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Abstract

Charged particle radiation in space, consisting of protons and electrons trapped in the
Van Allen belts as well as of solar flare protons, is the single most important factor that
degrades solar cell performance. Currently, a major shift in space photovoltaic power
generation is taking place due to two developments: i) New missions employ electric
orbit raising, which increases the equivalent radiation fluence by up to a factor of ten.
ii) Four-junction devices are gaining momentum in space power generation, which are
manufactured by new growth techniques such as metamorphic growth or wafer bonding.
Therefore, it is necessary to understand the degradation behavior of both the new four-
junction as well as of the currently used three-junction cells in this new environment.
With this goal in mind, a degradation campaign was started. Three- and four-junction
cells as well as their respective isotype cells were irradiated in particle accelerators with
electrons with an energy of 1 and 3 MeV and protons with an energy of 1, 2 and 5 MeV.
The energies and fluences were chosen to be representative of the radiation environment
in space. The cells were characterized in order to determine their electrical properties
and their characteristic degradation curves.

In order to analyze the degradation data, the displacement damage dose method was
adapted: the threshold energy for atomic displacement T} . ;s was explicitly introduced
as fit parameter. With this change, the non-ionizing energy loss was calculated analyt-
ically. This led to a collapse of the electron data on a single curve which is necessary
to gain the characteristic degradation curve. No additional exponent without physical
meaning needed to be introduced, unlike during the previous analysis method.

The adapted analysis method was successfully applied to the degradation data of 4J and
3J cells as well as to their respective isotype cells. Characteristic degradation curves,
degradation parameters and threshold energies for atomic displacement were obtained
for the short-circuit current, the open-circuit voltage and the power at maximum power
point. For the collapse of 3J cell data, GaAs NIEL with a threshold energy of 21 eV was
found. For the collapse of 4J cell data, Ing3Gag;As NIEL with a threshold energy of
25V was found.

The particle environment of a specific electric orbit raising mission was computed. Using
the computed particle environment as well as the determined 4J degradation charac-
teristics, the degradation of the cells was determined dependent on the cover glass

thickness. It was found that the power at maximum power point degrades to 87 % of



its original value at the end of the mission when 100 um cover glass is used.

Moreover, it was found that the current-voltage characteristics of GaAs cells under illu-
mination exhibit a voltage-dependent photocurrent. The photocurrent has its origin in
the voltage-dependent width of the space charge region in combination with a strongly
decreased minority carrier diffusion length and was modeled accordingly. By extracting
the width of the space charge region from capacitance measurements and the base layer
diffusion length from the external quantum efficiency of the cell, the experimental be-
havior of the photocurrent was reproduced accurately.

Furthermore, a method of determining subcell characteristics of multi-junction cells us-
ing pulsed lasers was introduced and results of 3J and 4J cells were determined. The
subcells of multi-junction cells, especially of irradiated ones, were directly investigated,
which would not be possible with the help of well-established methods relying on the
EL or PL spectrum. Pulsed lasers were employed to determine the open-circuit voltage
and the dark current-voltage characteristics of all subcells of BOL as well as of electron
and proton irradiated 3J and 4J cells. Therefore, this characterization method makes

the need for isotype cells obsolete.



Kurzfassung

Geladene Teilchenstrahlung im Weltraum, bestehend aus in den Van-Allen-Giirteln gefan-
genen Protonen und Elektronen als auch aus von Sonneneruptionen freigesetzten Pro-
tonen, ist derjenige Faktor, der fiir die Degradation von Solarzellleistung hauptsachlich
verantwortlich ist. Im Moment findet eine groBe Veranderung in der photovoltaischen
Energieerzeugung im Weltraum statt, was sich anhand der folgenden zwei Entwicklun-
gen zeigt: i) Neue Missionen nutzen elektrische Triebwerke zur Erhéhung der Satel-
litenumlaufbahn, was die dquivalente Teilchenfluenz um einen Faktor von bis zu zehn
erhoht. ii) Vierschicht-Solarzellen werden zukiinftig zur Energieerzeugung im Weltraum
eingesetzt, welche durch neue Wachstumstechniken wie metamorphes Wachstum oder
Waferbonding hergestellt werden. Deshalb ist es notwendig, das Degradationsverhalten
der neuen Vierschicht- als auch der gegenwartig verwendeten Dreischichtzellen in dieser
neuen Teilchenumgebung zu verstehen. Um dieses Ziel zu erreichen, wurde eine Be-
strahlungskampagne gestartet. Drei- und Vierschichtzellen sowie auch ihre entsprechen-
den Komponentenzellen wurden in Teilchenbeschleunigern mit Elektronen der Energien
1 and 3 MeV als auch mit Protonen der Energien 1, 2 and 5 MeV bestrahlt. Die Energien
und Fluenzen wurden so gewahlt, dass sie reprasentativ fir die Strahlungsumgebung im
Weltraum sind. Die Zellen wurden charakterisiert, um ihre elektrischen Eigenschaften
sowie auch ihre charakteristische Degradationskurve zu bestimmen.

Um die Degradationsdaten zu analysieren, wurde die DDD Methode dahingehend angepasst,
dass die Schwellenenergie fiir atomare Versetzungen T} ;s explizit als Anpassungspa-
rameter eingefiihrt wurde. Mit dieser Anderung wurde der nichtionisierende Energiev-
erlust analytisch berechnet. Das fiihrte dazu, dass die Elektronendaten auf eine einzige
gemeinsame Kurve zusammenfallen, was notwendig ist, um eine charakteristische Degra-
dationskurve zu erhalten, ohne einen zusatzlichen Exponenten ohne physikalische Be-
deutung einzufiihren, was in der bisherigen Analysemethode notwendig war.

Diese veranderte Analysemethode wurde erfolgreich an den Degradationsdaten von
4J) und 3J Zellen als auch an deren entsprechenden Komponentenzellen angewendet.
Charakteristische Degradationskurven, Degradationsparameter und Schwellenenergien
fir atomare Versetzung wurden bestimmt fiir den Kurzschlussstrom, die offene Klemmspan-
nung und die maximale Leistung. Fiir das Zusammenfallen der 3J-Zelldaten wurde ein
GaAs NIEL mit einer Schwellenenergie von 21 €V gefunden. Fiir das Zusammenfallen

der 4J-Zelldaten wurde ein Ing3Gag7As NIEL mit einer Schwellenenergie von 25¢V ge-



funden.

Die Teilchenumgebung einer konkreten Satellitenmission mit elektrischen Triebwerken
zur Orbiterhohung wurde berechnet. Unter Verwendung dieser berechneten Teilchenumge-
bung als auch der bestimmten 4J-Degradationscharakteristik wurde die Degradation der
Zellen in Abhangigkeit ihrer verwendeten Deckglasdicke bestimmt. Es wurde herausge-
funden, dass die maximale Leistung auf 87 % ihres urspriinglichen Wertes am Mission-
sende degradiert, wenn 100 um dickes Deckglas verwendet wird.

Des Weiteren wurde herausgefunden, dass die Hellkennlinie von GaAs-Zellen einen
spannungsabhangigen Photostrom zeigt. Die Ursache des Photostroms liegt in der
spannungsabhangigen Dicke der Raumladungszone in Kombination mit einer stark ver-
ringerten Minoritatsladungstragerdiffusionslange und wurde auch dementsprechend mod-
elliert. Das experimentelle Verhalten des Photostroms ist exakt nachgebildet worden
unter Einbeziehung der Dicke der Raumladungszone, welche durch Kapazitatsmessun-
gen herausgefunden wurde und der Basisschichtdiffusionslange, welche durch Messungen
der externen Quanteneffizienz bestimmt wurde.

Eine Methode der Bestimmung der Teilzellcharakteristiken von Mehrschichtsolarzellen
unter Verwendung von gepulsten Lasern wurde vorgestellt und Charakteristiken von 3J-
und 4J-Zellen wurden gemessen. Die Teilzellen von Mehrschichtzellen, speziell von be-
strahlten Zellen, konnten somit direkt untersucht werden, was nicht moglich ware mit
etablierten Methoden, die das EL oder das PL Spektrum dazu bendtigen. Die offene
Klemmspannung als auch die Dunkelkennlinien aller Teilzellen sowohl von unbestrahlten
als auch von mit Elektronen oder Protonen bestrahlten 3J- und 4J-Zellen wurden durch
die Verwendung gepulster Laser bestimmt. Diese Charakterisierungsmethode macht die

Notwendigkeit von Komponentenzellen iberfliissig.
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1 Introduction

Photovoltaics is the most promising technology for direct energy conversion from pho-
tons of the sun to electric power. The physics behind the solar cell began with the
discovery of the photoelectric effect by Bequerel in 1839 [1]. He detected a voltage
between two silver chloride-coated platinum electrodes in an electrolyte under illumina-
tion. The solar cell was finally made possible by the research into silicon p-n junctions
carried out by Shockley, Bardeen, and Brittain in 1947 [2]. Shortly after the p-n junction
was researched, the first modern silicon-based solar cell with an efficiency of 6 % was
invented by Chapin, Pearson, and Fuller at the Bell laboratories in 1954 [3]. Ever since,
researchers have tried to increase the efficiency of solar cells. With that goal in mind,
different material systems were tried and their fabrication further developed since 1954,
i.e. Ge, CdTe, CIGS, amorphous, poly- and single- crystalline Si, GaAs, InP, and organic
materials. Moreover, different concepts such as quantum dot cells, concentrator cells,
and multi-junction cells were developed to increase energy conversion efficiency. The
evolution over time of the best research-cell efficiencies by cell material and technology
is shown in Fig. 1.1. Multi-junction cells offer at the moment the highest efficiencies.
The current record solar cell is a six-junction concentrator solar cell with an efficiency
of 47.1 %.
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Figure 1.1 Table of best research-cell efficiencies from 2021. This plot is courtesy of the
National Renewable Energy Laboratory, Golden, CO [4].



1 Introduction

At the present time, solar cells are used as terrestrial energy source along with other
energy sources, i.e. water power, wind power, fossil fuels, and nuclear power. In space,
however, not many alternatives to photovoltaic energy exist.

Photovoltaic energy is the only energy source used to generate electric energy to

power satellites in orbits around Earth or on exploration missions as far away as Jupiter.
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Figure 1.2 AMO spectrum with the corresponding ratios convertible to electric power by 4J
cells. The band gaps of the junctions J1 to J4 are 1.9¢eV, 1.4¢eV, 1.1€V, and 0.67¢V.

Only on missions beyond Jupiter, the solar irradiance is too low to generate enough
power for satellites. On such deep-space missions, satellites are powered by radioisotope
thermoelectric generators. The first artificial satellite constructed by mankind was Sput-
nik, which was launched in 1957. It was powered only by batteries. Not long after this
event, in 1958, the first satellite powered by solar cells called Vanguard 1 was launched.
This event led to a worldwide increase in publicity for photovoltaic technology. The use
of solar cells extended the maximum achievable satellite mission time. On Vanguard 1,
six panels, each populated with eighteen 2 x 0.5 cm?cells were mounted directly onto
the hull of the satellite, which in sum generated a power of approximately 1 W. The first
satellite using fold-out solar panels was Explorer 6, which was equipped with four panels
and an overall number of 9600 solar cells. Solar cells offer a very good power to mass
ratio and are therefore the best choice to power satellites in the vicinity of the sun. The
demand for solar cells in space was and still is the main driver of the development of
solar cells with higher efficiencies. Up to approximately 1990, the bulk of the solar cells

used in space was made of silicon. After 1990, GaAs-based solar cells began to replace



silicon. As shown in Fig. 1.1, the efficiencies of GaAs solar cells began to increase
around 1990. GaAs-based cells showed higher efficiencies than silicon solar cells. While
silicon solar cells in this day and age mainly play a role in terrestrial power generation
due to their superior cost per watt ratio, they are not used in space anymore. The
main solar cell technology deployed in space is multi-junction solar cells based on GaAs,
which can use the spectrum of the sun more efficiently than single-junction cells. In
Fig. 1.2, the AMO spectrum, which is present outside of Earth's atmosphere, is depicted
along with the maximum ratios of irradiance which can be converted to electric power
by the four different junctions of a typical GaAs-based four-junction (4J) solar cell. The
power per area of a junction can be computed by integrating the spectral irradiance of
the junction with the wavelength. The image shows that a multijunction cell can use
a larger proportion of the provided solar power when relying on material systems with
band gaps adapted to the solar spectrum and when minimizing thermalization losses.
In Fig. 1.3, a present-day satellite wing consisting of four panels populated with
multi-junction solar cells is shown. The panels have to be foldable due to the volume
restrictions inside a rocket which transports a satellite into space. Once in space, the

satellites solar generator unfolds and begins to generate power. Solar cells on satellites

Figure 1.3 Solar generator wing used to power a satellite consisting of four panels populated
with solar cells.

are exposed to extreme environmental loads, i.e. vibrations and acoustic noise during
launch, temperature cycles due to eclipses, and also particle irradiation. The presence
of charged particles in space around Earth was first proven by James Van Allen and his
team, who designed and attached a Geiger counter on the satellite Explorer 1, which
was launched in 1958. Data from Explorer 1 and Explorer 3 showed Van Allen that a
belt consisting of charged particles existed around Earth. The particles trapped in the
belt originate from solar wind, which is an omnidirectional stream of charged particles

coming from the sun. Data from Pioneer 3 and Explorer 4 showed that there is an



1 Introduction

outer radiation belt encircling the inner belt [5] [6]. Sergei Vernov was also a pioneer
in researching the radiation belts around Earth [7]. These radiation belts are today
known as the Van Allen belts. They mainly consist of electrons and protons trapped in
Earth’'s magnetic field. The Van Allen belts are sketched in Fig. 1.4. In the center of

Outer Belt
12,000 — 25,000 miles

GPS Satellites
12,500 miles

Geosynchronous Orbit (G'So)
NASA's Solar

Dynamics Observatory

. s 4 é “ = .
Inner Belt - 22,000 miles
1,000 — 8,000 miles / :

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

Van Allen Probe-A

Van Alleén Probe-B

Figure 1.4 Cutaway model of the Van Allen radiation belts around earth. Credits: NASA [8].

the figure, Earth is depicted. Around Earth a cutaway model of the torus shaped inner
and outer Van Allen belt is shown with red color indicating regions of high particle flux
and blue regions indicating regions of lower particle flux. Within the belts sketches of
some spacecrafts are shown along with their approximate orbits. Also the two Van Allen
Probes are depicted, which were used by NASA to study the belts. Spacecrafts which
transit these belts or operate in an orbit in a belt are exposed to high particle fluxes,
which damage all materials, in particular semiconductors.

Therefore, there is a need for representative testing of the continuous particle spectrum
on ground combined with an improved understanding of the degradation mechanism in
order to develop cells with improved radiation hardness.

This thesis is structured in the following manner:

Chapters 2 and 3 First of all, the fundamentals of solar cell physics as well as the
experimental setups used are explained.

Chapter 4 It is necessary to compute the non-ionizing damage which is caused by
high-energetic charged particles in semiconductors. In this section, the computation of
the non-ionizing energy loss of charged particles in matter is explained.

Chapter 5 In this section, a method to analyze degradation data gained from irradiation
experiments is advanced. Typical degradation curves of 3J cells and their respective 1J
subcells are determined with the help of this method.

Chapter 6 In this section, a new phenomenon, namely the voltage-dependent pho-



tocurrent of irradiated GaAs cells, is introduced. Its origin was researched and fully
explained.

Chapter 7 In this section, the results of the irradiation of 4J cells and their respective 1J
subcells and the following characterization and analysis are shown. Moreover, a power
prediction of an electric-orbit-raising mission to a geostationary orbit until its end of life
is presented depending on the employed cover glass thickness.

Chapter 8 In this section, a new method of determining the subcell characteristics of

a multi-junction solar cell is introduced and the results of 3J and 4J cells are presented.
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2 Fundamentals of space

photovoltaics

In this chapter, the fundamentals of photovoltaics in space are introduced, with special
attention to particle irradiation. Firstly, the theory of solar cells is given. Secondly, the
particle environment in space and the theoretical aspects of defects in solar cells are

explained.

2.1 Solar cell

2.1.1 pn-junction

In order to create a pn-junction, a semiconductor is doped with atoms of other elements.
Atoms belonging to a main group with a higher atomic number than the semiconduc-
tor material are called donors because they donate electrons to the semiconductor. A
semiconductor doped with donors is negatively doped or n-doped, which means there
is an excess of free electrons, which are the majority charge carriers in an n-type semi-
conductor. Atoms belonging to a main group with a lower atomic number than the
semiconductor material are called acceptors because they accept electrons or donate
holes. A semiconductor doped with acceptors is positively doped or p-doped, which
means there is an excess of free holes, which are the majority charge carriers in a p-type
semiconductor. A pn-junction consists of a p-doped and an n-doped region in direct
contact. A sketch of a pn-junction is shown in Fig. 2.1a).

In an n-doped semiconductor, the Fermi energy E; is close to the conduction band
energy E. as shown in Fig. 2.1b). In a p-doped semiconductor, E is close to the valence
band energy E,. When the two doped semiconductors are brought into contact, the
Fermi energy remains flat. This causes majority electrons from the n-region to move
to the p-region and majority holes to move from the p- to the n-region until a thermal
equilibrium is established. In thermal equilibrium, the bands are bent as sketched in Fig.
2.1b). The potential difference between the n- and the p-doped regions is called the
built-in potential or built-in voltage V,, see Eq. 2.1. The built-in voltage

)

€ n;
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Figure 2.1 a) Sketch of a pn-junction b) Band diagram of a pn-junction c) Charge distribution
of a pn-junction

is dependent on the temperature T, the donor doping density Np, the acceptor doping

density N4, and the intrinsic carrier density n; [9].

Around the contact region where the bands are bent, excess electrons and holes
electrically neutralize each other. The remaining dopant atoms create a net positive
resp. negative charge as sketched in Fig. 2.1c). Therefore, this region is called the
depletion layer or space charge region (SCR). The total width of the SCR is Wscrg.
The regions outside of the SCR are electrically neutral because dopant atoms and their
excess charge carriers neutralize each other's charges. The width of the SCR WycR is

given in Eq. 2.2. It is

QEQETNA—FND
Wser = Vi 2.2
son =22 Mot Moy, 22)

is dependent on the permittivity €y¢,, the donor doping density Np, the acceptor doping
density N4 and the built-in voltage V; [9].

Within the SCR, an electrical field spreads from the positively to the negatively
charged region. This is in principle the structure of a plate capacitor. Therefore,

there is a capacitance, the so-called depletion-layer capacitance:

C

=X = 23
v\ 2(V, £V — 28T (23)

e

_JQ_J eeoerNpja

By applying a voltage dV to the pn-junction and changing it incrementally, the charge

per unit area dQ at the depletion layer changes incrementally as well. The capacitance of



2.1 Solar cell

the depletion layer depends on the permittivity €ye,, the doping density N, if Np >>
Ny, and vice versa, the built-in voltage Vj, the applied voltage V, and % which
is a correction factor introduced because the charge distribution within the SCR is
not exactly rectangular as sketched in Fig. 2.1c), but the majority-carrier distribution
introduces tails to the distribution [9].

In a solar cell, the n-doped part of the semiconductor, which is thinner, higher doped,
and facing to the sun, is called emitter, and the p-doped part of the semiconductor,
which is thicker, lower doped, and facing away from the sun, is called base. Therefore,
this terminology is also applied in the following. When a voltage is applied to the base
and emitter, the width of the SCR changes depending on the polarity of the voltage.
When the applied voltage increases the width, the pn-junction is operated in backwards
direction and only a small backwards current can flow. Changing the polarity of the
applied voltage will allow an exponentially growing current to flow through the pn-
junction, which is then operated in forward direction.

Two regions have to be discriminated regarding the recombination of electrons and holes
in order to fully describe the recombination behavior. Firstly, there is the recombination
in the base and emitter region. Secondly, there is the recombination in the SCR. The
current-voltage characteristics of an ideal pn-junction are described by the Shockley
equation 2.4, which neglects recombination in the SCR. This equation is based on
four assumptions [9]: 1) the abrupt SCR approximation, which states that an abrupt
change occurs between the SCR and neutral regions 2) the Boltzmann relations are
valid within the SCR 3) minority carrier densities are small compared to the majority
carrier densities 4) no generation current exists in the depletion layer. This leads to the
Shockley equation

eV
Il = [01(exp m — 1) (24)

where [y, describes the recombination of electrons and holes in the neutral base and

emitter regions.
DppnO + DnnpO)
L, L,

[01 = [p + [n = 6( (25)

I,, and I,, are the hole and electron recombination currents, D, and D,, are diffusion
coefficients, p,o and n,q are the equilibrium hole resp. electron densities in the n- and
p-region and L, and L,, are the diffusion lengths. In an asymmetrically doped solar cell,
either I, or I,, dominates and the other one can be neglected due to different doping
densities of the n- and p-region.

The ideal Shockley equation describes the behavior of pn-junctions based on some semi-
conductor materials well. However, e.g. for GaAs-based pn-junctions, the generation

and recombination process in the SCR has to be considered as well, which is neglected
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IL I01 Ioz R

Figure 2.2 Equivalent circuit of an 1J solar cell.

in the Shockley equation. The recombination current in the depletion region is given by
Eq. 2.6

eV
pT

where Iyo describes the recombination of electrons and holes in the SCR. It is important

Iy = Ing(exp —1) (2.6)

to note that the so-called ideality factor is 2 in the denominator of the exponential
function of Eq. 2.6 in contrast to 1 in Eq. 2.4.
eWscropmVinlNin; — eWscrn;

I — _ 2.7
02 9 To/n2 (2.7)

Wscr is the thickness of the SCR, o is the capture cross section of an assumed trap
in the middle of the bandgap with energy F, = % and density N, thermal carrier

velocity vy, and lifetime 7,,/,, [9].

2.1.2 Real solar cell

In a real solar cell, both recombination currents I; and I, have to be considered. More-
over, series and parallel resistance R, and R, are responsible for losses. The equivalent
circuit diagram of a single-junction solar cell is depicted in Fig. 2.2. It consists of two
diodes, a current source, and a shunt resistor connected in parallel as well as a resistor
connected in series. The two diodes represent two recombination currents /; and I5.
The current source represents the current generated in the solar cell under illumination.

The resistors represent resistances present in the solar cell itself.
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Figure 2.3 Typical current-voltage characteristics of a GaAs pn-junction in forward direction.

A single-junction solar cell without illumination can be described by the two-diode-model
Eq. 2.8

e(V — IRy)

e(V — IR,
kBT — 1) -+ IQQ(eXp ( )

Ligri; = [01(exp W
B

(2.8)
A typical current-voltage measurement of a single-junction solar cell without illumination
is depicted in Fig. 2.3. The curve is dominated by four different parameters depending
on the applied voltage range. At the lowest voltage range, the characteristic dark
current-voltage curve shows an increased current density due to the parallel resistance
R, of the cell. Next, the curve shows an exponential increase, which is dominated
by the recombination current I,. This means that most of the recombination takes
place in the space-charge region. At higher voltages, the recombination in the emitter
and base regions increases so that the overall cell current is dominated by this kind
of recombination current, which is represented by I;. At the highest applied voltages
possible without permanently damaging the solar cell, the behavior is dominated by the
series resistance of the cell, which reflects the resistance of the contact metalization and

the semiconductor shunt resistance.

S - (2.9)

The current voltage characteristics of a solar cell under illumination is described by Eq.
2.9. The equation represents the superposition of the two-diode-model recombination

current and the photocurrent I, [10]. A typical IV-curve under illumination is depicted
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Figure 2.4 Typical current-voltage and power-voltage characteristics of a solar cell under
illumination.

in Fig. 2.4. It is important to note that the LIV-curve is depicted in its typical notation,
which consists of a linear current axis in contrast to the logarithmic current axis of
the DIV curve. Moreover, the current axis is inverted, which is the reason why the
current [ is positive while Eq. 2.9 states a negative photocurrent. The important
electrical parameters of a solar cell IV-curve under illumination are highlighted in the
graph: The short-circuit current I, which is the maximum current a real solar cell can
generate, the current at maximum power point I,,,,, the maximum power P,,,,, the
voltage at maximum power point V,,,,,, and the open-circuit voltage V,.. The maximum
power point MPP can be easily determined by plotting the power-voltage curve of the
solar cell, which is shown as the blue graph. It is computed by simple multiplication
P(V) =V -I(V). In a real solar cell measured, a series resistance R, and a shunt
resistance R, can appear. In the IV-curve, a shunt resistance would result in a slope
of the otherwise horizontal current branch of the curve from approximately V' = 0 to
V' = Vipp- A series resistance would result in a less steep slope of the current branch
from approximately V' = V,,,,, to V. = V,.. A real IV-curve including Rs and R, is

shown as dashed line in Fig. 2.4.

The power at maximum power point can be computed using Eq. 2.10

Prvp = Lpp * Vinp (2.10)
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The fill factor of a solar cell describes the squareness of the LIV curve and is given

by Eq. 2.11.

Pmpp
2.11
]sc : V:)c ( )

The spectral response (SR) of a solar cell is the ratio of the current generated by

FF =

a solar cell to the power incident to the solar cell wavelength dependent. The SR is
necessary to calculate the maximum photocurrent, a solar cell can generate I7,,,4.. The
I maz is determined by the incoming photon flux, the band gap of the solar cell, and the
average number of electron-hole pairs generated per incoming photon. The maximum
photocurrent is described by Eq. 2.12, which is the integral from the wavelengths
starting from 0 to the bandgap wavelength )\, over the product of the spectral response
SR(X) and the photon spectrum outside of Earth's atmosphere AMO()\), which stands

for air mass zero.

Tias = / SR(N) - AMO(N)d\ (2.12)

The bandgap wavelength A\, can be calculated using Eq. 2.13. The higher the band
gap, the fewer photons contribute to the photocurrent, but the generated voltage is

higher.
E, = — (2.13)

The spectral response SR of a solar cell correlates with the external quantum efficiency
EQE, which states the average number of electron-hole pairs generated per incoming
photon, by Eq. 2.14.

It
n = he

EQF = — = 4 = —SR 2.14
Nph —TC’\ e ( )

The EQE should be close to 1 for an efficient solar cell. In Fig. 2.5, the SR and EQE
of a J1 cell of a 4J cell are depicted. At approximately 650 nm, both values are zero,

which means that this is approximately the bandgap wavelength of J1.

2.1.3 Multi-junction solar cell

Solar cells can only use the energy of photons up to the bandgap of the semiconductor.
The additional energy of higher energetic photons is lost. These thermalization losses
can be minimized by using multi-junction instead of single-junction solar cells. In a
multi-junction cell, more than one solar cell are connected in series on top of each
other. This can be achieved by different approaches, such as epitaxial growth from
bottom to top on a substrate, epitaxial growth from top to bottom, and a final lift-off
step to get rid of the substrate or wafer bonding of two independently grown parts of
a multi-junction cell. As an example, a detailed layered sketch of a 3J cell is shown in

Fig. 2.6. To connect different subcells in a multi-junction cell, tunnel diodes are used.
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Figure 2.5 External quantum efficiency and spectral response of a J1 subcell.

Otherwise i.e. the n-contact of the bottom cell and the p-contact of the middle cell
would form a diode in reverse direction and no current could flow through the 3J cell.
Tunnel diodes are pn-junctions which are heavily doped, which leads to degeneration of
both the p- and the n-side. This means that the Fermi energy E; lies below [, at the
p-side and above E. on the n-side. Applying reverse voltage to the junction will bend
the bands in a way that direct tunneling from charge carriers from the valence band
to the conduction band becomes possible. Above the top cell, there is a window layer.
High-energy photons are absorbed close to the surface and the window layer is necessary
to prevent surface recombination. It consists of a high band gap material ensuring that
it is transparent for the wavelengths absorbable by the three cells below. The top of
the window layer is covered by an anti-reflection coating (ARC) made from TiO, /Al;,O3
as well as by the metal grid fingers. The bottom of the cell is fully metalized. Due to
the connection in series of several subcells, the overall current of a multi-junction cell

is determined by the lowest current of all subcells:
The voltage of a multi-junction cell is the sum of the individually generated voltages:

Vs = > Vi (2.16)
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Figure 2.6 Sketch showing the layer structure of a 3J cell. Typical layers according to [11].

2.2 Generation and recombination

2.2.1 Generation

In a solar cell, electron-hole pairs are generated by the absorption of photons . To
deduce the distribution of a photon current j., incoming on a semi-infinite semiconductor,

the continuity equation given by Eq. 2.17 is used.

on,(z)
ot

— Gyla) - Ry(a) - 22 (2.17)

Ox
It means that the density n, of photons in a volume element at location x changes over
time by considering the generation rate GG, of photons as well as the recombination rate
R, and the incoming or outgoing photon current j,. We only consider the static case
marked by no change over time (ang—fx) = 0). We assume that no photons are created in
the semiconductor. (G.,=0, radiative recombination is neglected). The recombination
rate inside the semiconductor is assumed to be proportional to the incident photon
current (R, = «j,) with the absorption coefficient @ to be determined later in this
section. These conditions lead to Eq. 2.18, which is the continuity equation for photons
in a semiconductor:

div j,(x) = —ajy () (2.18)
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The solution to this differential equation is Eq. 2.19

Jy(x) = j5(0) exp (—az) (2.19)

which is also called the Lambert-Beer-law. j,(0) is the photon current which is not
transmitted or reflected but absorbed at the surface of the semiconductor. The most
important process in a solar cell is the creation of electron-hole pairs by absorption of
photons. The probability of a photon with energy F., being absorbed in a semiconductor
is determined by the absorption coefficient a(E,) of a semiconductor.

Direct bandgap

The generation of electron-hole pairs can occur via a direct or an indirect bandgap of
a semiconductor. Direct transitions are defined as transitions of electrons and holes
between the valence band energy E, and the conduction band energy E. where the mo-
mentum of the electron-hole system does not change, because the momentum brought
into the system by the photon is negligible. When a photon ~ is absorbed and creates

an electron e and a hole h as it is shown in Eq. 2.20,
vy—e+h (2.20)

the absorption coefficient o can be computed using momentum and energy conservation

[12]. « depends on the energy of the photon, see Eq. 2.21.

a=0forE, <E,
ax /B, — E,for B, > E,

For photon energies below the bandgap energy, the photons cannot be absorbed because

(2.21)

inside the bandgap there are no allowed states for electrons and holes. For photon ener-
gies above the bandgap energy, the absorption edge of direct bandgap semiconductors
like GaAs increases abruptly. At x = é the intensity of the photon current has de-
creased by the factor e. The corresponding length L., = é is called penetration depth.
Due to the high absorption coefficient o of semiconductors with direct bandgaps, the
thickness of solar cells grown from direct bandgap materials can be very thin within an

order of magnitude of 1 um.

Indirect bandgap

In indirect semiconductors, the transition of electrons and holes between the valence
band and the conduction band is not possible only by photon absorption at the mini-

mum bandgap energy. The momentum conservation is only fulfilled by bringing in the
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2.2 Generation and recombination

momentum of another particle, which is a lattice vibration or phonon I' as shown in Eq.

2.22.

v+ —e+h (2.22)
v—e+h+T .

The additional momentum of the phonon enables transitions between the valence and

the conduction band with different momentum values. The absorption coefficient « is

a x (E, — E, + Er)? for phonon absorption
( Y g I‘) p p (2.23)
o « (E, — E, — Er)? for phonon emission

Due to the necessity of phonon participation, the probability of indirect transitions is
small compared to direct transitions. This causes an increase of the absorption edge,
which is less steep than of the absorption edge of direct transitions, and furthermore
a longer penetration depth. Typical indirect bandgap semiconductors are silicon and
germanium. Si and Ge solar cells have to be thicker than direct bandgap solar cells in
order to absorb the same amount of photons. Their thickness has an order of magnitude
of 10 — 100 um

2.2.2 Recombination

Recombination describes the annihilation of electron hole pairs. Therefore, this process
involves the transition of electrons resp. holes between valence and conduction band.
The involved energy is released resp. provided as thermal energy or as photons. Recom-
bination can be triggered by external excitation, which generates excess charge carriers
within the system. When the external excitation stops, the system returns to its initial
state. The excess charge carrier concentration decreases according to the recombination
rate R, which is dependent on the kind of recombination. There are different kinds of
recombination processes. Intrinsic recombination like radiative band-to-band recombi-
nation and Auger recombination can occur even in defect-free semiconductors. Other
recombination processes involve defects in the bandgap or defects at the surface. The

overall recombination rate is a sum of all individual recombination rates.

Radiative recombination

The radiative recombination of an electron and a hole is the opposite process of the
direct absorption of a photon.
e+h—r (2.24)

In the pure view of electrons this means the transition of an electron from the con-

duction band to the valence band thus creating a photon so the energy conservation is
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Figure 2.7 Electrons and holes can recombine a) radiatively by emitting a photon =, b)
by Auger recombination where the released energy is absorbed by an electron in the con-
duction band, which then thermalizes to its original energy level generating phonons T' ¢)
non-radiatively at a defect in the band gap by emitting phonons I" and d) at the continously
distributed defect states of a surface.

fulfilled, which is shown in Fig. 2.7a). Radiative recombination is negligible in indirect

semiconductors but pronounced in direct semiconductors.
R,qq = Bneny, (2.25)

The radiative recombination rate R,.4, see Eq. 2.25 is dependent on the densities of

free electrons n. and free holes n;, as well as the material dependent coeffiecient B [12].

Auger recombination

Auger recombination is also the transition of an electron from the conduction band to
the valence band, but it is a non-radiative kind of recombination. The released energy
is absorbed by another electron in the conduction band (eeh-process) or by a hole in the
valence band (ehh-process). The electron resp. hole which absorbed the recombination
energy releases this additional energy to the crystal lattice in the form of phonons. The

eeh-process is sketched in Fig. 2.7b).
RAug == nenh(C’ene + C’hnh) (226)
The Auger recombination rate Ry, is given by Eq. 2.26, which includes Auger re-

combination of both electrons and holes and their respective Auger coefficients C, and
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2.2 Generation and recombination

Ch. The dominant kind of Auger recombination is dependent on the semiconductor
being n- or p-doped. Auger recombination in general is dominant in heavily doped

semiconductors [12].

Shockley-Read-Hall recombination

Recombination through defects in the semiconductor bandgap (deep-level impurities or
traps) is called Shockley-Read-Hall (SRH) recombination. The released energy during
recombination dissipates by phonons or lattice vibrations. Therefore, it is a non-radiative
kind of recombination. In solar cells, especially in the ones containing defects by particle
irradiation, this is the dominant recombination process. Most important are defects with
a defect energy in the middle of the bandgap. Recombination of an electron and a hole

caused by a defect is also called electron-hole capture. It is shown in Fig. 2.7¢).

neny, — n?

e+ Bo) + 7ol + ) (2.27)

Rspy =

The recombination rate Rggry is described by Eq. 2.27. It is dependent on the free
carrier densities n. and ny, as well as the intrinsic carrier density n;, the average lifetime
of a hole resp. an electron 75, and 7, and the emission coefficients of electrons from the

defect into the conduction band . and of holes into the valence band ;.

1
Th = ————Vp
Nacson def
. (2.28)
Te =V,
NaefOe def

The lifetimes are given by Eq. 2.28, where Ny is the density of defects in the semicon-
ductor, 0y, qer is the capture cross section of the defect regarding holes or electrons,
and v/, is the average carrier velocity. Different kinds of defects can capture either

holes or electrons more efficiently.

E, - By
Br = Ny exp Wdf
B (2.29)
Be = N exp Baes — Ee
e C k’BT

The emission coefficients (3, resp. [, for captured holes resp. electrons into the con-
duction resp. valence band is given by Eq. 2.29. Ny and N¢ are the effective density
of states in the valence band resp. conduction band. Ej. s is the defect energy within
the band gap [12].
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Surface recombination

Recombination on surfaces of semiconductors is also a kind of non-radiative recom-
bination. Defects existing on surfaces like dangling bonds provide continuous surface
states where electrons and holes can recombine. In the picture of the band diagram,

the bandgap is bypassed by the surface states, which is sketched in Fig. 2.7d).
Rsur = Ve, surTle + Vh surTlh (230)

The surface recombination rate is given by Eq. 2.30. v, 4, and v, 4, are the surface
recombination velocities which are characteristic for the surface [12]. To suppress surface

recombination, surfaces of semiconductors are typically passivated.

2.3 Radiation induced defects

In real semiconductors, crystal defects are unavoidable. The intrinsic density of defects
depends strongly on the manufacturing process and is typically well optimized. For appli-
cations of semiconductor devices in particle radiation environments, however, radiation
induced defects accumulate over time. They influence the parameters of semiconduc-
tor devices. Defects are generated when energetic particles collide with crystal atoms.
These collision or scattering events can be described by two kinds of scattering. Firstly,
there is elastic scattering, which describes scattering events where the energy of the
scattering particles is conserved. Secondly, there is inelastic scattering, which describes
scattering events where the energy is lost or gained by additional processes such as
nuclear fission. Considering that the radiation environment in space consists mostly of
electrons and protons in an energy range where nuclear reactions are negligible, elastic
scattering is the dominant scattering process in space for solar cells.

An incoming particle is called primary particle. The first atom of the crystal lattice
the primary particle collides with is called primary knock-on atom (PKA). For the PKA
and every other lattice atom to be displaced from its lattice site, a certain amount of
energy is necessary, which is called the threshold energy for atomic displacement 7.
The primary particle or the PKA itself can collide with other lattice atoms causing a
cascade of recoils. The total number of displaced atoms is described by the Kinchin-

Pease model [13] and improved by Norgett et al. [14]. It states that the number of
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displaced atoms Ny increases linearly with the energy of the PKA Tprx 4 as long as its

energy is below the energy of the primary particle 7},, and above 20y

08"
0 for Tpra <1y
Na=1{1 for Ty < Tpya < 22 (2.31)
O.8TPKA

2T,
T, for s <Tpra < Tpp

The displaced atoms resp. the displacement sites form different defects with different
properties. There are many different defect types occurring in semiconductors. Typical

defects are

» Vacancy
A vacancy is a point defect in an atomic site where one lattice atom is missing. A

defect where two adjacent atoms are missing from the lattice is called divacancy.

= Interstitial
An interstitial is a point defect where an atom occupies an interstitial site between

surrounding atoms at normal sites.

= Frenkel defect
A Frenkel defect or Frenkel pair is a combination of two defects. It consists of an
atom leaving its normal site and coming to rest in an interstitial site. Therefore,

a Frenkel pair is a vacancy-interstitial pair.

= Antisite defect
An antisite defect is only possible in a crystal consisting of at least two different
elements, i.e. A and B. An atom of type A resting at a site of an atom of type B

is called an antisite defect.

= Substitute
A substitute defect exists when an impurity atom is at the site of a crystal atom.
Typical desired substitute defects are doping atoms. Undesired substitute defects

are typically caused by contamination in the manufacturing process.

= Complex
Combinations of different defects are called complexes and can show different
properties than the single defects the complex consists of.

Some of the described defects are exemplarily depicted in Fig. 2.8 in a GaAs lattice.
The most important impact of radiation damage in semiconductors is the decrease
of minority carrier lifetime 7 and the minority carrier diffusion length L as described by
Egs. 2.32 and 2.33
! = L + K, ® (2.32)

T To
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Figure 2.8 A sketch of a GaAs lattice is shown with the bigger blue circles being gallium and
the smaller green circles being arsenide. A gallium Frenkel-pair is shown as well as an arsenide
Frenkel pair, an Asg, and a Ga s antisite defect and a Zng, substitute defect.

11
r 12

The initial values of minority carrier lifetime and diffusion length are 75 and Ly. The

+ K, ® (2.33)

incoming particle fluence per area is ®. The lifetime damage constant is K, and the
diffusion length damage constant is K;. The damage constants depend on particle
type, particle energy, and semiconductor type. Lifetime and diffusion length affect
the probabilities of an electron-hole pair to reach the SCR, of being collected, or of

recombining.

2.4 Degradation analysis of solar cell parameters

The space environment causes degradation of solar cell parameters, i.e. open-circuit
voltage, short-circuit current, and power at maximum power point. To provide suf-
ficient power over the lifetime of a satellite, it is necessary to accurately predict the
degradation of the cell parameters. In order to accomplish this, the particle environ-
ment in space is simulated by irradiating solar cells on earth with particles provided by
particle accelerators. The continuous energy range which prevails in space cannot be
directly tested on Earth since accelerators provide monoenergetic particle beams in a
limited energy range. Therefore, it is necessary to correlate the limited test data from

monoenergetic irradiation with the expected environment in space. Two methods are
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of importance. The JPL method is explained in the following subchapter. The NRL
method, which is used in this thesis, is described in detail in chapter 5.

2.4.1 Equivalent fluence method

The original method was developed at the JPL (Jet Propulsion Laboratory) and is re-
ferred to as the JPL method or equivalent fluence method. To determine the equivalent
fluence curve of a solar cell technology, the first step is to measure a large set of degra-
dation data for both electrons and protons. Such a data set can be found for GaAs/Ge
cells in the GaAs Solar Cell Radiation Handbook [15]. Four electron energies and eight
proton energies with eight fluences for each energy were measured. From this data,
relative damage coefficients (RDCs) are determined by relating the fluence of a certain
electron energy to the fluence of 1 MeV electrons, which cause a certain degradation
(i.e. 75%). For protons, the energy for the relation is typically 10 MeV. The proton
RDCs can be related to electron RDCs by using a proton to electron damage equivalency
ratio, which converts 10 MeV proton to 1 MeV electron fluence. The experimentally de-
termined RDCs are then multiplied with the expected spectrum in orbit and integrated
over all energies to get an equivalent 1 MeV electron fluence @1 mev electron equivalent, Which
represents the whole radiation level of a mission as given by Eq. 2.34.

doe(E)

do,(E
(bl MeV electron equivalent — / dE RDC@<E>dE+Rpe ¢p( )

dE

.RDC,(E)dE (2.34)

The remaining factors (i.e. of current, voltage, or power) of all tested cells can then
be plotted against the equivalent 1 MeV electron fluences determined in this way. The
resulting data points show the degradation of this parameter. The degradation of the

cell parameters can be fitted with the semi-empirical equation 2.35.

¢
¢cm’t

RF =1—-Cy-log(1+ ) (2.35)

Isc(irradiated)
Isc(beginoflife)”
Cy and ¢+ are the fitting parameters of this equation representing the slope of the

RF is the remaining factor of the cell parameter under investigation, i.e.

decrease of the cell parameter with increasing fluence and the approximate fluence where
the majority of the decrease begins. The expected degradation of solar cells after the
mission can then be read off the 1 MeV electron degradation curve. A big disadvantage
of the JPL method is the large amount of irradiation data needed to characterize the

degradation behavior of each new cell technology, which requires a large data set.
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In this chapter, the details of the tested samples and of the experimental setups used
in this work will be explained. Firstly, the solar cells used for characterization and irra-
diation will be described. Secondly, the details of the particle irradiation and irradiation
facilities will be explained. Thirdly, the cell characterization setups will be described
in detail. The cells are characterized by current-voltage measurement under the AMO
spectrum (LIV), dark current voltage measurement (DIV), capacitance-voltage mea-
surements (CV), external quantum efficiency (EQE) measurements, and pulsed laser

measurements.

3.1 Solar cell samples

(a) 3G30 cell front side (b) 4G32 cell front side

Figure 3.1 Exemplary images of the experimental solar cells with size of 2-2cm? used in this
thesis.

To analyze and characterize the influence of particle irradiation on 3G30 and 4G32
multi-junction and isotype solar cells, 136 3G30 3J cells, 34 3G30 top cells, 34 3G30
middle cells, 34 3G30 bottom cells, 112 4G32 4J cells, 56 4G32 J1 cells, 56 4G32 J2
cells, 56 4G32 J3 cells, and 56 4G32 J4 cells are irradiated with electrons and protons
with different energies and fluences. Exemplary images of the cells are shown in Fig.
3.1a) and b). The area of each cell is 2-2cm?. The design of the grid fingers is different
for the two cell types, which leads to different active cell areas. It is important to note

that the area of the metal contact and metal grid of the cells is not subtracted from the
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cell surface area in the analysis of area-dependent solar cell values. The active cell area
is assumed to be 4cm?. This leads to a systematic error in the area-dependent values
such as the current density of a cell. The metal contact bar at the front side of the
3G30 cells measures 5.5 - 0.8 mm?, the bar of the 4G32 is smaller with 3.5 - 0.8 mm?.
Taking into account only the metal contact bars, area-dependent values such as current
densities are underestimated 1.1 % for 3G30 cells and 0.7 % for 4G32 cells.

a) b)

contact contact

contact contact

Il Metamorphic buffer

Ge substrate

Ge substrate

contact

contact

Figure 3.2 Sketch of the structure of a 3G30 3J cell (a) and a 4G32 4J cell (b).

In Fig. 3.2a) and b), the structure of a 3G30 3J cell and a 4G32 4J cell is shown. The
3G30 cell is grown on a germanium wafer. All subcells are lattice matched at a lattice
constant of 5.66 A as shown in Fig. 3.3, so there is no need for a metamorphic layer.
The bottom cell is a germanium cell. On top of the bottom cell, a Bragg reflector
is grown [16]. The Bragg reflector is reflective near the band edge of GalnAs and
transparent in the wavelength region, which is absorbed by the Ge cell. This allows
thinning of the GalnAs cell while still maintaining sufficient current collection. The
photons which could not be absorbed by the thin GaAs cell due to its low thickness
are partly reflected by the Bragg reflector and can be absorbed in the second passage
through the GalnAs cell. The thinner a cell is, the more the necessary minority carrier
diffusion length for current generation decreases. Therefore, the thinner a solar cell is,
the radiation harder it becomes. The middle cell is a Gagg9lng g1 As cell, but due to
the low Indium content, it will be referred to as GaAs cell or middle cell in the relevant
main chapters of this work. The top cell consists of GagsIngsP. The top of each cell
is covered by anti-reflective coating (ARC) and metal grid fingers as well as a metal

contact bar. The rear side of the cell is fully metalized.
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The 4G32 cell is grown on a germanium wafer as well. The Ge or J4 cell has a different
lattice constant than the other three subcells, which is why there is a metamorphic
layer on top of the Ge cell of the 4G32. On top of it, there is a Bragg reflector. On
top of the Bragg reflector, there is the GagrIng3As or J3 cell. On top of J3, there
is the Aly36Gag.s6lngosAs or J2 cell and the Aly3Gaggolnges P or J1 cell. Similarly
to the 3G30, there is an ARC and a metal grid on the very top of the cell. The rear
side is fully metalized. The element ratios of J3, J2, and J1 are important for the NIEL
calculation of the different subcells and are therefore determined using Fig. 3.3. For the
three element subcell InGaAs, the ratios of In and Ga are directly read off the graph.
For the four element subcell AllnGaP, the ratios are determined as follows: The ratio
of Ga is small and estimated to be 0.02. The ratios of Al and In are then calculated by
determining the distance from the AllnGaP data point to the AIP resp. the InP data
point and by translating the distances into proportional element amounts. The ratios of
the AlInGaAs are also determined by distance determination of the AlinGaAs data point
to each of the data points of GaAs, InAs, and AlAs and by weighing these distances
with the full distance from i.e. InAs to the line GaAs-AlAs. In a last step, these three

ratios are normalized to the value of one.
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Figure 3.3 Bandgap and lattice constant of different material combinations including the
subcell materials of the 3G30 and the 4G32 cell.

In Fig. 3.4, the structure of both the three isotype cells of the 3G30 (a-c) as well as of
the four isotype cells of the 4G32 (d-g) are shown. Each isotype cell is a single junction
cell. In each isotype cell, only one subcell is electrically active. The purpose of the cell
materials of the other subcells is to provide representative shielding from particles and

representative absorption of photons. However, the cell materials of the other subcells
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3 Experimental details

are not both p- and n-doped to create a solar cell. Instead, they are only n-doped if the
inactive subcell material lies above (meaning sun-facing) the active cell and they are
only p-doped if the inactive subcell material lies below (meaning non sun-facing) the

active cell.

a) top b) mid c) bot
- . contact ARC contact contact ARC contact
n-doped Ga sIng 5P n-doped Ga, sIng sP
p-doped Gay g9lNg oAS _ n-doped Ga, g9INg o;AS
p-doped Ge p-doped Ge Ge
Ge substrate Ge substrate Ge substrate
contact contact contact
d) J1 e) J2 fy J3 g) J4

[ contact ARC contact N I—I contact, |TRC| contact. I—I —I contact IW' contact |— contact, |TRC| contact I—

n-doped Al 3Gay g;INg ¢5P n-doped Al 3Gag g;INg ¢5P n-doped Al 3Gay 5;INg ¢5P
p-doped Al 3,Ga 3/Ng 26AS n-doped Al 3,Gay 34Ing 5AS n-doped Al 3,Gag /Mo 26AS

p-doped Gay ;In, 3As p-doped Gag In, ;As n-doped Gag ;In, ;As
p-doped Ge p-doped Ge p-doped Ge Ge
Ge substrate Ge substrate Ge substrate Ge substrate
contact. contact contact. contact

Figure 3.4 Sketch of the structure of a 3G30 top (a), middle (b), and bottom cell (c) as well
as of a 4G32 J1 (d), J2 (e), J3 (f), and J4 cell (g).

3.2 Particle irradiation details

For this thesis, 3G30 and 4G32 solar cells were irradiated with electrons and protons
according to Tables 3.1 and 3.2. All irradiated solar cells had an area of 4cm?. The
irradiations were carried out at different particle accelerators because no single facility
exists that can offer all particles and energies. In addition, few particle accelerators are
equipped with the required beam-widening optics because they are typically built for
nuclear physics experiments during which the beam is focused as much as possible.

For irradiating the 3G30 and 4G32 cells with 1 and 3 MeV electrons, the van de Graaff
accelerator at Technical university (TU) Delft was used. The samples were irradiated

at a flux of 1.5e12 —%-. The cell temperature was monitored during particle irradia-

tion and remained between 21.5°C and 22.0°C. The irradiation took place in nitrogen
atmosphere. The homogeneity of the irradiation fluence had an uncertainty of 5 % over
the irradiated area. In the irradiation chamber, 60 cells were irradiated simultaneously.
The energy uncertainty was 0.6 %.

In order to irradiate the cells with 1 and 2 MeV protons, the ion accelerator at Centre de
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3.2 Particle irradiation details

Sciences Nucléaires et de Sciences de la Matiere (CSNSM) was used. Up to a fluence

of 1el1 —%;, the samples were irradiated using a flux of 1.9¢9 —2—. For higher fluences,

s-cm?”

a flux of 5.7¢10 £ was used. The thermal impact of the irradiation to the cells was

calculated resulting in a temperature increase below 1°C. Temperature monitoring was

not available at the time of the irradiation. The irradiation took place in vacuum. The
homogeneity of the irradiation fluence has an uncertainty of 5% over the irradiated
area. Seven cells were irradiated simultaneously. The energy uncertainty was 0.7 %.

In order to irradiate the cells with 5 MeV protons, the ion accelerator at Centro Nacional
de Aceleradores (CNA) was used. The samples were irradiated using a flux of 1€9 L.

The thermal impact of the irradiation to the cells was calculated with the result that

the power density of the protons was too low to cause any temperature increase above
2°C. The irradiation took place in vacuum. The homogeneity of the irradiation fluence
had an uncertainty of 10 % over the irradiated area, which was 16 - 20 cm?. The energy

uncertainty was 0.1 %.

particle electron electron proton proton
energy (MeV) 1 3 1 2

cm™2

fluence (cm™2)  1el5 leld 5el0  1lell
fluence (cm™2)  5el5 lel5 lel2  1el2
fluence (cm™2)  1lel6 2el5 3el2  2el2
(cm™2)  2el6 5el5 lel3  b5el2
(cm™)

lelb6

fluence (cm

2

fluence (cm

Table 3.1 Irradiation details for the irradiation of 3G30 3J and isotype cells. Eight 3J, two top
isotype, two middle isotype, and two bottom isotype cells were irradiated per particle energy
and fluence.

particle electron electron proton proton proton
energy (MeV) 1 3 1 2 5
fluence (cm—2 leld 3el3 3el0 3el0 lell

2 3el4 lel4 lell lell 3ell

cm 5el4 3el4 3ell 3ell lel2

(cm™)
(cm™)
(cm™)
fluence (cm™2)  1el5 lel5 lel2 lel2  3el2
(cm™)
(cm™)
(cm™)

2

fluence (cm™2 3elb 3elb 3el2  3el2 1lel3
5.5elb 6elb
lelb

2

fluence (cm

2

fluence (cm

Table 3.2 Irradiation details for the irradiation of 4G32 4J and isotype cells. Four 4J, two J1
isotype, two J2 isotype, two J3 isotype, and two J4 isotype cells were irradiated per particle
energy and fluence.
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3 Experimental details

Under operation in space, the cells are exposed to elevated temperatures and photon
irradiation. Since this can have an effect on the performance of particle-irradiated solar
cells, these conditions are reproduced experimentally. After the particle irradiation, the
cells are annealed in two steps. Firstly, the cells are irradiated with AMO light by a solar
simulator for 48 h while being kept at 25°C. Secondly, the cells are annealed for 24 h
at 60 °C under darkness. These parameters for annealing are taken from the European

cooperation for space standardization (ECSS) [17].

3.3 Characterization setup

In this section, the measurement setups used for cell characterization are described.

3.3.1 Dark current-voltage measurement

In order to measure the current-voltage characteristics of a solar cell under darkness, a
Keithley 2420 3A sourcemeter is used. The solar cell is contacted on the fully metalized
bottom side by laying it on a brass block and applying vacuum through small holes in
the block. The block is temperature controlled. It is connected via a heat exchanger to
a water reservoir, which can be heated or cooled. The top side of the cell is contacted
by brass pins, which are pressed with pre-loaded springs on the top metal pad. Four-
terminal sensing is used, which means that the voltage is applied by the Keithley on
two contacts and the current through the cell is measured on two separate contacts to
exclude the wire resistance. The cell and the contact system are located in an enclosed
chamber during the measurement to ensure that no light affects the measurement.
The Keithley device is connected by GPIB to a desktop computer. To control the

measurement, the software Labview is used.

3.3.2 Solar Simulator

To determine the behavior of a solar cell under AMO illumination, the AMO spectrum
has to be generated artificially by a solar simulator in the laboratory. For the purposes
of this thesis, two separate solar simulators are used for the illumination of 3J and 4J
cells. The schematic structure of the solar simulators is depicted in Fig. 3.5a) and b).

For 3G30 cells, three different lamps with adjustable currents are used to control
the light input resp. current output of each of the three subcells. A xenon lamp with
1600 W power is used to control the top cell current. For the middle cell, a halogen
lamp with 400 W power is used. Another 400 W halogen lamp is used for the bottom
cell in combination with a low pass filter to reduce the influence of this lamp to the
middle cell. The light is guided resp. filtered by a dichroic filter according to Fig. 3.5a)
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(a) Solar simulator used to characterize 3J cells.
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(b) Solar simulator used to characterize 4J cells.

Figure 3.5 Sketches of the solar simulators used to characterize solar cells.

onto a common path. Before leaving the housing of the solar simulator and irradiating
the sample, the light of all three lamps is collected and focused by a collimator lens.

Before the measurement, the spectrum of each solar simulator is calibrated to ensure
comparable results. In order to achieve this, two sets of calibration standards, so-called
secondary working standards (SWS), are used. One set consists of a 3J cell, a top, a
middle and a bottom isotype cell. The other set consists of a 4J, J1, J2, J3, and J4
isotype cell. Each of these secondary working standards is calibrated with reference to
a primary standard. Primary standards have been calibrated from time to time since
1976 by CNES using stratospheric balloons [18]. To calibrate the solar simulator, the
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Figure 3.6 AMO spectrum compared to the spectra of the 3J and 4J solar simulator.

isotype cells are placed in the illumination field and the generated current is measured
by measuring the voltage drop on a 0.1¢2 resistor. Subsequently, the lamp intensities
of the solar simulator’'s different lamp arrays are adjusted until the current equals the
calibration value. The same is done for every isotype cell at least two times in a row to
adjust for mutual impact of the different lamps to the different isotype cells. As a final
means of control, the calibrated MJ cell is measured.

For 4J LIV measurements, the 4J solar simulator is used. It offers four sets of lamps
whose intensities can be tuned. The 4J solar simulator is depicted in Fig. 3.5b). For
the J1 subcell, there is a 2000 W xenon lamp. For the J2 subcell, there are two 400 W
halogen lamps. For the J3 subcells, there is an LED array, which consists of 20 935 mW
LEDs with a peak wavelength of 940nm. The light of each LED is confined by a
condensing spot lens. For the J4 subcells, there are two 400 W halogen lamps. An
ellipsoidal mirror is placed behind each of the xenon and halogen lamps with respect
to the light path to collect all of the isotropically emitted light. A filter is placed in
the path of each lamp to adjust the wavelength range of each lamp or group of lamps.
Two dichroic filters are used to couple the light of all sources to a common path. Once
the light of all sources is on a common path, it is first homogenized by an integrating
lens, then focused by a collimator lens, and finally diverted by a mirror out of the solar
simulator onto the solar cell sample.

At both solar simulators, the cell sample is placed on a brass chuck. Small holes in the
brass chuck can be evacuated to pull the cell towards the chuck in order to thermally

connect the cell to the chuck. The chuck is temperature-controlled by water cooling and
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Figure 3.7 Measurement setup for external quantum efficiency.

current heating. The cells are connected on the rear side by the brass chuck and on the
front side by measurement pins. The IV-curve of the cell is measured using the counter
voltage method. This means that a voltage is applied to the solar cell to counter the
voltage generated by the cell. The applied voltage basically simulates a resistive load to
the solar cell. At each voltage applied, the current is measured from V= 0 to V,.. This
process is controlled by a Labview program, which allows measurement of the whole
IV-curve in a time frame of less than a second.

In Fig. 3.6, the AMO spectrum is shown in comparison to the measured spectra of
the 3J and the 4J solar simulator. In the wavelength range from 200 nm to app. 600 nm
the xenon lamps dominate the spectra. The peak at 450 nm is the typical emission max-
imum of xenon lamps. The distinct maxima between 800 nm and 1700 nm are typical
xenon emission lines. They are visible in the 3J simulator spectrum but not in the 4J
simulator spectrum due to the filters installed in the 4J simulator, which prevent these
peaks in order to generate less deviation from the AMO spectrum. The 4J SoSim can
match the actual AMO spectrum better than the 3J SoSim, but the UV range is still
underrepresented.

3.3.3 External quantum efficiency

The wavelength dependent ratio of generated electron-hole pairs per incoming photon is
called quantum efficiency. Internal quantum efficiency, on the one hand, is the ratio of

electron-hole pairs per photon already inside the solar cell. External quantum efficiency,
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3 Experimental details

on the other hand, is the ratio of electron-hole pairs per incoming photon before it
enters the solar cell. The difference of the IQE and the EQE is the reflectivity of the
solar cell surface. In this thesis, only the EQE is measured. A measurement setup called
Spequest Quantum Efficiency from RERA Solutions is used to determine the EQE. It is
sketched in Fig. 3.7 and designed to determine the EQE of 1J, 3J, and 4J cells with a
maximum wavelength resolution of 1 nm in the range of 300 to 1800 nm. As a means of
illumination, a 1 kW xenon lamp is used for the wavelength range from 300 to 1050 nm
as well as a 300 W halogen lamp for the wavelength range from 1050 to 1800 nm. Due
to the temperature-dependent illumination spectra of the lamps, the lamps are turned
on half an hour before the EQE measurement of a solar cell. The setup is calibrated
using a Thorlabs silicon photodiode for 300 to 1050 nm and a germanium photodiode
for 1050 to 1800 nm. Only one of the lamps is used at a time, which is controlled
by a turnable mirror. To determine only the generated solar cell signal, the light is
modulated using a chopper wheel and a lock-in amplifier. The light is monochromated
using a Czerny turner. The monochromatic light is guided by a beam turner and fibre
optic cables to the sample cell as well as to a reference cell. The current of the cell is
measured in short-circuit mode and converted to voltage by an IV-converter, which is
connected to the lock-in amplifier and a computer.

To be able to measure the different subcells of the 3J and 4J cells, bias lighting is used
to inject current in all but the subcell under test in order to ensure that the subcell
under test is the current limiting cell for photons of all incoming wavelengths. One
halogen lamp and four different LEDs with wavelengths of 470 nm, 730 nm, 870 nm,
and 1300 nm are operated with different intensities depending on the subcell under test.
Furthermore, the working point of the subcell under test of an MJ cell has to be adjusted

by a bias voltage so that the measured subcell is operated under short-circuit conditions.

3.3.4 Capacitance-voltage measurement

Capacitance-voltage (CV) measurements are performed using a Hewlett Packard 4192A
LF impedance analyzer. The cell under test is placed on a brass chuck and contacted
by spring-loaded pin contacts. The cell is measured in darkness to avoid influence of
voltage generated by stray light. The 4192A impedance analyzer can apply voltages with
frequencies from 100 Hz to 1 MHz to the device under test. The voltage ranges measured
of the cells under test are chosen approximately from 0V to V,.. For a measurement
frequency of 1kHz, a measurement artifact appears at approximately 0.6V, which is

why this frequency is not used. For the measurements, 2 kHz are used.
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Figure 3.8 Pulsed laser measurement setup.

3.3.5 Pulsed laser measurement

The setup for generating and measuring individual subcell voltages and currents in
multi-junction solar cells is depicted in Fig. 3.8. It uses lasers with wavelengths aligned
to the multi-junction subcell photon absorption depths that allow generating current
in individual subcells only. The setup consists of four high-power diode lasers with a
maximal optical power of each 25W in continuous wave mode. The wavelengths of
the lasers are Ay = 450 nm, Ay = 803 nm, A3 = 975nm, and Ay = 1470nm. These
wavelengths are chosen in such a way that each wavelength is absorbed in a different
subcell of a 4J cell. Each laser is connected to a power supply. The power supplies are
controlled by Labview programs.

The lasers are led by optical fibers into the measurement chamber, which is a metal
casing of approximately one m? area and a height of two meters. The chamber fulfills
two functions. Firstly, it is important to prevent any stray light from falsifying the
measurement. Secondly, the high-power lasers are all class 4 lasers and can cause
damage to eyes and skin. The chamber has a security feature which shuts down the
lasers if anyone opens the chamber door. Inside the chamber, the fibers are connected
to homogenization optics to widen the laser beam and homogenize it to ensure equally
distributed illumination all over the solar cell up to 8 - 8cm? [19]. Inside the chamber,
the cells are placed onto a temperature-controlled brass chuck. They are fixed on the
chuck by applying vacuum to small holes in the chuck. The electrical connection takes
place using spring-loaded metal pin contacts on the cell front side and connecting the
brass chuck for the cell rear side. The measurement of the voltage generated in the

cells by the lasers is performed by a DEWE-5000 measurement system from Dewetron
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GmbH. This high-impedance voltage-time logging device has an internal resistance of

1 M. To trigger the measurement, trigger signals from the lasers are used.
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4 Calculation of non-ionizing energy

loss

4.1 Introduction

Energetic particles in space can penetrate or even be stopped in matter, causing dam-
age while doing so. Typical damage mechanisms are the displacement of atoms and the
ionization of atoms, which are both cumulative effects in space. The dose transferred
to the matter due to the ionization of atoms is called total ionizing dose (TID). loniza-
tion of atoms, however, does not alter solar cell properties, but displacement of atoms
does. In contrast to TID, the dose corresponding to the displacement of atoms is called
total non-ionizing dose (TNID), which is more commonly referred to as displacement
damage dose (DDD). It is found in literature as DDD or D;. In this thesis, Dy is

f MV s the energy per mass which goes into the displacement

used. Dy in units o
of semiconductor lattice atoms from their regular position. At the sites where lattice
atoms are removed from their regular positions, vacancies are created. Interstitials are
created where the removed lattice atoms come to rest. A vacancy and an interstitial
are called a Frenkel-pair, which is the simplest kind of electrically active crystal defect
and acts, as most defects do, as recombination centers for electrons and holes. Various
combinations of vacancies and interstitials of different elements are possible and can

form different defects. The defects change the electrical properties of solar cells.

The non-ionizing energy loss (NIEL) describes the rate of energy transfer to the
material causing D, in a similar way as the linear energy transfer (LET) or stopping
power does the same for TID. All kinds of charged and uncharged energetic particles
such as i.e. electrons, protons, neutrons, alpha particles, muons, and heavy ions can
cause Dy. In orbits around Earth, mainly electrons and protons are responsible for
solar cell degradation, which is why the testing and simulation is limited to these two
particle types. In the following, the computation of the D, and therefore of the NIEL
is explained in detail. This is important because the NIEL is the basis for the solar cell

degradation analyses in the following chapters.
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4 Calculation of non-ionizing energy loss

4.2 Non-ionizing energy loss

The displacement damage dose caused by particles of fluence ¢ and energy T is com-

puted as the integral over energy of the product of the NIEL in units M%cm? and the

d¢

differential particle flux 22 in units ne-of particles

. The NIEL describes the energy loss

dT cm2MeV
rate of particles passing through matter causing atomic displacements.
do
D= /NIEL(T) ()T (4.1)

For computing D, in units %, the particle flux and the NIEL have to be known. The
particle flux present during a space mission is continuous with regard to energy and can
e.g. be computed using ESA’s space environment information system (SPENVIS) [20]
for specific orbits. Testing of solar cells on Earth is usually performed at particle ac-
celerators with mono-energetic particle beams and a known flux. In each case, for the
computation of Dy in an irradiated solar cell, it is necessary to compute the NIEL, which

is dependent on the type and energy of the primary particles and on the target material.

Primary particles (electrons and protons in this thesis) are also called incoming or
incident particles. They collide with matter (semiconductors in this thesis). The semi-
conductor atom with which the primary particle collides is called recoil atom. If enough
energy is transferred to the recoil atom, the recoil atom itself can displace other semi-

conductor lattice atoms and cause a collision cascade.

The NIEL is calculated as the integral from the minimum energy required to displace
a lattice atom Ty, also called the threshold energy for atomic displacement, to the
maximum transferable energy T,,.. over the product of kinetic energy transferred to

the target atom 7', the Lindhard partition function L, which gives the ratio of primary

do . .
Yl which is also

dependent on the energy of the primary particle T;, and gives the probability for the

energy that goes into displacements, and the scattering cross section

creation of a recoil with energy T'. All parameters needed for the NIEL calculation have
to be chosen correctly depending on the particle type and energy range and are explained
in detail in the following sections. The NIEL calculation is crucial for the fitting of the

solar cell degradation data.

Ny [Toes do (T, Ty)
NIEL == /Td L(T)T (dT> dT (4.2)
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4.3 Threshold energy for atomic displacement
4.3 Threshold energy for atomic displacement

The threshold energy for atomic displacement T} is the energy necessary to remove a
lattice atom from its position in the crystal lattice to create a stable defect. This process
is sketched in Fig. 4.1. A unit cell of a GaAs crystal is shown in its typical Zincblende
structure with gallium atoms depicted in green and arsenic atoms in blue. An energetic
proton is incoming and collides with an arsenic atom causing a displacement of the
arsenic atom and a deflection of the proton. The displacement is only possible for the
proton when the energy transferred from the proton through the collision lies above the

threshold energy for the displacement of arsenic. This energy can be determined by

GaAs lattice

, scattered
Zincblende crystal structure proton
o displaced
incident arsenic
proton

gallium  arsenic

Figure 4.1 Sketch of a proton displacing one arsenic from a GaAs crystal lattice.

molecular dynamics (MD) simulations and is typically in the range of €V, i.e. 10eV for
a vacancy-interstitial pair of arsenic as well as for gallium due to their similar atomic
number and mass. Ty is dependent on the kind of atom, the crystal structure, and
also on the angle of the incident particle with respect to the crystal structure. Lit-
erature values for several elements have been determined, but they are afflicted with
uncertainty and still the topic of ongoing research. Moreover, different defects have
different threshold energies, which anneal at different critical temperatures. Therefore,
temperature annealing has to be considered.

To include all factors influencing the removal of a lattice atom from its site and therefore
the creation of a defect, an 'effective’ threshold energy for atomic displacement 75 .¢f

is introduced as a fitting parameter in the degradation analysis of the cells.
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4 Calculation of non-ionizing energy loss

4.4 Maximum transferred energy

The maximum energy transferred from an incoming electron or proton to the crystal

lattice T},00 classical IN MeV is determined by the conservation of momentum and energy.

ARAL

7(AR+AL)2 (4.3)

Tnaz,classical = 410
T} is the initial energy of the incoming particle in MeV, Apg its mass and Aj, the mass
of the lattice atom in atomic units. The classical equation can be used for protons
because the relativistic effect does not have to be taken into account for protons in
the energy range of interest, which is eV to several MeV. The equation of the classical
energy transfer is an approximation of the relativistic energy transfer, which correctly

gives the energy transferred from particles to the crystal lattice over all energies.

Ty + 2Aguc?
(1+ 48)2Apuc? + 2T,

(4.4)

Tmam,relativistic =2 0

The speed of light is ¢ and u is the unified atomic mass unit.

4.5 Lindhard partition function

Primary particles transfer energy to lattice atoms basically in three ways. The first
way is through inelastic collisions with bound lattice electrons. The transferred energy
causes excitations and ionizations. The second way is through elastic collisions with the
lattice nuclei. The transferred energy causes displacements of the lattice atoms. The
third way is through inelastic collisions with the lattice nuclei. The transferred energy
causes nuclear fissions and displacements. Inelastic collisions with nuclei can only occur
at high energies. For protons, the minimum energy is app. 10MeV [21]. Since the
highest proton energy used in the experiments described in this thesis is 5 MeV, the

computation of the NIEL caused by inelastic collisions to nuclei is neglected.

The Lindhard partition function or 'damage efficiency’ L gives the ratio of the recoil
energy that goes to the displacement process. The value 1-L would give the ratio of recoil
energy transferred to ionizations. The Lindhard partition function, see Eq. 4.5 with Eqgs.
4.6 and 4.7, is calculated using the Akkerman Barak approximation [22] of the Lindhard
screened potential scattering theory based on the Thomas-Fermi model [23-25]. The
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4.6 Scattering cross section

Akkerman Barak approximation is used because it gives values which are better in

agreement with low-energy recoil ions than the original partition function [22].

1
L(T) = T (4.5)
1+ Fp,(3.4008¢5 + 0.40244€3/4 + ¢)

2 1 3

0.0793Z3Z% (Ag + AL)?
Fy = S Lg( 3R ; j) (4.6)

(Zi + Z0) T ARAL
TA

€= L (4.7)

30.724Zp 21 (A + AL)(Z} + Z3)}
In these equations, Z; and Zy are the atomic numbers of the lattice and primary
particles. Ay and Ag are the masses of the lattice and primary particles and 7T is the
recoil energy.

The product of energy and Lindhard partition function T7'- L(7T') is called damage energy.
The damage energy is the energy value which is deposited via displacement damage

inside a medium by a recoil nucleus with kinetic energy T.

4.6 Scattering cross section

The differential scattering cross section g—; gives the probability that a recoil with energy
T is created in the collision with a primary particle with energy Ty. It is dependent on
the particle type and energy range. For electrons, the collision is treated as coulombic
collision with a point-like nucleus using the Mott-McKinley-Feshbach scattering cross

; do
section 5% [25,26].

do Z2mr?Tan

dT Mot A2B4T2(1 — B(f — T2L0) 5 — w2 B )

(4.8)

As stated before, to compute the maximum transferred energy from electrons to the
crystal atom, the relativistic term T},,4 retativistic iS used. « is the fine structure constant

and 7. the classical electron radius. The relativistic quantities 5 and ~ are defined as

1
B=/1-= 49
2 (4.9)
and T
-1 0 4.10
y=1+ — (4.10)

, Where T} is the kinetic energy of the primary particle, mpg is the rest mass of the

primary particle, and ¢ the speed of light.
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4 Calculation of non-ionizing energy loss

Collisions of protons with lattice atoms are treated depending on the kinetic energy of
the protons. Low-energy protons with T, < 1keV are treated as screened Coulomb col-
lisions using the Ziegler-Biersack-Littmark (ZBL) universal potential [27]. The universal

screening potential is derived from experimental data on interatomic potentials.

do o VLmaz i

™
°7 S 411
d1l' zBL 2aU e T3 ( )
with coefficients @ = 1.1383, b = 0.01321, ¢ = 0.21226 and d = 0.19593 [27].
The function f is described as [28]
() In(A) L z(ln(A))(1 + bex*™! + 2209) (4.12)
x) = — .
2B 2AB 2B?
The dimensionless collision parameter z is
T
=¢ 4.13
. The parameters A and B are
A=1+azx (4.14)
and
B=2x+bx+dyz (4.15)
. The dimensionless ZBL reduced energy is
32.53A, Ty
= 4.16
© T Z0Za(AL + Ap) (29 25%) (4.16)
The parameter ay is the ZBL universal screening length and is defined as
.8854
0.8854ag (4.17)

ay = 7023 7023

with ag being the Bohr radius of the hydrogen atom.
For protons with an energy higher than 1keV, the Wentzel-Moliere (WM) cross section
was used [29-31].

do 1 T#TZRZLez)QF Trae
& T
dTwn  (47ep)? Py, (ThnazAs +T)?

(4.18)

. If the rest mass of the primary particle mpg is not negligible to the rest mass of the
lattice particle my, an effective particle with a relativistic reduced mass i, has to be

considered, which is
mpmy,c?

= 4.1
MT Tcm ( 9)
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, where the total center of mass energy T, is

T = /T2 + T2 + 211 Tx (4.20)

. The energy and momentum of the effective particle are

T = vhrc® (4.21)
and
Pu. = Y€ (4.22)
with )
= = 7 (4.23)
and
v,
S 4.24
p=" (424)

. Ay is the Moliere and Bethe screening parameter [32]

ho? 7Z?
A= (1134376724 (4.25)

2py.arr B
, Where « is the fine structure constant and arp is the Thomas Fermi screening length

and given by
0.885ay

T (4.26)
Zr

arr =
. The Form factor from Butkevick [33] takes into account nuclear size effects at high

energies and is given by
1 1

= 4+ —
(1+ (leRQN)2)2 75

(4.27)

with Ry being the size of the target nucleus and py the momentum transferred to the

target nucleus
T

Tmaz

pN = YmpgSc (4.28)

4.7 Realization in matlab

The NIEL computation was realized as program in matlab. The program is structured
modularly. The source code is attached in the annex of this thesis. The NIEL can be
computed by the program for single- and multi-element semiconductors consisting of
up to four elements. Four elements is the maximum which is needed for 4J subcells.
The main functions to be executed are called NIEL1, NIEL2, NIEL3, and NIEL4. These

functions then execute all other functions they need for the NIEL calculation on their
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4 Calculation of non-ionizing energy loss

own. The input parameters which have to be provided are the primary particles (i.e.
electrons or protons), the lattice elements (i.e Gallium or Arsenide), their ratio in the
semiconductor (i.e. 0.5), and the threshold energy for atomic displacement (i.e. 10eV).
The NIEL functions compute NIELs for a chosen range of particle energies and provide
NIEL plots.

To calculate the NIEL of a compound semiconductor, the different components of the

semiconductor are weighed according to their atomic masses using Bragg's rule [34,35],

i.e. for GaAs:

NIELGaAga + NIEL s A,
NIELgaas = < Az j: T A4 (4.29)

Each semiconductor compound has its own threshold energy for atomic displacement.

For the fitting procedure of the solar cell degradation data, the simplification is used
that the threshold energy of each element of a compound semiconductor is the same.
The implications of this simplification are discussed later in this work.

To verify the function of the NIEL computation, NIEL curves determined with the
matlab program are compared to literature values. As an example, the NIEL of GaAs
with a threshold energy of 21€V is computed and the data is compared to the NIEL
data from [36]. The comparison is shown in Fig. 4.2.

1E+01 ¢ s . I ! T .
%0 4
1E+00 _
S 1E01 _
§ 1E02
g 1e03f _
o 1E-04 — electron
2 f proton
1E-05 — o electron (Baur)
O proton (Baur)
1E-06 L | © electron (Summers)
O proton (Summers)
1E-07 L—— v

sl sl sl TS R PR ......-
1E+02 1E+03 1E+04 1E+05 1E+06 1E+07
particle energy (eV)

Figure 4.2 Computed NIEL of electrons and protons in GaAs (continuous lines) for 21 eV
threshold energy. The data points are taken from [36] and [37] and show NIELs in GaAs with
21 resp. 10€V threshold energy.
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The NIEL of GaAs is chosen because it has strong heritage in literature and is also

important for the fitting of multi-junction cell degradation done in this work.

1E1
P \
"5 1E-1 { ~
N
E \
© GaAs, T 10 eV
—pon i d,GaA:
%) 1E-3 —ponGaAs, T =15eV
d,GaAs
é p on GaAs, 'I'd’GaAS 21 eV
— — p on GaAs, Td’GaAS—3O eV
LLJ 1E-5 e on GaAs Tocans =10V -~ ‘/
4 e on GaAs, 'I'dG =15eV
,GaAs
— e on GaAs, :I'dYGaAS =21eV
1E 7 — € 0n GaAs, I'd’GaAS:?,OeV
1E-4 1E-3 1E-2 1E-1 1EO 1E1

Particle energy (MeV)

Figure 4.3 NIEL of electrons and protons in GaAs for different threshold energies for atomic
displacement Ty

In Fig. 4.2, the data points of the calculated proton and electron NIEL in GaAs are
shown as lines together with data points from Baur et al. [36] and Summers et al. [37]
for comparison. The NIEL of the protons is in good agreement with the NIELs from
literature for energies above approximately 100 keV. For energies below 100 keV, the
computed NIEL and the NIEL from [36] are still aligned, whereas the NIEL from [37]
diverts. This is due to the different threshold energies T;. The NIEL from Summers is
computed with a T of 10V, whereas the other two NIELs are computed with 21 eV.
The whole energy range of the proton T} is important for computing the D, with a
given particle environment in space with a continuous energy range. For the analysis
of irradiation test results with typical solar cell irradiation test energies in the order of
magnitude of 1 MeV, the proton NIEL cannot be used to fit T; because it is not sensitive
to it. For fitting Ty, the electron NIEL is used because it is more sensitive regarding
changes in T,; than the proton NIEL. As can be seen in Fig. 4.2, the computed electron
NIEL matches the NIEL from Baur well (both 21 €V threshold energy), whereas the
electron NIEL with 10V has a different course for the whole energy range.

The NIEL computation is used in this thesis mainly to compute NIEL values for
different threshold displacement energies. To highlight the strong dependence of the
electron NIEL on threshold displacement energies, the electron and proton NIELs of
GaAs with threshold energies of 10, 15, 21, and 30 eV are shown in Fig. 4.3. For protons
as well as for electrons, the NIEL increases with decreasing threshold displacement

energy. The reason for this is: the lesser the necessary energy for the displacement of
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4 Calculation of non-ionizing energy loss

lattice atoms, the more lattice atoms can be displaced by recoil particles. For protons,
the NIEL reaches its maximum at app. 4 keV. For higher energies, the NIEL decreases.
The reason for the decrease is that the target lattice atom is screened by electrons.
At low proton energies (compared to its rest mass), the time of transit is long enough
so that the bound electrons of the target atom have time to move in response to the
protons electric field. This so-called electron screening increases the effective cross
section of the collision process and therefore increases the NIEL. For higher energies,
the effective cross section decreases along with the NIEL.

For protons with an energy below 10 keV, the NIEL is strongly dependent on Tj;. This
energy range is however not important for solar cells in space because low energetic
protons are absorbed in the cover glass, which is present on solar cells in space. The
NIEL of electrons however is dependent on T, in the range from 100 keV to 10 MeV.
This makes degradation data from cells irradiated with electrons sensitive to 7. This

fact is used in the degradation data analysis process explained later in this work.
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5 Method for the degradation
analysis of solar cell data using the
threshold energy for atomic

displacement

Parts of this chapter are published in [38].

5.1 Introduction

The accurate prediction of solar cell degradation caused by the radiation environment in
space is crucial for the correct sizing of the solar array for a given space mission. In order
to simulate the degradation inflicted by the particle environment in space, solar cells are
irradiated on Earth. Realistically, however, only irradiation tests with mono-energetic
particle beams in a limited energy range can be performed. Therefore it is necessary
to correlate the tested degradation behavior to the expected degradation behavior in
space. Two methods are of importance for the degradation modeling. The first method
for fitting the data was developed at the Jet Propulsion Laboratory and is commonly
referred to as the JPL or equivalent fluence method [39], [40], [15]. This method
requires comprehensive proton and electron irradiation data covering several different
fluences and energies. From the degradation data, relative damage coefficients (RDC)
are calculated, which relate the damage of various electron and proton energies to the
damage of 1 MeV electrons and 10 MeV protons, respectively. Finally, the 10 MeV proton
damage is empirically related to 1 MeV electron damage. With the help of these data,
the particle environment in space is condensed into an equivalent 1 MeV electron fluence
which would cause damage equivalent to the damage of the actual particle environment.
The JPL method has a strong heritage, but the downside is that it requires a significant
amount of testing for each new generation of solar cells.

An alternative method with a significantly reduced test effort was later developed at
the Naval Research Laboratory (NRL), which is referred to as the displacement damage
dose method [37,41-46]. The D, method was further developed and implemented in
the matlab code SCREAM [47], [48], [49]. The difference between the JPL and the
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5 Method for the degradation analysis of solar cell data using the threshold energy for atomic displacement

D, method is that the experimentally-generated RDC values from the JPL method are
replaced by an analytical quantity, the non-ionizing energy loss (NIEL). The NIEL, in
units of MeVcm™2g~!, represents the amount of energy which electrons and protons
lose upon their trajectory through matter by creating displacements in the crystal lattice.

The equivalent fluence method and the displacement damage dose method both result
in a similarly accurate prediction of the degradation of a solar cell type, which was shown
in the 'Aging study’ [50].

Recently, Baur et al. [36] showed that the electron RDCs are directly proportional to
the electron NIEL of GaAs when an adapted threshold energy for atomic displacement
value T} for the NIEL calculation is used. This was suggested as an alternative approach
to the standard approach in the D, method, which uses a fixed T, value but includes an
exponent to the electron NIEL, which is treated as a fitting parameter [46]. The effect
of the threshold energy for atomic displacements on the NIEL has been investigated by
different authors i.e. for silicon [45], [51], GaAs [36] and apart from solar cells also i.e.
for a superconducting material [52]. The threshold energy for atomic displacement is
the minimum energy necessary to remove one atom from its lattice site and is a critical
parameter in the NIEL. There are various T}; values reported in the literature according
to varying defect levels introduced in the semiconductor band gap [53], [54], [55]. In the
recent work of El Allam et al. [56], discrepancies throughout literature are summarized
concerning the scaling of experimental GaAs data with NIEL. It is shown that a threshold
energy for atomic displacement in the range of 15€eV to 21eV is best suited to fit
experimental degradation measurements for many GaAs data. As proposed by Baur,
the choice of the appropriate 7; might depend on the temperature environment and
associated annealing the cell is exposed to. By using T, as a fitting parameter, it is
more appropriate to refer to it as an effective threshold energy for atomic displacement
or, to be even more precise, as an effective threshold energy for the creation of electrically
active defects 7 .. Typically, the degradation data of a multijunction solar cell is fitted
with the NIEL of one subcell only. Therefore, it is a priori not clear whether the 75 .¢f
that is obtained fitting a 3J cell is still specific to this subcell. To address this question
further, a comprehensive set of degradation data for 3J GagslngsP/GaAs/Ge cells as

well as for 1J Gags5lng5P, GaAs, and Ge cells is analyzed in this work.

5.2 Fitting method with threshold energy

This section provides a detailed description of the fitting of the solar cell degradation
data using a nonlinear least-squares approach. For the 3G28 Gag;lngsP/GaAs/Ge 3J
cell, a large set of irradiation test data exists [57]. Irradiations are carried out for the
proton energies of 0.3 MeV, 0.75MeV, 6.5 MeV and electron energies of 0.5 MeV, 1 MeV,
and 3MeV. Five to six fluences and five (1J isotype) or eight (3J) samples per fluence
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5.2 Fitting method with threshold energy

are irradiated for each energy. The remaining factors (RF') of the maximum power
point (F,,,,) are used as an example. The most recent version of the displacement
damage dose method is applied, which is described in [47] and [49]. Following the
work of Baur, et al. [36], [58], a linear relationship between the energy dependence of
the experimental damage coefficients and NIEL is assumed with the effective threshold
energy for atomic displacement being used as the fitting parameter. This means that
no empirical exponent is needed to fit the data as a function of D, for electrons. The

imposed empiricism is shifted to the T ..

5.2.1 Finding the effective threshold energy for atomic

displacement

Firstly, only the electron data are evaluated to determine the effective threshold en-
ergy for atomic displacement because they are most sensitive to variations in Ty ¢y
as discussed in chapter 4. The displacement damage dose D, is computed for the

experimentally covered fluences ¢ using Equations 4.2 and 5.1.

Dy = NIEL(Ty, Tyesys) - ¢ (5.1)

At this stage, the NIEL of GaAs is chosen because the GaAs subcell is the most
radiation-sensitive subcell. As a starting value, the literature value of 10€V is used for

Tiefrcans [59]. The RF is plotted against the computed Dy, as shown in Fig. 5.1.
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Figure 5.1 Electron data is plotted against Dy which is computed with a T ¢y of 10eV

The data for the different electron energies do not collapse into a single, characteristic
degradation curve. The RF data are expected to follow a logarithmic degradation curve.
The fit in Fig. 5.1 is created using equations 5.1 and 5.2 with the three fitting parameters
A, C, and D..;; [48].
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D
RF:A—Clog(l—i—Dd) (5.2)
crit

D.,; is the critical D, value where the remaining factor starts to follow an inverse
logarithmic dependence on D,. C describes the slope of the curve in the high degra-
dation regime. The factor A is set to 1 in this work and not included in the fitting
in contrast to the most general case [48]. The quality of the fit is quantified by the
residual sum of squares (eq. 5.3), which is a measure of the difference of the fit to the

data points.

RSS = Z (RFE fit(Dg;) — RFdata(Dg,))? (5.3)

In the fitting process, the RSS is minimized using 3 fitting parameters (C, D,.;;, and
Taerr)- A result is shown in Fig. 5.2.
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Figure 5.2 Electron data with a Tj; .y of 21 eV, which results in a collapse of the electron
data to a single curve.

The T} ¢y minimizing the RSS is 21€V, which is in agreement with [58] and pro-
duces a much better collapse of the data as a function of D;. The errors in the fitted
parameters C' and D.,;; are represented using 95 % confidence intervals. For the com-
putation of the non-linear parameter confidence intervals, the standard matlab function

‘nlparci’ is used, see also [60].

5.2.2 Fitting electron and proton data separately

In the next step, a separate fit is performed for the proton data using (5.1) and (5.2)
and the Tj.rs is determined with the help of the electron data. Consequently, two
sets of fit parameters, (C,, Deyitp) and (Ce, Depite), are obtained. The results of the
separate fits are shown in Fig. 5.3.
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Figure 5.3 Both proton and electron data are fitted separately. The fit parameters are given
in the inset.

5.2.3 Convert electron displacement damage dose

There are two possibilities to convert the electron displacement damage dose D, into
an equivalent proton dose D;,. The first and earlier developed possibility is described
i.e. in [46]. It requires that the electron curve and the proton curve degrade with the
same slope C' = C, = C,. If that is fulfilled, the electron displacement damage dose
can be converted using Eq. 5.4. This method is not used in this chapter but shown for

the sake of completeness.

D _ Dd,e _ Dd,e (5 4)
d,p — Derite Re .
Dcm’t,p P

The second and later developed possibility is described in [48] and it will be used in
this chapter. It does not require that the electron curve and the proton curve degrade
with the same slope. The parameters determined in the last section are used in the

conversion according to Eq. 5.5.

Ce
Ap—Ae D Cp
Dd,p - Dcrit,p . (10 Cp . <1 + 7D de ) — 1) (55)
crit,e

The combined data, including the electron data with the recomputed D, are shown
in Fig. 5.4.

The characteristic degradation curve, in this case of P,,, of the 3G28 cell type,
characterized by the parameters C}, and D.,;:,, can be used to predict the degradation
of the power at maximum power point for a particular orbit. The same analysis is
performed for the cell parameters V,,. and I,.. In all cases, it is found that the 7} ¢, of
21 eV is most effective in minimizing the RSS data.
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Figure 5.4 The fit parameters are used to recompute the displacement damage dose of the
electron data so that all data points collapse to a single curve.

5.2.4 Irradiation boundary conditions

The Tj .4y found for fitting all of the ground test data using GaAs NIEL is 21eV. The
result is in line with [58] and confirms the validity of the fitting method. Questions of
practical importance relate to the amount of test data required to perform the fitting
procedure described above including the choice of irradiation energies. The NRL method
requires at least two electron energies to determine the scaling exponent for the electron
NIEL or in this case the T,;.¢; and one proton energy to generate a characteristic
degradation curve, which is also in line with the results presented here. The electron
energies should be chosen in a range where the NIEL is sensitive to Ty .r¢. The electron
energies 0.5, 1, and 3 MeV are in the energy range where the NIEL is sensitive to Tg .,
as shown in Fig. 4.3. Concerning the penetration depths of the protons and electrons,
the energies chosen in these analyses are suitable and sufficient to fully penetrate all
the active regions of the cell. Range data for protons and electrons in the cell material
is taken from [27] and shown in Fig. 5.5.

Moreover, the fitting method requires that the energies of the particles do not change
during their transfer through the junctions. Due to the very low junction thicknesses,
this is fulfilled for all electron energies with NIEL sensitive to T .¢s and proton energies
above a certain level. If the energy of the protons is too low, their Bragg peak lies within
a junction, which means the exponentially increased amount of energy at the end of a
proton's track is deposited in a junction. This case is investigated for the lowest energy
protons in the data, which are 0.3 MeV. The simulation tool TRIM is used to simulate
the displacements of atoms in the 3J cell structure [27]. As illustrated by Fig. 5.6, the
number of displacements steadily increases while the protons lose energy on their track
through the top and middle cell.
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Figure 5.5 Range data for protons and electron in GagslngsP, GaAs, and Ge. The range is
the continuous slowing down approximation range taken from [27].
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Figure 5.6 Number of lattice atom displacements simulated with TRIM [27] for 0.3 MeV

protons on a GagpsIng5P/GaAs/Ge structure.

With dyop = 0.5um and d,,,;q = 1.5um, however, the cell is thin enough compared to

the ion range of 2.5um, so that the Bragg peak at the end of the track is not located in

the top or middle cell but in the bottom cell. The bottom cell generates more current

than the top or middle cell and is never current limiting, therefore a slightly increased
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damage in the bottom cell does not affect the analysis of the 3J cells. A comparison of
the degradation with and without the 0.3 MeV data shows that the determined threshold
energy does not change. It is important to mention that the electrical measurements of
3J cells are complicated by the fact that the cells are monolithically grown and therefore
connected in series. For the V,., the contributions of all subcells are added, while the
short-circuit current I, is limited by one subcell and this limitation can change as a
function of Dy. The same analysis as for P,,,, is performed for the cell parameters V.
and I .. In all cases, the T, sy of 21 €V is found to best minimize the RSS data, which
is shown in Figs. 5.7 and 5.8.
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Figure 5.7 Degradation of the open-circuit voltage of 3G28 cells.
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Figure 5.8 Degradation of the short-circuit current of 3G28 cells.

Both parameters can be fitted with the expected logarithmic degradation according
to Eq. 5.2. The voltage decreases steadily from the lowest irradiation dose on but the

slope is not as steep as the degradation slope of the current. The current degrades
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Mgev. Since a multi-junction

slower than the voltage approximately up to a dose of 3e10
cell is current-limited at all times by only one of its subcells, the rapid decrease in current
from approximately 3610% on is triggered by a change of the current-limiting cell at
this dose. At lower displacement damage doses, the current of the multi-junction cell
is limited by its top cell, which is more radiation-hard than the middle cell. Therefore,
the current of the multi-junction cell shows a relatively slight slope. From a dose of
3610% onwards, the less radiation-hard middle cell generates less current than the top
cell, which results in the current of the whole multi-junction cell to be limited by the
middle cell. This results in a steeper slope of the multi-junction current. To compare
the current degradation of the individual 3G28 subcells, isotype cells, which are single
junction cells embedded in an otherwise electrically inactive triple-junction cell stack as
described in chapter 3.1, were irradiated and characterized, which is described in section
5.3.4.

5.2.5 Comparison of fitting methods with threshold energy and

exponent n

In this chapter, the 'classical’ NRL method with exponent n and the NRL method with
Ty shall be compared. The fitting method using 75 .¢s is presented along with results
in fitting degradation data of 3J cells. Three data sets from the cell parameters V.,
I, and P,,,, are analyzed and fitted using the classical approach described in [46]. In
Table 5.1, the electron fit parameters C, and D, ;. are compared. The parameters
labelled 'n approach’ in the Table are determined by applying the NRL method to the
data leaving the T} at a fixed value of 10€V. The electron data is collapsed to a single
curve by redefining the actual electron displacement damage dose D, . by an effective
1 MeV electron displacement damage dose Dy .rs with Eq. 5.6 [41]. The label 'T}
approach’ corresponds to the parameters gained by collapsing the electron data through
adapting the effective threshold energy for atomic displacement as described earlier in
this chapter. For comparison, also the proton fit parameters C, and D, are given in

the Table, which are not dependent on the method of collapsing the electron data.

NIEL.(E)"
NIEL.(1MeV)r1

Dieerr(I1MeV) = ¢ (5.6)

The table shows degradation parameters for 3G28 3J cells. The D, is calculated us-
ing the GaAs NIEL. The exponents n are between 2.74 and 2.87, which is in agreement
with literature values 1 to 3 for GaAs-based cells [55], [61]. Moreover, the three expo-
nents determined are approximately equal (2.74, 2.77, and 2.87), which is in agreement
with the three independently determined threshold energies for atomic displacement,

which are all 21eV. The residual sum of squares is smaller for all cell parameters in
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3G28 3J Ve I, Prpp
C, 0.055 +0.003 0.210 4+ 0.025 0.192 4+ 0.016
n Dyt (10° MgeV) 1.384+0.27 42.52+10.01 7.26+1.55
approach n 2.77T£0.17 2.74 £ 0.06 2.87+0.15
RSS 0.0062 0.0205 0.0526
C, 0.060 £+ 0.003 0.295 4 0.031  0.243 + 0.020
Tuers Derire (10°M5) 043£0.06  16.50£3.02  2.85+0.54
approach Taers 21 21 21
RSS 0.0034 0.0182 0.0410
C, 0.090 £ 0.008 0.242 4+ 0.038 0.255 + 0.018

Derirp (10°M85)  0.85+£0.27 1146 £3.73  2.09 £ 0.43

Table 5.1 Comparison of the 3G28 3J electron fit parameters according to the NRL method
where Dy is calculated by adapting the n exponent with the fit parameters through adapting
Tqepf. For the NIEL calculation with the n method, a T;; of 10eV is used. The NIEL is
calculated for GaAs.

the Ty s approach than in the n approach. Therefore, the degradation behavior is
determined more precisely using the T} .¢; approach. In conclusion, the NRL approach
in combination with T} . sy was verified by analyzing a large set of 3G28 3J degradation
data.

5.3 Degradation behavior of single and

triple-junction 3G30 cells

With the 7§ ;s fit method being verified in the last section, in this section the degra-
dation behavior of the three different 3G30 subcells of triple-junction cells will be inves-
tigated using this fit method. Towards that end, a degradation study is performed with
3G30 top, middle, and bottom isotype cells. The material compositions of isotype cells
are the same as of the corresponding 3J cell but with only one subcell being electrically
active, as discussed in 3. 3G30 is the successor cell type of the 3G28 cell type. The ma-
terials of the three junctions are the same, which is important for the NIEL calculation.
The exact design changes between 3G28 and 3G30 cells are confidential and only known
to the cell manufacturer. Two isotype cells and eight 3J cells per fluence are irradiated
with 1 and 2 MeV protons and 1 and 3 MeV electrons. Each cell is only irradiated with
one energy and one fluence of particles. The goal of the irradiation study of isotypes

and the corresponding 3J cells is

= to determine the threshold energies for atomic displacement of the different subcell

materials Gag 5lng 5P, GaAs, and Ge.
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5.3 Degradation behavior of single and triple-junction 3G30 cells

= to determine the critical displacement damage dose, where the current-limiting

subcell changes in 3J cells.

» to obtain detailed degradation data from the different isotypes and relate them
to the degradation of a 3J cell.

5.3.1 Influence of subcells on open-circuit voltage
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Figure 5.9 Degradation characteristics of open-circuit voltage of 3G30 isotype and 3J cells.

In Figs. 5.9a-d, the degradation of the open-circuit voltage of 3G30 top, middle,
bottom, and 3J cells are shown. For all doses, the voltage of top cells decreases slower
than that of middle cells. The voltage of middle cells decreases slower than that of
MeV “\which means middle cells are radiation-harder

g
it is the other way round. All images show that the

bottom cells for doses up to 1.6€9

9 MeV
g

data can be fitted well as a logarithmic decrease. The threshold energies T} . of the
different subcells are Ty ¢t carnp = 35€V, Tqcrfcaas = 23€V, and Ty crr.qe = 40€V.
For GaAs and Ge, these values are close to respectively exactly the values found in recent
literature of 21 eV for GaAs [58] and 40€V for Ge [62]. For GagslngsP, a comparison

to the literature value cannot be made because equal values of 7§ ;s are assumed as

in that range. Above 1.6Ge

approximation for all elements of a subcell material in this approach. The determined
effective threshold energy for atomic displacement of 35€eV for Gag 5lng 5P can be used

as comparison value for future studies.
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5 Method for the degradation analysis of solar cell data using the threshold energy for atomic displacement

In Fig. 5.10, the degradation curves of the isotype curves are depicted as well as
the sum of the isotype curves and the 3J degradation. The sum of the three isotype
cell curves represents the 3J cell because individually generated subcell voltages add
up in the cell stack. The middle and bottom cell voltages degrade faster than the
top cell voltage. This causes also the 3J voltage to decrease faster than the top cell.
The behavior of the 3J cell can be approximated well by summing up the contributions
of the different isotype cells. The small difference in degradation is caused by fitting

uncertainties.
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Figure 5.10 Comparison of the degradation of the open-circuit voltage of 3G30 isotype and
3J cells.

In Fig. 5.11, the NIEL curves for protons and electrons on Ge, GaAs, and Gag5lng 5P
are shown with the T; .¢; values found in the degradation analysis of the V. of 3G30
isotype cells. The proton NIELs are approximately equal from 10keV to 10 MeV for
all subcell materials. This means that protons lose an equal amount of energy to
displacements in all three subcell materials. For electrons, the result is different. While
for GagslngsP and GaAs, the NIELs are approximately equal, electrons transfer less
energy to displacements in Ge. This may be a real effect but it could also be explained
by germanium being a single element semiconductor. As explained earlier, the 7} ¢,
is just an effective threshold energy determined by analyzing the degraded solar cell
parameters representing the electrically active defects in the solar cells. It is possible
that in Ge displacements counter each other. While in GaAs, an As on the site of a
Ga is an antisite defect, a Ge on the site of a Ge vacancy would counter the original

displacement which created the Ge vacancy. As a result, the sum of displacements in
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5.3 Degradation behavior of single and triple-junction 3G30 cells

Germanium is less than expected, which leads to a higher effective threshold energy for
atomic displacement. Moreover, it is possible for irradiation to induce crystal defects
energetically located at the boundary of the band gap and not in the center of the band

gap. Therefore, they can be electrically inactive defects.
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Figure 5.11 Comparison of the NIELs of Gag 5lng 5P, GaAs and Ge.

5.3.2 Influence of subcells on short-circuit current

In Figs. 5.12a-d, the degradation of the short-circuit currents is shown. The top cell
degradation begins at a higher dose than the middle cell degradation. The middle cell is
clearly the weakest cell regarding irradiation hardness. The degradation of the bottom
cell cannot be fitted unambiguously. The reason behind this may be that the bottom
cell is not grown epitaxially. Therefore, there might be more defects in the bottom cell
than in other subcells already before irradiation. Moreover, the bottom cell is doped
by diffusion during expitaxial growth of a buffer layer on top of the junction, which
results in a doping density more widely spread than in an epitaxially grown and doped

semiconductor. Since the germanium cells generate a BOL current of 31.5 ™4 which

2
is 76% higher than the mid cell BOL current and 84% higher than the top cell BOL
current, the bottom cell is not current limiting before or after irradiation. The origin
of the current behavior of the germanium cells is, however, not investigated in this
thesis. It is important to note that the remaining factors in Fig. 5.12c are corrected
values because luminescent coupling is taken into account. When measuring the BOL
values of the short-circuit current of the bottom cells, also the middle cell material
absorbs light, which partly recombines radiatively. These photons emitted from the
GaAs region are partly absorbed in the germanium subcell. This leads to an increase
of the measured isotype bottom cell short-circuit current compared to the bottom cell
short-circuit current in a 3J cell stack where the middle cell charge carriers are extracted

and cannot recombine radiatively. This effect is called luminescent coupling. To correct
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Figure 5.12 Degradation characteristics of short-circuit current of 3G30 isotype and 3J cells.

the BOL data, EQE measurements were performed on bottom isotype cells. An example
is depicted in Fig. 5.13. In red, the EQE of an isotype middle cell is shown, while in
black, the EQE of an isotype bottom cell is shown. Correcting the black curve results in
the green curve. The correction process is described in the following. The 'shoulder’ of
the black curve from approximately 600 to 900 nm originates from luminescent coupling
of the bottom cell to the middle cell. To remove the shoulder and get an EQE without
luminescent coupling effect (green curve), the additional current caused by luminescent
coupling is substracted from the real bottom cell current by substracting the middle cell
EQE normalized to the height of the shoulder from the uncorrected bottom cell EQE.
The correction process is described in detail in [63]. The overall short-circuit current

generated by a subcell can be computed by Eq. 5.7.

Ao g\

I, = EQFE - AMO - —d\ (5.7)
A hC

In this example, the difference between the I,. generated in the bottom cell with

and without luminescent coupling from the middle cell is 4.1 %. This difference is

substracted for each cell from the BOL I,. value measured with the solar simulator.

The BOL values corrected in this way are used to compute the RF values shown in Fig.

5.12c. The current values of the particle irradiated cells need no correction because the
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5.3 Degradation behavior of single and triple-junction 3G30 cells

additional defects prevent radiative recombination in the GaAs region and therefore no

artifact exists in EQE results.

> 10r 17.8mA/cm? isotype cell
o

‘©C

= 0.8r i
[¢))

=

£ 06F 32.3 mA/ cm2 .
S

O

w 0.4} |
-

2

Q 0.2+ —— middle isotype BOL -

bottom isotype BOL
bottom isotype BOL corrected

600 800 1000 1200 1400 1600 1800

Wavelength (nm)

Figure 5.13 External quantum efficiency of 3G30 middle and bottom isotype cells.

The absolute degradation of all isotype cells is compared with the 3J cells in Fig. 5.14.
At 17.9 cr?TAQ' the BOL value of the mid cells is higher than the top cell value of 17.1 %.

This is the reason why at BOL up to a displacement damage dose of 1.1¢10 Mgev, the

top subcell is current limiting in a 3J cell. For doses higher than 1.1e10 Mgv, the

middle cell is current limiting. The comparison shows that the short-circuit current of

the 3J cell is higher than that of middle isotype cells for high doses. This is not a
contradiction considering the cell internal working points of a 3J cell. While the 1J
middle cell is measured at its short-circuit point of V,,;q = 0V, the 3J cell is measured
at the short-circuit point of the whole cell stack Vi; = Viop + Vinia + Vi = 0V,
but the individual subcells are not at V; = 0V. Two conditions apply: firstly, equal
current is extracted from all three subcells during measurement and secondly, the middle
subcell is the radiation weakest cell. As a result of these conditions, at V5; = 0V, the
internal voltages V;,, and V. are positive and V,,,;4 is negative resulting in a sum of
Viep+Vmia+Veor = 0V. At a negative voltage of a cell, their current can lie beyond their
short-circuit current. This is the case for the middle subcell during the measurement
of the 3J cell, which is why the generated current is higher than the current generated
by the isotype GaAs cell. The bottom cell generates BOL 31.5 ;‘TAQ, which is a current
almost twice as high as the other subcells. Therefore, the bottom cell is never current
limiting. Due to the fact that the 3J cell is current limited by two different subcells

depending on the displacement damage dose, the 3J degradation should strictly speaking
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Mgv. However, in this

be fitted by two different degradation curves sectioned at 1.1e10
case the 3J data points show that the degradation behavior does not change significantly
at 1.1¢10 %. For other multi-junction cells with other material combinations, however,
a sectioning of the degradation may be necessary at the dose where the limiting subcell

changes.
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Figure 5.14 Comparison of the degradation of the short-circuit current of 3G30 isotype and
3J cells.

5.3.3 Influence of subcells on power at maximum power point

The power at maximum power point is shown in Figs. 5.15a-d. The top cell shows the
least degradation compared to the other subcells. The middle cell shows the strongest
degradation. It is important to note that the bottom cell data in Fig. 5.15c is not
corrected for the effect of luminescent coupling. Firstly, the correction is not necessary
because all charge carriers created by the middle cell of a 3J cell are extracted at the
maximum power point and therefore no charge carriers are left for radiative recombi-
nation. Secondly, by EQE measurements such a correction is not possible for power
because the degradation of the 3J cell results from the combination of all subcells.

All isotype cells are compared with the 3J cell in Fig. 5.16. The graph shows that
the sum of the power of the subcells is higher than the power of the 3J cell. There are
several reasons for this behavior. Firstly, luminescent coupling in the bottom isotype
cell increases the power of the bottom isotype cell compared to the bottom subcell in

a 3J cell. Contrary to a MJ cell, luminescent coupling in an isotype cell is present also
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Figure 5.15 Degradation characteristics of power at maximum power point of 3G30 isotype
and 3J cells.

at the maximum power point. Secondly, the maximum power point for each cell is
at a different voltage and current. In a multi-junction cell, the current of all subcells
has to be the same. Therefore, only one subcell, the subcell which creates the least
current, operates at its maximum power point. The other subcells have to operate at

this current and not at their respective maximum power points.

5.3.4 Analysis of subcell non-ionizing energy losses

Other than for MJ cells, the Tj.¢; resulting from the degradation analysis of single
junction cells can clearly be attributed to the corresponding SJ materials. There is,
however, the issue of how to include different threshold energies into NIEL calculations
according to Bragg's rule. The NIELs of the single atomic species e.g. Ga and As are
added up, which requires a separate Ty ;s for each species. For this fitting procedure,
the simplification of a common 7§ .¢s is used which is reasonable for GaAs based upon
earlier experimental evidence [64]. Threshold energies of ~ 10eV are reported [64] for
Ga or As atoms, respectively, in the GaAs lattice. The Ty s of 21 — 22 €V reproduced
in this work matches the energy required for the formation of antisite defects in GaAs,
ie. a Ga atom on an As lattice position and vice versa, very well. By molecular dynamic
(MD) simulation, Mattila and Nieminen [65] found an appreciable rate of formation of

this defect at an energy of the primary knock on atom of 20€V. Since the irradiation
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Figure 5.16 Comparison of the degradation of the power at maximum power point of 3G30
isotype and 3J cells.

of the cells is carried out at room temperature, followed by a 24 hour annealing step at
60 °C, there is sufficient mobility of point defects to anneal the lowest energy Frenkel
defect. Therefore, the effective threshold energy for the creation of electrically active

defects determined from the room temperature degradation data is higher.

In Gagslng 5P, the situation is similar in that the 7§ ;s determined is considerably
higher than the energy reported in the literature for the formation of Frenkel pairs
in Ga of Tyge = 9 —10eV, inIn Ty, = 3 —6.7eV, and Ty p = 8 — 8.7€V for
P [64,66-68]. This raises some fundamental difficulties, since the lowest energy defect
at the irradiation temperature has to contain more than one atomic species. Once the
degradation fitting has yielded a joint threshold displacement energy, it is possible to
determine different combinations of T} for the different constituents that result in the
same NIEL as a function of energy for the overall crystal. For example, in GagslngsP,
Taerr of 21eV for Ga, 20eV for In and 45eV for P would result in the same NIEL as
the common threshold displacement energy of 36 €V. In particular if the lowest energy
defect does not involve one atomic species, a higher threshold displacement energy for
this species results automatically. In this case, the incoming particle has to provide not
only the energy to displace the primary knock on atom but also the energy for this
atom to subsequently transfer its energy to one of the other species involved in the
lowest energy defect. Once possible candidates for the lowest energy defects have been
identified by other means, for example by molecular dynamics simulations, it is possible
to determine whether they fit to the T}; s determined from the degradation fitting.
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5.4 Conclusion

It is a priori not obvious whether it is justified to only use the GaAs NIEL in performing
the degradation fits of 3J cells. To determine whether the NIEL of the top cell material
is also suited to fit the 3J cell, the degradation fit of the 3G28 cell is repeated with
the NIEL of GagslngsP. The result is shown in Fig. 5.17. The fit is approximately
equal to the fit of the same data with GaAs-NIEL shown in Fig. 5.4. A T} ;s of 36 eV
is obtained, which is well in line with the result obtained on top component cells in
sec. 5.3. The fit of the data points works well either with Gag 5lng5P-NIEL or with
GaAs-NIEL. The reason behind this is that the NIEL values are approximately equal.
These data provide some justification as to why either the NIEL of the GaAs middle cell
or the NIEL of the Gag5lng 5P top cell can be used with adapted threshold energies for

atomic displacement.
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Figure 5.17 Degradation of the power at maximum power point of 3G28 3J cells by using
the top cell NIEL.

5.4 Conclusion

In this section, a fitting method to analyze solar cell particle irradiation data was in-
troduced. The method consists of a combination of the displacement damage dose
method and using the threshold energy for atomic displacement as a fit parameter. It
is possible to use the threshold energy for atomic displacement as a fit parameter which
is only dependent on the material of the cell. This results in a collapse of the different
electron energy data points. The method is described in detail and its experimental
requirements and boundaries are discussed. Moreover, the use of the method for mul-
tijunction cells is discussed. The method is verified by comparing data analysis results
of the D,y method with threshold energy for atomic displacement to results of the D,

method with exponent n for the same data set.
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3G30 top isotype cell Voe I Prpp
C. 0.083 £0.021 0.19240.122 0.199 + 0.058
Deyitye (10° M) 3.01 £2.44 222342108 7.03+5.65
C, 0.083 £0.009 0.19440.071 0.202 £ 0.024
Deyitp (107 M85 3.004+1.18 225341281 7.2642.70
Taers 35 35 35

Table 5.2 Comparison of the 3G30 top cell fit parameters of the electrical cell parameters
open-circuit voltage, short-circuit current and power at maximum power point. The fit pa-
rameters are determined with the NRL method where the Dy is calculated by adapting the
Tyerr- The NIEL was calculated based on Gag.5Ing 5P.

Furthermore, the method was used to analyze a large data set of particle irradiated
solar cell data of 3J cells and its three corresponding 1J isotype cells. The results are
discussed with regard to the impact of the individual subcell degradation on the 3J cell
degradation. Comparisons of the 3J degradation data to the 1J degradation data are
discussed and the electrical behavior of 3J cells can be reproduced well by combining

the results of the three isotypes.

3G30 mid isotype cell Ve I Py
C, 0.130 £0.013 0.3554+0.026 0.311+ 0.014
Derit e (109 %) 1.27+0.47 28.16 £ 4.94 2.54 4+ 0.41
C,y 0.129 +0.015 0.356 +0.061 0.311 +0.033
Derit (109 %) 1.24 £0.61 28454+ 11.57 2.54+1.07
Tyers 23 21 23

Table 5.3 Comparison of the 3G30 mid cell fit parameters of the electrical cell parameters
open-circuit voltage, short-circuit current, and power at maximum power point. The fit
parameters are determined with the NRL method where the D, is calculated by adapting the
Tqerr- The NIEL is calculated based on GaAs.

3G30 bot isotype cell Ve 1. Py
C, 0.178 £ 0.036 0.046 +0.170 0.139 4+ 0.046
Derit e (109 %) 10.99 +£5.21  2.77 4+ 24.27 0.14 +£0.24
Cy 0.216 £ 0.029 0.044 +0.049 0.206 4+ 0.032
Derit (109 %) 9.25 £+ 3.69 2.48 +10.70 0.55 +0.42
Taery 40 37 43

Table 5.4 Comparison of the 3G30 bot cell fit parameters of the electrical cell parameters
open-circuit voltage, short-circuit current and power at maximum power point. The fit pa-
rameters are determined with the NRL method where the Dy is calculated by adapting the
Tqerr- The NIEL is calculated based on Ge.

66



5.4 Conclusion

In the Tables 5.2 to 5.5, the results of the degradation analysis of the top, middle,
bottom, and 3J 3G30 cell types are summarized. The threshold energy for atomic
displacement found for the top cell material GagslngsP is 35€eV. For the GaAs middle
cell, a threshold energy of 20 — 21 €V is found, which is in agreement with [58]. The
Ge bottom cell value is found to be in the range of 37 — 43 eV. Comparing the fit curve
parameters of the electron and proton slopes C. and C,, it is found that the values are
in good agreement to each other for the top, middle, and 3J cell. The same agreement
is true for the parameters D, and D..;;,. This means that the cells react similarly
to proton and to electron irradiation. A distinct degradation behavior of the V,. of the
bottom cell is found, but the I,. results were ambiguous. It is shown that the BOL
values of the bottom cell have to be corrected before doing the degradation analysis to

compensate the effect of luminescent coupling.

3G30 3J cell Ve I Py
C. 0.070 £0.010 0.285 4 0.055 0.338 + 0.027
Depire (10°B)  0.89+0.50  22.87+9.76  8.02+ 1.72
C, 0.093 +0.008 0.366 4 0.080 0.284 + 0.038
Depitp (107 M) 1.08+0.37  69.00 +£29.41  4.59+1.88
Tiess 20 21 21

Table 5.5 Comparison of the 3G30 3J cell fit parameters of the electrical cell parameters open-
circuit voltage, short-circuit current, and power at maximum power point. The fit parameters
are determined with the NRL method where the D, is calculated by adapting the T;; .r¢. The
NIEL is calculated based on GaAs.
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6 Voltage dependent photocurrent
in irradiated GaAs cells

Parts of this chapter are published in [69].

6.1 Introduction

In the last chapter, photocurrents dependent on particle irradiation generated by in-
dividual subcells were investigated. In this chapter, the current generation within one
individual subcell will be investigated more thoroughly. It has been established in the last
chapter that in current Gag 5Ing 5P /GaAs/Ge triple junction cells used almost exclusively
in space, the GaAs middle cell is the most sensitive one in terms of radiation [70,71]. We
will show that when these subcells are exposed to fluences in the range from 1—10x 10'°
1 and 3MeV electrons/cm? or to 1 — 10 x 10'? 1 MeV protons/cm?, their photocur-
rent becomes voltage dependent even at room temperature. Voltage-dependent pho-
tocurrent per se is not a new effect. It has been observed in a-Si, a-SiGe [72] and
CdTe/CdS [73] solar cells, where the dependence was attributed to field-assisted drift in
the depletion region, a model developed for p-i-n solar cells. The phenomenon was also
found in CulnSe/Cd(Zn)S cells where it was explained by a field-dependent interface
recombination at the heterojunction interface [74]. In multi-quantum well solar cells,
the voltage dependence was found to originate from carrier removal in the quasi-intrinsic
region [75]. At temperatures well below room temperature, a voltage-dependent pho-
tocurrent was observed in proton-irradiated Gag 5lng 5P /GaAs/Ge triple junction, GaAs,
and Gag 5lng 5P single junction cells [76].

For irradiated IlI-V cells at room temperature, however, this effect has never been
observed before. We will show that it can be fully explained by a mechanism suggested
by Liu et al. [77] in a different context: By the voltage-dependent width of the space
charge region in combination with a short minority carrier diffusion length.

GaAs single junction isotype cells, 2 x 2cm? in size, are used in the irradiation cam-
paign. They are fully representative of the middle cell in current 30% triple junction
Gag5lng5P/GaAs/Ge cells as described in chapter 3.1. The remaining subcells are in-
cluded in the device as well to provide the representative optical filtering of the incident

spectrum. No p-n junction is formed, however, thus the GaAs junction is the only elec-
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6 Voltage dependent photocurrent in irradiated GaAs cells

trically active one. The n-doped emitter is approximately 100 nm thick, with a doping
density of 1 x 10'8

ness of 1400 nm. Due to a rearside reflector, the effective optical thickness is twice as

;. The base is p doped to 5 x 10'—L; with a physical thick-

_1
cms

much. The samples were irradiated with different fluences of electrons and protons at
TU Delft and CSNSM Orsay as shown in Table 6.1. One sample was used per fluence

and particle type. No cumulative irradiation of the same sample was performed. The

samples were irradiated with a flux of 1.5 x 10'2—%- for electrons and 5.7 x 10'Y -2, for
cm=s cm=s

protons with the exception of the lowest proton fluence, which was applied at a rate of

1.9 x 10°-2-. The cell temperature was monitored and did not exceed room temper-

cm?2s”
ature during irradiation. To exclude any subsequent time-dependent annealing effects

during measurements, all cells were exposed to an annealing regime of 48 h at 25°C
and one sun AMO illumination, followed by 24 h at 60°C in the dark. This represents

the standard process in Europe for industrially used space solar cells [17].

electrons 1 MeV  electrons 3 MeV  protons 1 MeV

6 (cm™2) 6 (cm™?) 6 (cm?)
lelb leld 5el0
5el6 lelb lel2
lel6 2elb 3el2
2el6 5elb 1lel3

1el6

Table 6.1 Particles, energies and fluences used in irradiating the GaAs isotype cells.

6.2 Classical model of photocurrent

One of the most basic cell characterization techniques is the DIV measurement. The DIV
data of the 3 MeV electron-irradiated GaAs cells are shown in Fig. 6.1. The behavior
of the DIV data for the 1 MeV proton as well as the 1 MeV electron irradiation are
qualitatively similar. Since this applies also to the LIV, CV, and EQE data, the analysis

and discussion in the following is focused exemplarily on the 3 MeV electron data.
I:Im-(ek;vT—1)+Ioz'(e’l’:1‘z;T—1)—i—g (6.1)

p

To quantify the DIV data and to extract the basic cell parameters, a two diode
model according to Eq. 6.1 is fitted to the measured data [78]. Recombination in the
quasi-neutral n-type and p-type regions is taken into account by the current density /y;,
and recombination in the space charge region (SCR) is quantified by Ip;. The series

resistance R, of the cells is negligible and therefore not necessary for the data fitting.
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Figure 6.1 Dark current-voltage characteristics of GaAs isotype cells irradiated with 3 MeV
electrons.

For a single-level recombination center in the SCR in an idealized cell, the ideality factor
n equals 2. If different lifetimes of electrons and protons, a variable recombination rate
throughout the SCR or a defect level which is not in the middle of the band gap are
taken into account, the ideality factor n is predicted to lie between 1 and 2 [78, 79].
Therefore, the ideality factor is used as a fit parameter in the DIV data fitting. [ is the
measured current, V' the applied voltage, kp the Boltzmann constant, 2, the shunt

resistance, and T the temperature.

The resulting fits to the measured DIV data are included in Fig. 6.1 and the fit
parameters Iy;, Ip2 and n are summarized in Table 6.2. The recombination current
densities Iy; and Iy increase as the irradiation fluence increases due to the creation of
additional recombination centers. The ideality factor of the non irradiated cells is 2 and
slightly decreases with irradiation to 1.74 for the highest fluence. Irradiation can cause
different defects like vacancies, interstitials, and antisites. A cause for the change of n
could be additional defects introduced through irradiation with energy levels not in the
middle of the band gap as observed by Pons et al. [59]. A matter of technical difficulty
has to be pointed out here: The Iy; current dominates the total dark current from
approximately 0.8V onwards. The cells, however, are only operated up to a maximum
total current of 100 mA to prevent damage to the cell, therefore the fitting of Iy, is only
possible for the non-irradiated cells and cells with low irradiation fluence. The inclusion

of a shunt resistance R, is not necessary for any of the GaAs cells.
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6 Voltage dependent photocurrent in irradiated GaAs cells

o (Cmfz) Ip (%) Iyo (:;;42) n

0 1.0e-16 1.3e-8 2.0
lel4d 3.6e-15 1.2e-8 1.83
lelb 1.3e-14 7.1e-8 1.78
2el5 1.4e-14 1.3e-7 177
5el15 ND 2.8e-7 1.76
lel6 ND 5.9e-7 1.74

Table 6.2 Dark current-voltage fit parameters of GaAs cells after irradiation with 3 MeV
electrons.

Recently, a deviation from the ideal two-diode model in the DIV curve was reported for
electron-irradiated triple junction, GagslngsP and Ge cells at a temperature of 123 K
[80]. The increase in the dark current observed under these low intensity and low
temperature (LILT) conditions was attributed to tunnel assisted recombination in the
space charge region [81]. Therefore, it is of interest to check whether a similar effect

can be observed for the GaAs cells in this study as well.

Tunneling assisted recombination is characterized by a temperature dependence of the
ideality factor nyynneirec according to Eq. 6.2 [81]. The DIV curves are thus measured
at various temperatures from room temperature down to 90 K. By fitting the data
according to Eq. 6.1, the ideality factor n is derived. The results are shown in Fig. 6.2 for
various temperatures. The ideality factor of the non-irradiated cell is constant at a value
around 2 and begins to increase with % at temperatures below 250 K. The irradiated
cells show an onset of a tunneling current at temperatures below 180 K. Therefore,
these results provide another confirmation that under LILT conditions tunneling assisted
recombination is a contribution that has to be taken into account in modeling the DIV
curve. At the same time they confirm that at room temperature the DIV fit to a classical

2 diode model is justified.

1

Mtunnelree X 7 (6.2)

The measured LIV curves are shown in Fig. 6.3. Especially for the higher fluences, a
slope in the curves is visible resembling a typical shunt resistance. A shunt resistance,
however, would also be visible in the DIV data and the presence of shunts was excluded
there already. In order to clarify the origin of this slope, simulated LIV curves are
constructed from the DIV data according to Eq. 6.3, which makes use of the fact
that the shunt resistances were found negligible. Iy;, Ip2 and n are taken from the
DIV fit and the short circuit current obtained in the LIV measurement is used for the
photocurrent term [I;. The simulated LIV curves have been included in Fig. 6.3 as

well. In the steep part of the IV curve, the match between measured LIV and simulated
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Temperature [K]
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Figure 6.2 Diode ideality factor, extracted from DIV curves, as a function of temperature.

IV curve is quite good, the small deviations are due to distributed series resistance
effects [82], which result in different current distributions in the illuminated and the
dark state. They cannot be taken into account easily except through the use of two-
dimensional numerical network modeling, which is not the focus of this work. The
large deviations in the horizontal part of the curve, however, can only be explained by a
voltage-dependent photocurrent. In Fig. 6.4, the difference between the measured LIV
curve and the simulated LIV curve is illustrated. The voltage-dependent effect amounts

to approximately 10% of the total photocurrent in case of the highest radiation fluence.

eV

I = ]L — ]01 . (6% — 1) — IOQ . (6"kBT — ].) (63)

6.3 Modified model of photocurrent including

voltage dependence

We argue, as suggested in Ref. [77], that the reason for the voltage-dependent pho-
tocurrent is the voltage dependence of the width of the space charge region Wscg. This
dependence is negligible for cells in which the minority carrier diffusion length L,, in the
emitter and L,, in the base is much larger than the emitter and base thickness of the
cell, respectively. In this case, all electron-hole pairs, no matter if they are generated in

the SCR or somewhere in the bulk, are collected. This is the case for non-irradiated cells
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Figure 6.3 Light current-voltage characteristics of electron-irradiated GaAs cells. The curves
are simulated with the parameters gained from the DIV fits and a constant photocurrent.
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Figure 6.4 The difference in current between the simulated curve and the measurement data.

or cells which are irradiated with low fluences. This situation is illustrated graphically
in Fig. 6.5a.

The effect is not negligible, however, if the diffusion length decreases so much that
the sum L, + Wscr(V) + L,, is smaller than the cell thickness. This is the case for

irradiation with high fluences. The case of a highly irradiated cell under short circuit con-
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6.3 Modified model of photocurrent including voltage dependence

ditions is illustrated in Fig. 6.5b. The SCR width takes on its maximum, so the volume
where photocurrent is collected efficiently also reaches a maximum. The collection effi-
ciency outside of the SCR decreases exponentially with diffusion length, independently
of voltage. For operating conditions with V' > 0 away from short circuit conditions, as

illustrated in Fig. 6.5¢c, Wgcgr decreases and with it the total photocurrent.

BOL [V>0 EOLV=0 EOLV >0

Figure 6.5 lllustration of an (a) unirradiated cell (b) an irradiated cell under short circuit
conditions and (c) an irradiated cell under forward bias. The areas where photocurrent is
collected efficiently are shaded.

The overall photocurrent is a sum of the currents generated in the emitter, I, the
SCR, Iwg.,, and the base, I,,. The generation rate of electron hole pairs at a distance
x from the surface is given by a®ye™**, where « is the absorption coefficient and
®, the photon flux at the surface. The situation is simplified by not treating the
wavelength dependence explicitly. Thus, an average absorption coefficient is used. In the
isotype cells, both front and rear surfaces are effectively passivated, so recombinations
at the front and rear surfaces are neglected. The individual current contributions can
therefore be derived by integrating the generation rate with the probability of collecting

an electron-hole pair P,..;:

I = edpa /e’m‘"Pco”(x) dz. (6.4)

In the emitter, the collection probability depends exponentially on the distance z — x;
of the location x of the electron-hole pair generation from the location x; of the SCR

r1—x

according to P,y = e » . Thus Eq. 6.4 yields
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6 Voltage dependent photocurrent in irradiated GaAs cells

L, oy

I, = edy——P (e Tr — 70, (6.5)

al,—1
Due to the strong electrical field, all electron-hole pairs in the SCR are collected with
P,y = 1. Integrating Eq. 6.4 from z; to the boundary z, of the SCR yields Iy, ,.:

Iweer = ePoe (1 — e~ @Wsor), (6.6)

In the base layer, the collection probability again depends exponentially on the distance
of the electron hole generation from the SCR according to P,.,; = e T, Integrating
Eq. 6.4 from x5 to the bottom of the base layer x3 and making use of the fact that
axg >> 1 yields the current in the base I,

I, = e@oeam&ea%m. (6.7)

The resulting overall photocurrent I}, is the sum of the three contributions I,, Iy,

and [,,. Combining Egs. 6.5, 6.6 and 6.7 results in

al _z1 e~ Wscr
I, =edg | —E2—(e T» —e ™ el - — . 6.3
L=e 0<aLp—1(e e Fe ( 1—i—aLn>> (6.8)

Due to the fact that the emitter is heavier doped than the base, the bulk of the SCR
stretches into the base. Therefore, the voltage dependence of x; is small. It affects
the respective exponential term in Eqs. 6.5, 6.6, and 6.7 by less than 1%. Therefore,
it is neglected in the following and a constant emitter thickness x; of 100 nm is used.
The only voltage dependence in Eq. 6.8 then enters through the effect of the voltage
dependence of Wscg. The current-voltage equation for cells under illumination can
now be written as the sum of the voltage-dependent photocurrent according to Eq. 6.8

and the recombination current according to Eq. 6.1.

I_ aLp _n . o e~ Wscr(V) eV eV
=e®y (aLp—l(e p—e ) 4e (1—1+a[m>>—101-(e BT —1)—Ipo-(e™ BT —1)
(6.9)
The new voltage-dependent term in Eq. 6.9, Wscr(V), is given by
Wscr(V) = 2% V) (6.10)
eNy

approximating the junction as an abrupt n*p-junction with a base doping density of
N, and a built-in voltage V4 [9]. € denotes the permittivity of the semiconductor.

In order to calculate the LIV curves according to Egs. 6.9 and 6.10, the unknown
parameters have to be determined by separate DIV, CV, and EQE measurements. The

base layer doping N4 as well as the built-in voltage V}, can be extracted from capacitance
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6.3 Modified model of photocurrent including voltage dependence

voltage measurements. In Fig. 6.6, 1/C’2, where C' denotes the capacitance per unit
area, is plotted as a function of voltage. According to Eq. 6.11, the built-in voltage
can be derived from the intersection of the curve with the x axis and the doping density

from the slope of the curve [9].
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Figure 6.6 Capacitance voltage measurements of the irradiated GaAs cells.

L _ 2V V-
E == QENA (611)

The diffusion length L, and L,, in emitter and base were determined by fitting the

external quantum efficiency data of the cells [9], again neglecting recombination at sur-
faces. The shorter wavelength efficiency is highly sensitive to L,,. The longer wavelength
efficiency is sensitive to L,. The measured EQE and the simulated EQE are shown in
Fig. 6.7. The solid lines represent the measurement data, the simulation results are
shown as dashed lines. For the high irradiation data the simulated EQE fits the slope
of the measured EQE quite well. The simulation of the EQE included a simulation of
the rearside reflector of the cell. Without this addition, the EQE of the BOL cell and
the cells irradiated with low fluences would be underestimated in the long wavelength
region between 800 and 900 nm.

Table 6.3 summarizes the parameters determined from the CV and the EQE mea-
surements. The ideality factors n and saturation current densities are again taken from
Table 6.2. A permittivity € of 12.9¢y is used, with ¢ = 8.85 x 10712 As/Vm. An
average absorption coefficient of GaAs of @ = 266% in the wavelength range 650 -

900 nm is chosen. This is the relevant wavelength range in question according to Fig.
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Figure 6.7 External quantum efficiency measurements of the irradiated GaAs cells.

6.7. The photon flux @ is adjusted such that Eq. 6.8 yielded in the non-irradiated case
the experimentally measured short circuit current of 18 % according to Fig. 6.3. This
resulted in &y = 1.22 x 10'"cm~2s~!. The BOL diffusion length of 8 um agrees well
with the BOL values of 6 — 7 um found in GaAs cells by Niemeyer et al. and Yamaguchi
et al. [83,84].

With these parameters, Eq. 6.9 matches the measured current-voltage curves for all
electron fluences exactly without the need for any further adjustments. The simulated
curves are shown in Fig. 6.8 together with the measurement data. These results confirm
that a voltage-dependent photocurrent observed at room temperature in irradiated GaAs
cells is due to a voltage-dependent width of the space charge region in combination with

a significantly reduced minority carrier diffusion length.

¢ (em™®) Na(5w) Vo (V) La (um) L, (um)

0 4.8el6 1.32 8.0 0.15
lel4 4.8el6 1.31 6.0 0.11
lel5 4.7el6 1.30 1.4 0.060

2elb 4.6e16 1.30 0.85 0.050
5elb 4.4el6 1.26 0.48 0.032
lel6 3.8el6 1.18 0.33 0.020

Table 6.3 Base doping density, built-in voltage, and base and emitter diffusion length of GaAs
cells after irradiation with 3 MeV electrons.
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Figure 6.8 Light |-V data (open symbols) of GaAs cells irradiated with 3 MeV electrons and
the calculated curves according to Eq. 6.9 (solid lines).

The same analysis is performed for the other sample groups as well, which are irra-
diated with electrons with an energy of 1 MeV and protons with 1 MeV energy shown

in Figs. 6.9 and 6.10. Again, the observed voltage-dependent photocurrent in the LIV
measurements can be reproduced by Eq. 6.9.
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Figure 6.9 Light |-V data (open symbols) of GaAs cells irradiated with 1 MeV electrons and
the calculated curves according to Eq. 6.9 (solid lines).
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Figure 6.10 Light |-V data (open symbols) of GaAs cells irradiated with 1 MeV protons and

the calculated curves according to Eq. 6.9 (solid lines).

The cell parameters obtained for these cases are summarized in Tab. 6.4.

particle ¢ (em™) Io1 (23) Ie (24) n  Na(=%) W (V) L, (pm) L, (um)
lel5 1.70e-14  2.44e-8 195 4.82¢el6 1.30 4.4 0.06
electrons 5el5 6.88e-14 5.96e-8 185 4.67el6 1.28 1.0 0.05
1 MeV lel6 8.12e-14  1.13e-7 1.83 4.57el6 1.25 0.65 0.04
2el6 1.31e-13  191e-7 1.81 4.37el6 1.23 0.42 0.03
5el10 2.02e-15  7.37e-8 193 4.84el6 1.33 7.5 0.10
protons lel2 ND 1.03e-6 190 4.8lelb 1.32 1.0 0.06
1 MeV 3el2 ND 2.80e-6 190 4.60el6 1.30 0.52 0.04
lel3 ND 0.42e-6 1.89 3.95el6 1.21 0.24 0.01

Table 6.4 Fit parameters of GaAs isotype cells irradiated with 1 MeV electrons and 1 MeV

protons.

6.4 Behavior of cell parameters under irradiation

In order to analyze if and how the cell parameter degradation depends on particle type
and energy, different parameters are plotted as function of the displacement damage
dose (D). First of all, the minority carrier diffusion length in the base is plotted in Fig.
6.11. The D, is calculated by multiplying the particle fluences with the non-ionizing
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6.4 Behavior of cell parameters under irradiation

energy loss (NIEL) of protons and electrons of the respective energies. In calculating
the NIEL, a threshold energy for atomic displacement of 21 €V is used [36, 38, 58].

In Fig. 6.11 it is interesting to note that the proton and electron data points fall onto
a single curve without the need to include an equivalency factor that scales the electron
Dy to the proton D,. Such a factor, also described as R., factor in chapter 5.2.3, is
typically used in the analysis of the radiation degradation of cell parameters like open
circuit voltage. Considering the fact that the short-circuit current is mainly influenced
by the diffusion length, this observation, however, is in-line with the work of Baur et
al. [58]. They demonstrated that in the analysis of short-circuit current radiation data,
no proton to electron equivalency factor is required if the 21 €V threshold energy is used
in the NIEL calculation.
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Figure 6.11 Minority carrier base diffusion length versus displacement damage for GaAs cells
irradiated by 1 and 3 MeV electrons and 1 MeV protons.

b
Ly L

The behavior of the diffusion length is approximated well by the the classical equation

+ K- Dy (6.12)

according to Eq. 6.12 [85], where L,,q denotes the diffusion length prior to irradiation and
K, the damage coefficient. The decrease in diffusion length is independent of particle
type and energy, which implies that the defect types created by the different particles
have an effect on the diffusion length which is only dependent on the displacement
damage. The damage coefficient, which describes the degradation behavior of the base
diffusion length, is K7, = 15 =% —. It is important to note that the damage coefficient

K7, in this section cannot be directly compared to the damage coefficients in [85] because
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6 Voltage dependent photocurrent in irradiated GaAs cells

the damage coefficient in [85] describes the degradation of base diffusion length versus
fluence whereas in this section, the damage coefficient describes the degradation of base
diffusion length versus displacement damage dose. A comparison of damage coefficients
is possible when the unitless damage coefficients 3.2e¢ — 6 for 150 keV protons, 1.3¢ — 6
for 3 MeV protons and 1.2e — 6 for 10 MeV protons published in [85] are normalized with
& . result.

MeV m
These values are one order of magnitude smaller than the value found in this section.

their corresponding NIELs. By doing so, damage coefficients of 0.5 — 2

There are many possible origins of the difference of the damage coefficient, which are
differences in doping density, doping type, impurity concentration, and cell thickness.
The damage coefficient found in this section clearly describes the degradation behavior
of the base diffusion length of the cell type under investigation. However, for another
cell type, even if the base material is the same (GaAs), the degradation behavior can
be different.
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Figure 6.12 Recombination current density Ipo versus displacement damage for GaAs cells
irradiated by 1 and 3 MeV electrons and 1 MeV protons.

In Fig. 6.12, the recombination current density Iy, is plotted against displacement
damage. While the data points for 1 and 3 MeV electrons are grouped together fairly
closely as expected, the proton data clearly does not collapse with the electron data.
An equivalency factor of R = 18 would be required to match proton data and electron
data. Since Iy, is closely linked to V., this result is in line with the finding of Baur et
al. that for the open-circuit voltage V,. an equivalency factor is necessary to match the
proton and electron data despite an adapted NIEL value [58]. The data points in Fig.
6.12 are well described by a fit curve according to Eq. 6.13 [86]. This implies that the
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6.4 Behavior of cell parameters under irradiation

recombination current density [y follows a linear dependence on displacement damage.
This is according to expectations, taking the theoretical dependence of Iy, on carrier
lifetime into account [86].

D
o2 = Iz, oL (1 o a > (6.13)
.0

The built-in voltages and the doping densities are shown in Figs. 6.13 and 6.14.
Both parameters decrease with increasing displacement damage dose due to the carrier

removal effect, which is explained later in this section.
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Figure 6.13 Built-in voltage V}, versus displacement damage for GaAs cells irradiated by 1
and 3 MeV electrons and 1 MeV protons.

The lines are fits to the data points using Egs. 6.14 and 6.15 [85], where Ny is
the BOL doping density in units c# R, the carrier removal rate in units m, Vio
the BOL built-in voltage and K, the built-in voltage damage coefficient in units £,

MeV -
The data points in Fig. 6.13 look like they are spread over a larger area, but it has to
be considered that the y axis range only covers 0.2V. The comparison with the carrier
removal rates in [85] shows that the rates of 2 — 3 -=%—5 found for GaAs are in the
same order of magnitude as for the proton irradiated GaAs cells in [85].

Both parameters decrease with increasing displacement damage dose due to the car-
rier removal effect. The typical degradation mechanism in a semiconductor are defects
which act as recombination centers for minority carriers. Carrier removal is a degra-
dation mechanism which describes the reduction of majority carrier concentration in a

semiconductor.
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Figure 6.14 Doping density Ipo versus displacement damage for GaAs cells irradiated by 1
and 3 MeV electrons and 1 MeV protons.

Vi = Vo — KDy (6.14)
_ ReDy
Ny = Ngpe Nao (6.15)

The decrease in carrier density or effective decrease in doping density leads to a
broadening of the SCR width which partly compensates the shorter minority carrier
Cm% 3 MeV electrons
is 7.60:;1—@ lower than of the BOL cell. Without the decrease in doping density and
built-in voltage, the decrease in short-circuit current would be 7.94 :7””7‘2. So the effect

diffusion length. For instance, the I, of the cell irradiated with 116

of irradiation on doping density and built-in voltage leads to a compensation of the
mA

cm?2!?

current decrease of 0.34 which is 4.5 % of the original difference in current. The
decrease of both doping density and built-in voltage is stronger for electrons than for
protons in both materials, which might be caused by defects created by electrons that
are more likely to remove majority carriers. At first glance, this contradicts the result
of the diffusion length decrease, which is only dependent on the displacement damage
and not on the particle type. However, it is a priori not clear that the same defects
are responsible for recombination of electron-hole pairs and for the compensation of
one kind of charge carriers (holes in the base region). Apparently, the base diffusion
length is not dependent on the defect energy in the bandgap. The carrier removal is,

however, dependent on the defect energy in the bandgap. The difference in electron
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and proton data can be reconciled by introducing an effective displacement Dy s = %
damage dose like it is done in the NRL displacement damage dose analysis of solar cell
parameters. For the proton data of the doping density and the built-in voltage, an R of

approximately 2 would collapse the data points.

6.5 Conclusion

Single junction GaAs cells, representative of the middle junction in current IlI-V triple
junction cells, were irradiated with proton and electron fluences above those encountered
in typical GEO missions. Under these conditions, the short circuit current significantly
degrades due to a reduction in the emitter and base minority carrier diffusion length.
The field assisted carrier collection in the space charge region thus accounts for a larger
fraction of the total photocurrent of the cell. Since the width of the space charge region
decreases with applied external voltage, the current collected in the space charge region
decreases and thus the overall photocurrent. It is important to include this effect in
modeling the IV curve and not to attribute it to a shunt resistance effect, which can
always be ruled out by a dark IV measurement. Tunneling currents are found to be
active at low temperatures, but are excluded at room temperature. The degradation of
the diffusion length is found to depend only on the displacement damage dose deposited,
taking into account a T; of 21 eV, but neither on particle type nor on particle energy. The
behavior of Iy, in contrast, is found to depend on the particle type. These observations
are in-line with the behavior of short circuit current and open circuit voltage of IlI-V
solar cells under irradiation. It is found that the decrease of effective doping density by
carrier removal partly compensates the decrease of short-circuit current by irradiation.
Furthermore, the behavior of the built-in voltage and the doping density is found to be
dependent on particle type.
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7 Analysis of particle irradiated

4-junction cells

7.1 Introduction

Over the last decades, the efficiency of solar cells has increased continuously [87]. Be-
ginning with silicon monojunction cells, the evolution of space cells led to GaAs mono-
junction cells to GaAs/Ge dualjunction and GalnP/GaAs/Ge triplejunction cells. The
most recent generation of solar cells for space use are quadruple or four-junction (4J)
solar cells. They will be integrated in future satellite solar panels [88]. Even 5J and
6J solar cells have been developed in the laboratory [89,90], but 4J is the most recent
state of technology regarding solar cells in series production for actual use in space.
For 4J cells, already a few irradiation results have been published, but only for few flu-
ences with 1 MeV electrons [91,92]. The behavior of 4J cells under particle irradiation

covering protons and electrons of different energies and fluences is yet to be determined.

In this chapter, the results of a 4J irradiation campaign will be presented and dis-
cussed, which was conducted to determine the behavior of 4J cells under particle irradi-
ation. Firstly, particles, energies, and fluences, which are representative of the particle
environment around Earth, are chosen for the irradiation. Details of the particle param-

eters used for irradiation will be presented and explained.

Secondly, the resulting degradation data of the irradiation campaign will be presented.
With this data, it is possible to analyze the degradation behavior of the 4J cells. Espe-
cially the degradation of the solar cell parameters I, V.. and P,,,, will be shown along
with a comparison between the different isotype cells and the behavior of the 4J cell.

As method for data analysis, the NRL method with variable threshold energy for
atomic displacement has proven useful for 1J and 3J cells. The method needs a lot
less data than the JPL method and it uses the physical parameter Tj instead of the
empirical exponent n. The method, which up to now has never been applied to 4J cell
degradation data, will be used and its applicability will be verified for 4J cells. More-
over, the degradation data of the four different subcells of a 4J cell will be analyzed by

characterizing 1J isotype cells representative of the subcells of a 4J cell. The isotype
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7 Analysis of particle irradiated 4-junction cells

degradation results are compared to the 4J degradation results and discussed.

In the last section of this chapter, the mission profile of a satellite which uses electrical
propulsion for its transfer to a geostationary orbit will serve as an example. Electrical
propulsion is an energy-efficient way of bringing payload in its final orbit. Due to the low
thrust generated by electrical propulsion, the duration of the transfer phase of a satellite
is in the range of months compared to days using chemical propulsion. For the solar
generator, this means two things: Firstly, energy has to be generated during the whole
transfer phase. Secondly, the solar generator will be exposed to higher displacement
damage doses because during the transfer phase the satellite crosses the particle-richest
areas of the Van Allen belts multiple times. Therefore, it is most important to know
the behavior of 4J cells under high electron and proton irradiation. In this chapter, the
BOL and EOL values of the power of a solar generator will be computed for an example
electric orbit raised (EOR) mission to the GEO orbit and a following 15 years on-station.
The expected degradation of solar cells on an EOR + GEO mission with shielding cover

glass is computed and all steps are explained in detail.

7.2 Particle environment

To determine the degradation of the 4J cells under particle irradiation, four 4J cells
per fluence are irradiated with electrons and protons. To determine the impact of the
four different subcells, two isotype cells per fluence representative of each subcell are
irradiated and characterized. The fluences are shown in Tab. 7.1. So overall, 112 4J
cells and 56 of each J1, J2, J3, and J4 isotype cells are irradiated.

All cells irradiated have a size of 2 -2cm?. The reason for choosing these particles,

electrons 1 MeV electrons 3 MeV  protons 1 MeV  protons 2 MeV  protons 5 MeV

¢ (em™?) ¢ (em™?) ¢ (cm™?) ¢ (cm™?) ¢ (em™?)

lel4d 3el3 3el0 3el0 lell
3el4d leld lell lell 3ell
5el4d 3el4d 3ell 3ell lel?2
lel5 lel5 lel2 lel?2 3el2
3elb 3elb 3el2 3el2 lel3
5.5el5 6.1elb

1lel6

Table 7.1 Particles, energies, and fluences used in irradiating the 4J multijunction and isotype
cells.

energies, and fluences will be given in the following. To determine the behavior of the
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7.3 Degradation behavior of single and quadruple-junction cells

cells in space, the particle environment shall be represented accurately. The biggest part
of the cell degradation is caused by protons and electrons trapped in the Van Allen belts
around Earth as well as by solar protons. Therefore, electrons and protons are used to
irradiate the cells. Regarding the tested energies for protons, it is important to consider
the range of protons in matter. If a proton’s track ends inside matter, it transfers a
high amount of energy to the material. This energy peak is called Bragg peak. The
D4 method for analyzing degradation data is, however, only applicable if the particle
penetrates all subcells and the particle’'s energy remains approximately constant. The
range of protons in the cell stack was simulated already for 3J cells in chapter 5. There,
the accepted minimum was 0.3 MeV. The overall thickness of the active subcells is not
known because it is intellectual property of the cell manufacturer. The minimum energy
for proton testing on 4J cells was chosen to be 1 MeV, which represents a penetration
depth of approximately 10 um in Ge, which was computed with SRIM [27]. Energies
above 10 MeV play a minor role. Therefore, protons with the energies 1, 2, and 5 MeV
are chosen to represent the proton-dominated inner Van Allen belt, which will be crossed
several times by the satellite during the EOR phase. For electrons, the lower energy
limit is set by the fact that below approximately 0.3 MeV, the NIEL is negligible and
electrons cannot cause displacement damage. Therefore, the energies 1 MeV and 3 MeV
are chosen as test energies. It is important to test at least two electron energies to
find out the proper threshold energy for atomic displacement by fitting the electron
data [38]. The NIEL is most sensitive on T, for low electron energies, which is why

these energies were chosen. The fluences of the all particles and energies are chosen so
MeV
g

that the resulting displacement damage dose lies between 1e9 and lell , Which is
the representative displacement damage dose range for current space missions of 200

days EOR phase and a subsequent phase of 15 years in orbit.

7.3 Degradation behavior of single and

quadruple-junction cells

The analysis of the data is conducted using the NRL method as introduced in chapter
5. The threshold energy for atomic displacement is determined for the 4J cell materials.
The remaining factors of electrical parameters are plotted against the displacement

damage dose.

7.3.1 open-circuit voltage

The open-circuit voltage is an electrical parameter of a multi-junction solar cell, which
adds up for all subcells in a cell stack. Therefore, the sum of the open-circuit voltages

of the single-junction cells can be directly compared with the open-circuit voltage of

89



7 Analysis of particle irradiated 4-junction cells

the 4J stack. In Fig. 7.1, the RFs of the V. of the four isotype cells J1 (AllnGaP),
J2 (AlinGaAs), J3 (InGaAs), and J4 (Ge) are shown. The degradation data points
are shown along with the fit curves resulting from the analysis in Fig. 7.1. The fit

parameters are shown in the corresponding inset. As can be clearly observed, the data
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Figure 7.1 Degradation characteristics of open-circuit voltage of 4G32 isotype cells.

points of all electron and all proton energy data points collapse onto a single curve
for each of the four isotype cells. This serves as a first verification that the displace-
ment damage dose method using the threshold energy for atomic displacement can be
applied to the single junction cells of a 4J cell. In Fig. 7.1a, J1 is shown, which de-
grades to app. 90 % for the highest D,. J2 degrades to app. 75 %, J3 to below 60 %
and J4 to app. 65 %. In terms of V., J3 relatively degrades the most of all four isotypes.

Comparing the slopes C), of the different isotype degradation curves, a clear tendency
for a steeper slope can be observed. Starting from 0.077 for J1, 0.117 for J2 and 0.158
for J3, the steepest slope is determined for J4 with 0.213. Compared with the isotypes
of a 3J cell, the same behavior is observed from top to bottom isotype cells. The radia-
tion hardness of a cell is dependent on the atomic composition of a subcell. Since both
J1 and J2 include the element Al, which is not part of J3 and J4, it is possible that Al in
a solar cell is responsible for increased radiation hardness. Al has a T; of 50€V, which
is indeed a lot higher than the threshold energies of the other elements of the subcells.

This means that more energy is required to displace an Al atom [66].

90



7.3 Degradation behavior of single and quadruple-junction cells

In the fitting process, effective threshold energies for atomic displacement are deter-
mined, which are 77 eV for J1, 29¢V for J2, 18 €V for J3 and 38V for J4. With 18¢V,
the threshold energy of J3, shown in Fig. 7.1c, is close to the value 21 eV of the GaAs
middle cell of a 3J cell. Since J3 mostly consists of Ga and As as well, the same Asg, or
Ga s antisite defect may be mainly responsible for the recombination of electron-hole
pairs. The In content of J3 may be responsible for the difference that was found in the
threshold energy. The determined values 18 €V of J3 and 38¢eV of J4 match well with
the determined values for the GaAs subcell of a 3J cell with 21 €V and the Ge subcell
of a 3J with 40eV. This indicates that using the NRL method together with 1} . ;s for

analyzing MJ cells results in reliable results.

The threshold energy for atomic displacement of J1 is found to be 77eV, which is
large compared to values of the single elements Al, Ga, In or P, which are 50, 9-10, 3-6.7,
and 8 — 8.7¢€V [64,66—68]. The energies of the single elements represent Frenkel-pairs.
A Frenkel-pair is the simplest case of a defect and is created by displacing one atom,
which then leaves a vacancy behind on its original lattice location. The dislocated atom
eventually rests on an interstitial position. A T, value of 77eV indicates that much
energy is needed to create effective defects in this isotype cell. The threshold energy
is most likely not linked to a Frenkel-pair but to a defect consisting of more than one
atom, maybe even different atom species. This kind of defect, where more than one
atom is involved, was already found in the case of the 21 eV defect of the GaAs middle
subcell of a 3J cell. There, an antisite defect consisting of a Ga and an As displacement
was found to be the most likely candidate to explain the threshold energy. Furthermore,
the situation of the J1 Tj ;s determined is similar to that found for the 3J top cell.
Already for the GalnP top cell, a threshold energy was found (35€V) which is higher
than that of each of its elements Ga, In, and P. The elemental composition of J1 is
similar to a 3J GalnP top cell but with additional Al, which leads to the conclusion that
Al is responsible for additional radiation hardness. Molecular dynamics simulation or

DLTS could provide more insight into this topic, but this is not part of this thesis.

The NIELs resulting from the four determined subcell-specific T} .¢¢s for full energy
spectrum of protons and electrons are depicted in Fig. 7.2. For protons of more than
30keV, the NIELs are approximately identical. For electrons, the NIELs differ quite
significantly. The topmost curve of the electron NIELs shows the NIEL of J3. In this
graph, we can see clearly that the non-ionizing energy loss of electrons up to 10 MeV is
largest in J3.

Following the analysis of 3J cells, the NIEL of the least radiation hard subcell, which is
J3, is used to fit the multi-junction 4J cell. The result is depicted in Fig. 7.3. Although
four different subcells with four different degradation behaviors contribute to the the

open-circuit voltage of the 4J cell, the data points collapse onto a single curve. This is
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Figure 7.3 Degradation characteristics of open-circuit voltage of 4G32 4J cells.

a verification that the displacement damage dose method using 75 ¢ can be applied
to 4J cells.

The threshold energy of 27 eV, however, does not match the threshold energy 18 eV of
the J3 isotypes. This behavior is different than with GaAs cells and 3J cells, which can
both be fitted with an effective threshold energy of 21 eV. The reason for this different
behavior is that all subcells contribute to the open-circuit voltage of an MJ cell, which
is the sum of its contributions. So a priori, the behavior of the V,. of one subcell does
not match with the behavior of the V. of the whole multi-junction cell. This is the case
for the 4J cell and its subcells. In 3J cells, the situation is different because the mid cell
is one of three subcells and influences the behavior of the 3J cell more profoundly (the
voltage contribution of mid to 3J cell is approximately double the voltage contribution
of J3 to 4J) than J3 influences the 4J cell.

To determine the individual contributions of the different subcells, firstly it is checked

how well the isotypes match the behavior of the 4J cell. Towards this end, the absolute

92



7.3 Degradation behavior of single and quadruple-junction cells

w
ol

w
o
T

N
a1
T

=
a1
T

Open-circuit voltage (V)
= N
o o

©
a1
—
1

00 MR BT SRR B S ST R TTT S ST B S A EE T BT
1E7 1E8 1E9 110 1K1 1E12  1E13
Displacement damage dose (MeV/ Q)

Figure 7.4 Comparison of the absolute degradation of the open-circuit voltage of 4G32
isotypes, the sum of the four isotypes and the 4J cell.

degradation curves are compared. In Fig. 7.4, the absolute degradation curves are
plotted, which consist of the relative degradation curves determined in this section
multiplied with their respective absolute BOL value. The sum of the V. of the 1J
cells matches the 4J cell with a difference smaller than 67 mV or 2.5% up to a dose of
2@11%. This is the highest dose applied to the cells in this study. The curve beyond

this dose is extrapolated, which is most likely responsible for the increasing difference of
MeV

the curves. A typical mission dose of 1e10 results in a degradation of V,. of the 4J
cell to 92.5% or 3.119V. The remaining factors of the isotype cells are 97.1 % for J1,
90.3 % for J2, 80.7 % for J3 and 88.8 % for J4, which sums up to an absolute voltage
of 3.086V, which is a difference of 1.5% to the 4J value and within measurement
tolerance. In conclusion, the irradiated 4J cells are characterized well and behave equal
to irradiated isotype cells. The magnitude of degradation of each individual subcell can

clearly be determined.

7.3.2 short-circuit current

Since the current of a multi-junction cell is determined by the subcell with the least
current, it is desired that all subcells of a multijunction cell generate a similar current
not only BOL but also under irradiation. The short-circuit current of the four different
isotypes after particle irradiation is determined in this section and shown in Fig. 7.5. In
Fig. 7.5a, the data points and corresponding fit curve for the I, of J1 is shown. The
current of J1 degrades only to app. 90 % of its BOL value at the highest tested D,,
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Figure 7.5 Degradation characteristics of short-circuit current of 4G32 isotype cells.

which is more radiation hard than J2 with app. 70 %, J3 with app. 60 %, and J4 with
80 — 90 %. The electron data points as well as the proton data points collapse well to
a single curve which describes the degradation behavior of the I,. of an AlGalnP cell
well. The fit parameters are given in the inset. Through the analysis of I, 79, 39, 17,
and 40 eV were determined as threshold energies for J1, J2, J3, and J4. Each of these
energies does not differ more than 2eV from the value found in the analysis of V..

Regarding J4, the proton data points at higher fluences, especially the 1 MeV proton
data, do not collapse well with the other energies. Since 1 MeV is the lowest of the
tested proton energies and J4 is the isotype cell which lies deepest from the surface of
the cell, the non-linear rise of energy transfer from the proton to the lattice atoms at
the end of the proton tracks might partly have happened in the active region of the
cell. The Dy method is, however, only applicable if the energy of the particles remains
approximately constant. Whether the 1 MeV Bragg peak lies in the active volume of J4
or not cannot be determined clearly because the exact thicknesses of the subcells are
not known. If the Bragg peak lies in J4, a stronger degradation is expected than of the
other energies, which is obviously not the case. Moreover, Fig. 7.1d shows a collapse of
the proton 1 MeV data in the V,. case. Consequently, it is unlikely that the Bragg peak
lies in J4. It is unclear why the current of J4 isotypes irradiated with 1 MeV protons
degrades less than when irradiated with 2 and 5MeV protons.

The threshold energy of J4 is found to be 40€V. This value is not only similar to the
value found for the V. degradation of J4, but also to the value found for the Ge subcell
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Figure 7.6 External quantum efficiency of a J3 isotype cell, a J4 isotype cell as measured and
the corrected EQE of J4 without the current induced by luminescent coupling of J3.

of a 3J cell. This is a first verification that a T ¢ of around 40 €V can be allocated to
one or more radiation-induced defect types in germanium, independent of the cell stack
surrounding the Ge subcell. It is important to note that in order to get the BOL value
of I,. of J4 which originates solely from J4, a correction is necessary. A certain ratio of
the photons absorbed in the J3 region of the J4 isotype cell recombine generating new
photons with an energy of the direct bandgap of GalnAs. From these photons, which
are emitted in all directions in the cell material, again a certain amount is absorbed in
the germanium of J4 which leads to an increased current value. This effect is called
luminescent coupling and was already investigated in 3J cells in chapter 5 and in [63].
The effect on the short-circuit current of J4 is quantified by EQE measurements shown
in Fig. 7.6. In this figure, the EQE of a BOL J3 is shown along with the EQE of a BOL
Ja.

Using the correction equation of [63] effectively results in a subtraction of the ad-
ditionally generated current in J4, which is caused by luminescent coupling of J3 to
J4. The EQE curves are integrated with the AMO spectrum to get the resulting I..
The luminescent coupling is responsible for an additional short-circuit current in J4 of
Al = 0.78:;1—‘2 in this example cell, which is less than for 3J cells, where Al,. = 4.16%2.
The reason for this could be a higher intrinsic defect density and consequently a lower
radiative recombination in J3 due to the growth of this subcell on a metamorphic layer.
The respective current value was subtracted from the BOL value of the I,. of J4 cells

for all proton energies. In all irradiated cells used in this thesis, also called EOL cells,
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Figure 7.7 Degradation characteristics of short-circuit current of 4G32 4J cells.

this correction is not necessary because radiative recombination is reduced drastically
due to the enhanced amount of SRH-defects. It is important to note that the RF data
points in Fig. 7.5d include this correction process. To compare the degradation of the
isotype cells to the 4J cell, the 4] cell is analyzed using the T} .s¢ of J3, since this is
the cell mostly responsible for the I,. degradation. The result is shown in Fig. 7.7. The
data points again collapse well on a single curve. The Ty .¢s results in 20€V, which
agrees well with the T .r¢ of 18eV of J3. The absolute values of the I, degradation
curves of the 1J cells and the 4J cells is depicted in Fig. 7.8. The curves are shown
up to a dose of 2611% because up to this dose, data points exist and the curves are
no extrapolation. The current of J1 is the smallest current of all isotype cells from a
dose of 1e7 to 1el0 %. Therefore, up to a dose of 1610% which approximately
corresponds to an equivalent 1 MeV electron fluence of 115 %5, J1 is current limiting

for the 4J cell. In the same dose range from 1e7 to 1el0 Mgev, the current of J2 and J3

MeV
g

the 4J cell is limited in its current generation by J3. The current of J4 is bigger than

is approximately equal. However, above 1e10 , J3 degrades stronger than J2 and
that of all other cells and therefore never current limiting.

This degradation comparison shows possibilities for future cell improvements: For BOL
use, the 4J cell current can be increased by increasing the J1 current. For use in particle
environment, the current of J3 should be increased or in other words, J3 should be made
more radiation hard. Following that, the current of J2, which is close to the J3 current,

should be increased as well towards higher radiation hardness.

At a Dy of app. 1e10 2%, the current-limitation of the 4J cell changes. So the 4J

degradation curve should basically be a compound curve of the J1 and the J3 degra-

0 MeV

dation. As we see in Fig. 7.8, that is not exactly the case from lel onwards.

Although the current of the 4J cell and J1 resp. J3 match within a band of approxi-

mately 10 %, the degradation behavior of the 4J cell and especially J3 above 110 ¢V
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Figure 7.8 Comparison of the absolute degradation of the short-circuit current of 4G32
isotypes and the 4J cell.

is not quite the same. The 4J cell shows a steeper slope and therefore degrades faster.

The origin of this effect is not clear. Since the curve is based on data points with a

MeV
g

ited data is the origin of the different slopes. Comparing the slopes of the J3 fit with
Cj3 = 0.458 £ 0.057 and of the 4J fit with Cy; = 0.983 £ 0.255, it is shown that the

fit uncertainty cannot fully explain the slope difference. Another difference which could

maximum of 2ell

, it is possible that the uncertainty of the fit based on the lim-

be responsible for the current difference of the current-limiting 1J cell and a 4J cell is
the operating point. At short-circuit current, the overall cell voltage is V' = 0. For a
SJ cell, the situation is clear and the I,. is measured at V;; = 0. For an MJ cell, the
situation is different. Since at BOL, a 4J cell is current limited by the J1 subcell, it
also means that at short-circuit, the J1 subcell of the 4J cell is operated at a negative
voltage. This situation is depicted in Fig. 7.9a. In Fig. 7.9a, the current-voltage
characteristics of four different isotype cells are shown under AMO illumination. Under
the assumption that the isotypes represent the subcells of a 4J cell well, the short-
circuit current of a 4J cell, which is the least current of the isotypes, is marked. For
these four specific subcells, the value is 14.8 :‘7’2. This current is marked by a dashed
line. At short-circuit, the sum of the voltages of the subcells is zero. Due to the fact
that the subcells, which are not current-limiting, are operated at positive voltages of
Vo =096V, V;3 =0.56V, and V;; = 0.21V, J1 is operated at a voltage which can
be calculated by V3 = —(Vje + V3 + Vyy) = —1.63V.
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Figure 7.9 Current-voltage characteristics of 4G32 isotypes at BOL and EOL (= 3612#
2MeV protons, which is app. a dose of 1611M). The negative branch is extrapolated
because an LIV curve is not measurable in the negative voltage range. The big dots show the
operating point of the four isotypes under the assumption that the isotypes are subcells in a

4] cell stack.

For the EOL case, an irradiation of 3el12

dose of approximately 1611%. The IV-characteristics of the same four isotype cells,

ﬁ 2 MeV protons is chosen, which equals a
but now irradiated, is shown in 7.9b. The LIV curve of J3 is linearly extrapolated on the
negative voltage range using the slope at V' = 0. The extrapolation is necessary because
with the experimental setup it is not possible to measure a LIV curve at negative voltage.
The linear extrapolation can be justified as follows. As shown in chapter 6, the slope
in the photocurrent originates from the voltage dependence of the space charge region
in combination with a low minority carrier diffusion length. For negative voltages, the
SCR is further broadened and the slope of the LIV curve continues. The short-circuit
current in the EOL case is limited by J3 but not equal to the I,. of J3, which would be
the current value at V = 0. So the degradation of the subcells also leads to a slope in
the current branch of the curves, which is horizontal in the BOL case. The I,. of J3
is 11.2 ™5 but the I,. of the 4J cell at the same irradiation is 11.8 5. The 11.8 ™5
are indicated by the orange dashed line in Fig. 7.9b. So the difference of the voltage-
dependent photocurrent and the position of the operating points of the subcells in a 4J
cell is the reason why a 4J cell can have a higher short-circuit current than any of its
subcells at the same irradiation level. This could be the reason why the short-circuit
current of the J3 limited 4J cell is higher than the short-circuit current of a J3 isotype
cell as depicted in Fig. 7.8 from app. Dy = 210 Mgev to 3ell Mgev. There is also
quantitative agreement: At Dy = lell Mgev, the I,. for 4J cells is also 0.6 :%2 higher
than for the J3 cells.

In conclusion, it was found that the short-circuit currents of J1 matches the value of the
4] cell shown from a D, of 1e7 to 110 ¥ in Fig. 7.8. For higher doses, the current
values of the J3 limited 4J cell are higher than of the J3 isotype cell. The reason for this
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Figure 7.10 Degradation characteristics of power at maximum power point of 4G32 isotype
cells.

is that a J3 cell in a 4J cell stack is operated at a different voltage than a J3 isotype
cell at short-circuit condition. In combination with a voltage-dependent photocurrent
of irradiated cells, this leads to a shift of the operating point in the cellstack which is
responsible for the J3 cell to generate a higher short-circuit current in a 4J cell than in
an isotype cell. In other words, in the isotype cell, short-circuit means that V;3 = 0V.
In the 4J cell, short-circuit implies that V,; =0V and V;3 = —1.76 V. It is important
to note that the degradation of the current of a 4J cell can only be approximated by
the degradation of the respective current-limiting subcell. As depicted in Fig. 7.7, the
data points reveal that the degradation of the 4J cell does not significantly change its
slope at any dose. Therefore, the fit of the 4J cell with a single fit curve is possible.
In another multi-junction cell technology with i.e. two current-limiting subcells with a
very different behavior, it may be necessary to fit the multi-junction degradation data
with not a single but two different curves as a stepwise defined function. For the use
in space, it is important to note that a cover glass is typically put on top of the cells
to reduce particle degradation. Another effect of a cover glass is, however, that the
transmission can change dependent of the wavelength. This wavelength dependence
can lead to a shift of the specific displacement damage dose where the current limiting
cell changes.
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Figure 7.11 Degradation characteristics of power at maximum power point of 4G32 4] cells.

7.3.3 power at maximum power point

The power at maximum point of 1J and 4J cells will be analyzed and compared in this
section. The power of the four different isotypes is depicted in Fig. 7.10a-d. The
maximum power of J1 cells decreases to about 70 % of its original value for a dose of
app. 2el1l M€V The respective RF at this dose of J2 is 45 %, of J3 30 % and of J4 also

g
45 %. The proton data points of the J4 cell in Fig. 7.10d do not completely collapse

onto the fit curve. This spread of proton data agrees with similar findings related to the
short-circuit current depicted in Fig. 7.5d. Since the power is the product of current
and voltage, the spread of the power proton data can be attributed to the contribution
of the current. The effective threshold energies for atomic displacement are 71V for
J1, 37eV for J2, 17€V for J3 and 39¢€V for J4. These values agree well with the values
found for V. and I,. and further confirm the validity of the fitting method. The data
and fit curve for the power of 4J cells is shown in Fig. 7.11. The 4J cell decreases to

approximately 45 % of its original value at 2ell %.

To get a deeper insight into the contributions of the different subcells to the overall
power of the 4J cell, the power of each subcell is plotted versus D, in Fig. 7.12 along
with the sum of the subcell powers and the 4J cell power. The power of the 4J cell is
smaller than the added power of the isotype cells. This effect is marginal at a dose of
Dy = 1e10MY byt up to 2.5 ™W at BOL and at Dy = 1611%. The reason is not

g cm

the voltage because from Fig. 7.4, we know that the sum of voltages of isotype cells

matches the voltage of a 4J cell well. The origin of this difference is that the maximum
power is at a different current for each subcell and also dependent on and changing
with irradiation. Within a 4J cell, the subcells are connected in series and therefore
forced to work at an equal current level, which means that a priori only one subcell can
be operated at its maximum power point. All other subcells are not operated at their

respective maximum power points and therefore in a 4J cell the maximum power cannot
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Figure 7.12 Comparison of the absolute degradation of the power at maximum power point
of 4G32 isotypes and the 4J cell.

be as high as the summed up power at maximum power point of corresponding isotype
cells. For clarification, the case of an equal operating point in a 4J cell is depicted in
Fig. 7.9a. In this figure, it can also be seen that each isotype cell has its own maximum
power point and most importantly its own current value at maximum power point. Due
to the change of the maximum power points of the subcells with irradiation it is pos-

sible that at a certain irradiation level, two or more subcells have the same maximum

power point current. Such an irradiation level is found at Dy = 1610Mgev, which is why
the power at maximum power point of the 4J cell matches the summed up powers at
maximum power points of the isotype cells.

In summary, the degradation behavior of the open-circuit voltage, the short-circuit cur-
rent, and the power at maximum power point of the four isotype cells and the 4J cell
of the 4G32 cell type were analyzed, compared, and discussed. In the next section, the

degradation analysis of the 4J cell will be utilized.

7.4 Degradation of shielded 4-junction cells on an

electric orbit raising mission

In this section, the 4J degradation analysis is used to determine the degradation of a

cover glass shielded solar cell. To compute the effect of shielding, a particle environment
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of a specific mission is chosen. The steps towards achieving this goal are described in

the following.
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Figure 7.13 Particle environment for 200 days of electric orbit raising and 15 years in geo-
stationary orbit.

The chosen mission consists of a satellite, which is raised to its final geostationary
orbit (GEO) by electric orbit raising (EOR) [93]. Electric orbit raising implies that after
the satellite is deployed from the launch vehicle in a highly elliptical orbit, ion thrusters
are used to transfer the satellite to the geostationary orbit. lon thrusters make use
of xenon atoms, which are ionized, electrically accelerated, and ejected to gain thrust.
This transfer method is more mass efficient than chemical propulsion due to the higher
specific impulse of the Xe ions. In this way, the payload mass of a satellite can be max-
imized. The disadvantage of EOR is that the transfer to the final orbit takes more time
than a transfer by chemical propulsion. During transfer, the satellite slowly increases its
perigee and therefore also slowly crosses the electron and the proton Van Allen belts.
The central regions of the belts have to be passed, which causes a significant amount
of displacement damage dose to the solar cells. The long GEO on-station phase takes
place in the outer area of the outer electron belt. The displacement damage doses as

well as particle fluences during EOR and GEO add up to the total mission values.

First of all, the particle environment which the solar cells will be exposed to during
the mission is computed. For the computation, Spenvis is used [20]. Spenvis is the
space environment information system of ESA. It is a useful tool and data base for
many calculations regarding space environment. For the mission, a realistic EOR and
GEO are chosen. The EOR mission phase is approximated by ten isochronous segments
followed by the GEO mission phase. For the EOR phase, it is assumed that the starting
orbit is 300x35786 km with an inclination of 30°. The initial inclination depends on

the launch site. At 0° inclination, irradiation is at its maximum. Each of the ten EOR
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segments shall be twenty days long. The overall transfer time sums up to 200 days.
The perigee shall increase linearly from 300 to 35786 km. The apogee shall increase
linearly from 35786 km to 55000 km at day 100 and then decrease again linearly to
35786 km. During the whole EOR transfer time, the inclination shall decrease linearly.
These assumptions are a good approximation to realistic mission parameters [94]. The
final GEO orbit is a circular orbit at 35786 km with 0 ° inclination. The on-station time
shall be 15 years. The values are given in Tab. 7.2.

segment duration perigee average apogee average inclination average

km km °
1 20d 2074 37707 28.5
2 20d 5623 41550 25.5
3 20d 9172 45393 22.5
4 20d 12720 49236 19.5
5 20d 16269 53079 16.5
6 20d 19817 53079 13.5
7 20d 23366 49236 10.5
8 20d 26915 45393 7.5
9 20d 30463 41550 4.5
10 20d 34012 37707 1.5
11 15y 35786 35786 0

Table 7.2 Data of EOR orbit broken down in ten segments and GEO phase. The given EOR
values are the average values computed for each segment phase.

The electron environment the solar cells are exposed to consists of electrons from the
outer electron Van Allen belt during the GEO phase and from the outer and inner elec-
tron belts from the EOR phase. As environmental model, the standard model AE8 for
solar maximum conditions is chosen with a confidence level of 84.135 %, which means
that the probability that the predicted fluence will not be exceeded is 84.135 %. In Fig.
7.13a), the total fluence of electrons vs electron energy for a 200 day EOR phase is
shown as well as for a 15 year GEO phase. The total electron fluence is dominated
by the 15 year GEO phase electrons trapped in the outer Van Allen belt for electron
energies up to app. 5MeV. Above that energy, it is dominated by the EOR phase
because the flux of high energy electrons is low in the outer area of the electron belt,
which is where the GEO orbit is located.

For protons two different sources are important. There are protons trapped in a belt
and also solar flare protons directly coming from the sun. The proton environment is
computed with Spenvis using the standard models AP8 with solar minimum conditions
for the protons trapped in the belt and ESP-PSYCHIC for the solar flare protons with a
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confidence level of 84.135 %. The proton environment is shown in Fig. 7.13b. The total
proton mission fluence is dominated for energies from 0.1 MeV up to 0.4 MeV by trapped
protons of the GEO phase. For energies from 0.4 MeV up to 4 MeV, trapped protons of
the EOR phase determine the total fluence. Solar flare protons do not play a significant
role up to 4 MeV because flare protons show low fluences for low energies compared
to trapped protons. The reason for the trapped proton fluence during the 200-days-
long EOR phase being higher than during the 15-year-long GEO phase between 0.4 and
4 MeV can be explained as follows: The proton Van Allen belt extension is restricted,
i.e. 10 MeV protons are trapped in the belt only up to a height of app. 16000 km above
Earth. For lower energetic protons, the maximum height extends further. This leads to
the trapped proton fluence between 0.4 MeV and 4 MeV being dominated by the EOR
phase where the solar cells directly transit the center of the proton belt, where also
relatively low proton energies show high fluences. The inclination of the EOR orbits
was chosen to minimize the EOR proton fluence. The EOR proton fluence would be
even higher if the orbit had an inclination of 0 ° because then the EOR orbit would lie in
plane of the proton belt, which is the equatorial plane. For energies above 4 MeV, the
total fluence is dominated by solar flare protons in the GEO phase. Flare protons from
the EOR phase play only a minor role because the GEO phase is app. 27 times longer
than the EOR.

To reduce the deteriorating effect of particle irradiation on solar cells, the cells are
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Figure 7.14 Differential fluxes of (a) electron environment behind coverglass and (b) proton
environment behind cover glass, also called slowed down spectra.

covered with protective borosilicate glass, so-called cover glasses [94]. It is stabilized
against degradation in transmission by Ge doping. The top of the glass, which is at-
tached to the solar cell with transparent silicone adhesive, is covered by anti-reflective
coating. The cover glass and the cover glass adhesive cause wavelength-dependent ab-
sorption of photons. This absorption can change dependent on irradiation level. Due

to the wavelength dependence of the absorption, not only the cell current decreases,
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but also the current limiting subcell can change or the dose at which the limiting cell
changes. This effect is typically small for 4J cells compared to the total cell degradation.
It is, however, important to note that the calculations in this section are made under
the assumption that there is no photon absorption caused by the cover glass, but only
particle slowing resp. absorption, in other words shielding of the solar cell from energetic
protons and electrons. The cover glass absorbs low energetic protons and decreases the
kinetic energy of electrons and protons with energy high enough to transit the glass. In
order to determine the effect of the particle environment to the solar cell, the absorption
resp. reduction of energy by the different layers above and below the solar cell have to
be taken into account. All shielding materials and thicknesses can be converted into
equivalent cover glass thickness, which simplifies the calculation. Therefore, different
cover glass thicknesses were included in the computation of the particle environment
behind cover glass, the so-called slowed down spectrum (SDS). The lowest possible
thickness in the software is 1 um, therefore 1 um and not 0 um is the lowest value in
the graph. The SDS is computed using the software SCREAM [47,49] with the particle
environments shown in Fig. 7.13.

The resulting SDS of electrons and protons are shown in Figs. 7.14a) and b). The
differential fluence of low-energetic electrons decreases most in the low energy range.
The cover glass is mostly effective for electron energies below approximately 0.5 MeV.
At 0.5 MeV, the differential fluence is reduced by i.e. a 1 um cover glass compared to
a 100 zm cover glass from 5.6e15 to 3.1e15MeV*ecm~2, which is a reduction of 45 %.
The NIEL below an electron energy of app. 0.5 MeV is too low to cause displacements,
see. Fig. 7.2, and therefore electrons below this energy range can be neglected resp.

0 MeV cm?
g

have a NIEL value close to and therefore do not contribute to the total dis-

placement damage computed with Eq. 7.1.

The shielding of the solar cells from protons is most effective below proton energies
of approximately 10 MeV. As shown in Fig. 7.14b), cover glasses can reduce the
differential fluence of protons by up to seven orders of magnitude. Since the NIEL of
protons increases with lower energy down to a maximum of app. 5keV, the reduction of
differential proton fluence in this energy range exponentially reduces the displacement
damage dose to the cell.

It is important to note that low-energetic protons incoming from space can be absorbed
completely by the cover glass depending on their energy and the cover glass thickness and
therefore cannot cause displacements. Nevertheless, a proton spectrum of continuous
energies down to 0 eV will reach the solar cell behind the cover glass. The reason for this
is that the continuous spectrum of protons energetic enough to transit the cover glass

is decelerated by the glass and therefore reaches the solar cell with decreased energy.
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7 Analysis of particle irradiated 4-junction cells

The Dy caused by the SDS to the cell is computed using Eq. 7.1 and is shown in
Fig. 7.15.
D= /SDS(E) x NIEL(E)dE (7.1)

It is important to note that the so far computed electron D, and the proton D, cannot
directly be summed up to get the total D;. The summation has to follow the same rules
as the proton and electron data were treated determining the characteristic degradation
curve to obtain correct values. This means that the electron Dy, is converted into
an equivalent proton dose Dy .f¢ and then summed up with the proton dose D, as
described in chapter 5.The D, of electrons is converted into effective proton damage
using the parameters of the fitting of the power at maximum power point of the 4J

cell as shown in Fig. 7.11. For different cover glass thicknesses, different displacement

Glass thickness Dy, Daeesf Dasum RF Prpp

4 ]V[geV MgeV M;V

1 2.54el4 6.92¢9 2.54el4 0
10 8.99ell 6.65¢9 9.05ell 0.21
25 9.65e10 6.27¢9 1.03ell 0.57
50 2.13e10 5.76e9 2.70el0 0.77
100 5.39¢9 5.00e9 1.04el0 0.87
150 2.66e9 4.42¢9  7.07e9 0.9
300 0.13e8 3.21e9  4.12¢9 0.93

Table 7.3 Displacement damage caused to a solar cell by protons and electrons after cover
glass shielding of different thicknesses and infinite rear side shielding and corresponding re-
maining factors of power at maximum power point.

damage doses result. The displacement damages caused by electrons and protons after
shielding is shown in Fig. 7.15. The D, caused by electrons to a solar cell with a 1 um
cover glass compared to a 100 um cover glass is reduced by 29 %, with a 300 um cover
glass even by 55 %. For protons, the situation is different: For low shielding thicknesses,
the D, caused by protons to solar cells is up to app. le4 times higher than the one
caused by electrons. On the other hand, cover glass shielding also has a much stronger
effect on D, caused by protons than on D, caused by electrons. Behind a 100 um cover

glass, the Dy, is reduced by five orders of magnitude and with 1e10 %

approximately
equal to the electron D,. For a cover glass thickness of 300 um, the D, is reduced by
altogether five orders of magnitude compared to 1 um shielding. The high proton Dy
clearly results from the EOR phase. For solar cells in space and especially for solar cells
with high proton irradiation as caused during EOR, cover glass is essential to reduce
displacement damage. The displacement damages caused by electrons and protons as
well as their sum is shown in Tab. 7.3. The displacement damage sum of effective

electrons and protons after shielding of different thicknesses can be used to predict the
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Figure 7.15 Total mission displacement damage dose for different cover glass thicknesses.

degradation of the power of a solar cell under irradiation as depicted in Fig. 7.16.
To determine the influence of the total D, on the power at maximum power point,
the P,,, degradation curve determined in Fig. 7.11 is used. The result is shown in
Fig. 7.16. The total doses of the three cover glass thicknesses 50, 100, and 300 um
were computed and highlighted . The resulting remaining factor of the F,,,, of a 4G32
solar cell are determined to be 0.77, 0.87, and 0.93. These remaining factors result for
different cover glass thicknesses after a 200 day long EOR phase through the Van Allen
belts and a 15 year long GEO phase.

The biggest uncertainty in this calculation is the actual particle environment of the
mission because only a limited data set of the particle environment around Earth is
available and furthermore the Van Allen belts are not static but can change in time.

Another uncertainty is the uncertainty of the determined cell degradation curve.

7.5 Conclusion

The degradation behavior of 4J and 1J isotypes was analyzed and compared. The
degradation behavior of the open-circuit voltage was discussed for all isotype cells and
it was found that the sum of the open-circuit voltages agree well with the open-circuit
voltage of the 4J cell for all irradiation doses. For J3 and J4, similar threshold energies
were found as for their comparable counterparts of the 3J cell, the middle, and the
bottom cell. For J2 and especially for J1, high values of threshold energies for atomic

displacement were found which has its origin most likely in the element aluminum
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Figure 7.16 Remaining factor of 4G32 solar cells for power at maximum power point after
EOR and 15 year GEO phase for different cover glass thicknesses.

and its high threshold energy for atomic displacement. The analysis of the short-circuit
current was performed including the correction of the BOL current values for luminescent
coupling between J3 and J4. The comparison of isotype and 4J cells revealed that the
current limitation of the 4J cell changes from J1 to J3 at app. Dy = 1lel0 %.
Furthermore, it was found that in a dose range where the 4J cell is J3 limited, it
generates a higher current than the J3 isotype cell in the same dose range. The origin
of this difference was found to be different operating points of the J3 cell in a 4J cell
stack and a J3 isotype cell at short-circuit state in combination with voltage-dependent
photocurrent of irradiated cells. The power at maximum power point is higher in
sum for the 1J cells than for the 4J cells. The origin of this difference was found
to be the different maximum power points of each subcell or isotype cell. Finally, the
degradation of power of a shielded 4J cell was investigated. It was assumed that the
4]J cell was transferred by EOR to the GEO orbit. The particle environments for these
two mission segments were computed as well as the environments behind different cover
glass shielding thicknesses. It was found that in the whole energy range the total electron
dose was dominated by the electrons trapped in the Van Allen belt, which is where the
GEO orbit is located. The proton environment was dominated up to app. 4 MeV by
protons trapped in the belt. They damaged the solar cell during the EOR phase. Above
4 MeV, the total proton environment was dominated by solar flare protons during the
GEO phase. The displacement damage dose to the solar cell by electrons and by protons

was analyzed separately and it was found that at approximately 100 um equivalent cover
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glass thickness, the amount of damage caused by electrons was equal to the amount
of damage caused by protons. The total degradation of the power at maximum power
point was analyzed for different cover glass thicknesses on this mission. It was found
that the power at maximum power point degrades to app. 87 % with 100 zm cover glass.
With the analysis showing different degradations for different cover glass thicknesses, a

trade-off between energy and mass of a solar generator can be made.
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8 Characterization of subcells of
particle irradiated multi-junction

cells

8.1 Introduction

So far it was necessary to use isotype cells to do a subcell radiation characterization of
MJ cells. Now a method is introduced which allows to extract the SJ data from MJ
stacks. In order to fully characterize an MJ cell, the current-voltage behavior of the
individual subcells shall be characterized in detail. This is not trivial because an MJ cell
has only two terminals located at the top and bottom of the cell stack and the individual
subcells are not directly accessible. There are methods to gain access to the subcells:
One method to determine the subcell voltages and subcell parameters of MJ cells is de-
cribed by Rau et al. [95] using the electroluminescence spectrum. The EL spectrum of
each subcell has to be measured along with high precision EQE measurements [96, 97].
Instead of the EL spectrum, also the PL spectrum can be analyzed as described by
Alonso et al. [98]. Both methods have limitations. For indirect semiconductors such as
germanium or silicon as well as for semiconductors containing a high density of defects
such as for particle irradiated solar cells, there is limited radiative recombination and
therefore the EL and PL signals are too weak to be used to determine the MJ subcell

behavior.

Therefore, a different method is used for analyzing particle irradiated subcells of MJ
cells. For characterizing V,. of BOL and irradiated MJ cells, the method using pulsed
laser light is applied, which was first described using BOL 3J cells in [99]. In [100-102],
the pulsed laser method is applied to 3J and 4J cells. The results of BOL cells generated
using pulsed lasers were compared to the results generated using the EL-V,. method and
it was shown that the methods provide identical results. It is even possible to compute
the subcell capacitance using the rise time of the voltage [103].

The advantage of the pulsed laser method is that also the V. of irradiated subcells is
accessible. For this reason, pulsed lasers are used in the following to characterize 3J
and 4J cells irradiated with high doses of electrons and protons. It shall be verified that
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8 Characterization of subcells of particle irradiated multi-junction cells

it is possible to determine the V,. of the subcells using pulsed lasers for highly irra-

diated solar cells with fluences up to 2e16 1 MeV electrons. Additionally, the dark

1
cm?2
current-voltage characteristics of the subcells shall be determined, which are otherwise

inaccessible in MJ cells.

The applicability of the pulsed laser method to determine the correct subcell behavior
as well as the results themselves are verified in two ways. Firstly, the photocurrent-V,.
curves of the individual subcells of a 4J cell are compared with the individual DIV curves
of equally irradiated isotype cells.

Secondly, the individual subcell photocurrent-V,,. curves from both irradiated 3J and 4J
cells are fitted. The resulting fit parameters are used to simulate the corresponding 3J
resp. 4J cell in SPICE [104] resulting in a simulated DIV curve of the whole respective
MJ cell. This DIV curve simulated by the subcell parameters gained from the I,;, — V.
curves is then compared to the actually measured DIV curve of the 4J cell. The results

are shown in the following.

8.2 Subcell voltage determination with pulsed lasers
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(a) 3J cell (b) 4J cell
Figure 8.1 Equivalent circuit of (a) a 3J and (b) a 4J cell consisting of a current source,

two diodes representing recombination in the neutral and in the space charge region, a shunt
resistance, and a capacitance per subcell as well as an overall series resistance.

The principle of the measurement of V. is based on the fact that each pn-junction

exhibits a capacitance associated with the space charge region. Taking the capacitance
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8.2 Subcell voltage determination with pulsed lasers

of a subcell into account, the equivalent circuit of a solar cell consists of a current
source, a diode representing recombination in the neutral regions, a diode representing
recombination in the SCR, a parallel resistance representing shunts in the cell, a capac-
itance and a series resistance. An equivalent circuit diagram of a 3J and a 4J cell is
shown in Fig. 8.1a) and b). The subcell equivalent circuits include the capacitances C';

to Cya, resp. Ci,p to Cher. These capacitances can be charged by laser pulses which

External quantum efficiency
External quantum efficiency

Ooa — \'/ 1 1 1 Oo - 1 1
400 600 800 1000 1200 1400 1600 1800 400 600 800 1000 1200 1400 1600 1800
Wavelength (nm) Wavelength (nm)
(a) 3J cells (b) 4J cells

Figure 8.2 EQE of (a) 3J and (b) 4J cells BOL and irradiated with different fluences of 1 MeV
electrons together with the wavelengths of the lasers used to generate electron-hole pairs in
the individual subcells.

are fully absorbed in the respective junctions. The charging of a junction capacitance
by laser illumination takes place on a much shorter timescale than the charging of the
non-illuminated junction capacitances, which is the reason why an individual subcell
voltage can be measured. For the characterization of the V,. of the subcells of MJ
cells, three resp. four lasers are used. The lasers have wavelengths of 450 nm, which
is absorbed in the top cell resp. J1, 803 nm, which is absorbed in the mid cell resp.
J2, 975 nm, which is absorbed in J3 and not used for 3J characterization and 1470 nm,
which is absorbed in the bot cell resp. J4. The wavelengths are shown in Fig. 8.2 as
straight lines together with the EQEs of BOL and electron irradiated 3J (a) and 4J (b)
cells. The wavelengths are chosen in a way that each laser is absorbed in a specific
subcell. To illuminate the solar cell homogeneously, the laser beams are widened and
homogenized by optics. Further details have been summarized in chapter 3.

Starting with illuminating a 4J cell homogeneously with a 1470 nm laser pulse which is
fully absorbed in the junction J4, the voltage measured at the top and bottom termi-
nals of the MJ cell is depicted in Fig. 8.3. The laser is switched on at t = 0.25ms
and the V,. instantly rises at that moment because the charging of C';4 takes place in
the time range of the rise time of the laser which amounts to microseconds. A small
measurement current can flow through the 4J cell because of the other three junction

capacitances C'j1-C';3 which are not fully charged at this moment. In the millisec-
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Figure 8.3 Voltage measured at the terminals of a 4J cell while pulses of a 1470 nm laser
with different powers are illuminating the cell.

onds after t = 0.25 ms the voltage decreases slowly because the charging of the other
junctions C'j; - U3 takes place. The voltage logging device has an internal resistance
of 1 MS2 to prevent discharging over the measurement device itself in this time range.
The illumination intensity of the laser can be modified by changing the laser power.
Larger illumination intensities correspond to larger voltages resp. photocurrents gen-
erated, which is important for measuring subcell characteristics over a wider range of
voltages resp. photocurrents. In Fig. 8.3, the results of three laser pulses with different

intensities are shown.

For the subcells J3 to J1, the measurement is complicated by luminescent coupling.
If a 4J cell is irradiated with homogeneous light of i.e. 975 nm, the measured voltage
consists of the voltage generated in J3, which is where the light is absorbed, as well as a
small amount of voltage generated in J4 due to luminescent recombination of electron-
hole pairs in J3. The same effect occurs for J2 and J1 affecting cells with smaller
bandgap. To avoid the effect of luminescent coupling from J3 to J4, the 1470 nm laser
is switched on with maximum power shortly before illuminating the 4J cell with different
powers of 975 nm pulses. By doing so, luminescent coupling from J3 to J4 still happens,
but the additionally generated voltage by the additional light is negligible because the
voltage generated by a solar cell is logarithmically dependent on the incoming photon
flux. In Fig. 8.4, the continuation of the voltage measurement of Fig. 8.3 is depicted.
Firstly, 1470 nm pulses of different powers subsequently irradiate the cell and the voltage

is measured, which is represented by the blue lines. For the measurement of the voltage
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Figure 8.4 Voltage measured at the terminals of a 4J cell while pulses of different lasers with
different powers are illuminating the cell cumulatively.

of J3, first the 1470 nm was switched on at its maximum power and after 5 us, the
975 nm laser pulse was switched on with relatively small power, which resulted in the
undermost green curve. The 975 nm power is so low that it takes approximately 2 ms
to charge the capacitance of J3 C';3 and the voltage plateau is reached. Then both
lasers are turned off. The same procedure is repeated always with a maximum power
1470 nm pulse and a 975 nm pulse of different powers 5 us later until the maximum
power of the 975 nm laser is reached. To measure the voltage generated by J2, firstly
the 1470 nm laser and secondly the 975 nm laser are switched on with maximum power.
Thirdly, the 803 nm laser is subsequently switched on with different powers. The same
procedure is performed to determine the J1 voltage with all four lasers switched on one
after another. Different laser powers are used to generate different voltages. To keep
the graph clear and well-ordered, only three curves per subcell are shown in Fig. 8.4.
To acquire more data points, approximately ten different laser intensities are used per
subcell. For the lowest laser intensities shown in Fig. 8.4, charging curves are measured
before the voltage plateaus are reached. The reason for that is that the illumination is
so low that the charging time of the subcell is within the time range of the laser pulse.
In the curves depicted, the voltage plateau is still reached. For even lower illumination
levels, the voltage plateau cannot be reached within the time of the pulse and no reliable
voltage determination is possible. Therefore, a minimum level of illumination is needed

using the pulsed laser method.
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8.3 Subcell dark current-voltage characteristics

determination

To determine the photocurrents corresponding to the so determined voltages, the ex-
perimental approach described in [99] is used. One condition has to be fulfilled: For
the measurement of the generated current of a subcell of an MJ cell, all other subcells
have to generate at least or more than the amount of current generated by the subcell
under test. In other words, the subcell under test has to be the current limiting subcell.
This would be the requirement if luminescent coupling (LC) was non-existing. Due to
the existence of LC in our BOL cells, the requirement is more strict: Considering LC,
for all subcells under test but J1, the requirement is that the current generated by the
subcells not under test should not be higher but equivalent to the current of the subcell
under test. The reason behind this will be described in the following. For the mea-
surement of the photocurrent of J1, J2-J4 are illuminated with their respective lasers
at maximum laser power. Then J1 can be illuminated with different laser powers and is
always the current limiting cell up to a certain J1 laser power. For the determination of
the photocurrent of J2, J3 and J4 are illuminated again with maximum laser power of
the respective lasers. An illumination of J1 with maximum power is possible but would
falsify the measurement due to luminescent coupling from J1 to J2. To determine the
correct photocurrent generated in J2 at a certain laser power of the J2 laser (803 nm),

the J1 laser is switched on starting at a high illumination power. Decreasing the J1
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laser power while measuring the external photocurrent 1, will result in a constant I,
as long as J2 is current limiting. While continuing the decrease of the J1 laser power,
the current I, will start to decrease at a certain power level of the J1 laser. This is
the point where the subcells J1 and J2 generate the same amount of current and are
therefore current-matched. Due to the extraction of all the current generated in J1, no
more radiative recombination takes place in J1 and therefore no luminescent coupling
from J1 to J2. The photocurrent measured is the photocurrent generated from the J2
laser in J2. The same procedure is applied to determine the photocurrents of J3 and J4.
As a result, the photocurrents of all subcells are determined. The current and voltage
data points of the subcells of BOL 4J cells and 4J cells irradiated with 1615$ and
1e16 =

BOL 4J cell, the crossed and the empty datapoints from two irradiated 4J cells. These

1 MeV electrons are shown in Fig. 8.5. The filled datapoints originate from a

data points represent the DIV curves without resistive influence of the subcells which

are otherwise not accessible to measurement.

To verify the I,,-V,,. data gained with the pulsed laser method for BOL and irradiated
4] cells, the determined data points are compared with measured DIV curves of 4J
isotype cells representative of the 4J subcells and equivalently particle irradiated. The
DIV data of the isotype cells is shown as straight, dashed, and dotted lines in Fig. 8.5.
Note again that the lines in Fig. 8.5 are not fits to the determined data points, but
separately measured data of isotype cells. The data from the isotype cells and from the
4] cells of BOL J1 and irradiated J1 fits well. The data points and DIV curves of J2
do fit well above a current density of approximately 1 C”r‘TAQ. Below this limit, the data
points show a higher shunt resistance than the data lines. Considering that the data
points show no resistive influence, it is possible that this difference originates rather
from an intrinsically higher shunt resistance of the 4J cells than of the J2 isotype cells.
For J3 and J4, the results again fit well together. In conclusion, it is verified that the
not directly accessible DIV curves of the subcells of BOL and electron irradiated 4J cells

are accessible with the pulsed laser method.

8.4 SPICE simulation of 3- and 4-junction cells

Now that the method of determining I,;, — V,. or DIV curves without resistive influence
of subcells has been introduced, these curves shall be determined on a larger scale on
3J and 4J cells BOL and irradiated with protons and electrons. The resulting I,,, — V.
data of 3J cells is shown as data points in Fig. 8.6a) resp. b) for cells irradiated with

1 MeV electrons resp. protons.
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Figure 8.6 I,,-V,. data points of subcells of 3J cells BOL and irradiated with (a) 1 MeV

electrons resp. (b) 1 MeV protons. The lines are fit curves using the simplified 2-diode-model
Eq. 8.1.

The curves in the Figure are fits to the data points using the simplified two-diode
model Eq. 8.1.
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The curves fit the determined data points well.

I = Iy (exp (8.1)

ZkBT -1
Only for the middle cell curves, the
data points are slightly above the fit curves, which is an indication that these cells have
a non-infinite shunt resistance. As a result of the fit, the parameters Iy; and Iy, are
determined.

In Fig. 8.7a) resp. b), the results of the I,, — V,. data of 4J cells are shown for cells

irradiated with 1 MeV electrons resp. protons. For the 4J cells, again, the curves fit the
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Figure 8.7 I,,-V,. data points of subcells of 4J cells BOL and irradiated with (a) 1 MeV
electrons resp. (b) 1 MeV protons. The lines are fit curves using the simplified 2-diode-model
Eq. 8.1.

data well and the parameters Iy; and [y, are determined.

To verify the resulting subcell curves, the determined recombination current densities
Iy and Iy, of the subcells of irradiated 3J and 4J cells are used as input data in the
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program SPICE to simulate DIV curves of the resp. MJ cell. The equivalent circuit of
the 3J resp. 4J cell used for the DIV curve simulation is depicted in Fig. 8.8.
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Figure 8.8 Simplified equivalent circuits of (a) a 3J and (b) a 4J cell.

As in the simplified two-diode model, the subcells of the multijunction cells consist
of a current source and two diodes representing recombination in the SCR (y2) and
recombination in the neutral region (Iyy).

The resulting simulated DIV curves of the BOL and irradiated 3J cells are shown in
Fig. 8.9a) and b) for irradiation with electrons resp. protons. The lines represent the
curves generated by the SPICE simulation using the parameters [y; and I, determined
by the fit of the I,,-V,. data points. The data points are the DIV data of the 3J cells
simply measured with a Keithley source meter. The SPICE curves match well with
the data points from the maximum measured data points down to a current density of
approximately 1075 :‘TAQ. Then the simulation begins to diverge from the measured data
points. This divergency is caused by a low shunt resistance present in the MJ cell. This
low shunt resistance was not noticed within the measurement of the subcells because it
is not detectable with the pulsed laser measurement method.

The results of the 4J cell simulation are shown in Fig. 8.10a) and b) for irradiation
with electrons resp. protons.

Also for 4J cells, the SPICE curves match well with the data points from the maximum

measured data points.

8.5 Conclusion

In this chapter, a method for determination of subcell open-circuit voltages, subcell

current recombination densities, and subcell DIV curves was applied using pulsed lasers.

119



8 Characterization of subcells of particle irradiated multi-junction

Voltage (V)

(a) 1 MeV electron irradiation

Voltage (V)

1E+02 1 1E+02
o~ IB0LE 3ycells 1 o~ 1E0LF 3jcells 1
§ 1E+00f electrons1 MeV i § 1E+00 | protons 1 Mev i
I 1E01 < 1E0
g 1EO01f 1 g 1E0Lf
g g DIV measurement|
_3‘ 1E-02 | 4 D\;/ m;giuremenl! _3‘ 1E-02 3 o BOL
2 1E03f ; O lels 1 2 1E03} o Sel0
3 Se15 @ 1e12
S 1E04f 0 le1s 1 S 1E04f 0 3e12
=< 2e16 € lel3
L 1E05§ SPICE simulation [ Q 1E05} SP'C%g[nulalm”
6 1E-06 | — 1el5 1 6 1E-06 5 ——5e10
5 5e15 ul le12
1607 [ 7 s 1607 }ﬂﬁ —3e12
2e16 113
1E-08 1E-08 L
0 1 3 0 2 3

(b) 1 MeV proton irradiation

Figure 8.9 Comparison of data points representing the dark current-voltage characteristics of
3J cells BOL and irradiated with (a) electrons resp. (b) protons and data curves representing
the SPICE simulation of the 3J cell dark current-voltage characteristics. As input parameters
for the SPICE simulation, the recombination current densities Iy; and Iys determined by the

pulsed laser method are used.
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(b) 1 MeV proton irradiation

Figure 8.10 Comparison of data points representing the dark current-voltage characteristics of
4] cells BOL and irradiated with (a) electrons resp. (b) protons and data curves representing
the SPICE simulation of the 3J cell dark current-voltage characteristics. As input parameters
for the SPICE simulation, the recombination current densities Iy; and Ips determined by the
pulsed laser method are used.

The method was found suitable for BOL, electron, and proton irradiated 3J and 4J cells.

It was applied to 4J cells for the first time. The results match the ones obtained for

isotype cells.

120



9 Summary and Outlook

9.1 Summary

Within the framework of this thesis, several hundred 3J, 4J, and isotype 1J cells were
irradiated with protons and electrons to study their degradation behavior. The cells
were characterized electrically before and after irradiation.

1) An adapted solar cell degradation data analysis method based on the displacement
damage dose method with variable threshold energy for atomic displacement was devel-
oped. To apply the analysis method, a program was written in Matlab code to compute
the NIEL for different threshold energies for atomic displacement. It was found that the
adapted solar cell degradation data analysis described above results in a collapse of the
degradation data points of different electron energies when the appropriate threshold
energy for atomic displacement is used in the NIEL calculation. This is different to the
so far used Dy method, which needed an additionally introduced exponent to bring the
electron degradation data to a collapse. This exponent is obsolete when this method
is used. It was found that the threshold energy for atomic displacement is dependent
on the semiconductor material and the lowest energy defect type introduced by the
particles.

2) The threshold energies for atomic displacement were found for all subcells of the
used 3J and 4J cells, which allows insight into the dominating kind of defects generated
using only standard electrical characterization.

3) An unexpected result of this work was the finding of a voltage-dependent photocur-
rent generated by particle irradiated GaAs cells. At begin of life, their photocurrent is
constant and not voltage dependent. With increasing particle irradiation, the photocur-
rent becomes increasingly dependent on voltage. The origin for this behavior was found
in the voltage dependence of the space-charge region of the cell in combination with a
very low minority charge carrier lifetime. By lowering the minority charge carrier lifetime
by irradiation, the photocurrent generated in the space-charge region gets more domi-
nant compared to the photocurrent generated outside of the SCR. Since the width of
the space-charge region is voltage-dependent, the overall photocurrent, which is partly
generated in the SCR, becomes voltage dependent as well.

4) The displacement damage dose method is applicable for the analysis of the degrada-

tion data of 4J cells. This is especially important since 4J cells will be implemented in
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future electric orbit raising missions in space. During the electric transfer to the final
satellite orbit, the particle damage is increased considerably compared to a chemical
transfer. We furthermore report on the full characterization of 4J cells with electrons
and protons within the expected damage range of such missions. The expected dam-
age of such a mission was computed within this thesis as an example using the 4J cell
characterization in combination with the tool SPENVIS, which offers particle flux data
of the space around Earth. Finally, the damage on solar cells was computed dependent
on the thickness of cover glasses, which are used for the shielding of solar cells in space.
5) Within this work, it was shown that it is possible to extract the subcell open-circuit
voltages and the subcell dark current-voltage characteristics from 3J and 4J cells. This
was possible using an experimental setup with high power lasers whose wavelengths
were chosen so that they were absorbed in one subcell only. Contrary to cells with a low
defect density, known subcell characterization methods, which make use of the EL or PL
spectrum, are not applicable for irradiated cells due to the weak radiative recombination
in irradiated solar cells. Therefore, this new method using pulsed lasers is especially

useful for characterizing the subcells of irradiated multi-junction solar cells.

9.2 Qutlook

For future generations of thin-film solar cells, the displacement damage dose method
including a variable threshold energy for atomic displacement can be applied for degra-
dation data analysis. It provides a reliable way to determine the cell type degradation
albeit requiring a minimum amount of test data.

The 4J cell degradation behavior determined in this thesis can be used to predict the
degradation of these cells in space. The first cells of this kind will reach space on a
commercial satellite in 2022. A degradation analysis according to the same procedure
used for 4J cells in this thesis can be applied to all kinds of future cell generations when
there is at least a minimum amount of degradation data from particle accelerator tests
and particle data from the orbit(s) of interest.

The experimental setup for subcell investigation with pulsed lasers can be used to de-
termine subcell properties of other cells. The only constraint is that the wavelength of
the lasers have to fit the bandgap of the subcells. If that is not the case for other cells

of interest, the laser setup can be extended with additional lasers.

Some topics were not within the frame of this thesis, but could nevertheless be of
interest for future research.

Molecular dynamics simulations can be used to simulate what kind of defects are
generated during particle irradiation. This simulation result could be compared to ex-

perimental data. The experimental data could be generated by testing the irradiated
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solar cells with deep-level transient spectroscopy. This would give insight into the prop-
erties of the present electrically active defects.

The solar cells could be annealed at different temperatures to obtain information about
the self-healing process of different defects in different materials at different temper-
atures. On the one hand, this data is of course useful to learn about the physical
properties of the defects. On the other hand, it could also have technical relevance for
missions to the sun or to Mercury where solar cells are operated at temperatures of up
to 175°C.

In this thesis, the degradation of solar cells under proton and electron irradiation was
determined because these are the most prominent particle types in space. To gain in-
sight into the behavior of solar cells under other kinds of particle irradiation, cells could
be irradiated with particles such as neutrons, alpha particles, or muons. These particles
are also present in space but in a very low density compared to protons and electrons.
Nevertheless, it would be interesting what kinds of defects are generated by these par-
ticles and if the cell degradation can be simulated and analyzed by the same methods

as proton and electron irradiation or if the methods have to be adapted.
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Annex

NIEL for a 1-element material

function NIEL1(particle,lattice,Ed)

%X,y boxes
Eparvec=logspace(-4,4,300); %Energy vector in MeV

NIEL1imat = zeros(2,size(Eparvec,2)); %solution matrix

%calculation
for i = 1:size(Eparvec,2)
Epar = Eparvec(i);
%write in the solution matrix
NIELimat (1,1i)
NIEL1imat (2,1i)

Epar;
NIEL (Epar,particle,lattice ,Ed);

end

%plot
loglog(NIELimat (1,1:end) ,NIELimat(2,1:end),’LineWidth’,5,
’DisplayName’ ,sprintf (’ %syony%s,uuuT_{d,%s}u=u%.0f eV
’,particle,lattice,lattice,Ed));

font = ’Arial’;
fontsizelegend = 18;
fontsizelabel = 38;

set(gca,’FontSize’ ,fontsizelabel,’ xscale’,’log’); %htick label
fontsize
set (gcf, ’Position’, get(0,’Screensize’)); % Maximize figure.
xlabel ({’particle energy ,(MeV)’},’FontSize’ ,fontsizelabel,’
FontWeight’,’bold’,’FontName’,font)
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ylabel ({’NIEL,(MeV cm~2,g"{-1})’}, FontSize’ ,fontsizelabel,”’
FontWeight’,’bold’,’FontName’,font)
lh = legend(’-DynamicLegend’,’Location’,’southwest’); %to get
legend from displayname
set (lh, ’Box’, ’off’,’Fontname’,font,’FontSize’,
fontsizelegend) ;

axis ([1le-1 1lel 1le-7 1e-4])

hegrid

grid on;

xt = loglO(get(gca,’ XTick’)); %for xticks 1e8 instead of 1078

set(gca, ’XTickLabel’ ,sprintfc(’1e’i’ ,xt (1) :xt(2)-xt (1) :xt(
numel (xt)))); %for xticks 1e8 instead of 1078

yt = loglO(get(gca,’VYTick’)); %for xticks 1e8 instead of 1078

set(gca,’YTickLabel’ ,sprintfc(’1e’i’,yt (1) :yt(2)-yt (1) :yt(
numel (yt)))); %for yticks 1e8 instead of 1078

ax = gca;

ax.GridAlpha = 0.75;

ax.MinorGridAlpha = 0.75;

end

NIEL for a 2-element material

function NIEL2(particle,latticel,ratiol ,Edl,lattice2,ratio?2,
Ed2)

%constants
Aga=69.723;
Aas=74.92160;
Ain=114.818;
Aph=30.973761998;
Age=72.630;
Asi=28.084;
Aal1=26.9815385;
An=14.00643;
Acd=112.411;
Ate=127.6;

126



9.2 Outlook

%%,y boxes
switch particle
case ’'p’
Eparvec=logspace(-4,4,1000); %Energy vector in MeV
case ’e’
Eparvec=logspace(-0.8,4,1000); %Energy vector in MeV
otherwise
Eparvec=logspace(-4,4,1000); %Energy vector in MeV
end

NIEL2mat = zeros(2,size(Eparvec,2)); %solution matrix

%calculation
for i = 1:size(Eparvec,2)
Epar = Eparvec(i);
%write in the solution matrix
NIEL2mat (1,1i) Epar;
NIEL2mat (2,1i) 1/(ratiol*xAll+ratio2*Al12)*(All*ratiolx*
NIEL (Epar,particle,
latticel ,Ed1)+Al2*ratio2*NIEL (Epar,particle,
lattice2 ,Ed2));

end

%plot

font = ’Arial’;

fontsizelegend = 27;

fontsizelabel = 45;

loglog (NIEL2mat (1,1:end) ,NIEL2mat (2,1:end),’LineWidth’,5,"’
DisplayName’,

sprintf O’ Ysy on%shs, uuuT _{d,%shst=.%.0f eV’ ,particle,
latticel ,lattice2,

latticel ,lattice2 ,Ed1));

set(gca,’FontSize’ ,fontsizelabel,’xscale’,’log’,’XTick’
,[107-4 10°-3 10°-2

10°-1 1070 10°1],’VYTick’,[107-7 10"-5 10°-3 10°-1 10~11); %

tick label

fontsize

set(gcf, ’Position’, get(0,’Screensize’)); % Maximize figure.

xlabel ({’Particle energy  (MeV)’},’FontSize’ ,fontsizelabel,”’
FontName’,font,

>Color’,’black’)
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ylabel ({’NIEL ,(MeV ,cmn~2,g°{-1}) "}, FontSize’ ,fontsizelabel,’
FontName’,font,

’Color’,’black’)

lh = legend(’-DynamiclLegend’,’Location’,’southwest’); %to get

legend from

displayname

set (lh, ’Box’, ’off’,’Fontname’,font,’FontSize’,
fontsizelegend) ;

axis ([1e-4 1el 1le-7 1ell])

hgrid

grid on;

xt = loglO(get(gca,’XTick’)); %for xticks 1e8 instead of 1078

set (gca, ’XTickLabel’,sprintfc(’1E7i’,xt (1) :xt (2)-xt (1) :xt(
numel (xt))),

’XColor’,’black’,’GridAlpha’,0.5); %for xticks 1e8 instead of

1078

yt = loglO(get(gca,’VYTick’)); %for xticks 1e8 instead of 1078

set(gca,’YTickLabel’ ,sprintfc (’1EJi’ ,yt (1) :yt(2) -yt (1) :yt(
numel (yt))),

’YColor’,’black’); %for yticks 1e8 instead of 1078

NIEL for a 3-element material

function NIEL3(particle,latticel,ratiol ,Edl,lattice2,ratio?2,
Ed2,lattice3 ,ratio3,Ed3)

%constants
Aga=69.723;
Aas=74.92160;
Ain=114.818;
Aph=30.973761998;
Age=72.630;
Asi=28.084;
Aal=26.9815385;
An=14.00643;

%%,y boxes
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switch particle
case ’'p’
Eparvec=logspace (-4,4,300); %Energy vector in MeV
case ’e’
Eparvec=logspace(-1,4,300); %Energy vector in MeV
otherwise
Eparvec=logspace(-4,4,300); %Energy vector in MeV
end

NIEL3mat = zeros(2,size(Eparvec,2)); %solution matrix

%calculation
for i = 1:size(Eparvec,2)

Epar = Eparvec(i);

%“write in the solution matrix

NIEL3mat (1,i) Epar;

NIEL3mat (2,1i) 1/(ratiol*All+ratio2*Al2+ratio3*A13)=*(Al1
*ratiol*NIEL (Epar ,particle,latticel ,Ed1)+Al2*ratio2%*
NIEL (Epar,particle,lattice2 ,Ed2)+Al3*ratio3*NIEL (Epar,
particle,lattice3 ,Ed3));

end

%plot

font = ’Arial’;
fontsizelegend = 35;
fontsizelabel = 45;

loglog (NIEL3mat (1,1:end) ,NIEL3mat(2,1:end),’LineWidth’,5,"’
DisplayName’,sprintf (’_ %s_ on, %s%s%s, ,uuT_{d,%s%hs%s}u=0u%.0f
ueV’,particle,latticel ,lattice2,lattice3 ,latticel ,lattice2
,lattice3 ,Ed1l));

set(gca,’FontSize’ ,fontsizelabel,’xscale’,’log’,’XTick’
,[10°-4 10°-3 10°-2 10~-1 10°0 10°1],’VYTick’,[10"-6 10" -4
10°-2 10°0]1); %tick label fontsize

set(gcf, ’Position’, get(0,’Screensize’)); % Maximize figure.

xlabel ({’Particle energy  (MeV)’},’FontSize’ ,fontsizelabel,”’
FontName’,font, Color’,’black’)

ylabel ({’NIEL (MeV ,cm™ 2,2 {-1})’}, FontSize’,fontsizelabel,”’
FontName’,font, Color’,’black’)

lh = legend(’-DynamiclLegend’,’Location’,’southwest’); %to get

legend from displayname
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set (lh, ’Box’, ’off’,’Fontname’,font,’FontSize’,
fontsizelegend) ;
axis([le-4 1el 1le-7 1lell)

hegrid

grid on;

xt = loglO(get(gca,’XTick’)); %for xticks 1e8 instead of 1078

set(gca, ’XTickLabel’ ,sprintfc(’1le’i’ ,xt (1) :xt(2)-xt (1) :xt(
numel (xt))),’XColor’,’black’,’GridAlpha’,0.5); %for xticks

1e8 instead of 1078

yt = loglO(get(gca,’ YTick’)); %for xticks 1e8 instead of 1078

set(gca,’YTickLabel’,sprintfc(’1le’i’,yt (1) :yt(2) -yt (1) :yt(
numel (yt))),’ YColor’,’black’); %for yticks 1e8 instead of
1078

NIEL for a 4-element material

function NIEL4 (particle,latticel ,ratiol,Edl,lattice2,ratio?2,
Ed2,lattice3 ,ratio3,Ed3,latticed ,ratiod ,Ed4)

%constants
Aga=69.723;
Aas=74.92160;
Ain=114.818;
Aph=30.973761998;
Age=72.630;
Asi=28.084;
Aal1=26.9815385;
An=14.00643;
Acu=63.546;
Ase=78.96;
Acd=112.411;
Ate=127.6;

%%,y boxes
switch particle
case ’'p’

Eparvec=logspace (-4,4,300); %Energy vector in MeV
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case ’e’
Eparvec=logspace(-1,4,300); %Energy vector in MeV
otherwise
Eparvec=logspace (-4,4,300); %Energy vector in MeV
end

NIEL4mat = zeros(2,size(Eparvec,2)); %solution matrix

%calculation
for i = 1:size(Eparvec,2)

Epar = Eparvec(i);

%write in the solution matrix

NIEL4mat (1,1i) Epar;

NIEL4mat (2,1) 1/(ratiol*All+ratio2*Al2+ratio3*A13+
ratio4*xA14)*(All*ratiol*NIEL (Epar ,particle,latticel,
Ed1)+Al2*ratio2*NIEL (Epar ,particle,lattice2 ,Ed2)+A13%*
ratio3*NIEL (Epar ,particle,lattice3 ,Ed3)+Aldxratiodx*
NIEL (Epar,particle,latticed4 ,Ed4));

end

%hplot

font = ’Arial’;
fontsizelegend = 35;
fontsizelabel = 45;

loglog (NIEL4mat (1,1:end) ,NIEL4mat(2,1:end),’LineWidth’,5,"
DisplayName’,sprintf (’_ %syon,%s%shshs,uuuT_{d,%s%shshs}L=u
%.0f eV’ ,particle,latticel ,lattice2,lattice3,lattice4d,
latticel ,lattice2,lattice3,latticed4 ,Ed1));

set(gca, ’FontSize’ ,fontsizelabel,’xscale’,’log’,’XTick’
,[107-4 10°-3 10°-2 10°-1 1070 107~1],°’VYTick’,[107-6 10" -4
107-2 1070]); %tick label fontsize

set(gcf, ’'Position’, get(0,’Screensize’)); % Maximize figure.

xlabel ({’Particle energy ,(MeV)’},’FontSize’ ,fontsizelabel,’
FontName’,font, ’Color’,’black’)

ylabel ({’NIEL ,(MeV cm™2,g"{-1})’}, ’FontSize’ ,fontsizelabel,’
FontName’,font, Color’,’black’)

lh = legend(’-DynamiclLegend’,’Location’,’southwest’); %to get
legend from displayname

set (lh, ’'Box’, ’off’,’Fontname’,font,’ FontSize’,

fontsizelegend) ;
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axis([1le-4 1el 1e-7 1lell])

hgrid

grid on;

xt = loglO(get(gca,’XTick’)); %for xticks 1e8 instead of 1078

set(gca, ’XTickLabel’ ,sprintfc(’1le’i’,xt (1) :xt(2)-xt (1) :xt(
numel (xt))),’XColor’,’black’,’GridAlpha’,0.5); %for xticks

1e8 instead of 1078

yt = loglO(get(gca,’ YTick’)); %for xticks 1e8 instead of 1078

set(gca,’YTickLabel’,sprintfc(’1e’i’,yt (1) :yt(2) -yt (1) :yt(
numel (yt))),’YColor’,’black’); %for yticks 1e8 instead of
1078

NIEL

function [NIELvalue]=NIEL(Epar,particle,lattice,Ed)

Jiconstants

NA=6.02214129e23; %(mol~(-1))
%he, p, alpha

Ze=1;

Ae=5.4857990946e-4;

Zp=1;

Ap=1.007276466812;

Zalpha=2;

Aalpha=3.7273;

%elements

Zga=31;
Aga=69.723;
Zas=33,;
Aas=74.92160;
Zin=49;
Ain=114.818;
Zph=15;
Aph=30.973761998;
Zge=32;
Age=72.630;
Zsi=14;
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Asi=28.084;
Zal=13;
Aal=26.9815385;
Zn="7;
An=14.00643;
Zcu=29;
Acu=63.546;
Zse=34,
Ase=78.96;
Zcd=48;
Acd=112.411;
Zte=52;
Ate=127.6;

Ed = Ed * 1le-6; %unit conversion eV to

%lattice and particle selection

switch lattice
case ’Ga’
Zl=Zga;
Al=Aga;
case ’As’
Z1=Zas;
Al=Aas;
case ’In’
Z1=Zin;
Al=Ain;
case ’'P’
Z1=Zph;
Al=Aph;
case ’Ge’
Zl=Zge;
Al=Age;
case ’Si’
Z1=7s1i;
Al=Asi;
case ’Al”
Z1=Zal;
Al=Aal;
case N’

Z1=Zn;

MeV

9.2 Outlook
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end

Al=An;
case ’Cu’
Z1=Zcu;
Al=Acu;
case ’Se’
Z1l=7Zse;
Al=Ase;
case ’Cd’
Z1=7Zcd;
Al=Acd;
case ’'Te”’
Zl=Zte;
Al=Ate;
otherwise
error (’Latticeynot recognized. ’’Ga’’
,u' P2, 7Ge? 2, 2?8170

Se’’,,’’Cd’’,,’’Te’’ jpossible’)

switch particle

case ’e’
Zpar = Ze;
Apar = Ae;
integrand = Q@(E,Epar) E .x L(E,Zpar,Zl,Apar,
CSMott (Al , Apar ,E,Epar ,Z1,Zpar) ;
case ’pyWM’
Zpar = Zp;
Apar = Ap;
integrand = Q(E,Epar) E .x L(E,Zpar,Zl, Apar,
CSWM (Al , Apar ,E,Epar ,Z1,Zpar);
case ’pyZBL’
Zpar = Zp;
Apar = Ap;
integrand = Q(E,Epar) E .x L(E,Zpar,Zl,Apar,
CSZBL (Al, Apar ,E,Epar,Zl,Zpar);
end
NIELvalue = NA/Al * integral(@(E) integrand(E,Epar),

end
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Maximum transferred energy

function [Emaxvalue] = Emax(Epar,Apar,Al)

%maximum energy transfer relativistic in MeV

Eu0=931.494333558; %931.49 = 1e-6 * uc~2/e [MeV]

%Emaxvalue = 4*EparxApar*Al/(Apar+Al)~2; Yclassical

Emaxvalue = 2*Epar*(Epar + 2xApar*Eu0)*((1+Apar/Al) "2xEu0x*Al
+2xEpar) " (-1);

end

Lindhard partition function

function [Lvalue] = L(E,Zpar,Zl,Apar,bAl)

%calculating the Lindhard partition function or

eps = 1e6*%E*xA1*(30.724*Zpar*Z1=*(Zpar. (2/3)+Z21.7(2/3)).7(1/2)
*(Apar+Al)) .7 (-1); %le6 because E is in MeV but formula
takes E(eV); Q@(E,Zpar,Apar,Z1,Al)

g = eps + 0.40244*eps.”(3/4) + 3.4008x*eps."(1/6); % ©(eps)

kL = 0.0793*Zpar .~ (2/3)*21.7(1/2) *(Al+Apar) .~ (3/2)*((Z1
.7 (2/3)+Zpar .~ (2/3)) .7 (3/4) xApar .~ (3/2)*A1 .7 (1/2)) .7 (-1);
% ©(Zpar ,Apar ,Z1,Al)

Lvalue = 1.*x(1+kLx*g) .~ (-1);

end

Mott scattering cross section
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function [CSMottvalue] = CSMott (Al,Apar,E,Epar,Zl,Zpar)
% Mott-McKinley-Feshbach formula for elctron coulombic

interactions

a0=5.2917721092e-9; %(cm)

me=9.1093897e-31;

re=2.8179403267e-13; %(cm) classical electron radius
u=1.6605402e-27; %kg

c=299792458; Y%m/s

e=1.60217733e-19; %As

hquer=1.05457266e-34; %Js

eps0=8.85418781762e-12; %As/Vm

alpha=7.2973525698e-3; % fine structure constant = 1/137

Epar0 Apar * u * c72 x le-6/e;

gamma = (Epar + EparO) / Epar0;

beta = sqrt(1-1/gamma”2);

Em = Emax (Epar,Apar,Al);

CSMottvalue = 1le6*pi*Z1~2*re~2*xgamma”(-2)*beta”(-4)*(l-betax*(
beta-pi*Zl*alpha)*E/Em-pi*Zl*xbeta*xalpha*sqrt (E/Em))*Em.*E

T(=2)

end

Ziegler-Biersack-Littmark scattering cross section

function [CSZBLvalue] = CSZBL (Al,Apar,E,Epar,Zl,Zpar)

a0=5.2917721092e-9; %(cm)

a=1.1383; %ZBL universal potential fitting coefficients
b=0.01321;

c=0.21226;

d=0.19593;
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eps = 32.53e3xAl*Epar*(Zpar*Zlx*(Apar+Al)*(Zpar~(0.23)+Z1
~(0.23)))°(-1); %dimensionless ZBL reduced energy; Epar in
paper in keV, here in MeV

al = 0.8854 * a0 * (Zpar~(0.23)+21°(0.23))"(-1); %ZBL

universal screening lenth

x = eps.*(E./Emax (Epar,Apar,Al))."(1/2); % dimensionless
collision parameter
A = 1+a*x;
B = x+b*x. c+d*xx.~(1/2);
= log(A)./(2.%B) + a.*x./(2.%A.*B) - x.*xlog(A) .*x(l+b.*c.x*xx
C(e-1)+(d./(20%x)) .7 (1/2)) ./ (2.%B."2) ;

CSZBLvalue = pi/2 * aU~2 * sqrt(Emax(Epar,Apar,Al))/eps * £/
E.”(3/2) ; %(cm™2)

end

Wentzel-Moliere scattering cross section

function [CSWMvalue] = CSWM(Al,Apar ,E,Epar,Zl,Zpar)
% calculating the cross section for protons like Wentzel

Moliere

u=1.6605402e-27; %kg

a0=5.2917721092e-11; %(m)

c=299792458; Y%m/s

e=1.60217733e-19; Y%As

hquer=1.05457266e-34; ¥%Js

eps0=8.85418781762e-12; %As/Vm

alpha=7.2973525698e-3; ¥ fine structure constant = 1/137

Epar0 = le-6*Aparxuxc~2/e; MeV
E10 le-6*xAl*xu*c~2/e; %MeV
Ecm sqrt (Epar0~2+E1072+2*E10*Epar); %MeV

gamma = (Epar+Epar0)/Epar0O; %unitless
beta = sqrt(1-1/gamma~2); %unitless
mur = (le-6*%u~2%xc”2/e)*Al*Apar/Ecm; %kg
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aTF = 0.885 * a0 / Z1°(1/3); %m
plcm = gamma * mur * beta * c; %kg m/s

Emur = mur * c”2 * gamma; %J

As = (hquer/(2xplcm*aTF)) "2%(1.13+3.767*(alpha*Zl/beta)~2); %

unitless

ppar = gamma * Apar * u * beta * c; %kg m/s

q = (le-6xc/e)* 2 x ppar .*x sqrt(E./Emax(Epar,Apar,Al)); %
relativistic momentum transfer

RN = A17(0.27)/155; % [MeV]

F = (1+(q.*RN)."2/12) .7 (-2)+1/Z1; %form factor

CSWMvalue = (le2/(4*xpixeps0)) " 2x(Emur * Zpar * Z1 * e~2 / (c

* plcm)~2)72 * F *x pi * Emax(Epar,Apar,Al) .*(Emax(Epar,

Apar ,A1l) *As+E) .~ (-2); %cm~2/MeV

end
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