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Abstract—Single-Event Burnout (SEB) is a catastrophic
failure in the high voltage devices that is initiated by the passage
of particles during turn-off state. Previous papers reported that
SEB failure rate increases sharply when applied voltage exceeds
a certain threshold voltage. On the other hand, the high voltage
devices for the artificial satellite have been increasing. In space,
due to increase flux of particle, it is predicted that SEB failure
rate will be higher. In this paper, we proposed the failure rate
calculation method for high voltage devices based on SEB cross
section and flux of particles. This formula can calculate the
failure rate at space level and terrestrial level depending on the
applied voltage of the high voltage devices.

Keywords—Single Event Burnout; failure rate; cosmic rays;
high voltage devices;

L INTRODUCTION

Single Event Burnout (SEB) is a catastrophic failure in the
high voltage devices that is initiated by the passage of particles
during turn-off state. Since 1994, SEB failure rate has been
reported that it depends exponentially on the applied voltage
and nearly independent on temperature [1, 2, 3, 4]. SEB failure
is caused by the avalanche phenomenon. The trigger is a
charge generated by particles passing through the device. If
energy of particle increases, it causes avalanche phenomenon
to start at low voltage [5]. The effective method to reduce the
failure rate is device design reducing the maximum electric
field within the device.

Failure Rate FR (FIT) |

The space industry market and manufacturing have been
increased for last decades. It seems that the trend will be kept
increasing as well [6]. To reduce the loss of the artificial
satellite, along with multi-functionalization, it is expected to
increase voltage. Power devices are key component for power
conversation in the artificial satellite with increasing multi-
functionality, and high breakdown voltage devices are required.
For high voltage devices, the tolerant design for cosmic ray
induced failure is important. In space, there are more particles
than sea level; the failure rate is expected to increase [7]. It is
difficult to do experiment for very high energy of particles
collision, and the failure rate in space can’t be predicted.

In this paper, we proposed that the failure rate calculation
method for high voltage devices based on SEB cross section
and flux of particles. This method uses formula which can
calculates the failure rate of high voltage devices at space level
and sea level, depending on the applied voltage on it.

II.  PROPOSAL FORMULA OF FAILURE RATE CALCULATION
METHOD FOR HIGH VOLTAGE DEVICES

Equation (1) is structure of the proposal failure rate
calculation method formula. Proposed failure rate calculation
method is based on SEB cross section o(¥p¢) and the flux of
particles Flux(E,). The failure rate FR is expressed by adding
the each failure rate of different energy of flux. a is coefficient
that convert failure rate dimensions from sec™! to FIT. Equation
(2) is structure of SEB cross section a(Vpc). It is consist of the
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Fig. 1. Structure of failure rate calculation method formula



threshold charge to destruction Ques(Vpc) and probability
function for generated charge @g,(0,). The cross section means
the probability that some charges are generated by one particle.
In proposed formula, SEB cross section o(Vpc) express the
probability of the charge generation which can be cause of the
device failure at the certain value of applied voltage. So that a
low limit of integral range of formula represents threshold
charge to destruction Quest(Vpc). Also, SEB cross section
o(Vpc) depends on applied voltage. The parameter names and
units of symbols used in equation (1) and (2) are listed in Table
1.

Table 1. Parameter names and units of symbols used in equation (1) and (2)

Symbol Parameter name unit
FR Failure rate FIT
a Convert from sec to FIT 3600%10°s
(Voo Cross section cm?
Flux(Ep) Flux of particles MeVsem™
E, Particle energy MeV
A Device area cm?’
D) (Qy) | Probability function for generated charge Clum™
(08 Generated charge C
Quest(Vpc) Threshold charge to destruction C

In order to establish our proposed formula, three parameters
were considered. Firstly, threshold charge to destruction
Quest(Vpc) was analyzed by TCAD simulation with 3.3-kV PiN
Diode model. Secondly, probability function for generated
charge @g,(Q,) were calculated from literatures [8, 9]. Thirdly,
we obtained the terrestrial neutron flux data [10] and the space
proton flux data from STE-QUEST mission [11] and
PAMELA data [12]. By using the above three parameters, the
failure rate can be calculated. Detail will be explained in next
section.

III. THREE MAIN PARAMETERS DEPENDING ON SINGLE
EVENT BURNOUT FAILURE

A. Threshold generated charge to destruction Quaes(Vpc)

SEB failure is caused by the avalanche phenomenon.
Particles penetrate into the device and deposit energy, that
energy transfer to charge generation which expressed Q.. SEB
failure occurs when the generated charge O, exceed to a certain
amount of charge, which causes avalanche phenomenon. We
named it by threshold charge to destruction Ques(Vpc).

We analyzed Quest(Vpc) with 3.3-kV PiN diode in TCAD
simulation. A cylindrical structure with a 400 um radius was
used. The structure consists of highly doped N-layer and P-
layer, and lightly doped 350 pm N-base between these highly
doped layers. Position of the energetic particle penetration is
the center axis of the cylindrical structure, and it is 10 pm deep
from the boundary between P-layer and N-base toward N-base
that path includes generated charge Q.. The radial distribution
of the generated charge was determined by a Gaussian
distribution with a characteristics length of 0.02 pm.

Figure 2 shows the charge generation as a function of
applied voltage for different particle energy. When the

generated charge O, becomes larger than certain amount, then
avalanche phenomenon starts. The value of generated charge
O, that triggers avalanche phenomenon starting was
determined as the threshold charge to destruction Ques(Vpc),
which has a function of the applied voltages. We obtained
values of threshold charge to destruction Quest(Vpc) from three
kinds of energy of particle cases (10 MeV, 50 MeV and 100
MeV).
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Fig. 2. Generated Charge as a function applied voltage obtained from TCAD
simulation for different energy of particle in 3.3-kV PiN diode.

From these results, as shown in Figure 3, approximate
curve of threshold charge to destruction Ques(Vpc) Was drawn
as a function of applied voltage. It shows that Quex(Vpc)
exponentially depends on applied voltage.
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Fig. 3. Relationship between threshold generated charge to destruction
Ques: and applied voltage



B. Probability function for deposited charge ®r,(Qq)

Previous papers showed the probability function for
deposited energy E; from some particle energies [8, 9].
Probability function was reported that it is expressed by
equation 3 when deposited energy Eq is 2 MeV or more [8].
Basically, we can see that, deposited energy function consists
of two parameters decreasing exponential function. There are
b; and b, in equation 3. b; is the slop and by is the intercept in
the probability function. We obtained probability function for
deposited charge @g,(Qq) by deciding b; and by for particle
energies and converting energy into charge.

bi(E,)Eg+by(E,)
¢Ep(Ed) =10 ‘ (3)

In the previous papers, low particle energy condition was
analyzed (E, < 100 MeV) and we obtained b; and b, for
neutrons (neutron energies are 20, 50 100 MeV) [9]. For higher
particle energy, it was described that b; and by are saturated.
We approximated the saturation values by fitting three points.

We assumed that, deposited energy by particle penetrating
into the device completely generated electron-hole pairs. In
other words, generated charge Q, is linearly depends on
deposited energy E,. In silicon case, the band gap energy E,
required to create an electron-hole pair is £, =3.68 ¢V. The pair
charge is q = 1.6x10" C. Hence, coefficient f= 0.43x10"3
C/MeV, which shows relation between deposited charge Qg
and deposited energy E, has been found (Qq =f-Ea).

Figure 4 shows Probability function for deposited charge
Dry(Q,) for 10° particles. The probability function for
generated charge @g,(0,) is showed for the particle energy
from 30 MeV to 100 MeV. From 30 MeV to 300 MeV, the
gradient of the probability function for generated charge
DEy(Qq) becomes gentle as the particle energy increases.
Probability function for generated charge @g,(Qq4) of 50 MeV
and 100 MeV are almost same as corresponding experimental
results reported in [9]. Probability function for g charge
Drp(Qy) is almost constant when incident energy of the
particle is over 300 MeV. For high particle energy, it shows
that SEB cross section is saturated. This result is also similar
to corresponding result reported in [8].
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Fig. 4. Probability function for deposited charge @,(Q,) for 10° particles.

C. Flux of particles Flux(E,)

In space, 90 % of those particles consist of protons [14].
Since the Earth is protected by geomagnetism, the proton,
which is an electric particle, is bent or confined in the
geomagnetism. Among them, the protons that fall down to the
Earth collide with molecules in atmosphere of the Earth and it
makes neutron shower. Therefore, we calculated the failure rate
with terrestrial neutron flux at sea level and space proton flux
in space.

Figure 5 shows the terrestrial neutron flux and space proton
flux. The terrestrial neutron flux data is analytic model by M. S.
Gordon, et al. [10]. Space proton flux data have two kinds of
data, which is difference altitude and proton energy. One is a
STE-QUEST mission data [11] and the other is PAMELA data
[12]. We approximated function of the two space proton flux
data. At about 1 MeV - 500 MeV space proton flux data, which
measured at around altitude of 800 km - 2400 km and its fitted
function were taken from STE-QUEST mission data source.
Also, we obtained aluminum shielding space proton flux data
at same condition, too. At 1GeV - 150 GeV space proton flux
data, which measured at around 350 km - 610 km and its fitted
function were taken from PAMELA data source.
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Fig. 5. The terrestrial neutron flux and the space proton flux. Also, aluminum
shield effect to proton flux data.

IV. FAILURE RATE CALCULATION FOR 3.3-KV PIN DIODE

The failure rate of 3.3-kV PiN Diode was calculated by our
proposed calculation method at sea level and in space. In
space, the failure rate can be expressed as one function, even
with multiple flux of particles Flux(E,). The reason is that the
failure rate is the sum of the failure rates for the each particle
energy. The failure rate depends strongly on flux of particles
Flux(E,) and threshold charge to destruction Ques(Vpc). Figure
6 shows that up to Vpc = 2200V, the failure rate deference
between at sea level and in space is flux. In this voltage range,
the failure rate increase as satellite orbit gets higher. Below
about Vpc = 2200V, the failure rate drops suddenly, it is
influenced by threshold charge to destruction Quest(Vbc).
Threshold charge to destruction Qqest(Vpc) —increases



exponentially if applied voltage is decreased beyond that point.
Therefore, the failure rate is decreased at low applied voltage.
From these result, it is possible to ensure the reliability of high
voltage devices in satellite electrical power system. Also, we
confirmed that there is no effect of aluminum shield because
high energy proton does not prevent to penetrate into devices.

In our result, since generated charge Qg position is the most
electric field, the failure rate is considered to be high. In
experience, charge generations positions were in various
points.
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Fig. 6. The failure rate of 3.3-kV PiN diode calculated by our proposed
calculation method at the sea level and at satellite orbit level.

V. CONCLUSION

We proposed the failure rate calculation method for high
voltage devices based on SEB cross section and flux of
particles. In order to establish our proposed formula, three
parameters were considered. Firstly, threshold charge to
destruction Quest(Vpc) was analyzed by TCAD simulation with
3.3-kV PiN Diode model. Secondly, probability function for
generated charge @g,(Q,) were calculated from literatures [8,
9]. Thirdly, we obtained the terrestrial neutron flux data [10]
and the space proton flux data from STE-QUEST mission [11]
and PAMELA data [12]. From the result we can see that failure
rate in space is apparently higher than at sea level (assumed
FIT=1).
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