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Abstract

Experimental investigations of single event burnout (SEB) of power devices due to heavy ion impacts have identified
the conditions required to produce device failure. A key feature observed in the data is an anomalistic secondary rise in
current occurring shortly after the ion strike. To verify these findings including the thermally induced secondary pla-
teau, simulations have been performed on the model single event burnout. The new models include additional thermally
dependent electrical components to capture thermally induced physical effects. Through the inclusion of analytic
temperature models coupled with the electrical model, the electrical response is predicted with reasonable accuracy. The
simulations provide order-of-magnitude estimates as well as prediction of phenomenological features such as the
secondary rise in current. This work represents a first attempt to characterize thermal failure of power devices due to
heavy ion impacts by including temperature dependent components that until now have not been modeled. The thermal
model in the present work produces qualitative agreement with experiments on SEB that have been previously unex-
plained. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

Single event burnout (SEB) failure of power devices
may result from heavy ion impacts that occur in space
environments [1,2]. The failure of electronic components
in satellites and high-altitude aircraft that operate in ion
rich environments can result in mission failure. Research
on SEB in power devices can reduce the occurrence
of catastrophic failures of power devices and thereby
increase the survivability of aerospace systems. The
ability to model SEB events can augment the design
process, leading to more reliable devices and equipment
that depend on these devices. Because the breakdown
mechanism is thermal in nature, the investigation of the
transport of thermal energy is crucial to successful
modeling. This work represents a first attempt to char-
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acterize thermal failure of power devices due to heavy
ion impacts.

SEB is triggered when a heavy ion passes through a
power MOSFET biased in the “off” state (blocking a
high drain-source voltage). As a high energy ion travels
through the device, a path of electron-hole pairs is
created [3]. As a result, a current filament along the path
of the ion develops. This initial, short-lived current may
cause the MOSFET to “turn on”. Once the MOSFET
has been activated in this way, the device may remain on
due to a parasitic bipolar-junction transistor (BJT) in-
herent in the device [4].

The source, body, and drain regions of the MOSFET
comprise the emitter, base, and collector regions of the
parasitic BJT. The BJT is the mechanism by which the
MOSFET is activated by the ion strike. During normal
operation of the power MOSFET, this parasitic BJT is
always turned off due to the common source-body me-
tallization that shorts the base-emitter junction. Once
the BJT is turned on by an ion strike, collector currents
in the BJT increase to the point where second break-
down can occur, creating a permanent short between the
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Nomenclature

o thermal diffusivity

E, band gap energy (Joule)

g volumetric generation rate (W/m?)

k thermal conductivity (W/m? K)

kg Boltzmann constant (1.38 x 1072* J/K)
N effective density of states (cm™)

n; intrinsic carrier concentration (cm™3)

thermal penetration depth (cm)
power dissipated (W)
electron/hole charge (coulomb)
radius (um)

temperature (K)

time (us)

carrier mobility (cm?/Vs)
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source and drain. This secondary breakdown is a direct
result of a thermally-induced regenerative feedback
mechanism [5].

Numerous studies have investigated the SEB mech-
anism and its effects on power MOSFETs [6]. Models
developed to explain the SEB phenomenon have been
very helpful in gaining insight into the physical failure
mechanisms that contribute to SEB. An SEB circuit
model has been developed for understanding the effects
of various circuit parameters [7]. However, one partic-
ular artifact observed in experimental data has eluded
mathematical description. A secondary rise in current
has been recorded by Johnson et al. [5] and by Roubaud
et al. [8] which starts after the device has reached an
apparent steady operating condition. The current then
rises over a short period of time to reach another pla-
teau. The phenomenon is reported to be the result of a
thermal mechanism, but no supporting evidence is pro-
vided.

Modeling and simulation of SEB remain as impor-
tant methods of determining why heavy ion impact re-
sults in destructive currents and provide a means for
performing virtual experiments that are less expensive
than physical tests. However, thermal energy dissipation
has often been ignored in analyses. It is accepted that the
failure mechanism is ultimately a result of thermal melt-
down, but the effect of the energy generation on the
electrical properties and behavior has not been previ-
ously considered in detail.

Approximations of the amount of Joule heating from
voltage and current measurements as a result of self-
maintaining currents from heavy ion collisions range
from 5 W [8] to nearly 100 W [9]. Furthermore, the
generation of this power is concentrated in a small re-
gion [6] and lasts for several microseconds (until the
device is turned off to prevent melt-down). These values
are indicative of nonuniform effects as described by
Apanovich et al. [10] whose work on electrothermal
simulation of semiconductor devices indicates that sim-
ulation must incorporate nonisothermal effects to elim-
inate inaccuracies for devices with large temperature
gradients. Methods for coupling the thermal distribution
and the electrical performance through compact models

have been described in Ref. [11] for IBGTs. However,
this approach gives a global distribution which is not
necessarily applicable for a single device. The present
work represents a characterization of the influence of
temperature on relevant transport mechanisms and de-
vice performance.

The objective of this work is to characterize the
generation of thermal energy in SEB of power devices
using an analytic thermal conduction solution coupled
with a circuit-level electrical simulation. From the tem-
perature fields obtained in this analysis, electrical pa-
rameters such as carrier concentration and mobility,
which are highly coupled to the thermal response, are
inferred. Also, the thermal simulations are coupled to
SPICE circuit simulations to demonstrate the effects of
increased temperature on device performance. Lastly,
the assumptions concerning the generation region are
investigated through parametric studies of temperature
as a function of the geometry of the region of heat
generation.

2. Theory and model development
2.1. Electrical model
The SEB process can be modeled as an electrical

circuit shown in Fig. 1 [7]. Several key elements are used
to model the SEB process. A steep linear ramp in current
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Fig. 1. Electrical circuit used to model SEB of power MOS-
FETs.
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represents the initial current pulse at the junction. A
resistor connects the body region to the source, which
corresponds to the base resistance in the SEB analytical
model [6]. When a heavy ion hits the device, the de-
posited charges will charge the RC circuit and raise the
base voltage. Depending on how high the initial base
voltage is increased, the parasitic BIT may be turned on.
A feedback mechanism is then established which is
modeled by a current-controlled current source in the
circuit model. The thermal effect on the device is repre-
sented by a variable shunt resistance Rrc in parallel with
the parasitic BJT.

The only components in the SPICE model imple-
mented here that are temperature dependent are the
parasitic BJT and the shunt resistance. The temperature
dependence of the transistor is controlled by SPICE’s
model parameters. The current and voltage are expo-
nential functions of temperature, but they vary in op-
posite directions. Therefore, the power dissipated is a
weak function of temperature. As a result, the model
without the shunt resistance produces negligible effects
as the temperature is changed. The shunt resistance,
then, is the single most important component when in-
corporating temperature effects, and is primarily re-
sponsible for the results reported here. The evaluation of
this resistance is described in a subsequent section.

2.2. Analytic conduction model

The transient, nonhomogeneous diffusion equation is
solved analytically for boundary conditions and prop-
erties representative of an operating power device un-
dergoing a heavy ion strike (see Fig. 2 for computational
domain). To find a solution, we assume that the heat
generation occurs in a cylindrical region surrounding the
current filament, and the governing equation is solved in
an axisymmetric cylindrical coordinate system.

|
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Fig. 2. The computational domain is cylindrical where the
current filament lies along the center line.
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In Eq. (1), g is a constant heat generation rate per unit
volume, and the thermal conductivity, k, and thermal
diffusivity, o, are assumed to be independent of tem-
perature. The boundary conditions for the disk-shaped
semiinfinite conduction domain (depicted in Fig. 3) are
symmetry at the centerline and insulated in the far-field
(Eq. (3)). The top of the device is insulated and the
bottom is held at a constant temperature (Eq. (4)). The
double infinite sum solution follows from Ref. [12].

T(r,z,1) = ;fz‘k ii[l — exp(—41)]
Jo(Br)
X ToUBER) cos(v,z)G/A (5)

B,, — positive roots of J;(fR) =0
v, < positive roots of cos(vL) =0

A=a(f, +2)

_ " JO([))mR/) / o0+ /
G= /0 To(BR) dr /Zg0 cos (v,2')dz’

The geometry of the conduction problem is correlated to
the geometry of the device shown in Fig. 3. The cen-
terline of the conduction region corresponds to the lo-
cation of the ion strike where the charge carrier flow
is greatest during the burnout event. Therefore, Joule

Fig. 3. The dimensions of a typical MOSFET device were used
as guidelines for determining the computational domain of the
conduction analysis.
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heating occurs about the ion strike location in the n-
region (epitaxial) which is the centerline of the conduc-
tion domain. Because of the time scales used in this
analysis, it can be assumed that the conduction domain
in the axial and radial directions are semiinfinite. In
other words, the chip dimensions (400 um in the z-di-
rection from Fig. 3) are much larger than the generation
region dimensions (10 um ). However, the generation
region is thermally close to the top surface of the chip,
therefore, the top boundary condition may influence the
solution significantly.

The generation region is specified by a radius of in-
fluence, r,, the longitudinal location, z,, and a thick-
ness, zy, as shown in Fig. 2. The values for the location
and thickness were taken to be z, =2 pm and
zg = 10 um respectively. The radius of the generation
region was a free parameter in the problem and could
take a value from the radius of the current filament to
the size of a single cell of the MOSFET. The power (P),
dissipated in this region due to Joule heating, is esti-
mated from circuit voltages and currents. The heat dis-
sipated is related to the electrical power by the volume in
which generation occurs (g = P/V); therefore, the effects
of size and location can significantly influence the re-
sults.

The conduction solution predicts a temperature field
from which a representative temperature must be cho-
sen. This representative temperature is passed to the
electrical analysis as the operating temperature of the
circuit. Within the generation region, the temperature
distribution is relatively flat, so the maximum tempera-
ture is used to model the temperature effects in the cir-
cuit analysis. This temperature was used to calculate an
effective shunt resistance from temperature-dependent
device physics (see Section 2.3).

The solution of Eq. (1) involves integral transforms
and produces an infinite series [12]. The computation of
the series was verified for convergence and accuracy by
testing against other known one-dimensional solutions.
Furthermore, the transient solution was seen to ap-
proach the independent two-dimensional steady-state
solution. Additionally the number of terms used in the
two-dimensional transient analysis was increased by an
order of magnitude to ensure convergence (as we are not
especially concerned with computational efficiency here).

2.3. Shunt resistance model

The shunt resistance included in the SPICE circuit
represents the primary coupling between the thermal
analysis and the electrical circuit model. Even though
temperature dependence is built into the BJT in the
circuit, its dependence is relatively weak compared to the
effects of the shunt resistor once the temperature be-
comes sufficiently high.

Because the resistor represents the electrical resis-
tance through the epitaxial layer of the power MOS-
FET, its magnitude is largely governed by the intrinsic
carrier concentration, »;, in the device (see Ref. [13]).

1 !

:MZ (6)

TC

Here, g is the charge of the carriers, u, the mobility of
the carriers, /, the length of the epitaxial region or the
distance through which the current flows, and A4, the
area of the resistor. Note that the mobility is treated as a
constant in this case because its dependence on tem-
perature is much weaker than that of #;.

At normal operating temperatures, Ryc is very large
and does not play a significant role in the circuit. As the
temperature increases, the shunt resistance decreases
until it eventually dominates the electrical conduction.
The intrinsic carrier concentration and the area are both
functions of temperature that cause the resistance to
decrease with temperature.

The resistance area is a circular region defined by the
radius of the generation region plus a distance defined
by the penetration depth of the thermal energy. It is
assumed that the penetration depth can be expressed in
terms of the thermal diffusivity and time (y = v/aT). The
energy generated from Joule heating diffuses into
the surrounding area, raising the temperature outside
the generation region and increasing the effective area
of the shunt resistance. The increase in effective resis-
tive area also affects the strength of the generation rate.
Because the current is flowing through a larger area, the
generation also occurs in a larger volume, thereby de-
creasing the power per unit volume dissipated.

The intrinsic carrier concentration is used in the
modeling of the shunt resistor because at high temper-
atures its influence will become larger than that of the
doping. The temperature-dependent carrier concentra-
tion [13] is given as

E
n; = \/NcNy exp { - ZkbgT} (7)

where the effective density of states for the conduction
band, Nc, and the valence band, Ny, are evaluated for
silicon. The effective density of states for silicon can be
written as [14]

7\
_ 19 -3
Nc=2.8x10 (300) cm (8)
7\~
— o 1 -3
Ny =1.04 x 10 (300) cm 9)

Further, the band gap energy, E,, is a function of tem-
perature given empirically [13] for silicon as
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Initially temperature is not a factor in controlling the
shunt resistance. At normal operating temperatures, the
dopant concentration overwhelms the intrinsic concen-
tration. This initial concentration is accounted for in the
model of the MOSFET in SPICE and is therefore not
considered in the shunt resistance. Once the intrinsic
concentration due to a rise in temperature exceeds the
dopant concentration, the shunt resistance becomes
significant in the over-all model.

3. Results
3.1. Conduction solution

The temperature of most interest is the maximum
temperature, which strongly affects electrical behavior.
The power dissipated was estimated from experimental
data (without the secondary peak) and circuit level
analysis to be approximately 8 W. Fig. 4 shows the
maximum temperature for this power level. After 0.5 ps,
the temperature is greater than 600 K, which approaches
the melting temperature of aluminum. Even though the
melting temperature of aluminum may not be a deciding
factor in the survivability of a device, it demonstrates the
potential for catastrophic failure. Clearly, temperature is
a significant factor in the electric behavior of the device
long before melt-down actually occurs.

Note that the location of the maximum temperature
is initially at the vertical center of the generation region
on the centerline. With increasing time, the boundary
conditions (namely the insulated top surface of the chip)
begin to influence the solution, and as a result, the lo-
cation of maximum temperature moves towards the top
of the device. Fig. 5 displays the distribution of tem-
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Fig. 4. The maximum temperature in a device dissipating 8 W.
The shunt resistance as a function of temperature will not affect
the device until 0.4 ps.
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Fig. 5. The temperature distribution along the location of the
current filament (center line) for different times in ps.
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Fig. 6. Temperature contours at # = 0.5 ps indicate the local-
ization of the heat generation. The box indicates the heat gen-
eration region.

perature at the centerline of the device for different
times.

The localization of temperature is illustrated in Fig.
6, which shows the temperature rise near the generation
site at 0.5 ps. Even though the central temperatures are
very high, the energy has not diffused far from the
generation site, and large gradients occur. For this rea-
son, the maximum temperature can provide a good es-
timate of the representative temperature of the circuit.
At t = 0.5 ps, the maximum heat flux can be estimated
using Fourier’s law to be 10° W/m?, which is roughly
two orders of magnitude greater than the flux on the
surface of the Sun.

3.2. Circuit-level results

Without including the temperature as a feedback
parameter in the circuit analysis, we can obtain an es-
timate of the power dissipated in a power device as a
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Fig. 7. Typical voltage and current response due to a heavy ion
strike at # = 1 ps calculated from a circuit level analysis without
thermal effects.

result of an ion strike. From Fig. 7, we notice that the
device is “turned on” by the ion strike at # = 1 ps. The
device then remains on because of the feedback in
the equivalent circuit. If there were no thermal failure
mechanisms, this would be a stable condition. For the
circuit parameters selected [7] and without incorporating
the temperature rise, there is no evidence of a secondary
rise in the current. Note that without the shunt resistor,
an increase in temperature does not significantly affect
the results shown despite the fact that the BJT is tem-
perature dependent.

Using the current and voltage time histories, the av-
erage power dissipated can be estimated to be approxi-
mately 8 W. Recall that the results in Fig. 4 indicate
temperature rises greater than 300 K for 8 W of heat
dissipating in a single cell of the power MOSFET device.
Therefore, we can expect a similar temperature rise for
this particular device.

3.3. Coupled electricallthermal results

As stated earlier, the primary goal of this work is to
introduce thermal analysis into the circuit level electrical
analysis and to describe a phenomenon reported by
Roubaud et al. [8§] in MOSFETSs and again by Lorfevre
et al. [9] in IGBTs. Given appropriate conditions, power
devices have been known to exhibit a secondary increase
in current between 0.3 and 0.6 ps after the ion strike.
Representative data from these studies are given in Fig.
8(a) and (b). It is believed that the secondary increase in
current is caused by a large increase in temperature. We
have seen that the Joule heating resulting from the ion
strike can cause a device to reach temperatures near
survivability limits of some device elements.

The coupling of the temperature solution and SPICE
was accomplished by controlling each component and
the time stepping independently. For each time step, a
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Fig. 8. Representative experimental data reported in (a) Ref. [5]
and (b) Ref. [8] along with (c) simulated current response and
temperature history. The start time corresponds to the primary
ion strike.
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temperature using the conduction solution and Duha-
mel’s theorem for an arbitrarily varying generation rate
was obtained. The resulting maximum temperature was
then used as the component temperature in the SPICE
model and in the shunt resistance calculation. Between
each step the current “state” of the electrical analysis
was recorded so it could be reset to start the analysis for
the subsequent time step. This integration approach is
similar to that used by Petegen et al. [15]. Note that with
this scheme the temperature signature lags the electrical
analysis by one time step. As the time step decreases, the
coupled solution reaches a self-consistent state.

The primary result of the coupled analysis is the
prediction of a secondary peak in the current that re-
sembles the experimental data (see Fig. 8(c) compared to
Fig. 8(b)). The agreement between the new physical
model and the experiments validates the SPICE model
as well as the temperature coupling in the shunt resis-
tance. The temperature rise occurs at about the same
time with a similar increase in magnitude as observed in
experimentation. However, the rate at which the pre-
dicted rise occurs is somewhat less than that of the ex-
perimental data. The physical model further predicts
that the voltage across the device drops (due to the
shunt resistance), which causes the power dissipated to
drop as well (Fig. 9). After the secondary peak, the de-
vice reaches a steady state where the Joule heating
is balanced by the heat diffusion away from the de-
vice. Therefore, a constant temperature distribution is
achieved. The physical model suggests that if the steady
temperature is lower than destructive temperatures as-
sociated with the device, thermally-induced catastrophic
failure will not occur. However, survival of a device
under these conditions has not been observed experi-
mentally.

Several analytical approximations affect the ability of
the coupled model to match the experimental data more

16
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Fig. 9. The voltage across the device drops as the shunt resis-
tance increases. The power also drops despite a corresponding
rise in the current.

precisely. The more influential factors include the char-
acteristic temperature used to represent the temperature
of the entire device. The analytic conduction solution is
capable of generating a temperature field, but we must
select a single temperature for the circuit analysis. Sim-
ilarly, the generation region shape and size will influence
the results. In our case, we assumed a cylinder that ex-
tended over the epitaxial region using the radius as a free
parameter. In reality the generation is not confined to
and is not constant through the defined region. Despite
these approximations along with other standard as-
sumptions such as constant thermal properties, the
present model predicts the occurrence of the secondary
current rise. More detailed modeling should improve the
model’s ability to predict the event’s onset time, rise time
and magnitude.

As mentioned previously, devices that experience
temperature increases in such short time periods are
often thrown out of thermodynamic equilibrium. A de-
vice is considered to be out of equilibrium when the local
energy carriers in the device have significantly different
energy levels. This effect was not considered in this
simplified model. Additional research that includes elec-
trothermal modeling of statistical device physics is nee-
ded to resolve nonequilibrium effects.

3.4. Generation region

Using the data acquired in Section 3.3 as a baseline,
the effect of the size and shape of the generation region
on the secondary rise in current can be investigated. The
free parameter in this case is the radius of the generation
region. As the radius decreases, we expect the tempera-
ture to increase because the same amount of power is
being dissipated in a smaller region. If we take the radius
of the generation region to be of the order of the current
filament, unreasonable temperatures are calculated.

06 - 24
0.55 | "™ Start Time ERPY
.. RiseTime -«
05 ¢ ™.  Current - 120 ~
5 0% 118 g
3 04t ] o
é’ 0.35 E
= 0.3 5
0.25 S
(6]
0.2
0.15
01 L L L L 6
10 12 14 16 18 20

Radius (um)

Fig. 10. Secondary peak metrics as a function of generation
region radius.
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Table 1
Secondary peak metrics for data displayed in Fig. 8*
Metric Experimental Experimental Simulated
(@) (b) (©)
Start time (ps) 0.5 0.3 0.2
0.75 0.65
Rise time (ps) 0.2 0.1 0.3
0.2 0.15
Current rise (%) 16 25 14
16 24

4 Experiment (a) is from Ref. [5] and experiment (b) is from
Ref. [8].

Therefore, the region must be larger than the radius of
the filament. The range of values for the radius that
produce reasonable results is shown in Fig. 10. The
metrics that identify the character of the peak are
the start time, the rise time and the increase in cur-
rent. As expected, a larger radius smoothes the peak out
and delays its onset because the temperature does not
rise as rapidly. For comparison, the metrics for the
representative experimental data shown in Fig. 8(a) and
(b) and the baseline simulated analysis are given in Table
1.

4. Conclusions

It was shown that in the case of SEB of power de-
vices, simulations cannot neglect the immense tempera-
ture rise resulting from power dissipation from an ion
strike event. From an analytic conduction solution using
voltage—current measurements as an estimate of the
Joule heating in a device, the temperature resulting from
a heavy ion strike was characterized for the first time.
The coupled electrical and thermal solution demon-
strated qualitative agreement with experimental data.

The physical model also offers the possibility of pre-
dicting thermally-induced catastrophic failure. Damage
to a device is known to occur at elevated temperatures.
The model can predict what temperature a particular
device might reach due to radiation effects.

Incorporating temperatures in electrical simulation
has not received adequate treatment to date. This work
represents an effort not only to advance the state of
the art in modeling temperature effects in electrical
simulation, but also to demonstrate the significance of
including temperature models into electrical models.
Despite the low fidelity of the method used, reasonable
results were obtained. However, complete modeling
would necessarily include higher order effects such as
thermodynamic nonequilibrium between energy carriers.
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