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Abstract

For more than two decades, the non-ionizing energy loss (NIEL) has been used by the
solar cell radiation community to model the performance degradation of solar cells
due to the displacement damage caused by particle radiation environment in space.
A NIEL with an atomic displacement threshold energy Ed =21 eV is customarily
used in the Naval Research Laboratory (NRL) method for the degradation analysis
of GaAs-based solar cell photovoltaic parameters. This Ed value is higher than
the one expected from atomistic simulations in GaAs. Moreover, the same amount
of physical damage calculated with Ed =21 eV has different electrical effects on the
solar cell, depending whether it is incurred by electrons or protons. The discrepancies
are accounted for with phenomenological factors in the NRL method, yet a physical
explanation is still missing.
In this dissertation, the displacement damage-induced degradation of state-of-the-
art GaInP/(In)GaAs/Ge triple-junction space solar cells is characterized comprehen-
sively with a multi-level approach, and physical explanations for the discrepancies
between electron and proton damage are addressed.
Solar cells and related component cells were irradiated with electrons and protons in
the MeV range and exposed to photon and thermal annealing procedures according
to relevant space standards. The changes in the macroscopic photovoltaic parame-
ters, namely the open-circuit voltage VOC and the short-circuit current density JSC,
were monitored by means of illuminated current density-voltage (J-V ) characteris-
tics. The electrical characterization of electron- and proton-induced defects in the
(In)GaAs sub-cell, as well as their influence on the macroscopic parameters, was
achieved by means of dark J-V analysis and admittance spectroscopy. First, the
dark J-V characteristics are fitted with the help of an analytical model based on
Shockley-Read-Hall statistics. A remarkable difference in the space-charge region
lifetimes associated to mid-gap recombination centers is found, which is the first sign
of a different type of damage introduced by the two particles. The discrepancy is fur-
ther investigated at a defect level by means of admittance spectroscopy analysis on
(In)GaAs component cells and a complementary deep-level transient spectroscopy
(DLTS) study on GaAs mesa-diodes.
Defect spectroscopy combined with NIEL analysis is shown to be a powerful tool
for analyzing solar cell radiation degradation from a fundamental point of view, not
relying on the change of macroscopic cell parameters. The threshold energies for
defect formation are assessed by analyzing the dependence of the defect introduction
rates on the NIEL deposited by electrons in the semiconductor. The atomic recoil
spectrum due to collisions with protons and electrons of different energies are found
to influence the relative abundance of the different defects. An electron NIEL with
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Ed =21 eV is found to be proportional to the relative abundance of the irradiation-
induced defects. Thus, the 21 eV value is not only a parameter obtained from the
fitting of the macroscopic degradation data, but rather a GaAs material-specific
parameter independent of the device electrical design.
For a similar amount of NIEL dose introduced in the solar cell, protons are almost
three times more effective than electrons in damaging VOC. In the NRL method, this
effect is accounted for with an empirical factor Rep converting the electron dose to
an equivalent proton dose. In this thesis, the origin of the Rep factor is traced back
to different properties of the recombination centers in (In)GaAs sub-cell, ultimately
attributed to different type of defects produced by the two particles. The electron
displacements are mostly generated by low-energy recoils in the range of few tens
of eV, whereas a significant fraction of proton displacements are caused by long
collision cascades due to high-energy recoils in the order of hundreds of eV up to
keV. The damage produced in the two cases is considerably different, regardless of
the total number of displacement produced: isolated point defects are expected in
the electron case, whereas clustered damage in the proton case. This difference is
observed and characterized by DLTS and admittance spectroscopy. The enhanced
carrier capture cross-section observed at proton-induced recombination centers is
found to be the ultimate cause of the enhanced VOC degradation.
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Zusammenfassung

Seit mehr als zwei Jahrzehnten wird der Non-Ionizing Energy Loss (NIEL) von
der Solarzellengemeinschaft verwendet, um die Leistungsverschlechterung von So-
larzellen aufgrund der durch die Teilchenstrahlungsumgebung im Weltraum verur-
sachten Verdrängungsschäden zu modellieren.
In weltraumtauglichen GaInP/(In)GaAs/Ge Triple-Junction (3J)-Solarzellen wur-
den Abweichungen der elektronen- und protoneninduzierten Degradation von den
theoretischen Modellen beobachtet. Die Diskrepanzen werden mit phänomenolo-
gischen Faktoren für die End-of-Life (EOL)-Vorhersagen von Solarzellen erklärt,
obwohl das Problem bisher noch nicht vom grundlegenden physikalischen Aspekt
her untersucht wurde.
In dieser Dissertation wird die durch Verschiebungsschäden induzierte Degrada-
tion von 3J-Solarzellen mit einem mehrstufigen Ansatz umfassend charakterisiert.
Weltraumtaugliche Solarzellen und zugehörige Komponentenzellen sowie Ad-hoc-
Mesastrukturen wurden mit Elektronen und Protonen im MeV-Bereich bestrahlt
und Photonen- und thermischen Ausglühverfahren nach relevanten Weltraumstan-
dards ausgesetzt. Die änderungen der makroskopischen photo-voltaischen Parame-
ter, nämlich die Leerlauf Spannung VOC und der Kurzschlussstromdichte JSC, wur-
den mittels beleuchteter Strom-Spannungs-Kennlinien (I-V ) verfolgt. Eine ziemlich
umfassende elektrische Charakterisierung der protonen- und elektroneninduzierten
Defekte in der (In)GaAs-Subzelle und deren Einfluss auf die makroskopischen Pa-
rameter wurde mittels Dunkel-I-V -Analyse, Admittanzspektroskopie (AS) und Deep-
Level-Transient-Spektroskopie (DLTS) erreicht.
Zunächst wird eine eigentümliche Signatur des bestrahlenden Teilchens im lokalen
Idealitätsfaktor der dunklen I-V -Kennlinie gefunden. Mit Hilfe eines analytischen
Modells, das auf der Shockley-Read-Hall-Statistik basiert, wird der Rekombina-
tionsstrom in der Raumladungsregion (SCR) berechnet und der lokale Diodenide-
alitätsfaktor genau reproduziert. Ein bemerkenswerter Unterschied in den SCR-
Lebensdauern, der mit strahlungsinduzierten Rekombinationszentren assoziiert ist,
wird als Hauptursache für die Proton-Elektron-Divergenz gefunden. Die Diskrepanz
wird mittels AS-Analyse an (In)GaAs-Komponentenzellen auf Defektniveau weiter
untersucht. Die AS-Ergebnisse werden durch eine ergänzende DLTS-Studie an
GaAs-Mesa-Dioden unterstützt.
Die Defektspektroskopie in Kombination mit der NIEL-Analyse erweist sich als ein
leistungsfähiges Werkzeug zur Analyse der Strahlungsdegradation von Solarzellen
Strahlungsdegradation von einem fundamentalen Standpunkt aus zu analysieren,
der nicht auf der Veränderung makroskopischer Zellparameter beruht. Die Natur
eines jeden Defekts wird durch die Analyse der Abhängigkeit seiner Einführungsrate
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von der NIEL, die von den Elektronen im Halbleiter deponiert wird. Es wird fest-
gestellt, dass die Rückstoss-spektren verschiedener Teilchentypen und Energien die
relative Häufigkeit der verschiedenen Defekte beeinflussen. Eine Elektronen-NIEL
mit einer atomaren Schwellenenergie Ed, die üblicherweise für die Degradationsanal-
yse von GaAs-basierten Solarzellen verwendet wird Analyse verwendet wird, stellt
eine Annäherung an die relative Defekthäufigkeit dar. Der 21 eV-Wert ist somit ein
GaAs-materialspezifischer Parameter, unabhängig vom elektrischen Gerätedesign.
Der grundsätzliche Unterschied zwischen dem Einfluss der Elektronen- und der Pro-
tonendosis wird in Form von unterschiedlichen Eigenschaften der mittleren Lücken-
zustände verstanden. Ein breites Merkmal der Defektspektren wird im Protonenfall
beobachtet, und es wird auf geclusterte Defekte zurückgeführt. Diese Art der Schädi-
gung unterscheidet sich deutlich von den isolierten Punktdefekten, die im Elek-
tronenfall beobachtet werden, und ist unabhängig von der Gesamtverschiebungss-
chaden, der sich im Material ablagert. Die durch Protonen ausgelösten hochener-
getischen Rückstösse sind verantwortlich für die Bildung dieser ungeordneten Re-
gionen verantwortlich. Der erhöhte Ladungsträgereinfangquerschnitt, der an diesen
Rekombinationszentren beobachtet wird, ist die eigentliche Ursache für die erhöhte
VOC Degradation und erklärt somit der Proton-Elektron-Äquivalenzfaktoren Rep, die
in der Methode des US Naval Research Laboratory (NRL) angenommen wurden.
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Chapter 1

Introduction

The importance of e�cient systems able to harvest energy from renewable sources
is paramount in the present days, where the unequivocal global warming awareness
imposes tight constraints on the utilization of fossil fuels. Pioneered in the early
years of the XX century, the semiconductor photovoltaic (PV) technology has de-
veloped rapidly in the last decades and, nowadays, it plays a major role in the world
renewable energy harvesting systems.
The PV e�ect is an electromagnetic radiation-matter interaction that excites elec-
trons in a material by means of photon absorption. The energy transition experi-
enced by the electrons equals the energy of the absorbed photonEph . A solar cell
device is a conveniently-designed semiconductor device aimed to collect and extract
those photo-generated carriers. Particularly suitable device for this task is a simple
p-n junction. The electron-hole pair generated in the semiconductor is separated
with the help of the junction electric �eld, and collected at the terminal of the
device as output electric power. The PV research community is constantly seek-
ing to obtain solar cells with higher conversion e�ciency, thanks to technological
improvement and the choice of the right materials.
The e�ciency chart published yearly by the US National Renewable Energy Lab-
oratory (NREL) keeps track of the conversion e�ciency record reached in PV lab-
oratories by di�erent solar cell technologies. The chart is shown in Fig. 1.1. The
di�erent trends highlight the relevant material opportunities and research e�ort by
the scienti�c community.
Nowadays, silicon represents the most established PV technology and dominates
the terrestrial PV market. The development of silicon-based PV technology took
advantage of the heritage of the semiconductor industry development in the last
decades of the XX century. The reasons can be found in the accessible raw material
procurement as well as in the technological establishment. Silicon is relatively inex-
pensive material to collect, due to the large abundance on Earth and well-established
extraction and pure ingot production techniques. The possibility to easily grow in-
sulating oxide during device fabrication processes made it extremely attractive for
the electronic industries.
Despite these advantageous features, silicon is not the ideal material for a solar cell
device. The quality of a semiconductor material aimed to PV applications can be de-
scribed in terms of its theoretical conversion e�ciency, i.e., the maximum conversion
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e�ciency achievable under idealistic assumptions, and the real achievable conver-
sion e�ciency, which is usually limited by technological processes. The theoretical
conversion e�ciency achievable for a solar cell is today known as the Shockley-
Queisser (SQ) limit [1]. The SQ model makes use of a detailed balance between
the collectable charge carriers in a p-n device exposed to a photon source. Each
semiconductor technology is characterized by its absorption capability of the solar
photon spectrum. The model aims to provide the intrinsic limitation of a given solar
cell technology, in the ideal assumption that the only carrier loss mechanisms within
the device are due to radiative recombination. A photon with a certain wavelength
� transfers an energyEph to the excited electron given by:

Eph =
hc
�

; (1.1)

whereh is the Planck's constant andc is the speed of light in vacuum. Denoted as
EBG the semiconductor band gap, the photon usage can be framed as follows:

ˆ photons with Eph > EBG are absorbed in the material and electron-hole pairs
are photo-generated. The energy di�erenceEph - EBG is, however, lost due to
the fact that the excited carriers thermalize to the band edge usually in the
time scale below ps;

ˆ photons with Eph = EBG are e�ciently converted by the ideal device;

ˆ photons with Eph < EBG cannot be absorbed in the material due to the absence
of available energy states for electrons. The energy of these photons is then
completely lost.

If the band gap is tuned according to the photon spectrum of the light source, the
photon usage and thus the conversion e�ciency is improved. In the single-junction
device case,EBG = 1.34 eV allows the best usage of the solar photon spectrum, yield-
ing a maximum theoretical e�ciency of 33.7%. A silicon single-junction solar cell
has a less favorable band gap of 1.1 eV, which results in a maximum theoretical
e�ciency of about 32%. This limit is, however, purely theoretical. Several carrier
loss mechanisms limit the collection e�ciency of silicon cells. The understanding of
the SQ detailed balance principle is essential to �nd alternative solution to silicon,
aiming to improve the PV conversion e�ciency. The assumptions laid down in the
original paper [1], viewed from a di�erent angle, represent new opportunities for
devices to overcome these barriers. Among the main assumptions in the SQ model,
the choice of a single band gap device limits signi�cantly the usage of the photon
spectrum, and can be overcome with the multi-junction approach. Two or more p-n
junctions are connected in series, each of them absorbing a di�erent portion of the
incoming photons, and producing a similar amount of photo-generated current. In
such a device, the thermalization losses are reduced, the photon utilization improves
and so does the conversion e�ciency. To enable this technologies, high-quality ma-
terials with good band gap tunability are required. In this context, semiconductor
alloys involving III-V elements are extremely attractive materials, thanks to the
great �exibility of band gap and lattice constant tuning, without compromising the
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1: Introduction

material quality. Nowadays, the world record of best research cell e�ciency is held
by NREL with a III-V-based 6-junction solar cell reaching 39.2% e�ciency under
the AM1.5 spectrum [2].

1.1 Space photovoltaics

In the early phases of a space mission design, the best combination of energy source,
conversion and storage technologies has to be selected. Among the available op-
tions that are compatible with a given space mission and its environment, the �nal
optimum selection must meet multiple criteria but primarily low mass and cost.
In Fig 1.2, a classi�cation of the di�erent available approaches for di�erent satellite
power ratings are shown, according to Ref. [3]. The dividing lines among various op-
tions are only approximate and have large overlaps. Solar cell technology has been
pioneered to a large extent by space industry, as solar energy is the main power
sources for satellite missions in the timescale of years. Among the di�erent possible
approaches for satellite on-board power generation, the solar generator is by far the
most widely adopted due to technology expertise, modularity and relatively low-cost
as compared to other solutions. A solar generator is a complex structure designed
for a vast class of space missions, from telecommunication applications to Earth
observation, from military applications to space science. Only few special missions
are unable to be equipped with solar generators: for instance, deep space missions
further than Jupiter orbit are subjected to such a low solar intensity that a solar
panel area out of the a�ordable range of the satellite budget would result. Despite
the huge list of problematics inherent to the di�erent parts of a solar generator, this
dissertation focuses only on the solar cell level. Solar generators are populated with
electrically-interconnected solar cells, either attached to the core structure of the
satellite (body-mounted con�guration) or connected in an array con�guration via
yokes to the spacecraft platform. The latter solution o�ers the advantage of a panel
orientation disjointed from the attitude of the spacecraft.
The �rst generation of space PV relied on silicon solar cell technology. As the

Figure 1.2 � Optimum energy sources for various power levels and space mission durations
according to [3].
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1.1. Space photovoltaics

space business evolved since its dawning in the middle of the XX century, however,
satellite market demanded higher on-board power generation capability and longer
lifetime operations. III-V solar cells, with their higher conversion e�ciency and
more intrinsic endurance to space radiation, replaced silicon cells as leaders of the
space PV market.
In designing a solar generator for a space mission, the space environment sets a num-
ber of challenges for solar cells not typically encountered in terrestrial application.
Several environmental factors contribute in the degradation of the solar cell perfor-
mance and thus impact on the lifetime of the overall mission. The most striking
constraints of the space environment are:

ˆ Pressure conditions: the high vacuum of the space causes out-gassing of volatile
elements from the spacecraft materials which can deposit and contaminate the
optical surface of the solar cell, thus reducing the conversion e�ciency;

ˆ Particle charging: The solar panels are exposed to space plasma particles which
cause accumulation of charged particles on the surface; discharge bursts via
solar cell components may cause failure of entire panel strings;

ˆ Space debris: micro-meteoroids and spacecraft debris in orbit, ranging from
few mm up to m, can impact the surface of the solar array leading to permanent
damage and drastic power failure;

ˆ Photon radiation: particularly sensitive is the ultraviolet (UV) and vacuum
ultraviolet (VuV) radiation which in space is not shielded by the Earth at-
mosphere. It causes material surface contamination and degradation, and it
induces colour centers in the optical components such as the cover glass. More-
over, it contributes signi�cantly in the thermal balance by heating up the solar
panels, thus lowering the conversion performance since only radiative cooling
is possible in space;

ˆ Thermal environment: spacecraft are usually subjected to rapid temperature
changes in a wide range of hundreds of kelvins during eclipse phases. Mechan-
ical stress due to expansion coe�cient mismatch may lead to delamination or
cracks on the cell or damage at the interconnection levels;

ˆ Atomic oxygen: the dissociation of oxygen-related molecules (O2, O3) in atomic
oxygen (ATOX) at low Earth orbit (LEO) is extremely harmful, since it col-
lides with the panel surface;

ˆ Charged particle environment: the non-ionizing energy deposited in the so-
lar cell material by high-energy electrons, protons, heavier ions or high-energy
photons introduces defects in the semiconductor crystal which lead to a degra-
dation of the solar cell electrical performance.

The design of a space solar array has to deal with all the constraints imposed by
similar conditions. At the material level, particularly important is the the endurance
to the charged particle environment. Solar cells in the space environment experience
electrical performance degradation over time due to the interaction with electrons
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and protons in the MeV range. The main cause of degradation due to particle
interactions is ascribed to displacement damage, namely the formation of stable
defects in the semiconductor crystal lattice as a result of the non-ionizing collision
between the impinging particle and the atoms of the target material. The ultimate
e�ect is a solar cell power degradation which limits the maximum operative lifetime
of a given solar array.
Space PV research seeks for high-quality solar cell materials and technologies guar-
anteeing the best power conversion e�ciency and a superior endurance to space
radiation. Conversion e�ciency and radiation-hardness are thus the two key fea-
tures that a space-grade solar cell shall prove to gain access in the space PV market.
Advanced solar cell technologies improving both features will enable higher power
ratings on-board the next-generation satellite, extending their operative lifetime.

1.2 The III-V materials

III-V solar cells are grown by using a 1:1 combination of atoms from the third and
�fth group of the periodic table of elements. III-V solar cells have achieved the
highest e�ciencies of any solar cell technology, closest to their theoretical limits.
The reasons are found in the very high opto-electronic performance of the materials
combined with a well-established epitaxial growth technology. Gallium arsenide
(GaAs) is an example of III-V material combination for solar cell reaching for the
SQ limit. Most of the III-V compounds have direct band gap, which means higher
absorption coe�cients � and thus thinner layers required to create fully-absorbant
cells. For instance, GaAs has a very high value of� near its 1.42 eV band gap edge
(� = 8� 103 cm� 1, about � 104 times higher than Si [4]), which leads to a theoretical
maximum e�ciency of 33.5% achieved with a cell� 100 times thinner than the
respective Si-based cell. Moreover, GaAs is one of the very few material systems
that can reach internal �uorescence yields close to 1 [5], which is essential to approach
the SQ limit.
In addition to the optimum opto-electronic quality, III-V technology allows a great
tuning �exibility of several material properties such as band gap, lattice constant,
refractive index and endurance to chemical processes. This o�ers a great advantage
in the frame of multi-junction solar cells. Growth technologies such as metal or-
ganic chemical vapour deposition (MOCVD) and molecular beam epitaxy (MBE)
allow epitaxial layers with very few crystal defects to be grown. This enhances the
material quality signi�cantly in terms of carrier lifetime. Moreover, the possibility
to grow passivating hetero-interfaces with very low surface recombination velocities
and the availability of highly transparent and conductive tunnel junctions make
these materials the best candidate for multi-junction solar cells.
III-V solar cells are grown on high-quality substrates either from III-V, e.g.,GaAs
or InP, or on IV group semiconductor substrates, e.g., Ge. Germanium is a suitable
IV-group substrate for III-V epitaxy, thanks to its lattice constant almost matching
with GaAs. In recent years, promising results have been reached in combining III-
V epitaxy on silicon substrates [6]. When combining the optimum combination of
materials with di�erent lattice constants to form high-e�ciency multi-junction solar
cells, many challenges arise from the lattice mismatch and metamorphic solutions
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Figure 1.3 � Common III-V elements and dopant atoms adopted in MOCVD epitaxy for space
multi-junction solar cells.

or wafer bonding techniques are required.
Despite the higher performance, III-V technology has the disadvantage to be expen-
sive, mainly due to the precursor material costs and to the growth technology. New
technologies to lower the growth cost of III-V cells is one of the main research sub-
ject nowadays in the PV community, for instance by employing substrate recycling
strategies such as epitaxial lift-o� [7], or moving toward higher growth rates [8].
Nonetheless, nowadays III-V cells remains mainly adopted in systems where their
high e�ciency outweighs their high cost, i.e., concentrated and space PV.

1.3 Scope and outline of this thesis

This dissertation addresses the electrical characterization of the displacement dam-
age introduced with particle radiation in III-V solar cells. A multi-level approach
is adopted: the damage is characterized from the macroscopic point of view, the
degradation of the main PV outputs of the solar cell, down to the microscopic
physical level, covering the defect production in the semiconductor materials. The
microscopic route is followed by employing defect spectroscopy techniques such as
admittance spectroscopy (AS) and deep-level transient spectroscopy (DLTS), as well
as local dark current analysis, a method developed as part of this thesis. The mi-
croscopic and macroscopic analysis lead to a sound modeling of III-V solar cell
degradation in space, which helps in predicting the operative lifetime of solar ar-
rays. The degradation due to the complex, multi-energetic nature of the space
radiation environment is dealt with the NIEL scaling approach. A careful analysis
provides additional insights and physical explanations to the Naval Research Labo-
ratory (NRL) method, customarily used by space radiation community in treating
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solar cell degradation data. The analysis has been carried out on space-grade solar
cells, representative of products currently available on the space PV market, as well
as on ad-hoc structures aimed for defect spectroscopy purposes.
In Chapter 2 the basic concepts on the space environment, radiation damaging mech-
anism and modeling of basics solar cell parameters are outlined. The structure of
the solar cell devices investigated, as well as the experimental setups, techniques
and models adopted for the data analysis are described in detail in Chapter 3. The
degradation analysis of the macroscopic photovoltaic solar cell parameters is pre-
sented in Chapter 4. The degradation analysis of the cell dark current is presented
in Chapter 5. In Chapter 6 and 7 the results of the defect spectroscopy analysis are
presented. Final conclusions on the work done and possible outlook are presented
in Chapter 8.
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Chapter 2

Radiation Damage in III-V Solar
Cells: Fundamentals and Modeling

2.1 Space radiation environment

The space radiation environment relevant to solar cell performance degradation con-
sists of electrons, protons and heavier ions ranging from few keV up to tens or hun-
dreds of MeV. These particles have di�erent nature: they can be originated from
the solar activity, trapped in the Earth magnetic �eld surrounding the planet, or
coming from interplanetary regions outside of the solar system. The sun is the ma-
jor responsible for the generation of high-energy charged particles in Earth orbits.
The inner core of the sun hosts nuclear fusion reactions where H atoms are trans-
formed in He atoms. The high temperatures cause the positively charged ions and
negatively charged electrons that make up the sun plasma to move continuously,
thus creating complicated magnetic �elds that twist and turn. The dynamic of the
plasma and the magnetic �eld in the solar corona are responsible of the particle
ejection from the sun to the outer space. Particle ejection events are classi�ed as
solar �ares, coronal mass ejections (CME) and solar energetic particle events.
The plasma dynamic within the sun controls every solar particle event. According
to the sun dynamo theory laid down by Parkeret al. [9], the dynamic of the plasma
inside the sun core allows the magnetic �eld to poke out of the corona surface,
producing black sunspots on the star surface. The magnetic �eld, pierced out of the
corona, can stretch and twist so that �eld lines with opposite direction are pressed
together, leading to the fundamental process of the magnetic reconnection.
The reconnection of the magnetic �eld topology in highly conductive plasma envi-
ronment produces thermal and kinetic energy which triggers particle acceleration.
If the reconnection leads to acceleration of particles toward the outer space, an en-
ergetic particle event occurrs. As the magnetic �eld lines reconnect, particles can
also be accelerated backward toward the sun surface. The particles stream down the
magnetic �eld at relativistic velocities and slam onto the dense layers of the sun sur-
face, releasing energy in form of other particles and electromagnetic radiation over
the entire wavelength spectrum, from the radio up to gamma waves. The bright
�ash produced is known as solar �are. During a solar �are, tons of material from
the sun corona can be ejected toward outer space. This phenomenon is referred to
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(a) (b)

Figure 2.1 � Solar �are and coronal mass ejection (CME) recorded by the SOHO satellite on the
2nd of April 2001. (a) Superposition of the ultraviolet imaging telescope (EIT) and spectrometric
coronagraph data (LASCO), where the solar �are and the CME are visible, respectively. (b)
Proton event associated with the solar �are resulting in bright pixels in the coronagraph imaging,
recorded few hours after the solar �are. Courtesy of SOHO/MDI, SOHO/EIT, and SOHO/LASCO
consortium. SOHO is a project of international cooperation between ESA and NASA.

as CME.
Solar �are and CME are monitored by the Solar and Heliospheric Observatory
(SOHO) satellite, a result of the collaboration between ESA and NASA. An ex-
emplary case of solar �are and CME recorded by the SOHO instruments is shown
in Fig. 2.1 (a). The outer part of the images are the data from the spectrometric
coronagraph LASCO, a telescope designed to block the light coming from the solar
disk in order to capture the extremely faint electromagnetic emission from the outer
corona layers. The inner picture, superimposed to the coronagraph image, shows
the inner solar disk captured by the ultraviolet imaging telescope. The solar �are
can be viewed in the inner image as a bright area on the surface of the sun. Si-
multaneously, a CME event is observable in the coronagraph image. The image in
Fig. 2.1 (b), recorded few hours after the image in Fig. 2.1 (a), shows a solar particle
event, appearing as bright spots caused by the detector pixel saturation. The par-
ticle event is ascribed as a direct consequence of the CME, as the heavier particles
ejected from the solar corona travel slower than the electromagnetic radiation.

2.1.1 Radiation belts

The solar wind carries magnetic �eld through its journey in the outer space, ac-
cording to the Alfven theorem [10]. When it interacts with planet magnetic �elds,
such as the one of the Earth, the interaction between energetic particles and the
magnetic �eld lines leads to particle trajectory de�ection. If the magnitude of the
planet magnetic �eld ~B is uniform in space and time, as the Earth dipole �eld can
be approximated at large distances from the Earth surface, the particles experience
a spiral-like motion characterized by a certain radius (Larmor radius), a certain ve-
locity componentvk in the direction parallel to ~B, and a certain transversal velocity
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component v? . These values depend on the particle mass and energy, as well as
on the magnitude of ~B. As the particles spin up toward the magnetic pole, they
experience an electric �eld resulting from the variation of~B. Since the magnetic
�ux across the Larmor circle is constant, so does the particle magnetic momentum
~� B = v? / ~B . The magnitude of ~B increases towards the pole, so doesv? as well. As
magnetic forces do not produce work, conservation of energy entails a decrease in
vk, i.e. the particle feels a force opposite to the direction of motion. As a result, par-
ticles approaching a pole slow down and eventually reach a mirror point [11] where
they reverse the direction ofvk and bounce back towards the other pole. The same
situation happens at the south pole. As the particles spiral up and down toward
the planet poles, they are e�ectively trapped in the magnetic �eld. The dynamic of
the trapped particles is sketched out in Fig. 2.2 (a). Moreover, the inhomogeneity
of the magnetic �eld in the perpendicular direction of the force makes the particles
drift around along the Earth parallels in opposite direction. The trapped particles
are thus forming a radiation belt around the planet. The particle trapping lifetime
is estimated to reach up to 10 years. However, particles can eventually escape out
of the trapping mechanism due to collisions with neutral atoms in the ionosphere
above the poles. Since the formation of the Earth and the establishment of its mag-
netic �eld, two main radiation belts have been generated, known as Van Allen belts.
The inner belt, fairly quiescent, extends from 0.2 up to 2 Earth radii (one Earth
radius = 6371 km) above the Earth surface. It comprises of few trapped electrons
in the range of hundreds of keV and mostly protons up to 100 MeV. Not all the
particles stuck in the inner belt have been originated from solar activities. At least
part of the protons are believed to be formed following the decay of neutrons that
are emitted from the Earth's atmosphere as it is bombarded by cosmic rays.

(a)

(b)

Figure 2.2 � (a) Particle trajectory, bounce and drift in Van Allen belts [12]. (b) Time averaged
radiation belt omnidirectional �uxes for > 10 MeV protons (top) and > 0.5 MeV electons (bottom),
according to [13].
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The outer belt stretches from 3 to 10 Earth radii, and it contains high concentrations
of energetic electrons in the energy range 0.1 - 10 MeV. These electrons are originated
by injection from the outer magnetosphere. Unlike the inner belt, the outer belt is
very dynamic in response to perturbations of the magnetosphere.
The averaged �uxes for the inner and outer belts are sketched out in Fig. 2.2 (b)
according to [12].

2.1.2 Radiation environment modeling

Electron and proton environments are represented by isotropic, omnidirectional dif-
ferential �uence spectra� e;p(� ) where� is the particle energy and� e;p is in units of
cm� 2 MeV� 1. Several models are available to the space radiation community to map
a given mission orbit with the spectra� e;p. The spectra functions are interpreted
as the total number of particles, per unit energy, that isotropically traverse a test
sphere with unit cross-sectional area over a determined period of time which usually
matches the entire mission duration. A common solar cell con�guration in space
involves in�nite back shielding provided by the solar panel substrate and a �nite
front shield provided by the cover glass, as shown in the sketch of Fig. 2.3 (a). This
situation is conveniently characterized by an unidirectional di�erential spectrum
normally incident on the solar cell surface. The conversion from omnidirectional to
unidirectional � e;p is achieved via geometrical considerations, integrating the con-
tribution from all possible incident angles over2� steradians [14]. The conversion
accounts also for the transport of the particle through the �nite thickness of the
shielding cover glass material. The converted spectrum� C is computed numerically
via Geant4-based Monte Carlo MULASSIS code [15], which employs a continuous
slowing-down approach to describe the transport of charged particles in the shielding
material. The code is available in several software platforms such as SCREAM [16]
or SPENVIS.
The omnidirectional � is converted in monodirectional di�erential �uence� C, assum-
ing in�nite back shielding and front shielding due to a CMX cover glass of di�erent
thickness values. An example of omnidirectional and converted monodirectional� C

spectra is reported in Fig. 2.3 (b). The solid line is the omnidirectional proton en-
vironment, sum of the trapped and solar protons, for a 10-years heliosynchronous
low-Earth orbit (LEO) at 1500 km altitude. The dashed lines are the converted
monodirectional spectra accounting for the proton transport across a CMX-based
cover glass of di�erent thicknesses. The converted spectra are calculated with the
continuous slowing-down approach by means of the MULASSIS code implemented
in the SCREAM software [16].
The solar cell performance under particle environment are tested by performing
irradiation experiments in dedicated facilities where the solar cell is exposed to a
mono-energetic radiation �uence� , in units of cm� 2. An appropriate tool is re-
quired to condense the complex, multi-energetic spectrum of the space environment
into a mono-energetic spectrum. In the last decades, the method developed at the
US Naval Research Laboratory (NRL) [17], also known as the NRL method, became
widely adopted by the space radiation community . The method is based on the cor-
relation between the solar cell damage coe�cients and the non-ionizing energy loss
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(a)

(b)

Figure 2.3 � (a) Simpli�ed sketch of a space solar cell on a solar array. (b) Di�erential proton
�uence in a 10 years heliosynchronous LEO orbit at 1500 km altitude. The black line is the
omnidirectional spectrum, whereas the coloured lines represent the converted monodirectional
spectra at the solar cell, considering in�nite back shielding and a CMX cover glass of variable
thickness at the front side. The monodirectional spectra are obtained by employing the MULASSIS
code to compute the particle transport through the cover glass.

.

(NIEL) of the particles in the solar cell material. The degradation of a speci�c solar
cell technology in a multi-energetic environment is obtained by performing irradia-
tion tests with one proton and two electron energies in the MeV range. The NRL
method represents a signi�cant improvement over the Jet Propulsion Laboratory
(JPL) method [17], which was adopted in the past and which required much more
irradiation experiments. The physical principles and the application of the NRL
method to solar cell parameter degradation in space are outlined in the following
sections.
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2.2 Non-ionizing collisions in semiconductor crys-
tals

The term displacement damage refers to the stable crystallographic defects produced
within the crystal of a semiconductor as a result of the non-ionizing collisions with
particle radiation. A charged particle with kinetic energy� penetrating a crystal
semiconductor loses its energy via elastic and inelastic collisions with the atoms and
nuclei of the target medium. Inelastic collisions occurring between the projectile
particle and the electron clouds of the target atom lead to change in the free carrier
concentration via ionization, i.e., the excitation of electrons of the outer shells of the
atoms resulting in electron-hole pair formation. Ionizing collisions accounts for a big
fraction of the total energy deposited by the particle in the material. Nonetheless,
the phenomenon does not lead to permanent degradation of the electrical properties
of the semiconductor material. Elastic collisions with atomic nuclei, on the other
hand, are the main source of displacement generation in a semiconductor. In these
non-ionizing collisions, the energy lost by the projectile particle is transferred di-
rectly to the target atoms. If the target lattice atom gains a su�ciently high energy
to break its chemical bonds, it is displaced from its position and forms a crystallo-
graphic defect. The quanti�cation of the non-ionizing damage, also referred to as
the displacement damage, requires the study of the elastic interaction between the
projectile particle and the target atom. This can be described by di�erent models
according to the particle and the atom initial energies. Since the target atom is
bound within a crystal, we shall assume that its initial energy equals 0. The in-
coming particle energy de�nes the model with which the collision is studied. If the
energy of the particle is low enough, the nucleus of the target atom and its screen-
ing electrons leads to a collision which can be treated, in a �rst approximation, as
an hard-sphere interaction. As the projectile particle energy increase, the collision
becomes a Coulomb interaction between the particle and the atomic nucleus electric
�eld. The latter has to be corrected to include the screening e�ect of the electron
clouds. As the particle energy increases, the screening e�ect becomes lower and the
collision can be treated as ordinary un-screened Rutherford collisions. The latter
is usually the case for the primary collisions of protons and electrons in the MeV
range on III-V atoms. A secondary source of displacements may result from inelastic
collision of the projectile particles with the atomic nucleus. Fast protons and heav-
ier ions with energies above tens of MeV can overcome the Coulomb barrier of the
target atom and interact directly with the nucleus via nuclear inelastic collision, i.e.,
short-range nuclear interactions. This phenomenon, known also as spallation, leads
to ejection of secondary particles from the target nucleus which can in turn introduce
displacements in the lattice. The displacement contribution from nuclear inelastic
collision, also referred to as hadronic contribution, can introduce radioactivity into
the material.

2.2.1 Defect production

Next we shall analyze the scenario of a projectile particle with energy� colliding with
a target atom from the III-V groups. This is a particle-atom interaction and it is
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termed primary collision. The particle energy is considered to be below the threshold
energy for inelastic nuclear collisions. A fraction of the particle energy is transferred
to the atom in the non-ionizing collision. If the non-ionizing energy transferred to
the target atom is higher than the threshold displacement energy for displacement
Ed0 , the atom can be displaced from its bound position within the crystal, the value
of Ed0 depending on the atomic species and the bond type. In GaAs, the lowest value
has been measured via X-ray di�raction [18] and estimated via molecular dynamics
(MD) simulations [19] to be in the range ofEd0 =9-13 eV, although higher values can
result in the case of particular combinations of radiation and crystal orientations.
The recoiling atom generated from the primary collision is termed primary knock-on
(PKA) atom. In the simplest case the PKA does not have enough energy to generate
further displacements (EPKA < E d0 ) and it settles in an interstitial position within
the lattice, leaving a void (vacancy) behind. The energy gained by the PKA in the
elastic collision is dissipated via phonon interaction. The vacancy-interstitial pair
produced in the semiconductor, known as Frenkel pair (FP), is the simplest defect
structure produced by the collision. IfEPKA > Ed0 , further displacements can be
generated by the recoiling PKA via secondary collisions, i.e. atom-atom collisions.
We shall now examine the secondary collision of a PKA atom � characterized by
its energy EPKA , atomic number ZPKA and the atomic massAPKA � with a target
atom characterized byZT , AT , and ET = 0 as initial condition. A fraction of the
energy EPKA is lost in ionization of electrons in the outer cloud surrounding the
target nucleus, whereas the remaining energy is lost in the non-ionizing collision
process leading to a potential displacement. The function quantifying the energy
fraction of EPKA remaining for the non-ionizing collision process is denoted as the
Lindhard partition function L(EPKA ; ZPKA ; ZT ; APKA ; AT ) [20]. The non-ionizing
energy transferred to the secondary target atom after the collision is given by:

ET = EPKA L(EPKA ) : (2.1)

For low values ofEPKA in the order of fewEd0 , the ionization energy is negligible
(L = 1) and the displacement collision can be treated as an hard-sphere collision.
After the secondary displacement, both the PKA and the target atom can produce
a displacement cascade which becomes a recursive problem. Eventually, the last
recoil will not be able to produce further displacement and the cascade ends. After
each collision, it can occur that the energy of the colliding atom is not enough to
create further displacements. In this case, the incoming atom settles in the posi-
tion of the displaced target atom, and the collision is termed replacement collision.
In alloy semiconductors, if the atom-atom collision involves the same species the
replacement collision does not change the unit cell con�guration; vice versa, when
di�erent atomic species are involved, the e�ect is disruptive as it generates anti-
site defects. Replacement collisions are the main source of antisite generation in
irradiated III-V semiconductor. Defects related to As antisite are very harmful in
GaAs-based devices, as the energy level is very close to the mid gap position. The
As antisite defect is often mentioned in the literature as the EL2 defect, a name
which was attributed in one of the very �rst study of this defect in GaAs epitaxial
layers [21].
In the simplest case, all the defects generated by displacements are primary defects
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such as vacancies (V), interstitials (I) and antisites (e.g., AsGa or GaAs in the GaAs
case). Combined defects might also be formed as a result of short collision cascade,
such as Frenkel pairs, divacancy, trivacancy and so on. In addition, an isolated
point defects may combine with dopant atoms or other impurity to form complexes.
According to the distribution, orientation and the distance between single point
defects, the impact on the electrical performance may vary signi�cantly.
When the defects created by particle bombardment are widely distributed within
the lattice and far enough apart from each other, they are isolated and thus act as
single point defects. This is representative of a scenario where all triggered recoils
have low-enough energy, so that the collision cascades generated are rather short.
In the following, we will refer to these particles as low-NIEL particles, i.e., particle
radiation whose displacements generate mainly isolated defects. Particles triggering
recoils with higher energies, on the other hand, can introduce several displacements
closely-spaced within the lattice. This facilitates the agglomeration of single point-
defects in stable defect clusters. Those particles will be referred to as high-NIEL
particles. The crystal defects made up of multiple single defect entities are knwon
as clusters.

2.2.2 Defect reordering

The defects produced by particle radiation are formed in few picoseconds after the
collision occurs. In longer time scales, the defect structure will reorder to form
more stable con�gurations. The reordering is usually di�erentiated in short-term
(ns to s scale) and long term reordering processes (� s scale). The defect reordering
properties are governed by the type of material, the thermal environment of the
lattice (thermal reordering) and the carrier concentration (injection reordering). As
space solar cells operate in a wide temperature range, the understanding of defect
reordering processes is important to evaluate the �nal degradation of the solar cell
performance. In current European space standards [22], a degradation analysis
studied via the NRL method requires that the solar cells are subjected to thermal
and photon annealing for a speci�c amount of time after irradiation experiments.
The annealing temperature and duration are de�ned in order to produce a similar
e�ect on the solar cells representative of the real space mission conditions. The
photon annealing is usually performed by employing an AM0 spectrum, whereas
the thermal annealing is usually performed at 60� C, equivalent to 333.15 K. As the
annealing temperature is higher than the irradiation temperature (300 K), thermal
reordering occurs during the thermal annealing. Injection reordering processes are
also likely to occur during photon annealing as carriers are generated within the
solar cells. The annealing phase is usually bene�cial in III-V materials, meaning
that the total amount of defects is reduced and the performance of the solar cells
are improved, although it should be remarked that this is not a general trend.
Defect reordering occurs in materials containing defects in concentration larger than
the thermodynamic equilibrium concentration. The defect concentration is brought
back to the equilibrium � characteristic of the material and of the temperature � via
thermodynamic processes such as migration to a sink (e.g., surface), pair recombi-
nation (e.g., vacancy-interstitial recombination) and complex formation or dissoci-
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ation [23]. Each of these processes is characterized by an activation energy. Let us
assume that a certain amountN t of defects per cm� 3 are produced in a semiconduc-
tor via a particle irradiation experiment performed at a �xed temperatureTirr , and
all the long-term reordering dynamics occurring in the semiconductor atTirr have
already taken place. If the semiconductor is brought to a temperatureT > Tirr , new
reordering dynamics occur. The annealing kinetic can be modeled with the rate of
reaction equation:

d N t (t)
dt

= � K (T) N �
t (t) ; (2.2)

where K (T) is the rate constant and� is the order of the reaction. The value
of � describes the nature of the annealing process: defects migrating to a sink
lead to an unitary order of reaction (� = 1), whereas pair recombination, such as
vacancy-interstitial recombination, leads to� = 2. In GaAs, an As interstitial (I As)
is mobile already at room temperature, which is the typical temperature at which
the irradiation experiments are performed. Therefore, thermal reordering of IAs

occurs already during irradiation. The activation energy for the defect annealing
can be also in�uenced by the Fermi level (injection annealing). This occurs when
the defect reordering is in�uenced by Coulomb forces, which varies according to the
defect ionization status. Since ionization events occur already during irradiation,
potential injection reordering can already occur during the irradiation experiment.

2.2.3 Characterization of the recoil damage

The understanding of the damage introduced by recoil atoms with di�erent energy
requires the study of the defect formation after collision cascades in semiconductors.
The analytic approach with the Boltzmann transport equation [24] can be useful in
determining the range of the cascade collision produced by a recoiling atom, but it
does not provide direct information of the defects generated along the recoil track.
A Monte-Carlo approach based on the binary collision approximation (BCA), on the
other hand, provides information of all the displacement events occurring along the
track. The BCA approach treats each collision as a two-body interaction system:
the recoil and the target atom. In this way, a more detailed description of the
recoil damage is obtained as the collision cascade is studied until all recoils stop in
the crystal. A BCA code is implemented in the open-source SRIM software [25].
The in�uence of the recoil energy on the type of damage is readily understood via
SRIM simulations. For instance, in Fig. 2.4 (a) the range of Ga recoil atoms of
di�erent energies in a GaAs crystal is reported. The recoil straggle is reported with
the error bars. The range of the Ga atoms increase as its initial energy becomes
higher. The right ordinate of Fig. 2.4 (a) indicates the total number of vacancies
generated by recoils due to the Ga PKA atom. Higher Ga recoil energy entails more
defects produced along the track. The 1D spatial distribution of the vacancies are
reported in Fig. 2.4 (b). As the recoil energy increases, the vacancy production is
spread across a larger crystal volume, thereby increasing the possibility of forming
agglomerate of defects.
Several limitations can, however, lead to a misevaluation of the overall damage. The
BCA approximation is only applicable for recoil energies larger than severalEd0 . In
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(a) (b)

Figure 2.4 � (a) Range (spheres) and total number of vacancies (squares) produced in GaAs by
a penetrating Ga recoil as a function of its kinetik energy. (b) Depth distribution of the vacancies
produced by Ga recoils of di�erent energies penetrating a GaAs layer. The particle transport is
performed with the binary collision approximation (BCA), and the Monte Carlo simulations are
performed with the open-source software SRIM. [25]

.

the past years, it was believed that recoils dropping belowEd0 dissipate their energy
in the crystal via phonon interactions, thus not contributing to defect production.
However, recent work [26,27] has shown that following a collision cascade, low-energy
recoils belowEd0 can signi�cantly contribute to the process of defect creation. The
damage introduced by sub-threshold recoils is related to the formation of clustered
regions, termed pockets, due to the multi-body interaction between the recoil and
all the surrounding atoms. The BCA approach ignores the collective motion of
the surrounding lattice atoms at the end of the collision track and thus cannot
describe this dynamic. The only way to overcome the BCA limitation is to use
the Molecular Dynamics (MD) approach. Even in this case, however, the long-term
temperature annealing e�ects cannot be studied. With simple classical potentials,
the MD simulation timescale are limited to the� s range [28]. Therefore, thermally
activated process occurring at reasonable temperatures for space analysis cannot
be directly simulated. This constitutes an important limitation in the detailed
simulation of defect formation in irradiation experiments.

2.2.4 Non-Ionizing Energy Loss (NIEL)

The quanti�cation of the displacement damage introduced in a solar cell material
can be achieved by computing the total number of displacementsnD generated by
the particle and all the possible related recoils, under the assumptions that all of the
collisions generate the simplest defect, no reordering e�ect occurs and neglecting the
non-linear processes leading to defect cluster formation. An analytical formulation
for the number of displacements produced by a recoil of a given energyER was �rst
proposed by Kinchin and Pease [29] and then modi�ed by Norgett [30], under the
assumption that primary recoils generate further displacements which can be treated
as hard-sphere collisions. In this case, each collision of the cascade is treated with
the BCA approach. The model forecast a linear relationship betweennD and the
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2.2. Non-ionizing collisions in semiconductor crystals

Figure 2.5 � Non-ionizing primary collision of a particle radiation (electron or proton) in GaAs
lattice. The PKA is an As atom. The energy of the recoiling As atom depends on the scattering
angle � R .

non-ionizing energy that all recoils transfers to the lattice. The overall non-ionizing
energy deposited by each possible recoil is thus representative ofnD , and thus of the
damage introduced by the particle itself.
This concept can be exploited to quantify the amount of non-ionizing energy (i.e.,
displacements) that an energetic particle can introduce into a crystal. The non-
ionizing energy loss (NIEL), conveniently de�ned in units of MeV g� 1 cm2, is the
energy per unit length transferred by the incident particle to the target material
atoms via elastic collisions, normalized by the density of the material. The NIEL
accounts for the non-ionizing energy deposited in the material by the energetic
spectrum of all possible recoils generated by the incident particle at the primary
collisions. It is important to address the recoil energy range that a particle can
trigger, as well as the probability of each recoil to occur. The generation of recoils
with di�erent energies is a statistical process associated with the recoil scattering
angle � R formed between the particle trajectory and the recoil trajectory after the
collision. This is exemplary shown in the sketch for a non-ionizing collision of an
incoming particle in GaAs lattice reported in Fig. 2.5. The minimum energetic recoil
which can be triggered is determined by the atomic threshold energy for displacement
Emin = Ed0 of the atomic species of the target material, and is thus not dependent
on the incoming particle. The maximum energyEmax which can be transferred to
a lattice atom, on the other hand, depends on the type and energy of the incident
particle. The collision can be treated as a two-body scattering problem where the
incoming particle has energy� and the recoil nucleus is at rest. The recoil atom, if
displaced, will be scattered out with scattering angle� R. By implying the energy
and momentum conservation in a head-on collision (� R = 0), Emax can be evaluated.
An energetic proton in the MeV range travels at a small fraction of the speed of
light in vacuum c. Therefore, a simple expression ofEmax is given by [31]:

Emax = �
4ApAR

(Ap + AR)2
; (2.3)
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where Ap and AR are the atomic masses of the proton and the recoil nucleus, re-
spectively. An electron in the same energy range travels at about 95 % ofc. The
formula in Eq.2.3 is corrected for relativistic e�ects [32]:

Emax =
2� (� + 2AeEu)

AREu(1 + AR=Ae)2 + 2�
: (2.4)

In the latter expressions,Eu = 931:5MeV is the equivalent energy of 1 atomic mass
unit (amu) and Ae is the atomic mass of the electron.
The probability for the primary particle to generate a recoil with energyER in the
range Ed0 < ER < Emax can be expressed by means of the di�erential partial cross-
section for Coulomb scattering related to the recoil energy@�CS/ @ER [31]. For
instance, the probability Pf ER > E g for an incoming particle to trigger a Ga or
As recoil with energyER > E can be expressed as:

Pf ER > E g = 1 �

R
E

Ed0

@�CS

@ER
dERR

Emax

Ed0

@�CS

@ER
dER

: (2.5)

The determination of d� CS/d ER is crucial for an accurate determination of the NIEL.
Every triggered recoil transfers to the lattice atom only a fraction of its energy in
the non-ionizing collision. The fraction of the energy which goes into non-ionizing
collisions is quanti�ed by the function L(ER). The damage energy, i.e., the energy
that each recoil deposits to displacements, is thus obtained asENI = ERL(ER). The
rate at which the total ENI is deposited per unit length in a target material can be
then obtained by accounting for the contribution of all recoils:

�
@ENI

@x
=

N�
A

Z Emax

Ed0

ERL(ER) �
@�CS(ER; � )

@ER
dER ; (2.6)

where x denotes the depth into the target material,N is the Avogadro number,�
and A are the density and the atomic mass of the target nucleus, respectively. The
minus sign indicates that the energy is lost along the positive directionx in the
medium. De�ning the area densityx0 = x � � , the non-ionizing energy loss NIEL can
be expressed in units ofMeVcm2g� 1 as:

NIEL( � ) = �
@ENI

@x0
= �

1
�

�
@ENI

@x
=

N
A

Z Emax

Ed

ERL(ER) �
@�CS(ER; � )

@ER
dER : (2.7)

The lower integral boundary is generically expressed withEd. If the physical thresh-
old energy for displacement (Ed = Ed0 ) is chosen, the NIEL is marked with the
subscript "0" NIEL 0.
Eq.2.7 is used to calculate the NIEL of a particle in an elemental semiconductor. In
III-V compound semiconductors, the NIEL is determined according to the Bragg's
rule, i.e. a weighted sum in which each material contributes proportionally to the
fraction of its atomic weight. For instance in the GaAs case:

NIEL GaAs =
AGa

AGa + AAs
� NIEL Ga +

AAs

AGa + AAs
� NIEL As: (2.8)
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2.2. Non-ionizing collisions in semiconductor crystals

Figure 2.6 � Lindhard partition function L(ER ) for an As atom recoiling on a Ga target atom of
the GaAs crystal. The solid line is calculated with the Norgett-Robinson-Torrens formulation. The
symbols are the experimental data obtained via SRIM simulation, employing a quick calculation of
the damage with the Kinchin-Pease formula. The dashed line is derived according to the Akkerman
formalism.

The partition function

The partition function L(ER) quanti�es the fraction of a recoiling atom energy
which goes into further atomic displacements in the crystal. Historically, the �rst
formulation was achieved numerically by Lindhard and co-workers [20]. A convenient
formulation of L(ER), widely adopted in the NIEL community, is given by the
Norgett-Robinson-Torrens (NRT) equation [32]:

L(ER) =
1

1 + FLg(� L )
; (2.9)

where

g(� L ) = ( � L + 0:40244� 3=4
L + 3:4008� 1=6

L ) ;

� L = ER=EL ;

EL = 30:724� ZRZL

q
Z 2=3

R + Z 2=3
L

AR + AL

AL
;

FL =
0:0793Z 2=3

R Z 1=2
L (AR + AL )3=2

(Z 2=3
R + Z 2=3

L )3=4A3=2
R A1=2

L

:

(2.10)

In the above equations,AR and ZR are the atomic weight and number of the re-
coiling nucleus, whereasAL and ZL are the corresponding quantities for the lattice
nucleus. TheL(ER) function for an As recoil on a Ga target atom is reported in
Fig. 2.6. Low-energy recoil haveL(ER) values approaching 1, and thus all of the
damage goes into displacement. High-energy recoils, on the other hand, lose energy
primarily via ionization events. The validity of the Lindhard function, which was
originally formulated for high-energy recoils, has been questioned in recent years for
the underestimation of the non-ionizing energy fraction at recoils approachingEd0 .
Akkerman et al. proposed a Monte Carlo approach to calculateL(ER) in [33]. The
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results have a closer agreement with the experimental values in silicon [34]. The
Akkerman expression of the partition function can be put in an NRT-like formalism
of Eq. 2.9 by substituting g(� L ) with gAkk (� L ):

gAkk (� L ) = 0 :74422� L + 1:6812� 3=4
L + 0:90565� 1=6

L : (2.11)

The Akkerman partition function is plotted in Fig. 2.6 with a dashed line. A bigger
fraction of the low-recoil energy goes into displacements as compared to the standard
Robinson formulation of the Lindhard function.

Electron cross-section

Electrons penetrating a material experience both radiative and collision energy-
losses. In the electron-nucleus interaction, where the nucleus atomic number is
denoted by Z , an expression for the critical energyEcrit separating the dominat-
ing energy losses via collision from losses via radiation can be approximated by
Ecrit = 550 Z � 1 MeV. For atomic species of interests in III-V compound semiconduc-
tors, this value approaches few tens of MeV. At energies belowEcrit , the radiative
losses can be neglected and it is su�cient to only analyze the collision-based energy
loss.
The scattering of electrons by un-screened nuclei was treated �rst by Mott [35],
extending the wave scattering on point-like nuclei theory of Wentzel. The so-called
Mott di�erential cross-section (MDCS) for electrons is also referred to as the exact
formula, since its determination involves no Born approximation of any order on the
system electric �eld. Many authors provided an approximation of the exact MDCS,
expressing their results in terms of the ratio factor< with respect to the classical
Rutherford scattering formula:

d� un� screened
MDCS

dER
= < (ER)

d� Ruth

dER
; (2.12)

whered� Ruth =dER is the Rutherford scattering cross section for an incoming particle
with z = 1:

@�Rut (ER; � )
@ER

= �

 
zZe2

p�c

! 2
Emax

ER
: (2.13)

In Eq. 2.13, Z is the atomic number of the target nucleus,c is the speed of light,
� = v=c with the electron velocity v the electron velocity andp is the electron
momentum. The term "un-screened" is referred to the fact that the screening e�ect
of the electron cloud is not taken into account. In this thesis, we resort to the
interpolated < (ER) expression provided by Boschiniet al. in [36]. The screening
e�ect on the atomic nucleus electric �eld, as well as the �nite nuclear size of the
target atom, is accounted for by re-writing Eq. 2.12 according to [36] and references
therein:

@�Mott (ER; � )
@ER

=
@�Rut (ER; � )

@ER
� < Mott (ER) � F2(ER; � ) � jFexp(� )j2: (2.14)
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2.2. Non-ionizing collisions in semiconductor crystals

In Eq. 2.14,F(ER) is the screening factor, expressed by:

F(ER; � ) =
ER

ER + EmaxAs;M
; (2.15)

where As;M is the screening parameter computed as in [36].F(ER) accounts for
the fact that at distances larger than the Bohr radius from the target nucleus the
nuclear �eld experienced by the incoming particles is screened by the electron cloud
surrounding the atom.
Fexp(ER) is the form factor computed with the exponential charge distribution,
which accounts for the �nite nuclear size. An expression forFexp is given in [31]:

Fexp(� ) =

2

41 +
1
12

 
q0rn

~

! 2
3

5

� 2

; (2.16)

where~ is the reduced Plank constant,rn = 1.27A0:27 in units of fm, is the nuclear
radius with A the atomic weight, and the momentum transferq0 to the target atom
with mass M is given by:

q0 =

p
ER(ER + 2Mc2)

c
; (2.17)

Eq. 2.14 expressed in the center-of-mass (CoM) system is used to calculate the NIEL.
The NIEL for GaAs is plotted with open circles in Fig. 2.7 (a). The values obtained
are in accordance to the NIEL computed with the online SR-NIEL calculator from
the INFN [37], reported in Fig. 2.7 (a) with a solid line. The dashed line in Fig. 2.7 (a)
is the electron NIEL calculated with the Akkerman formalism forL(ER). The NIEL
values di�er from the one calculated with the NRT formalism by 14% at most.

Proton cross-section

Several expressions of the hydrogen ion di�erential cross-section in solids have been
proposed in the literature. The Ziegler-Biersack-Littmark (ZBL) screened formula-
tion takes into account the reduction of the Coulomb barrier due to the electrostatic
screening of the nuclear charges by the innermost electron shells. The ZBL approach
is only suitable in cases where the velocity of the ion is a small fraction ofc. For
the relativistic cases, the Mott-Rutherford and the Wentzel-Moliere di�erential cross
sections shall be used. No analytic model is available to calculate the nuclear inelas-
tic di�erential cross section, which accounts for the spallation products. We resort
to the hadronic contribution data available in the literature (e.g., [32] and [37]). In
our case of study, protons have only a small fractions ofc, thus the ZBL potential
can be adopted with good margins. An expression for the ZBL di�erential cross
section is given in [38] and references therein:

@�ZBL (ER; � )
@ER

= �
�a 2

U

2
f TF

p
Emax

� ZBL E 3=2
R

; (2.18)
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(a)

(b)

Figure 2.7 � (a) Screened electron NIEL in GaAs with Ed = 21 eV computed with the MDCS
expression in Eq. 2.14 (open symbols). The reference NIEL calculated with the online SR-NIEL
code is superimposed with a solid line. The dotted line is the equivalent SR-NIEL calculated with
the Akkerman partition function. (b) Proton NIEL in GaAs with Ed = 21 eV, computed with the
universal ZBL potential (red solid line). The nuclear inelastic contribution is calculated with the
SR-NIEL. NIEL curves calculated by other authors are superimposed.

whereaU is the ZBL universal screening length, expressed by;

aU =
0:8854a0

Z 0:23
R + Z 0:23

L
; (2.19)

being a0 the Bohr radius of the hydrogen atom;� ZBL is the dimensionless ZBL
reduced energy, given by:

� ZBL =
32530AR �

ZRZL (AR + AL )(Z 0:23
R + Z 0:23

L )
; (2.20)

f TF is the Thomas-Fermi scattering function obtained via the reduced nuclear stop-
ping power cross section by using the exact coe�cients of the ZBL Universal inter-
atomic potential [38]. The NIEL obtained with Eq. 2.18 in GaAs is shown in
Fig. 2.7 (b) with blue open circles. The nuclear contribution, depicted with red
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2.3. NIEL scaling

squares, accounts for a signi�cant fraction of the total NIEL of high-energy pro-
tons. The nuclear contribution is obtained with the help of the online simulator
SR-NIEL [37]. The ZBL proton NIEL corrected for the nuclear contribution is
plotted with a red solid line. These NIEL values are used throughout the disserta-
tion. Proton NIEL curves in GaAs reported by other authors are superimposed in
Fig. 2.7 (b). The NIEL computed with the Wentzel-Moliere expression for the di�er-
ential cross-section is plotted with an orange dotted line. The NIEL calculated with
the SRIM code, by converting the point-defect formation rate using the modi�ed
K-P formula [39] is reported with green crossess. The NIEL calculated by Messenger
et al. with the SCREAM code is reported with green open diamonds. A variation
below 5% is observed for all the proton NIEL curves in the energy range of interest
for our work, partly ascribed to a di�erent choice ofEd.

2.3 NIEL scaling

The defects introduced by displacements degrades the performance of the solar cell.
We shall next consider the case of a solar cell irradiated with an energetic particle
� at di�erent �uence levels � . On the basis of the fundamental equations of the
solar cell, it is possible to obtain analytical expressions relating the degradation of
a generic solar cell parameterY to � . In general, such expressions are of the form:

Y(�) = f
�
Y(0); RC(� ) � �

�
; (2.21)

whereY(0) is the begin-of-life (BOL) value (prior to irradiation) for the Y parameter
and the radiation coe�cient RC( � ) scales the degradation e�ect of� . The derivation
of Eqs. 2.21 for the solar cell main electrical parameters, as well as the relationship
between the RCs and the defect electrical parameters are given in Chapter 2.4.
When an RC is observed to vary with the particle type and energy in a way propor-
tional to the NIEL in the solar cell material, the concept of the NIEL scaling is said
to apply. If the RC satis�es the NIEL scaling principle, the parameter degradation
is unequivocally correlated to the displacement damage deposited by the radiation
into the solar cell. In the solar cell radiation community, the application of the NIEL
scaling is also known as Displacement Damage Dose (DDD) method [17] .

2.3.1 Displacement Damage Dose (DDD) method

The DDD concept relies on the proportionality existing between the degradation
of the cell parameterY and the defects introduced by the displacement damage.
For mono-energetic irradiation experiments, the DDD(� ), in units of MeV g� 1, is
computed as:

DDD( � ) = NIEL( � ) � � : (2.22)

If the energy dependency of the RC of theY parameter is linearly proportional
to the NIEL, the plot of Y versus DDD for di�erent particles and energies leads
to a unique degradation curve. It follows that, with the knowledge of the damage
coe�cient of a given parameter Y for a reference particle/energy, it is possible to
predict the degradation ofY after irradiation with other particle types with di�erent
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energies. The DDD analysis shall be applied separately for each single parameter of
interest, as the damaging e�ectiveness of the introduced defects a�ects the di�erent
solar cell parameters in di�erent ways. Moreover, the RC-NIEL linear correlation
for the Y parameter may be violated due to a non-linear relationship between the
NIEL and the damaging e�ectiveness of a given defect. The non-linearity is most
appreciated when combining degradation data due to low-NIEL particles (electrons)
with high-NIEL particles (protons). Therefore, an electron and proton DDD for each
Y parameter has to be calculated separately. The approach adopted in this work
to treat the degradation data of each cell parameter relies on the revisited NRL
method laid down in [40]. The procedure consists of two main steps:

1. The NIEL describing the energy-dependent degradation of theY parameter
is found by adjusting the values ofEd related to the single atomic species
of the cell active layer material. The experimentalY data are �tted with the
expected relation given by Eq. 2.21, with� replaced by the electron DDD (De)
in Eq. 2.22. The optimumEd values are obtained as the ones that minimize the
�t rms error. The resulting NIEL describes well the energy-dependent electron
degradation of theY parameter. Only the electron data are considered in this
step, as the electron NIEL is more sensitive to theEd values as the proton
NIEL in the energy range of interest.

2. The Ed values determined in step 1) are used to calculate the proton DDD
(Dp). If a mismatch is observed between theY-De and Y-Dp curves, Dp is
multiplied by a correction factor Rep so that the two curvesY-De and Y-Dp

coincide.

The total dose considering mono-energetic particle experiment is thus obtained as
DDD = R � 1

ep De + Dp, where the factor Rep is used to convert the electron dose in an
equivalent proton dose. In a multi-energetic environment expressed by the functions
� e(� ) and � p(� ), the total dose is computed as:

DDD =
Z

�

�
R� 1

ep NIEL e � � e + NIEL p � � p
�

d� : (2.23)

2.3.2 Limits of applicability

In order to reproduce the degradation e�ects due to the amount of DDD experienced
in space, on-ground solar cell testing campaign with electron and proton irradiation
experiments are required. The choice of the particle type and energy for on-ground
testing is subjected to two main constraints. The �rst imposes that the irradiated
volume should be big enough to contain the longest cascade triggered by the recoil
with the highest energy. This condition is invalidated only in high-energy proton
cases (>50 MeV), which are not of concern for this study. The second condition
imposes a constraint on the maximum thickness allowed for the active regions of the
solar cell. The projectile particle loses energy as it travels through the solar cell.
The energy of the particle is thus position-dependent within the cell. The DDD
method entails constant particle energy throughout the whole irradiated thickness.
If the solar cell is thin enough, the particle slow-down is negligible and the DDD
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Figure 2.8 � Energy loss in ionization events of proton with di�erent initial energies impinging
normally on a representative triple-junction solar cell structure. The data are obtained with the
help of the SRIM code [25].

method can be applied. For electrons this is of no concern, since the range at typical
energies of interest is by far beyond the typical cell thicknesses. Low-energy protons,
however, can invalidate the DDD method for common space architectures.
A simulation of the proton transport through a typical triple-junction solar cell
structure is performed with the SRIM code and reported in Fig. 2.8 for di�erent
proton initial energies ranging from 0.3 MeV to 6.5 MeV.
The proton slow-down is negligible for all proton energies with regards to the top
cell. This is not the case for the middle cell. The Bragg peak of a 0.3 MeV proton
lies exactly within the middle cell active layer. Therefore, 0.3 MeV protons cannot
be used in the DDD method for the GaAs middle sub-cell. The Bragg peak of a
0.75 MeV proton lies in the bottom cell, nevertheless the DDD approach is still not
strictly applicable for the middle cell since the proton energy varies signi�cantly
within the solar cell layer. For these cases, care must be taken in evaluating the
degradation data, and appropriate corrections may apply.

2.3.3 Physical interpretation

The DDD can be interpreted as the amount of energy per unit mass of traversed
material that a particle radiation loses via non-ionizing collisions which generate
displacements, and is thus proportional to the number of simple Frenkel pairs gen-
erated in the material in the �rst collision event. The method is customarily used in
space radiation modeling to describe the degradation of the solar cell macroscopic
parameters such asJSC, VOC and PMP in a complex radiation environment. The
need of ad-hoc, empirically-determined factors such asEd values and Rep is due to a
non-direct physical relationship existing between the solar cell macroscopic param-
eter degradation and the number of displacements theoretically introduced by the
particle radiation. A physical interpretation of the DDD should aim to identify the
microscopic solar cell parameters which are more closely related to the displacement
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defects. In this thesis, the DDD is applied on the introduction rate of radiation-
induced defects sampled via defect spectroscopy techniques.
At this physical level of damage, the interpretation of the DDD method is much
more straightforward and can lead to physical insights related to the macroscopic
parameter degradation, as well as to a better understanding of the empirical factor
adopted in the DDD method.

2.4 Radiation damage coe�cients

The ultimate e�ect of crystal defects a�ecting the electrical and optical properties
of the semiconductor device is understood in terms of energy levels introduced in
the band gap of the active material. The radiation-induced levels result in several
e�ects: reduction of recombination lifetime and di�usion length of carriers in the
solar cell layers, increase in carrier trapping cross-sections, change in majority carrier
concentration (i.e., compensation) and enabling of carrier trap-assisted tunneling.
For very high-dose radiation, other material parameters such as the mobility can be
reduced. The carrier non-radiative recombination occurring at the defect site is one
of the most deteriorating mechanism for the solar cell electrical performance. The
density of statesE within the band gap associated to the presence of the crystal
point defect has usually a sharp feature and it can be discretized in a single energy
level E t . For a given point defect structure and a surrounding ordered lattice,
the associatedE t can be theoretically estimated via ab-initio calculation methods
such as the density functional theory (DFT). Several repositories of numerically-
calculated energy levels associated to di�erent types of native point defects in GaAs
are present in the literature [41, 42]. However, the calculated values exhibit rather
big quantitative di�erences among di�erent authors.
As the energy level is exposed to electron and hole �uxes, four main interaction of
the defect with free carriers can occur: capture and emission of electrons from the
conduction bandEC and capture and emission of holes from the valence bandEV .
The capture rate of electrons (n) and holes (p) in an empty trap (here the term
empty is relative to the type of carrier to be captured) is determined by the free
carrier availability at the respective bands and the average probability per unit time
that an electron or hole is captured into the empty state. The latter is denoted
as capture constantcn;p [43]. If vth denotes the carrier velocity at the edge of its
respective band, thencn;p = vth � � n;p, where � n;p are the capture cross-sections for
n and p, de�ned in the same way as for nuclear interactions. The carrier emission
rate from the trap depends on the number of carriers populating the trap and on
the emission constanten;p, de�ned in analogy to cn;p. At the thermal equilibrium,
the state occupancy probabilities are governed by the Fermi-Dirac statistics, and
the following relationship betweenen;p and cn;p exists:

en;p

cn;p
= exp

�
� j E t � EC;V j=kT

�
; (2.24)

with k being the Boltzmann constant. For non-degenerate semiconductors, the net
recombination rate of charge carriersU via a deep energy levelE t and homogeneously
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distributed within the material with a concentration N t in cm� 3 is expressed by [43]:

U =
� n� pvth N t (pn � n2

i )

� n

�
n + nie

E t � E i
kT

�
+ � p

�
p + nie

E i � E t
kT

� : (2.25)

In Eq. 2.25,ni and E i denote the intrinsic carrier concentration and intrinsic Fermi
level, respectively. According to the values ofn and p, the sign of Eq. 2.25 is positive
or negative according to whether recombination or generation rate prevails, respec-
tively, driving the system back to its thermodynamic equilibrium. The value ofU
is governed by the electrical properties of the irradiation-induced defects, namely
N t , E t and � n;p. The carrier recombination rate plays a major role in the current
distribution through the device governed by the continuity equations, which can be
written in the one-dimensional case:

@n
@t

= G � U +
1
q

@
@x

�
�

q� nnF + qDn
@n
@x

�
;

@p
@t

= G � U �
1
q

@
@x

�
�

q� ppF � qDp
@p
@x

�
:

(2.26)

In Eq. 2.26, G is the generation rate due to optical excitation,� n;p are the carrier
mobilities, Dn;p are the di�usion constants andF is the electric �eld.
The understanding of the defect in�uence on the solar cell electrical parameter starts
from Eq. 2.25. We shall next obtain relationship on the variation ofU when the
solar cell is irradiated with a mono-energetic particle beam with a variable �uence
� . Equation 2.25 can be rewritten as:

U =
pn � n2

i

� p

�
n + nie

E t � E i
kT

�
+ � n

�
p + nie

E i � E t
kT

� ; (2.27)

where� n;p are the non-radiative carrier lifetimes associated to the defect energy level:

� n;p =
1

� n;pvth N t
: (2.28)

If the irradiation is such that collisions generate isolated point defects well spaced
and distributed within the lattice, N t is linearly dependent on the particle �uence
� via:

N t (�) = N t (0) + kt � : (2.29)

The coe�cient kt denotes the defect introduction rate. If the defect is already
introduced in the crystal during the growth process,N t (0) denotes its initial con-
centration, also referred to as begin-of-life (BOL) concentration.
The carrier lifetime � n;p associated to each defect is in�uenced by the defect electrical
parameters via Eq. 2.28 If� n;p is an invariant defect property on� , in any region of
the solar cell� n;p can be written as:

1
� p;n(�)

=
1

� p;n(0)
+ k� � ; (2.30)
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with k� = � p;nvth kt . The value � p;n(0) is the BOL lifetime prior to irradiation. The
non-radiative lifetime dominates over all the other lifetime contributions and there-
fore it in�uences the carrier di�usion length in the material, which in turns a�ects
the collection e�ciency of the solar cell. The carrier di�usion lengthLn;p is governed
by Ln;p =

p
Dn;p� n;p. Assuming the electron and hole mobility� n;p to be radiation-

independent, an expression forLn;p is obtained:

1
L2

p;n(�)
=

1
L2

p;n(0)
+ kL � ; (2.31)

wherekL = D � 1
p;nk� = D � 1

p;n� p;nvth kt .
We shall now use these equations to describe the� -dependencies of the solar cell
dark current parameters as well as the photovoltaic parameters, namelyJSC andVOC .
The degradation of each parameterY is expressed as its post-irradiation remaining
factor RF:

RF(Y) = Y(�) =Y(0) ; (2.32)

whereY(0) denotes the BOL value of the parameterY prior to irradiation.

2.4.1 Dark current

Insights on the junction material quality are obtained from the current density-
voltage (Jdark -V or simply J -V) characteristics of the device measured under dark
conditions. According to the formalism developed by Shockley and co-workers [43,
44], the dark current in a single-junction solar cell is described with the conventional
two-diode model:

Jdark = J01(eqV=kT � 1) + J02(eqV=2kT � 1) : (2.33)

In Eq. 2.33, the term J01 denotes the drift-di�usion current density whereas the
term J02 denotes the recombination current density occurring in the space-charge
region (SCR) of the solar cell. We shall next consider an abrupt, asymmetric n+ -p
junction solar cell with Na � Nd, Na being the concentration of the acceptor atoms
in the p-type (absorber) andNd the concentration of the donor atoms in then-type
material (emitter). The schematic of the junction is sketched out in Fig 2.9. Under
low-level injection and with � n denoting the excess minority carriers in the p-type
semiconductor, Eq. 2.27 in the base reduces to:

U =
� n� p vth N t � nNa

� p
�
Na + ni exp (E i � E t

kT )
� �

� n
� n

: (2.34)

A similar relation holds for holes in the n-type material. As the majority carrier
population in the neutral regions is by far larger than the minorities, the recombina-
tion rate is governed by the minority capture rate. It results that the recombination
rate is fairly independent of the energy level position of the recombination center
within the band gap, provided that the levels are deep enough so that the majority
emission is negligible. A complete expression forJ01 is obtained by solving Eq. 2.26
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Figure 2.9 � Schematic 1D representation of an abrupt, asymmetric n+ -p junction.

with Eq. 2.34 in the neutral regions:

J01 =
qDnn2

i

LnNa
�

1 +
Dn

SnLn
tanh

Wp

Ln

tanh
Wp

Ln
+

Dn

SnLn

+
qDpn2

i

LpNd
�

1 +
Dp

SpLp
tanh

Wn

Lp

tanh
Wn

Lp
+

Dp

SpLp

: (2.35)

Wp and Wn are the width of the neutral regions in the p-type and n-type material,
respectively; Sn is the recombination velocity of electrons at the back interface,
whereasSp is the respective quantity for holes at the front interface. IfLn << W p

and Lp << W n, minority-carriers recombine before reaching the external interfaces.
By using the linear approximation for the hyperbolic tangent functions, theJ01 term
becomes:

J01 = J01;n + J01;p =
qDnn2

i

Na
p

Dn� n
+

qDpn2
i

Nd
p

Dp� p
: (2.36)

The current is dominated by the recombination in the neutral regions of the mate-
rials. Assuming negligible carrier removal contribution and by substituting Eq. 2.30
in Eq. 2.36 we obtain:

J01(�) = J01;n(0)
p

1 + k� n � n(0)� + J01;p(0)
q

1 + k� p � p(0)� (2.37)

If the base contribution J01;n outweighs the emitterJ01;p, the approximated expres-
sion of Eq. 2.37 can be used so that:

J01(�) � J01(0)
p

1 + k� � (0)� ; (2.38)

and in terms of remaining factor:

RF (J01) =
p

1 + kJ01 � ; (2.39)
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with kJ01 = � n(0)k� n .
This relation, however, should be handled with care for several reasons. First and
foremost, the assumption ofSn;p = 0 has been made, whereas a rigorous analysis
should account also forSn;p(�) as the quality of the interface inevitably degrades
with irradiation and in thin-�lm solar cells this may lead to performance degradation
[45]. Moreover, the minority-carrier lifetime in the base (� n) and emitter (� p) of
GaAs cells have very di�erent BOL values and degradation rates, thus invalidating
the approximation made in Eq. 2.38.
The term J02 accounts for the current density generated by the recombination oc-
curring within the SCR. As n and p are comparable and position-dependent within
the SCR, the position of the energy level in the band gap plays a role in determining
the net recombination rate. By assuming a single, discrete level located at mid-gap
position, a simpli�ed expression forJ02 results [46]:

J02 =
�
2

kTni

F � SCR
; (2.40)

where F is the electric �eld at the maximum recombination point in the SCR,
corresponding to the location wherecnn = cpp, and � SCR =

p
� n� p is the SCR lifetime

corresponding to the geometrical mean of� n and � p in the SCR. Also in this case,
it is possible to write:

J02(�) = J02(0)
� p

1 + � n(0)k� n +
q

1 + � p(0)k� p

�
� J02(0)

�
1 + k� scr � scr

�
(2.41)

which then leads to:
RF (J02) = 1 + kJ02 � ; (2.42)

with kJ02 = � SCRk� SCR . The relation found for J02 in Eq. 2.42 is more reliable than
the correspondingJ01 equation, as the� -dependence ofJ02 is dominated by the
SRH lifetime � SCR which follows inevitably Eq. 2.30. A more detailed investigation
on the J02 term is carrier out in Chapter 5.

2.4.2 Short-circuit current density

The photo-current density JSC is the current generated by the photon spectrum
� 
 (� ) and collected by the junction while operating in short-circuit conditions. De-
noted as� (� ) the absorption coe�cient of the material, the generation contribution
G can be written according to the Lambert-Beer law:

G(�; x ) = � (� )� 
 (�; 0) exp (� �x ) ; (2.43)

where� 
 (�; 0) is the photon �ux at the surface of the material (x = 0) and x denotes
the depth into the solar cell. We shall now calculate the current generation in the
n+ �p junction sketched out in Fig. 2.9 in a con�guration where the photon spectrum
comes from the emitter side andx = 0 corresponds to the emitter surface.JSC is
the sum of the three current components generated in the emitter (We), the base
(Wp) and the SCR (WSCR) of the solar cell:

JSC =
Z

�

Z

Wn + Wp + WSCR

(Jemitter + Jbase + JSCR) d� dx : (2.44)
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Each contribution is obtained by using appropriate formula forG (Eq. 2.43) andU
(Eq. 2.34) and by solving Eq. 2.26 in the device region of interest. The current in
the emitter can be written as [47]:

Jemitter =
q� 
 (1 � R
 )�L n

� 2L2
n � 1

�

�

2

6
6
6
6
4

 
SpLp

Dp
+ �L p

!

� e� �W n

 
SpLp

Dp
cosh

Wn

Lp
+ sinh

Wn

Lp

!

SpLp

Dp
sinh

Wn

Lp
+ cosh

Wn

Lp

� �L pe� �W n

3

7
7
7
7
5

; (2.45)

where R
 (� ) and � (� ) are the wavelength-dependent re�ection and absorption co-
e�cients, respectively. The current in the base layer of the solar cell is expressed
as [47]:

Jbase =
q� 
 (1 � R
 )�L n

� 2L2
n � 1

e� � (Wn + WSCR )

�
�L n�

�

SnLn

Dn

 

cosh
Wp

Ln
� e� �W p

!

+ sinh
Wp

Ln
+ �L ne� �W p

SnLn

Dn
sinh

Wp

Ln
+ cosh

Wp

Ln

�
: (2.46)

The current in the SCR is obtained under the assumption that photo-generated
carriers are swept out in the respective neutral regions by the high electric �eld
preventing any recombination (U = 0):

JSCR = q� 
 (1 � R
 )e� �W n (1 � e� �W SCR ) (2.47)

In contrast to the saturation current densities, no simple equation describing the
degradation of the photo-current density from the fundamental physical damage can
be derived. There have been few attempts to arrive at an analytical relationship
starting from fundamental physical laws [48, 49]. However, the authors adopted
assumptions in their calculations which are not of general validity and not suitable
for GaAs-based solar cell degradation. That is the reason why theJSC degradation
is usually described by the semi-empirical relationship:

RF(JSC) =
JSC(�)
JSC(0)

= 1 � C log

 

1 +
�

� crit

!

: (2.48)

This equation implies thatJSC is characterized by a two-stage degradation behavior:
it remains fairly constant for � < � crit , whereas for� > � crit a linear behaviorJSC�
log(� ) results, with the parameterC de�ning the slope of the characteristic curve.
The C parameter tends to be constant for a given solar cell material, so that the
parameter� � 1

crit can be treated as the radiation coe�cient (RC) forJSC, as de�ned in
Section 2.3. It should be pointed out, however, that� � 1

crit does not correlate directly
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with the physical damage introduced into the solar cell due to the semi-empirical
nature of Eq. 2.48
The reason behind the two-stage degradation mechanism can be qualitative un-
derstood from the in�uence ofLn;p on the base and emitter collection e�ciency,
respectively. By focusing only on the base contribution,Ln� Wp at BOL and all
carriers generated inWp are collected under the assumption ofSn = 0. A similar
situation occurs under irradiation for � < � crit , as long as the former relationship
betweenLn and Wp holds true. This leads to the �rst degradation stage, whereLn

degrades following Eq. 2.31 but noJSC degradation is observed. As� > � crit and
Ln(�) < Wp, carrier loss mechanism a�ectsJbase and thus JSC, marking the onset of
the second degradation stage.

2.4.3 Open-circuit voltage

The open-circuit voltageVOC is a consequence of the band bending due to photo-
generated carriers collected but not extracted from the solar cell. Under the assump-
tion that JSC is voltage-independent,VOC is calculate imposingJtot = JSC - Jdark = 0,
whereJtot is the total current extracted from the cell. If Jdark in Eq. 2.33 is domi-
nated solely by one contribution denoted asJ0x, VOC is determined as:

VOC = x
kT
q

log

 
JSC

J0x

!

; (2.49)

wherex is 1 or 2 according to whichJ0x contribution prevails. It is then possible to
write the VOC dependence in a compact form:

VOC (�) = x
kT
q

log

2

6
6
6
6
4

JSC(0) � C log

 

1 +
�

� crit

!

�
J0;x(0) + k� � (0)�

� x=2

3

7
7
7
7
5

� VOC (0) �
x2

2
kT
q

log
�

1 + k� � (0) �
�

:

(2.50)

In Eq. 2.50, the logarithmic � -dependence ofJSC can be neglected. As for theJSC

case, we can rewrite Eq. 2.50 in remaining factor terms as:

RF(VOC ) = 1 � C log

 

1 +
�

� crit

!

;

C =
1

VOC (0)
x2

2
kT
q

;

(2.51)

with � � 1
crit = k� � (0) in this case.

In most cases, however, both current contribution show up in theJdark of a GaAs
solar cell at current regime whereVOC is determined. In order to determine the
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Figure 2.10 � Local ideality factor n as a function of the dark current density in (In)GaAs middle
component cells at BOL and after irradiation with 1 MeV electrons at di�erent �uence values.

major contribution of Jdark around VOC , the voltage-dependent ideality factorn of
the junction is monitored:

n(Jdark ) =

"
kT
q

d ln(Jdark )
dV

#� 1

: (2.52)

For instance, the n-Jdark plot for the middle GaAs component cells at BOL and
after 1 MeV electron irradiation at di�erent � values is shown in Fig. 2.10. IfJdark

is dominated byJ01 then n = 1, whereas in theJ02 casen = 2. In the current regime
whereJdark = JSC, n values range from 1.5 to 1.7 for the BOL as well as the irradiated
cases. Moreover, the current atVOC is already a�ected by the series resistanceRs

e�ect, leading to the upward kink visible in Fig. 2.10. We shall deduce that the
assumption of single dominant contribution inJdark at VOC is rather theoretical
than representative of real cases. Most likely, both contribution are a�ecting the
VOC and the relative contribution varies with � due to the di�erent � -dependencies
of J01 and J02 as in Eq. 2.39 and 2.42. Therefore, Eq. 2.50 is not strictly suitable
for space solar cells. Nevertheless, Eq. 2.50 is used to describe the experimentalVOC

degradation data with a good margin of error.
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Parameter RCs
N t kt

� k� � �v th kt

L kL = D � 1k�

J01 kJ01 = � (0)k�

J02 kJ02 = � SCR(0)k� SCR

JSC empirical � � 1
crit

VOC � � 1
crit = � (0)k�

Table 2.1 � Summary table of the radiation damage coe�cients RCs.
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Chapter 3

Experimental Setups

3.1 Solar Cell structure

3.1.1 Triple-junction solar cell

The lattice-matched, space-grade triple-junction (3J) solar cell analyzed in this work
targets a 30 % BOL e�ciency. The representative cell architecture, sketched out
in Fig. 3.1 (a), consists of three p-n shallow junctions where the p-type polarity is
preferred for the thicker cell base (absorber), whereas thin n-type layers are used for
the emitters. A review on the radiation response of di�erent solar cell architectures
is reported in [45,50].
The cell is grown lattice-matched on a 4-inch, p-type Ge substrate via nucleation
and following sequential growth of epitaxial layers via MOCVD.
The bottom Ge sub-cell is formed by As di�usion into the Ge substrate during
the growth. The middle sub-cell consists of an In0:01Ga0:99As junction featuring
higher-band gap minority carrier barrier layers for back-surface �eld (BSF) and
front-surface �eld (FSF). The thickness of the In0:01Ga0:99As base is about 1.5� m,
smaller than the typical 3� m design of a fully-absorbant GaAs cell. A distributed
Bragg re�ector at the back of the sub-cell re�ects part of the utilizable photons, thus
enhancing the e�ective absorption length in the cell and compensating the reduced
current generation due to the thinner absorber. The thin base design, combined with
the distributed Bragg re�ector, increases the radiation-hardness of the sub-cell.
The top junction is formed by a lattice-matched Ga0:5In0:5P junction with GaInP
BSF and AlInP window layer. Each sub-cell is electrically connected in series via
heavily-doped tunnel junctions ensuring low voltage losses and optical transparency.
An anti-re�ective coating (ARC) is deposited on top of the AlInP window layer in
order to reduce the re�ectivity of the cell at the wavelengths of interest.
The wafers are processed in 2 cm� 2 cm solar cells. Ohmic contacts are realized with
Au layers deposited on top of the cells via photolitography and vapour deposition
techniques in a grid�nger pattern.
External connectors are applied via Ag strips welded at the Au/Ge top and bottom
contacts. The overall thickness of the cell is determined mainly by the Ge substrate
thickness, which ranges from 50� m to 150� m according to the device design.
The sub-cell band gaps of 0.66 eV, 1.41 eV and 1.89 eV are achieved with this solar
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(a)

(b)

(c)

Figure 3.1 � (a) Schematic device structure, (b) lattice constant-band gap plot and (c) electro-
luminescence signal from each sub-cell of the reference 3J solar cell.

cell con�guration, and the lattice constants are shown in Fig. 3.1 (b).
All epitaxially-grown sub-cells bene�t of very high-quality opto-electronic materials.
Moreover, the quality of the epi-layer is rather homogeneous throughout the area of
the device. The spatially-resolved electroluminescence intensity is detected for each
sub-cell with high dynamic resolution CCD cameras. The case for an exemplary 3J
cell at BOL is shown in Fig. 3.1 (c). For top and middle sub-cell electroluminescence
a 1024 x 1024 pixel Si sensor is used, whereas a 320 x 256 pixel HgCdTe is adopted
for the Ge bottom cell.
The sub-cell band gaps are engineered to exploit e�ciently the AM0 spectrum. In
Fig. 3.2 (a), the EQE signal of a reference 3J solar cell is plotted after correction
procedures illustrated in [51]. The AM0 spectrum is superimposed with a dashed
line. The peak of the AM0 spectrum up to 700 nm is absorbed by the top cell. The
absorption of the long wavelength (800-900 nm) in the middle sub-cell is enhanced by
the Bragg re�ector. The spectrum tail (> 1000 nm) is absorbed by the Ge sub-cell.
The top and middle sub-cells are very stable and reproducible from batch to batch.
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(a) (b)

Figure 3.2 � (a) External quantum e�ciency and (b) light J -V characteristics under AM0 spec-
trum of 3J solar cells and individual sub-cells.

Typical BOL photo-current average values of 17.14 mA/cm2 and 17.82 mA/cm2 are
achieved for the top and middle cell, respectively. The bottom sub-cell electrical
and optical properties, on the other hand, vary strongly with the production batch,
as they are very sensitive to the wafer growth conditions and to the temperature
variations during the MOCVD growth of the entire cell. It results that the BOL
photo-current varies signi�cantly from cell to cell. For our samples, a variation in
a range between 28.86 mA/cm2 and 35 mA/cm2 is observed. As the bottom current
density levels are higher than the ones in the middle and top sub-cells, the Ge bottom
cell is never limiting the current of the whole 3J cell at BOL conditions. Therefore,
the uncontrolled current of the bottom cell does not a�ect the performance of the
overall 3J cell.

3.1.2 Component cells

The component cells, also referred to as iso-type cells in the literature, are a set
of solar cell representative of individual sub-cells of a multi-junction solar cell ar-
chitecture. In our study, the set of component cells consists of a top, middle and
bottom component cell. Each component cell is fully representative of the respective
sub-cell in the 3J structure described in the previous section. The epitaxial growth
of the component cells follows a similar procedure as of the 3J stack, although a
p-n junction is only formed at the sub-cell of interest, whereas the remaining sub-
cell layers are grown using the same doping type for absorber and emitter layers.
The component cells allow the electrical characteristics of the single sub-cells to be
probed, while the entire optical properties of the cell structure are similar to the
original 3J cell. The set enables the complete electrical characterization of the single
sub-cells of the 3J stack. The opto-electronic properties of the individual sub-cells
can be probed as well, as the entire optical �ltering system is similar to the original
3J structure. This is shown exemplary in Fig. 3.2 (b), where the individual sub-cell
J -V curves under AM0 conditions are plotted for the BOL case. TheJ -V of the 3J
cell is also plotted with a black line. It is worth noting here, that theJSC of the top
cell corresponds to theJSC of the 3J cell, as the top cell is limiting the 3J current
at BOL conditions.
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3.1.3 Mesa-diodes

The mesa-diode structures are designed and fabricated at Fraunhofer ISE for defect
analysis in GaAs. The devices are designed to exhibit an overall SCR capacitance
in the measurable range of the DLTS setup described in Section 3.2. A strongly
asymmetry in the layer doping levels is necessary for junction DLTS. Given the
�xed material-speci�c parameters, the total capacitance is adjusted by reducing the
mesa area of the device. The epi-layers to form the p-n junctions were grown on a
suitable 4-inch GaAs substrate. Circular structures with steep edges, referred to as
mesa-structures, were fabricated using photolithography and a wet chemical etching
processes. Several mesa-structures are etched out of the same wafer, while the deep
etch ensures that each p-n junctions is separated from the others. Metal contacts
are deposited by metal evaporation on the back of the wafer and on the top of
each mesa-diode. For the front contact, a more accurate photolithography process
is required to ensure that the evaporated metals lie exactly on the mesa-structure
and no short circuit at the edge of the device is produced. The mesa-diodes were
processed in three di�erent form factors, with total area ranging from 0.15 mm2

to 1.02 mm2. The largest device ensures a total capacitance value without external
applied voltage already below the 20 nF instrument limit. A microscope image of the
1.02 mm2 mesa-diodes is shown in Fig. 3.3 (a). For the defect analysis in GaAs, the
p+ -n and n+ -p GaAs mesa-diode structures illustrated in Fig. 3.3 (b) were used. The
n+ -p diodes were grown on a p-type substrate and are representative of a standard
shallow-junction GaAs solar cell. The p+ -n diodes, grown on an n-type substrate,
featured an AlGaAs/GaInP double hetero-structure grown on top of the p+ -n GaAs
junction. The double heterostructure was not designed to be part of this experiment
and it does not in�uence the defect spectroscopy analysis.

3.2 Experimental techniques

3.2.1 Irradiation experiments

Accelerated degradation tests for a given solar cell technology under space radiation
environment are performed by mono-energetic irradiation experiments. The scope
of the experiments is to accumulate an amount of non-ionizing dose into the solar
cell. According to the standard DDD method [17], only one energy is required for
proton testing. In the case of electrons, on the other hand, the higher sensitivity
to the material threshold energy for displacement implies a number of irradiation
energies equal or higher than two.
A brief description of the irradiation facilities where samples from this dissertation
were irradiated are laid down in the following sections. They are routinely used by
the European Space Agency (ESA) for radiation testing and solar cell quali�cation
for space.

Electron irradiation facility

The electron irradiation experiments are performed at two di�erent facilities: the
IRI electron accelerator at TU Delft and the Sirius facility at the Ecole polytech-
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