <10 nA <10 nA <10 nA <10 nA - 5 times
initial value <100 nA

VTH @ IDS = 1 mA 2.94 V 3.20 V 3.22 V 3.21 V <5% <20% >1 V, <6 V

IDSS@ VDS = 1.2 kV 0.40 µA 0.41 µA 0.41 µA 0.42 µA - 5 times
initial value <10 µA

BVDSS @IDS = 1 mA 1.76 kV 1.76 kV 1.76 kV 1.76 kV <2% <20% >1.2 kV, <1.9 kV

VDSon @
IDS = 120 A VGS = 18 V 2.27 V 2.36 V 2.40 V 2.40 V <2% <20% >1.5 V, <4.14 V

VFECS @ IDS = 6 A 2.20 V 2.30 V 2.31 V 2.30 V <1% <20% <5V

To highlight any differences between pristine and irradiated devices of the GEN3
SiC MOSFET we show in the Figure 3 the time evolution of VTH , BVDSS, VDSon and VFECS
parameters during the HTRB stress. In the Figure 4 are shown the same parameters during
the HTGB2 stress. The dots indicate the median values and the error bars the minimum
and maximum of the data set. We note that there are no marked differences between the
parameters during the HTRB stress between the pristine and survived samples. The initial
(t = 0 h) median value differences between the three sets of the GEN3 samples is due to the
usual spreading process, even if all devices come from the same production lot. Moreover,
the spread of outliers does not undergo a significant variation during the stress for the
whole parameters in all investigated devices. The same behaviour have these parameters
during the HTGB1 stress. Hence, we conclude that the neutron irradiation does not cause
neither parameter degradation of the SiC MOSFETs nor alter its lifetime.
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Figure 3. Shift of the median of some electrical parameters during HTRB stress of GEN3 SiC MOSFETs. The error bars
indicate the minimum and maximum value.
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Figure 4. Shift of the median of some electrical parameters during HTGB2 stress of GEN3 SiC MOSFETs. The error bars
indicate the minimum and maximum value.

4. Discussion

In [11] was investigated the degradation effects of silicon Super-Junction MOSFETs
and IGBTs after irradiation, at VGS = 0 V and different % values of the rated breakdown
voltage, with 1.9 MeV mono-energetic neutron beam and up to fluence 7.38 × 1012 (n/cm2).
The results of [11] show that all devices, which did not result in failure, present charge
trapping at the silicon/oxide interface, which causes the VTH shift in the 0.2–0.4 V range,
and displacement damage visible in both the increasing of the leakage currents and the shift
of the BVDSS value only for the devices irradiated at 100% BVDSS. The authors conclude
that fast neutrons at energies of 1.9 MeV can induce both TID and displacement damage in
power semiconductors.

These results differ from those found in our investigation, in which neither TID nor
displacement damage is present in irradiated samples. The main difference which could
explain the lack of degradation in our device is the maximum neutron fluence values,
which in our case is roughly one order of magnitude lower.

In [7] accelerated terrestrial neutron irradiations were performed at the ChipIr facility
on different commercial SiC power MOSFETs with planar, trench, and double-trench
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architectures. Concerning the drain leakage current and the breakdown voltage they
observed degradation induced by the neutron exposure in both planar and trench-power
MOSFETs devices. All devices were tested with fluence up to 2.8× 1010 n/cm2. They also
performed post irradiation gate stress (PIGS) test to study the effect of latent damage on the
gate oxide integrity. The results shown the gate damage increased after the PIGS only for
devices with the gate partially ruptured after the neutron exposure. The authors conclude
that the devices with planar-gate architecture exhibit a partial gate rupture mechanism,
similar to degradation induced by heavy ions exposure. Hence, the results reported in [7]
differ from those found in our investigated devices. In our case, concerning the SiC GEN3
MOSFET, both the Fowler-Nordheim curves and the HTGB tests, performed in survived
samples, do not reveal degradation in the gate oxide, even up to neutron fluences one order
of magnitude higher respect to that used in [7].

We note that some power MOSFETs tested in [7] were irradiated with different drain
bias voltage VDS up to 92% of the maximum rated voltage BVDSS. They observe that trench
technology is more sensitive to degradation than the planar one. Moreover, we note that
among the tested power devices of different manufactured, the ST power MOSFETs do not
present any degradation. Values of drain bias voltage greater than 70% of the rated drain
voltage are not used in power applications. Although correlation between the VDS bias
voltage and the degradation of the devices were not investigated in [7], these high values
of the drain bias voltage could have triggered degradation phenomena. Indeed, in [26]
several power MOSFETs operating at maximum-rated drain voltage under broad-spectrum
neutron beam, leakage current increased due to neutron-induced damage.

Our results are in agreement with those obtained in [14,27], where SiC power MOS-
FETs of different vendors irradiated with terrestrial-like spectrum neutrons which do
not fail during irradiation do not show electrical degradation up to neutron fluence of
4 × 1010 (n/cm2). Moreover, in [14] PIGS measurements were taken for SiC power MOS-
FETs that did not fail during irradiations and those survived irradiation also survive the
PIGS test.

The HTGB stress tests performed in the GEN3 SiC power MOSFETs shows that the
survived devices to neutron irradiation do not suffer of any gate oxide degradation and
by any significant change of the number of charge traps at and near SiC/SiO2 interface.
The same devices survived the HTRB tests without significant variation of their electrical
parameters, demonstrating that the neutron interaction with sensitive volume of the de-
vices, if does not trigger SEB, does not alter the junction integrity, the crystal defects and
the ionic-contamination level.

The absence of any degradation in the investigated power devices which survived to
neutron irradiation demonstrated in this paper, at least up to neutron fluence≈1011 (n/cm2),
confirms that the physical mechanisms for nucleon-radiation induced failure in power
electronic devices stipulates a constant hazard rate, which allows to model the fluence-
to-failure random variable with the exponential distribution function and to evaluate the
device failure rate corresponding to the device exposure to cosmic radiation [18]. Our
results on the estimated failure distribution function F(φ) of the tested SiC and Si power
MOSFET’s and IGBT’s, irradiated at different bias conditions, show that F(φ) can be de-
scribed by a two-parameter Weibull distribution. The 95% confidence intervals of the
estimated shape parameter β̂, which provides information about the precision of the point
estimate, include in all cases the value 1. Hence, although the number of failed samples
used to estimate the Weibull parameters is typically not great to get small coefficients of
variation, due mainly to economic reasons, our Weibull analysis gave us some confidence
that F(φ) could follow the exponential distribution function.

5. Conclusions

Si and SiC power MOSFETs and IGBTs by STMicroelectronics were irradiated with
terrestrial-like spectrum neutrons at ChipIr-ISIS (Didcot, UK) facility, with two different
neutron tester systems by ST and Airbus. Power devices which survived to the neutron
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irradiation tests, were electrical characterized pre and post-irradiation. The results show
that all power devices do not suffer of any degradation in the electrical parameters when
irradiated with neutron fluence in the range 1× 109–2× 1011 and at different bias conditions
with VGS = 0 V. This result was obtained by investigating a few hundred of survived device
samples of different power technologies and materials.

The GEN3 SiC MOSFETs, survived to neutron irradiation, were also evaluated by the
reliability tests High Temperature Gate Bias (HTGB) and High Temperature Reverse Bias
(HTRB). All irradiated GEN3 SiC power MOSFETs which survived to neutrons pass even
these reliability tests, at least up to neutron fluence of 2× 1011. Although the sample size
of the devices stressed in the reliability tests is limited, this result demonstrates that the
neutron interaction with the power devices can induce a destructive event (SEB) otherwise
has no impact on the device lifetime. This result is also confirmed by the Weibull analysis
performed on the failed devices, which highlights that the interaction of neutrons with
power devices under high bias voltage is a memoryless process.
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