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1- Terrestrial Neutron Induced 
Failures in Silicon Carbide 
MOSFETs and Diodes 

1.1- Brief Description of the 
Source of Terrestrial Neutrons 
 
Primary cosmic rays in the Earth’s 
atmosphere are a result of high-energy 
particles, mostly protons and alphas, 
coming from outer space or the trapped 
proton belt as shown in Figure 1.1, 
penetrating our atmosphere and colliding 
with gases in the upper atmosphere. The 
cosmic rays are comprised of roughly 
85% protons, 14% alpha particles, and 
the rest heavy nuclei. Additionally, solar 
events mostly result in protons, and 
relatively smaller amounts of alpha 
particles, heavy ions and electrons, hitting 
the Earth’s atmosphere.  
 
As a cosmic ray enters the atmosphere, it 
usually collides with an atmospheric 
particle in the upper atmosphere. This 
generates several energy-rich particles, 
which in turn collide with other 
atmospheric particles. These collisions 
along with the resulting products such as 
neutrons, and smaller pions and muons 
give rise to a cosmic shower, as shown in 
Figure 1.2. The newly generated charge-
neutral neutrons can have high energies, 
and can travel long distances reaching 
the sea level. 
 
The terrestrial neutron flux reaches a 
peak at roughly 60,000 feet. At 30,000 
feet, the integral neutron flux drops to 
roughly one tenth of its peak value. At sea 
level, it drops by an additional two orders 
of magnitude; however, the neutron flux at 

sea level, which is roughly  25 n/cm2hr 
for E > 1 MeV, can still cause upsets and 
failures for electronics and power 
switches. Furthermore, at sea level, 
approximately 95% of the cosmic shower 
constituents are neutrons [J. F. Ziegler, 
“Terrestrial cosmic rays,” IBM J. Res. Development, vol. 
40, no. 1, pp. 19–39, Jan. 1996]. 

 
Figure 1.1: Primary cosmic rays in Earth’s 
atmosphere mostly originate from high energy 
protons colliding with gases in the atmosphere 
[Len Adams, Space Radiation Effects, 
paso.esa.int/5_training_materials/training_03_sp
ace%20radiation.ppt]. 
 

 
Figure 1.2: Cosmic rays at the Earth’s surface. [A. 
Akturk, R. Wilkins, J. McGarrity, B. Gersey, “Single 
event effects in Si and SiC Power MOSFETs due 
to terrestrial neutrons,” IEEE Transactions on 
Nuclear Science 64(1), 529-535 (2017).] 
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1.2- Brief Description of Altitude and Latitude Dependence of Neutron Flux 
 
The previous section briefly 
mentions altitude dependence of the 
terrestrial neutron flux. To obtain a 
formula that roughly shows the 
altitude dependence of the neutron 
flux, we use the altitude dependent 
models mentioned in the IEC 
technical specification TS 62396-1. 
We then fit these models to a 
formula, as shown in Figure 1.3. 
This formula, which is roughly valid 
above 100 feet, is used to determine 
altitude dependence above 100 feet 
for neutrons with energies between 1 
MeV and 10 MeV. 
 
Here a is altitude in feet and needs 
to be above 100 feet. Although not 
shown above, 100 feet is taken as 
the “sea level”. 
 

 
 
Figure 1.4 shows a similar altitude 
dependence but now for neutrons 
with energies above 10 MeV. Taking 
number and altitude dependence of 
neutrons with energies between 
1 MeV and 10 MeV same as those 
above 10 MeV, atmospheric neutron 
flux from sea level to 60000 feet can 
be calculated by multiplying the 
above formula by two.  
 
Compared to sea level, neutron 
fluxes at 13000, 26000, 39000, 
52000 feet are approximately 25, 94, 
222, 430 times larger than that at sea 
level.   
 
Lastly, we here assume a latitude that roughly crosses US from Washington DC to San Francisco 
(~40 degrees north). If we take neutron flux along 40 degrees latitude as roughly 1, the neutron 
flux doubles roughly linearly with latitude as it approaches 65 degrees (roughly the Arctic circle), 
above which it remains approximately the same.  Again, if we take neutron flux along 40 degrees 
latitude as roughly 1, the neutron flux drops to its one third value roughly linearly with latitude as 
it approaches 20 degrees (~Mexico City), below which it remains approximately the same. 
 

𝑓(𝑎) = 100.20929−2.41511×log10(𝑎)+0.50386×log10(𝑎)×log10(𝑎)  

 
Figure 1.3: Change of 1 to 10 MeV neutron flux as a 
function of altitude. Simplified NASA and Boeing model 
lines are extracted from the IEC technical specification 
TS 62396-1. The CoolCAD model is extracted using a 
fit to these two models.  
 

 
Figure 1.4: Rough altitude dependence of atmospheric 
neutron flux. 
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1.3- Brief Description of ICE House at LANSCE 
 
The SiC devices are irradiated at 
the Los Alamos Neutron Science 
Center (LANSCE) “30R ICE II” 
beam line. This beam line is 
widely used for conducting 
terrestrial neutron studies as the 
neutron energy spectrum closely 
simulates secondary atmospheric 
neutrons, with a neutron beam 
flux about 3×105 times or more 
higher than typically found at 
40,000 ft (12 km), as shown in 
Figure 1.5 [S. A. Wender, S. 
Balestrini, A. Brown, R.C. Haight, 
C.M. Laymon, T.M. Lee, P.W. 
Lisowski, W. McCorkle, R.O. 
Nelson,W. Parker, and N. W. Hill, 
“A Fission Ionization Detector for 
Neutron Flux Measurements at a 
Spallation Source”, Nucl. Instr. 
Meth. Phys. Res. A 336, 226 
(1993)]. The beam spectrum on 
one of the experiment days is 
attached to Figure 1.6. This can 
be used to compare the simulator 
output to the terrestrial neutron 
spectrum at various locations. As 
mentioned earlier, the flux of fast 
terrestrial neutrons with energies 
>10 MeV is roughly 10 n/cm2/hr 
and 7000 n/cm2/hr at the sea level 
and at the commercial aviation 
altitude of 30000 ft, respectively. 
 
A sweep magnet removes 
charged particles from the 
resultant beam and a U-238 
fission chamber detector monitors 
the beam flux of neutrons with 
energies greater than 1.5 MeV 
and is used in the time of flight 
measurements to determine the 
neutron energy spectra. 
Additionally, the neutron beam we 
use in our tests has a circular 
cross section of approximately 
three inches in diameter. 

 

 
Figure 1.5: Neutron spectrum at the LANSCE ICE 
(Irradiation of Chips and Electronics) House beam line. 
ICE House is also called ICE I or 30L. The neutron flux at 
ICE II is twice that of ICE I. 

 
Figure 1.6: Neutron spectrum measured on one of the 
experiment days. Daily measurements are used in 
calculations. 
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1.4- Brief Description of the Source of Failures in Power Devices 
 
The high energy neutrons lose 
energy through elastic and 
inelastic collisions and finally are 
captured as they travel through 
materials including a 
semiconductor device such as a 
power MOSFET. The main 
mechanism a neutron loses its 
energy in a material is through 
collisions with lattice atoms. As 
neutrons are charge neutral, they 
can easily pass through atoms’ 
columbic shells without losing 
their energies, and can 
occasionally collide with lattice 
atoms and knock them off their 
sites, resulting in dislocation 
damage and creating vacancies in the process. Therefore, there is a finite possibility that the high 
energy neutrons can knock lattice atoms such as Silicon and Carbon in a Silicon Carbide power 
MOSFET off their lattice sites, as shown in Figure 1.7. The knock-ons with large energies as 
shown in Figure 1.8 can cause further dislocation damages or lose their energies to the lattice 
via coulombic interactions. These charged knock-on atoms are very efficient in creating electron-
hole pairs along their trajectory, to which they lose their energy. The newly formed highly 
conducting paths or ionization trails, resulting from electron-hole pair generation, can in turn result 
in a power MOSFET failure in the form of a gate rupture or a burn-out.  
 
The terrestrial neutron induced failures and upsets have been reported by the Si power electronics 
community and by data centers and supercomputer users. The problem only exacerbates as the 
electronics and power switches are used in higher altitudes due to exponentially rising neutron 
flux levels with increasing altitudes. These higher neutron levels can render a power device that 
is safe to use at sea level, i.e. expected not to fail within its lifetime, a risky choice for use on a 
mountaintop due to its rising Failure In Time (FIT) rates. 
 
As mentioned above, the atmospheric 
neutrons have been shown to cause 
failures in power devices via interactions 
with lattice atoms. The neutrons cannot 
directly ionize charge in the device; 
however, the neutron lattice collisions, 
depicted in Figure 1.7, giving rise to 
recoil atoms or spallation products are 
very efficient in creating charge spikes 
along their trajectories. Some of the 
resulting knock-ons are shown in Figure 
1.8 along with their energy distribution 
curve that is a result of the terrestrial 
neutron flux energy distribution and the 
neutron-lattice atom interaction. 
 

 
Figure 1.7: High energy neutrons hit atoms off their lattice 
sites. These charged knock-on atoms are very efficient in 
creating electron-hole pairs along their trajectory, to which 
they lose their energy. These ionized tracks result in device 
failures. 

 
Figure 1.8: Knock-on particles in SiC [IEEE TNS 
59(4), 880, 2012]. 
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2- Experiments: Descriptions 

2.1- Tested Part List 
 
This report summarizes some of our pre-radiation measurements, findings, and post-radiation 
measurements for terrestrial neutron experiments performed at Los Alamos Neutron Science 
Center (LANSCE) in mid-December of 2018, using Microsemi SiC power MOSFETs and power 
diodes. LANSCE’s ICE II (Irradiation of Chip Electronics House) beam line is reserved between 
12/16/2018 and 12/19/2018 to perform the tests. At LANSCE, the Microsemi devices listed in 
Table 2.1 are tested at various bias points to obtain failure in time (FIT) data for these devices. 
 

Table 2.1: Device list for testing. 
 

CoolCAD 
Part # 

Microsemi Part # Description # Qty 

A MSC045SMA170B 1700V MOSFETs 50 

B MSC040SMA120B 1200V MOSFETs 60 

C MSC035SMA070B 700V MOSFETs 60 

D MSC050SDA070B 700V Schottky barrier diodes 50 

E MSC050SDA120BP 1200V Schottky barrier diodes 50 

F MSC050SDA170BP   1700V Schottky barrier diodes 51 

 

2.2- Test Fixtures 
 
Special high voltage test fixtures, boards and mounts are designed and fabricated for the 
terrestrial neutron tests. Figure 2.1 shows some of these boards and fixtures used in a previous 
test. Each fixture allows for mounting up to six power MOSFETs as shown in this figure. For this 
test, we used the 3 inch collimated beam, which gives rise to one of the largest beam outputs. 
The mount and the special arrangement of the devices ensure all six devices are within the beam 
area after alignment, as also shown in this figure. 
 
The beam output is behind the brown disk shown in Figure 2.1. Neutrons are created by smashing 
800 MeV protons with a tungsten target. The resulting particles and photon are all filtered out 
except for neutrons. The beam output at ICE II is roughly 13 m away from where these collisions 
occur. The newly generated neutrons scatter isotropically and thus the neutron flux drops by the 
square of the distance from the source. Right after the beam exit, the beam goes through an 
ionization chamber for characterization and monitoring. This ionization chamber is protected by 
the brown cover shown in this figure. The beam then goes through each of the fixtures and exit 
from the other end of the room, and is stopped by very thick layers of concrete. Each beam and 
material interaction slightly modifies the beam spectrum. Not to deviate from the terrestrial 
spectrum, we keep the number of fixtures put in parallel to no more than four (usually we use two 
or three boards).   
 
The test fixture is comprised of a mount for diodes and MOSFETs. In parallel with the test 
MOSFET drain and source or test diode terminals, we use a stiffening capacitor, which is usually 
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ceramic due to its low equivalent series resistance. This capacitor (and not the high voltage 
source) provides almost all of the transient current during non-damaging events and at the 
beginning of all damaging events. In parallel with this capacitor, there are two resistors used for 
continuous monitoring of each device voltage. The voltage division ratio is roughly 100K/100Meg. 
The scaled voltage is recorded and monitored behind concrete blocks on the other side of the 
room, using a data-logger with multiple channels connected to the test laptop. This laptop also 
monitors and records nuclear instrumentation module pulses that are proportional to neutrons 
coming from the beam output. We note that the neutron output is generally not continuous and 
uniform, and it comes in pulses. 
 
The resistors and the stiffening capacitor that are in parallel with each DUT are connected to a 
high voltage source via a 10 Meg resistor. The purpose of this resistor is to limit current draw from 
the source, and therefore continue experiments until all devices fail or enough neutron fluence is 
reached. The voltage source we use has a trip current of 5 mA. Due to laboratory safety concerns, 
high voltage sources with significantly higher current limits are not allowed to be used in 
experiments.  

2.2- Biasing  
 
For MOSFETs, gate-to-source voltage is set to zero, which is the standard test condition, during 
terrestrial neutron tests. The drain-to-source bias of MOSFETs or terminal biases of diodes are 
either set roughly to the rated voltage or below to determine failure rates. We note that these tests 
use actual device voltages to determine failures, as opposed to testing at a higher voltage and 
extrapolating to lower biases. The bias points for each device listed in Table 2.1 are chosen based 
on the previously higher voltage measurements to maximize range of useful data and number of 
parts tested within the allotted time. In general, for the devices with ratings above 900V, we aim 
for roughly 100 V steps, if not prohibitive in terms of expected experiment time. 
 
 

 
 
Figure 2.1: Two or three test fixture/board combinations, each capable of monitoring up to six 
devices in parallel are used in Microsemi Dec 2017 tests. The collimated output is three inches 
in diameter, and devices fit into this diameter as shown on the right. 
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2.3- Pre and Post Radiation Tests 
 
We performed pre and post electrical characterization of some of the devices that survived the 
radiation experiment. After receiving parts from the facility, we plan to perform more post radiation 
experiments. Below, you can find a brief description of the effects of neutron radiation on devices 
that survive the terrestrial neutron tests. As an example, we only discuss two MOSFETs. The 
behavior described here for these two is representative of the behavior observed in the other 
MOSFET, and the diodes. 

2.3.1- A - MSC045SMA170B: 1700 V MOSFET  

 

Figure 2.2 shows changes in some of the electrical characteristics pre and post terrestrial neutron 
radiation for one 1700 V MOSFET device (device # 39) exposed to a high level of neutron fluence 
(389042 pulses x 22000 neutrons/cm2/pulse, roughly 8.5 x 109 n/cm2, with E > 1 MeV). The post 
radiation tests are only pursued for devices that survive radiation without a failure. (Please note 
that a failed device shows short or low ressistance between all terminals.) We only show 
measurements for one device as an example. Other “survived” MOSFETs exhibit similar 
characteristics. 

There is a very slight decrease in RDSon; however, this change may also be due to the small 
temperature difference between the pretest location and the radiation room. All measurements 
indicate, there is no latent neutron induced damage in “survived” devices for neutron fluences 

 
Figure 2.2: Pre (blue) and post (red) device characterization of a MOSFET (device # 39) that 
survived neutron exposure. Top left) IDS-VDS: MOSFET IV curve. Top right) VTH: Diode 
connected MOSFET curve. Bottom left) Body diode: Body diode forward curve with gate 
turned off. Bottom right) Drain leakage up to 1000 V when gate is set at zero.  
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less than approximately 5 x 1010 n/cm2, and there is no significant shift in device electrical 
characteristics, including the blocking characteristics. 

2.3.2- B - MSC040SMA120B: 1200 V MOSFET  

 

Figure 2.3 shows changes in some of the electrical characteristics pre and post terrestrial neutron 
radiation for one 1200 V MOSFET device (device # 43) exposed to a high level of neutron fluence 
(~475000 pulses x 22000 neutrons/cm2/pulse, roughly 1 x 1010 n/cm2, with E > 1 MeV). The post 
radiation tests are only pursued for devices that survive radiation without a failure. We only show 
measurements for one device as an example. Other “survived” MOSFETs exhibit similar 
characteristics, except for one device. This particular device (device # 58) shows similar pre and 
post IDS-VDS, VTH, and body diode characteristics; however, its leakage increased post 
radiation. This device is exposed to much lower levels of neutron radiation, but at a much higher 
bias level. 

The pre and post differences in almost all “survived” devices are attributed to the small 
temperature difference between the pretest location and the radiation room. All measurements 
indicate, there is no latent neutron induced damage in majority of “survived” devices for neutron 
fluences less than approximately 5 x 1010 n/cm2, and there is no significant shift in device electrical 
characteristics for majority of devices, including the blocking characteristics. 

  

 
Figure 2.3: Pre (blue) and post (red) device characterization of a MOSFET (device # 43) that 
survived neutron exposure. Top left) IDS-VDS: MOSFET IV curve. Top right) VTH: Diode 
connected MOSFET curve. Bottom left) Body diode: Body diode forward curve with gate 
turned off. Bottom right) Drain leakage up to 1000 V when gate is set at zero.  
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3- Experiments: FIT Data  
 
We note that the sea level FIT level is calculated by assuming that the average neutron flux of 
terrestrial cosmic radiation at sea level is 13 n/cm2/hr for neutrons with energies above 10 MeV, 
as prescribed in JEDEC JEP151. 

3.1- A: MSC045SMA170B MOSFET 

 
Figure 3.1 shows the sea-level FIT curve for the 1700 V Microsemi power MOSFET. In this figure, 
black symbols show bias dependent average FIT values. Red circles correspond to 
experimentally observed unique failures. A fit curve is also included as an eye guide. The formula 
for this line is written below: 
 
1/FIT= 1/f1 + 1/f2 
f1 = exp(p11 x V + p12), where p11= 0.012627 and p12= -12.457649 (fits to data <1500 V) 
f2 = exp(p21 x V + p22), where p21= 0.0032653 and p22= 1.1081460 (fits to data >1500 V) 
 
As can be seen in this figure, we have observed failures down to ~850 V. We note that this FIT 
curve represents failures per device. Since neutron events are linearly independent, FIT for a 
larger group of devices can be simply obtained by multiplying the above values with the number 
of devices within that group. 

 
  

 
Figure 3.1: Measured and calculated average sea-level FIT curve for Microsemi SiC 
MOSFET: MSC045SMA170B.  
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3.2- B: MSC040SMA120B MOSFET 
 

 
Figure 3.2 shows the sea-level FIT curve for the 1200 V Microsemi power MOSFET. In this figure, 
black symbols show bias dependent average FIT values. Red circles correspond to 
experimentally observed unique failures. A fit curve is also included as an eye guide. The formula 
for this line is written below: 
 
1/FIT= 1/f1 + 1/f2 
f1 = exp(p11 x V + p12), where p11= 0.0093168 and p12= -3.7344789 (fits to data >900 V) 
f2 = exp(p21 x V + p22), where p21= 0.026606 and p22= -17.754872 (fits to data <900 V) 
 
As can be seen in this figure, we have observed failures down to ~650 V. We note that this FIT 
curve represents failures per device. Since neutron events are linearly independent, FIT for a 
larger group of devices can be simply obtained by multiplying the above values with the number 
of devices within that group. 

  

 
Figure 3.2: Measured and calculated average sea-level FIT curve for Microsemi SiC 
MOSFET: MSC040SMA120B.  
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3.3- C: MSC035SMA070B MOSFET 
 

 
Figure 3.3 shows the sea-level FIT curve for the 700 V Microsemi power MOSFET. In this figure, 
black symbols show bias dependent average FIT values. Red circles correspond to 
experimentally observed unique failures. A fit curve is also included as an eye guide. The formula 
for this line is written below: 
 
FIT= f1 
f1 = exp(p11 x V + p12), where p11= 0.013433 and p12= -1.473121  
 
As can be seen in this figure, we have observed failures down to ~250 V. We note that this FIT 
curve represents failures per device. Since neutron events are linearly independent, FIT for a 
larger group of devices can be simply obtained by multiplying the above values with the number 
of devices within that group. 

  

 
Figure 3.3: Measured and calculated average sea-level FIT curve for Microsemi SiC 
MOSFET: MSC035SMA070B.  
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3.4- Comparison of A, B and C Devices 
 

 

Figure 3.4 shows the average sea-level FIT curve for 700, 1200 and 1700 V MOSFETs plotted 
against applied bias normalized by the approximate breakdown voltage of each type of device. 
The breakdown values for 700, 1200 and 1700 V MOSFETs are taken as 825, 1300, and 1875 V.   

 
Figure 3.4: Comparison of 1700 (>), 1200 (o) and 700 V (x) MOSFET FIT curves. Bias values 
of 1700 V MOSFETs are normalized by 1875 V. Bias values of 1200 V MOSFETs are 
normalized by 1300 V. Bias values of 700 V MOSFETs are normalized by 825 V. 
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3.5- D: MSC050SDA070B DIODE 
 

 
Figure 3.5 shows the sea-level FIT curve for the 700 V Microsemi power diode. In this figure, 
black symbols show bias dependent average FIT values. Red circles and diamonds correspond 
to experimentally observed unique failures. A fit curve is also included as an eye guide. The 
formula for this line is written below: 
 
FIT= f1 
f1 = exp(p11 x V + p12), where p11= 0.018835 and p12= -4.439735 
 
As can be seen in this figure, we have observed failures down to ~300 V. We note that this FIT 
curve represents failures per device. Since neutron events are linearly independent, FIT for a 
larger group of devices can be simply obtained by multiplying the above values with the number 
of devices within that group. 
 
 
 
 
 
 
 
 
 

 
Figure 3.5: Measured and calculated average sea-level FIT curve for Microsemi SiC Diode: 
MSC050SDA070B.  
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3.6- E: MSC050SDA120BP DIODE 
 

 
Figure 3.6 shows the sea-level FIT curve for the 1200 V Microsemi power diode. In this figure, 
black symbols show bias dependent average FIT values. Red circles correspond to 
experimentally observed unique failures. A fit curve is also included as an eye guide. The formula 
for this line is written below: 
 
FIT= f1 
f1 = exp(p11 x V + p12), where p11= 0.012769 and p12= -6.882745 
 
As can be seen in this figure, we have observed failures down to ~400 V. We note that this FIT 
curve represents failures per device. Since neutron events are linearly independent, FIT for a 
larger group of devices can be simply obtained by multiplying the above values with the number 
of devices within that group. 
 
 
 
 
 
 
 
 
 

 
Figure 3.6: Measured and calculated average sea-level FIT curve for Microsemi SiC Diode: 
MSC050SDA120BP.  
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3.7- F: MSC050SDA170BP DIODE 
 

 
Figure 3.7 shows the sea-level FIT curve for the 1700 V Microsemi power diode. In this figure, 
black symbols show bias dependent average FIT values. Red circles correspond to 
experimentally observed unique failures. A fit curve is also included as an eye guide. The formula 
for this line is written below: 
 
1/FIT= 1/f1 + 1/f2 
f1 = exp(p11 x V + p12), where p11= 0.0067759 and p12= -2.7236982 (fits to data >1100 V) 
f2 = exp(p21 x V + p22), where p21= 0.021112 and p22= -19.361886 (fits to data <1100 V) 
 
As can be seen in this figure, we have observed failures down to ~800 V. We note that this FIT 
curve represents failures per device. Since neutron events are linearly independent, FIT for a 
larger group of devices can be simply obtained by multiplying the above values with the number 
of devices within that group. 
 
 
 
 
 
 
 
 

 
Figure 3.7: Measured and calculated average sea-level FIT curve for Microsemi SiC Diode: 
MSC050SDA170BP.  
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3.8- Comparison of A, B and C MOSFETs, and D, E and F DIODEs 
 

 

Figure 3.8 shows the average sea-level FIT curve for 700, 1200, and 1700 V MOSFETs and 
diodes plotted against applied bias normalized by the approximate breakdown voltage of each 
type of device. The breakdown values for 700, 1200 and 1700 V MOSFETs are taken as 825, 
1300, and 1875 V. The breakdown values for 700, 1200 and 1700 V diodes are taken as 750, 
1300, and 1850 V. 

 
Figure 3.8: Comparison of 1700 (>), 1200 (o) and 700 V (x) MOSFET FIT curves in black with 
1700 (>), 1200 (o) and 700 V (x) diode FIT curves in blue. Bias values of 1700 V MOSFETs 
are normalized by 1875 V. Bias values of 1200 V MOSFETs are normalized by 1300 V. Bias 
values of 700 V MOSFETs are normalized by 825 V. Bias values of 1700 V diodes are 
normalized by 1850 V. Bias values of 1200 V diodes are normalized by 1300 V. Bias values 
of 700 V MOSFETs are normalized by 750 V. 
 
 
 


