N

N

Neutron-Induced Failure Dependence on Reverse Gate
Voltage for SiC Power MOSFETs in Atmospheric
Environment
K. Niskanen, Rosine Coq Germanicus, A. Michez, Frédéric Wrobel, Jérome

Boch, Frédéric Saigné, Antoine Touboul

» To cite this version:

K. Niskanen, Rosine Coq Germanicus, A. Michez, Frédéric Wrobel, Jérome Boch, et al..
Neutron-Induced Failure Dependence on Reverse Gate Voltage for SiC Power MOSFETs in At-
mospheric Environment. IEEE Transactions on Nuclear Science, 2021, 68 (8), pp.1623-1632.
10.1109/tns.2021.3077733 . hal-03341565

HAL Id: hal-03341565
https://hal.science/hal-03341565

Submitted on 16 May 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-03341565
https://hal.archives-ouvertes.fr

Neutron induced failure dependence on reverse
gate voltage for SiIC Power MOSFETs in
atmospheric environment

K. Niskanen, R. Coq Germanicus, A. Michez, F. Wrobel, J. Boch, F. Saigné and A. D. Touboul

Abstract—The mechanisms responsible for the neutron-induced
single event burnout (SEB) in commercial Silicon Carbide power
MOSFETs under atmospheric-like neutron spectrum was
investigated and analyzed. Combined effect of applied reverse gate
voltage and drain voltage was evaluated. First, local analysis of the
packaged device at the wafer level is performed to reveal the
failure mechanism inside the semiconductor lattice. Secondly,
based on gate stress testing of survived devices and looking at the
influence of reverse gate bias during irradiation, we demonstrated
an enhanced failure sensitivity especially for drain voltage values
close to the safe operating area. In addition to support this
assumption, TCAD simulations with damage sites were performed
in order to address physical mechanisms related to gate leakage
degradation and SEB.

Index Terms—Silicon carbide, power MOSFET, neutrons,
single event burnout

I. INTRODUCTION

Power MOSFETs have been known for decades to be
susceptible to atmospheric environment [1], [2]. In particular, it
is well known that their failure probability increases with
applied drain-to-source voltage (Vps). For device qualification,
the most common method for assessing the radiation sensitivity
of power MOSFET is to test with different Vpg values while
gate-to-source voltage (Vgs) is kept at 0 V. This is to ensure that
the transistor is in off-state which means there is no current
flowing through the channel of the transistor. In this context,
several studies focused on the effect of applied drain voltage on
destructive failure sensitivity of SiC power MOSFETs under
atmospheric neutron environment [3]-[7] and heavy ion
irradiations [8], [9]. However, the impact of gate voltage on the
sensitivity to radiation induced failure has not been considered
in such studies.

For silicon devices, the effect of gate voltage on the single
event burnout (SEB) sensitivity under atmospheric neutron
environment has been investigated in some studies for IGBTs
[10] and power MOSFETs [11], [12]. The contribution of gate
voltage is often related to single event gate rupture (SEGR). For
SiC MOS power devices, SEGR sensitivity has been reported
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to be lower compared to Si devices [13]. Therefore, SEGR is
not supposed to be the main failure mechanism to be expected
for SiC devices.

When power MOSFET devices are used in operation, such
as in switching power converter, the Vgs is likely to vary
between negative and positive values. For example, in
switching power converter utilizing SiC power MOSFET, Vgs
can vary from -4 V to 15 V during switching operation [14].
Therefore, it is important to assess, if the off-state gate voltage
plays a role in the sensitivity to destructive failure while
operating in radiation environment.

In this paper, the effect of reverse applied gate voltage on the
SEB sensitivity of SiC power MOSFET during neutron
irradiation is investigated. For this, three different drain bias
voltages are used during the test for two different Vgs values: 0
V and maximum negative value. For failed devices, a failure
analysis at the wafer level has been performed in order to
identify and well understand the SEB mechanisms and
consequences. In addition, to perform a comprehensive study,
post irradiation gate stress (PIGS) testing and simulations are
performed for survived devices in order to reveal possible latent
damage induced by neutron radiation

II. EXPERIMENTAL DETAILS

Devices under test (DUT) in this study are discrete
commercial 3" generation SiC power MOSFETs manufactured
by CREE (part number C3M0120090D, lot number W14918).
Each device has the same lot number. The devices have vertical
structure and the package type is TO-247-3. Nominal maximum
ratings are Vps=900V, Vgs = -4/+15 V, Ips = 23 A and
Ron = 120 mQ. Electrical characterizations, including IpsVgs
and IgsVgs measurements, have been performed before and
after irradiation. In addition, forward IpsVps characteristics of
the body diode were also measured.

In total, 120 devices and 6 voltage configurations during
irradiation were tested. 20 DUTs per configuration were
irradiated at room temperature in parallel configuration. During
irradiation, devices were biased at Vps = 675 V, Vps =765 V
and Vps =900 V (75%, 85% and 100% of Vpsmax respectively).
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For each Vps value, gate voltage configurations Vgs =0 V and
Vags = -4 V were tested. As indicated, the devices for each test
configuration were from the same manufacturing lot and
therefore, no process related effects on the device behavior
should be expected.

A. Facility description

Neutron irradiations were performed at the Chiplr facility
[15] in Rutherford Appleton Laboratory, UK. The facility
provides atmospheric-like neutron spectrum with acceleration
factor of 10° compared to ground level neutron flux. The
nominal neutron flux was 5.4 x 10% n/cm?/s (E,> 10 MeV) at
the test position. A comparison between the Chiplr neutron
energy spectrum and atmospheric neutron energy spectrum is
given in [15].

B. Irradiation test setup

For the experimental study, test board schematics follows the
MIL-STD-750E test standard [16]. The test board containing
DUTs was placed under beam while drain and gate voltages
were controlled and total currents were monitored with PC and
SMUs in the control room. Drain voltage was applied and total
drain current was measured with Heinzinger EVO HV power
supply. Gate voltage was applied and corresponding current
measured with Keysight B2902A precision source meter unit
(SMU). Schematics of the test setup is presented in Fig. 1.

During irradiation, destructive failure of the DUT was
identified by step increase of the total current caused by low
resistance path inside the device structure.

Irradiation chamber

Control room

: Vo : EVO

H : HV SMU
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Fig. 1. Test setup schematics. Control instruments were placed in the control
room while only the test board containing DUTs was placed under beam in the
irradiation chamber.

III. RESULTS AND DISCUSSION

A. Reliability extraction from failure data

Based on literature [4], [7], regarding the drain bias, the most
sensitive configuration for SEB is the highest drain voltage
during the irradiation. Then for this configuration, DUTs were
kept under beam until all of the devices were failed. For other
configurations, the beam was stopped, when at least 65 % of the
DUTs were failed, in order to gain sufficient statistics and plot
an accurate reliability law.

To determine statistical failure behavior of the irradiated
devices, a Weibull analysis has been performed on the failure
data. Y-value for the data points for the Weibull plot were
obtained after Benard’s approximation [17], which is given in

(1):

i—03
T N+04 %
where i_is the running number of the failure and N is the total
number of devices. Thus, the value of the fluence for each
failure is then determined and represented on the x-axis (Fig.
2). Failure plots for each irradiation run are done in Fig. 2 for
all bias configurations. Weibull parameters were extracted by
using software library [18] and by using maximum likelihood
estimation (MLE). As a cross correlation procedure, second
analysis on the failure data was performed by using linear
regression (LR) method in which linear fit is performed on the
Weibull data by using least squares method.
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Fig. 2. Weibull plots for different bias voltage configurations during
irradiation. Fits are performed with MLE method.

Based on the Weibull parameters, we have also extracted
mean fluence to failure (MFTF) which in turn can be derived
from extracted Weibull parameters with (2). All the extracted
parameters are given in Table 1.

MFTF = 7 xT(1 + %) ©)

The Weibull shape parameter [ is an indicator of failure rate
behavior over time. If B <1, the distribution will show a
decreasing failure rate with time, which is representative of
early life failures. If f > 1, it implies increasing failure rate with
time. Finally, B=1 implies random failures which means
constant failure rate over time. When dealing with neutron-
induced failure, a p = 1 is to be expected.



TABLE I
EXTRACTED RELIABILITY PARAMETERS FOR EACH IRRADIATION CONFIGURATION BY MLE AND LR METHODS

Vs (V) Vas (V) Slllzl;lviil\elgd/ Pue Brr Nvee (cm™) Nir (cm™) M(IZSQ;LE N(Ifn];lz)L & ﬂuig(:ip(i?i-z)
0 7/13 1.12 1.26 5.19 x 101 439 x 10'° 4.99 x 10'° 4.08 x 10'° 5.98 x 10"
o7 -4 1/19 1.33 1.34 2.49 x 10" 2.46 % 10" 2.30 x 10" 2.26 % 10" 5.92 x 10"
0 1/19 1.12 1.07 4.63 x 10° 4.59 % 10° 444 % 10° 447 % 10° 2.41 % 10"
763 -4 0/20 1.56 1.46 8.98 x 10° 9.59 x 10° 8.36 x 10° 9.79 x 10° 2.25 % 10"
0 0/20 0.87 0.92 9.06 x 10 8.75x 108 9.75 x 10% 9.11 x 10% 4.50 x 10°
20 -4 0/20 1.07 0.96 6.96 x 10® 7.11 %108 6.78 x 10® 7.23 x 108 2.35x10°

B. The effect of combined applied drain and gate voltages on
SEB sensitivity

As mentioned earlier, the goal of this study is to investigate
the role of applied gate voltage either during irradiations on the
SEB occurrence and also on the long term reliability for
unfailed devices. Therefore, considering at first the influence of
reverse gate bias on SEB sensitivity, two different Vgs values
for each Vps configuration were tested during irradiations.

By comparing the MFTF values in Table I, we can see, as
expected, that the applied bias on the drain strongly increases
the risk of failure. The lower the applied Vps, the higher the
fluence needed for the device to fail. However, beyond those
well-known considerations, this figure rises some questions
about the contribution of the reverse gate voltage on the risk of
failure during irradiation.

Indeed, looking more closely on the MFTF (Table I) for the
lowest applied Vps value (675 V), we can see that the MFTF
seems to be affected by the applied gate voltage. This might
indicate an enhanced sensitivity to SEB when Vgs=-4 V. In
literature, similar negative gate bias dependence on the SEB
sensitivity has been observed for trench Si IGBT technology
[10]. This behavior is not so clearly observed for higher drain
voltage, though the behavior at 900 V is unclear. Indeed, if the
mean fluence to failure values tend to indicate a higher
sensitivity when a reverse gate bias is applied, the minimum and
maximum values are overlapping for the two configurations.
We assume thus that the contribution of the reverse gate bias to
SEB increases as the drain voltage is closer to the safe operating
area (SOA) limit, which for this reference has been found to be
between 50% and 75% of the applied drain voltage [19]. Indeed,
applied drain voltage results in electric field across the drift
layer which is an important contributor to the SEB triggering
for such devices [20], especially at maximum electrical rating.

In addition to MFTF parameter, we should also pay attention
to the number of failed devices for different irradiation
configurations in Table I. For irradiation configuration
Vps =675V, Vgs = 0 V, after the beam was stopped, we
observe 13 failures over 20 devices irradiated. However, while
the reverse gate bias was applied, with the same Vps and same
stopping fluence, we observe 19 failures over 20 devices
irradiated. This can indicate an enhanced SEB sensitivity for
Vps =675 V configuration when reverse gate bias is applied.
For higher Vps values, no such differences between Vgs
configurations are observed.

Finally, looking at the reported results in Table I, we can see
that B values are close to 1 for each configuration, confirming

random failures, which is expected failure mode for neutron

induced-failures since the interaction is considered stochastic.

However, for each Vps voltage configuration,  values for

configurations with negative gate voltages are relatively greater

compared to configurations with Vgs = 0. This behavior might

be related to the possibility that reverse gate bias might act as a

complementary stressor for the device, giving an increase to the

failure rate over time.

Those three aforementioned parameters (MFTF, number of
failures, B) give us indication of enhanced SEB sensitivity of
SiC MOSFET close to the SOA limit while negative gate bias
is applied.

In order to well understand the failure mechanism of SiC
power MOSFET and evaluate with precision the parameters
which impact the SEB occurring, we performed following
investigations:

e On one hand, a failure analysis at the wafer level has been
performed for devices having suffered a SEB (section C).

e On the other hand, a Post Irradiation Gate Stress (PIGS) test
has been performed for unfailed devices irradiated at
Vps =675 V (section D-1).

e Then, in order to support experimental results and related
hypothesis, TCAD simulations have been performed
(section D-2).

C. Neutron-induced damage failure analysis at wafer level

In order to increase the understanding of the destructive
mechanism, a failed device (having suffered a SEB) was
analyzed at the SiC wafer level. For the semiconductor analysis,
scanning electron microscopy (SEM) observations were
performed at the failure location.

[V-characteristics in Fig. 3 show the electrical signature of
the SEB for a device irradiated at Vps =675 V and Vgs=0 V.
Note that Ips reaches the compliance limit of the measurement
unit at 1A. A drain to source shortening signature is observed
while the gate leakage shows a linear behavior with gate voltage
(Fig. 3). This linear gate leakage behavior indicates that the
oxide exhibits a resistive response typical of a low resistance
current path on the gate.
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Fig. 3. InsVgs and IgsVes characteristics of the failed device before and after
irradiation. Device was irradiated at Vps = 675 V and Vgs = 0 V Both drain-
source and gate failures can be observed after irradiation induced failure. Ipg
reaches the compliance limit of the measurement unit at 1 A.

In this case, the challenge was to locate the failure. In fact,
for SEB failure, the device degradation is the consequence of a
single probabilistic neutron interaction with the SiC material of
the packaged device. This first interaction originates in the
generation of one or several secondary ions themselves able to
generate electron-hole pairs in the semiconductor. Thus,
because of the stochastic aspect of the interaction, a simple
cross-section along an axis parallel to the gates is not suitable.
Indeed, the probability to find out the failure signature would
be too low. In addition, in our case, it is important to note that
the epoxy molding component (EMC) material of the TO-247-
3 packaging did not present any defects (holes, peeling, cracks,
etc...) allowing to have a first indication of the possible location
of the failure signature. This complicated the localization of the
SEB defect.

Therefore, before the cutting of the SiC packaged device, a
fine localization of the SEB signature at the wafer level is
necessary. To this end, an original sample preparation was
developed. To be sure to find out and analyze the local
degradation for a failed device, several steps are required:
packaging opening, localization of the defect, cutting, polishing
and observation. Obviously, all steps must maintain the
integrity of the defect, which means that the device preparation
must not introduce additional defects. For that, after the
mechanical opening of the resin package on the back side, the
SiC die was thinned from the drain side in order to achieve a
thin SiC layer which becomes optically transparent (Fig. 4).
After that, we were able to locate the failure point through the
thin SiC material. A defect with a diameter of 202 um was thus
optically located from the back side of the thinned SiC. The
sample cutting line was then located at the center of the
observed failure location and to finish the sample preparation,
the cross section of the SiC device was polished. After sample
preparation, the device was observed with scanning electron
microscopy (SEM). Results are presented in Fig. 5. The cross-
sectional SEM view indicates the failure inside the SiC
MOSFET structure.
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Fig. 4. Localization of the SEB signature at the wafer level after backside
opening.
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Fig. 5. Cross-section images of failure location. Lower image is a closer zoom
of the same location than in the top image. Localized heating point has melted
the semiconductor material resulting in low resistance path between the gate,
the source and the drain terminals. Device was irradiated at Vps = 675 V and
VGS =0V.

As expected, no degradation is observed in the EMC
material. The neutron passed completely through the EMC
packaging without damage. However, a strong detachment of
the epoxy matrix is to be noted. Surely a signature of a strong
energy release during the SEB. Moreover, a melted area which
due to the high localized current and subsequent thermal
expansion of the SiC material, is revealed.

We can see in Fig. 5 that width of the damage site is similar
to the width of the elementary cell. In particular, we can observe
that the oxide region has been melted for a single cell.
According to our best knowledge, this is the first time that



neutron SEB failure is located and analyzed by SEM while
there are no cracks on the packaging of the commercial SiC
power MOSFET. In addition to the damage caused by the
melting of the metallic contact at the device surface leading to
the melting of the oxide region, the melting occurs also deeper
below in the SiC material. We also identified two main cracks
inside the lattice of the device localized in the N~ drift region.
For this region, the doping has a lower value and therefore the
layer material has higher resistance compared to highly doped
drain layer. Higher resistance led thus to higher power
dissipation and further higher temperature along the current
path which eventually led to cracking of the semiconductor
material. From this local analysis of the SEB signature at the
wafer level, we turned our attention to gate oxide for the
following.

D. Post-irradiation gate stress for survived devices and TCAD
simulations

In this section, the long term reliability of survived devices
is investigated. Indeed, though those devices have not suffered
a SEB, they have very likely suffered non-destructive neutron
interactions. This means that, due to the high electric fields
inside each device cell, some current transients might have been
generated inducing possibly some latent defects. Thus, a post
irradiation gate stress (PIGS) has been performed on those
devices in order to determine whether they were weakened due
to irradiation (Section D-1). In section D-2, a hypothesis will be
raised thanks to TCAD simulation focusing in particular on the
contribution of the reverse gate bias.

1) Post-irradiation stress test

Looking at the lowest SEB sensitivity irradiation
configuration (Vps =675V, Vgs =0 V), 7 devices over 20 did
not exhibit SEB when the beam was stopped. In order to reveal
possible latent damage induced by the neutron interaction,
PIGS measurements were performed for these survived
devices.

During the PIGS test, drain terminal was shorted with source
terminal (Vps = 0 V) and gate voltage was swept from -8 V to
+19 V, which is the safe dynamic gate voltage range for this
technology. Before this stress test, note that no differences were
observed in IpsVgs characteristics or in body-diode forward
IpsVps characteristics between pre- and post-irradiation
measurements. However, in the survived devices lot, 3 devices
over 7 show an increased gate current level during PIGS after
neutron irradiation (Fig. 6). Due to a high sensitivity to SEB
(only one survived device), the sensitivity to PIGS test of the
other gate bias configuration (Vps =765V, Vgs=-4 V) was
not able to be investigated.

This means that for experimental data shown on Fig. 6, the
gate degradation observed is only related to the influence of the
electrical field induced by the Vps which resulted in transient
currents through the oxide, generating subsequent latent
damage sites within the oxide or at its interface. Therefore,
though the latent damage generation should be emphasized by
the reverse gate bias (as this will be discussed in section D.2
with the TCAD analysis), it was observed that the applied drain-
to-source voltage during irradiation is enough to generate latent
damage sites within the oxide. Similar post-irradiation gate
leakage has been observed also after heavy ion impact for SiC
power MOSFETs [21], [22], confirming our hypothesis.
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Fig. 6. Gate current (absolute value) of the survived devices before and after
irradiation. Devices were irradiated at Vps = 675 V, Vgs = 0 V. 3 of 7 survived
devices show increased gate current levels during post-irradiation gate stress.

Indeed, looking at the devices having survived to neutron-
irradiation, a clear gate oxide degradation has been revealed for
almost the half of them (3 over 7). Concerning their functional
capabilities, devices still maintained their blocking and
switching capabilities.

However, those survived devices clearly exhibit a weakening
of the gate oxide which might lead to a decrease of their
lifetime. As an assumption, secondary ions generated by the
primary neutron interaction, have induced free carrier
generation. Depending on the location of the primary
interaction, carriers have drifted or diffused. Due to the electric
filed repartition, some interactions might have generated
carriers which have drifted in the neck region below the oxide
region leading to localized stresses by transient current through
the oxide layer. Such localized electrical micro stress might
induce localized interface and oxide traps originating in a
decrease of local oxide resistivity and leading to an overall
device reliability degradation.

2) TCAD simulation study

TCAD simulations were performed in order to address the
physical mechanism of the device degradation and the impact
of drain and gate bias on the failure behavior. TCAD tool
ECORCE specifically developed for radiation effects studies
[23] was used for this purpose. ECORCE uses a drift-diffusion
model coupled with the heat equation (i.e., thermodynamic
simulation with lattice temperature) and provides an automated
and dynamic mesh generator that optimizes the mesh
distribution for all modeling steps for either DC or transient
analysis, and for 1D, 2D and axisymmetric geometries.

The implemented device geometry is presented in Fig. 7 and
the simulation parameters are based on the previous work [19].
Charge deposition subsequent to neutron interaction is
modelled by Si-ion hit in the device active volume. In the
following simulations, the ion impact occurs at t =1 x 1074 s,
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Fig. 7. SiC MOSFET geometry implemented in TCAD simulation tool
ECORCE.

a) The effect of radiation impact on gate degradation

At first we have focused on the non-destructive interaction
impact on the gate oxide. For that, the hole density (Fig. 8) and
the electric field (Fig. 9) in the gate oxide layer were observed
during charge deposition and transport inside the device
structure. The impacting Si-ion energy was 30 MeV which has
a range of 7.1 pm in SiC and a linear energy transfer (LET)
value of 15.5 MeV cm? mg''. During simulations, investigated
bias configurations were fixed at Vps =675 V for two applied
gate bias Vgs =0V and Vgs=-4 V.

Due to neutron impact and secondary recoiling ion, electron-
hole pairs are generated along the ion track in the SiC epitaxial
layer. Observing the hole density right under the oxide layer
brings a crucial information on the possibility that transient
currents induced by secondary generated ions might create a
localized micro stress of the oxide leading to the subsequent
creation of latent damage sites. Investigation with TCAD the
transport of holes for a specific ion track location in the neck
region, a significant hole accumulation under the gate oxide
layer is observed (Fig. 8). We can note that this result is similar
to the SEGR mechanism observed in Si power MOSFETs [24]
though no SEGR has been observed during experiments. Based
on experimental results and on TCAD simulations, it is thus
expected that an applied negative gate bias would reinforce the
probability of localized latent damage creation within the oxide,
since the electric field in the oxide layer will reach higher value.
Fig. 9 represents the simulated electric field in the device at t=0
ps and t = 3 ps after the ion impact.

A strong increase in electric field in the gate oxide during the
ion impact is observed and can be related to hole accumulation
as observed on Fig. 8 at t =3 ps. Such electric field is not high
enough to induce direct oxide failure [25] but can result, as
discussed earlier, in charge injection within the oxide layer.
This charge injection is likely to create latent defects in the
oxide layer which may impact the long term reliability of the
device during operation when a switching Vgs is applied.

Gate oxide

Source

Hole density
% 10% (cmd)

5.00

Fig. 8. Hole density after the ion impact. Holes are transported and
accumulated at the gate oxide surface due to the electric field in the drift layer.
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Fig. 9. Simulated electric field before (left) and after (right) the ion impact.
Zoom in the gate oxide area with the maximum electric field location is
presented in the bottom figure.



In order to assess the impact of applied gate voltage on the
gate oxide degradation, TCAD simulations were performed for
both Vgs =0V and Vgs = -4 V configurations. Simulated time
evolution of electric field values in the gate oxide layer during
the ion impact for Vps = 675 V bias configuration are presented
in Fig. 10. The measurement point is at the location where the
electric field reached its maximum value (indicated in Fig. 9).
It is important to note that this simulation study has focused on
the impact of neutron-induced ion impact in the neck region of
the SiC Power MOSFET. Indeed, the applied reverse bias on
the gate will in this specific case enhance the electric field
within the oxide layer compared to grounded gate
configuration. Such behavior was expected since the electric
field in the oxide during ion impact originates from holes
accumulated under the gate oxide layer. Therefore, by applying
negative voltage at the gate terminal, the difference in
electrostatic potential across the oxide layer is increased. The
maximum values of electric field transients for each voltage
configuration have been plotted in Fig. 11, pointing out that
such behavior might be expected whatever the Vpgs value is
applied. However, as will be shown in subsection D2b, the
impact of Vps far above the SOA may mask this post irradiation
behavior by increasing the probability of SEB during irradiation
as was observed in our experimental results.

b) The effect of gate degradation on SEB triggering

First, it has to be reported that TCAD simulations (not
presented here) have been performed at the different Vps values
and for both Vgs configurations, grounded and reverse biased,
in order to analyze the influence on overall transient drain
current. Though it has been observed that the reverse gate bias
was responsible for an increase of the electric field in the
channel region close to the source contact due to hole
accumulation, TCAD simulations did not allow to report an
increase of the drain current with a negative gate voltage. This
means that we cannot conclude that the SEB sensitivity is
increased by the gate bias on top of the drain voltage. However,
it also indicates that due to the location of hole accumulation
close to the source region, there might be mutual effects
between gate oxide degradation and subsequent SEB triggering.
Moreover, such mutual effects are emphasized by the fact that
at the irradiation fluence used during experiments, the mean
number of n-Si or n-C interactions leading to secondary ions
generation in each elementary cell is about 160 considering
events of > 100 fC generated charge. Such statistics has been
estimated by using MC-ORACLE monte carlo code [26],
calculating for the device geometry with a Rectangular
Parallelepiped (RPP) approach the overall cross section of the
irradiation facility neutron spectrum. Then multiplying the
cross section by the fluence has given the number of events in
the elementary cell. The critical charge of 100 fC was chosen
since in TCAD simulations, it was observed to induce
significant increase in gate oxide electric field during the event.
It should be noted though, that compared to our test conditions,
in atmospheric environment we should expect lower
accumulated fluence during the device lifetime. However,
based on the statistics obtained from MC-ORACLE simulation,
we should still expect about 15 events per elementary cell in
avionic applications.
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Fig. 10. Simulated time evolution of electric field in the gate oxide layer during
the ion impact for Vps = 675 V bias configuration. The applied reverse gate
bias results in higher electric field in the oxide during the charge deposition in
the device for an ion impact in the neck region.
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Fig. 11. Simulated maximum values of electric field transient in the oxide layer
for different irradiation voltage configurations. For each Vps configuration,
maximum electric field value is higher when reverse gate bias is applied
compared to grounded gate configuration.

Moreover, this number does not include neutron interactions
generating less than 100 fC of charge, which also might
contribute on the gate degradation.

Thus, starting from the observation that the neutron
irradiation can induce several interactions in one elementary
cell and that each time transient currents are able to be
generated, the second part of the TCAD study focuses on the
effect of degraded gate oxide on the SEB triggering. Since the
degradation and increased gate leakage current does not imply
the immediate device failure, we assume that devices which
eventually exhibited SEB, could have suffered gate damage
prior to SEB. For that purpose, we created a simulation model,
in which the gate damage is modeled by replacing a small
portion of the gate oxide with SiC material. Based on a recent
publication for Si MOSFET [27], in our case we simulated the
damage sites by creating a SiC path through the gate oxide
layer just on the top of the source well (Fig. 12) which
corresponds to the current behavior observed during PIGS test.
With this simulated structure, the impact on SEB triggering of
the injected charge through the gate is evaluated.
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Fig. 12. Gate leakage current in TCAD simulation is modeled by replacing a
portion of gate oxide with SiC material. Width of the region is 50 nm and n-
doping density is 1 x 10" ecm.

As reported as accurate parameters in previous studies [9],
[28], simulated currents and impact ionization rates for the two
simulation models (with non-degraded oxide and with gate
oxide degradation) are respectively presented in Fig. 13 and in
Fig. 14. Note that simulations were still performed under such
ion energy conditions (reducing from 30 MeV to 20 MeV) that
at the given position, no SEB was able to be triggered. Such
simulation parameters have been chosen in order to determine
if the localized oxide degradation might enhance the SEB
triggering sensitivity. In Fig. 13, the global currents at the
device terminals have been plotted as a function of time.
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Fig. 13. Simulated time evolution of drain (Ips) and absolute value of gate
currents (Igs) during the ion impact for two different irradiation Vpg
configurations and for original model and model with degraded gate.

Comparing the drain current shapes between Vps =675V
and Vps=900V, we confirm the fact that without any
degradation in the oxide (Fresh models), a SEB might be
triggered more likely at higher drain voltage. However, looking
at the drain current transients at Vps = 675 V for non-degraded
oxides (Fresh model) and for degraded oxide model (Degraded
model), a 50% increase in the first drain current peak value at
t=1psand a 100% increase in the sustained drain current value
between 10 ps and 100 ps are observed. Considering then the
higher drain bias configuration at Vps =900 V, the first Ips
peak value of the degraded model is still higher compared to the
fresh model but the maximum value of the second drain current

peak value in the sustained region at t =1 ns is similar for both
models.

Whatever the Vps, one can note that the difference in the
drain current values between the two models can originate from
the current path through the gate oxide and resulting gate
current, as shown in Fig. 13. However, this gate current
contribution to the overall drain current takes only place in the
very first picoseconds since the gate current recovers after this
time dynamic. Looking at what happens in the sustained region,
the degraded model shows a significant impact, especially for
the lowest drain voltage value (Vps=675V). This could
indicate that the injected charge in the gate oxide and leading to
a localized conductive path in the beginning of the event brings
a contribution to the charge enhancement mechanism occurring
later.
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Fig. 14. Simulated impact ionization rates (II) during the ion impact for two
different irradiation Vps configurations and for two different simulation
models.

This is confirmed in Fig. 14 where the maximum impact
ionization rates at the epitaxial layer/drain (N-/N+) interface are
reported. In particular, the difference in impact ionization rates
between the fresh and degraded models is much more
significant for Vps= 675V configuration whereas for the
Vs =900 V configuration, the simulated impact ionization rate
difference is almost non-existent. From these TCAD simulation
results, we have shown that the contribution of the reverse gate
bias is significant for bias close to the SOA. Furthermore, we
reported that if at high Vps values (far above the SOA limit),
the single contribution of the internal drain to source electric
field dominates the SEB triggering, this is not the case for lower
bias configurations close to the SOA. Indeed, in the
experimental section, an enhanced sensitivity to SEB for the
reverse gate biased has been reported for the lowest Vpg value.
We have brought up a physical understanding using a
phenomenological conductive path model for the oxide
degradation in the TCAD simulation section. Thus, we have
concluded that for bias configurations close to the SOA, the
reverse gate bias might result in charge injection, contributing
to higher drain current transients and higher impact ionization
rates, favoring finally the SEB mechanism.



IV. CONCLUSION

Gate voltage dependence on failure rate of SiC power
MOSFETs under neutron irradiation is investigated. We
address in this paper the contribution of the reverse gate bias on
the risk of failure, in particular at lower Vps, closer to the safe
operating area (SOA) limit. For SEB failed device, failure
analysis at wafer level supported by current behavior after the
failure event revealed the material failure at the gate/oxide
region.

In the meantime, latent gate damages were revealed by post-
irradiation gate stress on irradiated devices having not suffered
a SEB. Increased post-irradiation gate leakage current were
observed. Using TCAD simulations, an accumulation of
carriers (holes) has been observed in the channel region below
the oxide layer and close to the source contact, suggesting some
similar mechanisms to the ones involved in SEGR. Such latent
damages are expected to be more severe when additional
negative gate bias is applied since the hole accumulation below
the oxide has been shown to be enhanced with a negative gate
bias. Based on the statistics of neutron interactions into a single
cell during our experiments obtained using MC-Oracle, Monte
Carlo calculation tools, we demonstrated that the applied
negative Vgs will affect the probability of gate degradation and
therefore the SEB failure rate of a last generation SiC device
under neutron environment. Such result is particularly to be
considered when the device is integrated into a system for
example in a switching power converter, where for power yield
considerations, a negative gate bias is often used by designers.
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