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Abstract Beyond their important economic role in commercial communications,
satellites in general are critical infrastructure because of the services they provide.
In addition to satellites providing information which facilitates a better under-
standing of the space environment and improved performance of physics experi-
ments, satellite observations are also used to actively monitor weather, geological
processes, agricultural development and the evolution of natural and man-made
hazards. Defence agencies depend on satellite services for communication in remote
locations, as well as for reconnaissance and intelligence. Both commercial and
government users rely on communication satellites to provide communication in the
event of a disaster that damages ground-based communication systems, provide
news, education and entertainment to remote areas and connect global businesses.
The space radiation environment is an hazard to most satellite missions and can lead
to extremely difficult operating conditions for all of the equipment travelling in
space. Here, we first provide an overview of the main components of space radiation
environment, followed by a description of the basic mechanism of the interaction of
radiation with matter. This is followed by an introduction to the space radiation
hardness assurance problem and the main effects of natural radiation to the
microelectronics (total ionizing dose, displacement damage and the single-event
effect and a description of how different effects occurring in the space can be tested
in on-ground experiments by using particle accelerators and radiation sources. We
also discuss standards and the recommended procedures to obtain reliable results.
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1 Introduction

Satellites not only have a economically important impact on commercial
communication systems, but they are in general critical infrastructure because
of the services they provide. Satellites gather information which not only improves
our understanding of the space environment and contributes to physics experi-
ments, but is also used to actively monitor weather, geological processes,
agricultural development and the evolution of natural and man-made hazards.
Defence agencies depend on satellite services for communication in remote
locations, reconnaissance and intelligence-gathering. Both commercial and
government users rely on communication satellites to provide communication in
the event of a disaster that damages ground-based communication systems,
provide news, education and entertainment to remote areas and/or connect global
businesses.

The space radiation environment is a hazard to most satellite missions and can lead
to extremely difficult operating conditions for all of the equipment travelling in space.
The performance of the various space systems, such as electronic units, sensors,
power and power subsystem units, batteries, payload equipments, communication
units, remote sensing instruments, data handling units, externally located units and
propulsion subsystem units, is determined by the proper functioning of various
electronic systems. Such systems are highly sensitive to space radiation. Radiation
can lead to a degradation of the device performance or to functional failure of
electronic systems. Moreover, radiation accelerates aging of the devices and
materials.

The space radiation environment is complex as well as dynamic. Electrons and
protons are trapped in the Earth’s magnetic field. The Earth is surrounded by belts of
these particles, called the Van Allen belts [1]. In addition, the magnetosphere and
the Solar system are exposed to a flux of solar charged particles. Since the flux is a
function of the solar activity, it may increase sharply during solar flares. Galactic
cosmic rays that originate from outside of the Solar system consist of highly
energetic heavy ions which can be detrimental to the proper operation of electronic
systems. The characteristics of the radiation environment are strongly dependent on
the date, duration and orbit of the mission.

A rigorous procedure is required to ensure that the environmental forms of
radiation do not compromise the functionality and efficiency of the different devices
during the expected lifetime of the mission. This procedure consists of the detailed
analysis of the mission in order to evaluate the radiation dose absorbed by the
various systems and of all the tests necessary to ensure that all pieces of equipment
operate according to the design specifications.
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2 The Space Radiation Environment

Space radiation is a combination of several components, each with quite complex
dynamics, and is not distributed homogeneously in the Earth magnetosphere. The
concentration and type of particles in the space environment vary significantly with
altitude, angle of inclination, recent solar activity and amount of spacecraft
shielding. Particles present in the Earth’s space radiation environment include:

e Particles trapped by the Earth’s magnetic field (mainly protons and electrons)
e Galactic cosmic rays (protons and heavy ions)
e Solar cosmic rays (protons and heavy ions).

2.1 Trapped particles

The magnetic field is generated within the Earth’s core by the daily rotation of the
Earth, electrical forces within the core and thermal movements. The dynamo
produced in this way sustains a magnetic field which can be closely approximated to
the field of a giant dipole positioned at the Earth’s centre and inclined by 11.3° from
the spin axis. The magnetic field generated by the Earth is called magnetosphere.

The geomagnetic field lines trap charged particles, such as electrons and protons.
These trapped particles gyrate spirally around the magnetic field lines. The motion of the
trapped particles forms bands of electrons and protons around the Earth, leading to the
formation of at least two radiation belts that are called the Van Allen radiation belts. The
inner belt [2] is populated by high-energy protons (in the 10- to 100-MeV range) at a
density of about 15 protons/m” [3] and by electrons (energy range 50—1000 keV), and it
extends from ~ 100 kmupto ~ 6000 km in altitude. For satellites on a low Earth orbit
(LEO), such as the many satellites designed to provide telephony and internet services,
these trapped particles represent a hazard to the proper operation of electronic systems
and to the astronauts themselves. The dependence of the proton dose rate in the inner belt
as a function of altitude is shown in Table 1.

The outer belt is populated by electrons extending up to 60,000 km in altitude
and with energies of up to 10 MeV. This belt is more dynamic than the inner belt
and is influenced by the injection of particles from geomagnetic storms. The outer
radiation belt coincides with the geostationary orbit of many communication
satellites. Properties of the Earth’s radiation belts are summarized in Table 2 and
Fig. 1 [4].

Table 1 Proton dose rate in the

inner radiation belt as function Orbit altitude (km) Proton dose rate (Sv/day)

of altitude 0° 45° 90°
300 0.05 0.05 0.05
500 0.16 0.16 0.16
2500-3000 110.00 26.00 18.00
7500 2.60 3.40 2.40
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Table 2 Characteristics of the Earth’s radiation belts

Particle Energy Extension (Earth radii)
Earth

e 1 keV-7 MeV 1-10

pt 1 keV-300 MeV 1-7

e, Electron; p, proton

Outer Belt
12,000 — 25,000 miles

GPS Satellites
12,500 miles

Geosynchronous Orbit (GSO]
NASA's Solar
Dynamics Observatory

Inner Belt \ 22,000 miles
1,000 — 8,000 miles : / ¢

Low-Earth Orbit (LEO)
International Space Station
230 miles

Van Allen Probe-A

Van Allén Probe-B

Fig. 1 Scheme of the Van Allen radiation belt. NASA National Aeronautics and Space Administration,
GPS global positioning system

The Earth’s magnetic field centre does not coincide with its geographical centre
because the magnetic poles are not located on its geographic poles. Consequently, the
Van Allen belts are slightly closer to the Earth on one side and slightly further away on
the other side. They are closest to the South Atlantic area, which is known as the South
Atlantic Anomaly (SAA), illustrated in Fig. 2, which has a relatively higher
concentration of protons at lower altitudes (<1000 km). This asymmetry results in a
spacecraft on an orbital flight being exposed to a much higher flux of protons when it
passes through the SAA than when it passes though other locations at the same altitude.

2.2 Galactic Cosmic Rays
Cosmic rays were discovered in 1912 by Victor Franz Hess who, with the help of
balloons, showed that ionization increases with altitude. Many years of research and

the ability to get above the atmosphere, thanks to several space programmes, have
provided evidence demonstrating that the Earth is bombarded by a nearly isotropic
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Fig. 2 Intensity of protons and electrons at an altitude of 500 km, estimated by AP8-MIN and AE8-MIN
models, respectively [5, 6]. The South Atlantic Anomaly can be clearly seen in the Atlantic Ocean close
to southeast coast of Brazil

Relative abundance of GCR at 2 GeV/u (Fe=10)
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Fig. 3 Relative abundance of galactic cosmic rays (GCR) for different ion species at energies of about
2 GeV/nucleon as a function of the atomic number [8]

flux of energetic charged particles. Beyond the atmosphere, cosmic rays consist
predominantly of protons (about 90%) and helium nuclei (almost 10%), but heavy
nuclei are also part of the primary cosmic rays (Fig. 3).

Once these particles arrive in Earth’s atmosphere, they interact with the nuclei of
atmospheric molecules to form, in a cascade process, new particles that project
forward, called secondary cosmic rays. Galactic cosmic rays (GCRs) travel at close to
the speed of light, have huge energies (>GeV) and appear to have been travelling
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Fig. 4 Past and expected future sunspot numbers for solar cycles

through the galaxy for some ten million years before intersecting the Earth. They are
partly deviated by the Earth’s magnetic field and have easier access to the Earth at the
poles compared with the equator. The Earth’s surface is protected from these particles
by geomagnetic shielding as well as by the atmosphere. The primary cosmic rays
interacting with air nuclei generate a cascade of secondary particles comprising
neutrons, protons, mesons and nuclear fragments. The intensity of radiation builds up
to a maximum at an altitude of 18,000 m and then slowly drops off at sea level.

The penetration of these GCRs into the vicinity of the Earth is influenced by solar
activity, which emits a continuous wind of ionized gas or plasma that extends
beyond the solar system. The strength of the solar wind influences the flux of cosmic
rays reaching Earth. This effect is referred as solar modulation and depends on solar
activity. There is an 1l-year cycle in solar activity, and we are currently
experiencing a decreasing phase of solar cycle 24 (Fig. 4), with the last solar
maximum having occurred in 2013, at which time the GCR were less intense.

The GCRs are a major radiation concern for long-term missions outside the
Earth’s magnetosphere. In addition, since they have high energies, most of them
pass through the magnetosphere and are observed at LEOs. The flux of GCRs is
therefore a possible hazard to spacecraft electronics because GCRs cannot be
shielded due to their high energy.

2.3 Solar Cosmic Rays/Solar Particle Events

The solar wind mostly consists of high-energy electrons and protons, and the
particle plasma of the solar wind travels through space at an average velocity of
approximately 400 km/s. The average proton densities, in absence of any major
solar events, are in the order of 1-10 protons/cm’.

Intense magnetic activities are the origin of Sunspots, which are colder areas
where the strong magnetic field blocks the transport of heat. The magnetic field also
causes strong heating in the corona of the Sun, forming active regions that are the
source of intense Solar Flares where huge amounts of plasma are ejected. The real
massive solar flares are called corona mass ejections (CMEs). The CMEs are orders
of magnitude larger than regular solar flares. In a CME event, a huge part of the
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Sun’s corona explodes, and matter of up to 10" tons is ejected at velocities of up to
thousands of kilometres per second [9].

Evidence has been found for particle acceleration processes throughout the
heliosphere in the years around the solar maximum, in many cases in association
with shock waves that are caused by the increasing number of solar flares and
CME:s. Near solar maxima the Sun produces three to four CMEs every day, whereas
near solar minima there is only about one CME every 5 days [10, 11]. CMEs are
very unpredictable phenomena and responsible for the emission of mainly electrons
and protons, but there are also heavier ions, such as oxygen and iron, present in the
shockwaves. During these events very large amounts of energy can suddenly be
released in the solar chromosphere through the ejection of accelerated particles into
space. These different processes result in the generation of particles such as solar
energetic particles with energies of up to about 10 MeV/nucleon, which accelerate
in the solar corona and last a few days [12], and energetic storm particles with
energies up to about 500 MeV, which accelerate in the propagating interplanetary
shock and last a few hours [13], and anomalous cosmic rays (ACRs) [14]. Although
the amount of heavier ions in the CMEs is much lower than that in the constant solar
wind protons or electrons, they are more likely to be the cause of problems in the
proper functioning of electronics due to their higher ability to ionize matter.

3 Interaction of Radiation with Matter

The production and type of radiation damage in matter is related to the energy
deposition processes. The interaction of incoming particles with matter results in
two major effects: (1) collision energy loss and (2) atomic displacement.
Interactions of incoming particles and matter that result in the excitation or
emission of atomic electrons are referred to as energy loss by ionization or energy
loss by collisions with electrons. Non-ionization energy loss processes are
interactions in which the energy imparted by the incoming particle results in
atomic displacements or in collisions where the knock-on atom does not move from
its lattice location and the energy is dissipated in lattice vibrations.

Defects induced by the interaction of radiation with semiconductors are primary
point defects include vacancies and interstitials. Clusters of defects are generated
when the incident particle, such as a fast neutron or protons, transfers enough energy
to the recoil atoms to allow large cascades of displacements. The change observed
in semiconductor conductivity is associated with the formation of defect clusters.

For charged particles, the amount of energy that goes into ionization is
determined by the stopping power or linear energy transfer (LET) function,
commonly expressed in units of megaelectron-volts square centimetre/gram
(MeV cm?/g) or more transparently as energy per unit length (dE/dx) in
kiloelectron-volts per micrometre (keV/pum). The absorbed ionizing dose is the
energy deposited per unit mass due to ionization, and the most common unit of
measurement is the rad, which corresponds to 100 ergs/g. Because the energy loss
per unit mass differs from one material to another, the material in which the dose is
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deposited is always specified [e.g., rad(Si) or rad(GaAs)]. The Systeme International
(ST) unit for dose is the gray, which is equivalent to 100 rad.

The LET or the rate of energy loss, dE/dx, for a charged particle passing through
matter can be expressed approximately by dE/dx = f(E)-MZ*/E, where x is the
distance travelled in units of mass/area or density x distance, A(E) is a very slowly
varying function of the ion energy E, M is the mass of the ionizing particle, and Z is
the charge of the ionizing particle. Thus, for a given energy, the greater the mass
and charge of the incident particle, the greater the amount of deposited energy
produced over a path length inside the solid state material. For relativistic ions, the
mass factor in the above equation becomes almost constant, and the ion charge
dominates.

The intensity of heavy cosmic rays as a function of Z peaks at iron (Z = 26),
abruptly decreasing thereafter. An energetic iron nucleus of 1 GeV per nucleon
produces ~0.14 pC in each 10 pm of silicon traversed (the energy release of
22.5 MeV produces 1 pC of charge in silicon).

4 Space Product Assurance
4.1 Understanding the Problem

The integrated circuits required for applications in the space scenario are quite
unique. Since silicon processes are a major corporate prerogative, companies
involved in producing such processes serve a very large market. All technological
and scientific efforts are focussed on applications that meet the consumer market,
including such products as mobile phones, personal and notebook computers,
among others. The benefits of a strong research in silicon processes, including size
reduction (transistors channel length) and enhanced performance (clock speed), are
reflected in more compact and more power final products.

Space electronics is a niche market, but one which has high-level requirements
that basically are not satisfied by standard consumer electronics. The first and most
important requirement is resistance to radiation, but resistance to both mechanical
stresses (during launch) and thermal stresses is also relevant. Due to the low
volumes required by the space market, large silicon foundries, do not always meet
these requirements, resulting in basic technologies that are not suited for space.
Consequently, there is a lack of technologies for the space environment.

Another aspect to be emphasized is linked to the availability of certain dedicated
technologies developed for the military industry. Some silicon foundries in the USA
(e.g. American Semiconductor Inc., Boise, ID) have developed silicon processes
with a given resistance to radiation that are used in device design for military
applications. The main problem related to this reality is that these players can only
work for the military establishment and cannot provide either their components or
their technology to markets outside of the USA. This policy is encoded in a set of
rules called the International Traffic in Arms Regulations (ITAR) which controls the
export and import of defence-related articles and services. ITAR was established
during the Cold War, and its regulations were reinforced after 11 September 2001. It
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restricts all base technologies which can be used for weapon building, including
fighter planes and personal equipment for soldiers. Resistance to radiation of all
forms is obviously considered in these technologies, and silicon processes for
integrated circuits realized for the military market fall under ITAR restrictions. The
space and the high-energy physics markets unfortunately are disadvantaged by this
approach, the consequences of which are, from the point of view of silicon
processes, that on the one hand there is a basic shortage of radiation technologies
and, on the other hand, when a technology is developed it can fall under ITAR
restrictions and therefore also be unavailable.

The ESA and all European large-scale integrators encounter difficulties in acquiring
the essential components and technologies for the production of silicon processes, which
is why they are pushing for ITAR-free technologies—i.e. a set of base and critical
technologies which could be freely used by ESA members and their providers and
integrators. A major aim of ESA is to develop a base technology internally (meaning in
Europe) that will not fall under ITAR restrictions or any other restrictions.

A key feature of integrated circuits destined to be used for space applications is
that of radiation tolerance. Beyond the atmosphere, many particles (electrons,
protons and high-energy ions) collide with silicon devices used in the space
environment, such as electronic equipment for satellites, probes or, in general, all
spacecraft, releasing energy and possibly disrupting their operation.

There are two main effects of radiation on silicon devices:

e Long-term effects [total ionizing dose (TID) and displacement damage (DD)]
e Short-term and random effects [single-event effects (SEE)].

TID and DD result in progressive degradation of the devices, with the chip
progressing to a state of general malfunction after months or years. SEE, is strongly
dependent on the amount and nature of the energized particles, and in the worst case
scenario such effects can be destructive.

Even though these problems have been carefully studied since the 1960s, very
few devices have been designed to be rad-hard, primarily due to the fact that the
space market represents only a small niche in the overall silicon market. The
volumes needed for silicon devices of this nature are very low, while silicon
foundries are structured to make a profit on devices designed for mass production.
Moreover, the realization of devices of this kind is challenging due to the
technology efforts needed to manufacture these products in a process line that is
finely tuned to be quick and reactive to a continuously changing consumer market.

Nevertheless, some players do develop and produce rad-tolerant or rad-hard
devices. For the most part, these devices are commercial, with a high level of die
qualification and redundancy. More than one chip (usually >3) is mounted on the
same board, and by using a voting method an amount of functioning errors is avoided.
Moreover, the space market generally uses “old technologies” in order to take
advantage of well-established techniques of both the process and the design arms, but
this also leads to delay in the introduction of new technologies, or no introduction at
all, which can be profitable as well. Table 3 summarizes the responsible sources of
radiation damage, the elementary particles involved and the relative energy range.
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Table 3 Space radiation sources, energies and relative effects on microelectronics

Radiation source Particle Energy range Radiation damage

Radiation belts Protons Few keV-500 MeV SEE — stochastic effect
DD — cumulative effect

TID — cumulative effect

Electrons Few eV-10 MeV TID — cumulative effect

Solar flares Protons Few keV-500 MeV SEE — stochastic effect
DD — cumulative effect

TID — cumulative effect

Galactic sources Protons and HZE ions Up to 300 MeV/amu SEE — stochastic effect

HZE high-energy, high-charge nuclei component of galactic cosmic rays, SEE single-event effects, DD
displacement damage, TID total ionizing dose

4.2 Total Ionizing Dose

The TID is a long-term degradation of electronics due to the cumulative energy
deposited in SiO, or other dielectrics. Significant sources of TID exposure in the
space environment include trapped electrons, trapped protons and solar protons.
Simulations are used to determine the dose received by an electronic component as
a function of equivalent aluminium (Al) shielding for a given mission, as the one
shown in Fig. 5. In this example, the electrons of the Van Allen Belts dominate the
contribution to TID until about 6—7 mm of equivalent Al shielding and then are
nearly completely eliminated after 1 cm.

When incident radiation enters a semiconductor solid material, such as silicon, an
electron—hole pair may be created if an electron in the valence band is excited across
the band gap into the material’s conduction band. Electron-hole pairs generated in
the gate oxide of a metal-oxide semiconductor (MOS) device, such as a transistor,
are quickly separated by the electric field within the space charge region. The
electrons quickly drift away, while the holes of lower mobility drift slowly in the
opposite direction. Oxides contain a distribution of sites, such as crystalline flaws,
that readily trap the slow holes. Portions of the positively charged holes are trapped
at the sites as they slowly flow by. The main degradation mechanism induced by
total dose in MOS devices is caused by radiation-induced charge build-up in its gate
oxide. Oxide-trapped charge in thicker gate oxide can invert the channel interface,
causing leakage current to flow in the OFF state condition (Vgs = 0 V) (Fig. 6). For
advanced integrated circuits (ICs) with thinner gate oxides, such as complementary
metal-oxide semiconductor (CMOS) technology, radiation-induced charge build-up
in field oxides normally dominates the radiation-induced degradation of ICs and
induces large leakage currents.

The response of MOS devices to TID is complex because of the competing
effects of the oxide trap and interface trap-induced threshold voltage shifts, which
can change over time. The net result is that the behaviour of the IC is changed
because of the induced charge build-up.
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Fig. 5 Example of a dose as a function of the equivalent aluminium shielding
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Electrical properties of CMOS, silicon-on-insulator (SOI) and bipolar technolo-
gies degrade with the cumulate dose because they are SiO,-based devices. Typical
effects include parametric failures or variations in device parameters, such as
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leakage current, threshold voltage, among others, or functional failures. The gain
degradation is the primary effect with bipolar technologies and is particularly large
at a low bias level (Fig. 7). The gain decrease is due to an increase in the base
current resulting from the degradations of the current that are caused by
recombination in the emitter-base depletion region and the current due to
recombination in the neutral base.

Bias and quiescent currents also commonly increase over the time of a spacecraft
mission because of TID. In some cases, the increase in leakage current requires
designers to add a significant margin to their power requirements. It is not
uncommon for devices to show an order of magnitude increase in the leakage
current as a result of TID while otherwise still functioning properly.

Satellite mission duration may extend over years, so a large TID may be
accumulated during this time. Changes in the fabrication of ICs over the last decade
have led to the development of a number of components with an enhanced
sensitivity to radiation when exposed to low dose rates. Bipolar technologies are
sensitive to the enhanced low dose rate sensitivity (ELDRS); in other words, the
degradation at the end of a low dose rate (LDR) irradiation is greater than the
degradation measured after irradiation to the same dose level obtained with a high
dose rate (HDR).

The standard TID dose rate for ground testing is generally ~ 50 rad/s. This
dose rate allows a qualification test to be run in an 8-h shift. However, typical
ELDRS testing is performed at a dose rate of only 10-100 mrad/s: therefore,
there is a requirement for test times on the order of weeks to months, which is
clearly much closer to the rate at which TID will be accumulated during the
mission. This extended but more realistic testing is expensive and can affect a
spacecraft programme mission schedule. Fortunately, some vendors producing
radiation-hardened devices have determined the underlying cause of ELDRS
for their parts and modified their manufacturing process to overcome the
problem.

Fig. 7 Normalized current gain 1
vs. base-emitter voltage for an
npn bipolar junction transistor
irradiated to various total doses

0.6- Increasing
Dose

Normalized Current Gain

iy

: T ‘“l'.” L‘“‘f*. - T T T
0 01 02 03 04 05 06 0.7 0.8 0.9
Base-Emitter Voltage [V1
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4.2.1 DD Dose

The long-term degradation characteristics of displacement damage dose (DDD) are
often similar to those of TID, but the physical mechanism differs. It should be noted
that technologies that are tolerant to TID are not necessarily tolerant to DDD.

DDD is essentially the cumulative degradation resulting from the displacement of
nuclei in a material from their lattice position. Over time, sufficient displacement
can occur and may change the device or the performance of its material properties.
Prime sources of DDD exposure include trapped protons, solar protons and, to a less
extent for typically electronic systems, trapped electrons.

Devices that depend on a crystalline bulk structure for operational characteristics,
such as solar cells, particle detectors, image sensors, photonic and electro-optic
components, have shown sensitivity to high DDD. Radiation particles, such as
neutrons, protons and electrons, scatter off lattice atoms, locally deforming the
material structure. The band-gap structure may change, affecting fundamental
semiconductor properties. For example, the output power of a spacecraft solar array
degrades during the mission life of a spacecraft because of the displacement
damage. Another example of displacement damage is the increase in recombination
centres in silicon particle detectors, ultimately leading to a signal and an energy
resolution decrease.

Displacement damage is also important for photonic and electro-optic integrated
circuits, such as charge-coupled devices and opto-isolators. Elastic and inelastic
nuclear scattering interactions produce vacancy/interstitial pair defects as the
regular structure is damaged. The defects produce corrupting states in band gaps,
leading to increased dark current and reducing gain and charge transfer efficiency.

The amount of displacement damage is dependent on the incident particle type
and energy, as well as on the target material. The characterization of displacement
damage is more complex than characterization of TID. The most commonly used
method to quantify displacement damage is non-ionizing energy loss (NIEL). NIEL
coefficients vary depending on radiation type, energy and the target material.

The NIEL of a particle is usually presented in terms of kiloelectron-volts square
centimetre per milligram or megaelectron-volts square centimetre per milligram .
For a mono-energetic beam, the product of the NIEL with the particle fluence gives
the DDD, which is usually specified in units of kiloelectron-volts per gram or
megaelectron-volts per gram. For irradiation by a range of particle energies, the
displacement damage dose is obtained by integrating the energy-dependent NIEL
over the particle spectrum. Alternatively, a displacement damage equivalent fluence
can be defined. This is the fluence of particles at a particular energy that would give
an equivalent DDD. Often 10-MeV protons or 1-MeV neutrons are given as the
reference. The values for the NIEL of various particles in silicon have been
published by Dale et al. [15], Huhtinen et al. [16], Akkerman et al. [17], Summers
et al. [18], with an online compilation by Vasilescu and Lindstroem [19]. Values are
summarised in Fig. 8. Various calculations tend to agree within a factor of two,
which is comparable with the uncertainties involved.

Values for InGaAs have been published by Walters et al. [20] and Fodness et al.
have published results for HgCdTe [21]. Jun et al. have published results for protons
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Fig. 8 Published values of non-ionizing energy loss (NI/EL) in silicon

in a range of important semiconductor materials [22] and also for electrons [23]
(Fig. 8).

4.2.2 Single-Event Effects

Single-event effects occur when a single ion strikes a material, depositing sufficient
energy through its primary interaction (e.g. direct ionization of a GCR), or as a
result of the secondary ions that occur from the strike induced by neutrons or
protons (indirect ionization) to cause an effect in the device.

SEEs are generated by several mechanisms. The charge-collection mechanisms
are an interesting and complex set of mechanisms that are continuously being
refined in the literature. The charge generated by a single ion strike is collected,
producing a spurious voltage signal on a “sensitive” node that causes an effect at
the circuit level. The number of electron—hole pairs generated is proportional to the
electron stopping power of the incident particle in the target material. The generated
charge recombines or is collected at the various nodes. The charge collection
threshold for a SEE is called the critical charge (Qcrit).

SEE tests are performed at particle accelerators. SEE sensitivity is characterized
by the cross-section ¢ as a function of the LET,

S ==
F
where N is the number of SEE events and @ is the particle fluence.

The LET can be varied at a particle accelerator by changing the incident particle
mass, incident energy and angle of strike. A particle impinging on a device at 60°
will deposit twice the energy of a particle entering at normal incidence, thereby
effectively doubling the LET:
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LET(q) = %&)

The key measurement for these experiments is the number of single events that
occur as a function of the number of incident particles at a given LET. These data
are combined with spacecraft trajectory information and are used to predict a
specific mission SEE rate.

The many SEE types can be divided into three basic categories [24, 25]:

¢ Single-event upset (SEU) and multiple bits upset which change the logic state of
the internal nodes of a circuit. These errors are called soft error and are
recoverable.

e Single-event latch-up (SEL), in CMOS technologies, which may destruct the
circuit if SEL is not interrupted within a short time when it occurs.

e Single-event gate rupture/burnout (SEGR/SEB) in power metal oxide-semi-
conductor field-effect transistor (MOSFET), which causes failure or destruction
of the transistor.

4.2.2.1 Single-Event Upset A SEU is the change of state of a bistable element,
typically a flip-flop, or of another memory cell that is caused by the impact of an
energetic heavy ion or proton. The effect is non-destructive and may be corrected by
rewriting the affected element. As with other SEEs, a single-particle strike may
introduce sufficient charge to exceed the Qcrit of a sensitive circuit node and change
the logic state of the element. The resulting change of state is often known as a bit-
flip and can occur in many different semiconductor technologies.

The vulnerability of a device to a SEU is determined by two parameters: the
threshold LET, which is the minimum amount necessary to produce upset, and the
saturation LET cross-section (in cmz), which is a function of the surface area of all
of the SEU-sensitive nodes.

Static random access memory (SRAM) and dynamic random access memory
(DRAM) are two common integrated circuit memories that experience SEU. SRAM
structures consist of an array of nearly identical memory cells, and DRAM
structures have cells that use the charge storage in a capacitor to represent data. Both
types of memory circuits also include supporting circuitry, such as sense amplifiers
and control logic, that also may be sensitive to SEEs or single-event transients
(SETs). Very dense memory circuits may also have multiple bit upsets when one ion
strike causes upsets in multiple bits, which may occur if the ion track is close to both
bits or if the angle of incidence is close to parallel to the die.

SETs are short-time voltage excursions at a node in an integrated circuit caused
by a transient current generated by the nearby passage of a charged particle. Most
SETs are harmless and do not affect device operation. However, there are several
types of SETs that can cause harm or corrupt data.

SEUs or SETs are not directly observable at the pins of a device. However, at
some time after a SEU or SET occurs, the device may operate in an
unpredictable manner. Single-event functional interrupts (SEFIs), a class of SEEs,
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have been observed in complex devices, such as microprocessors or flash memories.
A SEFI is a SEE that places a device in an unrecoverable mode, often stopping the
normal operation of the device. It is usually caused by a particle strike but can be
produced by other causes. SEFIs are not usually damaging but can produce data,
control or functional-interrupt errors which require a complex recovery action that
may include reset of an entire spacecraft subsystem.

4.2.2.2 Single-Event Latch-up Transient currents generated by ionizing particles
can be amplified by parasitic devices forming a latch-up. A SEL causes the loss of
device functionality due to a single event-induced current state [26-28]. SELs can
result in permanent damage to the circuit that may not be recoverable [29]. SEL can
occur in any semiconductor device that has four layer parasitic PNPN paths, which
can be triggered by transient currents. Many techniques have been proposed to
overcome latch-up by using current sensing circuits, which can be used to
temporarily switch off the power supply. The removal of power should be done
within milliseconds after development of the latch-up condition to avoid possible
damage to the circuit. SELs do not occur in SOI technology due to its nature
preventing the presence of the parasitic PNPN structure [30].

4.2.2.3 Single-Event Gate Rupture/Burnout Power devices may be sensitive to
SEB and SEGR. SEB is similar to SEL in that it generates high-current states that
ultimately lead to catastrophic device failure. SEB is a high-current condition in a
parasitic npn bipolar structure similar to latch-up. It is observed in vertical power
MOSFETs and some bipolar transistors. The charged particle strike induces current
in the p-structure forward-biased parasitic transistor. If the drain-source voltage is
higher than the breakdown voltage of the parasitic npn, an avalanche occurs and
high current flows. This effect can be permanently damaging for one or more of the
parallel islands in the architecture of the power MOSFET by producing an
uncontrolled short.

SEGR is initiated when the incident particle forms a conduction path in a gate
oxide, resulting in device damage (Fig. 9). SEGR can occur when charge builds up
in dielectric around the gate of a power MOSFET when a large bias is applied to the
gate. The localized field builds up enough for the field across the dielectric to exceed
the dielectric breakdown voltage, resulting in a low-resistance path across the
dielectric. The conduction path in the oxide is an example of classic dielectric
breakdown similar to lightning during a thunderstorm.

4.3 Radiation Hardness Assurance Testing

The radiation endurance of electronics operating in a harsh radiation environment
needs to be assured either by manufacturing them (Rad-Hard) or by testing them.
Because of high production costs, the Rad-Hard industry is mainly focussed on parts
with high reliability requirements. In addition to lower prices, the performances of
commercial electronics [commercial-off-the-shelf (COTS)] is typically much higher
than that of Rad-Hard devices. Thus, COTS are often favoured in space projects due
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Fig. 9 A catastrophic single-
event gate rupture in a power
metal oxide—semiconductor
field-effect transistor causing
functional failure
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to superior performances and low cost. However, the drawback is their lack of being
“space-qualified” and unknown radiation performances.

4.3.1 TID Testing

Although the space environment has a low dose rate (~107*-1072 rad/s), the
duration of missions may be in years, thus resulting in large accumulated doses.
Over the life of a spacecraft mission, TID levels on the order of 10° rad are easily
accumulated. Candidate devices need to be characterized and qualified with respect
to the requirements of a spacecraft mission.

The total dose test consists of exposing the selected device to ionizing radiation
while appropriately biased and then performing a set of electrical measurements
either during or after irradiation. One approach, called step-stress, consists of
measuring electrical parameters after a dose of ionizing radiation has been reached
and determining their changes with respect to the initial measurements. An other
approach, called in-flux testing is performed by continually measuring the device
response as it is being irradiated. The step stress approach is usually more
convenient and much more widely used.

The test is performed with different samples of the same type exposed at same
time at a number of accumulated dose levels. Generally the ionizing radiation
environment is simulated with 1.25-MeV gamma rays from Co® (Fig. 10) sources
even though the radiation space environment responsible for TID consists primarily
of electrons and protons of various energies. These sources can have a dose rate of
up to 600 rad(Si)/s, but it is possible to decrease the dose rates by varying the
distance from the source or varying the thickness of absorbing materials.

Since the parts of any device are used under different conditions in a spacecraft,
they are generally biased during testing in the condition that gives the worst-case
damage.

Standard procedures have been developed in the USA (MIL-STD 1019.5 [31]
and ASTM F1892 [32]) and in Europe (ESA/SCC 22900 [33]). These standards
define the requirements applicable to the irradiation testing of integrated circuits and
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Fig. 10 °°Co radiation sources for low and high dose experiments

discrete semiconductors. The MIL-STD 1019.5 procedure was written for military
applications and has been adapted for space applications. The European procedure
is only applicable to space applications. Both procedures define the test conditions
in order to obtain a conservative estimate of the radiation sensitivity of parts of
CMOS devices, but in different ways. The dose rate to be used during test is,
following ESA/SCC22900, 1-10 rad/s for the standard window and 0.01-0.1 rad/s
for the low dose rate window.

The dose to the device under test (DUT) has to be measured alternatively by the
appropriate detector (dosimeter or ion chamber) by correcting a previous dosimeter
measurement for the decay of ®°Co source intensity in the intervening time.

A proper calibration of the source is crucial before any radiation testing is started.
Several organizations use different approaches to calibrate their sources. However,
the general recommendation is the guarantee of the uniformity of the radiation field
in the volume in which the devices are irradiated within a few percentage points of
accuracy.

Many ionization chambers are available for the measurement of the dose.
Typically, those of smaller volume are used for HDR calibration (e.g. 0.18 cc) and
those of higher volume are used for LDR calibration (e.g. 180 cc).

The dose level at which a part must to be subjected is often dependent on the
project requirements. Several missions require testing to the exact dose of the
mission plus a margin factor, typically 2 or 3. High-dose missions sometimes
require testing to failure in order to obtain maximum leverage of the capabilities of
the part before establishing the radiation guideline.

Another common type of laboratory source is the 10-keV X-ray source.
Laboratory X-ray sources are available that can achieve dose rates from
<300 rad(Si)/s to >3600 rad(Si)/s. These sources can be used to irradiate both
unleaded packaged devices and devices on a wafer. The HDR of X-ray sources and
the capability for testing at the wafer level allows for rapid feedback on radiation
hardness during device fabrication [2]. However, these sources are not recom-
mended for radiation qualification.

Two HDR sources can be used to investigate the total dose response of electronic
devices at short times: these are electron linear accelerators (LINACs) and proton
cyclotrons. Electron LINACs are pulse-type sources with pulse widths ranging from
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<20 ns to >10 ps with energies from 10 MeV to >40 MeV. Proton cyclotrons are
quasi-continuous sources and can have dose rates from a few rad/s up to high-dose
rates [1 Mrad(Si)/s] with energies from around 20 MeV to >200 MeV.

4.3.2 DDD Testing

Ideally, for mission evaluation, the devices under test should be irradiated with
particles and energies representative of the operating environment to avoid
uncertainties in the NIEL approach. An approximation of the proton for low Earth
orbits can be simulated using a selection of proton beam degraders and sequential
irradiations. The main focus of interest is protons with energies of several tens of
megaelectron-volts as the shielded spectrum usually has a peak at around
50-60 MeV, with 10-MeV protons sometimes used for convenience because of
beam availability or activation issues.

Also, care must be taken if proton irradiations are being used for a combined test
of TID and displacement damage effects. At these low energies intracolumnar
recombination of the generated electron hole pairs become significant, leading to a
lower degradation due to TID than would be expected if irradiating with ®Co
gamma or higher energy protons.

Neutrons are sometimes used for space simulation to avoid ionization effects that
occur when irradiating with charged particles. One possible problem with neutron
irradiation is that the energy spectrum is normally not mono-energetic and the
dosimetry and application of NIEL can be complex.

Knowledge of the actual energy spectrum of the particles incident on the device
is very important for fundamental studies. Using a tuned beam to obtain mono-
energetic protons is preferable to using degraders to obtain the required proton
energy. The beam energies of degraded beams have significant straggle that can
complicate the data analysis. For example, the Proton Irradiation Facility (PIF) at
the Paul Scherrer Institute (PSI) provides 13.3-MeV protons with a full width at half
maximum of 5.6 MeV by using a 74.3-MeV beam reduced with Copper degraders.
It is particularly important for low-energy irradiations that the effects of any
material in front of the die be understood, including the device package.

The proton flux is usually selected to ensure that the time required to reach a
specified fluence is within acceptable practical limits and to minimize beam time,
but not too high so that dosimetry and radioprotection become problematic. In
practice, proton irradiations for displacement damage testing are normally
performed with fluxes in the range 10’-10® p/cm?/s.

The initial defect concentrations produced by displacement damage are usually
considered to be independent of bias applied during irradiation. Therefore,
displacement damage testing is usually undertaken unbiased. Unbiased irradiations
tend to lead to a reduction in the effects of TID and, therefore, displacement damage
effects can be isolated more easily.

Beam uniformity information should be available from the irradiation facility,
and the level of uniformity should be appropriate for the required testing. If the
uniformity is marginal, for example if the device under test is particularly large in
relation to the specified beam diameter, or if several devices are being irradiated at
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the same time, the beam should be characterized prior to irradiation testing being
undertaken. There are several ways in which the uniformity can be determined, such
as by using a radiochromic film or a scanning photodiode. Once the beam
uniformity has been determined the device under test should be carefully aligned to
the centre of the beam where the uniformity is likely to be optimum.

4.3.2.1 Proton Sources Most proton irradiation facilities supply protons through
the use of particle accelerators, such as tandem Van de Graaff generators, cyclotrons
or synchrotrons. Linear accelerators are also employed occasionally. Many such
particle accelerators are used for medical or industrial purposes and may not always
be available for device testing. Most Tandem Van de Graaff-based facilities provide
protons having energy of up to ~10 MeV. Some facilities do provide protons with
higher energies, such as the SIRAD-INFN facility in Italy, which provides protons
of up to 30 MeV. Generally the beam sizes tend to be a maximum of a few
centimetres in diameter, although the maximum irradiated area can be sometimes
increased through the use of scanning techniques. Cyclotrons tend to be employed
when protons of higher energies are required. Typically energies of up to a few tens
of megaelectron-volts are available from these facilities, but some offer protons
with energies as high as 200 MeV. For example, the cyclotron at the Université
Catholic de Louvain, Belgium, provides protons with energies of up to 62 MeV and
the high-energy beam line at the PSI in Switzerland supplies protons with energies
of up to 250 MeV. Beam diameters of 10-20 cm are typically available. If proton
energies are required below the maximum energy that is available, energy reduction
is possible by either tuning the beam or using degraders. Degraders are material
plates, usually aluminium, that are placed between the beam and the device under
test, with the material and thickness of the plate being chosen to achieve the
required energy. Although convenient, degraders should be considered with care
because although the mean energy will be reduced, the straggling causes a
broadening of the energy spectrum that may result in a more complex analysis of the
test results.

4.3.2.2 Neutron Sources Neutrons for device testing can be supplied from
radionuclide sources, from nuclear reactors and from nuclear reactions produced
with particle accelerators. The most commonly used spontaneous fission source is
the radioactive isotope Californium-252, which produces a spectrum of fission
neutrons that peak at 1 MeV and extend out to ~ 13 MeV (Fig. 4). Alpha reaction
sources are also used, such as the americium-beryllium or americium-lithium
reaction. Mono-energetic neutrons can be provided by using the deuterium—tritium
(14.1 MeV) or deuterium—deuterium (2.5 MeV) reaction. Such facilities are
available at, for example, the Atomic Weapons Establishment in the UK or the
Fraunhofer Institute in Germany. High-energy neutrons are available from nuclear
spallation facilities where a high-energy proton beam, produced by a cyclotron or
synchrotron, for example, impacts target material, such as Tungsten. The neutron
energy extends from thermal up to the energy of the incident proton beam. For
example, the spallation source at the Svedberg Laboratory at Uppsala University,
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Sweden provides neutrons of up to 180 MeV. The quasi-monoenergetic neutron
(QMN) facility at the same laboratory produces neutrons from accelerated protons
incident onto a 'Li target. The resultant neutron spectrum is dominated by a high-
energy peak at an energy variable between 17 and 180 MeV.

4.3.2.3 Dosimetry

Faraday cup A Faraday cup has a shielded, insulated target block thick enough to
stop the incident protons. The charge deposited in the block is measured (e.g.
with an electrometer) and is proportional to the number of stopped protons.
Electrostatic and magnetic fields are often used to suppress the current from
external secondary electrons or to prevent secondary electrons generated within
the cup from escaping. Faraday cups do not provide absolute real-time
monitoring; they are moved in and out of the beam or are placed in a separate
area to provide measurements only when needed for calibration of other
detectors.

Scintillators A scintillator is a material which, when irradiated, converts a
fraction of the interacting particle energy into light. The light output is
proportional to the ionizing energy lost by the incident particle. The generated
photons can be detected by a photomultiplier, avalanche photodiodes or silicon
photomultiplier. These detectors can be used for real time monitoring of the flux
and various arrangements can be employed.

Secondary electron monitors If an irradiating beam passes through thin metal
films, such as aluminized Mylar, secondary electrons will be generated. If the
films are connected to a picoammeter, the resultant current is proportional to the
number of ions passing through the foil. This simple arrangement can be adapted
by appropriately biasing and segmenting the foils to enable the determination of
the beam uniformity and focus.

Radiochromic films Radiochromic films are frequently available for on-demand
testing of a beam’s uniformity in a purely qualitative manner. The film is exposed
to a dose known not to saturate the film. The film is then read by any number of
means, but the most popular method is to scan the film with a simple flatbed
scanner into a gray scale (0-255) image and process it with a commercially
available software package.

4.3.3 SEE Testing

In this case, the environment, due to high-energy GCR and solar event heavy ions, is
simulated with low-energy ions available in particle accelerators. Each ion with a
given energy is characterized by the amount of energy lost per unit length: the LET.
Ground testing is performed with ions with lower energies than GCR or solar events
but with similar LET. Commonly used specifications are reported by the Electron
Industries Association [34] and ESA [35].

The typically used energy us of an order of several megaelectron-volts per
micron, which means a penetration range in silicon from about 30 pm for heavy
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ions to few hundreds of microns for the lightest particles. The device package in
front of the die is removed for heavy ion SEE testing (Fig. 11).

Different values of LET are obtained by changing the ion species. A typical SEE
test uses a minimum of five ion species in order to have a range of LET values from
few megavolts per milligram square centimetre to about 60 MeV/mg cm?.
Typically high LET values are obtained by accelerating Xenon ions with a LET
value of ~60 MeV/mg cm?. Higher LET values have been obtained or by tilting
DUT or accelerating high Z heavy ions, such as gold.

In recent years several accelerators used for nuclear physics have been employed
for the radiation hardness assurance test. In Europe, the most used facilities are the
Accelerator Laboratory at the University of Jyvaskyla (JYFL), the so-called RADEF
facility [36] (Fig. 12), and the cyclotron Cyclone 110 at Université Catholique de
Louvain [37].

The single-event test consists of monitoring a certain number of parameters of a
device during irradiation, detecting and counting the errors during each irradiation
run. The SEE cross-section is measured as the ratio of the number of errors to the
ion fluence expressed in particles per square centimeter. For devices that are
sensitive to SEE even at low LET values, the test with a proton beam has to be also
performed. In this case, since proton energy, as in space, is available at accelerators,
the SEE cross-section is measured as function of proton energy. Typical values of
ion fluences are 10° ions/cm? for soft errors and 107 ions/cm? for hard errors. The
required ion fluxes ranged from 100 to 10° cm™ > s~'. The number of soft errors are
typically counted and stored. At the end of each run, the SEU cross-section per bit
can be calculated by using the formula oggy = Nggy/(nbit - Fluence). The
characteristic SEU sensitivity of a device can be obtained by changing the LET
using different accelerated ions. Moreover, LET can be varied by DUT tilting,
which introduces the concept of effective LET, defined as LET,; = LET/cos0. In
this case, the fluence must be corrected by multiplying by cos#.

Fig. 11 Integrated circuits prepared for heavy ion testing by removing package lids or etching the plastic
mold compound
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Fig. 13 Single-event upset cross-section for 4-Mbit Atmel AT60142F SRAM [39]

A typical SEU cross-section versus LET curve is reported for the 4-Mbit Atmel
AT60142F SRAM in Fig. 13, which also shows the so-called SEU monitor [38].

This kind of characteristic plot can be used for estimating the SEU rates in the
operational environment. The upset cross-section curve can be roughly character-
ized by a LET threshold and a saturation upset cross-section. To determine the
number of circuit errors that will result during a space mission, one must convolve
the upset cross-section curve with the heavy ion LET spectrum for the orbit
(Fig. 14). This can be done by using dedicated software, e.g. CREME-96 [8], by
assigning the environment and entering the parameterized SEU cross-section curve.
From these input data the code will give estimation for the SEU rate in orbit.

In the case a device is sensitive to low LET values (<15 MeV/mg sz) a test
with high-energy protons (in the range 50-250 MeV) is required in order to predict
the SEE rate induced by protons in the mission environment. Direct ionization by

@ Springer



84 Page 24 of 29 Top Curr Chem (Z) (2016) 374:84

4
e m—————
”~

__of i’ \__Measured Upset
2 ? Cross Section
[}
w 4T .
of Environment
5 Model
x -8
x
3
T 12k
=3
9 Integration range

-16 dependson «—t—

Qc and path length
-20 N 2
10-3 102 10+ 100 101 102 103

LET (MeV-cmZ/mg)

Fig. 14 Measured cross-section vs. linear energy transfer and particle flux for a hypothetical
environment. The error rate is determined by convolving the environment model with the error cross-
section

protons does not usually produce sufficient charge to cause SEEs. Protons and
neutrons can both produce significant upset rates due to indirect mechanism. A
high-energy proton may undergo an inelastic collision with a target nucleus. The
reaction products, being much heavier and having high Z, can deposit a significant
amount of charge. The proton SEE test requires large particle fluence (10'°-10"!
protons/cm?®) to observe effects with statistical confidence. Because of this high
fluence, tens of kilorad in terms of total dose can be accumulated by DUT. The dose
level received by devices is monitored during the SEE test. In order to avoid damage
to the DUT due to accumulated dose, new devices (not irradiated) are used during
SEE test.

A SEL can occur during SEE test. A dedicated SEL test should be made under
the condition of maximum power supply voltage. In most cases the See test involves
power monitoring and the use of a control circuit during latch-up testing that allow
power to be shutdown quickly after the latch-up is detected. Power after a sufficient
time is restored. In the case of a high number of SEL, dead time has to be considered
for a proper cross-section evaluation.

Successful SEE testing requires that the particle beam, whether composed of
protons or heavy ions, can reach the sensitive regions of the device under test with
minimal alteration from extraneous materials—e.g. air gaps, device packaging,
semiconductor materials (substrate and back-end-of-line), among others. This
criterion is generally not an issue for medium- and high-energy proton beams as
their range is sufficient to penetrate large volumes of air, packaging and
semiconductor materials, but it is critical for heavy ion testing due to the short
range of these particles at most test facilities. Because of this, device preparation is
an important step in conducting SEE testing and needs to be considered early in the
test design phase.

The JEDEC, ESCC, and ASTM standards for the SEE test include provisions for
beam uniformity and purity, but these are specific to spatial uniformity and ion
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species. SEE testing and analysis techniques typically assume a monoenergetic
beam or a beam with energy spread no more than a few percentages of the total
kinetic energy. However, a heavy ion beam is often degraded to achieve different
stopping powers.

Ion or proton beam dosimetry is one of most important issue in the SEE test.
Several detectors positioned on the beam line can be used to monitor beam flux
during the irradiation and certify the final fluence achieved. In some cases,
photomultiplier tubes (PMTs) equipped with scintillator crystals are positioned at
the edge of the beam in order to monitor it during the irradiation. Another possible
solution is to use a gaseous detector as a parallel plate avalanche counter. This
detector allows very high flux rates (up to 10° particles/s cm?) to be counted and has
the advantage that it can be placed in front of the beam with a minimal amount of
degradation materials and no beam energy spread.

For all types of detectors, a calibration correction factor between the flux
measured at the online dosimeter position and the flux at the DUT position has to be
evaluated. This is done as a standard facility operation prior to starting the SEE test
by measuring the flux with another detector placed at the DUT position and
obtaining the correction factor.

Laser light is an easy way to induce SEEs in devices in laboratory. This technique
proved to be very useful for SEE mechanism studies and SEE test setup debugging
prior to performing the test at the accelerator. Laser light interacts in a very different
way with the ions, and this interaction cannot be used to describe the in-orbit
behaviour of a device. Laser data always need to be calibrated with heavy ion data.

4.3.4 Solar Cell Degradation

Space solar cells have been used as a power sources by satellites since 1954 [40],
and they have played an important role in scientific research and space development
applications. The objectives of research and development of space solar cells are to
improve conversion efficiency, increase life time (radiation resistance) and reduce
the mass and cost of solar cell.

The influence of Earth’s radiation belts on satellite solar cells is primarily
determined by protons and high-energy electrons (with the energy approximately
1 MeV).

Modern satellites need more electric power than previous ones because they have
more challenging missions and require more equipment. Solar cells with high
conversion efficiencies are required to keep weight and launch costs low. They are
also required for outer space missions (i.e. far away from the Sun) where light
intensity is lower. In this context, GaAs solar cells are promising for space
applications due to their higher theoretical and practical efficiencies [41, 42]
(28.3%) [43] in comparison to silicon cells [44], [45]. An additional benefit is the
fact that the GaAs solar cells are more resistant to irradiation by energy electrons
[45], [46] which introduces defects into solar cell structures. In semiconductors,
radiation usually produces atomic displacements, which in turn result in the
generation of lattice defects, such a vacancies, interstitials and complex defects [47].
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Fig. 15 The dark current as a function of the irradiation fluence for forward-biased cells

Lattice defects that act as recombination centres or trapping centres cause a decrease
in the output power of solar cells.

Solar cells provide power on space vehicles for long-term operations in an
environment that includes the electron and protons of the Earth’s radiation belts.
Satellites are often expected to function for periods as long as 10 years. For some
orbits close to maximum flux levels the cells are exposed to an integrated fluence up
to 4 x 10" electrons/cm” with an effective energy of 1 MeV and 4 x 10'? protons/
cm? with energies of between 1 and 80 MeV. All indications are that the changes
produced in the cells are cumulative, and therefore it is prudent to assume that the
changes in cell characteristics which will result after 10 years are about the same as
those which would result from an equivalent integrated flux delivered at a much
higher rate.

Electron irradiation typically has effect on dark current and short circuit current
as reported in Figs. 15 and 16 [48].

In general, the electrical characteristics of solar cells are evaluated at a
measurement facility before the cells are brought to an accelerator facility for
irradiation (by protons or electrons) and subsequently returned to the measurement
facility for re-measuring. However, this “sequential method” needs relatively high
quantities of samples that can be irradiated by different amounts of electrons/
protons with different accelerating energies to fully reveal the degradation of solar
cells.
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Fig. 16 The short-circuit current as a function of the irradiation fluence

For solar cells, the primary energy loss mechanism is through non-ionizing
effects that lead to the displacement of atoms in the semiconductor lattice. The
displacement of atoms results in lattice defects, such as vacancies, interstitials
(displaced atoms moving to non-lattice positions), and to the formation of defect
energy levels in the semiconductor material [49, 50]. These defects produce carrier-
trapping centres (e.g. recombination centres and compensation centres) in the
semiconductor bandgap and also generate carriers. Carrier generation leads to an
increase in the forward bias dark /-V curve and degrades V..

Recombination centres reduce minority carrier diffusion length, or minority
carrier lifetime, and decrease the photovoltaic output of the cell. For GaAs and Si
cells, radiation-induced recombination centres serve as the primary mechanism for
the degradation of cell performance. The decrease in the minority carrier diffusion
length degrades I or-circuir @nd leads to an increased forward biased dark I-V curve,
which also degrades V.. In order to generate photocurrent output, charge carriers
must diffuse to the junction before recombination occurs [51, 52]. Degradation of
the minority carrier diffusion length reduces the cell’s efficiency. For GaAs solar
cells, the average diffusion length of the photo-generated carrier is large in
comparison to the junction distance; for silicon cells, the average diffusion length is
comparable to the thickness of the generating region of the photo-carrier. Thus, the
decrease in diffusion length of carriers in silicon corresponds to a decrease in
efficiency, whereas for GaAs solar cells, carrier diffusion length degradation
contributes to a smaller decrease in efficiency.

Detailed treatment of radiation damage of solar cells from electrons and protons
is reported on [7].
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