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ABSTRACT 

Joona Lappalainen: Cosmic Ray Failures in Power Semiconductors 
Master of Science Thesis 
Tampere University 
Master’s Programme in Electrical Engineering 
December 2022 

 

Cosmic rays are particles radiating from the galaxy to the earth. From these particles, 
high-energy neutrons are seen to cause failures when they collide with the base nuclei 
in power semiconductors. These collisions can trigger different failure mechanisms de-
pending on the component type. Moreover, the failures are random and occur within 
nanoseconds without any prior sign. 

This thesis introduces cosmic ray failures as a phenomenon in power semiconduc-
tors, the affecting factors, the estimation of failure probabilities, and existing testing pro-
cedures. Also, a test setup with natural terrestrial radiation was developed to compare 
test results from artificial radiation sources. Lastly, methods to improve the cosmic ray 
robustness of power semiconductors were discussed. 

The affecting factors are the blocking voltage, junction temperature, altitude, and ra-
diation flux. The voltage was seen to be the most effective factor because when a certain 
voltage threshold is achieved, the failure rates increase exponentially. The junction tem-
perature and altitude can be included in the estimation of failure probability with formulas 
composed of experimental data. Lastly, radiation flux was seen to be dependent on solar 
activity, latitude, and altitude. 

For quantifying cosmic ray failures, three different empirical models were presented. 
Comparison between these models showed differences and indicated the need for test-
ing with real hardware to get accurate failure rates. However, these models as well as 
Monte Carlo techniques and TCAD simulations were noted to help in the early phase of 
development to adjust the radiation robustness. 

The test setup developed in this thesis was the first step for cosmic ray testing at 
Danfoss Drives. The setup included multiple IGBT power modules with the gates short-
circuited to ensure a blocking state. During the test, a high collector-emitter voltage was 
applied constantly. Six failures occurred during the test and showed a good match to the 
estimation from accelerated tests. 

Regarding the methods for reducing cosmic ray failures, adjusting the width of the 
drift region was seen to be effective. Also, surrounding the components with neutron-
attenuating materials seemed to decrease the probability of failures. Lastly, some previ-
ous research results were combined in the comparison of silicon and silicon carbide. It 
seemed that the latter should be more robust supporting the trend of using silicon carbide 
in high-voltage applications. 
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Joulukuu 2022 
 

Kosminen säteily tarkoittaa avaruudesta maahan säteileviä hiukkasia. Näistä hiukka-
sista korkeaenergisten neutronien nähdään aiheuttavan vikoja tehopuolijohteissa, kun 
ne törmäävät tehopuolijohteiden atomiytimiin. Nämä törmäykset voivat laukaista erilaisia 
vikamekanismeja komponenttityypistä riippuen. Lisäksi viat ovat satunnaisia ja tapahtu-
vat nanosekunneissa ilman mitään varoitusta. 

Tässä diplomityössä esitetään kosmisen säteilyn aiheuttama vikaantuminen yhtenä 
vikamekanismina tehopuolijohteissa. Vikaantumismekanismiin liittyen selvitetään siihen 
vaikuttavat tekijät, keinot ennustaa vikaantumisen todennäköisyys sekä mahdolliset tes-
tausmenetelmät. Lisäksi kehitetään testausjärjestelmä, jossa komponentit altistetaan 
jännitteisinä luonnolliselle säteilylle. Testituloksia vertaillaan komponenttivalmistajan 
hiukkaskiihdyttimillä tehtyjen testien tuloksiin. Lopuksi selvitetään menetelmiä, joilla voi 
parantaa tehopuolijohteiden säteilykestoisuutta. 

Vikaantumisen todennäköisyyteen vaikuttavia tekijöitä ovat estotilan jännite, liitosläm-
pötila, korkeus meren pinnasta ja säteilyvuo, jolle puolijohde altistuu. Jännite nähtiin vai-
kuttavimpana tekijänä, sillä kun tietty jännitekynnys saavutetaan, vikaantumistahti kas-
vaa eksponentiaalisesti. Liitoslämpötila ja korkeus voidaan huomioida vikaantumistahdin 
estimoinnissa käyttämällä empiiriseen dataan perustuvia kaavoja. Viimeisenä, säteily-
vuon nähtiin riippuvan auringon aktiivisuudesta, maan päällisistä koordinaateista sekä 
korkeudesta meren pinnasta. 

Vikaantumistahdin määrittämiseen esitellään kolme empiiriseen dataan perustuvaa 
laskentamallia. Tulosten vertailussa näiden mallien välillä nähtiin suuria eroja, joka joh-
taa tarpeeseen saada komponentteja testattavaksi, jotta saadaan realistisia tuloksia. 
Nämä mallit ovat kuitenkin hyödyllisiä puolijohdekomponenttien suunnittelun alkuvai-
heessa ja näitä tukemaan on kehitetty Monte Carlo -tekniikkaa ja TCAD-simulaatiomal-
leja, jotka ottavat paremmin huomioon puolijohteiden rakenteen. 

Tässä työssä kehitetty testijärjestelmä oli ensimmäinen askel kosmisen säteilyn ai-
heuttamaan vikaantumistestaukseen Danfoss Drivesissa. Testikokoonpano sisälsi 
useita IGBT-tehomoduuleja, joiden hilat oli oikosuljettu estotilan varmistamiseksi. Tes-
tissä moduulit altistettiin jatkuvalle korkealle kollektori-emitterijännitteelle. Testin aikana 
ilmeni kuusi vikaantumista, joista laskettu vikaantumistahti vastasi hyvin moduulivalmis-
tajan arviota kiihdytettyjen testien perusteella. 

Säteilykestoisuuden parantamiseen liittyen, drift-alueen paksuudella nähtiin merkit-
tävä vaikutus vikaantumistodennäköisyyteen. Lisäksi tehopuolijohteiden suojaamisen 
neutronisäteilyä vaimentavilla materiaaleilla nähtiin vähentävän vikaantumisia. Lopuksi 
vertailtiin puolijohteissa käytettävien materiaalien, piin ja piikarbidin säteilykestoisuutta. 
Nähtiin, että piikarbidin pitäisi olla kestävämpi, mikä tukee niiden käyttöönottoa tulevai-
suuden korkean jännitteen applikaatioissa. 

 
 
 

Avainsanat: kosminen säteily, tehopuolijohde, vikaantumismekanismi, IGBT, teho 
MOSFET, diodi 
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1. INTRODUCTION 

Cosmic rays are particles radiated from the galaxy to the earth. These rays are called 

primary rays until they reach the earth, where they collide with the atmosphere’s air mol-

ecules and produce secondary rays such as electrons, protons, neutrons, pions, pho-

tons, and muons [1]. From these particles, high-energy neutrons have been seen to 

cause failures when they collide with base nuclei in power semiconductors. 

Cosmic ray failures have been under research in power semiconductors since the first 

failure findings in the early 1990s. These failures occurred randomly during the blocking 

state of devices and could not be explained by the knowledge at that time. Further re-

search to find an explanation for this phenomenon proceeded [2] in different environ-

ments. High DC voltage in the blocking direction was applied both in a lab above ground 

and in an underground salt mine. It was seen that no failures occurred in the mine 

whereas multiple failures were reported in the lab. These failures have later been justified 

as cosmic ray failures which are in power electronics denoted as single-event burnouts 

(SEB) [3]. 

Failures caused by cosmic rays are a major factor for device reliability and need to be 

considered throughout the development phase of a power semiconductor device. One 

of the main goals of power semiconductor development is to optimize performance while 

dealing with a tradeoff between electrical parameters and radiation robustness. This 

makes it incredibly important to understand the physics behind these failures and to be 

able to estimate radiation robustness for different designs as early as possible. 

This thesis was done to get insight into cosmic ray failures as a phenomenon and how 

they could affect the power semiconductor modules used in power converters. Failure 

rates had previously been estimated in reference conditions when in real applications 

the chance for failure could change depending on operating parameters like voltage pro-

file, temperature, altitude, latitude, and solar activity. Taking these factors into account, 

a test setup to test radiation robustness for power semiconductor modules was devel-

oped. The thesis was requested by Danfoss Drives operating in Vaasa. 

The thesis begins with a brief introduction to the history of cosmic ray failures and a 

further look into the physics behind this failure mechanism. The failure mechanism is 

different depending on the type of power semiconductor and different designs have been 
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seen to improve the cosmic ray robustness of the device [4]. In this thesis, diodes, power 

metal-oxide-semiconductor field-effect transistors (MOSFETs), and insulated-gate bipo-

lar transistors (IGBTs) are selected for research as they are the most common power 

electronic devices used in high-power converters. 

The second topic of the thesis considers factors affecting cosmic ray failures, of which 

the blocking state voltage, junction temperature, and neutron flux are the most signifi-

cant. Some models have been proposed to calculate temperature and altitude factors, 

but voltage dependency is more difficult to calculate as it highly depends on the device 

design. Cosmic ray failures increase with higher voltages and neutron fluxes but de-

crease at higher temperatures [3]. Thus, taking voltage profiles and the environment into 

account when estimating failure rates is a matter of importance. 

The third topic of the thesis considers calculation and simulation methods for this failure 

method. These are essential development steps that should always be done before ex-

pensive testing for real devices. Three known calculation models by Kaminski [5], Pfirsch 

[6], and Zeller [7] are presented. Also, simulation models have been developed to under-

stand the temperature and current behavior when cosmic rays are present [6]. However, 

a precise model for MOSFET and IGBT is still under research because of their complex 

structure [3]. 

The fourth topic in this thesis is the testing and failure rate estimation for cosmic ray-

induced failures from the results. Testing this failure method can be tricky as it is difficult 

to see whether the failure is caused by cosmic rays or not. Also, the testing is time-

consuming. Some accelerated tests have succeeded at laboratories located in high alti-

tudes in the Alps [8, 9], but the time taken to do these tests was not feasible and could 

not be done for low failure in time (FIT) rates. Highly ionized proton beams with similar 

energies to neutron beams have been developed to accelerate the testing even further 

[10, 11, 12]. These test results can then be compared to natural neutron flux and get a 

correction factor to conclude a realistic failure rate estimate. A test setup in this thesis 

was developed to do cosmic ray failure testing with a natural neutron flux. 

Lastly, methods to improve radiation robustness for power semiconductor devices, such 

as shielding and chip design adjustments, are presented. One aspect of this topic is to 

consider different base materials, such as silicon (Si) and silicon-carbide (SiC). This is 

relevant as when higher voltage applications are to take place, Si IGBTs are planned to 

be replaced by SiC MOSFETs. From this topic, along with the others, the most significant 

findings are concluded to finish the thesis regarding this somewhat declamatory but in-

teresting phenomenon. 
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2. COSMIC RAY FAILURES 

In the early 1990s, a new random failure mode was found for power semiconductors. 

This failure was causing a series of failures with random time intervals, making the single 

failure event unpredictable. The fast failure time and no prior signs of leakage current 

before the fault led researchers to suppose radioactive decay in either silicon or metalli-

zation (aluminum) or cosmic rays as the possible failure cause. Further investigation to 

find the failure cause was succeeded in [2] and cosmic rays were concluded as the cause 

for failure. These days cosmic ray failure, also known as SEB failure, is a well-known 

phenomenon among power semiconductor manufacturers when reliability is discussed. 

Through system-level tradeoffs, it might be possible to reach the reliability goal at a lower 

cost. This requires an understanding of the cosmic ray risks and extra effort but should 

be succeeded whenever possible as it makes the design more optimized. Some of these 

tradeoffs and radiation robustness improving designs will be discussed below. 

Cosmic radiation coming from space is considered primary radiation which consists of 

energetic nuclear fragments. These nuclear fragments collide with air molecules when 

they reach the atmosphere and form so-called secondary radiation, which consists of 

elementary particles such as electrons, muons, pions, and nucleons. Of the latter, 90% 

are neutrons, which are the most important particles regarding cosmic ray failures. These 

neutrons might get energies of several GeV (giga-electron volt) in space but at terrestrial 

altitudes, they split their energies in cascades. [12] A picture of primary radiation splitting 

into secondary radiation in the atmosphere is presented below. 
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 The formation of secondary radiation in the atmosphere [13] 

In Figure 1, cascades of secondary particles are visible, and it is also notable that the 

spallation products mainly keep their direction. Regarding cosmic ray failures, nucleonic 

particles are of interest, and electromagnetic and mesonic radiation are ignored because 

of their low amount at terrestrial altitudes. Neutrons are marked as n, protons as p and 

protons carrying the nuclear cascade as P, alpha particles as α, electrons and positrons 

as e±, gamma-ray photons as γ, pions as π, and muons as μ. 

2.1 Origin 

As the name defines, cosmic rays originate from cosmic space. Different sources of ra-

diation consisting of high-energy particles are acknowledged. Depending on the energy 

of the particles, sources like the sun, supernova eruptions, and cores of distant active 

galaxies are considered the main origins. The sun is told to produce most of the radiation 

up to 10 GeV and the particles with even higher energy are from supernova eruptions 

and distant galaxies. [3] 

Cosmic ray flux in space is about 100 000/m2/sec and at sea level, the nucleon flux is 

about 360/m2/sec [1]. This indicates that only a few of the particles in space have enough 

energy to penetrate the earth’s atmosphere. At terrestrial altitudes, particle energies be-

low 100 MeV are claimed to be responsible for most of the larger bursts of charge in 

silicon [14]. On the other hand, [12] claims that the charge bursts happen because of 
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neutron particles with energies between 50 MeV and 200 MeV. These varying visions 

indicate the difficulty to justify cosmic ray failures. 

2.2 Mechanism 

Failure mechanism has been under heavy research in recent years to give an under-

standing of what causes SEB failure in power semiconductors such as diodes, power 

MOSFETs, and IGBTs. Diodes, in general, are considered an easier approach to failure 

study. They do not have the parasitic bipolar transistor structure, that is included in power 

MOSFETs (Figure 5) and IGBTs (Figure 6), which would make the analysis more difficult 

[12]. However, studies on these controllable power electronic devices exist. 

The cosmic ray failure mechanism gets its origin most likely from neutrons or protons, 

but pions and muons must be considered as well. Failures tend to happen in the high-

field region when the power electronic chip is in a blocking state, also known as “off-

state”. On earth, neutrons can have high energies and go through power semiconductors 

but only a small part of them collide with the base material nucleus, e.g. silicon or silicon 

carbide. This collision transfers energy to the nucleus and causes a locally dense plasma 

of charge carriers. The electrical field is forced out of the plasma and spikes of electric 

fields are formed at the boundary of the plasma region. When a certain electric field 

threshold is reached, more carriers are produced than are diffused out of the plasma 

region. Through this self-sustaining process to generate enough carriers (impact ioniza-

tion), a streamer is produced, which short-circuits the blocking region of the device and 

leads to destruction [15]. These streamers have been reported to occur for a 3-10 ns 

duration [16]. However, not all streamers are destructive. In fact, non-destructive stream-

ers have been stated to be rather common. This is demonstrated in Figure 2 edited from 

[17] for a diode, but the same principle applies to power MOSFET and IGBT. [3, 4, 12] 
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 Step-by-step destruction of a diode by a neutron, the same principle ap-
plies to IGBT and power MOSFET 

Cosmic ray failures from field data are difficult to track as when a semiconductor device 

gets destroyed, analysis to find the cause for the failure can be difficult. However, labor-

atory tests for cosmic ray failures have succeeded and small pinholes have been found 

in failed devices [3]. For example, from destroyed diodes, a pinhole and a molten area 

were observed (Figure 3).  

 

 Picture of cosmic ray destruction in a 4.5 kV diode [3] 
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Another example of a cosmic ray failure is shown for a SiC MOSFET in Figure 4. Unlike 

in Figure 3, the pinhole has a notable size, and the chip seems to be cracked around the 

pinhole. 

 

 Cosmic ray failure in a SiC MOSFET [18] 

Regarding the location for the failure in power semiconductors, in [19, 20], finite element 

(FEM) simulations were concluded to show that for realistic doping profiles the electric 

field spike in n-/n+ junction was higher than the one in p/n- junction. This means that the 

impact ionization at the n-/n+ junction is a key point for triggering cosmic ray failures in 

power devices. The higher the field spike in the n-/n+ junction is, the lower the linear 

energy transfer (LET) of a spallation fragment needs to be to cause device failure. Fac-

tors affecting the field spikes are the specific device parameters, geometries, and dopant 

distribution with the applied voltage. [12] 

When proceeding to discussion of power MOSFETs and IGBTs, parasitic bipolar tran-

sistors come to take place in the cosmic ray failures. In [12] N-MOSFETs were studied, 

and the triggering of the parasitic NPN-transistor was shown to inject even more elec-

trons than in the impact ionization discussed before. This effect was proposed to be 

responsible for SEB failures in MOSFETs and IGBTs [21, 22, 23]. 

One more failure mechanism that has been proposed to be responsible for SEB failures 

for mainly power MOSFETs and IGBTs is high current and local heating, also known as 

Joule heating. This is caused by a strong avalanche breakdown or current-induced ava-

lanche (CIA). More of this mechanism can be found in [21, 22, 24, 25]. 

To conclude from these failure mechanisms, it is not quite clear how to predict the failure 

mode for each device and further study is needed. Various views exist on the boundary 

when for example in IGBTs the failure mode changes from avalanche breakdown to bi-

polar transistor activation [21]. 
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2.2.1 Diode 

A diode is the simplest power semiconductor discussed in this thesis. It is an electronic 

component with two terminals that conducts current in one direction. Diodes are typically 

used for uncontrolled power rectification in applications such as battery charging and DC 

power supplies. Regarding cosmic ray-induced failures, diodes have been used for the 

preliminary study because of their simple structure. 

Diode differs from MOSFET and IGBT by not having a parasitic transistor, which tends 

to get triggered by high-energy neutrons. Even strong local avalanche breakdown, which 

has been proposed as one failure mechanism, is told to be stable in diodes [3]. This is 

one reason that gives radiation robustness to diodes.  

Some of the first tests for diodes were done in [2] and an exponential failure dependence 

on the bias voltage was found. Leakage current was monitored during these tests and 

showed no change before the fault. This means that there is no prior indication of the 

failure, and it can happen throughout the “normal life” of the device. Thus, cosmic ray 

failures are acknowledged as random failures and infant mortality or wear-out do not 

accelerate them. 

As mentioned before, cosmic ray robustness is a tradeoff for optimizing the device char-

acteristics. For high-voltage diodes, cosmic ray robustness might be difficult to achieve 

as it contradicts soft-recovery behavior [3]. Furthermore, design has a remarkable effect 

on the failure probability, and for example, controlled axial lifetime (CAL) diodes have 

been proven to be very robust to radiation [4]. One reason for this is the high ruggedness 

at high commutation speed where dynamic avalanche occurs [26, 27]. For diodes, impact 

ionization at the n-/n+ junction and dynamic avalanche at the p/n- junction were found to 

be responsible for the failures. In CAL-diodes, a soft n-/n+ junction with increased doping 

is used and impact ionization in the n-/n+ junction is thus shifted to a high current level, 

increasing radiation stability. [4] 

2.2.2 Power MOSFET 

Power MOSFETs are controlled power semiconductor devices that are commonly used 

at high power levels with an isolated gate input. They are especially suitable for high-

frequency low voltage applications, such as power supplies, DC-DC converters, and mo-

tor drives. They differ from diodes e.g., by being controllable and having the possibility 

to conduct current in both directions. The structure for a power MOSFET [28] is pre-

sented in Figure 5. 
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 Structure of a power MOSFET 

Parasitic bipolar NPN-transistor, also shown in Figure 5, has been acknowledged to in-

crease cosmic ray failures [12]. Power MOSFET includes a body diode and the Rb stands 

for body region spreading resistance. 

Unlike diodes, power MOSFETs are acknowledged to be challenging regarding cosmic 

ray failures. This is mainly because of the already mentioned failure mode, where the 

parasitic bipolar transistor is triggered. Adjusting the structure of the power MOSFET has 

been studied for improved radiation robustness and for example in [19] the distance be-

tween regions compensated with p-columns and the n+ substrate was seen to have a 

positive effect. In addition, the cell structure has been seen to affect the failure probabil-

ity. [3] 

2.2.3 IGBT 

Insulated-gate bipolar transistor (IGBT) is a power semiconductor device, that has a con-

trol input with a MOS structure and a bipolar transistor that switches the output. IGBTs 

are designed for high-voltage and high-current applications with low power input e.g. 

variable-frequency drives, electric cars, and air conditioners. IGBT structure is like a 

power MOSFET but has the n+ drain replaced by a p+ collector layer. This replacement 

forms a vertical PNP bipolar junction transistor. IGBTs are controlled to switch on and off 

very rapidly with the help of pulse-width modulation (PWM). The structure of an IGBT 

[29] is presented in Figure 6. 
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 Structure of an IGBT 

As was the case with power MOSFETs, also in IGBTs one responsible failure mode for 

cosmic ray failures is the activation of the parasitic NPN-transistor. In addition, in IGBT 

a parasitic PNP-transistor, that does not exist in a power MOSFET, might activate caus-

ing destruction. This theory is supported by simulations presented in [30]. Thus, suppres-

sion of the current amplification of parasitic transistors is important when it comes to the 

improvement of radiation robustness. Parasitic transistor activation is known as destruc-

tive latching in IGBTs. [3] In IGBTs, where a buffer layer n+ is designed between the 

collector and drift layers, the formation of an Egawa-field between the p/n- and the n-/n+ 

junctions has been supposed to be involved in the root cause of a cosmic ray failure [20]. 

Plenty of different IGBT designs have been developed and all of those should be inves-

tigated for cosmic ray stability as there are differences among them. In [30] different 

types of IGBTs were tested and their failure rates as a function of bias voltage were 

drawn in Figure 7.  
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 Different IGBT chips vs applied bias voltage [30] 

These results show that field-stop type IGBT has the highest voltage threshold for SEB. 

In this same research, it was concluded that the thickness of n- layer, also known as drift-

region, was the dominant factor for radiation robustness. It was also seen that p+ layer 

does not have any effect on the FIT rate [21, 30]. 

2.3 Affecting factors 

There are several things to be considered when discussing cosmic ray failure probability. 

As mentioned previously, neutrons are the main destruction source out of all cosmic 

particles coming from space. The intensity of these neutrons might vary heavily depend-

ing on the location and altitude. As shown in [31], for example, in Colorado there is 13 

times higher irradiation intensity than in New York. New York is selected as the reference 

point and typical failure rates are presented using intensity in this city at sea level. Other 

factors are blocking state voltage and junction temperature in the power semiconductor 

device. All these factors are discussed below. 

2.3.1 Blocking voltage 

The blocking voltage has a major importance in causing cosmic ray failures. The higher 

the voltage, the higher the probability of failure. Cosmic ray failures for silicon devices 

start usually occurring at around 2/3 of the rated voltage. When this threshold is reached, 

the failure rate starts to increase exponentially [32] as we saw in Figure 7. Therefore, the 

applied voltage to the power semiconductors is typically limited to ~70% of the devices’ 
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rated voltage to ensure high reliability [33, 34]. Results in [35] show the increasing FIT 

as a function of bias voltage for different power semiconductor devices (Figure 8). 

 

 FIT/chip area vs bias voltage for two types of diodes and an IGBT [35] 

The exponential increase when a certain voltage threshold is achieved in failure rate is 

visible in Figure 8. This can become a problem when higher voltage applications are to 

be considered. The typical FIT rate requirement for power modules is <100 FIT, which 

seems to be surpassed at 825 V for the state-of-the-art competitor diode, 985 V for the 

IGBT, and 1300 V for the CAL-diode. However, the FIT rates shown in Figure 8 are as 

FIT/cm2 and to get a FIT rate for the complete power module, the total area of the chips 

needs to be calculated. The results show remarkably good robustness of CAL-diodes 

which was also seen in [4]. These results act as a very good motivator to take different 

types and designs of power semiconductors into consideration for high-voltage applica-

tions to achieve better cosmic ray stability. 

Regarding different applications for power semiconductors, the voltage profile should be 

acknowledged. One example of a typical high-voltage application would be a solar cen-

tral inverter. This type of application was simulated in [33] and the results showed that 

most of the time a photovoltaic inverter with maximum DC voltage would have a DC link 

voltage between 630 V and 750 V but could reach voltage levels up to 820 V at high 

solar irradiances. The total weighted FIT rate for this type of system would be calculated 

by multiplying the voltage-dependent FIT/component by the time percentage and the 

resulting FIT by the number of components. More about this type of voltage profile cal-

culation for different systems and voltage profiles can be found in [33]. 
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The blocking voltage threshold, where cosmic ray failures start to occur, changes de-

pending on the energy of neutrons. This was shown in [36] where tests for over 2000 

power transistors were done. Fast neutrons with energies up to 10 MeV caused SEB 

failures in power devices only at the collector voltage close to the rated values. For ex-

ample, a 650 V Si power MOSFET started to face SEB failures at 560 V. When ultra-fast 

neutron (<800 MeV) irradiation was used, the same power MOSFET faced its first fail-

ures already at 350 V. When failure rates were calculated, ultra-fast neutrons with very 

high energies had failure rates several orders of magnitude higher than fast neutrons. 

[36] 

The blocking voltage level can affect which failure mechanism is responsible for a SEB 

failure. Results from [12] showed that at least for silicon devices with a voltage rating of 

600 V, bipolar action is the dominant factor to describe cosmic ray failures. For voltage 

ratings of 1200 V and above, parasitic bipolar transistors did not influence the failure 

rates of MOSFETs and IGBTs. This observation leads to an assumption that avalanche 

breakdown would cause the component breakdown for higher voltage levels. 

2.3.2 Junction temperature 

Junction temperature is acknowledged to be an effective factor regarding cosmic ray 

failure rates. The lower the junction temperature, the higher the failure probability. This 

is because the speed of the charge carriers decreases as the temperature increases. 

Also, decreasing avalanche ionization rates in higher temperatures are increasing the 

critical field strength of silicon [3, 4]. Some formulas have been presented to model the 

temperature dependency for SEB failures. Semiconductor manufacturers prefer to indi-

cate failures at room temperature of 25 °C. With the following formula from [4], for exam-

ple, if junction temperature Tj is increased to 60 °C and temperature constant T0 of 47.6 

K [5] is used, FIT (λ) will be decreased roughly by half compared to the room tempera-

ture. One must keep in mind that Tj needs to be as kelvins in equation (1). 

𝜆(𝑇j) = 𝜆0 ∙ exp (− (
𝑇j−298 K

𝑇0
))     (1)  

Testing of temperature dependency on FIT requires a lab environment where tempera-

ture can be varied and kept constant. This was done in [4] by inserting test samples on 

a hot plate or using a climatic chamber to decrease the temperature down to -40 °C. In 

these tests it was found that the temperature constant had variation, being 23 K for sam-

ple 1 and 56 K for sample 2. The proposed temperature constant of 47.6 K by ABB [5] 

fits these observations. More tests are planned at the Paul Scherrer Institute (PSI) when 

an accelerated test setup is available for temperature dependency [4]. 
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2.3.3 Altitude 

Altitude is a major factor in cosmic ray failures due to its impact to the neutron flux den-

sity. Viktor F. Hess won the Nobel Prize for his work in 1912 when he succeeded in the 

first measurements of terrestrial cosmic ray densities. He used a balloon to take two 

ionization chambers up to 5 km altitude and showed the increasing flux density with alti-

tude. Hundreds of measurements were done afterward and in 1936 density detectors 

were carried high enough to show that after peaking, flux density would decrease at very 

high altitudes. From these findings, the Pfotzer curve was introduced to show an expo-

nential increase in cosmic rays up to 15 km, above which cosmic rays decreased. [1] 

Typically, semiconductor manufacturers introduce failure rates on sea level, but formulas 

have been presented to calculate FIT in different altitudes. For example, Semikron pre-

sents that FIT roughly doubles with a 1000 m altitude increase up to 3000 m [17]. ABB 

has presented a formula to calculate cosmic ray failures in different altitudes (h), how-

ever it will not take device parameters into account [5]. 

𝜆(ℎ) = 𝜆0 ∙ exp (
1−(1−

ℎ

44300
)

5.26

0.143
)     (2) 

When sea-level altitude is used, h gets a value of zero, and the altitude factor becomes 

unity. One example of using this formula to calculate temperature dependency on the 

FIT was done by ABB for a 1700 V HiPak IGBT module [5]. Three different altitudes up 

to 6000 m were calculated and drawn in a graph presented in Figure 9. 

 

 Altitude vs bias voltage for a 1700V/3600A HiPak IGBT module [5] 
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Cosmic ray intensity is claimed to be at its peak at about 10-25 km altitude, which is the 

typical altitude for airplane flights. These altitudes have intensities about 100 hundred 

times worse than terrestrial altitudes. However, these altitudes don’t have much data as 

there are only a few results from short airplane and balloon flights. The space environ-

ment, on the other hand, has plenty of data to prove very high flux densities from long-

term experiments running up to 70 years. [1] 

Altitude dependency has been justified by tests at different altitudes. Zugspitze and Jung-

fraujoch in the Alps are famous places for these tests. In [8] similar tests were done in 

Zugspitze (2964 m) and Munich (400 m) and an acceleration factor of 8 was found. Now-

adays, it is more common to use particle accelerators to accelerate cosmic ray testing 

even more and to make lower FIT rates possible to measure within reasonable test time. 

2.3.4 Radiation flux 

Sun was already mentioned as one of the origins of cosmic rays. Sun produces varying 

solar flares as a function of time and thus the solar particles can have different energies. 

Sun activity has been measured for decades and it has shown a repetition in about 11 

years [37, 38]. During large solar flare periods, the total intensity of terrestrial cosmic 

rays might double [1].  

Even though the sun produces cosmic rays, it can also be thought of as a protector from 

cosmic rays from outer space. Large solar wind strengthens the magnetic field on earth 

that acts as a shield against cosmic rays. This shielding effect during active sun periods 

can reduce terrestrial cosmic rays by about 30 %, however, this reduction is visible with 

a delay of one to two years. [1, 3] In Figure 10 the solar activity and the terrestrial neutron 

flux density as a percentage of baseline during the years 1983-2013 in Moscow is pre-

sented. 

 

 Sun activity and relative neutron flux on terrestrial altitudes [37] 

Because the magnetic field acts as a shield for cosmic rays, geomagnetic coordinates 

must be used to calculate and understand the risks of cosmic rays within the whole world. 

At the equator, the shielding effect is told to be strong and for comparison, at the poles, 
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the cosmic ray intensity gets three times the intensity of the equator latitude [1, 3]. In [39] 

the terrestrial nucleon flux was estimated in different cities knowing the geomagnetic 

coordinates and altitudes. Location influences magnetic rigidity, which means the mini-

mum momentum per unit charge, that a particle must have to reach a location on earth. 

The higher the rigidity, the less neutron radiation exists at a given location.  Results are 

shown for average solar activity (Table 1). 

 Neutron flux in different locations compared to New York City (NYC) 

The locations presented in Table 1 have a variety of altitudes and magnetic rigidities 

which have a significant effect on the relative neutron flux compared to NYC. The calcu-

lation for neutron fluxes in different locations is possible because the shape of the neu-

tron energy spectrum above a few MeV does not change significantly with altitude, lati-

tude, or solar modulation. The relative neutron flux could be accounted for in the failure 

rate calculations especially when power semiconductors are operated at locations with 

a significant neutron flux difference compared to NYC. More instructions on this type of 

calculation can be found in [39, 40]. 

Location Altitude 
(m) 

Magnetic 
rigidity (GV) 

Relative neutron 
flux 

Bangkok, Thailand 20 17.4 0.52 
Berlin, Germany 40 2.8 1.01 
Denver, USA 1609 2.8 3.76 
Jungfraujoch, Switzerland 3580 4.5 12.8 
New York, USA 0 2.08 1 
Sidney, Australia 30 4.5 0.92 
Vaasa, Finland 6 0.95 1.02 
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3. QUANTIFYING COSMIC RAY FAILURES 

Especially in the early stages of the development of power semiconductor modules, it is 

utterly important that cosmic ray robustness can be predicted. For the very first radiation 

robustness predictions, empirical calculation models have been developed to give some 

direction. However, these models can give results that differ from reality as will be shown 

below. To give more precise estimations, simulation models including semiconductor 

type and parameters have been developed and are constantly being improved. One 

more aspect of failure rate calculation is the operating conditions, such as voltage profile, 

temperature, and neutron flux. This was already discussed in Chapter 2.3 but it should 

be mentioned that most likely these factors are difficult to estimate when multiple different 

end customers and applications exist for the product. 

3.1 Empirical models 

Empirical models are the most cost-effective and time-efficient way to model cosmic ray 

failure rates. Empirical models are based only on the initial state of the power semicon-

ductor i.e., geometry, applied bias voltage, and electric field distribution in the device. As 

told before, impact ionization is a prerequisite for cosmic ray failure and the electric field 

will be of primary importance for such an approach. [12] 

3.1.1 Zeller model 

A model to describe failure rates of high voltage power semiconductors (>2000 V) based 

exclusively on the electric field was presented in [7]. In this so-called Zeller model, the 

failure rate is expressed as the volume integral of a local failure rate density, which in 

this case depends on the electric field. The Zeller model proved to be successful to de-

scribe voltage-dependent failure rates for high-voltage power semiconductors but did not 

apply to all voltage classes, down to 600 V. [12] 

In the Zeller model, there are two main assumptions, the first being the total failure rate 

of the device being a combination of failure rates of different parts of the device, indicat-

ing a linearly independent process. The second assumption is that the failure rate de-

pends only on the electric field. These two assumptions can be concluded by the follow-

ing formula 

   𝑃f = ∫ 𝑃lf(𝐸)d𝛺
𝛺

       (3) 
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where Pf is the total device failure rate, local device section failure rate Plf, electric field 

E, and device volume Ω. [41] 

For a 1-D device, the differential volume is area A times dx. With an assumption that the 

electrostatic potential within the device volume varies slowly, dΩ can be written as: 

A×(dx/dE)×dE. In addition, using the Poisson equation, (dx/dE) can be replaced by ε/ρ, 

where ε is permittivity and ρ is net charge density. With these modifications, the previous 

formula for total device failure rate transfers to 

𝑃f = 𝐴 × 𝜖/𝜌 × ∫ 𝑃lf(𝐸)d𝐸
𝛺

.     (4) 

This indicates that the total cosmic ray failure rate is a function of drift region doping, 

which defines the ρ and E within the active device volume. It is told that in a non-punch 

through (NPT) device, electric field lines terminate in the drift layer and this field is pro-

portional to the square root of the product of the drift doping and applied voltage. For a 

punch-through (PT) device, [7] describes the dependence of the electric field on drift 

doping and applied field changes. [41] 

In [4] the Zeller model is found to predict the failure rate of a 1700 V CAL-diode quite 

well in a voltage range over 1500 V because every streamer leads to destruction. When 

the voltage range decreases below 1500 V, not every streamer is destructive and the 

prediction from the Zeller model exceeds the realistic failure rates. The position of this 

cut-off [9] for destructive streamers depends on the doping profile at the n-/n+ -junction. 

The doping profile is not part of the Zeller model and therefore it cannot predict the cut-

off voltage range. However, with identical cathode doping profiles, the cut-off voltage has 

been proven to be independent of the voltage level of the power semiconductor device. 

[4] 

3.1.2 Pfirsch model 

In [6], another model called the Pfirsch model, is proposed and differs from the Zeller 

model by acknowledging the local failure rate density as a function of spatially averaged 

electric field Eav and applied direct current voltage VDC. The Pfirsch model presents a 

voltage-dependent correction factor f(VDC) to better match the calculated FIT rates to 

experimental FIT rates. The Pfirsch model corresponds to Chynoweth law for impact 

ionization and is defined as follows 

𝜆 = 𝑓(𝑉DC) ∙ 𝑎 ∙ exp (−
𝑏

𝐸av
)      (5) 

where a and b are parameters that were introduced in [6]. 



19 
 

 

For >2 kV devices f(VDC) equals one and for <500 V devices the correction factor gets 

so low values that the FIT rate becomes insignificant. The Pfirsch model results for de-

vices rated from 600 V to 6.5 kV were compared to experimental results in [6] and are 

shown in Figure 11. 

 

 Comparison of failure rates calculated with the Pfirsch model 
(dashed lines) and experimental results (full lines) for different diodes [6] 

The comparison seems to have a good match with the calculations and the experimental 

results. The correction factor has a positive effect on the accuracy of the FIT calculation, 

especially in the lower voltage regions. More about the Pfirsch calculation method can 

be found in [6]. 

3.1.3 Kaminski model 

The third model is Kaminski’s model which has been developed based on experimental 

results from IGBT power modules of ABB. The Kaminski model differs from Zeller and 

Pfirsch by taking temperature and altitude into account. The full Kaminski model was 

presented in [5] and is written as follows 

𝜆(𝑉DC, 𝑇j, ℎ) = 𝐶3 ∙ exp (
𝐶2

𝐶1−𝑉DC
) ∙ exp (

25−𝑇j

47.6
) ∙ exp (

1−(1−
ℎ

44300
)

5.26

0.143
)   (6) 

where VDC > C1. This means that the formula cannot be used to calculate FIT rates for 

voltages under a certain value. This should not raise a lot of concern because low voltage 

gives low failure rates and are not critical from the quality point of view. Temperature 

(now in Celsius) and altitude factors were already presented in chapters 2.3.2 and 2.3.3 
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but voltage factor contains device-specific parameters C1, C2, and C3 which can be 

looked up from a table presented in [5]. 

The voltage dependency cannot be used for power semiconductors from other manufac-

turers than ABB as it requires device-specific parameters from ABB. The temperature 

and altitude dependency, however, seems to match with failure rates estimated by some 

power semiconductor manufacturers. This comparison indicates that the altitude and 

temperature factors are considered accurate for estimating failure rates in different envi-

ronments.  

3.1.4 Model comparison 

The Zeller model was first published in the 1990’s being the first empirical model for 

cosmic ray failure rate prediction. It took only the electric field into account and gave 

accurate results for semiconductor devices operating at high voltage levels. The Pfirsch 

model was then published in 2010 taking the electric field and the blocking voltage into 

account and giving more accurate results compared to Zeller, especially for lower volt-

ages. The Kaminski model is different from these two models and was developed based 

on experimental data from ABB’s IGBT power modules. However, for the sake of com-

parison in [3] the failure rate as a function of applied bias voltage for a 1700 V power 

semiconductor was calculated using these three methods (Figure 12). 

 

 Failure rate comparison for a 1700 V power semiconductor using 
three different empirical models [3] 
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The Pfirsch model seems to predict the lowest failure rate almost in the whole considered 

voltage range. The Zeller model gives a higher failure rate estimate but has the same 

shape for the prediction curve as Pfirsch. The Kaminski model predicts the highest failure 

rate and has a completely different shape of the curve with a very high increase at volt-

ages 1050-1200 V after which the failure rate seems to saturate. Overall, the difference 

between these prediction methods is high and indicates the error that can result from 

calculating FIT rates with these models. The results of the highest and lowest failure 

rates, depending on the selected calculation model, are almost two decades from each 

other. This indicates the high need for experimental tests to reduce uncertainty. 

3.2 Simulation 

The target of power semiconductor simulation is to point out designs that should improve 

the radiation hardness. Now, these simulation models do not offer the possibility to cal-

culate absolute failure rates but are a very beneficial tool to help with designing power 

semiconductor properties i.e., n-/n+ -junction thicknesses. To make working simulation 

models, the mechanisms that lead to cosmic ray failures, from initial charge deposition 

to the evolution of electric fields, charge densities, currents, heat generation, and tem-

perature rises need to be understood. [12] 

A common simulation tool for modeling cosmic radiation robustness for power semicon-

ductors is Technology Computer-Aided Design (TCAD) by Synopsys. This tool includes 

a heavy ion model that has been used in many studies [21, 25, 32, 42, 43] because it 

has been proven to give results in good agreement with experimental results [25, 43]. In 

this heavy-ion model, high-energy particles transfer energy to the atoms and generate 

electron-hole pairs as they pass through the device in a blocking state. In the model, 

cosmic ray failure is attributed to collector current runaway. [32] 

For power semiconductors, Monte Carlo simulation techniques can be used to generate 

a spectrum of particles from the interaction of terrestrial cosmic rays with the base ma-

terial. This spectrum can then be combined with the analysis of existing heavy-ion SEB 

data for power MOSFETs at low LET and the calculation of sensitive volume from TCAD 

to estimate the SEB cross section and calculate FIT rates. This is an approach that gives 

results that agree with experimental data on cosmic ray-induced failures in both ground-

level and aerospace applications. [42] 
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4. TESTING FOR COSMIC RAY FAILURES 

Testing for cosmic ray failures is of major importance within power semiconductors for 

reliability, which can be measured by failure rates. The best way to test for cosmic ray 

failures would be to test devices under natural terrestrial radiation with different operating 

parameters. However, this approach has some major issues. The first issue would be 

the high-reliability targets for power semiconductors ranging from 0.01 FIT/device to 100 

FIT/device depending on the application. FIT means one failure in 10
9
 operating hours. 

Testing this kind of failure rate for one set of operating parameters with ten fails on av-

erage would require 1000 devices to be operated for 10
7
 hours or over 1000 years, which 

is not feasible in any way. Therefore, storage tests with natural radiation are limited to 

test failure rates up to several thousands of FIT and for lower failure rates, accelerated 

testing is used. Another problem is regarding the bias voltage under realistic field condi-

tions, which leads to the question of static bias compared to dynamic. [4, 12] 

Accelerated tests with particle accelerators are the most feasible way to reduce test time 

and allow the measurement of cosmic ray FIT rates at lower voltages. However, it is 

recommended to compare the results between accelerated tests and tests implemented 

with natural cosmic radiation. This type of comparison was succeeded in the lab at 

Semikron in Nuremberg [4]. This lab also could test the previously discussed tempera-

ture dependence because the ambient temperature was possible to be adjusted. Also, a 

test setup for Danfoss Drives at Vaasa was developed in this thesis and will be presented 

below. 

At the time being, there is no standard for determining failure rates caused by terrestrial 

cosmic rays for power semiconductors. However, for integrated circuits (ICs) there is the 

JESD89A standard [39] containing some useful information that can be utilized. This is 

probably because the device development is proceeding at a rapid speed with the goal 

of loss reduction and increasing current densities. On the other hand, these goals lead 

to increased electrical field strengths leading to a reduction of cosmic ray robustness. In 

the past, this has been a problem only for high-voltage high-reliability systems but during 

recent years, SEB failures have been detected also for voltage levels down to 600 V. 

This is problematic because of the need for renewable energy systems, such as wind- 

and solar power with voltage levels of 600-1700 V, has increased. Also, hybrid electric 

vehicles with very demanding reliability requirements have brought cosmic ray stability 

under heavy research in recent years. [12] 
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Not much general experimental data exists in public. Typically, large power semiconduc-

tor customers receive confidential cosmic ray FIT curves under the condition of a non-

disclosure agreement from power semiconductor manufacturers. This makes an open 

comparison between different chip designs difficult. However, some researchers have 

made this kind of comparison for both Si and SiC devices and have brought some insight 

into this subject [11]. 

4.1 Storage tests 

Storage tests are tests implemented under the natural flux of terrestrial neutrons. The 

only way to accelerate this kind of testing is by reducing the junction temperature or doing 

tests in higher altitudes, where neutron flux is increased. Altitude dependencies in differ-

ent cities and altitudes were analytically expressed in [31, 39]. First accelerated storage 

tests for cosmic ray failures were done on the Zugspitze (2964 m) [8] and the Jung-

fraujoch (3580 m) [9]. These tests gave acceleration factors of 11 and 16 which made 

FIT rates of 1000 per device feasible to measure. While these high failure rates are not 

used to qualify any devices, it is still in the range of extreme biasing conditions in some 

applications. Also, it is important to see how natural cosmic rays affect the power of 

semiconductor devices giving ground to accelerated testing with artificial particle accel-

erators. Furthermore, storage tests should always be compared to tests with artificial 

sources to verify results. One more mention to make for storage tests is that more parti-

cles of different types are present in the natural environment (Figure 1) and nucleons 

with energies above 1 GeV are included unlike in an artificial nucleon source. A picture 

of the measurement hut at Zugspitze for cosmic radiation is shown in Figure 13. 

 

 Measurement hut at Zugspitze for cosmic radiation 
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A Timepix3 particle detector locates inside the hut and measures various particles and 

their trajectories in real-time. It was installed by The German Aerospace Center in coop-

eration with the universities of Augsburg and Prague. Timepix3 was originally created to 

measure particles at acceleration facilities at CERN. [45] 

4.2 Accelerated testing 

When power semiconductors reach the production stage in the development process, 

accelerated tests using nucleon beam irradiation are to be done to verify the prior simu-

lation results regarding cosmic ray stability. Different design and technology variations 

are of interest as they identify how easily the device will fail. The importance of acceler-

ated testing is substantial at this point of product development as complete data sets of 

FIT vs bias voltage must be acquired to optimize the thermal and electrical performance 

of a power semiconductor by not sacrificing too much cosmic ray robustness. Also, be-

fore the product goes to mass production, qualification needs to be done concerning the 

radiation hardness. This requires close cooperation with the system-level engineers and 

the device manufacturer. In general, the importance of cosmic ray robustness is well 

acknowledged, at least for high-reliability high-power system engineers. However, not in 

every power system has it previously been seen as a problem and more information has 

still to be shared. [12] 

Acceleration of measurement can be achieved by increasing the flux of highly energetic 

neutrons [8]. However, the interaction of protons with silicon was experimentally and 

theoretically shown to be equivalent to those of neutrons, as their electrostatic interaction 

with the silicon nucleus can be neglected [46]. Therefore, protons can be used in place 

of neutrons in accelerated testing. 

A research center in Switzerland, PSI, operates one proton irradiation facility that pro-

vides acceleration factors of more than 10
10

. This makes failure rates below 1 FIT pos-

sible to measure with a reasonable number of samples and test duration (Figure 14). 

Tests succeeded at the PSI in [4] had proton energy set to 200 MeV and flux density 

varying between 5.4×10
4
 and 3.5×10

7
 p/s/cm2. This corresponds to an acceleration fac-

tor of 1.9×10
7
-1.3×10

10
 assuming the sea level cosmic ray intensity to be 10 p/h/cm2. [4] 
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 Average test time to obtain five failures at a specific failure rate for 

different sample sizes with an acceleration factor of 1.3∙1010. Practical detection 
limit for 100 samples marked with arrows. [4] 

The evaluation of failure rate λ implies the detection and counting of the number r of 

failures of devices under test (DUTs) and registering the number of device-fluence prod-

uct TSUM 

𝑇SUM = ∑ 𝑛(𝑡𝑖)∆𝑓𝑖       (7) 

giving a sum over failure events i, with n(ti) the number of devices at the time of fail ti and 

the fluence-to-fail ∆fi. The failure rate is then given by 

𝜆 = 𝑟/𝑇SUM        (8) 

Test results should always have a margin of error to acknowledge. As cosmic ray failures 

are random failures, the failure rate can be assumed to be constant. In [12] with constant 

FIT assumption, a formula is presented to find confidence levels 

(2𝑇SUM)−1𝑋𝛼/2
2 (2𝑟) < (2𝑇SUM)−1𝑋1−𝛼/2

2 (2𝑟)   (9) 

where X
2
 is the chi-square function with 2r degrees of freedom and α = 5% is used for 

the confidence of 95 %. For different stress scenarios, ten failures are considered rea-

sonable and would give a confidence factor of two. The number of failures in tests can 

be adjusted by changing the applied bias voltage, temperature, number and area of test 

devices, intensity of nucleon flux, and time of irradiation. [12] 
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An example of applying confidence levels to failure rate calculation over experimental 

data is presented in Figure 15. Mean time to failure (MTTF) shown in the statistics table 

is in this case calculated using exponential life distribution that generally fits constant 

failures quite well and is equivalent to 10
9
 divided by FIT.  

 

 Experimental data with a 95 % confidence level for a 1700 V CAL 
diode [4] 

Different artificial nucleon sources exist and some of them have been presented in [47]. 

These include neutron spallation sources ranging from energies of 70-800 MeV which fit 

well to the 50-200 MeV spectrum that was one presented origin for most of the SEB 

failures in chapter 2.2. Also, it was found in [12] that nucleon sources with mono-ener-

getic particles with energies no less than 150 MeV are an appropriate choice for artifi-

cially accelerated testing. 

One important thing to consider regarding the different types of radiation sources is that 

these can give different results for the same DUT. This aspect was investigated in [12] 

and three types of radiation sources, an 800 MeV and a 180 MeV neutron spallation 

source, and a 180 MeV monoenergetic proton source were compared using a 1200 V 

IGBT-module as the DUT. The tests concluded the results to end up within a maximum 

factor of four from each other. This gives a good perspective on the importance of the 

selected irradiation source, however, researchers behind these tests claim that a nucleon 

source with energies over 100 MeV would be a good measure for SEB failures. 
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4.2.1 Dynamic biasing 

An interesting observation was made in [4] where accelerated tests were compared to 

extended tests for several months. Time-consuming tests led to additional failures, that 

did not occur evenly in chips but occurred near the edges of the chips. These additional 

failures were explained to be caused by the constant high voltage stress. This kind of 

voltage stress is not typical for power device applications. When e.g., in the voltage 

source inverter the active device in the upper branch is conducting the lower branch is 

turned off. This means that always one of the devices is blocking almost the full DC-link 

voltage. When the inverter is not running, both devices are turned off and they block only 

50 % of the DC-link voltage. This 50-50 split for the blocking voltage is done with a sim-

plifying assumption that no leakage current occurs but in a more realistic approach, 

blocking voltage would roughly lead to a voltage distribution of 60 to 40 %. Furthermore, 

the nominal DC-link voltage must be lower than the rated blocking voltage to take over-

voltage during switching into account. It is preferred to include these overvoltage surges 

during cyclical voltage stress in the SEB failure rate calculation giving a voltage weighting 

factor depending on the application profiles [12]. As a conclusion, cyclical voltage stress 

would be a more realistic test condition for cosmic ray robustness. [4] 

In [4] a 50 Hz square wave voltage with a 50 % duty cycle was used to check whether 

the additional failures caused by constant voltage would disappear. Test time was dou-

bled but the results, in this case, had a better match to the accelerated tests. This con-

firmed the suggested constant high voltage stress to cause additional failures. 

Research on the influence of dynamic switching also succeeded in [48] for 6.5 kV IGBTs 

and freewheeling diodes (FWDs). Different bias conditions and switching rates were ad-

dressed by synchronizing IGBT switching to the extraction frequency of a proton beam 

from a synchrotron. The extraction frequency gave a time window of 30 μs for a pulse 

with an overvoltage peak of the reverse recovery, which is relatively low for a 6.5 kV 

IGBT and thus allows the separating of failures due to switching from those due to static 

voltage. In these tests, a significant increase of 20-40 % in cosmic ray failures was found 

because of the dynamic bias voltage. Also, simulations with semi-empirical models, 

which were discussed in chapter 3.1, were in good agreement with the findings in these 

tests (Figure 16).  
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 Failure rates for dynamic and static bias voltages for 6.5 kV IGBTs. 
Experimental and simulation results are included. [48] 

These results show the dominance of the static FIT rate in the total FIT rate but also 

indicate the importance of dynamic biasing. This gives great support to the idea of dy-

namic biasing being a non-negligible factor when radiation robustness is concerned. 

4.2.2 Test setups 

As mentioned earlier, the selection of an artificial nucleon flux source is important as it 

can give different results for measured cosmic ray failure rates. Some of the research 

centers providing these irradiation test setups are presented below. 

Los Alamos Neutron Science Center (LANSCE) is maybe the most known research cen-

ter for cosmic ray failure testing. It has several experimental facilities that can be used 

for radiation effect research. For example, in [11] tests were done at LANSCE to speed 

up the measurement process as LANSCE was told to produce neutron flux levels up to 

10
9
 times the New York sea level flux. The radiation effects of three different neutron 

sources at LANSCE [10]: ICE-II, Thermal neutrons FP 8, and East Port are shown in 

Figure 17. 
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 The shape of the neutron spectrum at LANSCE, 1-1000 MeV 

Regarding cosmic ray failures in power semiconductors, referring to the previous discus-

sion in this thesis, the interesting neutron energies 50-200 MeV are marked in Figure 17. 

Moreover, by looking at the Figure 17, suitable neutron sources for failure rate testing at 

these energies would be ICE-II and East Port as Thermal neutrons FP 8 does not reach 

energies over 20 MeV. 

LANSCE claims that the ICE-II neutron spectrum is very similar to the terrestrial neutron 

spectrum produced by cosmic rays and ranges from 1 MeV to 600 MeV. The integrated 

neutron flux intensity for energies above 1 MeV in this accelerator is approximately 5×10
6
 

neutrons/cm2/sec. Many industries, laboratories, and university researchers have used 

ICE-II to test cosmic ray stability for semiconductors. The other suitable neutron source, 

East Port with integrated neutron flux from 1 MeV to 600 MeV of 6×10
9
 neu-

trons/cm2/sec, is told to be used mostly for material irradiation effect research. [10] 

The spectrum for neutron fields at LANSCE ICE House has been compared to the spec-

trum determined at Jungfraujoch in [49]. The comparison is presented in Figure 18 for 

flux per lethargy, which represents equal energy-integral fluxes of equal areas under the 

spectrum of different energy regions [39]. 



30 
 

 

 

 The neutron flux per lethargy spectrum determined at LANSCE 
and Jungfraujoch [49] 

The spectrum at Jungfraujoch was determined by the Qinetic Atmospheric Radiation 

Model (QARM) [50] which considers factors such as date, large-scale solar modulation 

of primary rays, and a planetary index to account for solar influence on the earth’s mag-

netic field. The results from QARM simulations for the neutron spectrum at Jungfraujoch 

seem to be quite similar to the LANSCE Ice House spectrum. However, the neutron flux 

below energies of 10 MeV is lower at Jungfraujoch and for higher energies, LANSCE 

provides lower neutron flux. [xx] 

Another known neutron source for semiconductor SEB failure testing is the ChipIr at the 

ISIS Neutron and Muon Source, located in the United Kingdom at the Rutherford Apple-

ton Laboratory [51]. As was the case with LANSCE, neutron flux up to 10
9
 times the NYC 

sea-level flux is provided at the ChipIr but for a wider energy range of 1-800 MeV.  

Continuing the list of test facilities, ANITA (atmospheric-like neutrons from thick target) 

at the Svedberg Laboratory in Uppsala Sweden [52] started operation in 2009 for accel-

erated cosmic ray failure testing. The ANITA beam is a spallation neutron source that 

produces a so-called white spectrum, which resembles the spectrum of neutrons in the 

atmosphere and at the terrestrial level. Therefore, ANITA is suitable for deducing cosmic 

ray FIT rates for components and systems. A comparison of ANITA and the previously 

mentioned test facilities for terrestrial flux is presented in Figure 19. Also, a high-energy 

irradiation facility at TRIUMF in Canada [53] was included in the comparison. 
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 Comparison of energy spectrums in different test facilities [52] 

As seen in Figure 19, significant differences between neutron beams exist. The best 

match to terrestrial flux depends on the energy range that is to be examined. At the 

energy range of 50-200 MeV, ANITA seems to be the most accurate. However, none of 

these commonly used facilities can claim a perfect similarity to the terrestrial spectrum. 

Also, higher energies are not reachable with artificial sources. 

4.3 Vaasa test setup 

At Danfoss Drives in Vaasa, the need for own testing for cosmic ray failures was recog-

nized. The setup developed in this thesis is the first step for this type of testing at Danfoss 

Drives. The verification of failure rates given by power semiconductor manufacturer A 

was considered a good approach for cosmic ray failure testing. With natural terrestrial 

neutron flux, the verification of low FIT rates would not be feasible as the test time would 

be too high. Thus, the verification of high FIT rates up to hundreds of thousands was 

considered suitable. This is possible by using a high bias voltage close to the rated volt-

age of the DUT. 

FIT corresponds to one failure in billion hours. For example, 200 000 FIT would corre-

spond to one failure within 5 000 hours. Adding more DUTs to the test setup reduces the 

required test time. For example, 24 DUTs would reduce the required operating time to 

nine days. However, when reliability is discussed, a margin of statistical error due to the 

amount of DUTs needs to be considered. A confidence level and reliability of 90% were 

considered accurate enough for planning the number of DUTs in the test to see failures 

in a feasible time frame. Using the Weibull++ test setup planning tool and accounting for 

the number of DUTs, the required test time increases from nine days to 14 days. This 



32 
 

 

was considered the first goal of the test setup, but the test is aimed to be continued for 

multiple months. 

An ambient temperature of 25 °C was selected for the test environment. This matches 

the temperature used in the estimates done by power semiconductor manufacturers. As 

there is only a very small leakage current going through the chips in this test, no signifi-

cant heat is generated, and the junction temperature of the chips can be considered to 

match the ambient temperature. A heater controlled by a proportional–integral–derivative 

(PID) controller was used to maintain a stable temperature. The temperature was meas-

ured throughout the test every ten minutes so the failure rates can be corrected using 

the formula (1). 

The test setup was built inside an isolated trailer van with thin walls consisting of fiber-

glass and styrofoam. The attenuation of neutrons by the walls of the van was considered 

insignificant according to data in [54] and the findings in [6]. The foreseen problem with 

this setup can appear during the winter when snow gathers on top of the van. The snow 

would block radiation to some extent because hydrogen is known as an effective neutron 

attenuator according to [54]. Also, discussions with the personnel at Cosmic Ray Station 

of the University of Oulu [38], located in Sodankylä, confirmed this. More about the 

shielding for neutrons is discussed in Chapter 5. 

The intensity of the neutron flux was estimated in Vaasa using a tool presented in the 

JESD89A standard [39]. The coordinates and elevation in Vaasa were included in the 

estimation and for the solar modulation index, the default value was used as suggested 

by JESD89A. If the location should be at high altitudes and the most accurate value is 

desired, then the solar modulation index could be approximated e.g., from the measure-

ment data at the Oulu Cosmic Ray Station [38]. The neutron flux in Vaasa resulted to be 

2% higher than the reference flux in NYC. The difference was chosen to be ignored in 

the FIT calculation as it is very small and the data from [38] shows that the solar modu-

lation should be below the default value, and this would decrease the neutron flux at 

Vaasa. 

The first tests had 24 samples of 1200 V IGBT power modules connected parallel with a 

high-voltage DC power. A constant test voltage close to the rated VCE was selected. 

Gate-emitters of both the top and the bot branches in the tested power semiconductors 

were shorted to assure a constant blocking state. To allow comparison between the 50 

% duty cycle estimate by the component manufacturer, only top branches were con-

nected to the DC power. 50 mA fuses were connected in series with the output terminals 

of DUTs while the current limit of the DC power was set to 100 mA. The fuses isolate the 
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broken devices from the test circuit and the test can continue without the removal of the 

broken DUT. The principle of the test setup is presented in Figure 20. 

 

 The principle of the cosmic ray test setup at Vaasa 

The resistance of the fuses is measured daily to indicate the time to failure. The circuit 

is disconnected from the supply during these measurements and the voltage is slowly 

ramped back to the target after the measurement. The simple structure of the setup is 

seen as a benefit in the failure analysis. However, constant high voltage has been seen 

to cause additional failures and cyclical voltage stress has been noted to give more re-

alistic failure rates at the system level [4, 35, 48]. 

4.3.1 Results 

After two months of testing, six failures have occurred. The tests continue with 18 mod-

ules and as the number of DUTs reduces, the expected time to failure increases. The 

first failure was seen on a diode and the second on an IGBT (Figure 21). 

  

 The first failure (diode) is on the left, and the second failure (IGBT) 
is on the right 

The third and fourth failures occurred on IGBTs (Figure 22). 
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 The third failure is on the left, and the fourth is on the right. Both 
failures on an IGBT. 

The fifth failure occurred on a diode and the sixth failure on an IGBT (Figure 23). 

  

 The fifth failure (diode) is on the left, and the sixth failure (IGBT) is 
on the right 

The failures presented in Figures 21-23 have similar shapes and sizes. Excluding the 

fifth failure, they are all perfectly located in the active region and indicate a short circuit 

as the cause of the failure. Unlike others, the fifth failure seems to touch the passive 

region at the edge of the chip, and it is not quite clear whether the origin of the failure is 

at the active region. As mentioned in Chapter 2.4.1, constant high voltage was seen to 

cause additional failures that tend to locate near the edges of the chip [4]. This kind of 

behavior can be seen in failures one, two, five, and six. 

Regarding the size of the destruction, the failures in Figures 21-23 have a diameter be-

tween 1-2 mm. This is a lot more than was seen in Figure 3 but could be in a similar 

range to Figure 4. The size of the failure might be enhanced because of the 50 mA fuses 

that were used in series with the power semiconductor modules. However, in a similar 

test setup in [4], 63 mA lead fuses were used. For future testing, fuses with lower current 

ratings could be considered to minimize the energy during the failure event to see smaller 

destruction and to make analyzing the failures easier. 
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From these results, FIT was calculated using ReliaSoft’s Weibull++ life data tool. As the 

cosmic ray failure is random and occurs during the normal life of the component, the 

distribution was selected as 1P-exponential. 1-P exponential life distribution [55] is com-

monly used for failures with constant failure rates, which is also the case with cosmic ray 

failures. Six modules were marked as failed within their corresponding failure time frame 

and the rest of the modules were marked as suspended. A confidence level of 95 % was 

selected to be sufficient for presenting the results. This confidence level has also been 

used in cosmic ray testing in [4, 35, 36]. The results from the calculation showed a good 

match with the accelerated test results from manufacturer A. 

The test is planned to be continued with the remaining DUTs to give more reliability to 

the results and to see how the failure rate will develop. The test setup could also be 

moved to an underground lab to see whether the failure rate would decrease as was 

seen in [6]. Adding more similar rated power semiconductor modules from other manu-

facturers to this test is also being considered. It would be interesting to see how a com-

ponent, that has been estimated to have different cosmic ray robustness, would perform 

in a similar test. Lastly, the test setup could be modified by adding dynamic biasing as it 

is a more realistic operation scenario for power semiconductors. 
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5. METHODS FOR REDUCING COSMIC RAY 
FAILURES 

As power semiconductor applications are getting more demanding, cosmic ray failures 

have become relevant in a broad range of industries. This has led to research work on 

ways to improve radiation robustness. One already mentioned method is to increase the 

thickness of the drift region in the power electronic chip, but this leads to increased losses 

in the forward conduction mode and/or increased turn-off losses [3]. Also, the base ma-

terial has been seen to adjust the voltage threshold for cosmic ray failures and will be 

discussed in more detail below. Another option that does not particularly affect the device 

design is the shielding that can be placed around the power semiconductor. 

5.1 Shielding 

Shielding means attenuation of radiation and can be done by surrounding the power 

semiconductor device with a shielding material. This requires different widths of shielding 

depending on the material used (Figure 24). As a practical example, devices operated 

underground or surrounded by massive concrete walls do not face cosmic ray failures 

[12].  

 

 Effectiveness of different shielding materials [54] 
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Neutrons are most effectively shielded by materials with low density and high hydrogen 

content, such as water or high-density polyethylene. These materials reduce the en-

ergy/speed of neutrons (thermalize) and can change the shape of the neutron energy 

spectrum [39]. Thermalization happens as a cause of scattering interactions which are 

in hydrogen more effective than in other elements. Thermalization also produces sec-

ondary radiation so typically shielding materials include elements with high neutron ab-

sorption cross sections, such as boron. Boron absorbs thermalized neutrons and re-

duces secondary radiation production during neutron capture. [54] 

The question regarding shielding is whether the material can effectively attenuate neu-

trons with energies of 50-200 MeV as they were told to be responsible for cosmic ray 

failures in power semiconductors [12]. For example, in a large building, it was found that 

two 15-cm concrete slabs reduced the high-energy portion (>10 MeV) of the neutron 

spectrum by a factor of 2.3 while the total neutron flux was reduced by a factor of 1.6 

[39]. Also, steel or other materials with high atomic number is told to have a chance to 

significantly distort the neutron spectrum [39]. Another research was done in [2] and the 

failure rate was seen to decrease when tested devices were moved from a laboratory 

with a tin roof to a basement with 2.5 m concrete. 

Selecting the best material for cosmic ray shielding depends on attenuation properties, 

chemical and physical compatibility, weight and budget limitations, and potential neutron 

activation of shielding materials [54]. Determining the shielding effect can be a difficult 

task and Monte Carlo N-Particle (MCNP) [44] calculations should be done to model the 

attenuation for different types of buildings and enclosures [39]. 

5.2 Layer design 

Layer design is one example of a method that has the potential to reduce cosmic ray 

failures. Some experiments have shown that the SEB threshold increases with the drift-

region thickness (Figure 25). One could say that an easy way to get around cosmic ray 

failures would be to make thick power electronic chips, but this would heavily increase 

the on-state losses. However, high-voltage power semiconductors tend to have thicker 

drift regions which have a positive effect on cosmic ray robustness. [22] 
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 Chip failure rate vs applied bias voltage and SEB threshold voltage 
vs drift-region thickness [22] 

An additional layer called Deep-N buffer layer (DN) was introduced in 2020 to improve 

radiation robustness in an IGBT without increasing the thickness of the base material. 

Simulations in TCAD showed that DN suppresses bipolar PNP action and the tempera-

ture rising around P-collector. Experimental results in the facility of the Research Center 

for Nuclear physics (RCNP) at Osaka University verified the improvement of robustness. 

In these tests, an IGBT with the proposed DN structure was manufactured and compared 

to a conventional IGBT (Figure 26). The structure in Figure 26 includes a shallow-N layer 

which can also be denoted as a field-stop layer. Field-stop layer is typically included in 

all modern IGBTs. [32] 

 

 IGBT structures: w-DN on the left, w/o-DN on the right [32] 

The tested IGBTs irradiated with white neutron beams at RCNP. The neutron beams at 

RCNP have similar energy spectrums compared to NYC sea level and are thus valid for 
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failure rate testing. During the test, DUTs are exposed to high voltages and the gate-

emitter is short-circuited to assure the blocking state throughout the test. Also, the leak-

age current is monitored to detect failures by measuring the voltage over a shunt resistor 

(Figure 27). [32] 

 

 Test circuit for cosmic ray failures using white neutron beams [32] 

This is a typical test circuit for accelerated SEB testing and is quite like the test setup at 

Vaasa. Experimental results from the tests in [32] are presented in Figure 28 at the col-

lector-emitter voltage (VCE) region near 2/3 of the rated voltage, which is often seen as 

the threshold for an exponential increase in failures for a power semiconductor. 

 

 Experimental results for IGBT w-DN and w/o-DN [32] 

Taken that 100 FIT would be the requirement for a power semiconductor device, at that 

FIT the conventional IGBT has an applied VCE of 0.66 and with the DN a VCE of 0.71. 

For example, for 1200 V modules this transforms to VCE increase from 790 V to 850 V. 

As a conclusion, the improvement introduced by the DN layer is significant. However, 

now there seems to be no more public knowledge on this design and how it could affect 

the electrical performance of the IGBT. 
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5.3 Voltage rating selection 

Solar central converter applications are having a trend toward a DC-link voltage of 1500 

V. One of the most important aspects of these high-voltage applications is the robustness 

for cosmic ray failures which is also the reason why 1.7 kV devices might be impossible 

to use reliably at least for Si-based components. However, SiC-based components of 

this voltage rating have shown lower FIT rates in [33]. Another option would be to use 

power semiconductors with higher voltage ratings e.g., 2.2-2.5 kV. 

In [56] experimental characteristics were designed for IGBT and diode chip set for safe 

operation under hard switching conditions at 2.8 kV DC voltage level. This chipset was 

aimed to get a low cosmic ray failure rate when having all the common requirements of 

low static and dynamic losses. Also, a wide safe operating area under turnoff, reverse 

recovery, and short-circuit conditions were fulfilled. The blocking capability of this chipset 

was reported to exceed 4.5 kV. [56] 

In July 2020 at PCIM digital days new Si IGBT and Si diode technologies of voltage class 

2.3 kV were presented. These chips were designed for solar central converter applica-

tions on MW-range with a DC-link voltage of 1500 V. The IGBT was based on Infineon’s 

most recent TRENCHSTOP™ IGBT7 technology and adapted to the needs of a solar 

application. The diode was also from Infineon, based on their most recent emitter-con-

trolled 7th generation technology and optimized for the usage as FWD for the 2.3 kV 

IGBT. These chips were designed to be operated in a standard 2-level topology or a 3-

level neutral point clamped (NPC) topology when used in combination with a 1200 V 

module in a common collector configuration. [57] 

5.4 Base material selection 

For a long time, Si has been used in high-voltage power semiconductors as the base 

material. However, expensive SiC has reduced in price recently and come to the consid-

eration as a valid option for Si. SiC offers advantages because of its drift properties, 

which allow devices to have high blocking voltage with lower conduction and switching 

losses. Regarding the tradeoff with electrical properties, cosmic ray robustness needs to 

be acknowledged as well for different base materials. [11, 58] 

Silicon carbide is claimed to have a critical electric field three times higher than silicon 

[16]. This already indicates the better radiation robustness of SiC. Furthermore, the 

higher electric field withstand ability allows SiC chips to be thinner compared to similar 

voltage-rated Si chips. This could be accounted for the total area of the power semicon-

ductor component. Also, SiC induces less losses and requires less area to maintain the 
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temperature at a tolerable level [32]. The smaller the area of the chip, the lower the 

probability to get destroyed by cosmic rays [11, 16, 32, 58]. 

In [11] a universal scaling approach was found when Wolfspeed SiC MOSFETs were 

tested for cosmic ray failures (Figure 29). These tests were done at LANSCE with up to 

12 samples per test and the failure times were averaged for each drain bias voltage. 

Some variation was observed in the results, but this was explained by the small variation 

in devices’ drift fields and the small sample size. In addition, devices from different man-

ufacturers were tested and the same behavior was seen (Figure 29). [11]  

 

 The cosmic ray failure rate for Wolfspeed SiC MOSFETs (left) and 
other manufacturers (right) scaled by avalanche voltage [11] 

Tests were continued for SiC diodes and again the universal scaling factor was observed 

and indicated that the SiC drift properties dominate the failure rate for both SiC 

MOSFETs and diodes. From these observations, the significance of parasitic NPN tran-

sistor turn-on in failure mechanism is claimed to be minimal [11]. This conflicts with find-

ings in [21, 22, 23], where the triggering of the parasitic NPN transistor was told to be 

one of the main reasons for SEB failures. This indicates that Si and SiC power MOSFETs 

could have different failure mechanisms triggered by cosmic rays and it might be due to 

differences in material, channel-oxide interface, or device layout [16]. 

In [36] this universal trend was investigated for even more SiC power MOSFETs and 

IGBTs. It was found that with VDS/Vaval (avalanche voltage) ratios between 0.6 and 0.8 

there can be a difference depending on the technology and the design of the device. 

Also, tests in [11] confirmed that device design affects the radiation robustness but that 

the most dominant factors in SiC power MOSFETs are the active blocking area and the 

SiC drift properties. An interesting note made in [36] was that Si power MOSFETs and 

IGBTs did not follow a common trend. However, these tests were done at ChipIr which 
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has a different neutron spectrum compared to tests done in [11] at LANSCE. Some of 

the test results at ChipIr are presented in Figure 30. 

 

 SiC MOSFET failure rate data, SiC_A-C (1200 V STMicro) and 
SIC_D (650 V STMicro) from [36]. Data of the commercial SiC MOSFETs 
C2M0080120D (1200 V Wolfspeed), SCT20N120 (1200 V STMicro), and 

SCT2120AFC (650 V ROHM) from [16] and GE-1200 V from [59]. 

From Figure 30 it is visible that power MOSFETs with a lower voltage rating see failures 

at lower voltages compared to the higher-rated ones. For 650 V devices, ROHM seems 

to have better radiation robustness compared to STMicroelectronics. 650 V ROHM 

seems to face cosmic ray FITs at a notable level only when going beyond the rated 

voltage. In the category of 1200 V devices, STMicroelectronics has a variation of up to a 

decade between its devices’ failure rates and Wolfspeed seems to fall behind GE and 

STMicroelectronics in robustness at rated voltage. This is by no means a good indicator 

between manufacturers to see who makes devices with better cosmic ray withstanding 

abilities because as seen with STMicroelectronics, a big difference exists between dif-

ferent designs. Another note to make is that the failure data from [16, 59] do not have a 

confidence level considered, whereas in data from [36] a 95 % confidence level was 

acknowledged. 

For a comparison, Si power MOSFETs were also tested in [36]. The results concluded 

that Si has a higher chance for cosmic ray failures compared to SiC. This is also sup-

ported by tests and comparisons done in [11, 16, 18, 33] for power MOSFETs and in [11, 

33] for diodes. 
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6. CONCLUSIONS 

This thesis began by introducing cosmic rays and the possible failure mechanisms that 

they can trigger in power semiconductors. Regarding high-power semiconductors, neu-

trons with energies between 50 and 250 MeV were told to be responsible for the failures. 

Failures in diodes occurred by impact ionization causing a streamer inside the chip but 

the same principle applies to other components as well. It was seen that different com-

ponent types introduce additional failure mechanisms that can become dominant e.g., 

the triggering of the parasitic PNP or NPN transistor in an IGBT. 

The thesis proceeded to discuss the affecting factors for cosmic ray failures. These were 

the blocking voltage, junction temperature, and neutron flux. It was seen that the failure 

amounts increase exponentially above a certain voltage threshold, usually 2/3 of the 

rated collector-emitter voltage. It was also seen that the increase in the junction temper-

ature has a decreasing effect on the failure rate. The neutron flux was concluded to be 

a major factor in the failure rate, and it was seen to be highly dependent on altitude, 

latitude, and solar activity. 

Then some empirical models, Zeller, Pfirsch, and Kaminski were discussed for quantify-

ing cosmic ray robustness early in the development phase of the power semiconductors. 

The shape of the failure rate curve calculated with the Kaminski model differed from the 

other two models and the Pfirsch model seemed to give more accurate failure rates at 

low voltages compared to the Zeller model.  The varying results showed the need for 

testing with real hardware when accurate failure rates are required. However, these mod-

els are beneficial for comparing e.g., the effect of changing layer thicknesses when the 

electric field distribution is known. Also, simulation was discussed briefly, and Monte 

Carlo techniques were concluded to be effectively combined with TCAD simulations in 

modeling the cosmic ray robustness of power semiconductors. 

The next subject was cosmic ray failure testing which introduced storage tests with nat-

ural terrestrial flux and accelerated tests with artificial neutron and proton beams. The 

effects of constant high voltage and switching during the tests were discussed. Previous 

research had shown that a constant high voltage for multiple months could result in in-

creased failure rates that tend to locate near the edges of the chips. Also, dynamic bias-

ing was concluded to be a more realistic test scenario for power semiconductors and 

that including the overvoltage peaks during the cut-off of current would increase the fail-

ure rates. 
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A test setup was developed in this thesis for cosmic ray testing and multiple test samples 

from one manufacturer were included in the test. The preliminary plan for the test setup 

was to verify the failure rate estimated by the manufacturer through tests with artificial 

radiation sources. The first results showed a good match with the estimate from accel-

erated tests but the reason for failures could not yet be justified as cosmic rays. However, 

this was a good introduction to this type of testing and multiple continuation ideas were 

presented to mitigate uncertainty regarding the origin of the failure. 

The last topic for the thesis was to present some methods to reduce the probability of 

cosmic ray failures. Shielding was acknowledged as the only method that can be done 

externally from the component point of view. Hydrogen was seen to be an effective neu-

tron attenuator according to MCNP calculations and discussions with the personnel at 

Oulu Cosmic Ray Station. However, for the shielding to be effective, it seemed that thick 

layers of shielding material are required independent of the material. Regarding the im-

provement of internal properties of the components for radiation robustness, especially 

the width of the drift layer was seen to have an impact. In addition to this, the positive 

impact of a rather new invention, the Deep-N layer, was discussed. Also, using power 

semiconductors of higher voltage rating was concluded to be effective for getting more 

margin for cosmic ray stability. Lastly, some research results were presented for com-

parison of Si and SiC. The latter concluded to have better cosmic ray robustness. 
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