Failure rate calculation method for high power devices in space applications at
low earth orbit
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In this paper we propose that calculation method to evaluate failure rate of high power
semiconductor device against proton flux environment of low earth orbit. Advantage of this
method is to expand to evaluate failure rate of any devices under various radiation
environment. Possible suggestion to improve high power device reliability was discussed.

Nomenclature
FR : Failure rate (FIT)
a : Convert from energy to charge
a(l) : Cross section (cm?)
F(E,) : Flux of particles (MeV-'s'cm?)
E, : Particle incident energy (MeV)
A : Device area (cm?)
: Probability function for generated charge
QDEP(QK) (C-lum-l)
Og : Generated charge (C)
Ques(V)  : Threshold charge to destruction (C)
W(Eg) : Energy to generate a pair (eV)
L. INTRODUCTION

Space industry market and manufacturing have been
increased for last decades. Furthermore, this trend
seems will being increased [1]. In order to
implement large-scale of space platforms, such as
space station, big satellites’ power generation will
soon reach to the level of Megawatts [2,3]. Last
decades spacecraft power demand is shown in Fig.
1. Consequence of power demand increasing leads
to the harness mass increasing of spacecraft.
Harness mass is approximately 8% of spacecraft dry

mass [4].
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Fig. 1. High Power and Voltage in Space applications for last
decades.

Relation between harness mass and power demand
of spacecraft was studied [5] and is shown in Fig. 1.
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For instance if the bus voltage increase by 100V,
then harness mass reduction would be 75% of initial
mass. Hence it seems that bus voltage increase will
be the requirement for future space platforms. By
using high voltage in bus system of spacecraft, there
is a risk to destruct that power device due to the
energetic particle penetration from the space. The
well-known studies have been studied this failure
which basically named “single event burn out for
power devices and other electronics [6]. In order to
mitigate that risk, evaluate reliability then failure
rate should be investigated against space
environment. Proton flux is the majority of energetic
particle flux at low earth orbit. Therefore this paper
proposes and discusses method for space proton
induced failure rate on high power device. The
proposed method could be developed to be able to
calculate failure rate of any power device under
space radiation in various altitude. We selected low
earth condition as target of this particular paper.
Besides, high energetic particles can be the reason
of power device failure in both terrestrial and space
[7,8,9].
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Fig. 2. Relation between harness mass and power of satellite.
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II. PROPOSED METHOD TO
CALCULATION OF FAILURE RATE

The main formula of proposed method in this study
is expressed by Eq. (1) and consists of three sections
as shown in Fig. 3. First, TCAD simulation, its result
gives a threshold charge value for the device
destruction, at various applied voltages case, which
is triggered by energetic proton from space. The
amount of threshold charge depends on applied
voltage for high power device. Second, there is a
probability of charge generation in silicon due to
proton penetration. This probability function’s
variation depends on the thickness of device and
incident energy of proton. This function was defined
before at library. Third consideration on this study
is space proton flux data at low earth orbit which has
been provided by astrophysics studies, assumed
energy range of proton flux is 1MeV to 200GeV.
Simulated device model was 3.3 kV PiN diode.
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Fig. 3. Compounds of proposed formula.

The Single event burnout cross-section of PiN diode
has been calculated by equation (2) and failure rate
of'it has been calculated by proposed method at Low
earth orbit environment condition
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III. PROPERTIES OF
PARAMETERS

COMPOUND

A. Threshold generated charge to destruction

Qdest(V)
In T-cad simulation, heavy ion injected 3.3 kV PiN

diode model was chosen; due to that basic structure
of PiN diode can represent other semiconductor
power devices. The default value of most variables
of model was used for the transient simulation
performance. The Ques(V) was obtained from TCAD
simulation for case of 3.3-kV PiN diode. The
simulated cylindrical structure model is shown in
Fig. 4. Radius is 400 um. High doped N-layer, P-
layer and light doped 350 um of N-base layers were

compounds of the model. When proton penetrates
semiconductor device, it generate secondary
recoiled heavy ion which can make ionization.
Recoiled proton transfer small amount of energy to
the silicon. Hence we can assume that heavy ion
model represents proton induced charge generation
in the semiconductor device. Place that heavy ion
injected is the center of horizontal axis and has 10
um of length of track below P-layer along to the N-
base. The generated charge (. track has radial
Gaussian distribution determined by length of 0.02
pm.
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Fig. 4. Charge deposited 3.3 kV PiN diode model in T-CAD
simulation.

When the generated charge O, becomes larger than
certain amount, then avalanche phenomenon starts.
The value of generated charge Q. that triggers
avalanche phenomenon starting was determined as
the threshold charge to destruction Quex(V), which
has a function of the applied voltages.

From Fig. 5 we can see that the Electron current
density spatial distribution after 250ps of 100MeV
of heavy ion injection when applied voltage was
varied. Hence we can apparently assume that Q, is
directly proportionally depended on the applied
voltage. The increase of Q, is occurred due to the
charge multiplication avalanche phenomenon in the
silicon semiconductor devices[10,11]

The avalanche phenomenon needs to have certain
amount of charge to trigger itself. Threshold charge
which can generate avalanche phenomenon was
main target of TCAD simulation. We obtained
values of threshold charge to destruction Ques(V)
from 10 MeV, 50 MeV and 100 MeV of energy of
heavy ion injection cases. Ques:i(V) function has been
derived as shown in Fig. 6.
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Fig. 5. Electron current density spatial distribution after 250ps
of 100MeV of heavy ion injection when applied voltage was
varied.
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Fig. 6. Fitted bl and b0 (at 300 um Si).

Here we can see that Quex(V) of TCAD result was
basically matched with reference data and its fitted
function obtained as well.

B. Probability function for deposited charge
Drp(Qy)
We assumed that, deposited energies form protons
to the silicon completely generate electron-hole
pairs. On the other hand amount of generated charge
linearly depends of deposited energy. Pair
generation energy depends on the medium band gap
energy. The energy W(E,) required to create an e-h
pair in a semiconductor by a charged mass particle
traversing the medium depends on the band gap
energy Eg of the material and hence, although only
slightly, on the temperature. The measurements of
this quantity show a nearly linear dependence on the
band gap energy, and the linear fit to the data
obtained for different materials gives Eq. (3).
W(Eg)=1.76 eV+1.84Eg eV  (3)
The mean energy W(Eg) to create an electron-hole
pair has been calculated and measured in
experiments including high energy charged
particles. The mean energy W(E,) required to create
an e-h pair in silicon is W(Eg)~ 3.68 eV. The pair
charge is e=1.6%10-19 coulomb [12]. Hence
coefficient 0=2.33x1013MeV/C, which shows
relation between deposited energy and generated
charge has been found.
In order to define proton cross section, literature
study was used [13, 14]. In this that referenced
paper, the modeling of proton single event
phenomena cross-sections versus proton Kkinetic
energies is based on the fact that secondary recoils
induced by proton Silicon nuclear reactions are
mainly responsible for the devices destruction. The
proton energy loss in matter is too low (several
keV/pm) to generate Single Event burnout directly.
The secondary recoil energies, ranging from several
keV to several MeV, are comparable to the energies
lost by primary heavy ions crossing the devices. The
referenced model, developed to define proton cross
section in silicon, assumes that the semiconductor
element will react similarly as long as the amount of
energy Ed is provided by a proton Silicon nuclear
reaction or by an energetic heavy ion. Using this
referenced study result [13,14], we can obtain
proton energy deposition probability function
(D,fiSO(Ed) which is at case of 300um of thickness of

silicon as shape that shown in Eq. (4). We assumed
that all energy transferred to silicon is completely
generated charge in silicon as expressed in Eq. (5).
The relation between charge generation probability
and energy deposition probability is expressed in
Eq. (6). Apparently, charge generation probability
function as expressed in Eq. (7) is derived.
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‘ngo(Ed) = 10b1(EP)Ea+bo(Ef) 4)
Eqs= aQ, )
DF0(Ey) = 2(aQy)
(6)
4,220(“%) = 10P1(ED)aQqg+bo(Ep)
(7)

In order to define cngO (an) then b;, by should be

expressed by function of incident energy of proton
flux. Based on literature study [13,14,15,16],
parameters b;, by were defined as shown in Fig. 7
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Fig. 7. Relationship between threshold generated charge to
destruction Qdest(V) and applied voltage.

In this function we assumed silicon thickness was
300pm. The typical power devices semiconductor
thickness equals to around 300pum.

Hence we can obtain fitted mathematical functions
of b; and by for the Eq. (7) as shown in Egs. (8) and
9).

-100
b,(300,E,) = ™ 0.063
®)
200
b0(300, Ep) = W —4.2
(€))
C. Proton flux data F(E,)

Most of portion of cosmic ray is proton in Low Earth
Orbit [17]. Entire energy range of considered proton
flux divided three sections which are in range of
IMev-200GeV as shown in Table 1. Firstly, IMeV-
400MeV proton flux data corresponding to 700 km
altitude was taken from SPENVIS [18] and that
accounted sun activation. SPENVIS is the web
based software was developed by European Space
Agency and is widely used space application
studies, here mission period assumed 2018-2019.

Second 1GeV-20GeV proton flux data, which
measured at around altitude of 350-610km were
taken from PAMELA [19] data source. PAMELA is
the spacecraft mission payload for study about
possible exotic cosmic ray source and its

propagation reasons; mission time was 2006-2008.
Proton is top set of data. Helium is the bottom set of
data. Thirdly, 20GeV-200GeV proton flux data,
which measured at altitude of around 400km, were
taken from AMS data source. AMS is a general
purpose high energy particle physics detector in
space[20]. Fitted functions for these data were used
for calculation.

Table 1 Entire energy range of considered proton flux divided
three sections which are in range of 1Mev-200GeV.

S"g;“; of || SPENVIS | 2. PAMELA 3.AMS
Methods Simulation On o.rblt On qrblt
Experiment Experiment
Cons:ldered Proton Proton Proton
Particles
Energy range | 1-400MeV | 1GeV-20GeV | 20GeV-200GeV
Altitudes ~700km ~610km ~400km
Plots f
I
References https: \\I'l\]\:\l';ptnws.o e
69-72, Apr 2011 P 31, oay

From these data fitted functions depending incident
proton energy can be written in low, medium and
high range of energy levels as shown in Egs. 10, 11
and 12. Shielding effect was accounted during
calculation.

EIZ;OW(EP) =5-108- (Ep)—z.we (10)
E}ed(E,) = 9337.8 (E,) 1884 (11)
EM9NE)) = 5-107 - (E,)~27% 12

p o (Ep) (Ep) (12)

IV. RESULT

As combining above functions, we calculated
failure rate of 3.3 kV PiN diode at low earth
environment condition was calculated and its result
shown in the Fig. 8. Here, two types of dotted lines
represents failure rate of 3.3kV pin diode,
corresponding to case of shielded and unshielded
condition. Shielding material is 0.1 in of Aluminum.
Shielding function obtained from literature [21]. As
seeing this result aluminum shielding could not be
proper protection against proton flux. The red
dashed line represents FIT=I(one failure in
10°hours) that typically used for power device’s
allowed failure rate for commercial application [22].
In this case, as seeing the result, application voltage
of 3.3kV diode should be approximately 1.5kV for
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space application. The blue line represents power
devices failure rate at terrestrial. Comparing results,
space applications power semiconductor devices
failure rate is higher than terrestrial failure rate
several magnitude.

V. CONCLUSION

In this paper 3.3kV PiN diode’s proton induced
single event burnout failure rate was calculated.
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Fig. 8. Failure rate of 3.3kV PiN diode at Low Earth Orbit was
calculated by proposed method.

The main formula which used for calculation
compounds of three independent parts. Each part
can be developed separately and it could be changed
by other environment other devices. That means the
proposed method for high voltage power devices
failure rate calculation is feasible to diversity of any
other power devices at any radiation environment.
In further, using this flexible aspect of method,
software application will be developed for radiation
induced failure rate calculation of power devices.
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