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Abstract

The failure of power devices produced by atmospheric neutrons, even at sea level, is a critical issue to
assess the reliability of these devices in automotive applications. Usually, accelerated neutron tests are
performed to estimate the failure in time (FIT) values of the power devices under different operating
conditions, by using virgin device samples. In this work, neutron tests were performed on commercial
SiC power MOSFETs which pass HTGB and HTRB qualification tests, commonly used in automotive
qualification procedures to verify the gate-oxide and junction and termination integrity. The impact of

these reliability qualification tests on the neutron FIT values was investigated.
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1. Introduction

Silicon carbide (SiC) power MOSFETs are now the main component in power systems for electric
transportation applications, such as electric vehicles, trains and air-crafts [1]. SiC MOSFETs provide bet-
ter performances than Si devices due to their ability to operate at higher voltage and temperature. For
example, SiC MOSFETs based converters reduce the switching losses in hard-switched applications re-
sulting in a better efficiency and a more compact design [2]. Consequently, the reliability of these devices
is a crucial issue and among the various failure mechanisms, those induced by atmospheric neutrons
have to take into account the mission profile of the automotive applications. Indeed, the cosmic ray
interactions with the earth’s atmosphere produces high-energy neutrons which can cause Single Event
effect (SEE) and Single Event Burnout (SEB) failure in power devices [3, 4]. The SEB failure mechanism

is a critical issue, because it limits the maximum operation DC blocking voltage of the power MOSFET
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and for its impact on the lifetime of power systems [5, 6]. Indeed, the SEB failure mechanism stipulates
the electric field-enhanced carrier multiplication from an initial charge deposition by a nucleon-nucleus
collision fragment produced by the neutron interaction with the lattice of the sensitive region of the
device. This charge determines localized currents increase, which, in turn, leads to incandescent tem-
peratures, and, if not interrupted, leads to catastrophic device failure [7]. Massive charge multiplication
as a root cause for device failure is therefore limited to power devices of high blocking voltage.

Due to the low flux of the terrestrial neutrons (~13 neutrons-cm2-h~! for energies higher than 10
MeV at sea level), accelerated terrestrial neutron tests are required to determine the failure rate of power
devices. These tests are usually performed according to JEDEC spec JEP151 [8] to estimate the failure-
in-time (FIT, 1 FIT = 1 failure/billion hours) of the devices. These neutron tests are usually performed
at different Vpg voltages, with Vs = 0 V and at room temperature [9, 3, 10]. Usually, the neutron tests
to determine the FIT value of power devices are performed with samples of pristine devices. In our
previous work [11], high temperature reverse-bias (HTRB), high— temperature gate-bias (HTGB) tests
and electrical DC characterization were performed on GEN3-S5iC power MOSFETs which survived to
accelerated neutron tests. Neutron irradiation of these devices was performed at Chiplr-ISIS (Didcot,
UK) facility, with a terrestrial-like spectrum neutron beam. After neutron irradiations with fluence up to
10! n/cm?, the survived power MOSFETs do not suffer of any degradation in the electrical parameters
and pass both HTRB and HTGB reliability tests. This result proved that the neutron interaction with
the power devices can induce a destructive event (SEB) and otherwise has no impact on the device’s
lifetime. Moreover, the empirical distribution functions for the neutron fluence-to-failure calculated
for the failed devices, follow with an acceptable confidence level the exponential distribution function,
which characterizes physical memoryless processes with a constant hazard rate.

During the operation of power MOSFETs in real applications, the SiC power MOSFETs are subject
to several wear-out mechanisms, such as example, at the die level, the gate-oxide degradation in the
on-state [12]. The reliability of SiC power devices depends on both wear-out and failure mechanisms.
We pose the question of whether the wear—out mechanisms can alter the FIT value due to the neutron
interaction in power devices. To this aim, we carried out accelerated neutron tests on GEN3 SiC Power
MOSFET, made by STMicroelectronics, after passing both HTRB and HGBT tests. These reliability as-
sessments were performed by following AEC-Q101 qualification standards [13].



2. Experimental

2.1. Test veichles

The neutron irradiation test and the reliability tests were performed on the 650 V SiC GEN3 power
MOSFET SCT055HU65G3AG, made by STMicroelectronics, with planar technology and available in
TO247 package.

2.2. Neutron irradiations
The neutron irradiation experiments were performed at the Chiplr 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. Figure 1 shows the Chiplr neutron spectrum,
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Figure 1: Chiplr neutron spectrum compared to the atmospheric at ground level.

compared to the atmospheric spectrum. The neutron flux is 5x10° cm~2s~! and the minimum beam
size is 70x70 mm?.

Figure 2 shows the setup used to determine the FIT values of the irradiated devices. This sys-
tem controls up to 24 devices per irradiation run. The devices under test (DUT) are placed in three

different boards (DUT board), with the bias condition Vs = 0 V and Vpg up to 1200 V. The DUT



boards include stiffening capacitors for each device and quenching resistors to avoid current clamp-
ing of the high—voltage power supply. The Neutron Tester system (made by STMicroelectronics and
DiFC of Palermo University) measures the leakage currents and when a device fails, following the
pre—established criterion that the leakage current exceeds 200 yA, switch off the device’s power supply.
This system allows the measurement of leakage currents during irradiation and provides digital signals
that detect SEB events. Digital and analog data acquisition systems (DAQ) measure these signals. A
counter connected to a neutron detector, provided by the Chiplr facility, measures the neutron fluence.
The whole system is controlled by dedicated Labview software which records on file both analog and

digital data.
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Figure 2: The experimental setup measures the FIT values of power MOSFETs under neutron irradiation.

2.3. HTRB and HTGB tests

We performed HTRB and HTGB tests according to the conditions for qualification of discrete semi-
conductors reported in [13]. We placed the DUT during the tests 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. We used the following stress bias conditions:
e HTRB V=0V, Vps =650V;

e HTGB1 Vs = +22V, Vpg =0 V;



e HTGB2 Vgg=-10V, Vpg =0 V.

The bias conditions Vpg = 650 V, Vs = +22 V and -10V are the absolute maximum rating values fixed in
the datasheet. All devices were stressed under the described condition for 1000 hours (6 weeks). Three
measurements steps were performed after 168, 500 and 1000 hours. Table 1 shows the maximum drifts
acceptable according to the specifications in [13]. Test failures are defined as devices exhibiting values
out the datasheet limits 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. During the reliability
tests we measured datasheet electrical parameters with the Transistor Tester System for discrete power

devices TESEC Model 800I—-TT.

AECQ101-revE & datasheet limit
Parameter spec. drift datasheet limit
Igss @ Vgs =-10V 5 times initial value <100 nA
Igss @ Vg =+22V 5 times initial value <100 nA
Vrg @ Ips = 1 mA <20% >18V & <42V
Ipss@ Vps =650V 5 times initial value < 10uA
BVpss @Ipg =1 mA <20% <650V
VDson @ <20% <108V
Ips=15 A Vg =+18 V
Veees @ <20% <35V
Ips=15A Vgs =0V

2.4. Failure analysis

Table 1: Maximum drifts for HTGB and HTRB tests.

To find and observe the position where the burned-out occurred, we de—capsulated the failed de-
vices using a sulphuric and nitric acid mixture. We used a microscope to find out the location of the

burned-out region. The dimension of these spots is ~70 ym.



3. Results and discussion

Table 2, 3 and 4 list the drifts of some GEN3 SiC MOSFET electrical parameters for the HTRB, HTGB1
and HTGB?2 tests, respectively. In particular, these tables show the time evolution of Igss, Vry, BVpss,

Vpson and Vrgcs.

HTRB
median
Parameter max drift
Oh 168 h 500 h 1000 h

Igss @ Vg =-10V <5nA <5nA <5nA <5nA -

Igss @ Vg =422V <5nA <5nA <5nA <5nA -
Vrg @ Ips = 1 mA 3.06 V 3.08V 3.08V 3.09V <4%
Ipss@ Vs =650 V 026 uA | 025 uA | 026 uA | 025 uA | <1%
BVpgs @Ipg =1 mA 873V 874V 873V 873V <1%

V; @
Dson 094V | 094V | 094V | 094V <1%
IDS:15 A VGS =+18V

Viecs @ Ipg =15 A Vg =0V 3.13V 3.13V 3.13V 3.13V <1%

Table 2: Drifts of some electrical parameters of the GEN3 SiC MOSFET for the HTRB test.

All electrical parameter drifts of the investigated samples are well below the AECQ specification
limits. We note that 1000 hours of HTRB and HTGB, according to the Arrhenius acceleration model,
simulate an engine time over several decades of the power device for a typical mission profile. These
tests simulate some degradation and failure mechanisms of the device during their applications.

The effects of the reliability tests on the neutron ruggedness of the investigated device, were per-
formed by comparing the FIT value of pristine samples with those passing the HTRB and HTGB tests.
The irradiation runs were performed at room temperature and with drain bias voltage Vps =550 V and
with Vg = 0. Based on the neutron fluence at sea level (13 x 10° neutrons/cm? in 10° device—hours)
and by measuring for each irradiated device the neutron fluence to fail ¢;, the FIT value and its 95%
confidence interval (C.1.) are calculated according to the formulas presented in [8].

Figure 3 shows the FIT values of the SiC GENB3 pristine MOSFET versus the drain bias voltage Vpg.
The error bar indicates the 95% C.I of the estimated FIT value. We observe the typical exponential



HTGB1

median
Parameter max drift
Oh 168 h 500 h 1000 h

Igss @ Vg =-10V <5nA | <bnA | <5nA | <5nA -
Igss @ Vg =422V <5nA | <5nA | <6nA | <5nA -
Vry @ Ips =1 mA 3.06 V 3.08V 3.08V 3.09V <4%
Ipss@ Vps =650V | 0.26 uA | 0.25 uA | 0.26 pA | 0.25 pA <1%
BVpss @Ips =1 mA 873V 874V 873V 873V <1.5%
Vbson @
Ips=15 A Vgg =+18 V
VrEcs @
Ips =15A V55 =0V

094V 094V 094V 094V <1%

316V 317V 318V 318V <2%

Table 3: Drifts of some electrical parameters of the GEN3 SiC MOSFET for the HTGB1 test.

increasing of the FIT value with the drain voltage increasing.

Table 5 lists the FIT values with the 95% C.I. at Vpg =550 V of the pristine devices and of the devices
after 1000 hours of HTRB, HTGB1 and HTGB2 stress tests.

We have chosen the value 550 V of the drain voltage to perform the irradiation runs of pristine
and stressed devices for the following reasons: first, at 550 V, the FIT value of pristine samples is large
enough to obtain a large number of failed samples within suitable irradiation time; second, this bias
value is higher than typical values used in power systems; therefore the lack of differences between
pristine and stressed samples have conservative significance.

We note that the FIT values of the stressed devices are close to that of the pristine. Only for the HTRB
stressed devices, the FIT is slighter higher than of the pristine, although the confidence levels guarantee
that this difference has no statistical significance.

To investigate in more detail the statistical properties of the failure events due to the neutron interac-
tion, we plotted the cumulative failure distribution F (¢), where ¢ is the neutron fluence to failure. We

assume that F (¢) obeys the two—parameter Weibull model

F(p)=1- e*((P/’?)ﬁ,



HTGB2

median
Parameter oh 168 h 500 h 1000 b max drift
Igss @ Vs =-10V <5nA | <bnA | <5nA | <5nA —
Igss @ Vg =422V <5nA | <5nA | <5nA | <5nA -
Vry @ Ips =1 mA 3.06V | 3.08V | 3.08V | 3.09V <4%
Ipss@ Vps =650 V 15uA | 22 uA | 1.16 uA | 1.75 uA <2%
BVpss @Ips =1 mA 873V | 874V 873V 873V <1%
Vbson @
Ips=15 A Vgg =+18 V
Vrecs @
Ips =15 A Vgs =0V

094V | 094V | 094V 094V <1%

315V | 317V | 319V 319V <2%

Table 4: Drifts of some electrical parameters of the GEN3 SiC MOSFET for the HTGB2 test.

Device cindition FIT @ sea level | [95% C.1.]
Pristine 5.0 [4.2,7.6]
Post 1000 hours HTRB 6.8 [5.0, 8.8]
Post 1000 hours HTGB1 5.8 [4.3,7.5]
Post 1000 hours HTGB2 5.7 [4.2,7.5]

Table 5: FIT values and their confidence intervals of the SiC MOSFET at Vpg =550 V of pristine devices and after reliability stress

tests.

where 77 is the scale parameter and 8 the shape parameter. The physical mechanism for neutron—induced
failure in power electronic devices stipulates a constant failure rate corresponding to Weibull distribu-
tion F (¢) of the neutron fluence to fail ¢ with shape parameter § = 1 [8]. B values different from 1,
indicate a failure rate which is time—dependent and in particular, < 1 it is a decreasing failure rate,
whereas for B > 1 it is an increasing failure rate which root causes are wear-out failure mechanisms,

such as oxide integrity and hot carriers. The formula used to calculate the FIT values assumes f = 1. To
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Figure 3: FIT versus Vps of SiC MOSFET pristine samples.

investigate the presence of degradation mechanisms in the stressed devices subject to neutron irradia-
tions, we calculate the Weibull distributions of the neutron fluence to fail ¢; for the pristine and stressed
devices. To calculate the cumulative distributions of the filed data, we used the following estimator
(median rank): .

F=o o @
where 7 is the number of the failed samples, i is ith failed sample at neutron fluence ¢;. Figure 4 shows
the Weibull plots of the cumulative failure distribution versus the neutron fluence to failure of the in-
vestigated devices. The straight lines are linear fits. To calculate the shape parameter, we used the
maximum likelihood estimator [14].

Table 6 lists the values of the estimated shape parameter 3 with its 95% C.I..

We observe that the shape parameter of the Weibull distribution is close to 1 for both pristine and
stressed devices through HTRB and HTGB tests. The Weibull analysis performed on the failed devices
confirms that the interaction of neutrons with power devices under high bias voltage is a memoryless
process regardless if the device is virgin or stressed. Figure 5 shows the images of burned-out point

of the failed devices after neutron irradiation for the GEN3 SiC MOSFET, for the pristine and HTRB,
HTGB1 and HTGB?2 stressed devices. We performed this analysis, for each type of virgin and stressed
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Figure 4: Weibull plots of failed power MOSFETs as a function of neutron fluence at Vps = 550 V. (a) pristine. (b) HTRB. (c)
HTGBL. (d) HTGB2.

device, on 20 samples of failed devices. We observed that the SEB events cause a burn—out in a random
position of the die active area regardless the device was pristine or stressed. Moreover, the location of
the burn—out spot does not depend on the stress type which the device experience before the neutron

irradiation.

4. Discussion and Conclusions

The results of the neutron irradiations performed on the GEN3 SiC power MOSFET by using virgin
and stressed samples, show that the stress processes which the devices undergo during 1000 hours of
HTRB and HTGB at 200°C, do not alter the susceptibility of the SiC MOSFET to fast and ultra—fast neu-
trons. To investigate in more detail the effect of these tests in the SEB mechanism induced by neutrons,

we tried to correlate the drifts of the maximum drain rated voltage BVpgg, at the end of the HTRB test,

10



~

Device condition B [95% C.L.]
Pristine 1.41 | [1.33,1.77]

Post 1000 hours HTRB | 1.15 | [0.92, 1.44]
Post 1000 hours HTGB1 | 1.01 | [0.81, 1.26]
Post 1000 hours HTGB2 | 1.23 | [0.98, 1.55]

Table 6: Estimated shape parameters and their 95% confidence levels of the Weibull distribution of the SiC power MOSFET for

pristine and after reliability tests samples.

with the values of the neutron fluence to fail of the same devices. The choice of this parameter is moti-
vated by the fact that the SEB mechanism depends exponentially on the electric field in the body—drain
junction [7]. During the HTRB test, this junction is subjected to stress and if this stress modifies the
sensitivity to the SEB, we expect a correlation between the neutron fluence at failure and the relative
changes of the BVpggs values. Figure shows the neutron fluence to failure of the SiC MOSFET versus its
relative drift of BVpgg, after 1000 hours of the HTRB test.

For this analysis, we consider only the positive drifts of BVpgs, which are over 90% of all drifts. We
note the lack of correlation between the drifts of BVpgs and the values of the neutron fluence to failure.

The HTGB tests are designed to detect defects near SiC/SiO, interface and charge traps in bulk
gate oxide, whereas the HTRB test checks the drain—source junction integrity, crystal defects and ionic-
contamination level [15]. In our case, although after 1000 h of HTRB and HTGB tests the devices do
not show significant drifts in the electric parameters, these devices were subject to ageing effects. To
estimate the average engine time corresponding 1000 hours of test duration, we used the Arrhenius

acceleration model which gives the following expression for the acceleration factor [13]:

(B (1 1
Ar=exp (kB (Tu Tt))

where E, is the activation energy, kg is the Boltzman’constant, T, the average junction temperature and
T; is the junction temperature in test environment. For STMicroelectronics SiC power MOSFETs E,;=0.55
(eV) and T;=200 °C. If we assume T,=100°C, results average engine on time of ~37000 hours which,
for typical applications, corresponds to over 45 years. Hence, we conclude that the susceptibility to
atmospheric neutrons of the investigated device does not change during the device’s lifetime, supposing

that the device is subject only to the fatigue mechanisms produced by the HTRB, HTGB1 and HTGB2

11
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Figure 5: Microscope Image of the failure on the die surface. (a) pristine. (b) HTRB. (c) HTGBI. (d) HTGB2.

tests. Hence, the stress induced by these reliability tests does not alter the FIT of the GEN3 power
MOSEFET due to cosmic radiation exposure.

To further investigate the issue concerning the alteration of the FIT value of the SiC MOSFETs during
their operation in power systems, accelerated neutron tests should be performed on devices subject to

degradation mechanisms other than those induced by the HTRB and HTGB tests.
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Figure 6: Neutron fluence to fail versus relative drift of BVpgs, after 1000 hours of HTRB test.
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