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Simple Summary: Destructive and non−destructive neutron tests were performed on silicon and
silicon carbide power MOSFETs in the −50 ◦C–180 ◦C temperature range and at different drain bias
voltages. The destructive test showed that all investigated devices failed via the SEB mechanism. The
FIT rate of the silicon devices increases as the temperature decreases, whereas for SiC devices, was
not observed a common trend concerning the FIT temperature dependence among the test vehicles.
In the non−destructive test, the MOSFET operates as a neutron detector allowing the estimation of
the deposited charge device induced by neutrons at different temperatures. The deposited charge at
different temperatures showed a good correlation with those of FIT data.

Abstract: Accelerated neutron tests on silicon (Si) and silicon carbide (SiC) power MOSFETs at
different temperatures and drain bias voltages were performed at the ChipIr facility (Didcot, UK).
A super-junction silicon MOSFET and planar SiC MOSFETs with different technologies made by
STMicroelectronics were used. Different test methods were employed to investigate the effects
of temperature on neutron susceptibility in power MOSFETs. The destructive tests showed that
all investigated devices failed via a single-event burnout (SEB) mechanism. Non-destructive tests
conducted by using the power MOSFET as a neutron detector allowed measuring the temperature
trend of the deposited charge due to neutron interactions. The results of the destructive tests,
in the −50 ◦C–180 ◦C temperature range, revealed the lack of a common trend concerning the
FIT temperature dependence among the investigated SiC power MOSFETs. Moreover, for some
test vehicles, the FIT-temperature curves were dependent on the bias condition. The temperature
dependence of the FIT values, observed in some SiC devices, is weaker with respect to that measured
in the Si MOSFET. The results of the non-destructive tests showed a good correlation between the
temperature trends of the deposited charge with those of FIT data, for both Si and SiC devices.

Keywords: neutron irradiation; power MOSFET; silicon carbide; failure-in-time; temperature mea-
surement; single-event burnout

1. Introduction

The manufacturing of power devices and their utilization in many applications, such
as electric vehicles, power grids, and railway traction, are going through a phase in which
SiC power MOSFETs are replacing their conventional silicon counterparts. Indeed, SiC
devices have the advantage of better performance regarding higher blocking voltage, higher
operating temperature and higher operating frequency [1]. The reliability of SiC power
MOSFETs is a critical issue and atmospheric neutrons are a concern among the several
failure and degradation mechanisms. The neutron failures are important in both avionic [2]
and terrestrial [3] applications.
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The interaction between atmospheric neutrons and power MOSFETs operating at high
voltages may cause catastrophic single-event burnout (SEB) failure. Compared to Si power
devices, SiC devices are less sensitive to SEB failure induced by neutrons [4–6], although
a higher derating factor is needed for SiC devices with higher blocking voltages [7]. The
hazard to SEB failure is quantified by the failure in time (FIT) parameter. Due to the low
flux of terrestrial neutrons (≈25 neutrons·cm−2·h−1 for energies higher than 1 MeV at sea
level [8]), accelerated neutron tests are needed to determine the FIT values of the power
devices under different operating conditions [5,6,9,10]. The accelerated neutron tests are
usually performed at fixed drain bias voltage and with the devices held at room temperature.

Concerning investigations of the SEB temperature susceptibility due to high-energy
neutrons, it is useful to determine more accurately the FIT of the devices during their real
operating conditions in power systems, according to a specific mission profile (function of the
operating conditions: voltage, temperature, altitude, etc.). For example, SiC devices can oper-
ate with a junction temperature over 220 ◦C [11]. Conversely, knowledge of the trend of the
FIT parameter at low temperatures can be useful for both avionic and automotive applications.

Only a few studies on FIT data for power MOSFETs at different temperatures are
present in the literature [12–14]. Generally, for both Si and SiC MOSFETs, the FIT parameter
decreases as the temperature increases, although in [14] a slightly higher failure rate at high
temperatures for SiC power MOSFETs was observed.

An empirical formula reported in [15], valid for Si devices, predicts an exponential
decreasing of the failure rate with increasing temperature. This trend was observed in [12]
for Super-Junction Si MOSFET. The exponential dependence of the FIT on the temperature
observed in Si devices does not hold for SiC power MOSFETs, which showed a weaker
temperature dependence, as observed in [14].

The FIT rate of different configurations of 3.3 kV and 6.5 kV SiC full-power modules
under several operating conditions were calculated in [16]. The temperature dependence
of the FIT is estimated by assuming that this dependence is governed by the temperature
dependence of the avalanche voltage Vaval . The correlation between the FIT of SiC power
devices assessed by neutron irradiation and the multiplication factor measured by radioac-
tive sources was demonstrated in [17]. The same authors characterized the multiplication
factor of Si and SiC power devices at liquid nitrogen and ambient temperatures by using
soft-gamma radioactive sources [18]. They observed that the curves of the multiplication
coefficient versus the ratio VDS/Vaval at liquid nitrogen and ambient temperatures are
almost superimposed. Based on this result, they concluded that the multiplication factor
as a function of the normalized bias VDS/Vaval , obeys a universal law, similarly to what
has been proposed in the literature for the FIT of SiC power MOSFETs [4]. From the above
information, it emerges that in most cases the study of the temperature effects on the
SEB failure of SiC devices was conducted via simulations or measurements of the impact
ionization coefficient by using ionizing radiation or particles other than neutrons.

In this work, we present the results of neutron FIT data of SiC MOSFETs at different
temperatures and bias voltages. We tested in the −50 ◦C–180 ◦C temperature range, one
Si MOSFET and SiC MOSFETs with different technologies. The use of a large amount of
failed samples allowed us to determine the FIT values with good precision. Moreover, to
the best of our knowledge, this work represents the first time that FIT data of SiC power
MOSFETs were presented at temperatures below room temperature.

In order to correlate the FIT versus temperature curves with the temperature depen-
dence of the avalanche voltage, we measured the avalanche voltage Vaval as a function of
the temperature.

Finally, preliminary results are presented concerning the measurement of the deposited
charge in the power MOSFETs induced by neutrons at different temperatures by employing
the MOSFET as a neutron detector.
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2. Materials and Methods
2.1. Neutron Irradiations

The neutron irradiation experiments were performed at the ChipIr beamline of the
ISIS Neutron and Muon Source at the Rutherford Appleton Laboratory (Didcot, UK). The
neutron beam has an atmospheric-like spectrum with energies up to 800 MeV. More details
of the ChipIr facility can be found in [6,19]. To determine the FIT values, we used the
Neutron Tester system (made by STMicroelectronics and DiFC of Palermo University)
which allows controlling up to 24 devices per irradiation run, placed in three different
boards, with the bias condition VGS = 0 V and VDS up to 1200 V [6]. The test circuit includes
a stiffening capacitor for each device to avoid current clamping by the quenching resistor
during the failure device.

To control and monitor the temperature of the irradiated devices, we used two differ-
ent systems for low- and high-temperature range. The Thermal Air TA-5000A/B with the
Clamshell Chamber available in the ChipIr facility was used to control the temperature
of the devices in −50 ◦C–80 ◦C range. Figure 1a shows the three boards with the DUTs
placed inside the Clamshell Chamber. To perform the neutron irradiation at higher temper-
atures, we used DUT boards with self-regulating heaters and platinum-sensing resistors
(PT100), operating at fixed temperatures of 80 ◦C, 150 ◦C and 180 ◦C (see Figure 1b). More
information on our experiment at ChipIr is reported in [20].

(a) (b)

Figure 1. The two systems used to control and monitor the temperature of the power MOSFETs
during neutron irradiation. (a) The Thermal Clamshell Chamber containing the DUT boards and the
neutron beam alignment with the green laser. (b) The DUT boards with self-regulating heaters.

2.2. The Avalanche Voltage Measurements

The Vaval versus temperature measurements were performed by placing the power
MOSFETs inside the cryostat DE–202 by Advanches Research Systems and by using CAEN
NDT1471 instrument, which provides the drain bias voltage, and the Keithley 2635B
configured as an electro-meter connected to source-gate terminal.

2.3. Setup of the MOSFET Working as Neutron Detector

Figure 2 shows the setup used to detect the current pulses in the power MOSFETs
exposed to the neutron beam. The Keithley 2010 supplies the drain bias voltage through
the resistor R. This resistor and the lack of stiffening capacitor reduce the probability of
SEB events occurring. The source and gate terminals of the MOSFET were connected to
the input of a high-speed trans-impedance amplifier (TIA) with a gain of 0.2 V/nA. The
feedback impedance Z f of the TIA is the parallel connection of 4.7 kΩ resistor and 0.2 pF
capacitor (including the parasitic capacitors). The output voltage of the TIA vo is fed to a
channel of the CAEN DT5751 digitizer (with internal gain fixed at ×1) and the waveforms
are recorded for off-analysis.
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Figure 2. Schematic diagram of the setup used to detect the current pulses in the power MOSFET
irradiated with neutrons.

The neutron beam of the ChipIr facility is pulsed at 10 Hz and each pulse (burst) is
composed by two bunches that are about 70 ns wide (half maximum) and 360 ns apart [19].
A digital signal synchronized with the neutron pulses was acquired by the CAEN digitizer
and used to trigger the acquisitions of the time waveforms of the TIA. The record length
of each waveform is ≈4 µs. For each neutron burst, the collected charge Q of the power
MOSFET is calculated by numerical integration of the current pulses.

2.4. Test Vehicles

Table 1 lists the tested devices. These silicon and silicon carbide power MOSFETs are
automotive devices, manufactured by STMicroelectronics and available in the TO247 package.

Table 1. Specifications of the investigated devices.

Material Part Number Label BV DSS (V) Vaval (V) 25 ◦C Technology
(Typical Value)

Si STW12N120K5 VJNL 1200 1360 MDmesh K5-Super Jun.
Si STB24N60M6 BQ65 650 780 MDmesh-Super Jun.
SiC SCTH100N120G2AG SQKW 1200 1580 GEN2-planar
SiC SCTW35N65G2VAG SQF9 650 800 GEN2-planar
SiC prototype BRJRL 1200 1540 Tech. under develop-planar

3. Results

The results of the destructive tests of the power MOSFETs were performed at different
values of temperature and drain bias voltage VDS, with VGS = 0. The following graphs
show the FIT values at sea level and their 95% confidence intervals (CI). The FIT value and
its confidence interval are calculated according to the following formulas [21]:

FIT =
rφn

TSUM
(1)

φnχ2
α/2(2r)

2TSUM
< FIT <

φnχ2
1−α/2(2r)

2TSUM
, (2)

where r is the number of failures of devices, TSUM = ∑r
i=1 φi, where φi is the neutron

fluence to fail of the i-th device, φn = 13 × 109 (neutrons/cm2) is neutron fluence at sea
level/New York City in 109 device−hours and χ2

u(r) is the u percentile of the chi-square
distribution with r degrees of freedom. α = 5% for 95% confidence.

Figure 3 shows the FIT values of the Si VJNL MOSFET versus the bias drain voltage at
different temperatures (Figure 3a) and FIT versus temperature at some fixed VDS voltages
(Figure 3b).
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Figure 3. The FIT curves of the Si VJNL MOSFET. The dashed lines represent the exponential fitting.
(a) FIT as a function of VDS voltage at different temperatures. (b) FIT as a function of temperature at
different VDS values.

We note that the FIT depends exponentially on the temperature and the drain bias
voltage according to the phenomenological model given in [15]. The dashed lines shown in
these Figures are the best fits of this model, which allows calculating the failure rate as a
function of blocking voltage and junction temperature.

For the Si BQ65 MOSFET, we have measured the FIT value only at room temperature,
obtaining the value 53, with [34, 76] 95% CI, at VDS = 450 V. The investigations on the tem-
perature effects were performed for this device only for the avalanche voltage. Figure 4a,c,e
show the FIT versus the drain bias curves, at T = 25 ◦C, of the SiC MOSFETs SQKW, SQF9
and BRJRL, respectively.

Figure 4b,d show the FIT versus temperature curves of the SiC SQKW and SQF9,
respectively, at two different bias drain voltages. Figure 4f shows the FIT versus temperature
curve at fixed VDS voltage of the BRJRL device.

We note that the FIT values of the SiC power MOSFETs have a less marked depen-
dence on both voltage and temperature, with respect to those of the Si device. The FIT
increases exponentially with increases in the VDS, but at a rate smaller than that of the Si
device. Concerning the temperature dependence at fixed voltage, the FIT trend with the
temperature is not marked and seems to depend on the drain bias voltage. For example, for
the SQF9 SiC MOSFET, at VDS = 440 V the FIT decreases with the temperature increasing,
whereas at 480 V the FIT is almost constant with temperature.

The FIT-temperature curves of the SiC SQKW show that the FIT values at VDS = 960 V
and at 1030 V seem to decrease when the temperature increases, although at 1030 V this
trend is less marked than that at 960 V.

3.1. Weibull Analysis

From the results of the FIT data of the SiC devices, a clear trend with the temperature
of the FIT values does not emerge. For example, the FIT versus temperature curves of the
SQF9 show a FIT trend with temperature at VDS = 440 V, whereas at VDS = 480 V the FIT
seems to not depend on the temperature. This ambiguity arises from the large width of
the confidence interval bars of the FIT values, due to the low amount of failed devices at
each temperature. To mitigate this uncertainty, for each device at fixed drain voltage, we
calculate the Weibull distributions of the neutron fluence to fail in the following two cases:

1. φi data measured at room temperature (25 ◦C);
2. by merging the φi data measured at all temperatures.
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Figure 4. The FIT curves of the SiC MOSFETs. FIT as a function of the VDS voltage at T = 25 ◦C of the
(a) SQKW, (c) SQF9 and (e) BRJRL. FIT as a function of the temperature of the (b) SQKW, (d) SQF9
and (f) BRJRL.

It is known that the physical mechanism for neutron-induced failure in power elec-
tronic devices stipulates a constant failure rate corresponding to Weibull distribution F(φ)
of the neutron fluence to fail φ with shape parameter β = 1. When there is a significant
FIT temperature dependence, the estimated shape parameter of the Weibull distribution
of the failed devices at the merged temperatures must be lower than 1. Hence, to detect
the effects of the temperature, we estimated for each device the distribution F at T = 25◦C
and at different temperatures. From the F data, we estimate with the maximum likelihood
method the shape parameter β̂ and its 95% confidence interval.

Figure 5 shows the Weibull plots of the Si VJNL, at T = 25 ◦C (Figure 5a) and at
the merged temperatures (Figure 5b). Figure 6 shows the Weibull plots of the SiC SQF9
MOSFET. Table 2 lists the values of β̂ of the Weibull distributions at room temperature and
with the merged temperatures. For each device, at a fixed drain voltage value, the Weibull
distribution and its shape parameter was estimated from the failed devices at T = 25 °C
and those at all temperatures. We observe that for the Si VJNL a significant reduction of
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the β̂ occurs in the F distribution of the data at all temperatures. This confirms the marked
trend with the temperature of the failure rate.
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Figure 5. Weibull plots of failed VJNL power MOSFETs as a function of neutron fluence at VDS = 860 V.
(a) T = 25 ◦C. (b) Merged temperatures.
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Figure 6. Weibull plots of failed SQF9 MOSFETs as a function of neutron fluence at VDS = 480 V.
(a) T = 25 ◦C. (b) Merged temperatures.

We apply this method to the SiC MOSFETs and the results, summarized in Table 2,
show that for the SQF9 at VDS = 480 V and the BRJRL at VDS = 900 V the FIT is not affected
by the temperature, whereas the FIT of the SQKW at 960 V depends on the temperature.

For the SQF9 at VDS = 480 V and the SQKW at 1030 V, the Weibull analysis is precluded
due to the lack of sufficient failed samples.

Table 2. Estimated Weibull shape parameter β̂ with its %95 confidence interval of the investigated
power MOSFETs for the failed devices at T = 25 ◦C and at all temperatures. A significant deviation
of β̂ from 1 indicates a temperature dependence of the FIT(T) induced by neutron irradiation.

Material Chip Label VDS (V) β̂ [95% CI] FIT(T)

T = 25 °C Merged T

Si VJNL 860 1.38 [0.99, 1.92] 0.56 [0.48, 0.66] yes

SiC SQF9 480 1.20 [0.94, 1.54] 1.04 [0.90, 1.19] no

SiC SQKW 960 1.20 [0.94, 1.53] 0.61 [0.59, 0.64] yes

SiC BRJRL 900 0.96 [0.68, 1.35] 1.14 [0.93, 1.40] no

3.2. Avalanche Voltage versus Temperature

Figure 7 shows the measured avalanche voltage Vaval versus the temperature T for the
BQ65 and VJNL Si power MOSFETs (Figure 7a) and for the SQF9 and SQKW SiC devices.
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Figure 7. Typical Vaval versus T curves of Si and SiC power MOSFETs. (a) BQ65 and VJNL Si
MOSFETs. (b) SQF9 and SQKW SiC MOSFETs.

For Si devices, the avalanche voltage monotonically increases with increasing tem-
perature , ≈1 V/◦C for the BQ65 and ≈2 V/°C for the VJNL. For SiC power MOSFETs,
the avalanche voltage is almost constant in the low temperature range, up to ≈25 ◦C, and
then increases with the temperature increasing with a rate of ≈0.3 V/◦C for the SQF9 and
≈0.6 V/◦C for the SQKW device.

3.3. Waveforms Analysis of the MOSFET Working as a Detector under Neutron Irradiation

Regarding the setup to detect the current pulses of the MOSFET under neutron
irradiation, we performed irradiation runs with the Si VJNL MOSFETs and with the SiC
SQKW devices. For each irradiation run, the device was biased at fixed VDS value. Figure 8
shows the acquired waveforms of the TIA output due to a single neutron burst, for the Si
VJNL Figure 8a and SiC SQKW Figure 8b devices at T = 25 ◦C.

Although the resistor R between the drain and power supply was 6.8 MΩ for the VJNL
and 4700 Ω for SQKW, the amplitude of the current signals of the Si device are greater than
those of the SiC device. This could be explained by the higher VDS/Vaval ratio and by the
greater sensitive region of the VJNL with respect to those of the SQKW.

In the case of the VJNL waveforms shown in Figure 8a, can be distinguished two
pulses due to the two neutron bunches, the first begins at t ∼= 1.1 µs and the second at
t ∼= 1.4 µs. These signals are ≈300 ns apart. This value is close to the mean value of the
time delay of 360 ns between the two neutron bunches provided by the neutron source. In
other cases, more than two pulses per bunch are present. For the SiC SQKW MOSFET, is
not possible to clearly distinguish two or more pulses per each neutron burst.
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Figure 8. Neutron-induced drain current waveforms with the baseline subtracted at T = 25 ◦C. (a) Si
VJNL MOSFET at VDS = 860 V. (b) SiC SQKW MOSFET at VDS = 870 V.
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Temperature Effects on the Deposited Charge

To investigate the temperature effects on the MOSFETs waveforms induced by the
neutrons, we performed, for each device, several acquisitions at fixed drain voltage and
three different temperatures: one temperature close to the room value, one lower and
the other higher. For each acquired waveform we calculate the deposited charge Q by
numerical integration of drain current due to a single neutron burst, although during one
neutron burst more current pulses are present and the deposited charge per each pulse
should be calculated.

Figure 9 shows the histograms of the deposited charge Q for the VJNL Figure 9a and
SQKW Figure 9b at different temperatures. The number of neutron burst Nburst is 5000 for
both devices and for each temperature.
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Figure 9. Histograms of deposited charge Q induced by neutrons in the MOSFETs at different
temperatures. Nburst = 5000. (a) Si VJNL MOSFET at VDS = 860 V. (b) SiC SQKW MOSFET at
VDS = 870 V.

We observe that for both devices as the temperature increases, the counts at higher
values of Q decrease. The deposited charge in the VJNL is almost one order of magnitude
greater than that of the SiC device. Moreover, in the VJNL are present overflow pulses
which exceed the input range of the digitizer. These pulses were excluded in the calculation
of the deposited charge. The number of overflow pulses increases as the temperature
decreases. Indeed, these overflow pulses are 4.8% at T = −32 ◦C, 2.0% at T = 22 ◦C and
0.3% at T = 73 ◦C of the whole neutron bursts. These overflow pulses were not observed in
the SiC device.

To better highlight the temperature effects on Q, Figure 10 shows the empirical cumu-
lative distribution functions (CDF) of Q for the VJNL Figure 10a and SQKW Figure 10b.
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Figure 10. Cumulative distribution functions of the deposited charge Q induced by neutrons in the
MOSFETs at different temperatures. Nburst = 5000. (a) Si VJNL MOSFET at VDS = 860 V. (b) SiC
SQKW MOSFET, VDS = 870 V.
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We note that the CDFs shift toward higher Q values as the temperature decreases.
Hence, we conclude that temperature modifies the amount of charge produced inside the
sensitive region by neutron interaction for both silicon and silicon carbide MOSFETs.

4. Discussion

From the results of our experiments emerge a clear behavior of temperature depen-
dence of the FIT for the silicon power MOSFET, which corroborates current data presented
in the literature. The failure rate due to the SEB induced by fast and ultra-fast neutrons
depends exponentially on both the temperature and drain bias voltage. This temperature
dependence was also confirmed by the proposed Weibull analysis. In this work, the sili-
con devices were used as golden sample to validate our methods used to investigate the
temperature effects on the neutron-induced SEB in SiC power MOSFETs, for which the FIT
results do not show a clear trend with the temperature.

With the known temperature dependence of the avalanche voltage Vaval(T), the FIT
versus VDS/Vaval(T) curves could explain FIT temperature dependence in SiC MOSFETs as
proposed in [16,18]. This analysis applied to the FIT data would be cumbersome because
the values of the avalanche voltage exhibit a large spread as well as their temperature drift.
As an example, Figure 11 shows the neutron fluence to fail versus the VDS/Vaval of the
BRJRL at T = 25 ◦C and VDS = 800 V. Despite the small sample size, we note the large
spread of the Vaval values and the lack of correlation between the avalanche voltage and the
neutron fluence to fail. This lack of correlation has been already observed in [6] for different
SiC power MOSFETs. In particular, as represented by the blue and red circles in Figure 11,
some devices (blue circle) fail at almost the same neutron fluence but at different values
of VDS/Vaval . The other batch (red circle) with the same VDS/Vaval value fail at neutron
fluences which differ over one order of magnitude.

Concerning the temperature dependence at fixed drain voltage of the FIT values of
the SiC power MOSFETs, the results of our investigation confirmed the lower temperature
dependence of the silicon power MOSFETs and showed that the FIT-temperature curves
depend on the SiC device and its bias condition.

Some physical mechanisms governing the temperature dependence of the SEB failures
have been proposed in [12] for Si MOSFETs and in [14] for SiC MOSFETs. For silicon
devices, the SEB mechanism is due to the parasitic bipolar transistor turn-on due to the
dense electron-hole plasma produced by an ion which traverses the depletion region of
the n-channel MOSFET [22]. The increase in SEB tolerance with increasing temperature
is due to two concomitant mechanisms: the lowering of the bipolar gain with increased
recombination rates and scattering at high temperatures, and the ionization rate decreasing.
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Figure 11. Neutron fluence at fail as a function of VDS/Vaval of the BJRJL at T = 25 ◦C and VDS = 800 V.
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With regard to the SiC MOSFETs, in [14] the failures induced by terrestrial neutrons in
SiC power MOSFETs and diodes in the 120–150 ◦C temperature range were investigated.
Irrespective of device type, MOSFET or diode, the start of these failures exhibits the same
characteristics with the same or slightly higher failure rates at high temperatures for the
SiC power MOSFETs and diodes. Hence, the authors conclude that the parasitic transistor
in a SiC power MOSFET does not contribute to the SEB trigger and explain the weaker
temperature dependence of the FIT curves with respect to those of silicon devices by the
relative weak temperature dependence of impact ionization in SiC material along with the
fast thermal transients.

In [18], it is shown that the carriers’ multiplication coefficient as a function of the
VDS/Vaval is almost constant with the temperature for both Si and SiC MOSFETs. This
is explained by the Miller’s empirical formula, which gives the relation between multiplica-
tion coefficient and the avalanche voltage. We note that this result was obtained by irradiating
with X-rays a single device, for which the VDS/Vaval(T) is known. The estimation of the
multiplication coefficients was performed at cryogenic temperature and at temperatures
greater than room temperature. Hence, the behavior of the multiplication coefficient in the
−50 ◦C–25 ◦C temperature range, where some of our data were measured, has not been in-
vestigated. Based on these considerations, we conclude that the FIT temperature dependence
observed in SiC SQKW at fixed VDS can not be explained by the VDS/Vaval(T) temperature
trend, since in this temperature range, the FIT changes whereas the Vaval is a constant.

Concerning the non-destructive test, we point out that it has been used to investigate
the effects on the device neutron susceptibility due to changes in temperature. Determining
the FIT parameter at a given device operating condition has an economic impact, due
to the large number of destroyed devices and the beam time cost. By using just a few
MOSFETs operating as a detector, it is possible without destroying the device to determine
the effects of some operating condition variations. Moreover, the beam time required to
perform waveform acquisitions with good statistics is short compared to that required
for the FIT determination. For example, the acquisitions of the waveforms induced by
5000 neutron bursts took almost 10 min, whereas the FIT measurements can last several
hours, depending on temperature and bias conditions. We propose this method as a
complementary technique to the FIT measurements. In the test circuit used to detect the
current pulses of the MOSFET during neutron irradiation the stiffening capacitor is not
present, used for the destructive testing mode. Although this capacitor is missing, SEB
events can occur at low values of the quenching resistor R.

The results of the deposited charge Q due to neutrons for the Si VJNL and SiC SQWK
devices at different temperatures showed the Q decreasing with rising temperature, ac-
cording to the FIT-temperature trend. We observe that the variation in mean value of the
deposited charge due to the change of the temperature from the lowest to the highest
value is ≈39% for the Si VJNL and ≈30% for the SiC SQKW. The spread of the deposited
charge can be ascribed to different mechanisms which mainly depends on the neutron
energy spectrum, the different nuclear interactions with the nuclei of the lattice [19] and
the position of the neutron strike inside the active region of the device.

As already noted, the overflow pulses present in the Si device were not included in the
CDF of the deposited charge. We estimated only their occurrence, which varies by about
one order of magnitude when the temperature varies from −32 ◦C to 73 ◦C. Hence, the
deposited charge in the overflow pulses could be correlated with SEB events, by optimizing
the gain of the TIA.

In the case of the SiC SQKW, we did not observe overflow pulses during neutron
irradiation up to several thousands of neutron bursts (Nburst = 50,000). The lack of these
overflow pulses is due to the low FIT values at VDS = 870 V and the high value of the
damping resistor R. The low amplitude signals induced in SiC devices do not allow for
detection of the deposited charge in the SQF9 device, at least for drain bias voltages up
to 500 V. Higher gain TIA and lower R values would be used to detect pulses induced by
neutrons in the SQF9 power MOSFET.
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5. Conclusions

The results from destructive and non-destructive terrestrial neutron experiments were pre-
sented for commercial prototypes of Si and SiC power MOSFETs, made by STMicroelectronics.

The investigated devices were irradiated at different temperatures in the −50 ◦C–180 ◦C
range.

The destructive tests showed that all investigated devices failed via the SEB mechanism
and that the FIT rate of the silicon device, at fixed bias voltage, increases exponentially as
the temperature decreases. For SiC devices, the FIT values show a weaker temperature
sensitivity compared to that of the silicon device, and in some devices, the FIT is almost
constant with the temperature. We observed a decrease by one order of magnitude in the
FIT values of the SCTH100N120G2AG 1200 V SiC power MOSFET with the temperature
rising. From these results, we conclude that in the investigated SiC power MOSFETs
does not arise a common FIT-temperature trend. In particular, the FIT versus temperature
depends on the device and its bias condition.

In addition, we measured the avalanche voltage Vaval as a function of the temperature
of some Si and SiC devices. From the results, we conclude that for the investigated SiC
MOSFET the FIT-temperature dependence at fixed bias conditions cannot be explained by
the temperature dependence of the ratio VDS/Vaval .

With the implemented non-destructive test, we measured the deposited charge in the
power MOSFETs induced by neutrons at different temperatures by using the MOSFET
operating as a neutron detector. We provided preliminary results of this technique, applied
to one Si and one SiC device. The deposited charge induced by neutron different tempera-
tures showed a good correlation with those of FIT data, for both Si and SiC devices. This
technique can be used to investigate the effects of temperature and drain bias voltage on
the neutron susceptibility of the power MOSFETs, with considerable savings of beam time
and sample devices. Further neutron test campaigns are planned to use this technique.

Author Contributions: Conceptualization, F.P. (Fabio Principato) and F.P. (Francesco Pintacuda);
methodology, F.P. (Fabio Principato) and F.P. (Francesco Pintacuda); software, F.P. (Fabio Principato);
validation, F.P. (Fabio Principato), F.P. (Francesco Pintacuda) and C.C.; formal analysis, F.P. (Fabio
Principato); investigation, F.P. (Fabio Principato), M.K., C.C. and F.P. (Francesco Pintacuda); re-
sources, F.P. (Fabio Principato), F.P. (Francesco Pintacuda), C.C., L.A. and C.F.; writing—original draft
preparation, F.P. (Fabio Principato) and F.P. (Francesco Pintacuda); writing—review and editing, F.P.
(Fabio Principato), M.K., C.C., C.F., L.A. and F.P. (Francesco Pintacuda); project administration, F.P.
(Fabio Principato), C.F. and F.P. (Francesco Pintacuda); funding acquisition, F.P. (Fabio Principato),
F.P. (Francesco Pintacuda), L.A. and C.F. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was supported by University of Palermo (Italy), grant codes PJ-GEST-FFR-2022
and PJ-GEST-FFR-2023. Experiments at the ISIS Neutron and Muon Source were supported by a
beamtime allocation RB2200028 from the Science and Technology Facilities Council. This work was
partially funded by STMicroelectronics.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
The following abbreviations are used in this manuscript:

FIT failure-in-time, 1 FIT corresponding to 1 failure in 109 device-hours
SEB single-event burnout
TIA trans-impedance amplifier
DUT device under test
CDF cumulative distribution function



Radiation 2023, 3 122

References
1. Cui, R.; Xin, Z.; Liu, O.; Kang, J.; Luo, H.; Zhang, L.; Loh, P. Review of Methodologies for Evaluating Short-Circuit Robustness

and Reliability of SiC Power MOSFETs. IEEE J. Emerg. Sel. Top. Power Electron. 2022, 10, 4665–4679. [CrossRef]
2. Galloway, K.F.; Witulski, A.; Schrimpf, R.; Sternberg, A.; Ball, D.; Javanainen, A.; Reed, R.; Sierawski, B.; Lauenstein, J. Failure

Estimates for SiC Power MOSFETs in Space Electronics. Aerospace 2018, 5, 67. [CrossRef]
3. Davidson, C.; Blackmore, E.; Hess, J. Failures of MOSFETs in terrestrial power electronics due to single event burnout.

In Proceedings of the INTELEC 2004, 26th Annual International Telecommunications Energy Conference, Chicago, IL, USA,
19–23 September 2004; pp. 503–507. [CrossRef]

4. Lichtenwalner, D.J.; Akturk, A.; McGarrity, J.; Richmond, J.; Barbieri, T.; Hull, B.; Grider, D.; Allen, S.; Palmour, J.W. Reliability of
SiC Power Devices against Cosmic Ray Neutron Single-Event Burnout. In Proceedings of the Silicon Carbide and Related Materials
2017; Materials Science Forum. Trans Tech Publications Ltd.: Stafa-Zurich, Switzerland, 2018; Volume 924, pp. 559–562.

5. Akturk, A.; McGarrity, J.M.; Goldsman, N.; Lichtenwalner, D.J.; Hull, B.; Grider, D.; Wilkins, R. Predicting Cosmic Ray-Induced
Failures in Silicon Carbide Power Devices. IEEE Trans. Nucl. Sci. 2019, 66, 1828–1832. [CrossRef]

6. Principato, F.; Altieri, S.; Abbene, L.; Pintacuda, F. Accelerated Tests on Si and SiC Power Transistors with Thermal, Fast and
Ultra-Fast Neutrons. Sensors 2020, 20, 3021. [CrossRef] [PubMed]

7. She, X.; Huang, A.; Lucia, O.; Ozpineci, B. Review of Silicon Carbide Power Devices and Their Applications. IEEE Trans. Ind.
Electron. 2017, 64, 8193–8205. [CrossRef]

8. Gordon, M.S.; Goldhagen, P.; Rodbell, K.P.; Zabel, T.H.; Tang, H.H.K.; Clem, J.M.; Bailey, P. Measurement of the flux and energy
spectrum of cosmic-ray induced neutrons on the ground. IEEE Trans. Nucl. Sci. 2004, 51, 3427–3434. [CrossRef]

9. Soelkner, G. Ensuring the reliability of power electronic devices with regard to terrestrial cosmic radiation. Microelectron. Reliab.
2016, 58, 39–50, Reliability Issues in Power Electronics. [CrossRef]

10. Martinella, C.; Alia, R.; Stark, R.; Coronetti, A.; Cazzaniga, C.; Kastriotou, M.; Kadi, Y.; Gaillard, R.; Grossner, U.; Javanainen,
A. Impact of Terrestrial Neutrons on the Reliability of SiC VD-MOSFET Technologies. IEEE Trans. Nucl. Sci. 2021, 68, 634–641.
[CrossRef]

11. Wang, J.; Zhou, W.; Yu, S.; Huang, Y. The Packaging Design for a SiC MOSFET Power Module with High-Temperature
Characteristics. In Proceedings of the 2022 IEEE International Power Electronics and Application Conference and Exposition
(PEAC), Guangzhou, China, 4–7 November 2022; pp. 1477–1480. [CrossRef]

12. Katoh, S.; Shimada, E.; Yoshihira, T.; Oyama, A.; Ono, S.; Ura, H.; Ookura, G.; Saito, W.; Kawaguchi, Y. Temperature dependence
of single-event burnout for super junction MOSFET. In Proceedings of the 2015 IEEE 27th International Symposium on Power
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