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The electric power usage in aircraft has reached IMW. Therefore, use of high power
semiconductor devices expected to increase in avionics. Single Event Burnout (SEB) failure
happens when power devices operating in blocking condition interact with the cosmic
radiation. The failure rate in power devices is more in airplane altitude compare to terrestrial
operation. In this paper, the failure rate of high power silicon PiN diode operating in airplane
altitude due to the interaction of cosmic ray neutrons. The proposed formula has the unique
feature of decoupling between failure cross section and cosmic ray neutron flux. This makes
it possible to calculate the failure rate under any cosmic radiation environment using the

proposed failure rate formulation.



1. Introduction

The need for minimizing operating and maintenance costs of aircraft have
encouraged the aircraft industry to move towards electric aircraft. As a result, the usage of
electric power on-board of aircraft has reached 1 MW. ! This ever increase in usage of
electric power in aircraft causes major changes in electric power system architecture and
increases the demand for high power semiconductor devices.? The high power
semiconductor devices (e.g. BJTs, MOSFETs, and diodes etc.) used in space, avionics, and
terrestrial systems interacts with energetic particles. These energetic particles deposit its
energy in the device by creating electron-hole pairs over a distance of some micrometers.
During the conduction state of a device, the deposited extra charge carriers do not affect the
device. However, in the blocking state, the plasma of induced charge carriers shields its
interior from the electric field. The voltage drop occurs at pronounced field spikes at the
edge of plasma. When these field spikes exceed the critical electric field of the device
material, leads to the further generation of carriers due to impact ionization. This
phenomenon induce a destructive mechanism in power devices called single event burnout
(SEB).

Early observation of SEB in power devices was in power MOSFETs when exposed
to heavy ion. ® Power MOSFET burnout has attributed to the parasitic bipolar transistor
inherent to the MOSFET structure. Numerous studies have revealed the susceptibility to
single event burnout resulting in catastrophic failure in MOSFET when operating in cosmic
ray environment. 7 Later, burnout failures in bipolar transistors was reported ®.

Subsequently, power diode and GTO vulnerability to SEB was reported *'V, a
localized breakdown observed in the bulk of a device.'?' However, the mechanism for SEB
failure in power diode was different from BJT. It was reported that avalanche multiplication
caused the SEB failure in power diodes without bipolar transistor action and occurs at a
voltage much below the avalanche breakdown voltage. '*17

The intensity of neutron flux changes with the altitude and reaching a maximum
between 15 km to 20 km, called Pfotzer maximum. '3-2% Also observed that, neutron intensity
is 80-150 times higher at Pfotzer maximum than at sea level.> The plot of measured in-
flight upset rates against altitude and latitude correlated with the atmospheric neutron
variation as function of altitude and latitude. > Therefore, the atmospheric neutron are the
dominant radiation environment for catastrophic failure in aviation electronics. >*

The knowledge of failure rate in high power semiconductor devices plays a crucial

role before choosing the rating of components in aviation electronics. Failure rates usually



measured in FIT. One FIT corresponds to a failure in one billion hours of device operation.
A phenomenological expression for calculation of failure rate in silicon devices was
proposed 2 due to the impact of terrestrial neutrons. The modification to this method
applicable for SiC power devices proposed from neutron irradiation experimental data. 2>
Many irradiation experiments conducted to observe the device failure?®*® and the failure
rate calculated for an inverter shown at different application conditions including elevated
altitude.? The failure rate calculation method for SiC power MOSFET by considering the
threshold energy deposition as failure criteria of MOSFET. ?

In this paper, a decoupled failure rate calculation method is proposed for high
power semiconductor devices applicable to any cosmic ray operating conditions such as
terrestrial, airplane altitude and satellite orbit. *!*¥ PiN diode is considered because of
presence of PiN structure in all high voltage semiconductor devices. Threshold charge
considered as failure criteria for device destruction. In this paper, the altitude dependent
failure rate in 100pm and 300um PiN diode is shown due to the impact of neutron up to an
altitude of 60 km. The failure cross section data for the 100pum and 300pm calculated using
the proposed method is considered from sudo et al.>® in the present work. The neutron flux
spectrum required for SEB failure rate calculation considered from EXPACS database.

The neutron flux spectrum also varies with solar activity. Therefore, n the results
for voltage corresponding to 1 FIT are shown over the duration of 25 years for 100um and
300um PiN diode at 10 km altitude due to neutron interaction. The effect of maximum cutoff

energy of neutron spectrum on failure rate calculation also shown.

2. Proposed failure rate calculation methodology

Failure rate calculation involves dealing with solid-state physics, nuclear physics and

radiation physics as shown in Fig. 1.
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Threshold charge for device destruction considered as failure criteria of the device in the
calculation of failure cross section. Failure cross section obtained by integrating threshold
charge for device destruction and the probability of charge deposition in silicon by the
cosmic ray particle. The calculated failure cross section is unique for the device. The failure

cross section as a function of voltage and particle energy given in Eq. (1),

l oo
O-(VDCJEp) = Af f ¢Ep(Qd )dQg dz €Y
0 YQgest(Vpc,Z)
Where ¢ = Failure cross section in cm?

Vpc = Applied voltage in Volts
Ep = Energy of particle in MeV
A = Device area in cm?
1 =i-layer thickness in um
Qudest = Critical amount of deposited charge in C
o p = Deposited charge probability in silicon in C'cm’!

z = Position along depth direction in um

The proposed failure rate calculation methodology formulated by introducing decoupling
between failure cross section and the cosmic ray flux spectrum. So once the failure cross
section known from Eq. (1), it is possible to obtain the failure rate (1) of the device operating

at any radiation condition. Failure rate calculation shown in Eq. (2).

oo

A= f o(Vpc, Ep)Flux(Ey) dg dp, 2)
Q

Emin

Where A = Failure rate in FIT
) =solid angle in sr
Flux = particle flux in MeV-'s'em™? sr!

Emin = minimum energy of particles in MeV

The failure rate in high power devices due to space protons®" calculated using the



proposed method. The failure rate in high power semiconductor device due to terrestrial
neutrons® is shown by conducting heavy ion simulation at different locations along the PiN
diode using the proposed methodology by considering the neutron spectrum from gordon et
al 3. The calculated failure rate compared with phenomenological expression proposed by
Zeller®¥ is shown in Fig. 2. It shows, the failure rate at high voltage region is good agreement
with the experimental data of Zeller. In the present work, we focused on failure rate

calculation in high voltage devices in avionics.
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Fig. 2. Failure rate due to terrestrial neutrons

2.1 Neutron Flux spectrum at airplane altitude

The neutron flux spectrum up to 60 km altitude obtained from EXPACS data*®3?).
In this, the cosmic ray neutron spectrum calculated by performing a Monte Carlo particle
transport simulation in the atmosphere. It based on the Particle and Heavy lon Transport

code System (PHITS). The neutron flux spectrum shown in Fig. 3.
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Fig. 3. Neutron flux spectrum up to 60 km altitude

It can observe from the figure that the neutron flux increases with altitude up to
Pfotzer maximum. Commercial aeroplanes generally travel at altitude of around 10 km and
rocket-powered aircraft such as X-15 can travel at higher altitudes. So power devices in
avionics tend to interact more with cosmic ray neutron. In this paper, the failure rate is
calculated for power devices operating up to an altitude of 60 km due to the interaction of

cosmic ray neutrons over wide energy range shown in fig. 3.

2.2 Charge deposition probability

Probability of energy deposition in silicon by different energetic particles
considered from literature.***? Tonization energy required to generate the charge in silicon
is 22.5 MeV/pC. *» Using this relation, the energy deposition probability converted in to
charge deposition probability in silicon. The extracted probability of charge deposition
curves for different energies in silicon shown in Fig. 4 is considered from Sudo et al.* These
extracted curves are compared with the experimental data from P Truscott et at.*” represent

as dots in the figure.
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Fig. 4. Charge deposition probability in silicon [33]

2.3 Critical charge for device destruction

Destruction charge taken as criteria for device failure in the proposed method.
Destruction charge (Quesr) is nothing but the threshold of the generated charge that cause the
device failure. In the failure rate calculation in SiC devices proposed by Ball et al*” assumed
the sensitive volume of the power device and the secondary particles. The proposed method
based on the assumption of size of the initial deposited charge. In the cosmic ray induced
failures in SiC device proposed by Akturk et al*>, the failure cross section is obtained by
performing terrestrial neutron experiments at Los Alamos Neutron Science Center
(LANSCE) with particles up to 800 MeV energy. Whereas, failure cross section in the
proposed method obtained from critical charge for device destruction and the energy
deposition probability as shown in Eq. (1) over wide range of neutron energy as shown in
Fig. 3. The generated charge obtained from TCAD simulation for different initial charge
depositions. The initial charge deposition carried out at different locations along the PiN
diode to obtain the critical charge for device destruction as a function of impact location.
This is implemented by using heavy ion model for initial charge deposition and Van
Overstraeten and de Man Model for Impact ionization in Sentaurus Devices simulator by
synopsis. The generated charge obtained by initial deposited charge at PN junction in 300um
diode shown in Fig. 5. Similarly, the generated charge in 100pum diode for deposited charge



at PN junction shown in Fig. 6.
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Fig. 5. Generated charge in 300pum diode when charge deposited at PN junction
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Fig. 6. Generated charge in 100um diode when charge deposited at PN junction

The threshold charge for device destruction obtained from the generated charge profiles in
Fig. 5 and Fig. 6. The threshold charge for device destruction at different locations along the
PiN diode is shown in Fig. 7 and Fig. 8 are considered from sudo et al.>® The threshold
charge for the device destruction increases as the deposited charge is away from the PN

junction because of decrease the electric field. The obtained critical charge for device



destruction in 300pm PiN diode shown in Fig. 7.
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Fig. 7. Critical amount of charge for destruction in 300um PiN diode

Similarly, the threshold charge for the device destruction evaluated from Fig. 6 for

100pm PiN diode shown in Fig. 8 for different initial charge deposition positions.
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Fig. 8. Critical amount of charge for destruction in 100pm PiN diode
3. Failure cross section and failure rate calculation
Failure cross section evaluation using critical charge for device destruction and charge
deposition probability shown in Eq. (1). The calculated failure cross section is unique for
300um silicon PiN diode. Device cross section for different operating voltages of 300um
and 100 um PiN diode obtained from sudo et al.>¥ is shown in Fig. 9 and Fig.10 respectively.
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Fig. 10. Cross section 6 [cm?] of a 100um PiN diode

Once the failure cross section of a device known, it is possible to calculate the failure
rate of the device operating at any radiation condition using Eq. (2). The present work shows
the calculated the failure rate due to cosmic ray neutrons when the device operating up to an

altitude of 60 km.

The altitude dependent failure rate for 300um PiN diode shown in Fig. 11. From this, it
is clear that, the operating voltage corresponding to device destruction reduces at commercial

airplane altitude compared to terrestrial operation.
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Fig. 11. Failure rate variation with altitude and operating voltage in 300pm PiN diode

Similarly, the altitude dependent failure rate calculated for 100pm PiN diode shown in Fig.
12.
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Fig. 12. Failure rate variation with altitude and operating voltage in 100pm PiN diode

From these results, it is clear that operating condition of the device plays a crucial
role in selecting the rating of the power semiconductor. Therefore, proper selection of power
device for avionics is very important in order to confine the failure rate in permissible limits.

The eleven-year solar cycle creates an additional magnetic field around the earth.
This increases the shielding against intra-galactic cosmic rays and the atmospheric cosmic

rays during the period of active sun. ') So the neutron intensity decreases during active sun



and increases during quiet sun. The effect of this solar cycle on failure rate of device
calculated for a period of 25 years from 1990 to 2015.

The range of voltage corresponding to a failure of 1FIT in 300pm diode shown in
Fig.13 during different years of operation. Here the device operation considered at an altitude

of 10 km when the cosmic ray neutrons interact with the device.
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Fig. 13. Range of operating voltage for 1FIT in 300pm diode operating at 10 km altitude

Similarly, the range of operating voltage for a failure rate near to 1FIT in 100pm

PiN diode during different years of operation is shown in Fig. 14.
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Fig. 14. Range of operating voltage for 1FIT in 100pm diode operating at 10 km altitude



Accelerating tests are conducted to evaluate the SEB failure rate of power devices.
The accelerating test facilities have the limitation of maximum energy of the particles, eg.
LANSCE facility has a maximum particle energy of 800 MeV, Tri-University Meson Facility
(TRIUMF) has maximum energy of 520 MeV, Osaka research center for nuclear physics has
facility of 400 MeV. The effect of low energy particles is critical to the failure when the
power device operating near to breakdown voltage of device. However, when considering
the de rating of power device in avionics, high energy particles shown significant effect on
failure rate. To clarify this, the effect maximum cutoff particle energy on failure rate of the
power device is evaluated.

The calculated failure rate at 10 km altitude at different maximum cutoff energy is

shown in Fig. 15 for 300 pm PiN diode.
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Fig. 15. Failure rate for different maximum energy cutoff in 300 pum PiN diode at 10 Km
altitude

Similarly, the calculated failure rates in 100 um PiN diode at different maximum

cutoff energy is shown in Fig. 16.
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Fig. 16. Failure rate for different maximum energy cutoff in 100 um PiN diode at 10 km
altitude

From this, it is clear that, the high energy particles have significant effect on failure
rate when the device operating at lower voltage levels compared to breakdown voltage
region. This low voltage region is particularly important for avionic electronics. Under
estimation of failure rate is observed with the omission of high energy particles in the failure
rate calculation.

The factor of under estimation in failure rate for different maximum cutoff energy
of the spectrum obtained as function of voltage. The under estimation factor is below one
order of magnitude up to 400 MeV cutoff energy in the low voltage region of the device.
However, this factor increases to two orders of magnitude for the cut off energy below 200
MeV at low voltage region of the power device. Since the power devices in avionic
electronics operates in de rating condition, this low voltage region of the power device is
particularly important. Therefore, the maximum cutoff energy of the spectrum plays an
important role in calculating the failure rate of the power devices operating at avionic altitude.

The under estimation factor in 300pum PiN diode for different maximum cutoff energy of the

spectrum is shown in fig. 17.



10
£ 1 1GeV —
S 800 MeV
% 400 MeV
= % 1x101
S 200 MeV
© o -2
g 5110
" ©
O L
a 1x103 Flux Cutoff
'g 100 MeV Energy
) N
_4 \\\
1x10 /R
Cut off Energy 50 MeV ' Energy
1x10°
0 1000 2000 3000 4000

Applied Voltage Vp [V]

Fig.17. Under estimation factor of failure rate for different maximum cutoff energy of
spectrum in 300 pm PiN diode at 10 Km altitude (Reference failure rate is due to complete
spectrum shown in Fig.3)

Similarly, the failure rate under estimation factor for different maximum cutoff

energy of spectrum is shown for 100 um power diode in fig. 18.
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4. Conclusions

This paper presents the methodology to calculate the failure rate of high power
semiconductor device. The introduction of decoupling between failure cross-section and the
neutron flux spectrum makes it possible to calculate failure rate for any radiation condition.
Failure rate variation with altitude in 100pum and 300pum PiN diode is successfully
demonstrated using neutron flux spectrum from EXPACS database up to 60 km altitude.
Also evaluated the effect of solar cycle on the device failure rate. In addition, the effect of

maximum cutoff energy on failure rate also demonstrated due to neutrons at 10 km altitude.
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