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Abstract

Power MOSFETs are more and more used in atmospheric and space applications. Thus, it isessential to
study theinfluence of the natural radiation environment (NRE) on the electrical behavior of standard and
Super-Junction (SJ) MOSFETSs. 2D numerical simulations are performed to define the sensitive volume
and triggering criteria of SEBs (Single Event Burn-out) for standard and superjunction MOSFETS for
different configurations of ionizing tracks. The analysis of theresultsallows a better under standing of the
SEB mechanism in each structure and allows the behaviour and robustness comparison for these two
technologies under heavy-ion irradiation.

Keywords. Power MOSFET, Super-Junction MOSFET, SEB, sensitive volume, SOA, TCAIations,
triggering criteria.

1. Introduction Currently, the trend is to use rather long ranges, able
to cross the epitaxial layer of the classic VDMOS planar-
Power MOSFET is a very important device in many type. S. Liu, however, investigated the range effect on
power-electronics applications, widely used in space and both SEB and SEGR phenomdi@hand recommends the
atmospheric applications. Its reliability is limited by the use of light and short-range ions, not to be confused with
effect of natural radiation environment (NRE). This the appearance of SEGR during SEB tests. Test results
environment is composed of particles of various nature carried out on 600 V prototypes show no significant
and energy such as heavy ions which can cause theeffect of the range on the SEB safe operating area (SOA)
destruction of this device. In order to protect against NRE (for ranges from 30 to 300m), together with Marec et
effects, many studies have been carried out to understandal. who suggest that the criteria is a critical deposited
the failure modes. Single Event Burnout (SEB) is one of charge in the epitaxy, the latter also defining the sensitive
the catastrophic effects which could cause power devicesvolume [8]. On the other hand, A. Luu et al. show an
failure in space systems. Heavy-ions induced destructive influence of the ion range in commercial MOSFETS [9]:
failures in power MOSFETs have been extensively they define the epitaxial layer as the sensitive volume.
studied and are related to the existence of a parasiticWe also have reported on the effect of the ion range on
bipolar junction transistor (BJT) inherent to the device 400v- IGBTs [10]. Few works are related to SJ-
[1-2]. Destructive electrical failures have already been MOSFET. Huang et al showed that the presenca of
observed in IGBTs [3], and those induced by heavy ions horizontal electric field ané smaller vertical electric
were highlighted in 1992 and 1993 by Rockwell and field in theSJdevice significantly reduce its vulnerability
Boeing Company [4]. The first adopted triggering to SEB and SEGR compared to standard power
criterion was only a critical LET (Linear Energy MOSFETs[11]. N.Ikeda et al showed experimentally that
Transfer) before the influence of the ion penetration there was not much difference in SEB tolerance between
depth was investigated. Experimental observation of SEB the two. However, a better SEB tolerance is obtained by
in high voltage devices such MOSFET and IGBT was decreasing the die size while maintainiagow on-
reported in [5], demonstrating that avalanche conditions resistance for SJ-MOSFET and by applying the
are not needed to trigger the IGBTheavy ion being hardening technique for the standard power MOSFET
able to induce latchup contrarily to power MOSFETS. structure 12]. In 2009 Marina et al. [13] propose a new
SEGR (Single Event Gate Rupture) and SEB testing havestructure, the 3.3 kV semi-Superjunction Insulated Gate
been carried out by P.T. McDonald et al [6] on three Bipolar Transistor (semi SJ IGBT). Using 2D
types of commerciab00-1200V planar IGBTs. These  simulations, these devices show high immunity against
devices are all sensitive to SEB and SEGR but cosmic radiations compared to standard FS Trench
measurements at a reducedgWalue, from 330V to IGBTS, although they are not used in industry.
270V indicated a significant reduction in both measured In this context, using 2D Synopsis TCAD tools, a
SEB/SEGR sensitivity allowing their use for space simulation work has been conducted to define the
applications. sensitive volumeand the criteria for SEB triggering
induced by heavy ions in standard MOSFET &id



MOSFET devices. The first part of this paper presents Conditions of simulations
the 2D simulation results for the definition of the
sensitive volume defined by the minimum LET triggering
a SEB, according to the range and depth of ion
generation. The analysis of these results also allows
comparing the electric behaviour of these cells for
different configurations of ionizing tracks. In the second
section, the drain voltage has been varied for different
ranges in order to define the SOA of these devices
Finally, the broad range of temperatures that may Occurregion (see Fig 2.a). The objective is to locate the
on a board system necessitates an investigation of the "
o sensitive volume.

temperature dependence of the SEB mechanism in each . . . .

In a third step, we simulated the impact of ions

component. penetrating from the front side with different track
2. Simulation tool and test vehicle lengths (see Fig 2.b). The aim is to see from which LET
value SEB triggering is initiated for each range and how
each component behaves for different range values.
Initially, for easier comparison of the results, all
simulations are performed at the same drain polarization
of 400 V in blocking state. The horizontal x-position of
the generation is the one defined in the first simulation
step (in this kind of studieke word “range” indicates the
track length).
) . In a fourth step, we simulated these structures with
*Electronic Band structures: Band gap narrowing jterent drain voltages (100 V, 200 V, 300 V and 400 V)
effects, Intrinsic density and Fermi stats. for various ranges (10 pm, 30 pm and 60 pm) while
Structures under study are standard MOSFET yaoning the same conditions defined in the preceding
(VDMOS) andSIMOSFET power devices as shown in - ¢o-ond simulation step.

Figure 1: they are based on a flexible technology Finally, the temperature dependence of the model is
developed at LAAS laboratory and are rated for @ aren into account to simulate the structures with a
breakdown voltage of 00~800 V. Figure 1 shows a temperature rise from 300 K to 400 K.

crosssection of the half-cell structures. .
different lengths of track

5 ted from th
generated from different depthsgenera edlrom ine same

In a first step, all traces of ionization are generated
vertically in the half-cell structure from different
positions (x), in order to determine the most sensitive one
along the x axis.

In a second step we studied the case of ions
generated vertically in the volume of the half-cell of
standard and SJ MOSFEWith track lengths of 10 pm
generated from different depths within the epitaxial

Simulations were carried out with 2D Sentaurus
simulator using the heavy-ion model. The physics models
used are:

eMobility models: Electrical field, doping and
carrier-carrier scattering effects.

eGeneration /Recombination models: Auger
generation and recombination, SRH and Impact
lonization models.

tracks lengths of 10 pm
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[ Threshold LET Considering a track length of 10 um separately, fora
' 400 V bias, the space charge region expands across less
,—*—\ than 50 pm. Figure 4 clearly shows that the tracks located
0 inside this area require lower LET values and they vary
relatively little between each depth. For the standard
MOSFET, the tracks positioned outside the space charge
region require a much larger LET. Indeed, in this case, a
i a . single type of carrier (holes) is at the origin of the
(;)I h Eb)] multiplication through the electric field area (see Figure
Fig. 3. Minimum LET triggering a SEB in VDMOS (a) and 5- top) and Fhe charges _nefad more time to recombine
SIMOSFET (b) for various impact position (x = variable, y before reaching the electric field region. As aresult, f[here
— 0, range = 10um, Vps = 400 V) are likely fewer holes and electrons available to begin the
impact ionization cascade.

In both cases, the most sensitive areas are generally ~ For SIMOSFET, all traces are located within the
located in the intercelllular region, more specifically space charge region that extends horizontally and which
between 30 and 38 um in VDMOS and atn in the SJ- occupies the entire cell. Electrons and holes are at the
MOSFET (see the positions of colored arrows in Figure gorigin of the impact multiplication phenomena in crossing

3). These regions are the main areas of the base currenhe electric field zone whatever the depth (see Figure 5
for the parasic vertical transistor. The P+ region having  pottom).

a large capacity of charge collection, the sensitivity of the
highly doped region decreases. These simulation results
are consistent with those obtained in various studies as
much for simulations as experiments [2, 11, 14 and 15].
According to our previous simulations, we have fixed the

¥ fum]
ium)

R D L

T
1
I
1
1
I
1
1

All carriers are
at the origin of

impact positions at 30 pm for the VDMOS and 1 pm for the
the SJ-MOSFET (see the dashed line location for each  zce at 400v multiplication
structure in Figure)3
VDMOS One type of
o carrier is at the
B ik ‘«_ Depletion region __: Or'gl’;n ’ Oft_ the
.25. - ' g multiplication
5 : atV, =400V
Q 4
& s
£ £
2 2
E s
= i3]
E H
= _
= ‘
0.00+ , . ; , P
0 20 10 60 80 100 e ..
: ! . All carriers are
Front side Y (m) Back side 1.n \ at the origin of
SJ-MOSFE ~ the impact
. : : : : : N P- multiplication
~ 104 Depletion region " ZCE at 400V / phenomena in
E atV, =400V i et both cases
T o84 ‘ i - | +
¢ 1 [
: v
: I—
E : Drain
E 1 Fig. 5. Traces positioned at two different depths in a
= VDMOS (top) and SI-MOSFET (bottom)

1 L L 6 8 16 One can see, from the analysis of these results, that
y (nm) the most efficient way to trigger a SEB in standard
_ - o _ _ MOSFET is to deposit a quantity of charges into the
Fig. 4. Minimum LET triggering a SEB of the ion coming  gnace charge region. In the SJ-MOSFET the sensitive
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homogeneously along the vertical PN junction, and the —=—LET min

sensitive volume can be independent of its effect. We -~ Q min
remind that electrons and holes are collected at drain and VDMOS
source contacts respectively. Generally, in order for the  *2p—————————— 14
carrier density to be multiplied by the impact ionization *; o_m.i'—[;f':.em:"“;;g\:""—* D 12 _
mechanism, carriers need to cover a certain distance to % ' " ; A Lo 8
acquire the required energy for creating an eleetrote 3 My 1o
pair [16]. The more carriers travel into the space charge £ g.06{: : 0.8 3
region, the more they are multiplied. Moreover, in SJ- £ : 2196 o
MOSFET all carriers are at the origin of the impact E 004 104 E
multiplication phenomena in crossing the space charge & 0.02+: loa &
region. But the tracks positioned in the bottom half of the = : : =
epitaxial region require a much larger LET since the 0'009 0 40 60 80 103’0
holes generated in this depth have more time to \
recombine before reaching the ground via the lateral p- ~ Frontside Ranae {um) Eackings
base region. ety SJ-I.“OS,FET 35
Figure 6 shows the minimum LET triggeringa SEB =—— Depletion region :
as a function of the ion range for both components. The g g9 5 V=400V 2. £ 130 g
simulations show that the LET required for SEB initiation 3 Y P25 B
decreases with increasing ion range in the N-epitaxial £ 0.154 islap )
region. A minimun LET saturation exists for 50 pm in E L 2
planar MOSFET and 80 pm in SI-MOSFET. These ion £ 005 S g
range values correspond to the depth of the space chargt g 3 02
region at 400 V for both cells. A high range allows the & 57 05 &
generation of carriers by avalanche in the space charge = il : . . . : i =

region and therefore requires a low LET. Conversely, a 0 20 I 60 80 100
small range requires a large LET since the path of

charges deposited in the space charge region is lower an¢. ~ Frontside
there is less generation by the avalanche phenomenon. fig. 6. Minimum LET and quantity of charges triggering a
Therefore, the sensitive case of SEB triggering is when SEB depending on the penetration depth of the ion coming
the ion penetrates a great part of the space charge region. from the front side in normal incidenced¥400 V) for

A minimum charge exists for ranges lower than 50 pm in standard (top) and SJ (bottom) MOSFETs

planar MOSFET, 20 pm and 80 pm in SJ-MOSFET. Figure 7 illustrates a systematic observation of the
W.'th a same LET _what_ever the increase in range, simulated electric field evolution following a burnout,
minimum ch_ar_ges triggering a SEB are systemaﬂqa!ly showing that the electric field is always maximum at the
deposited within the space charge region thus explaining P* body/ N drift junction at the end of the simulation
the LET saturation in standard MOSFET. This is not the whatever the range in the standard MOSFET. This is due

case f(_)r the_ SJ-MOSFET whérethere is no LET to the highly localized current in the right side of each
saturation since the space charge region expands

; . structure i.e. most of the current flows through the
completely ".“9 the structure. Howe_ver m_SJ-MOSFET, inherent parasitic npn transistor” (cathode/pbody/ ri
values of minimum LET vary relatively little between

drift). The electric field is also maximum at the homo-
each range, e_xcepted fo_r the 10um-range. Therefore,_ the]unction (rdrift/n* substrate) at the end of the simulation
range has a little effect in SJ-MOSFET compared with whatever the range in the planar and SJ-MOSFETSs. This
the standard one. L allows the establishment of a strong avalanche rate since
The SEB mechanism is linked to the avalanche and o o nization coefficients are exponentially related to the

the forwar_d_biasing of the parasibipolar transistar electric field. The currents thus generated lead to thermal
both providing charges to each other. For the SEB runaway and burnout [9]

phenom_enon to begome irrever_sible, the ayalanche and The displacement of the electric field peak and its
con_duqtlon mechanisms of the bipolar tranS|st0r_must be increase at the junction in each case, as shown in Figure
maintained so that th_e avalanche _has to be sgpphed by the?,—are due to the Kirk effect [120] and the build-up of a
electrp_n currer_1t provided by the blpolar transistor and the negative space charge region. Thus, a track with high
parasitic transistor has to be supplied .by the hole Currentrange will be more susceptible to the Kirk effect for the
coming fror_n the ava"?‘”Che me_chan_lsm. For_ a better establishment of a current than a limited and localized
unders_tandmg, the k_JaS|c Mmechanisms myolved in the SEE”charge deposition. For standard MOSFET the slopes of
riggering are detailed, for example, in [17] for the 0 electric field are different between the two range
a%nsdgrzqr power MOSFET and in [18] for the SJ- |, es due to the collection of charges deposited in each
: case. While forSIMOSFET, the electric field level
decreases before thg,t only along the trace. The

Ranae (um) Back side



modification of the electric field compared to the
evolution of the injection is described by the Poisson’s

equation:
VDMOS
dE q q Jn
—=—=(Ng-n(x)) =—| Ny ——+ Eg-1
ng(d (X)) H[qunj q
S -MOSFET
dE q q J
== —n(y»:[N j
by & “ v, Eq-2
€ _,
dx

to low penetrations. For the SI-MOSFET structure, the
Kirk effect can only occur horizontally (y) because there
is no variation of the electric field in the direction of the
ion penetration (x), which explains the minor effect of the
range in this case. Overall, for these two structures, the
influence of the range can be explained only by the Kirk
effect: in the case where carriers increase regeneratively
until their concentrations, the displacement of the electric
field (see Figure 7) with the current density flowing
through the space charge region become much higher
than the doping of the epitaxial region [H1].

For short ranges, the electric field peak moves from the
P-body/N-drift junction to the substrate side. However,

These equations can explain the observations in this does not extend to the case of long ranges where the

Figure 7 i.e. the inverse of the slope of the electric field
and the displacement of the peak of the;Rjlihction to

the N,;i/ substrate junction. Indeed, with the contribution
of the trace, the carrier densityidcreases as the term
J/qVn becomes greater than thgdbping layer of i

In the standard MOSFET, the electric field will rapidly
become maximum at the Msubstrate junction for a
track crossing a large part of the epitaxial region (Figure
7, VDMOS range = 70 microns):an important range is
more favorable to the Kirk effect for the establishment of
a current Jthan a deposit of punctual charges compared
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3.2. Results analysis for different drain-source biases
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Fig. 9. Minimum LETtriggering a SEB at differentd$ and
various ranges for the ion coming from the front side in
normal incidence for standard (top) and SJ (bottom)
MOSFETs

Simulation results concerning the minimum LET
triggering a SEB for different drain-source biases (100 V,
200V, 300 V and 400 V) and for three ranges (10 pm, 30

pm and 60 pm) are reported on figure 9. In these cases
the space charge region proportionally extends to each

bias. The threshold LET decreases accordingly with the
bias increase in the standard MOSFET while the
minimum LET triggering a SEB is independent of the
bias voltage value for the SJ-MOSFET. Some of the
observations previously made are confirmed: LET

decreases with the range increase whatever the bias

voltage value. For standard MOSFET, the bias voltage
increase proportionally extends the space charge region
within the cell thus reducing the LET discrepancy
between the various ranges. However for the SJ-
MOSFET, the LET discrepancy is the same regardless of
the bias voltage since as we said previously, the electric
field is distributed homogeneously along the vertical PN
junction and the space charge region expands completely
in the cell.

There is no important difference in the SEB
threshold voltage as shown in figure 9. The SJ-MOSFET
has a same SOA than the standard one that is consistent
with the fact that these structures have the same
parametersuch as “Rp”, the P-well resistance under the
source, which is the crucial factor for increasing the SEB
threshold voltage.
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Fig. 10. Comparison of minimum LET triggering a SEB at
different \ps for a range of 70pum

Figure 10 summarizes the sensitivity variation for the
two structures for an ion penetrating 70 pm into the
epitaxial region. The sensitivity evolution depends on the
applied bias voltage:

- Under a low bias voltage (<400 V), SJ-MOSFET
is more sensitive than the standard one;
At 400 V, the sensitivity is similar for both
devices;



- Under high bias voltage (>400V), the standard high thermal resistivity of the oxide. Figure 12 shows the
MOSFET is more sensitive than the SJ-MOSFET. temperature distribution following a SEB in the end of
This may be the reason why S. Huang et al. In [11] found simulation for a standard structure.
that the SJ-MOSFET is less vulnerable to the SEB than
the standard one. But N. Ikeda et al [12] demonstrated 4. Conclusion
that there was no structural advantage in SEB tolerance
for the SJ-MOSFET and there was not much difference in
SEB tolerance between the two technologies.

The sensitive volume of SEB for standard and SJ
MOSFETSs has been defined by delimiting its depth and
_ _ thickness using 2D electrical simulations. The most
3.3. Results Analysis for different temperature values critical case for triggering a SEB at 400V in standard

Figure 11 clearly shows that the minimum LET MOSFET is related to an ion crossing the entire space

required to generate a SEB decreases as the temperaturgha’ge region. However f83MOSFET, the lowest LET
increases: the most critical case found at low triggering a SEB is obtained for an ion crossing the entire

temperature that is consistent with previous works [22]. €Pitaxial region. The ion range has a little effect in SJ-
MOSFET compared with the standard one. We also

—8-VDMOS  —#-SJ-MOSFET determined the threshold voltage of sensitivity for each
12 structure. SOA is the same for the two studied devices,
but there is a significant difference of behaviour and
sensitivity as a function of the applied bias voltage. This
1 can be an advantage for the SJ-MOSFET SEB tolerance
0.9 - only at high voltage. Finally, we have shown the
influence of the temperature on the sensitivity revealing
that the most critical case is found at low temperature in
07 both cases.
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