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Abstract

Power electronic devices are susceptible to catastrophic failures when they are exposed to energetic particles; the
most serious failure mechanism is single event burnout (SEB). SEB is a widely recognized problem for space applica-
tions, but it also may affect devices in terrestrial applications. This phenomenon has been studied in detail for power
MOSFETs, but much less is known about the mechanisms responsible for SEB in power diodes. This paper reviews
the current state-of-knowledge of power-diode vulnerability to SEB, based on both experimental and simulation results.
It is shown that present models are limited by the lack of detailed descriptions of thermal processes that lead to physical
failure.
� 2005 Published by Elsevier Ltd.
1. Introduction

Power devices (e.g., BJTs, MOSFETs, and diodes) in
space, high altitude, and terrestrial systems are vulnera-
ble to destructive single event burnout (SEB) induced by
energetic particles [1–4]. SEB was first reported in power
MOSFETs, and the failure was attributed to the regen-
erative feedback mechanism that is due to the turn on of
a parasitic transistor when a heavy ion strikes the device
in the OFF state [1]. Avalanche-generated holes return-
ing from the base–collector region are the key to sustain-
ing a regenerative feedback process that may lead to a
state with simultaneous high current and high voltage.
Later, Titus reported burnout failures in bipolar transis-
tors, suggesting that the mechanism is similar to that of
power MOSFETs [2]. Numerous studies have been con-
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ducted investigating SEB in power MOSFETs and
they were reviewed in reference [5]. Subsequently, power
diode vulnerability to SEB was reported [3,4]. The SEB
mechanism is different for diodes than for bipolar tran-
sistors because of the absence of bipolar gain [6].

In this paper, we review the current state-of-knowl-
edge for SEB in power diodes. While the mechanisms
responsible for SEB in power MOSFETs are relatively
well understood, the processes responsible for power-
diode SEB are less clear. The models that have been
developed for SEB in power MOSFETs are used to pro-
vide a basis for modeling and understanding the basic
failure mechanisms in diodes.
2. SEB in power MOSFETS

If a high-energy particle strikes a power MOSFET, it
generates electron-hole pairs along its path; as the
charges are separated by the electric field, a current is
produced. When the charge flows to ground via the
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body, the voltage drop in the body resistance may turn
on the parasitic bipolar transistor that is an integral part
of double diffused MOS (DMOS) power transistors. If
the applied voltage is not removed from the device
quickly, simultaneous high currents and high voltages
induce second breakdown of the parasitic bipolar tran-
sistor and can result in meltdown of the device. There
have been many models to describe this mechanism
[1,7–9]. However, none of these models includes the
physical destruction of the device caused by thermal
processes.

Waskiewicz et al. reported the breakdown of power
MOSFETs under irradiation with 252Cf products [1].
This breakdown was attributed to the turn-on of a par-
asitic BJT inherent to the MOSFET structure [8]. The
failure mechanism was described based on the current
induced avalanche (CIA) model [7] as a result of the base
push-out phenomenon [10]. Hohl and Johnson proposed
a model that explains the regenerative feedback mecha-
nism [11]. This model describes the multiplication factor
as the ratio of the generated holes to the injected elec-
trons at the base side of the base–collector depletion re-
gion. Using a non-destructive technique, Kuboyama
et al. measured the total generated charge of different
power MOSFETs exposed to mono-energetic ions [9].
In their measurements, they tested a diode structure,
which was fabricated exactly like a MOSFET but with-
out source diffusion. Unlike the MOSFETs, this diode
did not undergo SEB. Moreover, the results of the col-
lected charge show two peaks prior to the failure for
the MOSFETs in comparison to only one peak for the
diode as shown in Fig. 1. The second peak indicates
the effect of activating the parasitic BJT.

The experimental and the analytical models provided
insight into the failure mechanism and identified the
responsible device parameters, specifically the bipolar
Fig. 1. The collected charge for the MOSFET (2SK725) and the dio
(LET=30 MeV/mg/cm2) (� 1992 IEEE) [9].
gain. This helped in paving the way for use of numerical
simulation of SEB events to account for the time depen-
dence and investigate the effects of the internal parame-
ters. Roubaud et al. successfully used a TCAD tool to
correlate the SEB simulation results with the experimen-
tal data [12]. Dachs et al. utilized a 2D device simulator
to investigate the ion�s impact position effect on SEB in
power MOSFETs [13]. They reported that the neck re-
gion close to the channel is more sensitive to SEB than
regions closer to the source/body contact. This result
is attributed to the higher base resistance experienced
when the hole current must travel to the body contact
through a longer portion of the body. Moreover, the
use of device simulation allowed the investigation of
hardening solutions [14].
3. SEB in power diodes

Catastrophic failures in power diodes were first re-
ported in 1994 by Kabza et al. [3] and Zeller [4]. The fail-
ure was attributed to a localized breakdown in the bulk
of the device. Kabza et al. conducted a field experiment
using eighteen diodes placed in different environments
[3]. They first tested the diodes when they were placed
in a tin roofed laboratory. Failure events were recorded
as shown in Fig. 2, which illustrates the number of fail-
ures vs. time. The diodes were then moved into a salt
mine 140 m below ground after replacing the damaged
devices. During 6000 device hours, no failure was re-
corded. The same diodes were taken to the laboratory
again and the failures occurred with the same rate as
in the first stage of the experiment. To investigate the ef-
fect of the shielding, the eighteen diodes were placed in a
basement with an equivalent shielding of 2.5 m of rein-
forced concrete. Failures occurred but with lower rates
de (2SK725-TS) when they were exposed to 200 MeV Ni ions



Fig. 2. Device failure versus time for the salt mine experiment
(� 1994 IEEE) [3].

Fig. 3. Charge spectrum from the bombardment of a 4 kV
diode with 90 MeV Kr ions showing the number of events as a
function of the total generated charge with increasing the
applied voltage, reprinted from [6], copyright (1998), with
permission from Elsevier.
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compared to the laboratory stage. The shielding effect in
this experimentation shows that the failure in power
diodes is due to cosmic rays.

Power diodes do not contain an inherent BJT; there-
fore, the failure mechanism must be different than that
described above for power MOSFETs. Previous studies
have shown that the direct energy deposition from a
high-energy particle crossing the device is insufficient
to cause burnout failure [3,15]. It was suggested that a
particle-induced nuclear excitation can lead to local field
sufficient for impact ionization. In other words, no fail-
ure mechanism is triggered unless a particle causes a nu-
clear reaction with lattice atoms [4,15]. This is in
agreement with the observations of burnout failures
caused by short range particles, where the deposited en-
ergy does not occur at the high electric field regions [15].

Since cosmic rays may cause catastrophic failures
through nuclear reactions, i.e., the formation of a cas-
cade of heavier ions such as silicon and aluminum, many
studies have approached the failure experimentally by
irradiating the power devices with heavy ions that have
high values of linear energy transfer (LET) [16]. Irradia-
tion experiments with high energy neutrons and protons
have also produced burnout failures in power diodes
[17,18]. Preliminary simulations have identified ava-
lanche multiplication of ion-generated carriers as a
source of charge that may be involved in the ion-induced
breakdown of the device [3,17]. However, in these simu-
lations, once the carriers are removed from the device by
the field, the current falls back to zero, and the device
recovers.

More recently, experimental and simulation studies
have tried to predict and model the burnout of power
diodes. Destructive and non-destructive measurements
have been used to investigate the burnout process.
Non-destructive measurements are only able to indicate
the onset of avalanche multiplication. On the other
hand, destructive measurements are able to provide
more detail about the burnout process. Numerical simu-
lations are required to understand the variation of inter-
nal parameters during the burnout mechanism.
3.1. Charge measurements

Avalanche multiplication is believed to be one of the
key mechanisms responsible for triggering SEB events in
diodes. Therefore, studies have investigated the process
leading to charge multiplication in detail using non-
destructive charge measurements [6,19]. In the test per-
formed by Maier et al., it is required for the device to
be hit by a single ion at a time [6]. This can be achieved
by reducing the ion flux below 100 ions/s. The generated
charge can be measured with a charge-sensitive pream-
plifier. Note that surface barrier detectors (SBDs) oper-
ate in the same way but at smaller voltages [20]. A
typical charge spectrum for charge measurements is
shown in Fig. 3 [6]. In this figure, the collected charge
of a 4 kV power diode irradiated by 90 MeV Kr ions
is shown. At low voltages, below 850 V, a single peak
is observed, which corresponds to the direct energy loss
of the ion. The peak broadens and shifts to higher
charge as the voltage increases. Maier et al. interpreted
this shift as a slight amplification of the charge carriers
and also as incomplete charge collection at low voltage
[6]. A second peak starts to appear at 875 V as a result
of avalanche multiplication at high electric fields. It cor-
responds to a charge increase of about twenty times as
seen by taking the ratio of the corresponding charge of
the two peaks in the logarithmic scale of the X-axis.
As voltage continues to increase, the consequent in-
crease of the electric field produces more charge through
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avalanche multiplication. At 1100 V, the first peak
diminishes and all incoming charge undergoes avalanche
multiplication.

Similar results have been obtained for the same diode
structure with different ions and different energies [6,21].
The generated charge data for Kr, Si, and C ions are
summarized in Fig. 4 as a function of the applied volt-
age. The vertical lines represent the threshold voltage
of the multiplication. This steep transition represents
the sensitive dependence of generated charge on applied
voltage. With Kr irradiation, the multiplication is trig-
gered at relatively low voltages. The generated charge,
however, was only a factor of two to ten greater than
the radiation-induced charge. For the Si ions, the multi-
plication set in at higher voltages (1500–1800 V) and the
generated charge was higher than the ion-induced
charge by a factor of 100–1000. The 17 MeV C data
were comparable to the 13.5 MeV Si results. Interest-
ingly, the multiplication is triggered at a higher voltage
when the 17 MeV C ions hit the diode at an angle of
30�. It can be concluded from Fig. 4 that heavier ions
trigger the multiplication at low voltages. Increasing
the ion energy also causes the multiplication to start at
lower voltages. Perpendicular strikes trigger the multi-
plication at lower voltages compared to inclined strikes.
As stated above, once the multiplication process is trig-
gered, the amount of the generated charge depends
mainly on the applied voltage, and it is independent of
the starting event.

Different experimental results showed that the multi-
plication is triggered at a lower voltage for a lower en-
ergy, which are in contradiction to the previous results
[16]. These unexpected results are actually attributed to
the different penetration depth (range) of the ions as
shown in Fig. 5 for a particular diode structure. The
Fig. 4. Summary of results on avalanche multiplication in 4 kV diode
presented, reprinted from [21], copyright (2004), with permission from
Bragg peak of the 108 MeV ions is at 38 lm while it is
at 60 lm for the 156 MeV ions. The avalanche multipli-
cation is maximized when the Bragg peak (maximum
LET) occurs at a position where the electric field is
higher; i.e., the Bragg peaks of 108 and 156 MeV ions
coincide with positions where the electric field is 100
and 80 kV/cm, respectively. This indicates that SEB
occurrence is dependent on the charge induced in the
sensitive (high electric field) region rather than the total
ion-deposited charge.

3.2. Current measurements

In this section, we highlight the current waveform
outputs during the failure event. By analyzing the real
current waveforms during destruction, more details of
the physical mechanism can be gained. Soelkner et al.
presented a set of current measurements under proton
irradiation [17]. Current waveforms were detected using
magnetic probe measurement and direct measurement.
Fig. 6 shows the transient current output of a 4 kV
power diode irradiated with 70 MeV protons. An initial
current pulse of 4 A due to avalanche multiplication is
followed by a sharp rise in current after about 100 ns.
The second rise of the current represents the occurrence
of SEB; i.e., the device is destroyed.

Hallen et al. used the Uppsala EN (6 MV) tandem
accelerator to study the effect of cosmic rays on a
2.7 kV power diode [22]. The device was exposed to
30 MeV C ions when the reverse voltage was 1.8 or
2 kV. In this experiment, pulses with 3 ms duration time
and different number of ions were generated to investi-
gate the effect of changing the ion fluence on failure
occurrence. For pulses containing 106 ions (flux of
3.33 · 108 ions/cm2 s), no failure event was observed in
s under ion irradiation. Different ions and different energies are
Elsevier.



Fig. 5. LET of silicon ions at 108 MeV and 156 MeV inside silicon crystal along with the electric field distribution for a biased voltage
of 1000 V. Reproduced after [19].

Fig. 6. Current signals of destructive events for 4 kV power
diode irradiated with 70 MeV protons (� 2000 IEEE) [17].
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the case of 1.8 kV applied voltage. However, at 2 kV a
pulse of only 104 ions resulted in a failure, which was
represented by a sudden increase in the current. The
experimental data for different numbers of incident ions
at different applied voltages showed that at higher volt-
ages, fewer incident ions are needed to cause a failure.
Numerical simulation is needed to reproduce these
destructive results so that the full SEB mechanism can
be identified.

3.3. Numerical simulation

It is often useful and illuminating to model the elec-
trical characteristics of semiconductor devices using
numerical simulation. Transient simulations indeed can
account for the time dependence of the mechanisms
leading to SEB. 2-D rectangular and 2-D axi-symmetri-
cal diode structures have been simulated in several
works [3,17,23,24]. Because of the 3-D nature of the
ion strike that makes the mechanism of SEB a 3-D effect,
a complete description of the device response would re-
quire performing 3-D simulations. The drawback of per-
forming 3-D simulations is the computing resources
required. The dense mesh along the ion strike and the
very small temporal steps required to resolve the evolu-
tion of the charge with time lead to very long computing
times.

Simulation models of SEB in power diodes investi-
gate the electrical characteristics by solving Poisson�s
equation, along with the continuity equations for both
electrons and holes. The impact ionization model is very
important in describing ion-induced breakdown. Ion-
induced charge deposition is modeled with a temporally
and spatially localized carrier generation rate.

The first attempt to model SEB of power diodes
using numerical simulation was performed by Kabza
et al. [3]. They simulated a cylindrical diode by deposit-
ing radiation-generated carriers along the center device
axis. Their transient simulation shows two peaks of the
output current, as shown in Fig. 7. The first peak is a re-
sult of the radiation-induced charge collected from the
depletion region; thus, its collection is very quick. A sec-
ond peak, 3 ns later, is attributed to the avalanche-gen-
erated charge. The current eventually goes back to zero,
so the destructive part of the event is not modeled.

Later simulation models have focused on the tempo-
ral and spatial evolution of the internal electric field and
the electron density along the incident track. Kaindl



Fig. 7. Simulated current for 5 · 109 carriers generated by a
particle (� 1994 IEEE) [3].
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et al. studied the charge amplification in power diodes
using cylindrically-symmetrical simulations [23]. They
modeled a 17 MeV C ion in a 3.5 kV power diode biased
at 1900 and 2000 V. Fig. 8 shows the temporal and spa-
tial evolution of the electric field and the electron density
along the axis of symmetry. The electric field maximum
moves throughout the device while the electron density
Fig. 8. Simulation of the spatial and temporal evolution of the interna
along the axis of symmetry, for C (17 MeV) irradiation: electric field a
2000 V (c) (� 2003 IEEE) [23].
broadens in response to charge distortion due to the
ion strike. In the 1900 V case, the electric field peak
diminishes with time and does not support significant
avalanche multiplication. Therefore, the collected charge
corresponds only to the charge deposited by the ion. On
the other hand, for the 2000 V case, the electric field
peak moves from the anode to the cathode, resulting
in more avalanche-generated charge. This mechanism
is similar to the process leading to second breakdown
of power diodes when high voltage pulses are applied
[25]. The failure due to second breakdown is triggered
by the onset of impact ionization at the nn+ junction,
which is analogue to the movement of the electric field
peak shown in Fig. 8. The electron density in the
2000 V case becomes large throughout the distance be-
tween the anode and the cathode. This event would be
considered as the onset of destruction, while a non-
destructive event is observed when the applied voltage
is 1900 V. These simulation results correlate with experi-
mental data produced by Maier et al. [6].

Kaindl et al. also compared the simulation results of
charge multiplication events triggered by ions for two
different diode structures: non-punch-through (NPT)
diodes and punch-through (PT) diodes [23]. The results
indicate that PT diodes are more robust against cosmic
l electric field and of the electron density in a 3.5 kV diode, given
t a bias of 1900 V (a) and 2000 V (b) electron density at a bias of



Fig. 9. Output currents of isothermal and non-isothermal
simulations with LET = 30 MeV cm2/mg and V = 3500 V,
along with the maximum temperature due to self-heating [24].
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radiation in comparison to NPT diodes. For the simula-
tion results to reproduce the experimental results cor-
rectly, the avalanche coefficients need to be re-adjusted
when the electric field exceeds 600 kV/cm.

Studies published to date did not simulate the burn-
out process to the point of failure. It has been suggested
that catastrophic failure is a result of self-heating [3].
Strike-induced charge as well as charge multiplication
can yield sufficiently large current to generate high local
temperatures. In some cases, the temperature can rise
above the melting temperature of silicon, resulting in
damage. This poses the need for a coupled electro-ther-
mal model that can adequately simulate the burnout
mechanism in power devices.

3.4. Non-isothermal simulations

Non-isothermal simulations account for Joule heat-
ing that results from large current densities. Non-con-
stant lattice temperature can be considered by adding
the thermal diffusion equation to the current electrical
models.

Cpq
oT L

ot
¼ r � ðjrT LÞ þ~J �~E ð1Þ

where Cp is the specific heat, q is the density of the mate-
rial, TL is the lattice temperature, j is the thermal con-
ductivity, and the product of the current density and
the electric field (JÆE) represents the heat generation
due to Joule heating. Most electrical properties of semi-
conductor devices are temperature dependent. There-
fore, the influence of lattice heating on device
characteristics is crucial. As temperature increases, lat-
tice scattering increases. As a result, the mobility de-
creases and in turn the current density becomes lower.
Jacoboni et al. reported that for a 100 �C increase in sili-
con, mobility will decrease by 20% [26]. In other words,
at high electric field, temperature increase limits the car-
rier velocity. Also, avalanche-generated charge becomes
less as temperature increases because of the reduced
mean free path. More importantly, as temperature in-
creases, the contribution of thermally generated charge
becomes significant. The temperature-dependent carrier
concentration for silicon is [10]:

niðT LÞ ¼
ffiffiffiffiffiffiffiffiffiffiffi
N cN v

p
e
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where TL, Eg, and kB are the lattice temperature, the sili-
con band gap, and the Boltzmann constant, respectively.
The quantities Nc and Nv are the effective densities of
states at the conduction and valence band edges.
Depending on the device structure and the operating
conditions, the temperature may reach a value at which
thermally generated carriers contribute significantly to
the total current. As a result, a thermal regenerative
feedback mechanism is triggered, leading to additional
local temperature increase.

A recent study presented primary results of coupled
electro-thermal simulations of SEB in power diodes
[24]. Fig. 9 shows the transient current after an ion strike
obtained from non-isothermal simulation compared
to isothermal simulation, along with the obtained
maximum temperature due to self heating. In the non-
isothermal simulation, the sharp decrease in current is
a result of the decreasing saturation velocity resulting
from high local temperature. After a period of time,
the temperature reaches a level at which the intrinsic car-
rier concentration begins to dominate the contribution
to the current. The increased current resulting from
the increased charge causes additional self-heating,
which completes the feedback mechanism responsible
for device failure. In Fig. 9, the current suddenly exceeds
the simulator capability to resolve, indicating device fail-
ure. At the point of failure, the value of the intrinsic con-
centration becomes relatively high (�1 · 1020 cm�3).
Because of the short heating time, the temperature rise
is extremely localized as shown in Fig. 10. In fact, the



Fig. 10. Temperature distribution near junction at time 100 ps
[24].
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hot spot extends only 2 lm in the radial direction away
from the strike. However, the heating occurs in a region
that is approximately 20 lm long in the lightly doped re-
gion at the junction. These results demonstrate that sim-
ulation of the complete burnout process requires
consideration of thermal effects.

In addition, power devices may experience non-equi-
librium thermal transport resulting from an ion strike
because the time scales involved in burnout failure are
of the order of scattering time constants between elec-
trons and phonons. As a result, carriers will not be able
to transfer their energy to the lattice atoms efficiently.
To account for non-equilibrium effects, the energy bal-
ance equation must be utilized. In addition to electrical
non-equilibrium, thermal transport is characterized by
non-equilibrium as well. Electrons with high kinetic en-
ergy (>60 meV) excite optical phonons, which have neg-
ligible group velocities; therefore, they are not involved
in energy transport. Optical phonons subsequently
decay to acoustic phonons, which have large group veloc-
ities (7000–8000 m/s in silicon) and are able to transport
heat. Because the electron-optical phonon scattering
time constant is much shorter than the optical-acoustic
phonon decay time, non-equilibrium thermal transport
may exist between optical and acoustic phonons. Raman
et al. studied non-equilibrium thermal effects in power
LDMOS transistors, showing its significant role in tran-
sient situations [27]. Non-equilibrium thermal effects
associated with ion strikes have been considered to as-
sess the influence of thermal energy in highly scaled
devices [28]. Non-equilibrium effects should also be con-
sidered to produce a complete description of SEB in
power diodes.
4. Conclusions

Power MOSFETs can fail catastrophically when sec-
ond breakdown is activated as a result of a heavy ion
strike. In these devices, a regenerative feedback mecha-
nism must be initiated in order to trigger burnout fail-
ure. On the other hand, power diodes ultimately
depend on avalanche multiplication to produce SEB.
The SEB models published to date do not attempt to de-
scribe the entire burnout process, including the eventual
failure due to thermal effects. Inclusion of these effects is
required to obtain more detailed understanding of the
mechanisms responsible for SEB, particularly in power
diodes.
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