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General Introduction

The exploration and discovery of space has evolved over time, from the use of the first
telescope in 1609 to the multiple spacecraft and satellites up and running in space today. These
vehicles are designed to fly and operate outside our planet to accomplish a broad range of

missions. Why space?

The space race began during the Cold War between the USA and the USSR, during which
every government wanted to show their technological superiority. In 1957, Sputnik-1 and -2
were the first satellites to be launched into space in low earth orbit (LEO) to measure the density
of atmospheric layers. In 1958, the USA launched its first satellite called Explorer 1, which
discovered for the first time the existence of the Earth's Van Allen magnetosphere. Then
missions succeeded one another, promoted by several actors in the world. The broad range of
missions performed in space fall into three major sectors: military, economic and scientific.
Notwithstanding, they all have in common the need for electrical power. The question is where
do these spacecraft get their energy? Indeed, the energy supply is necessary to send/receive
signal to/from the ground, for its positioning and orientation throughout its mission duration
(viability).

Multiple types of power generators were
used for satellite, namely: batteries, nuclear,
radioisotope and solar cells. Each technology
has its own advantages and challenges in
terms of system cost, mass, limits of use and
viability. Historically, c-Si solar cells were
developed by Bell Laboratory and were
rapidly adapted for space applications. Their
first use was indeed aboard Vanguard I
launched in 1958 (see Fig.1). The solar
generator used there was based on Si solar

Fig. 1 Replicas of the Vanguard 1 satellite built by the
cell technology with 8-10% efficiency!. Naval Research Laboratory. Credit National Air Museum

Since then, solar cells became the dominant energy source in space because of the low
launching cost of this type of system. However, the challenging points for Si solar cells are their
relatively low efficiency back in time and their degradation against irradiation; in addition solar

power limits of use in terms of distance from the Sun since it is the source of energy. Research

LR, L. Easton etal., “Vanguard I IGY Satellite (1958 Beta),” Rev. Sci. Instrum., Feb. 1959, doi: 10.1063/1.1716492.
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has been carried out on one hand to improve their initial conversion efficiency by optimizing
the architecture (e.g. use of back surface fields, etc.), and on the other hand, by increasing their

radiation hardness (e.g. switch from n- to p-type bulk solar cells).

Given the significant expansion of space missions as well as the technological advances
in spacecraft operations, the need for power has also increased. In the 1980s, Si cell technology

B T s space P " was gradually abandoned and
=i GaAs SJ 1) ‘-) A4 to 6 ) ]
0% § | 74 SanPiGeAsGe W GaPIGaASIGe replaced by I11-V materials (mainly
o N _m A .
E - GaPiGars/GeN”  GamPiGarsiGe G aAS) offerin g better
8 =% A . .
€9 owGanson / GarGusic performances and higher radiation
o™ s
S of 20% Gahs/Ge
SE cm;i;E;/J hardness. However, the
3 g N BSF -BSR Si A
:é f) i Textrured Si Thin 51 (64 um} performan Ces Of these SIngIe
ow S i
g (N . . e
2T qon xsom i junction cells was still limited. A
9 -,\_ | GaInP!GaASfI'Ge MJ
” _ ) Generation new double junction  cell
5% ~
Vv )
SiGeneration ~ GaAs S Generation technology was proposed and
0%

s fss 1m0 1e7s ie0 1ses e 195 2000 2005 2010 207 adopted with an improved

Date of First Flight absorption and conversion of the
Fig. 2 Historical evolution of satellites powered by Spectrolab solar solar spectrum, and thus offering
cells as a function of the date of first launch initial efficiencies reaching 21.5%
at that time. This dual-junction technology was launched for the first time in 1990 (see Fig. 22).
However, it also became obsolete at some point, and has subsequently been supplanted from
2000 on by triple-junctions cells with efficiency is above 25%, which became the state of the
art technology for use in space applications until now. Nowadays the efficiency of this
technology is reaching 37.9% (see NREL efficiency chart®). The cost of these cells is very high
compared to other solar cells technologies due to the scarcity of some I11-V materials and the
relatively complex manufacturing process. However, up to now, and for this space PV market,

cost as well as environmental impacts have not been the mains priorities.

The behavior of solar cells can differ from one environnement to another, depending on
the total fluence of the space mission, the irradiation characteristics, the operating temperature
and the irradiance intensity (e.g. 10 years at Geostationary Earth Orbit - GEO - where cells are

operating under AMO spectrum at 80°C, corresponds to a 1MeV electron fluence of

2 C. Fetzer et al., 19 Space Photovoltaic Research and Technology Conference 2007.
3 https://www.nrel.gov/pv/cell-efficiency.html
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10 e.cm). For instance, researchs have shown that degradation of 111-V/Ge triple-junction
solar cells at Normal Irradiance and Room Temperature (NIRT) conditions is driven by the
GaAs middle cell degradation*®, whereas at Low Intensity and Low Temperature (LILT)
conditions, the germanium subcell becomes the limiting one®. In addition, the main drawback
of 111-V multi-junction cells remains their high cost, which can be 2 to 3 orders of magnitude
higher than terrestrial Si photovoltaics today. Indeed, the terrestrial silicon PV industry has now
reached a high degree of industrial maturity (>100 GW annual market) and very low prices
(2018 module ~ 0.2€/W'#8).

55

The amount of solar
energy used in space,
MW

Space solar power stations

‘ Lunar and Mars bases

Asteroid mining
In-orbit manufacturing
Space hotels

Global broadband
satellite internet

All present satellites

Fig. 3 Projection of PV market size for future space applications, credit: Regher Solar®.

Today, the annual PV market size for space applications is estimated around 1 MW. Taking
into account all future applications such as the launch of thousands of satellites for worldwide
internet covering (LEO constellations), space tourism and the creation of lunar and martial
bases, this PV market may grow by two orders of magnitude each coming decade (see Fig. 3).
Thus, within this context of market growth, application diversifications, and the cost reduction
challenge that space technologies are facing (the “NewSpace” revolution), it is worth

investigating the hybrid 111-V//Si solar cell technology potential for space. Silicon is an

4 M. Imaizumi et al., Prog. Photovolt. Res. Appl., doi: 10.1002/pip.2840.

5G. Yanetal., J. Lumin., vol. 219, p. 116905, Mar. 2020, doi: 10.1016/j.jlumin.2019.116905

6 S. Park, et al., E3S Web of Conferences, 2017, vol. 16, p. 04004.

" M. A. Woodhouse, National Renewable Energy Lab.(NREL), Golden, CO (United States), 2019
8 https://www.ise.fraunhofer.de/en/publications/studies/photovoltaics-report.html

9 http://regher.com/

14


https://www.ise.fraunhofer.de/en/publications/studies/photovoltaics-report.html
http://regher.com/

General Introduction

interesting candidate as an alternative bottom cell for 111-V multi-junction solar cells for several
reasons. Nowadays, the record 111-V//Si cells reach similar begin-of-life performances (> 34%
AM1.5g) than conventional 111-V/Ge solar cells!®1112, Si material has a significantly lower cost
than Ge and its density is more than twice smaller compared to Ge (mass saving)*®. Low cost
111-V/Si fabrication process (direct growth) has recently demonstrated efficiencies of 25.9%.
While the silicon high diffusion length makes it more sensitive to irradiation compared to Ge,
it is possible to mitigate this weak radiation hardness by appropriate choices of thickness,

doping, impurities and architecture>6:17,

The aim of this work is thus the investigation of the emerging I111-V//Si (2- and 3-junctions)
multi-junction solar cells technology behavior and limitations for space applications. The main

problematics addressed in this thesis are the following:

e How do Si-based tandem cells behave when exposed to electrons/protons irradiations ?

e What are the mechasnisms and the amplitudes of the degradations under irradiations ?

e What are the temperature dependance of those effects ?

e What is the most interesting I11-V//Si cell architecture depending on the space environment
(near-Earth and deep space)?

e What are the advantages and limitations of this technology in comparison with actual space

standard ?

Chapter I is divided into three major parts. In a first section, the fundamental aspects are
presented from the properties of the semiconductor to the design of a single-junction solar cell.
The limitations that lead to the development of multi-junction solar cells are presented along
with the solutions that these technologies offer. Due to the different lattice parameters of 111-V
and Si materials, several challenges are to be solved for the fabrication of this emerging 111-V
on Si multi-jonction technology. The solutions proposed in the literature are thus summarized.
In a second section, we detail the specificities of the space environment in terms of temperature,

spectrum and illumination intensity and their effects on solar cells properties; the space

105, Essig et al., Nat Energy 2, 17144 (2017), doi: 10.1038/nenergy.2017.144.

11 R. Cariou et al., Nat Energy 3, 326-333 (2018), doi: 10.1038/s41560-018-0125-0.

12D, Lackner et al., Sol. RRL, vol. 4, no. 9, p. 2000210, 2020, doi: 10.1002/s0lr.202000210.

13 £, M. Gaddy, doi: 10.1002/(SICI)1099-159X(199603/04)4:2<155:: AID-PIP128>3.0.CO;2-#.

14 M. Feifel et al., IEEE J. Photovolt., vol. 8, no. 6, pp. 1590-1595, Nov. 2018, doi: 10.1109/JPHOTOV.2018.2868015.
15 M. Cappelletti, et al., Meas. Sci. Technol. vol. 28. 2013, Doi: 10.1088/1361-6501/ab46e4

16 A ur Rehman et al., J. Korean Phys. Soc., vol. 68, no. 4, pp. 593-598, Feb. 2016, doi: 10.3938/jkps.68.593.

7M. Yamaguchi et al., Appl. Phys. Lett., vol. 68, no. 22, pp. 3141-3143, May 1996, doi: 10.1063/1.115804
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radiative environment is introduced as well. In the last part, the effects of charged particles of
a broad spectrum (type of particles, energy and fluence) on the behaviour of solar cells are
presented.

In chapter Il, the architectures of the solar cells used in this work, namely c-Si 1J,
AlGaAs//Si 2] and GalnP/AlGaAs//Si 3J, as well as their manufacturing processes based on
surface activated wafer bonding are detailed. In order to compare and analyze precisely the
behavior of the solar cells, especially the multi-junctions, in various environmental conditions
(temperature, intensity and irradiation), reliable and reproducible characterizations are
necessary. To ensure this, the calibration and measurement methods of these devices using two
types of solar simulator (flash & LED) are discussed. In the last section, we present the
specifications of the particles accelerators that were used for this study, as well as the chosen
irradiation conditions (fluence, energy, flux, temperature). In addition we present the adopted
protocols for the irradiation and characterization processes in both near-Earth and deep space

conditions.

Chapter 111 is dedicated to study the behavior of the 111-V//Si devices for near-earth space
applications, i.e. under 1-sun AMO irradiance and room temperature conditions; irradiations are
thus performed at room temperature. First, simulations of particle-matter interactions are
performed in the case of electrons and protons for the various cell architectures studied here.
These simulations underline the differences between each cells architectures and irradiation
particles. Then, through experimental tests and post-irradiation I-V measurements it was
possible to identify which cell parameter is the most impacted by the irradiations and the most
harmfull for the output power, and compare the degradation rates of each architecture with
fluences. By measurements of the quantum efficiency, it was possible to analyze individual
subcells degradations. These measurements have also been used in a physical model to extract
the Si bottom cell minority carrier lifetime, a critical parameter strongly impacted by
irradiations. The case of proton irradiations is more complex, since their lower penetration
depth results in a non uniform degradation within the c-Si absorber. An optoelectronic model
was applied to reconstruct the I-V characteristic curves of the I11-V sub-cells based on quantum
efficiency and spectral electroluminescence measurements. With this approach, we were able
to quantify the degradation on each sub-cells and thus derived their relative contributions to the

multi-junction device degradation.
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In chapter 1V, the behavior of these I11-V//Si solar cells is investigated for deep space
applications, i.e. for low intensity and low temperature conditions; consequently some cells
were irradiated at cryogenic temperatures. As a first step, the behavior of these cells at low
temperatures is investigated through thermal cycling. Secondly, the effects of intensity and
temperature on the key electrical parameters are studied and shown to be in good agreement
with the theory. The degradations after irradiation at 120 K & 300 K are compared: while
similarities appear between both conditions, the amplitude of losses is more pronounced at low
temperature. The effect of heating up to room temperature for the cells irradiated at 120 K were
investigated; the improvement observed suggest some defects annealing. In both the NIRT and
LILT cases, the behavior of Si-based tandem solar cells are compared to conventional space
qualified 111-V/Ge cells.
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Ch. | Solar Cells and Irradiation Theoretical Background

1.1 Introduction

As explained in the general introduction, the solar cell assemblies on board of satellites
face different extreme environments during their mission duration, whether around the Earth
for telecommunications, or further away into the solar system for scientific and discovery

applications.

The first part of this chapter is dedicated to the fundamental concepts of semiconductors,
differentiating direct and indirect bandgap with their interaction with photons. The working
principles and architecture of Single-Junction (SJ) solar cells as well as their fundamental
limitations will be discussed. The Multi-Junction (MJ) solar cells, offering a solution to
overcome the single-junction theoretical efficiency limits (i.e. optical and thermalization
losses), will then be introduced. An overview of fabrication processes of two-terminal cells will
be presented, with a focus on I11-V materials integration on silicon by hetero-epitaxy or direct

bonding, with their corresponding challenges.

The second part of this chapter is dedicated to the description of the space environment in
terms of illumination intensity and temperature in the solar system: starting from the high
temperature and high illumination intensity near the sun, up to the low temperature and low
illumination level environment corresponding to the deep space. The variation of the solar cells
electrical properties with irradiance intensity and temperature will be presented for single-
junctions, while highlighting the complexity for electrical parameters evolution prediction in

the case of the multi-junction solar cells.

In a third part, the space radiative environment will be presented in terms of particle types,
origin, energy and flux near Earth and for Jupiter (deep space) environments. The different
mechanisms of particle-matter interactions will be explained, with a focus on the effects
resulting mainly from atomic displacements, which is at the same time, the least present energy
loss mechanism, and the one affecting the most the behavior of crystalline solar cells. The
irradiation defects will be briefly presented and we will mainly illustrate their effects on the

electrical behavior of solar cells.
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Ch. I Physics of Solar Cells

1.2 Physics of solar cells

In this section, we are interested in a brief description of semiconductors and their behavior
under light excitation, in correlation with light absorption processes (for direct & indirect
bandgaps). We will then describe the architecture of single-junction solar cells with the
corresponding optical and electrical losses defining the theoretical maximum efficiency.
Finally, we will present the advantages of tandem solar cells in overcoming limits of SJ
conversion efficiency as well as the challenges of manufacturing two-terminal silicon-based

solar cells.

1.2.1. Photon-semiconductor interactions

Semiconductor band structure

Semiconductors are materials with electrical conductivity values, o, between conductive
materials (e.g. metal, ¢ > 10% S.cm) and insulator (e.g. glass, o < 10°% S.cm). The physical
reason responsible for electrical conducting, semi-conducting or insulating property is the
availability or lack of free charge carriers [1], [2]. Since the conductivity is tunable by voltage,
doping, light, temperature & strain, the semiconductor materials can act as an insulator or a
conductor. In semiconductors crystal, valence electrons are interacting with nuclei and electrons
of the adjacent atoms. The consequence of these interactions and the crystal atomic order is the
creation of distinct closely spaced electrons energy states forming electron energy bands
corresponding to the different allowed states of energy as presented in Fig. 1-1 [1], [3]. At zero
Kelvin, all electrons in semiconductors are located in their lowest energy state (i.e. they stay in
the valence band Ey), and by gaining enough energy electrons can move from the valence band
to the energy states of the conduction band Ec, where they are free to move to other available
states by diffusion or driven by electric field (drift). The minimum amount of energy needed
for this transition is therefore (Ec - Ev). This energy difference is called the bandgap, Eg, as
indicated in Fig. I-1. At temperature higher than zero Kelvin, the electrons are thermally excited
and some of them can move to the conduction band. When electrons leave the valence band, a
positive charge is left behind that can travel in the crystal: it is called a hole. This process

corresponds to the generation of electron-hole pairs.

There are two types of semiconductors, elemental and compound materials. Elemental
materials are found in column IV of the periodic table such as silicon (Si) or germanium (Ge).
Compound material are composed of different elements from the periodic table, for instance

gallium arsenide (GaAs); when composed of elements of the column 11l and V of the periodic
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Ch. I Physics of Solar Cells

table, they are called I11-V b. Compound semiconductor can also be made from the combination
of column Il and VI (11-VI semiconductor) such as zinc oxide (ZnO), or cadmium telluride
(CdTe).

Energy —— &

Interatomic

separation

Equilibrium
interatomic
spacing

Fig. I-1 Left: conventional representation of electron band structure in semiconductor, right: Schematic plot of
electrons state energy separation of an aggregate of atoms as a function of interatomic distance, taken from [2].

The Fig. I-2 illustrates a simplified energy band diagram. The allowed electron energies
are plotted as a function of wave vector (k, expressed in cm™) for two main types of bandgap
structures. When the maximum of the valence band and the minimum of the conduction band
energies occur at the same wave vector, it corresponds to a direct bandgap. In that case, a single
photon with energy higher than Eq is sufficient to create an electron-hole pair (see Fig. I-2
right) [4]. With increasing photons energy, the kinetic energy of the photo-generated electron-
hole pairs also increases. To reach thermal equilibrium the excess energy will be lost as heat as
the electrons and holes are scattered by lattice vibrations, down to the conduction and valence
band edges. This thermalization process takes places at a time scale of about 102 s. Many I11-V
and 11-VI compound semiconductors have a direct bandgap, including for example GaAs, InP
or CdTe.

The so-called indirect bandgap is shown in Fig. I-2 (left). The maximum of valence band
energy and the minimum of conduction band energy are located at different wave vector values.
Examples of indirect bandgap are Si, Ge and AIP. In this case, a single photon with energy
higher than Eq is not sufficient for the creation of an electron-hole pair. As the momentum of
photons is very small, compared to that of crystal (electrons associated momentum), the
absorption can only occur through the participation, absorption or emission, of phonons
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(representative of atoms vibration) with a certain momentum simultaneously with the
absorption of a photons to change the wave vector. Direct absorption without phonons
absorption is also possible when photons energy is high enough (as presented in Fig. I-2, it
occurs at ~ 3.3 eV for Si). The thermalization process also occurs in this type of bandgap
structure [5]-[8].

phonon emission Conduction

A

Conduction A E2
photon
absoption
photon
Eg absorption
v
Valence Valence —E,
Band k Band

Fig. 1-2 Bandgap structure for semiconductor, left: photon absorption in indirect bandgap, right: photon
absorption in direct bandgap [5].

Photons absorption coefficient

The interaction between photons and semiconductor is characterized by an essential
intrinsic material property: the absorption coefficient a(E). It quantifies the probability of
absorbed photons per unit of material thickness as a function of their energy. The absorption
coefficient of a given photon energy, E, is proportional to the probability, P12, of the transition
of an electron from initial state E; to the final state E», the density of electrons in valence band

and the density of available states in the conduction band, gv(E1) and gc(E2) according to Eq. I-1.

a(B) & ) Py gu(Ey). 9e(By) =

Due to the strong absorption of photons in direct bandgap semiconductors, the absorption
coefficient is high and can range from 10 to 10° cm™ near the bandgap energy. In other terms,
all photons are absorbed in few micrometers: as presented in Fig. 1-3, practically all the photons
with energy close to GaAs bandgap Eg1.42 eV are absorbed in 0.8 um. In the case of direct
bandgap, the absorption coefficient for most semiconductors near the band edge can be
expressed as a function of a material dependent constant C* (Eq. 1-2) [6]-[8]. Beyond
~ 100 meV above Ey, this approximation is no longer valid; the absorption coefficient begins

to stabilize.
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a(E) = C*(E - E,)""* -2
Indirect bandgap semiconductor are generally weaker absorber due to the necessity of the
contribution of both photons and phonons for the creation of electron-hole pairs. Near the band
edge, the absorption coefficient can be approximated as the sum of two processes according to
Eq. I-3; absorption aa (Eqg. 1-4) and emission ae (Eq. 1-5) of phonons with energy Epn. Typical
values of total absorption coefficient near bandgap can reach 10 to 102 cm™. As a result,

photons will penetrate deeply in the semiconductor before their absorption.

a(E) =a, + a, -3
With B = C(E-Eg+Epn)” -4
! aq(E) = SEpn/RT_
C(E—Eg+Eph)2 -5
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Fig. 1-3 Absorption coefficient as a function of wavelength for different intrinsic semiconductors, direct bandgaps:
GaAs and InP, indirect bandgaps: Si and Ge [7].

The Fig. 1-3 presents absorption coefficient of the Si indirect bandgap semiconductor as a
function of photons energy. Below 3.3 eV (376 nm), photons are absorbed in approximately
100 A of material. Near the Si bandgap, the photons should penetrate a thickness of 2700 um
to be absorbed. As seen previously, these direct absorptions are no longer possible for lower

energy. This reduces the probability of transition and hence the absorption coefficient.
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Semiconductor doping

Adding impurities to the lattice changes the conductivity of semiconductor materials. The
controlled process of adding atoms to intrinsic semiconductor is known as doping [9]. The
conductivity of extrinsic semiconductor (with doping atoms) may vary by factors of thousands
to millions in comparison to intrinsic semiconductor [10]. Two types of atoms are used for
doping semiconductor: acceptor and donor, depending on their number of electrons on the
valence band [11]-[13].

A p-type semiconductor is produced by introducing an acceptor such as Ga, In or B atoms
to an intrinsic column IV semiconductor for example as presented in Fig. I-4. Each acceptor
atom has three valence electrons. When it replaces an atom in the crystal lattice, only three
valence electrons will be shared with the surrounding atoms having four valence electrons and
therefore leading to the production of holes. The number of holes in extrinsic (acceptors doped)
semiconductors is much greater than free electrons in intrinsic semiconductor. Thus, the
conductivity is higher. Because of the positive charge of majority carriers (i.e. holes), the

semiconductor is called p-type.

\missi)(\g electron

Fig. 1-4 Schematic of a column IV semiconductor crystal lattice doped with elements from column V to produce
n-type and from column 111 to create p-type.

An n-type semiconductors is formed by the introduction of donor such as Sh, As or P to an
intrinsic semiconductor. Each atom has five valence electrons. When it replaces atoms in the
crystal lattice, only four electrons are shared with the surrounding atoms. The fifth electron
becomes a free electron (see Fig. 1-4). The conductivity of extrinsic (donor doped)
semiconductors is increased due to the higher number of free electrons. Because of the negative

charge of majority carriers (i.e. electrons) these semiconductors are called n-type.
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If no charge collecting structures are introduced in the semiconductor materials, the photo-
generated electrons will tend to lose energy and re-occupy a low energy state in a valence band
in a process called recombination. There is finally no net effect of the absorption besides

emission of photons or heating up the material, depending on the recombination mechanism.

1.2.2. Single junction solar cells

The solar cells provide the additional function of electron-hole pairs separation before their
recombination and enable charged-carriers collection. The electron-hole pairs separation
happens with the influence of the internal electric field produced by the p-n junction where a n-
type and a p-type semiconductors are joined together. Fig. I-5 presents a typical p-n junction
architecture with a strong concentration difference of electrons and holes between the two types
of semiconductor. When p- and n-type semiconductors are brought into contact, the electrons
diffuse from the n-type side to the p-type side and, similarly, the holes flow by diffusion from
p-type to n-type side. However, this leaves uncompensated ionized donor (N7) in the n-type
and acceptor ions (N3) in the p-type, which are fixed to the lattice atoms on both sides and are
unable to move. The fixed charges create an electric field (or electrostatic potential difference)
across the junction in an opposite direction to carriers diffusion. We can see from Fig. I-5 that
the free carriers energy will decrease quickly (electrons tend to lose their energy and inversely
holes tend to gain energy) in the neighborhood of the p-n junction. This region is called
depletion region or Space Charge Region (SCR) since it is depleted of both electrons and holes
and only the ionized fixed atoms remain [6], [14], [15]. The electric field is responsible for the
movement of holes from the n-type to p-type and inversely for electrons, i.e. from p-type to n-
type. This carrier flow is called drift. When diffusion starts, the diffusion current is high and
drift current is low. As diffusion continues, the space charge region extends. This intensify the
electric field and hence the drift current. The process continues until equilibrium is reach

between both current. This is how p-n junction is created [8].

The Si p-n junction is usually formed by taking a p-type (respectively n-type) wafer and by
introducing (e.g. by diffusion or implantation), close to its surface, n-type (respectively p-type)
dopants. This process is usually performed at high temperature, with additional annealing step
for dopant atoms activation. The junction is often formed very close to the front surface from
where the light enters the cell [6], [16]. Two regions are distinguishable; the emitter which
represents the layer on the top usually very thin (~ 0.5 um in case of Si) and the base region,

called also bulk, where almost all photons are absorbed.
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Fig. 1-5 Schematic representation (not at scale) left: structure of solar cell p-n junction, right: corresponding band
diagram.

Charges generation and recombination mechanisms

The photovoltaic effect can be briefly described as follows: when light enters a p-n
junction, the semiconductor material absorbs photons with energy above its bandgap. Since the
emitter thickness is very small compared to the bulk, the majority of the absorption takes place
in the bulk. The photo-generated electron-hole pairs that diffuse long enough in the material to
reach the junction will be separated by the electric field where they become majority carriers,
i.e. electron (resp. hole) created in p-type (resp. n-type) where are minority carrier becomes
majority carrier in n-type (resp. p-type) after being separated (see Fig. 1-5). Therefore, electrons
are swept to the n-type, which becomes negatively charged and holes are swept to the p-type,
which becomes positively charged, creating a voltage. By connecting the front and rear contact
by an external circuit, electrons (majority carrier) have high probability to be collected by the
metallization, so they flow by creating an electric current that provides power to the connected
load. Finally, they are returning to the solar cell through the other contact where they recombine

with holes, returning to the valence band with the same energy as at the first.

The average distance traveled by electrons (in p-type bulk region) in the crystal before
recombination with holes in the valence band is called minority carrier diffusion length, L (um);
it is expressed as a function of lifetime, t (ps), through diffusion coefficient, D (cm?.s?),
according to Eq. I-6. It depends on the purity of the material, the doping level and the intrinsic

property of the material.

L=+D.1 1-6
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When the thermal equilibrium of a semiconductor is temporary disturbed, for example by
a flash light absorption (or other means), the photo-generated excess carrier density (electrons
and holes) tends to decrease toward their equilibrium values through recombination. Three bulk
recombination mechanisms are important to consider for solar cells operation: radiative, Auger
and Shockley Read Hall (SRH). The corresponding lifetimes, 1, are related to the excess carrier
concentration, An (cm™), through the recombination rate of mechanism i, Ui, according
to Eq. I-7.

_An -
T_Ui -

In radiative recombination, often called band-to-band recombination, electrons in the
conduction band directly recombine with holes in the valence band resulting in photon emission
with energy equal to the bandgap energy as presented in Fig. I-6. The rate of recombination

Urad (cm™3.s™) can be expressed as Eq. 1-8:

Uraa = By (np — 1) -8
Where B, (cm®.s™) is the radiative recombination coefficient intrinsic to the material, np term
represents the product of non-equilibrium electron-hole concentration and n? represents the
intrinsic concentration at equilibrium. Values of B, range from 10°-10"* cm3.s? for direct
bandgaps and from 10%3-10" cmis? for indirect bandgap materials. The radiative

recombination mechanism is dominant in direct bandgap materials [6].

In Auger recombination [17], the energy of transition is given to another carrier by
increasing its kinetic energy, i.e. electron in conduction band or hole in valence band, as shown
in Fig. 1-6. The electron (or hole) kinetic energy is dissipated in the semiconductor by
thermalization (heat generation) and returns to energy level near the band edge. Since the
process occurs with three particles interaction, it is most pronounced at high doping levels or
high injection level. The net recombination rate for two electrons in non-equilibrium condition

is expressed as Eq. 1-9:

Usuger = Baugerp (n*p — npo) -9
Values of Bauger in the case of GaAs and Si are for instance in the order of 10°° cm®.s [17]-
[19]. In direct bandgap where the radiative recombination is most dominant, Auger
recombination is negligible. However, in indirect bandgap semiconductor such as Si or Ge,
Auger is the dominant recombination process, which causes the theoretical intrinsic limitation

on indirect bandgap semiconductor solar cell efficiency [19].
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Fig. 1-6 Schematic representation of recombination mechanisms in a semiconductor [6], [8].

In practice, most semiconductors will have crystallographic defects, impurities or
vacancies incorporated in their crystal structure during growth. It is plausible that these atomic
impurities produce defect level states deep in the bandgap, which have the ability to capture a
free carrier through non-radiative recombination. This assisted trap mechanism is practically
limiting loss in most solar cells. Shockley, Read and Hall [20], [21] introduce the theory of this
recombination mechanism. Four fundamental processes are possible for recombination in trap
states with concentration N: (cm™) at an energy level E; (eV), as schematically presented
in Fig. I-6:

o A free electron is captured by an unoccupied energy level,
e An electron is emitted to the conduction band from an occupied energy level;
e A hole is captured by an occupied energy level in the bandgap;

e A hole is emitted into an occupied state in the valence band.
The recombination rate through single level trap is given by:
pn —n?

p+ nie(Ei_Et)/kT n+ nie(Et_Ei)/kT 1-10
OnVen Ne opVenNe

Uspry =

Where onp is the capture cross section (cm?) for electrons or holes, vi is the thermal velocity of

carrier (cm.s) and Ei (eV) is the Fermi level in intrinsic semiconductor. Since multiple traps
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levels can be present in the forbidden band, the total recombination rate is the contribution of

each trap (see Eq. I-11).

The bulk minority carrier lifetime, ouk (S), which refers to the average time that a minority
carrier passes into excited states before its recombination, can be described by the following

equation:

1 1 1 1
=—+ +
Thulk Trad  Tauger trap,i TSRH,i

1-11

The interface between two materials of different natures, like those occurring at the front
and the rear surface of solar cell have a high defect concentration due to dangling bonds and
impurities. They manifest as an almost continuum of energy states in the bandgap, which act as
recombination of free carriers reaching those interfaces (see Fig. 1-7). This type of defect can
be treated as for bulk SRH recombination, however the associated recombination rate is
expressed per unit of surface and per second, as a function of electrons effective surface

recombination velocity S, (cm.s?) through Eq. 1-12 [22].

US = Sn(n - no) 1-12
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Fig. 1-7 Electrons and holes recombination at the surface.

Although many solar cell architectures and layer stacks exist, common features or design
principles are used in every devices. As an example of typical solar cells design, the structure

of a ¢c-Si homojunction solar cell with contact on both sides is shown in Fig. 1-8.
Light absorption enhancement:

Crystalline silicon surface reflects 35% - 50% of photons depending on their wavelength.
In order to minimize the photons reflection at the interface air/semiconductor, an Anti-

Reflective Coating (ARC) is used as presented in Fig. 1-8. The ARC can be either conductive or
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a dielectric layer with a defined thickness so that the interference effects in the coating induce
a phase shift between both wave reflected from the top of ARC and the semiconductor surfaces.
These phase-shifted reflected waves destructively interfere with each other, leading in zero net
reflected energy. Several layers combination can be used depending on targeted wavelength
range and solar cell materials: i) typical one-layer ARC: SiOg, SiNx, TiO2, ZnS [23]; ii) typical
bi-layers ARC: SiNy/SiO2, TiO2/SiO; ii) typical tri-layers ARC: TiO2/HfO2/MgF. [24]-[26].
The plasma-enhanced chemical vapor deposition technique is suitable for ARC deposition, with

the advantage being a relatively low temperature (typically < 500°C) [8].
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Fig. 1-8 Typical crystalline silicon solar cell architecture.

The surface texturing is also an effective process to reduce reflections at the solar cell
surface as presented in Fig. 1-8. It aims at developing a micrometric topography on the surface,
generally in the form of upward or downward pyramids for c-Si. As the wavelength of the
incident light is shorter than the dimensions of the structure, the incident rays follow the laws
of geometric optics. When a perpendicular ray arrives at the surface of the cell it will be
reflected by one of the pyramid face towards an adjacent one, this double reflection decreases
the total reflection coefficient. Different processes are used to texture the surface: mechanical,
physical (e.g. plasma etching) or chemical (e.g. wet etching) [8], [27]-[29].

As seen above, absorption coefficient is dependent on semiconductor material and can
reach very low values for indirect bandgap such as Si, especially at high wavelength. In order
to counter-balance this effect, rear mirror can be implemented in addition to front texturation.

In such configuration, the light path into the solar cell is increased thanks to multiple internal
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reflections; therefore, it enhances the absorption and enable full absorption in a moderate

thickness. This is commonly called light trapping or light confinement techniques [30].

In order to reduce the thickness of solar cells, which allows process-time and material
saving, a technique called photonic or light trapping is used. As explained in section 1.2, each
material has an intrinsic property that defines the minimum thickness necessary for the
absorption of a photon. By reducing the thickness of the cell, significant optical losses
(incomplete light absorption) then take place that reduces the photo-generating current.
However, light trapping allows decoupling of the solar cell thickness and the thickness traveled
by a photon by adding back reflectors and surface texturization, which reflects the photon at
the back and increases the number of passes due to total internal reflection. Recent researches
have for instance reported 19.9% efficiency under AM1.5G for a 205 nm thick GaAs absorber

with Ag back mirror reflector including nano-imprinted TiO> structure [31].
Front and rear surface passivation:

Semiconductor surfaces are usually responsible for a high defect density (dangling bonds,
impurities, etc.) leading to non-negligible losses due to electron-hole pairs recombination at the
surface. Indeed, surface recombination velocity can reach high values such as 10°- 10° cm.s™.
As the recombination rate is directly related to the defects density (see Eq. 1-11), the first
strategy is to reduce the number of defects at the surface by deposition of dielectric layer, this
is called chemical passivation [6]. The main passivation layers used for Si are AlOx, SiO2 and
SiNy, deposited at the following high temperatures 1000 °C, and 300 — 450 °C, respectively.
Both techniques are sensitive to subsequent treatments with hydrogen to obtain low surface

recombination velocity values (typically 10 — 100 cm.s™) [6], [32].

A second strategy consists of the creation of potential barrier at the back of solar cell (Back
Surface Field, BSF) with highly doped region (e.g. p*-p junction for p-type bulk) to ensure that
the minority carriers remain in the bulk (see Fig. I-8). Therefore, they are kept away from highly
recombining surfaces by field effect passivation. The two techniques are often used in

combination with each other in high-efficiency cells concept.
Metallization:

The metal contacts at the front and rear side are used to collect the photo-generated carriers.

The contacts must be ohmic, i.e. linear 1-V characteristic of the contact. In addition, the contact
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resistance is a critical parameter: a high contact resistance increases the ohmic losses and thus

decreases the electrical performances [33].

Different processes are used to realize the contacts. For the majority of the industrial silicon
solar cell, Ag pastes are screen-printed, therefore, ~100 pm wide fingers are obtained. However,
in laboratory and at R&D level, photolithography and evaporation processes are used to form
10-15 um wide metal fingers. Ti/Pd/Ag composition offers low contact resistance and high

conductivity [6].

1.2.3. Electrical model & electrical operation
From an electrical point of view, a photovoltaic cell behaves like a diode. In obscurity, the
Shockley diode equation describes the evolution of current density, J (mA.cm), as a function

of applied voltage, V (V) according to Eq. I-13.

%4
= — | - 1] I-13
J=Jo [exp (nVT)
Where Jo is the dark saturation current density that is related to recombination (low Jo indicates

high junction quality) and n the ideality factor. Thermal voltage is defined as V1= kT/q, where

q is the absolute value of electron charge, k is Boltzmann constant and T the temperature.

Under illumination, the solar cell produces current, Jpn, in opposite direction of dark
saturation current. In practice due to non-perfect characteristics, shunt resistance Rsy (€2.cm)
and series resistance Rs (€2.cm) are commonly considered in the diode model as presented

schematically in Fig. 1-9.

Eq. 1-14. presents mathematical description of current evolution as a function of applied

voltage of solar cell under illumination.

V+]RS)_1] _V+]RS 114

nVr

J=Jon—Jo [exp(

Rsy

The current voltage characteristic, also known as I-V curve, of solar cell under illumination
is presented in Fig. 1-9 top-right. This plot illustrates three important factor for solar cell: short-
circuit current, open circuit voltage and maximum power point. At small applied voltage, the
dark saturation current density Jo is negligible hence the solar cell is at short-circuit current, Jsc,
and is approximated to the photo-generated current, Jph, (see Eq. 1-14). When increasing applied
voltage, p-n junction current (recombination current) becomes important, therefore, the solar

cell current drops rapidly.
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Fig. 1-9 Electrical model of solar cell top-left: Circuit diagram of a solar cell with shunt and series resistances,
top-right: Current-voltage characteristic of solar cell under illumination and extraction of electrical parameters
(Jsc, Voc and FF), bottom-left: effect of series resistance on 1-V curve, bottom-right: effect of shunt resistance on
IV curve [34].

The open circuit voltage, Voc, is obtained when all photo-generated current flows through
the diode, hence no current is drawn from the solar cell (I = 0). From Eq. I-15, the Voc can be

expressed as a function of Jpn and Jo according to Eq. 1-15.

Voc = nl;T Ln (]SC]:_ ]O)> ~ nl;T Ln (])S—OC) I-15

The third key parameter is the maximum achievable power output, Pmax, with

corresponding V = Ve and J = Jup. As seen in Fig. 1-9 at this point of the curve, the rectangle
area below defined by Vmp & Jwp is maximum, i.e. the output power is at its maximum.
Equation 1-16 defines the fill factor, FF (%), linked to this maximum power point. It can be
understood graphically: FF is defined as the ratio of the rectangle area defined by Ve & Ivp

divided by the rectangle defined by Voc and Jsc (see dark and light grey areas in Fig. 1-9).

_ Pnax  JupVup
JscVoc  JscVoc

A key figure of merit for a solar cell is its power conversion efficiency, n(%), which is

FF I-16

defined as the ration of Pmax (W) and the incident power, Pin that is related to the spectrum

distribution and its intensity.

_ Pmax — FF]SC VOC

= 1-17
P; P;
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The effect of Rs and Rsy on the I-V curve is illustrated in Fig. I-9 (bottom). Series
resistances are the sum of the contribution from the different solar cell layers & interfaces:
emitter, base and metallization (especially metal semiconductor interfaces) in addition to lateral
resistances in each layer. The power losses due to Rs are more important for high photo-
generated current Jon, according to the first law of Joule; indeed the ohmic losses are
proportional to the square of current. On the contrary, the effect of Rsn is more pronounced at
low photo-generated current. Point defects in p-n junction, presence of impurities during
process (diffusion metallization) or solar cell edges imperfections can be at the origin of the
Rsw. Both resistances have a direct impact on the fill factor of the solar cell, hence on the output
maximum power. In some cases, very large Rs (resp. low Rsn) can affect the short circuit current

(resp. the open circuit voltage).

1.2.4. Limits of single junction
From equation 1-17, it is clear that a high short circuit current Jsc, a high open circuit
voltage Voc and a fill factor FF as close as possible to one are needed for an efficient solar cell.
Before introducing the multi-junction solar cells and the solutions they provide compared to
single junction cells, first, the different losses that occur on single junction solar cells are

presented.

The fundamental efficiency losses in a p-n junction are transmission losses and hot carrier
thermal losses. Therefore, the efficiency is intrinsically limited by the bandgap of the materials.
Wide bandgap materials can absorb only high energy photons, generating low short-circuit
current but a high carrier potential after thermalization. On the other hand, small bandgap
materials will absorb more photons, generating high short-circuit current, however low
potential energy by charge carrier. These two losses are responsible for more than 40%
efficiency losses for silicon single junction solar cells. Radiative recombination losses are, in

the ideal case, the only recombination losses in the material.

The maximum theoretical efficiency known as the Shockley and Queisser (SQ) limit can
be calculated using detailed balance theory, formulas and theory can easily be found in
literature [8], [35]. In these calculations, all photons with energy higher than the bandgap
(E > Eg) are assumed to be totally absorbed by the material, in other words the material is
considered as optically thick enough to absorb all the photons as explained above in 1.2.1. This
limit corresponds to an ideal case where only radiative recombination of electron-hole pairs is

considered. The non-radiative recombination is not considered: surface recombination depends
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mainly on the structure of the solar cell and surface conditions, while volume recombination
depends mainly on the quality of the material (dislocations, impurities, deep levels). In this
case, the lifetime (equivalent to diffusion length) of the minority carrier is the main parameter
and it is assumed to be infinite. Electrical losses (resistive) as well as optical (surface reflection)
are also not considered, and are primarily dependent on the technological manufacturing
processes and architecture of the cell. For the AM1.5G solar spectrum, the theoretical maximum
limit of SQ is ~33.7% for an ideal material of 1.34 eV bandgap as presented in Fig. 1-10 [36].
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Fig. I-10 Ideal solar cell efficiency as a function of semiconductor bandgaps with the corresponding
thermalization and optical losses[35].

1.2.5. Multi-junction/Tandem solar cells

The best solution to decrease thermalization and transmission issues, hence increase solar
cell efficiency is the multi-junction (MJ) solar cell also called tandem. The principle of a MJ
solar cell is based on combining (often in series) several p-n junctions, or sub-cells, of different
bandgap energies, so that the junctions are optimized for different wavelengths for converting
the broad solar spectrum more efficiently. This is achieved by spatial spectrum splitting or
stacked sub-cell with two, three, or four terminals configurations as presented in Fig. 1-11. Even
the conception simplicity of spatial spectrum splitting, it is undesirable for mechanical and
optical complexities [8]. In the case of three- and four-terminal configurations, it requires
complicated structures, assembly processing and module configuration that make them less
desirable than two-terminal configurations. Only the two-terminal configurations will be
discussed in this thesis.
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In a monolithical solar cell, the junctions are stacked in order of decreasing gap energy Eg,
so that the light passes through the higher gap energy layer first. Photons of higher energies
than this gap energy are absorbed, and those of lower energy reach the second junction. The
process then repeats itself, depending on the number of junctions assembled. Earlier research
works focused on GalnP/GaAs double-junction cells. These cells consist of a stack of two
junctions, one made of GalnP, a high-gap material (1.85 eV) that absorbs the higher-energy
photons, which are grown on another cell, manufactured with a lower gap material such as
GaAs (1.4 eV) and which absorbs photons of lower energy. The second generation of MJ solar
cells was the triple-junction GalnP/InGaAs/Ge (1.85eV/1.42eV/0.67eV) presented
schematically in Fig. 1-12. The sub-cell is named following the light path in the device: so the
GalnP is called top, the InGaAs is named middle and finally, the bottom refers to the Ge. Each
sub-cell is composed typically of four layers: emitter and base layers, forming the p-n junction,
and the window and the BSF acting as passivation and minority carrier barrier for front and
back side as discussed above. The sub-cells are series-connected by tunnel junctions with low
resistivity, so the device has only one front and one back contact. This architecture optimizes
the solar spectrum conversion as shown in Fig. I-11 where each sub-cell is optimized to absorb

a dedicated portion of it spectrum.
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Fig. 1-11 Schematic representation for the different multi-junction approaches: spectrum splitting (a) spatially (b)
stacked approach. (c) Double-junction 2-, 3-, and 4-terminal monolithic electrical configuration.

Detailed balance theory can be applied for a multi-junction solar cell as for single junction.
An efficiency of 45% under terrestrial 1 sun is calculated for dual-junction with sub-cell
bandgap of 0.94 eV and 1.6 eV and can reach 50% for triple-junction with bandgap of 1.9, 1.4
and 0.9 eV [37]-[40]. The efficiency increases with the number of junctions and reaches, for
an infinite number of junction, 68% under 1-sun and 87% under maximum concentration
(46300 times the solar spectrum) [38], [41]. However, semiconductors with arbitrary bandgap

values and very good quality do not exist in reality; it implies practical limitations. The current
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record for a solar cell efficiency with a 6-junction stack is 47.1% and 39.2% under 143 suns

and 1 sun, respectively.
Manufacturing Process

In a monolithically MJ solar cell, the complete device, including all sub-cells and
interconnecting layers, is usually grown in a single manufacturing process called epitaxy. In
large commercial scale, metal organic chemical vapor deposition reactors are used for
manufacturing conventional GalnP/GaAs/Ge solar cells, on up to 6-inches 111-V or Ge wafers.
To obtain an efficient tandem solar cell, high-purity epitaxial growth is necessary. This is
achieved by the development of advanced growth technologies, namely, Molecular Beam
Epitaxy (MBE), Metal Organic Chemical Vapor Deposition (MOCVD) and other techniques
[42]-[44]. There are however three main scientific challenges for implementing such structures,

namely:

1. The semiconductor materials that constitute each sub-cell must have a compatible
crystalline structure, so they can be grown in the same epitaxial growth.

2. Reducing electrical and optical losses in the interconnection layers between sub-cells.

3. A good choice of the material bandgap for a better repartition of solar spectrum hence the

optimum produced current and voltage by each sub-cell.
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Fig. 1-12 Schematic representation of (left) InGaP/InGaAs/Ge triple-junction solar cell architecture and (right)
the corresponding absorbed energy of each sub-cell.

The crystalline structure compatibility refers to the fact that each semiconductor layer in the
device (see Fig. 1-13) needs to have very low defect density in both bulk and interfaces; for an

efficient MJ solar cell, high minority carrier lifetime and diffusion length are necessary, and
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they are linked to the crystal quality. Epitaxial growth limits the use to a certain group of
semiconductor materials with the same lattice constant and same crystallographic structure.
This type of MJ solar cells are called Lattice-Matched (LM) cell. In Fig. I-13, the bandgap
energy is plotted as a function of lattice constant for elemental and compound semiconductor
materials used in a MJ solar cell. As an example of semiconductor materials that can be used
for 3J LM solar cells, we will consider Ge, GaAs, and GalnP. The main disadvantage of this
constraint leading to efficiency decrease is the limitation of semiconductor material in terms of
bandgap well adapted to cover properly the solar spectrum. One option to increase the
accessible semiconductor materials is to use relatively different lattice constant semiconductor
materials with a thin buffer layer in-between to manage the crystal mismatch and release the
stress; this allows a better choice of bandgaps with respect to the target light spectrum. These

multi-junction devices are called Metamorphic (or lattice-Mismatched) (MM) cell.
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Fig. 1-13 Semiconductors bandgaps energy as a function of lattice parameter, arrows indicate graded buffer layers
path; optimum bandgaps for 2J and 3J Si based multi-junctions are highlighted.

The most appropriate interconnection layer of two sub-cells in a 111-V MJ device is the

tunnel junction. Their purpose is to ensure direct tunneling current between (thus minimum
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ohmic losses) p-type and n-type majority carriers of front and rear adjacent sub-cells. They are
heavily doped region p*-n* with very small thicknesses so that electrons can pass through by
tunnel effect from one sub-cell to another. They should also be transparent to the light path to
the next sub-cell; this can be achieved by high bandgap materials. They should also exhibit a
low resistive loss, having low equivalent series resistance and higher peak tunneling current

than the operational current of the multi-junction solar cell [45].

Electrical operation on two-terminal MJ solar cells

Since the sub-cells are series-connected, the MJ solar cell overall current Imsc is limited
by the sub-cell that photo-generates the lowest current according to Eqg. 1-18 (e.g. 3J). On the
other part, the multi-junction voltage is the sum of all sub-cells voltages minus the voltage of
the tunnel diode because they are in reverse bias (see Eq. 1-19). One of the advantages of this
configuration, is the low photo-generated current (compared to single junction) hence the
reduced series resistance effects especially at high light intensity levels. Therefore, the
challenge is to find the optimum sub-cells bandgaps to achieve an equality of photo-generated
current under specified solar spectrum in order to limit the current losses and therefore the solar
cell heating which degrades in return the MJ solar cell performances. Evolution of solar cell
electrical properties as a function of temperature and light intensity will be presented later in

section 1.3.

Iyjsc = Min (ITop'IMiddle'IBottom) I-18

VM]SC = Zi Vi - Z VTunnel diode = Vtop + Vmiddle + VBottom - (VTDl + VTDZ) I-19

In order to explain more properly the behavior of a MJ solar cell, I-V characteristic of triple-
junction GalnP/GalnAs/Ge solar cell is presented in Fig. I-14 with the corresponding I-V
characteristic of each sub-cell. We take the example of an arbitrary point, A, in the flat part of
curve IV of the triple-junction, where the operating or biasing point of each sub-cell is identified
by (Vatc, Ja), (Vamc, Ja), (Vagsc, Ja), for top, middle and bottom sub-cell respectively. At this
operating point, the top sub-cell limits the current of the 3J while the other two sub-cells (middle
and bottom) are in forward bias, since this is the only possible way to deliver the operating

current Ja.
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Fig. 1-14 Current-voltage characteristic of GalnP/GalnAs/Ge triple-junction solar cells under illumination with
the corresponding sub-cells current-voltage characteristics [35].

If we increase the voltage of 3J to reach the point of maximum power, the voltage of the
limiting sub-cell, i.e. top in this case, increases while the voltage of the other sub-cells remains
the same close to the open circuit voltage. However, going beyond the MPP, point B for
example, the three sub-cells increase their bias point to match with the total current Jg of the 3J.
In summary, in all cases where there is a current mismatch, it is the limiting sub-cell that defines
the operating coordination of the multi-junction while the other sub-cells operate in conditions
close to their open circuit voltage [35]. The excess current photo-generated by the other sub-

cells will be lost by recombination and thus heating up the device.

1.2.6. Integration of 111-V on Si for multi-junction solar cell
As explained in the introduction, in general, the integration of silicon as a substrate offers
a lower cost perspective of the overall device in comparison to the use of germanium or GaAs
substrate; in addition, it also offers a higher mechanical strength. Besides the use of Si as a
substrate, the integration of silicon as an active region (sub-cell) for the double-, triple- and
four-junction architecture enable high efficiency devices by combining high efficiency I11-V

material with a mature and low cost silicon solar cells (unlike material as I11-V or Ge).

Fig. 1-15 shows theoretical maximum efficiencies simulation according to multi-junction
sub-cell materials bandgap. A theoretical efficiency of 45% is expected for double-junction
based on silicon (1.1 eV) bottom sub-cell combined with a 1.7 eV bandgap material for top sub-
cell (see Fig. 1-15 left). For the triple-junction cell, maximum efficiency is presented as a
function of top and middle sub-cells bandgaps considering silicon (1.1 eV) as a bottom sub-cell
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in Fig. 1-15 (right). An efficiency over 50% is expected when using a 2.0 eV and 1.5 eV bandgap
materials for top and middle sub-cells respectively.
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Fig. 1-15 Maximum theoretical efficiency limits under 1 sun AM1.5G spectrum for (left) double-junction efficiency
as a function of top and bottom bandgap energies (right) Triple-junction efficiency according to top and, middle
bandgaps for Si (1.12 eV) bottom sub-cell [46].

From Fig. 1-13, we can see that there is no material with 1.7 eV (respect. 2.0 eV and 1.5 eV)
lattice match to the silicon for the conception of double-junction (respect. triple-junction). Thus,
in this case, the challenge is to combine materials with high lattice mismatch (4% compared to
GaAs family) for an efficient MJ based silicon solar cell. Other important problem lies at the
interface, where polar 111-V are in contact with non-polar silicon material. In addition, the high

thermal expansion coefficient mismatch can create issues.

In the configuration of the material epitaxy on a substrate with high lattices mismatch, as
the case of GaAs and Si, this misfit causes growth in compressive strains (large lattice constant
grown on smaller substrate lattice constant). Consequently, the in-plane epitaxial layer lattice
parameter is compressed to match with the one of the substrate lattice parameters. The outer-
of-plane layer lattice parameter will be larger than the one in the equilibrium as a response to
the elastic deformation and to ensure volume conservation as presented in Fig. I-16. However,
after a critical thickness (which depends on the temperature of growth and lattice parameter
misfit) of the grown layer, it is more favorable to break some bonds, hence create defects in the
crystal known as threading dislocation. These defects are at the origin of the p-n junction
shunting and reduce the shunt resistance of the solar cell, affecting the fill factor. These defects
decrease also the minority carrier lifetime controlling the separation and collection probability

of photo-generated charges. Threading dislocation production at the interface finally decreases
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the short-circuit current of the MJ Solar cell. The overall effect is the limitation of solar cell

conversion efficiency [47], [48].

During 111-V materials epitaxy, a first mono-atomic layer of a group Il material is
deposited followed by a mono-atomic layer of group V. Due to the non-planarity of the Si (100)
surface, an antiphase domain is created during growth because of the shift in deposited atoms.
An As-As and Ga-Ga bonds are becoming more and more important as the thickness of the
deposited layer increases. These double charged bonds are considered as defects and are not
suitable for the operation of solar cells. Using an offset orientation of Si surface (4° - 6°) was
the best solution found to prevent the formation of antiphase lines. A surface offcut of 2° was
also reported by Yamaguchi [49].

Typical temperature during crystal growth of 111-V materials is high, of the order of 600
°C for Metal Organic Vapor Phase Epitaxy MOVPE. Given a high thermal expansion
coefficient misfit between I11-V and Si (GaAs thermal expansion coefficient is twice that of Si),
after cooling down to room temperature, thermal stresses are formed in the grown crystalline
structure. This induces the formation of defects and dislocations that degrade the electrical and
optical properties of the solar cells.
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Fig. 1-16 Schematic Illustration of (left) compressive strained and (right) relaxed hetero-epitaxial structures
during direct epitaxial growth of GaAs layer on Si.
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Difficulties encountered in the design of silicon based MJ solar cells have been reported.
Different approaches have been proposed in the literature to overcome these difficulties like
reducing as much as possible the Threading Dislocation Density (TDD), by the epitaxial or non-
epitaxial methods. The advantages and inconveniences of these techniques will be presented

hereunder.

1.2.6.1 Epitaxial approach
Over the last decades, researchers have considered the direct growth of GaAs on Si by
hetero-epitaxy. However, as explained it leads to high TDD around 10%-10° cm™ at the
interface. Cycled thermal annealing is the most efficient method to reduce TDD. Thermal
annealing decreases at best the TDD to 107 cm[50], [51]. As an example, Soga et al. [52]
grew AlGaAs on active Si by MOVPE at 950 °C with five thermal cycling iterations. The solar
cells produced in this work have the best efficiency 21.2% reported up to now under AMO

spectrum. However, high TDD values still limit the solar cell efficiency.

Another epitaxial approach consists on the insertion of layers between I11-V and Si, called
buffer layers, in which the composition changes gradually. The role of these layers is to change
progressively the lattice constant between Si and I11-V in such a way the transition is smooth.
In Fig. 1-13, we present the pathways, i.e. alloys materials, to accommodate the misfit between
Si and GaAs lattice constants. The presence of defects in the buffer layers has no effect on the
recombination of the minority carriers because these layers are far from the p-n junction, and
they are ideally electrically conductive regions while being optically transparent with respect
to the cell below. However, considering the thickness of these buffer layers, the total device
series resistance is still increased to some extent, and thus it still have some effect on the device

fill factor and thus efficiency.

The well developed and often studied buffer layer is the Sii1.xGex alloy. By changing the
composition of Ge from 0% to 100%, we can adjust the lattice constant and thermal expansion
coefficient at the final layer, i.e. Ge, which fits very well with the GaAs, hence, subsequent
direct growth is possible; literature reports low TDD around 10° cm with this approach [53].
However, SiGe alloys have a lower bandgap energy than the next sub-cell, i.e. silicon
(see Fig. 1-13). Consequently, these buffer layers can absorb photons and thus reduce the photo-
generated current of the Si sub-cell. SiGe alloys are suitable as cheap “virtual” substrate for

[11-V growth, but not well optimized for tandem solar cells based on Si active cells.
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Fig. I-17 TEM image of high threading dislocation density during direct growth of GaAs on Si by using GaAsxP1-x
graded buffer layer to reduce lattice constant mismatch [54].

A more appropriate option for I11-V/Si tandems is to use alloy with bandgap higher than
Si, and therefore optically transparent to Si is GaAsxP1.x (see Fig. 1-13). The lattice constant of
GaP is close to that of Si (0.37%) and therefore directly grows upon Si with low TDD. By
varying the composition of As from 0% (GaP) to 100% (GaAs) it allows a slow increasing of
lattice constant to fit with GaAs (see Fig.1-17). Feifel et al. have reported a TDD of
2.2x10% cm for triple-junction GalnP/GaAs/Si [55]. The device uses GaAsP buffer layer
approach with a GaNP layer for decreasing TDD at the GaP/Si interface. Their latest reported
results show even lower TDD, and reach certified efficiency of 25.9% under AM1.5G. Further

improvements are expected by simply current matching the structure.

Among the other options studied, the use of 111-V-N alloy (dilute nitride) seems to be the
best solution for the top sub-cells design. The advantage of these materials is the compatibility
of the lattice constant with Si and their high bandgap, thus transparency with respect to Si.
However, a short minority carrier diffusion length and the difficult control of the composition

of the quaternary materials characterize this approach.

1.2.6.2  Wafer bonding approach
Although the direct epitaxy approach offers a simpler, easier and lower cost perspective
for integration in industrial processes, the efficiency of Si-based MJ solar cells is still limited
by the high TDD and Si degradation at the high temperature growth process of 111-V materials.
Hence, alternative non-epitaxial approaches are studied in literature. When two wafers of the
same or different nature are put together even at room temperature, they spontaneously bond
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together at atomic scale by weak Van der Waals or hydrogen bridges [56], [57]. This technique
requires a perfect surface: flat & cleaned surfaces, mirror polished and no roughness [58].
Usually thermal treatment is employed to reinforce the interface strength. Hereunder three main
wafer bonding techniques are presented: hydrophobic, hydrophilic, and surface activated

bonding.

In hydrophobic Si-Si bonding, the wafers have bare surfaces that are hydrogen-terminated
surfaces with some fluorine-Si bonds leaving electronically passivated surfaces as presented in
Fig. 1-18. This is due to a commonly effective used process to eliminate silicon dioxide by
hydrofluoric acid (HF) etching. First VVan der Waals bonds (Si-H-H-Si) bridges are produced
during an annealing at 300 - 700 °C, the hydrogen removal for Si surface and Si-Si bonds
production follow the reaction 1-20 [59], [60]:

Si—H + Si—H - Si—Si + H, 1-20
The advantage of this technique is no intermediate (oxide or amorphous) layer is needed.
However, the first problem with this process is the presence of hydrogen bubbles as a result of
the reaction (1-20) trapped at the interface. The second issue is the complex native oxide on
GaAs surface such as Ga»Os that are difficult to eliminate by chemical etching. Several
researches were performed on GaAs//Si bonding but none of the interfaces shows an Ohmic
behavior [61]-[63] requires for tandem solar cell.
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Fig. 1-18 Direct bonding process for (left) Hydrophobic via H- and F- atoms with van der Waals bridge and
formation of Si-Si bonds after annealing, (right) Hydrophilic via OH group and the formation of Si-O-Si bonds.
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For hydrophilic Si-Si bonding, OH-bonds is at the Si wafer surfaces. At the initial stage,
the water forms a bridge between the two surfaces with a Si-O-Si oxide bond and H>O
(see Fig. 1-18 right). During annealing treatment, the water diffuses out of the interface or react
with surfaces to form more OH bonds [64]. Consequently, Si-O-Si bonds are formed between

wafers according to reaction 1-21:

Si—0OH +Si—0H - Si—0—-Si+H,0 I-21
Water molecules are produced during this reaction. The water is even trapped at the
interface or infiltrate through the oxide to react with Si and form trapped hydrogen (H.), and

increase the oxide thickness according to the following reaction 1-22 [60]:

Si+ 2H,0 - Si0, + 2H, 1-22

The advantage of this process is the simplicity of having a hydrophilic surface for GaAs

and Si wafer since it implies the use of native oxide for bonding. However, the formed oxide

layer at the interface and trapped water and hydrogen induce additional series resistance [65],

[66]. The trapped water and hydrogen can be avoided by changing the hydrophilicity of the
surface and the use of different bonding atmosphere [46], [59].
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Fig. 1-19 Schematic illustration for the surface activated bonding process at room temperature [71].

Surface Activated Bonding (SAB), was studied by Suga et al. for the integration of 111-V
on Si for optical devices [67]-[70]. SAB provides a combination of low thermal stress and
defects with high bonding based on chemical covalent bonds. Consequently, the two wafers
surfaces need to be atomically cleaned, activated and with perfect surfaces properties (flatness,
smoothness). In order to remove oxides from the surfaces of the wafers, keV irradiations with
inert atoms species (e.g. Ar) are performed at low temperature under vaccum, for removing

impurities and creating dandling bonds. When the two wafers are pressed together, strong
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covalent bonds are formed by the interaction of dangling bonds with other atoms. Fig. I-19

illustrates schematically SAB process.

The SAB process does not require thermal cycling annealing treatment to obtain a sufficient
bond strength, unlike hydrophilic or hydrophobic bonding processes. This low temperature does
not induce thermal stress at the interface. In addition, this process offers the possibility to bond
two materials regardless of their crystal structure or lattice parameter without intermediate
buffer layers or threading dislocations [72]. SAB process was extensively studied and applied
for the integration of high efficiency I11-V on Si for MJ solar cell [54], [73], [74]. However,
few nanometers thick amorphous layer is formed at the interface (see Fig. I-20 left) due to atoms
sputtering that can partially degrade electrical properties, i.e. result in higher series resistance

and potential optical losses.
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Fig. 1-20 (Left) Transmission Electron Microscopy image for n+-GaAs//n+-Si interface processed by surface
activated bonding resulting in 3 nm amorphous layer, (right) 1-V characteristic of the n+-GaAs//n+-Si without
and with thermal annealing at 100 °C, 200 °C, 300 °C and 400 °C to enhance the junction conductivity [75].

One way to reduce the amorphous layer and enhance the series resistance is to perform
thermal annealing. A group from Osaka university has studied the GaAs//Si interface electrical
properties obtained by SAB process, by annealing at 400 °C the 3nm amorphous layer
recrystallizes offering a 7.102 Q.cm [75], [76]. They have reported an efficiency of 3J solar cell
GalnP/GaAs//Si of 24.4% under AM1.5G spectrum [77]. Yu et al. have studied the evolution
of the amorphous layer during thermal annealing; they reported a significant improvement of
I-V characteristic after annealing at 400 °C due to the reduction of the amorphous layer
thickness from 11.3 nm down to 2 nm. After annealing at 600 °C the amorphous layer has
vanished, however a non-perfect crystalline structure was achieved [78]. Essig et al. have
reported that series resistance can be reduced to 3.6 x 10 Q.cm by: 1) increasing the doping

level at the two surfaces, 2) increasing the temperature during bonding to 120 °C and
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3) performing annealing at 400 °C for 1 min [79]. Nowadays, the best-published efficiency for
Si based triple-junction solar cell manufactured by SAB process is reported by Cariou et al. of
33.3 % under AM1.5G spectrum [80]; the same group has even announced 34.1% recently.

The advantages and challenges of the above detailed I11-V integration processes, epitaxial
growth (direct and buffer layers) and non-epitaxial (hydrophobic, hydrophilic, and SAB) are

summarize in Tab. I-1.

Tab. I-1 Overview of the main advantages and challenges of the various approaches for the
integration of 111-V on Si for high efficiency two-terminal multi-junction solar cell

Path

Advantages

Challenges

Direct growth

w/o buffer layer

Direct growth
via buffer layers

No I11-V substrate needed
Low cost potential
Standard MOCVD growth

No I11-V substrate needed
Low cost potential

Standard MOCVD growth
TDD below 10° cm possible

High lattice constant mismatch
High thermal expansion
coefficient misfit

High TDD (108-10° cm™®)
Transparency of buffer layer
for Si bottom cell

High thermal expansion
coefficient misfit

Hydrophobic

Hydrophilic

SAB

No intermediate layer
I11-V and Si sub-cells
fabricated separately
Simplicity of surface
preparation

I11-V and Si sub-cells
fabricated separately
Good I-V characteristic
No annealing needed
Best reported efficiency of 2T
silicon based MJSC

Difficulty to remove GaAs
oxide

Annealing needed

Oxide intermediate layer
Presence of voids and trapped
H:

Annealing needed

Costly process (surface
preparation, high vacuum,

substrate removal etc.)
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1.3 Space environments

The space environment is an aggressive environment for satellites and its components
during a scientific, commercial, or military mission. Considering satellites powered by solar
panels, an overview of their direct operating environments such as temperature and irradiance
intensity over the solar system are presented below. The radiation source and their
quantification will be also introduced in this section. Many other space constraints have
influence on solar arrays, such as high vacuum, debris impact and electrostatic discharge;

however, those constraints have not been studied in this PhD thesis.

1.3.1. Solar Intensity and Temperature
Before explaining the evolution of irradiance intensity and its applicability on supplying
satellite and scientific exploration mission, we present hereunder a comparison of the solar

spectrum on the outer space and at the earth surface.

The spectral distribution or intensity of the sun can be compared to the behavior of a
blackbody at a temperature of 5800 K according to Planck’s radiator law [81]. This lead to an
emission peak at a wavelength of 0.5 um for a power, at his surface, of about 60 MW/m?2.
However, due to the Sun-Earth distance, only a small fraction of these emitted photons are

intercepted on Earth; thus resulting in a much lower power density (~1367 W.m).

The air mass (AM) defines the length that photons take through atmosphere to reach Earth’s

surface; it is defined as follow (Eq. 1-23):

1-23

Air Mass (AM) = 550

Where 0 is the angle from the vertical (zenith angle). AM is always higher or equal to one at

Earth’s surface.

The atmosphere acts as a filter of the solar spectrum irradiance, which causes a reduction
in irradiance intensity and changes in spectral distribution. Ozone gases absorb and attenuate
UV radiation below 280 nm. Water vapor (H20) and carbon dioxide (CO2) absorb mainly in
the infrared region (close to their binding energy), which leads to “holes” in the solar
spectrum [82]. An integrated irradiance (overall solar spectrum range) of 1000 W.m, called
1-sun by PV literature, was defined as a standard for comparing solar cells performances for
terrestrial applications. The corresponding spectrum can be AM1.5D or AM1.5G, with D to
denote direct sunlight and G to denote global sunlight, which includes direct and diffused

irradiance. However, above the Earth atmosphere where the sunlight does not pass or interact
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with the atmospheric components, the spectrum is unaltered and named AMO with a total
irradiance intensity that varies from 1414 W.m2 (in December) to 1321 W.m (in July). Thus
for optimizing and comparing the behavior of intended solar cells for space applications, the
AMO reference spectrum used is presented by the American Society for Testing and Materials
(ASTM) as ASTME490-10 [83]. Recent research from Gueymard et al. [84] has revised the
extraterrestrial composition of the solar spectrum by surface observation, satellites, high
altitude balloon, and found a solar constant of 1361.1 W.m™ and recommend revision of
ASTM E490. A comparison of the blackbody, AMO and AM1.5D spectrum is presented in
Fig. I-21.
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Fig. 1-21 Comparison of the solar spectrum at the earth surface AM1.5D and the spectrum above the atmosphere
AMO used for space application.

In the space community, the intensity around earth, i.e. 1367 W.m is used as a reference
to define intensity over the solar system. The irradiance intensity, X, at position, R, on the solar
system is calculated by the multiplication of the reference around earth by the inverse square
of its distance to the sun, called astronomical unit. The calculated intensity for the solar system
planets is presented in Fig. 1-22 [85]. As one can see, solar irradiance varies enormously

between missions toward the sun where the intensity can reach 9000 W.m (6.67 x AMO) and
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on the other hand missions to deep space, i.e. outer planets, can reach very low intensities as in
the case of 50 W.m (0.037 x AMO) at Jupiter [86]. Regarding these low intensities, missions
require solar arrays with high power capability (> 30 KW) at 1 A.U. to produce the necessary
power (>500 W) at far distances (>5 A.U.). The first solar powered spacecraft, Rosetta,
reaching distance as far as 5 A.U. was launched by European Space Agency in 2004 and it has
proven the applicability of silicon solar cells at low intensity providing a total power of 395 W
at 5.25 A.U. [87]-[90]. The Juno mission also solar-powered [91], is using 3J solar cells with a
total capability of 14 KW at 1 A.U and 450 W at Jupiter, is actually orbiting around Jupiter and

demonstrating the feasibility of such technology for deep space.
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Fig. 1-22 Solar irradiance and temperature for operating environment in the solar system [86], [92]-[94].

In addition to the solar irradiance constraint, solar cells onboard of spacecraft or satellites
face important thermal constraints. Missions approaching the sun can reach temperatures as
high as 460 °C at Venus, as we move away from the sun towards the outer planets, the
temperature drops and reach -130 °C at Jupiter when facing the sun. The solar cells as subjected
to high thermal cycling due to the difference between temperature when facing the sun and at

the opposite side of the planet (thus in the shadow), which causes mechanical stress and cracks
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due to different material thermal expansion [95], [96]. In terms of electrical properties, solar
cells exhibit significant losses of open circuit voltage at high temperature (< 1 A.U.) and short-
circuit current at low temperature (> 1 A.U.). The operating temperature at the solar system
planets is illustrated in Fig. 1-22.

1.3.2. Effect of irradiance intensity

Modeling of electrical parameters under the different operating environment gives a first
approximation on the power output and therefore the applicability of a specific solar cell
technology for each space mission. As seen above, the irradiance intensity can be
increased/decreased by a factor X depending on the distance from the Sun. We can translate the
influence of the irradiance intensity on the different electrical quantities of the cells, in
particular on the Jsc and on the VVoc. As a first approximation, the short-circuit current increases
linearly with concentration according to Eq. 1-24. Since there is no variation of the solar
spectrum shape when increasing/decreasing irradiance intensity, the short-circuit current to

consider remains the lowest among all the sub-cells.
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Fig. 1-23 Electrical parameters evolution as a function of irradiance intensity (concentration) for a triple-junction
solar cell GalnP/Gap.gslno.0aAs/Gags3lnos7As, (top) open circuit voltage, (middle) fill factor, (bottom) efficiency,
the short circuit current not shown here is assumed to increase proportionally with irradiance intensity [35].
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The Shockley diode equation gives the open circuit voltage evolution as a function of

irradiance intensity factor according to Eq. 1-25:

nkT
Voc (X) = Voe(1 sun) + TLn(X) I-25

We can see that the open circuit voltage is less sensitive than the short-circuit current, and
varies as a logarithmic function with irradiance intensity (see Fig. 1-23). Since the sub-cells are
series connected in two terminal MJ solar cell, the variation of open circuit voltage of the overall
device is the sum of each sub-cell Voc values. As for Voc, the efficiency varies in logarithmic
function of irradiance intensity according to Eq. I-26. However, the efficiency is limited by the
degradation of fill factor at high concentration due to series resistance related losses as
presented in Fig. 1-23 where the maximum efficiency is achieved at X =400 suns in the case of

this specific solar cell.

~ nkT Ln(X) 1 FF(X)
n(X) =n(l sun). [1 * q Voc(1sun)l FF (1 sun) I-20

1.3.1. Effect of temperature
The effect of temperature on the solar cell is due mainly to the sensitivity of the bandgap
of the active region to temperature variation. In general, the bandgap energy of semiconductor
material decreases with increasing temperature, which is due to the increase of interatomic
spacing, therefore lower potential is seen by electrons [97], [98]. The evolution of the bandgap

due to temperature can be modeled by the Varshni relation according to Eq. 1-27 [99]:

2
1-27

Ey(T) = E,(0) ~ 4

Where the Eg (eV) is the bandgap at the absolute temperature, T (K) is the temperature,

o (eV.K™1) and B (K) are material related constant, in general, they are used as fitting parameters.

In order to predict the solar cell performances at operating temperature, it is necessary to
analyze the temperature performances using basic cell equations. The material properties,
diffusion length and minority carrier lifetime are summed in one constant, therefore temperature
dependence of Jois expressed by Eq. 1-28 [100]-[102] where it varies as a function of only Eg
and T.

E (T
Jo = const . T3 exp <— 7((7‘ )> 1-28
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Short circuit current is the result of three main solar cells properties (internal absorbance,
spectral reflectance, and electronic properties). Small effect of temperature is assumed for
reflectance and electronic properties thus lower effect on short circuit current. However, at very
high and low temperature, the effect becomes non-negligible. The high variation of bandgap,
i.e. cutoff energy, with temperature is the main cause of this increasing or decreasing short
circuit current due to reducing or increasing of the absorbed portion on the irregular shapes of

solar spectrum.
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Fig. 1-24 (a) Triple junction GalnP/GaAs/Ge short-circuit current density evolution with temperature defining the
crossover temperature at 25 °C for inversion of limiting sub-cell top/middle (b) evolution of short-circuit current
density temperature coefficient dJsc/dT of each sub-cell as a function of temperature [35].

For multi-junction solar cells the variation of short circuit current density is complex, given
the current of the overall device is limited by the smallest sub-cell short-circuit current. In
general, the semiconductor material has a different Jsc temperature coefficient; hence, there
will be a crossover point, with below the multi-junction limited by one sub-cell and above the
multi-junction limited by another sub-cell. An example is given in Fig.1-24 (a) for
GalnP/GaAs/Ge triple-junction short circuit current density evolution with temperature for each
sub-cell. In this architecture, the multi-junction is top-middle current matched at room
temperature and the top-middle limit the 3J current. On one hand, when increasing temperature
above 25 °C the 3J is limited by the middle sub-cell, on the other hand, when decreasing the

temperature below 25 °C the top sub-cell limits the current of 3J. A comparison between Jsc
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temperature coefficients (dJsc/dT) of each sub-cell is presented in Fig. I-24 (b). Under 25 °C
the 3J dJsc/dT is governed by the top sub-cell at 22 pA.cm2.K™?; above this crossover
temperature, the middle sub-cell governs the dJsc/dT of triple-junction around 17 pA.cm?2. K™,

The effect of temperature on open circuit voltage is simpler than that of short-circuit
current. By combining Eq. I-15, Eq. 1-27 and differentiating them with respect to temperature,
the analytical expression of open circuit voltage with temperature for a single junction is

expressed as Eq. 1-29:

dVpe 1 3kT TdE, E,

_—— === 1-29

= =1V
dT Tl °¢ q qdT q
From the above equation, the following statement can be made for the temperature

dependence of open circuit voltage:

e Linear variation is assumed to quantify the sensitivity of Voc to temperature;

e Vo is independent of the spectrum variation unlike for Jsc variation;

e The effect of Jsc variation on Voc is low due to low dJsc/dT and the logarithmic
variation of Voc on Jsc:

e The Voc coefficient is always negative since bandgap has a negative temperature
coefficient and Eg/q is always higher than Voc;

e The higher the Voc the lower its temperature coefficient, even for the same

semiconductor material

The Voc of two-terminal multi-junction is the sum of all sub-cell Voc. Hence, the
temperature coefficient of the overall device is the sum of all sub-cell temperature coefficients.
As explained above the effect of Jsc on derivative Voc is negligible, therefore, temperature
coefficient is assumed to be linear in order to quantify its sensitivity to temperature for both
single- and multi-junction solar cells even at low temperature reaching 110 K [103].

A comparison of modeled temperature coefficient (dVoc/dT) at 300 K according to Eq. 1-29
of different solar cell material and architectures is presented in Tab. I-2. The negative
temperature coefficient of Voc allows a high boost at low temperature and significant losses at
high temperature. From this point of view, solar cells are suitable for low temperature rather
than a high temperature operating environment. For high operating temperatures, solar cells

with low absolute temperature coefficient are more preferable to reduce the Voc losses.
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Tab. I-2 Comparison of modeled Voc temperature coefficient at 300 K for several solar cells materials and
architecture [8], [104]

Vocat 300 K dVoc/dT 1/Voc dVoc/dT
(mV) (mV.K?) (%.KY)
PERL Si 711 -1.7 -0.24
Si (AzurSpace) 628 -2.02 -0.32
Ge 200 -1.8 -0.90
GaAs 1050 -2.0 -0.19
GalnP 1350 -2.2 -0.16
GalnP/GaAs 2400 -4.4 -0.17
GalnP/GaAs/Ge 2600 -6.0 -0.23

The fill factor parameter as explained has a non-direct physical explanation; it reflects the
effect of parasite shunt and series resistances on the |-V characteristic under illumination. An
empirical expression of a single junction fill factor as a function of open circuit voltage was
proposed and is expressed according to Eq. 1-30 [101], [105]. From this equation, it appears
that the temperature coefficient is negative and higher values of FF are expected for lower

bandgap.

Voc _ Voc
_ 95T In (q T +O.72)

FF 1-30

q % +1

In a multi-junction solar cell, fill factor depends mainly on current matching between the
different sub-cells. The calculated FF and its temperature coefficient for triple-junction solar
cell GalnP/GaAs/Ge with the corresponding sub-cell are presented in Fig. 1-25 (left). The main

statement from this illustration are:

e The Fill factor temperature coefficient, dFF/dT, follows the behavior of that of
dJsc/dT and fluctuates in the inversion of limiting sub-cell region;

e Low dFF/dT values are expected (from experimental measurements) in the case of
multi-junction comparing to dJsc/dT and dVoc/dT, therefore its effect on the

efficiency is relatively low.

The efficiency is proportional to the product Jsc.Voc FF and, therefore, the temperature
coefficient of efficiency is determined by the sensitivity of Jsc, Voc, and FF to temperature. The

57



Ch. | Space Environments

efficiency temperature coefficient is expressed as the sum of all parameters temperature
coefficient according to Eq. 1-31:

1dnp 1 dVype . 1 dJsc , 1 dFF

ndl Vo dT  Jgc AT = FF dT

In the case of an ideal single-junction cell, the temperature coefficient in general negative

1-31

to temperature i.e. is not always constant as a function of temperature. This effect is due to the
influence of the irregularity of the dJsc/dT and dFF/dT, however, this non-linear behavior
remains relatively small. For multi-junction, as presented in Fig. I-25 (right) the temperature
coefficient has the same trend as for single junction and is smother than can be expected due to
high irregularity shown in Fig. I-24 and Fig. I-25 (left). In fact, the variation of these two

parameters with an opposite sign happens to attenuate the irregularities.
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Fig. 1-25 Ideal triple junction GalnP/GaAs/Ge electrical parameters evolution as a function of temperature with
the corresponding temperature coefficient of (left) fill factor (right) efficiency [35].

In the case of temperature variation around 25 °C and at current matching between sub-cells
for multi-junction solar cell, an assumption of constant coefficient can be set with an accurate
fit in most cases [35], [106]. At very low temperature below 200 K, the efficiency increase
tends to have more flatten behavior. At extremely high temperature, the efficiency decreases
and tends to zero [106].
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As seen above, space mission satellite operates in different environments namely, High
Temperature and High Intensity (near sun), Normal Intensity and Room Temperature (near
earth), Low Temperature and Low Intensity (outer planets). Fig. I-26 presents the efficiency
temperature coefficient as a function of semiconductor bandgap. From this curve, two main
statements are set [86], [107]:

e Higher bandgap materials provide a lower efficiency temperature coefficient,
therefore, they are clearly more suitable to use for near sun missions. As an
example, a solar cell made from GalnP has a temperature coefficient 2 times smaller
than GaAs. GalnP solar cell will therefore produce three-times higher power than
GaA:s cells around 400 °C;

o Inversely lower bandgap materials have a higher efficiency temperature coefficient,
thus are preferable to use for outer planets. As the case of Si compared to GaAs or

to GalnP solar cells.
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Fig. 1-26 (Left)Efficiency temperature coefficient as a function of semiconductor bandgap energy [86] (right) Low
Temperature and Low Intensity LILT operating conditions effects on solar cell 1-V characteristics [108], [109].

The major technical challenge for a solar powered mission at deep space is the Low
Intensity and Low Temperature (LILT) operating conditions. For a long time, Si solar cells were
deeply studied in such conditions thanks to their historical evolution in space application [89],
[93], [109]-[112]. As explained above, enhancement of efficiency is expected at low
temperature due to the high open circuit voltage thermal coefficient. However, anomalous
degradation are also observed at the operating conditions of deep space, namely: Schottky
barrier formation, shunting (leakage current) and broken knee or flat spot phenomenon that
induce fill factor degradations and hence efficiency. An example of the induced degradation on
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the I-V curve are shown in Fig. I-26 (right) by comparison to a normal I-V behavior. A low
shunt resistance detectable even at room temperature can have significant effects on the output
parameters of the cell, in particular at low intensity. To overcome this issue, a change in the
manufacturing process is required to reduce the defect density, especially around the cell edges.
The Schottky barrier also called S-like shape are caused by majority carrier barrier at the hetero-
interface with a band offset higher than 20 meV, which affects mostly the fill factor than open
circuit voltage. This effect is only visible by measurements at low temperature below 150 K.
One of the used methods to suppress this effect is increasing of doping level at the back and the
front surface fields that decrease the temperature of Majority Carrier Barrier (MCB) appearance
[113], [114].

CURRENT

0 0.5 1.0 1.5
VOLTAGE, V

Fig. 1-27 Schematic diagram of flat spot effect on solar cell 1-V characteristic [112].

The flat spot effects manifest itself as a broken knee in the vicinity of the maximal power
point. In general, cells give no sign of defectiveness when measured at room temperature. By
contrary, it occurs in both illuminated and dark 1-V characteristics at low temperature. It is
suggested that a Metal-Semiconductor Like interface (MSL), in parallel to the p-n junction is at
the origin of the flat spot effect. The double break on the I-V characteristics are due to the
difference of series resistance of the MSL interfaces. At negligible series resistance, the 1-V
characteristics are totally controlled by MSL. However, by increasing the forward bias near the
Voc, the I-V characteristics follow the p-n junction behavior (see Fig. I-27). To prevent the
formation of MSL under the metallization, crystallographic orientation, thermal annealing,
junction depth, and metallization alloys were studied [112]. TiPdAg contact with TiN layer
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acting as a diffusion barrier between the cell and the metallization or deep junction have proven
good results for preventing the flat spot effect. Nowadays, both single- and multi-junction solar
cells used for deep space applications integrate the above-mentioned optimizations for an
efficient behavior at LILT conditions [93], [109], [115]-[121].

1.3.1. Radiative space environment
The solar cells onboard satellites and space missions do not face only wide temperature
and illumination intensity spectrum in the space environment, but are also continuously exposed
to a high-energy radiative environment that affect solar cells output parameters. This
environment consists of both charged and neutral particles, i.e. protons, electrons, neutrons and
ions with a wide range of atomic numbers originating from solar winds and flares, galactic

cosmic rays and radiation belts [104]-[110].
e Trapped particles

The most important radiation sources to the planets-orbiting satellite are the trapped
particles by their magnetic fields forming the radiations belts. Around the Earth, the radiation
belts are called also Van Allen belts; they consist mainly of electrons with an energy of few
MeV and protons up to several hundreds of MeV. The particles are subjected to the Lorentz
force and have helicoidally trajectories following the lines of the Earth magnetic field, giving

the belts a toroidal shape with respect to the axis of the magnetic dipole as presented in Fig. 1-28.

Fig. 1-28 (Left) Aspect of the Van Allen belts, credit: NASA's Scientific Visualization Studio (right) electrons and
protons flux in the inner and the outer belts [129].

There are two Van Allen radiation belts: one trapping protons and the other trapping
electrons. The proton belt consists of protons of energies in the range [1 kel - 100 MeV] in a
zone from 1 to 6.6 Earth Radii (6378 km), Re. The trapped electrons had energies in the range
[1 keV - 30 MeV] from 1 to 10 Re. A view of the two radiation belts is shown in Fig. 1-28 (right)
for protons with energies above 10 MeV and electrons with energies above 1 MeV. A maximum

flux is observed at 1.5 Re for the proton of 10 MeV. The electron belt is composed of two parts,
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inner and outer. The inner belt is centered around 1.2 Re and extends up to 2.8 Re for electrons
of 1 MeV. In this area, electron flows are stable and energies can reach a few tens of MeV. The

outer electron belt is centered around 5 Re and extends to 10 Re.
e Solar flares and winds

The corona plasma is so hot that the Sun gravity cannot hold it back. The protons, electron
and alpha particles in the upper rings move away in all directions in a continuous flow of
particles known as the solar wind with a flux of 101°-10'2 cm?.s. Near Earth, or any other
planet with a magnetic field, this wind meets a magnetosphere that forms a shield around the
planet. This encounter generates a shock wave and compresses the magnetosphere that faces
the Sun.

The solar flare occurs on the visible surface of the Sun, it is defined as a jet of material
ionized thousands of kilometers away before being diluted in space. A solar flare is related to
the sun 11-year cyclic activity, with 4 years of minimum activity where solar flare is rare and
7 years of maximum activity where solar flare are more probable. The ejected particles are
mainly protons with high energy (few to hundreds of MeV) and high flux, or heavy ions with

energy ranging from 1 to 10 MeV.
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Fig. 1-29 Particles flux density as a function of energy depending on the radiation source for space environment
Source: NASA-STD-3000 154 https://msis.jsc.nasa.gov/sections/section05.htm.
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e Galactic Cosmic-Rays radiation

Galactic radiation comes from beyond the solar system, and consists mainly of protons
(85%), alpha particles (14%), and heavy nuclei (1%) which energy can reach 10 GeV/nucleon.
However, the integrated flux of these particles, of the order of 2 - 4 .cm?.s™, is relatively lower
than the above-mentioned sources. The summary of particle fluxes and energies is presented as

a function of radiation sources in Fig. 1-29.

The spectrum of particles in terms of composition, energy and flux is different from one
mission to another and from one planet to another. As an example, we can consider Jupiter the
biggest planet in our solar system, which is made of gas and has more than 60 natural satellites.
Tab. I-3 illustrates a comparison between Jupiter and Earth environment. Clearly, Jupiter is 11
times larger than the earth and its magnetic moment is 2.10* times greater than that of the earth.
The difference in rotation rates (Jupiter spin over two times faster than Earth) is also important
parameters. This explains the large magnetosphere of Jupiter, which can extend up to 100 R;.
Besides solar wind and the ionosphere, Jupiter magnetosphere is fueled by volcanic activity
from the satellite lo [130], [131].

Tab. 1-3 Comparison between Jupiter and Earth characteristics

Characteristics Jupiter Earth
Radius (km) 7.14 x 10* 6.38 x 10°
Magnetic moment

1.59 x 10%° 8.10 x 10%°
(G.cmd)
Rotation period (h) 10 24
: lo Satellite | ind
Main plasma sources  jonosphere Solar Vrl'”
Solar wind (TR

Fig. 1-30 shows the spectra of trapped electrons and protons for a geosynchronous orbit
where there are the most telecommunications satellite and Europa moon (9.5 R;) which is the
highest priority for NASA missions or JUICE mission planned on 2022 by ESA [132]. The
spectra of trapped electrons and protons were obtained by using the AP8 [133] model for
protons and AE8 [134] for electrons. These models give an estimation of omni-directional
fluxes for protons in the energy range of [40 keV - 500 MeV] and electrons for the range
[40 keV - 7 MeV]. From Fig. 1-30, it is clear that the particles trapped at Jupiter are more
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energetic and are 1-2 orders of integral flux higher than that at Earth. This implies an additional

requirement for the design and radiation hardness of used solar cells in this environment.
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Fig. 1-30 The flux of trapped proton and electrons radiations as a function of energy in Jupiter environment
(Europa moon) compare to Earth (GEO orbit) [86], [132], [135].

I.4 Interaction particles - materials

In the interaction between the radiative environment and matter, different mechanisms
come into play. They depend on the target atom, but also on the properties of the incident
particle (type, energy). When charged, energetic and massive particle enters a material, it slows
down continuously by interaction with electrons and nuclei of the target material. There are two

dominant type of interaction: inelastic and elastic collisions.

For inelastic collision, the particle losses energy through the interaction with electrons
cloud of the target material. The sum of kinetic energy before and after collision is not
conserved in this type of interaction, where the energy difference goes to excite electrons of the
material, mainly by ionization. Generally, it is the most likely process in the interaction between
space radiation and semiconductor and is the main mechanism for energy loss. In elastic
collision, the charged particles can have columbic interaction with the nucleus of the target
material by Rutherford scattering where the kinetic energy before and after collision is
conserved. In some cases, if the energy is sufficient the atom can be displaced from its site in
the crystal lattice. The energy losses due to the interaction of the incident particle with the
electron cloud, the nuclei, and the electric field of the atoms and is defined by Eq. I-32
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dE

dx

dE dE dE

Total dx

1-32

electronic dx nuclear dx rays

The main radiation damage in the field of solar cells can be sorted in two categories:

ionization and atomic displacement.

1.4.1. lonizations

When energetic particles penetrate matter, they loss energy and slow down. The lost energy
is transferred to the first contact electrons called "delta rays”. In the second step, the delta rays
themselves ionize and deposit their energy in different forms: phonons, excitations and the
creation of electron-hole pairs (e-h) [122]. The energy loss of the associated particle is called
stopping power, dE/dx. It can be expressed in MeV.um™ but also in MeV/g.cm? if it is
normalized to the density of the target material. Another important parameter is the Linear
Energy Transfer (LET) that represents the amount of energy absorbed by the target material per
unit path traveled by the projectile.

LET = dE
T dx

The relationship between the stopping power that refers to the energy lost by the particle

1-33

electronic

and the LET, which refers to the amount of energy absorbed by the material is

dE dE dE
—— =—— —-— 1-34

dx dxlelectronic  AxXlrays
The difference of energy express the energy lost by electromagnetic radiation mainly
bremsstrahlung that is emitted by particle deflection when interaction with electric field of the
target atoms. This radiation is mainly gamma rays and becomes important for high-energy
particles (> 10 MeV for electrons and > 1 GeV for protons). The average energy absorbed per
unit mass in the form of ionization is called TID (Total lonizing Dose) [119], and is expressed
as a function of LET by Eq. 1-35:

TID = LET.® 1-35
with @ is the fluence of the incident particles. This equation is valid under the assumption of
quasi-rectilinear trajectories of the particles [120]. The commonly used unity in radiation effect
community is rad (1 Gy = 100 rad). It is important to note that the dose is related to the type of

particle, its energy and the target material.

lonization related-defects can be at the origin of solar cells transmission losses and

darkening of cover glass. The created electron-hole pairs which interact with impurities atoms
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in the material forms charged complex defects (color center) that can be stable at room

temperature [138].

1.4.2. Displaced atoms

A particle passing through crystalline material can collide with an atomic nucleus of the
crystal lattice by elastic or inelastic collision. However, in the range of charged particle energy
for space applications, we only consider elastic collisions, which are classified according to
their energy. At high energy, the projectile can penetrate the electrons cloud and knock on the
nuclei; this collision is known as Rutherford. At low energy, the collision occur with the
surrounding electrons cloud of the target atom and known as hard sphere collision that is more
probable.

The first atom to collide is called PKA (Primary Knock-on Atom). If sufficient energy is
transferred, the target atom is displaced from its site, thus creation of interstitial-vacancy defect,
known as Frenkel pairs as presented in Fig. 1-31 [139]. In turn if the displaced atom has
sufficient energy, it can undergo similar collisions with other atoms. The secondary
displacement will probably be of the hard sphere collision. To displace an atom from its site
(e.g. Si), one has to take into account the sublimation energy of the atom (4.9 eV), the vacancy
creating energy (2.3 eV) and other energies related to losses (phonons and electronic). In
literature, the minimum amount of displacement energy, Eq, is in the range of 11 - 12.9 eV for
Si [16], [140]. In GaAs material, Eq values have a crystal orientation dependence thus angular
related variation; however, for thick solar cell an average of 10 eV was reported. The
relationship between Eq4 and the threshold energy, Et, is expressed by Eq. 1-36 and Eq. 1-37 for

electrons and protons respectively.

meEt 2
Ed, electron = 2 m (E + 2m,C*) 1-36
e
. <4 M mpEt> . .
d, proton = — | £¢ -
M +m,
With me electron mass

mp proton mass
M atomic weight
meC? electronic mass-energy equivalence
In order to quantify the energy transferred to a material by non-ionizing phenomena, the
concept of NIEL (Non-lonizing Energy Loss) is introduced. This concept is based on the

assumption that the total concentration of stable electro-active defects created by the atomic
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displacements depends only on the total energy deposited under form of displacement and not

the type or initial energy of the particle incidental. More details can be found in [123]-[128].

Exiting
Particle

(o) @ Interstitial
Incident i Vacancy
Particle

A Frenkel pair consists of a vacancy and an interstitial atom.

Fig. 1-31 Displacement damage mechanism.
The NIEL consists of the elastic nuclear energy part (coulombic and nuclear interactions)
and inelastic nuclear (neglected) radiation. Therefore, it can be calculated for the particles

(electrons, protons, etc.) by the sum of the contributions of the elastic and inelastic :

dE N
NIEL = —— = (0,T, + ;T 1-38

dx nuclear

Where, N is the Avogadro number, p is the density of the target material, ce and oi are
respectively the effective cross-sections of elastic and inelastic interactions, Te and T; are the
mean recoil energies associated with these elastic and inelastic interactions. NIEL is generally
expressed in MeV.cm?.gt. Example of electron, protons and neutrons NIEL plots are presented
for Si and GaAs semiconductor material in Fig. 1-32. NIEL values for different particles,
energies and target materials are tabulated in the literature, as for example we refer to SR-
NIEL8, The total displacement dose DDD (Displacement Damage Dose) received can be

expressed in terms of NIEL and fluence @ according to:

DDD = NIEL .0 1-39
The non-ionizing energy deposited by the electrons increases as the particle energy
increases. In contrast, for heavy ions (e.g. protons) the deposited energy is higher for low
incident particle energy, i.e. the deposited energy is higher at end track of the ion where it is
implanted.

18 SR-NIEL : http://www.sr-niel.org/

67


http://www.sr-niel.org/

Ch. | Particles Effects on Semiconductor

1000

100

-
°

" :
ey, !
s
ety

o Vasilescu & Lindstroem
A ASTME 722

s {+ Summers et al.
== Akkerman et al

NIEL, (keVem2/g)

01 1 10
Particle Energy (MeV)

100 1000

NIEL (keVem®/g)

1000

-
=)
S

=}

Protons

Neutrons

—&— Summers et al.
—O— Akkerman et al.
—h— etal

= 7\ :Akkerman et al.
- Akkerman et al.

—o— ASTM E 722 trestssssannan

caponc—

-

e
=

Electrons

b
o
2

0.001
0.1

10
Energy (MeV)

100

Fig. 1-32 Non lonizing Energy loss, NIEL, for electron, protons and neutrons penetrating (left) Si and (right) GaAs
for energy higher than the threshold[147].

The probability of atomic displacement by a particle whose energy is greater than the
threshold energy can be expressed as a function of displacement cross section, o4, with an
average secondary displacement number, v [16], [140]. According to this concept, the number

of displaced atoms Ng can be estimated according to Eq. 1-40:

Ny;=n,0o;,v0d 1-40

Where n, is the number of atoms per unit of volume and @ is the fluence.

In Tab. I-4 and Tab. I-5, examples of the different quantities above explained in the case
of Si and GaAs irradiated by electrons and protons at different energy. The calculated Ng in
Tab. 1-4 are displacement rate (cm™) by incident particle of energy E. By multiplying this rate
by the fluence (cm™), then the rate will be per unit volume. The total number of atom
displacements created by a particle of energy E is the integral of the displacement rates in the

range E to Eo, where Eq is the particle energy at the exit of the material.

Tab. 1-4 Displacement rates for electrons and protons on Si and GaAs, the used displacement energy for Si and
GaAs are 12.9 eV and 10 eV respectively [16], [140].

Electrons Particles

Silicon GaAs
Energy
N N
(MeV)  EE. (cm?) _ 641024 (cm?) _
disp/cm disp/cm
0.5 58.4 3.4 92.6 4.13
1 67.8 5.16 153.2 8.62
2 73.6 7.35 187.8 14.17
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Tab. I-5 Displacement rates for electrons and protons on Si and GaAs, the used displacement energy for Si and
GaAs are 12.9 eV and 10 eV respectively [16], [140].

Protons Particles

Silicon GaAs
Energy
Nd N
(MeV) 6410%° (cm?) _ 64102 (cm?) _
disp/cm disp/cm
0.5 7.06 15.634 18 32.788
1 3.53 8.429 9 17.770
2 1.77 4.52° 4.5 9.573

1.4.3. Atomic displacement defects creation

The mechanism of stable fault creation after an atomic displacement collision is shown in
Fig. 1-33. After the impact of the first atom, the accumulated energy dissipates in the form of
atoms vibrations, causing a peak of heat along the trace of the recoil nucleus in the order of a
picosecond. As a result, amorphous pockets can be created depending on the melting
temperature of the target material. These amorphous pockets recrystallize after a few
nanoseconds of the collision [148], [149]. The gaps and interstitial created at room temperature
are mobile, and therefore a large part (85% - 90%) of them recombine almost instantaneously
at 10" seconds [139].
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Fig. 1-33 Schematic description of stable defect formation due to particle radiation [150].

The remaining proportion of the defects in the atomic cascade will form stable defects.

These entities can be of the same type, i.e. vacancies or interstitials, or even dopants (P or B in
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the case of Si) or impurities introduced during the manufacturing process (carbon, oxygen, etc.).
The stabilization of these defects induces the creation of complex defects, either punctual or
aggregates. If the defect is composed only of vacancy or interstitial, they are qualified as
intrinsic defects as in the case of di-vacancies (V-V) [151]. Whereas if the defect contains at
least one impurity (dopant or other), the defect is called extrinsic, as in the case of Vacancy-
phosphorus (V-P in p-type Si). It is important to note that these defects are out of
thermodynamic equilibrium, are electrically active, and have energy state E: in the bandgap. In
general, E; is expressed as a function of the bottom of the conduction band Ec (i.e. Ec - Et) and
the top of the valence band Ev (i.e. Ev+ Et). Radiation induced defects characteristics were
deeply studied by Deep Level Transient Spectroscopy, (DLTS), and/or Electron Paramagnetic
Resonance (EPR) spectroscopy. Example of well-known defects are listed in Tab. I-6 for Si
semiconductor. In the case of 111-V materials such as GaAs, there are several types of Frenkel
pairs since there is two type of atom that constitute the material; Arsenide interstitial or vacancy
(Asi, Vas) and Gallium interstitial or vacancy (Gai, Vea). In addition, antisite defect are also
considered that mean Ga Atom on As site and vice versa; denoted by Gaas and Asca. Some
defect characteristics in irradiated GaAs are presented in Tab. I-7 for GaAs [151]-[160].

Tab. 1-6 Defect characteristic (energy, identification and annealing stage) of irradiated Si [151], [160]-[175].

Identification/
Energy

charge states

Anneal at 150 °C

E-Center Ec-0.45 V-P (0/-) ) ) _ _
High fluence induces type inversion

Depending on Oxygen
A-Center Ec-0.17 V-0 (ViO) (VO)) :
concentration and fluence

Ec-023 V-V (V2)-/--

Di-vacancy Ec-0.42 0/- Anneal at 200 - 300 °C
Ev+0.2 +/0
Not stable
Defect #1 Ev+0.36 V-B Anneal at 260K

Donor like defect

Defect #2 Ev+0.36 Ci-0i (+/0) Anneal at 623 K

Defect #3 Ec-0.26 Bi-Oi Anneal at 200 °C
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Tab. I-7 Defect characteristic (energy, identification and annealing stage) of electrons irradiated GaAs

Identification/ charge Remarks

states

El Ec- 0.045 Vas (-1--)

E2 Ec-0.14 Vas (0/-)

E3 Ec-0.30 Vas-ASi

E4 Ec-0.74 AScatVas Annealing temperature
Asi at 220 °C

E5 Ec-0.96 V as-ASi

HO Ev+ 0.06 V as-Asi

H1 Ev+0.25 Vas-ASi

H2 Ev+0.41 Va-related Annealing temperature

at 280 K

These discrete energy levels change the electrical properties of the semiconductor, thus
solar cells in five different ways depending on the position of the discrete energy level in the

bandgap, which are shown schematically in Fig. 1-34 [176], [177].
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Fig. 1-34 Schematic description of the induced-degradation on irradiated solar cells depending on the traps
energy level in the bandgap [176].
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Generation: a defect at an energy E: captures an electron from the valence band and emits
it into the conduction band. This is equivalent to emitting an electron and a hole in the
conduction and valence band respectively. As explained in section 1.2, this phenomenon
constitutes a large part of the dark current. The generation rate of these defects is at its maximum
when E; is in the middle of the bandgap. Therefore, a high defect density induces a high Jo thus

higher degradation is expected on the open circuit voltage of the solar cell according to Eq. I-15.

Recombination: Contrary to generation defects, recombination consists in capturing an
electron from the conduction band and re-emitting it to the valence band by defects with
energy Et. This phenomenon induces a strong degradation of minority carriers lifetime and
therefore induces a strong degradation of the solar cell short-circuit current.

Trapping: a defect can capture free charge (e.g. electron from Ec) carriers and re-emit
them in the same band (electrons in Ec) after a certain period. This can disturb the density of

the charge carriers and thus their movement.

Compensation: deep acceptor (resp. donor) defects can compensate free electrons
(respect. holes) available from donor (respect. acceptor) dopant. This results in a reduction in

the density of the dopants and thus of the majority charge carriers (carriers removal).

Tunneling: free charges can be tunneled from one band to the other. The additional energy
levels induced by defects located in this zone increase the phenomenon probability.

1.4.4. Irradiation effects on solar cells electrical properties
The major effect of atom displacement defects due to radiation is their effect on the
minority carrier lifetime of the solar cells. Precisely, on the base layer lifetime, which is most
sensitive in solar cell operation (almost all carriers photo-generation happen in this layer). Since
the lifetime is inversely proportional to the recombination rate, the contribution of the
recombination of the different defects can be added together to express the final lifetime as:

1 1 1 1
S 1-41
T Tp Te Tp

Where t is the minority carrier lifetime, 1o, te and tp are the minority carrier lifetime before, after

electrons and protons irradiation, respectively.

One of the most analytical expression used to estimate the degradation on solar cells
depending on type, energy and fluence of the irradiation, and the target material and its quality

is expressed in Eq. 1-42 for minority carrier lifetime [127]:
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1 1 1

=t Z oVeily @ = -t K. 0 1-42
Where 1o is the pre-irradiated value of 1, I is the introduction rate of the i recombination
center, i is the capture cross section of the i recombination center, vii is the thermal velocity
of the minority carriers, and @ is the fluence. The defect characteristic are regrouped in one

single parameters called damage coefficient of minority carrier lifetime, K. in cm?.s™.

However, it is easier and more meaningful to present the damage coefficient as a function of
the diffusion length of the minority carriers. Using the relationship between lifetime and

diffusion length L? = D.t of the minority carriers, Eq. 1-42 then becomes:

1 1
Z= 2 + K, 0 1-43
Where Lo, L is the diffusion length before and after irradiation respectively. K. (dimensionless)
is the minority carrier diffusion length related damage coefficient. The lowest is the damage
coefficient the lowest is the degradation of the diffusion length by the incident particle, hence

lowest is the degradation of electrical properties [178].
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Fig. 1-35 (Left) Diffusion length damage coefficient as a function of base carrier concentration for p-type and n-
type FZ silicon solar cells after 1MeV electrons irradiation; (right) p-type Si FZ efficiency under AMO spectrum
as a function of base carrier concentration for different 1 MeV electron irradiation [183].

It has been shown in the literature that p-type Si solar cells have a better resistance to space
radiations. This is due to the created defects characteristics (type, density and capture cross
section). For example, carrier removal rate, Rc, in n-type silicon solar cells (0.3 cm™) is twice
as high as in p-type. Yamaguchi team [161] and other research groups [159], [179]-[182] have
deeply study the effect of irradiation on solar cells. In Fig. 1-35, the damage coefficient is shown
as a function of base doping concentration in case of irradiated FZ for both n- and p-type. At

first sight, it is notable that p-type has a lower K. than n-type over wide range of the doping
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concentration; hence higher radiation resistance of p-type solar cells. The damage coefficient is
proportional to base doping concentration; therefore, low base concentration is suitable for
space application in order to reduce the effect of space radiation.

Modelled conversion efficiencies under an AMO spectrum for a p-type silicon solar cell
after 1-MeV electrons irradiations are shown in Fig. 1-35. It is shown that a doping
concentration in the range 10 cm (13 Q.cm) is preferable for low fluence (< 10* cm?),
however, by increasing the fluence up to 3.10*° cm, low doping concentration in the range of
4.10* cm (33 Q.cm) offers maximum efficiency. Beyond a fluence of 3.10*® cmand up to
10 cm?, the base doping concentration for optimum conversion efficiency increases with

increasing the electrons fluence.

The standard approach to quantify the degradation of solar cells is the observation of
electrical parameters evolution: short-circuit current Jsc, open circuit voltage Voc, fill factor
and efficiency n [16], [140]. The following empiric equation 1-44 shows the relationship of the
above-mentioned parameters, E, with the fluence.

@
E, = Epo — Cg,.In <1 + @_x> 1-44

Where E; 0, Ep design a specified electrical parameters before and after irradiation respectively,
@ is the fluence, @y is the fluence from which the electrical parameters have a linear variation
with the fluence and Cgp is a constant that represent the decrease of the electrical parameters
per decade in the logarithmic region. In some review, @x and Cgp are used as fitting

parameters [184].
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Fig. 1-36 Electrical parameters normalized to pre-irradiated values variation for Si, GaAs and GalnP solar cells
as a function of 1-MeV electrons irradiations fluence (left) Short-circuit current (right) Open circuit
voltage [185].
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The variation of short circuit current Jsc and open circuit voltage Voc normalized to its pre-
irradiation value, Jsc,0, Voc,o, is shown as a function of 1-MeV fluence are shown in Fig. I-36.
The solar cells, i.e. Si, GaAs and GalnP were measured under 10% AMO and at room

temperature [185].

It is clear that Si is the most sensitive to irradiation where @y is the weakest. The large Si
minority carrier lifetime before irradiation induces higher sensitivity to irradiation. In addition,
the degradation of Si at low fluence is more important compared to other cells, this is due to
high introduction defect rate or higher capture cross section of introduced defects. However, at
higher fluence below 4.5x10%® cm, the short circuit current for GaAs and GalnP have more
degradation rate than Si.

The anomalous Jsc degradation beyond 4.5x10® cm™ has been the subject of several
studies in order to identify its origin [172], [186]-[188]. The decrease of short circuit current
can be explained by the broadening of the space charge region toward the back surface of the
cell, which explain the continuous degradation of open circuit voltage. The abrupt decrease of
short circuit current observed by further irradiation was explained by an inversion of base type
from p to n, hence a shift of junction from n/p/p+ in the front to n/n/p+ at the back of the cell.
The shift of junction is due to high carrier removal due to majority carrier traps and deep donor
defects. The anomalous degradation observed for Si solar cell occur at a fluence in the range of
10'® cm in case of electrons irradiation and in the range of 10** cm for protons particles,

however it depend strongly on the base concentration [189].
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1.5Summary

Semiconductor materials differ on the one hand in their band diagram, direct bandgap
(GaAs, InP) or indirect bandgap (Si, Ge) which induces a difference in the absorption
coefficient (lower in materials with indirect bandgap). On the other hand, their bandgap
energy in turn defines the minimum photon energy for the creation of electron-hole
pairs, thus absorption range of solar spectrum.

Solar cells are minority carrier based devices, which are characterized by a lifetime that
correspond to the average time an electron (or hole) passes in the conduction band before
its recombines.

Intrinsic recombination mechanisms are present in all semiconductor materials; Auger
and radiative recombination in indirect and direct bandgap materials respectively. The
minority carrier lifetime is also strongly affected by SRH recombination due to the
presence of defects in the crystal structure mainly at manufacturing process.

For decades, research has been devoted to the development of solar cell architectures.
The optimization of passivation layers, surfaces texturization antireflective coating, and
metallization has made it possible to achieve efficiencies close to the single junction
theoretical limit.

The concept of multi-junction solar cells offers a solution to reduce losses mainly by
minimizing thermalization and transmission losses. MJSC allow to exceed the
theoretical conversion limit of single junction cells (33.7%). Recent NRL research has
shown a record efficiency of a 6-junction cell at 39.2% under 1-sun.

Theoretically, silicon-based multi-junction solar cells present promising conversion
estimates of 45% efficiency for a double junction and more than 50% for a triple
junction. However, several challenges need to be solved for the integration of 111-V
materials on Si to difference of lattice constant, thermal expansion coefficient and
polarity.

Different approaches were studied and reported in literature; epitaxial growth: direct
growth or by the use of intermediate buffer layer to reduce the threading dislocation
density, direct bonding: the use of hydrophobic, hydrophilic or surface activated
bonding, SAB.

In SAB process no annealing step is necessary and threading dislocation were not
reported in literature. Contrary to hydrophilic bonding, no oxide interlayer are required

for bonding and a low inclusion or cavities are reported compared to hydrophobic
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bonding. However, a few nanometers of amorphous layer results from the Ar
bombardment at the interface may create some additional series resistance, and the use
of ultra-high vacuum and surface polishing steps impact the overall process cost.

e Depending on the space mission, and comparing to the environment around the earth
(Normal irradiance and temperature in the range of 350 K) solar cells can operate at
high temperature and high intensity for missions close to the Sun, going down to low
temperature 120 K and very low intensity 50 W/m? close to Jupiter.

e The prediction of the performances of multi-junction solar cells is relatively complicated
compared to that of single-junction cells especially as a function of temperature, due to
the intervention of several materials characteristics and series connected-related issues.

e Generally, the temperature coefficient of the conversion efficiency is negative, i.e.
efficiency increase by decreasing temperature and vice versa. However, the combination
of low intensity and low temperature can have non-negligible effects on the behavior of
solar cells, namely flat spot, s-like shape and low shunt resistance effects, which are not
detectable at room temperature.

e A wide particle spectrum is present in the space environment in terms of type (electron,
neutrons, and heavy ions), energy ranging from 107 up to 10* MeV, flux in the range
107°- 10 #.cm™.s%. These particles are the result of solar activity, cosmic radiation and
particle trapping by the magnetospheres of the planets. Calculation of the equivalence
total fluence received by the solar cells during mission depends on the duration,
destination and trajectory.

e Particles can interact by elastic or inelastic collisions, mainly causing ionization, which
affects the transmission of cover glass, or by atomic displacement that affects highly
solar cells electrical output.

e Atom displacement occurs when an incident particle transfers enough energy to an atom
and knock it from its site in the crystal lattice, thus creating vacancy-interstitial pairs
called Frenkel pair, which can interact with other pairs or with impurities or dopants to
form complex and stable defects.

e Depending on energy, charge state, and capture cross section of the defects that can act
as recombination, generation, trapping or compensation centers, which reduce mainly

the minority carrier lifetime, hence the electrical output of solar cells.
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Ch. Il Experimental Methods

1.1 Introduction

In this chapter, the methodology established to investigate the behavior of solar cells for
space environments is presented for both near earth and deep space conditions. At first, we
present the different solar cells architectures together with a brief description of the
manufacturing process of single-junction and tandem solar cells used in this thesis. In the
second part, the set-ups used for electrical and optical characterizations are presented. In order
to understand the electrical degradation of complex devices such as multi-junction solar cells,
specific set-up and processes are necessary, such as the use of voltage/light bias for reliable
spectral measurements, or reference solar cells and accurate solar simulator spectrum for
trustworthy current voltage characterizations. Thus, the characterizations and calibrations of the
two types of solar simulators (Xe flash and LED illumination) used in this thesis will be
presented. The last section of this chapter is dedicated to the particle accelerator facilities
(electrons and protons), with a focus on their working principle and the in-situ characterization
methodology.
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11.2 Solar cells Architectures
Two types of tandem solar cells architectures (double and triple junction) were used in this
PhD thesis. The first architecture is composed of two junctions (2J): the top sub-cell is ternary
semiconductor AlGaAs and the bottom cell is composed of monocrystalline silicon, c-Si
(see Fig. 11-1 middle). The second architecture is a triple junction (3J) solar cell in which the
top and middle sub-cells are ternary semiconductor, GalnP and AlGaAs respectively, and the

bottom sub-cell is c-Si (see Fig. II-1 right).

-

n*-§j eMmitter

P-Sibase

Fig. 11-1 Schematic of selected solar cells architectures for (left) single junction c-Si (1J), (middle) 2J AlGaAs//Si
and (right) 3J GalnP/AIGaAs//Si used in this PhD thesis.

In order to compare the behavior of these two tandem solar cells architectures under
different operating environments (details in the following section), a single junction (1J)
crystalline silicon c-Si was also used as a reference device (see Fig. I1-1 left). Among the set of
Si cell/sub-cell available for this PhD thesis, we have selected devices with identical

characteristics (thicknesses, doping level, material type, etc.) for all the three architectures.

These solar cells were developed, prior to this PhD thesis work, in the context of CEA-
LETI/CEA-LITEN research project aiming at 30% I11-V//Si cell efficiency for low concentration
photovoltaics applications. Different architectures of tandem and single junction solar cells with
multiple configurations and optimizations were processed during this project. A brief

explanation of the fabrication process and the materials characteristics are discussed hereunder.
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11.2.1. Silicon cells

As reported by [1], [2], among different types of silicon solar cells, the monocrystalline are
the most efficient in power conversion. Monocrystalline materials are made by two main
processes Float Zone FZ and Czochralski CZ [3]-[5]. CZ material contains high oxygen
concentration that can degrade Begin-Of-Life (BOL) performances of the solar cells by forming
stable dopant-oxygen defect (i.e. B-O for p-type boron doped) [6], [7]. On the other hand, less
impurities concentration is found in FZ material. It is thus more suitable to use FZ materials for
high efficiency solar cells, even if the wafer price is higher compared to CZ; it remains roughly

two orders of magnitude below GaAs wafers price [8], [9].

For this reason, we have been working with a 4-inch FZ material (single-side polished) in
this study. The Si wafers were boron doped with a resistivity of 1 - 5 Q.cm which corresponds
to 1.5 x 10 cm=- 2.8 x 10% at./cm™ at 300 K, with a total thickness of 525 pum. Such substrate
thickness surpass the standard 180 - 200 pum thickness used in PV applications, however it was
chosen for a better compatibility and yield during the wafer bonding process.

The homojunction silicon solar cells were manufactured at CEA-INES by the creation of
full area n* emitter and p* Back Surface Field (BSF) on the front and rear surface respectively.
On the one hand, the emitter n* was formed by phosphorus (POCIs) diffusion at 850 °C with a
maximum total doping level at the surface of 2.10%° cm™ and a junction depth of 400 nm. On
the other hand, boron diffusion (BBr3) at 950 °C was performed for the formation of the BSF
region with a doping level of 102 cm™ and thickness of 400 nm [10]. Either a single thermal
activation step for both diffused boron and phosphorous was made at 950 °C - 1000 °C or two
sequential annealing steps: boron diffusion with an annealing temperature at high
temperature > 1000 °C, then a phosphorus diffusion with annealing temperature of
820 °C - 870 °C [11]. More details on the optimization of silicon material and fabrication
process can be found in [10], [12].

11.2.2. 111-V cells
The 111-V top cells were grown lattice matched on a 4-inch GaAs substrate with inverted
configuration (see Fig. 11-2) by Metal-Organic Vapor Phase Epitaxy (MOVPE) at Fraunhofer-
ISE®® in the case of 3J GalnP/AlGaAs//Si [13]-[15] and by IQE?® and 111-V Lab?! in the case of

19 Fraunhofer-1SE website, www.ise.fraunhofer.de/

20 |QE website, www.igep.com/
21 111-VLab website,www.3-5lab.fr/
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2J AlGaAs//Si. The 111-V layer stack includes appropriate tunnel junctions for series connection

of 111-V sub-cells and with Si bottom cell.

The choice of I1lI-V material compositions is an important parameter for optimum
conversion of the desired light spectrum. As seen in section 1.2, the bandgap and lattice constant
change with the chemical composition and stoichiometry of the semiconductor.

For instance, in the case of AlxGaixAs, the lattice constant increases with increasing the
aluminium fraction; it also impacts the material defect density as reported for DX-center by
Heckelmann et al. [16]. The increasing Al fraction is correlated with an increasing bandgap for
this ternary semiconductor, from 1.42 eV (874 nm) at x = 0 (GaAs) up to 2.17 eV (572 nm) at
x =1 (AlAs) [17]-[21]. A similar trend is observed with GaxInixP semiconductor: the higher
the Gallium fraction, the higher the bandgap and the lattice constant [22]-[24].

Tab. 11-1 Ternary I11-V top and top/middle sub-cells composition and corresponding lattice parameters.

Double Junction Triple Junction
AlxGai-xAs//Si Gaxlni-xP/AlxGaixAs//Si
Sub-cells
Lattice Lattice
Bandgap Bandgap

V) / (nm) constant X @)/ (m) constant

(A) (A)

Top 0.22 1.7/730 5.66 0.52 1.9/653 5.65

Middle - - - 0.03 1.46/850 5.65

The major efforts in 111-V top cells architectures optimization are therefore to grow high
quality AlGaAs on GalnP materials one hand, and to achieve a balance of current (by thickness
adjustments) between the two/three sub-cells under a reference spectrum on the other hand. The
stoichiometry of different 111-V materials used in this study and their corresponding bandgaps
& lattice constants are presented in Tab. 11-1. As explained above, these cells were optimized
for concentrator terrestrial application, hence current matching was optimized under AM1.5D
reference spectrum (thus not under space AMO spectrum). For the sake of simplicity, we will
not mention the detailed fraction of different composition of these semiconductor materials
afterwards, but rather refer to their composition as GalnP/AlGaAs//Si and AlGaAs//Si, for 3J
and 2J solar cells respectively.
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1) Inverted Growth

v
2) Surface Active Bonding

\ B
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4) deposition

Fig. 11-2 Schematic of the four main steps for the fabrication of tandem I11-V//Si solar cells: 1) Inverted growth of
I11-V sub-cells and the fabrication of Si cells separately, 2) Bonding of 111-V on Si with the surface active wafer
bonding process, 3) Etching of GaAs substrate used for growth and 4) Deposition of antireflective coating and
metallization.

11.2.3. Bonding and metallization process

As explained in section 1.2, the direct growth process of I11-V on Si materials results in a
high defect density and thus a high recombination rate at 111-V/Si interface and in the 111-V
bulk. Wafer bonding is thus a preferable solution for high efficiency I11-V/Si solar cells, since
sub-cells are prepared independently and lattice mismatch has no consequences. The principle
of wafer bonding can be summarized as follow: creation of binding link (Van der Waals,
hydrogen-bridges or covalent bonds) at the interface of two clean and mirror-polished surfaces
brought together. In order to obtain strong covalent bonds, an annealing can be required.
Different bonding process were tested prior this PhD thesis for the integration of 111-V//Si solar
cells at CEA: hydrophilic GaAs//Si, hydrophilic GaAs//GaAs by growing epitaxial GaAs layer
on Si and Surface Activated Bonding (SAB) process for GaAs//Si [10], [25], [26]. Interface
characterization by Scanning Acoustic microscopy (SAM) has revealed a higher defects and
voids density for hydrophilic GaAs//Si bonding process, which could be caused mainly by
particle contamination and trapped water. However less interface defects and voids were
obtained for GaAs//GaAs/Si hydrophilic and SAB process. Further characterization on electrical
properties resulted in a distorted current voltage curve for hydrophilic GaAs//Si interface, with
an S-like shape most likely related to interface oxides and/or hydrogen platelets; hence this
approach, resulting in sub-optimum conduction at I11-V//Si interface [27], [28] was not selected.

The best performances were obtained with the SAB process.

The integration of I11-V top cells on silicon bottom cells, for this PhD work, was achieved
with the SAB process [29]. First, the I11-V and Si surfaces were cleaned and planarized with
Chemical Mechanical Polishing (CMP), then the wafers are loaded into EVG580 ComBond
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ultra-high vacuum chamber. The formed surface oxide is removed with 200 eV argon beam
bombardment, thus leaving dangling bonds at the surface [25], [26], [30], [31]. When the two
wafers are brought together covalent bonds are formed at room temperature (see Fig. 11-2). The
specificity and attractiveness of this technique is the lack of annealing step to reinforce the bond
interface. Hence, no degradation of 111-V or cracks are originated from this bonding technique
(despite the thermal expansion coefficient mismatch). However, a few nanometers (2 - 3 nm)
of amorphous material are formed at the bonding interface due to the Ar bombardment, which
can have a some minor impact (parasitic absorption) on interface/cells performances [32]-[34].
Afterwards, the GaAs substrate used for I11-V inverted growth is removed by wet chemical

etching (see Fig. 11-2).

As a final step, the front grid and the full rear surface metallization were deposited by
evaporation, with mesa etching down to 2 um to define individual solar cells. One layer
antireflective coating layer (SizsN4) and two layers (SisN4/SiO>) stack were deposited for single
and tandem solar cells by plasma-enhanced chemical vapor deposition (PECVD) respectively.

More details on this processing route are presented in reference [10].

Fig. 11-3 Left: Schematic of the 4-inch solar cells mask, right: photographic view of the wafer including solar cells
at the final step.

During this 111-V//Si manufacturing sequence, a lithography mask was used with several
tens of cells on each 4-inch wafer. Fig. I1-3 illustrates a schematic presentation and a
photographic view of the solar cells on the wafer (cells sizes from 0.5 x 0.5 cm? up to
1 x 2 cm?). Consequently, in order to avoid the time-consuming full characterization of multiple
multi-junction solar cells (MJSC), we have used a fast and reliable method to identify the
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statistical distribution of open circuit voltages in the batches: the quasi-steady-state open-circuit
voltage (QssVoc). The QssVoc technique, also known as Suns-Voc, consists in measuring the
open circuit voltage of solar cells as a function of slowly varying illumination. Valuable
information such as the effective lifetime and pseudo I-V characteristics can be extracted using
this technique [35], [36]. While this technique is mainly used for 1J Si cells characterization,

we found that it was a relevant approach for the Voc evalutation of Si-based tandem.

Fig. 11-4 represents the statistical distribution of the implied open-circuit voltage measured
at one sun illumination for 1J, 2J and 3J, c-Si (blue), AlGaAs//Si (red) and GalnP/AlGaAs//Si
(grey), respectively. The lines help to identify for 1J, 2J and 3J, the three peaks of the
distribution: they are mainly positioned at 583 mV, 1722 mV and 2842 mV. However, the high
implied open-circuit voltage is a necessary but not sufficient condition to identify a performant
solar cell; indeed at open circuit voltage, no current flows through the solar cell: therefore, the
effect of series resistances and current matching are not taken into account. For this reason, the
solar cells identified as promising after this first step must be characterized under a solar

simulator in order to determine their actual performances.

250 +

I 33: GalnP/AlGaAs/Si
B 2o AlGaAs/Si

B 1o: c-Si

200 +

(0] 500 1000 1500 2000 2500 3000
Implied Open Circuit Voltage (mV)

Fig. 11-4 Statistical results of implied open circuit voltage measured with Suns-Voc equipment for 1314 solar cells
including 1J (c-Si) 2J (AlGaAs//Si) and 3J (GalnP/AlGaAs//Si) solar cells.

In this set of measurement, we present 1314 manufactured solar cells including n-type,
p-type, FZ and CZ materials for c-Si and bottom cell in the case of 2J and 3J. By contrast, we
can see that not all the samples are well optimized and some present low open circuit voltage

at begin of life due to imperfections during processing. Beside of that, as seen in section 1.4,
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n-type silicon and CZ materials are not suitable for space applications due to their low radiation
hardness [37]-[39]. Thus, a limited number of solar cells were selected to use in this work for
space applications. Fig. 11-5 shows the statistical distribution of implied open circuit voltage for
the most promising cells (~300 devices), in begin-of-life state. Of course, further
characterizations will be performed to exclude the poorly performing solar cells, due for
instance to low short-circuit current (e.g. defects in the front surface) and/or low fill factor
(e.g. shunt resistance issue).

250 +
[ 33: GalnP/AlGaAs//Si
200 - - 2J: AlGaAs//Si
B 1J: csSi
€ 150 +
]
(@]
100 ~
50
0 T T
0 500 1000 1500 2000 2500 3000

Implied Open Circuit Voltage (mV)

Fig. 11-5 Statistical results of implied open circuit voltage measured with Suns-Voc equipment for 300 solar cells
including 1J (c-Si) 2J (AlGaAs//Si) and 3J (GalnP/AlGaAs//Si) solar cells used in this PhD thesis; for the sake of
comparison, we have used the same y scale as in the previous figure.

1.3 Characterizations sequences

As presented in section 1.3, depending on the type, duration and target of the space mission,
the satellite hence solar cells on its body are exposed to various harsh environments. In this
thesis, we study environmental constraints representative of near earth and deep space
conditions for 111-V//Si solar cells. Fig. 11-6 presents the test sequences of the two experiments

representing those space environments.

For near earth conditions (terrestrial orbits), electrons and protons irradiations were
performed at room temperature. Characterizations before and after irradiations were performed
at 300 K under 1 AMO spectrum (i.e. 1361.1 W.m2[40], [41]) for light I-V measurements and

at 300 K for quantum efficiency measurements.
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| Near Earth Conditions ‘
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Fig. 11-6 Irradiation and characterization sequences for the two mission environments: (Top) Near Earth
conditions and (Bottom) Deep space conditions.

However, for deep space conditions, where solar cells operate at low temperature and low
irradiance, only electron irradiations could be performed at 120 K. BOL light I-V
characterizations were performed at 300 K under 1 AMO and 0.038 AMO spectrum, and after
cooling down to 120 K in-situ characterizations were carried out under 0.038 AMO spectrum
as well. Once solar cells were irradiated, the same characterizations were made at End-Of-Life
(EOL), namely, at 120 K under 0.038 AMO and after heating up to 300 K under 0.038 and
1 AMO spectrum. To quantify the effect of annealing step at 300 K the solar cells were
characterized after a re-cooling down step down to 120 K. In-situ quantum efficiency
measurements were planned at 120 K before and after electrons irradiation; however, due to
some equipment issues, those in-situ & low temperature EQE measurement could not be

performed during this thesis.

Now that the experimental test sequences of the two main studies were presented, we are
going to introduce hereunder the different characterizations set-ups: the in-situ and ex-situ 1-V
measurements and the quantum efficiency principle. Then, we will detail how to accurately
measure the 111-V//Si tandem cells with such equipment. Finally, we will introduce the electrons

and protons irradiations facilities as well as the range of parameters used in this study.

11.4 Quantum efficiency characterization
The quantum efficiency (QE) is one of the key characteristics of solar cells in general, and
particularly for tandem solar cells. For conventional single-junction solar cells, QE helps to
diagnose a possible dysfunction of different region of the cell, for instance poor charge carriers
collection in the emitter or the base, recombination in the front and the rear surface (passivation
quality) and even the quality of antireflective coating (ARC) [42]. In MJSC, QE can quantify
the optical and electrical performances for each sub-cell that constitutes the device.
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We distinguish two main quantities: external and internal quantum efficiencies. The internal
quantum efficiency IQE is defined as the ratio between the number of collected photo-generated
electrons divided by the number of absorbed photons (incident minus reflection and
transmission). The external quantum efficiency, EQE, does not take into account the reflected
(and eventually transmitted) photons; EQE is defined as the ratio of collected photo-generated
electrons divided by incident photons [43]. The two quantities are related through the

reflectivity R(A) and transmission T(A) according to the Eq. 11-1 below:

EQE(A
10E®) = "Dy _ry - 12y i

In the case of the cells used in this study, where the Si has a 525 um thickness and a full
wafer back contact metallization (see Fig. 11-1). We assume that all photons that enter the solar
cells are absorbed either by the bulk or by the rear metallization (negligible values); therefore,

the transmission can be set to zero.
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Fig. 11-7 Comparison between External and Internal Quantum Efficiency for (a) 1J c-Si and (b) 2J AlGaAs//Si.

Fig. 11-7 illustrates the differences between IQE and EQE in the case of a 1J c-Si and a 2J
AlGaAs//Si. As one can see in those experimental curves, the 1QE for the 1J c-Si is slightly
higher than the EQE, especially at low and high wavelength (lower than 500 nm and higher
than 700 nm) due to the high reflection in those regions. Therefore, in those wavelength ranges,
less photons are entering the active region of the cells and thus less electron-hole pairs are
generated. In the case of the 2J AlGaAs//Si presented in Fig. 11-7, the magnitude difference
between IQE and EQE is less pronounced than the one in the c-Si cells. This can be explained
by a lower reflection thanks to a dual-layer ARC, compared to the 1J c-Si, which has only a

single layer ARC (see Fig. 11-1).
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11.4.1. Experimental set-up
The Oriel IQE 200 equipment was used in this study. A schematic representation of the set-
up is presented in Fig. 11-8. Concerning the working principle of the QE measurements, two
main systems can be distinguished: i) hardware: the first part is composed of a light generation
and its path until the cells under test, the light path will be described hereinafter; ii) software;

the second part consists of the conversion of photo-generated current into QE magnitude.

The light is generated with a 200 W Xenon lamp, with a spectral range between 300 nm
and 1800 nm (compared 380 - 1800 nm for Halogen lamp), that is sufficient since our tandem
cells absorption band reaches only 1200 nm in the infrared region (silicon bandgap). This light
is then filtered with a set of four optical filters (0 - 560 nm, 560 - 1040 nm, 1040 - 1850 nm and
1850 - inf. nm) and chopped at 30 Hz frequency. Then its passes through a monochromator that
works with two diffracting gratings (0 - 720 nm and 720 - inf. nm) that separates the spectral
component of the white light at its entrance into a monochromatic beam with predefined step
controlled by the software. We chose a scanning step of 10 nm in the absorption band of the
solar cells, as a good compromise between measurement speed (large wavelength steps) and
precisions (small wavelength steps). The monochromatic beam is then splitted into two parts,
one half is transmitted to the reference detector to measure the incident photons power and the
second half is directed to the cells surface with a spot of 3 mm long and 1 mm wide. The spot
surface is for our cell design large enough to cover an area with a numbers of current collection
fingers (e.g. perpendicular to fingers) representative of the grid shading induced by front side

metal contacts (excl. busbars).

With the monochromatic light beam excitation, the solar cell under test generates a
photocurrent. A trans-impedance amplifier is used to amplify the photo-generated current and
convert it to a voltage signal. Due to low monochromatic power source, a low voltage signal is
measured and therefore a second amplification of the modulated light (with chopper wheel) is
needed with a lock-in amplifier to reduce the signal to noise ratio. In the end, using the amplified
signal measured from the excited cell and the power of incident photons (measured with the
reference detector), the spectral response SR can be calculated. The SR represents the current
generated by unit of power for the incident monochromatic beam (A.W1), and is linked to the
QE by Eq. I1-2, where q is the electric charge, h is Planck’s constant, A is the wavelength and ¢
is the speed of light [44].

100



Ch. Il Quantum Efficiency set-up

SR(A) = Z—i QE(A) -2

As a side equipment to this QE set-up, the following features are available for the chuck: a
vacuum pump to hold the cell on the chuck, a thermal regulation system (from 0 °C to 60 °C)
and an angularly adjustable orientation system; however, those features were not essential in
this study. The solar cells in this study were placed at an angle of 90° with respect to the QE

light beam, with variation less than +/- 0.3°, and with a temperature of measurements of 25 °C.

(a) (b) calibrated
source of  anti-harmonic chopper slit detector C
white light filter wheel  Wheel  monochromator (reflection)
J J, J’ calibrated
@ - reference
©00 / detector
o |:1 e (8 G
% 1%00 0 lI ] bias light
| A : 7\ SR source
: beam splitter l
+,.| [ syncronous _: AC monochromatic optic fiber
signal ? beam —> (e)
OSSPy solar cell\
"""""""""" ﬁ S~ spectrally tuned
lock-in ¢ bias light
amplifier i..... E ........ \;M . L
e e thermally chiller
/7. trans-impedance 1‘ regulated
PC k& amplifier voltage source  chuck —O VBN PUmD

(f)

Fig. 11-8 Top: picture of the Oriel 200 IQE set-up, Bottom: schematic representation of the quantum efficiency
measurements set-up with drawings of all necessary elements [43].

11.4.2. Application to multi-junction solar cells
The measurement process described above is valid for single-junction solar cells. However,

for tandem solar cells, with 2 sub-cells or more, the QE characterization is more complex. As
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seen in section 11.2 the tandem cells used in this study are series connected with in standard two
terminal configuration. In this case, the total current of multi-junction solar cells is limited by
the sub-cell that generates the lowest current. In order to illustrate this concept, let us take a 3J
GalnP/AlGaAs//Si solar cell as an example. To measure one sub-cell (e.g. the top one), we need
to be sure that this junction limits the current of the 3J. To fulfill this condition the two other
sub-cells not being measured (e.g. middle & bottom) need to be illuminated and saturated (by
other light sources). In this way, the photo-generated current with the monochromatic beam
absorbed in the top cell is lower than the one photo-generated by the additional illumination of
the two other sub-cells: the top cell current is limiting the device current. For the mid- and
bottom-cells, the excess photocurrent will lead to radiative and non-radiative carrier
recombination. We have used in this study two-halogen lamp as a source of white light equipped
with a set optical long and short pass filters (LPF and SPF), directed with an optical fiber
towards the solar cell under test. The light bias used for the case of the triple-junction is

presented in Tab. 11-2.

Tab. 11-2 Light bias spectrum ranges and external voltage bias applied on the triple-junction solar cells to
measure the quantum efficiency of the top, middle and bottom sub-cells at room temperature.

Sub-cells ) ) _
Light Bias Voltage Bias

under test

Top : GalnP LPF 630 nm (saturate mid + bot) 1.4V

_ LPF 1000 nm (saturate bot)
Middle :AlGaAs 1.7V
SPF 650 nm (saturate top)
Bottom : Si SPF 850 nm saturate (top + mid) 2.1V

In principle, QE measurements must be performed at short-circuit current conditions, that
is to say the bias of the sub-cell under test should be zero volt. However, the difficulty with this
is that for two terminal tandem cells configuration, there are no individual sub-cell contacts.
The external voltage of tandem cell (Vext) is equal to the sum of individual sub-cell voltage as
expressed in Eq. 11-3 where Viop, Vmiddle and Vottom are the voltage of the top, middle and bottom

sub-cells respectively:

Vext = Vtop + Viniaaie + Vbottom 11-3
With no external bias voltage applied (i.e., Vex=0 V), we can see from Eqg. 11-3 that the
sub-cell under test (e.g. top) bias is equals in absolute value to the sum of the two other sub-

cells open circuit voltage not under test (€.9. - (Vmiddie+Vhottom)). Therefore, we need to apply
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an external bias voltage at the terminal of the tandem solar cells in order to be in short-circuit
conditions for the device under test (i.e., Viop=0 V). More details about this method are
presented below. We would like to point out that the estimation of the applied bias voltage
depends on the number of sub-cells in a multi-junction, the bias light irradiance spectrum and

the bandgaps of the different materials (see details below).

Top Cell Voltage (V)
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Fig. 11-9 Left: EQE characterization of GalnP/AlGaAs//Si top cell under different external applied voltage, right:
short circuit current calculated form each QE characterization by convolution to AMO spectrum.

As presented in [45], beside the need to know the open circuit voltage for the junction under
test, the maximum power point voltage Vwpp is also needed to estimate the bias voltage of sub-
cell under test according to Eq. 11-4. In contrast, Vmpep value is not easily known for the specific

bias light irradiance spectrum and for sub-cells that are not being measured.

Vext = 1/2 Z_(VOC + Vupp)i -4
4

C. Dominguez et al., [43] propose another approximation relatively more easy to apply and
which was used in this study to estimate the applied external voltage Vex:. In this approximation,
an assumption of linearity between bandgaps (Ec), and open circuit voltage (Voc) is used. This
is in principle valid for direct bandgap; however, it was also applied for Si (indirect bandgap)
bottom cell for the simple reason that the current is stable and almost equal to Jsc on large range
of applied voltage; and this method is also used largely on Ge (indirect bandgap) of 111-V/Ge
solar cells. For a specific sub-cell under test (e.g. top), we make the ratio of the sum of sub-
cells bandgaps not to be measured divided by the sum of all bandgaps that constitute the tandem
solar cell (e.9. (Eg,,,, + Ec o)/ Ecrorqr)- The corresponding MJISC open circuit voltage Voc at

the specific bias light spectrum (e.g. LPF 630 nm) is then measured. The external bias voltage
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(Vext) to apply at the terminal of the tandem cell for the measurement of a specific sub-cell is

calculated as presented in Eq. 11-5.

_YEg (not being measured)

Vet = S B, Voc -5

Tab. 11-2 shows the calculated external voltage bias applied for measuring the top, middle

and bottom sub-cells with the corresponding bias light spectrum for 3J GalnP/AlGaAs//Si.

Fig. 11-9 presents an external quantum efficiency characterization of top cell of 3J
architecture under different external applied voltage (left) and the corresponding calculated
short-circuit current (right). The top cell external quantum efficiency characterization in short-
circuit condition (red line) was performed by applying an external bias of 1.46 V on the terminal
of tandem solar cells, with our light bias spectrum. A decrease in QE magnitude is observed
while increasing Vex: until reaches ~2.7 V: it corresponds to open circuit voltage conditions (for
the top cell). At the opposite when decreasing Vext, a slight increase is observed in QE that can

be due to low shunt resistance of the top sub-cell.

The short-circuit condition is obtained for a zero volts bias at the top cell level, however,
for solar cells with a high shunt resistance, the current is stable and almost equal to Jsc on a
large range of applied voltage (see Fig. I1-9 right). In this case, a variation in external applied
voltage value (e.g. 0.6 - 1.66 V) does not have much impact on the QE characteristics (e.g. 0.4%
variation on Jsc in thistop cell). However, for solar cells with low shunt resistance, the variation

in QE characteristic is more pronounced with variations of external voltage bias.

The short-circuit current density expressed in mA.cm can be calculated from convolution

of the spectral response SR(4) to the AMO reference spectrum @(1) according to the Eq. 11-6.

Jsc = JSR(/D @A) da 11-6

Due to large number of measurements and data used in the case of this study, an Excel
macro was developed to assist with this data treatment. The program is divided into three major
parts, as a first step, the users introduce the files for treatment, then the data are rearranged
(extracting only essential data and changing format) and generation of graphs (EQE, IQE and
R). The third part consist in short-circuit current density calculations. The numerical integral
was calculated using the quadratic function known as Simpson’s rule expressed below Eq. 11-7.
To reduce the calculation error, a reduction of measurements step (Ax) from 10 nm to 1 nm

were performed with a spline function.
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Where A4 = bn;a and A; = a + i4A with aand b are the lower and upper limit of the absorption

band, the function here is the product of the spectral response and the power density at each

wavelength ().

Measurement repeatability was tested with our set-up and the calculation procedure: with
10 sequential quantum efficiency measurements on the same 1J c-Si solar cell, a 0.3% deviation

on short-circuit current density was found.

1.5 Current-Voltage Characterization

As we have seen in section 1.5, an accurate current-voltage characterization under

illumination is needed to quantify the electrical performances of tandem solar cells.

There are many types of solar simulator in the market: flash simulator, steady state
simulator (continuous illumination), one lamp source, multi-source, etc. Each one has its
particularities, advantages and drawbacks [46]. In this study, two types of solar simulator were
used, a flash and steady state simulator. The principle and the procedure used for characterizing

solar cells, especially for multi-junction, is presented in this section.

11.5.1. Flash solar simulator

The solar simulator Helios cells 3030 from SAV was used in this PhD work for I-V
characterizations, both in BOL and EOL. The flash integrated in this equipment has a short
discharge duration typically 9 ms; therefore, it does not offer a steady state illumination. During
the discharge of the power supply capacity, the voltage (lamp bias) decreases and the
illumination intensity as well. The solar spectrum varies also during the discharge, at the
beginning of the flash the spectrum is blue rich due to high voltage and then with decreasing
the voltage (i.e. at the end of the flash), the spectrum is richer in the red region [46]. It is then
possible to choose the correct spectral distribution by choosing a specific moment for the

measurement during the flash decay [47], [48].

The solar simulator is equipped with a Xenon lamp connected with the capacity power
supply. The lamp is positioned on motorized rails with height-adjustable configuration
(see Fig. 11-10) to adjust the irradiance intensity at the test surface placed below. The test
surface is equipped with fast I-V acquisition system placed on a temperature-regulated plate.

The irradiance received on the test surface is adjustable in intensity by moving the lamp
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(i.e. closer is the lamp higher is the intensity), and by adding neutral optical filters to attenuate
the intensity. A set of lining are placed on the path of the light generated by the lamp to avoid

and minimize the parasitic reflection.

Fig. 11-10 Helios cells H3030 set-up for light current-voltage characterization: (left) vertical view with different
elements, (right) zoom on the test surface including reference cells and Device Under Test DUT solar cells to be
measured.

11.5.1.1 Spectral irradiance and intensity adjustment

In the case of a flash simulator, it is necessary to use a reference cell that has the same
absorption band as the cell under test. This is relatively easy to find for single-junction devices:
a calibrated sister cell from the same batch of cells can be used for instance. In this case, the
irradiance intensity factor (X) can be calculated during the discharge of the flash according to
the Eq. 11-8, where Jsc, ref IS the photo-generated short-circuit current density calculated by the
convolution of the reference cell external quantum efficiency to a specific solar spectrum under
an equivalent 1 sun intensity (i.e. 1361.1 W.m for AMO spectrum), and Jsc, measured iS the short

circuit current density measured during the discharge of the flash for the device under test.
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X (Suns) — ]SC,measured/ scres -8

However, this simple characterization is not sufficient for tandem cells, especially for two
terminal configuration. In this case, the sub-cells are series connected, thus, the electrical
properties cannot be measured for each sub-cell separately. Besides, each sub-cell absorb a
specific portion of solar spectrum and the total short-circuit current density is limited by the
sub-cell that deliver the smallest current (as seen in section 1.2.5). Consequently, the tandem
cells are much more sensitive to spectral variation that may have a non-negligible impact on

the solar cells short circuit current, hence efficiency.

In the case of tandem cells measurement, isotypes cells allow a good control of simulator
spectrum distribution on each sub-cell in order to obtain a good photocurrent balance between
sub-cells (under the needed spectrum and irradiance intensity) [49]. Fig. I1-11 shows a scheme
of a 2J bottom cell isotype and its external quantum efficiency.

| S =
n
n
n
p

Fig. 11-11 (Left) schematic representation of bottom isotype of AlGaAs//Si (right) external quantum efficiency of
AlGaAs//Si bottom isotype solar cells.
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The irradiance intensity factor Xsun,i for each isotype cell is defined in Eq. 11-9 as the ratio

of the photocurrent measured with the simulator J$I%'. and the photocurrent calculated from

sub,i’

quantum efficiency under 1 sun ]EQE i being the index of the sub-cell: bottom and top for 2J

sub,i !
solar cell and top, middle and bottom for 3J.
sirg,
suo,t
Xsubi = TEQE -9
]sub,i
Fig. 11-12 shows the irradiance intensity factor of the double-junction isotype during the

discharge of the flash. In this case, we are looking to position the intersection of irradiance
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intensity of all sub-cell at the irradiance intensity on which the measurements should be
carried on [50]; 1 sun is chosen here. However, it is not always obvious to position the point
where all the isotypes, hence all sub-cell of tandem cells, see the same irradiance intensity. In
this case, the important point is to be sure that the two limiting sub-cell see the same irradiance

intensity at the same time.

sim /]EQE

Xsubi _ Jsubil/Jsub,i
Keunj  Jaimi/loy;

The ratio between the irradiance intensity factor Xsun,i is reported as the spectral matching
ratio SMR (see Eq. 11-10) [51]. When SMRj; = 1, the irradiance intensity is respected in both

11-10

isotypes cells, so the solar simulator spectrum produce the same sub-cells photocurrent as under
the reference spectrum. In contrast, when SMRopmot is different from 1, the spectral balance is
not respected. Hence, the irradiance intensity is not the same on the limiting sub-cells. The
spectrum is blue rich if SMRopmot > 1, therefore, the top cell operates under higher irradiance
intensity than the bottom cell. Conversely, at SMRiopmot < 1 the spectrum is red rich so the

bottom cell operate under higher irradiance intensity than top cells.

2.5
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Top sub-cell isotype
—— Bottom sub-cell isotype
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Irradiance intensity X (suns)

0.5+
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Fig. 11-12 Irradiance intensity X measured on each sub-cells isotype of 2J AlGaAs//Si during the discharge of the
flash.

Once isotypes cells are chosen, software configuration set and SMR = 1 is respected at the

irradiance intensity of interest, one of the isotypes (middle or bottom) is chosen as a reference
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for acquisition time measurements. In other words, during the flash discharge, at the moment
when the chosen isotype reaches the desired irradiance intensity, a fast I-V acquisition is carried
out. Since it is a fast discharge as explained above, one point only of the I-V measurement is
acquired during a single flash discharge. To construct the entire I-V characteristic

(e.g 0V - Voc), multiple flash discharges and I-V acquisitions are executed.

11.5.1.2  Solar simulator quality characterization
Solar simulators are classified according to three major specifications: temporal stability
of irradiance intensity, homogeneity of irradiance intensity on the test surface and spectral
matching to a reference spectrum [52]. Each specification can be ranked A, B or C, A being the
lowest deviation from the target (see Tab. 11-3)

e The temporal stability of irradiance intensity and spectral distribution is important for
measurements, especially for tandem solar cells characterized under a multi-flash
simulator; where limiting sub-cell can shift and change the behavior of the cells. Since
the multi-flash mode is used in our simulator, artifact measurements can be the result of
a high temporal deviation. For class A simulator, the temporal stability should be less

than 2%, as calculated with Eq. I1-11.

Xmax - Xmin

X 100% 1-11
Xmax + Xmin

Non — uniformity (%) =

e The spatial homogeneity of the irradiance intensity on the test surface is required to
reduce the uncertainty on the electrical parameters extracted from I-V curve, especially
short-circuit current density, which depends linearly on the irradiance intensity. This
expresses the deviation in the irradiance intensity between the reference cells and the
solar cells to be measured; it is calculated through Eqg. 11-11. The international standard
IEC 60904-9 reports that class A is achieved with non-uniformity less than 2% (over
the test surface). Logically, reference cells shall be located as close as possible to the
device under test to minimize the irradiance intensity deviation.

e The spectral compatibility with the reference spectrum is the most important criteria
for the characterization of solar cells. In the case of single-junction solar cells, the
specification for class A is that a ratio of 0.75 - 1.25 must be respected for each 100 nm
wavelength range. However, for MJSC this is not sufficient for accurate measurements.
An SMR =1 is necessary as explained in section 11.5.1.1 for a proper I-V

measurements [53], [54].
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The characteristics of the Helios 3030 were investigated by means irradiance intensity
measured from short-circuit current density evolution with a silicon single-junction solar cells.

The results are shown in Tab. 11-3.

For temporal stability evaluation, the c-Si solar cell is placed at the center of the test surface
where the measured and reference solar cells are usually placed. Variations of less than 1% is
calculated for 20 measurements performed every 10 seconds (see Fig. 11-13 left). Since I-V
curve is constructed with multiples flash delayed by 10 seconds, these measurements
parameters respect the parameters used for the construction of the entire 1-V curve. Therefore,
no discontinuity on the I-V characteristics will be observed due to the temporal change of

irradiance intensity.

Tab. 11-3 Solar simulator classification for their temporal stability, spatial homogeneity and spectral
compatibility according to IEC 60904-9 standard requirements.

Spatial
Class Tempc_)ral P ) Spectral compatibility
stability homogeneity
A 2% 2% 0.75 - 1.25 (£25%)
B 5% 5% 0.6 - 1.4 (£40%)
C 10% 10% 04-20
Helios 400 - 1000 nm: Class A
0.8% 1.6%
3030 1000 - 1100 nm: Class B
1% 400 - 500 nm: Class C
Quesma 1%
2 X 2 cm2 500 - 1100 nm: Class A

As for spatial homogeneity measurements, silicon single-junction solar cell was used on
5 x 11 positions to scan the irradiance intensity on the entire test surface (17 cm x 24 cm). A
spatial non-homogeneity of 3% was calculated, which is high compared to class A. However,
to estimate the impact of the non-homogeneity, we can use the effective surface that regroups
the reference and measured solar cells represented by the red rectangle (typically 7 x 8 cm? for
our cells) in Fig. I11-13 (right). In this case, 1.6% non-homogeneity is obtained, hence the
difference in irradiance intensity between the reference cells and the measured one is less

than 2% that is recommended for class A solar simulator.
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Fig. 11-13 Helios 3030 solar simulator characterizations, left: Temporal stability of irradiance intensity of 0.9%
was calculated by Eq. 11-11, right: spatially homogeneity measured by means of 1J solar cells on 17 x 24 cm? test
surface.

In order to analyze the variation of the spectrum during the flash discharge two
spectrometers were used, a CMOS sensor so its response is limited around 1100 nm and an
InGaAs detector which detection band reach 1700 nm. This analysis allows in one hand the
classification of the solar simulator according to IEC 60904-9 standard. On the other hand, it
helps to quantify the impact of the spectrum variation on the characterization of multi-junction
solar cells. In this way, we can identify the moment of the flash decay where the SMR =1 and

thus an equivalent irradiance intensity is seen by each sub-cell.

As explained above during the fast flash discharge (10 ms) the incident light varies in
intensity and in spectral distribution. Therefore, challenge of the proposed measurement is on
the one hand to measure a complete spectrum over a short integration time but also to position
the spectra in time. The used spectrometers offer a very short integration time that can reach
100 ps, which is very small compare to the overall flash duration hence the spectrum
distribution and irradiance intensity can be considered as constant over this period. Only one
measurement is carried out during a flash discharge. Spectra recorded with different flash are
comparable since good reproducibility of measurements is achieved (non-homogeneity less
than 1%).

Since the solar simulator and the set-up for spectra measurements are separate and not
connected, a sensor is needed to detect the instant of the start of the flash To. Two series-
connected solar cells with a voltage higher than 5 V under illumination were used as analogic
signal 0 - 5 V to identify the beginning of the flash. Spectrum is then recorded at different time
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T =To + AT of the flash decay. Since optical fibers have a high curvature radius, it was not

possible to perform measurements directly at the usual test surface as observed in Fig. 11-14.
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Fig. 11-14 Helios 3030 flash solar simulator characterization, top-left: picture of set-up used for spectrum
measurements, top-right: typical irradiance intensity variation as a function of time of flash for a single junction
or sub-cell, bottom: simulator spectrums recorded with a spectrometer at different time of the flash (w/o AMO

filter).

In Fig. 11-14 (top-right), the irradiance intensity received on the measurements surface is

presented as a function of time of flash discharge. In the first millisecond the power of flash

increases rapidly, this part is unusable because of a large and chaotic variation of spectrum
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(different from target spectrum). In normal test conditions, measurements are made in the

decreasing portion of the flash, i.e. T > 0.7 ms.

The Helios 3030 spectra recorded at different time of flash discharge are presented in
Fig. 11-14 (bottom). At 1 ms, the spectrum is at its higher energy with blue rich part. With
increasing time, the flash light intensity decreases and especially in the blue part of the
spectrum, at the end of the flash the spectrum is red rich. As expected, Xenon emission bands
in the range 850 - 1000 nm cause an over-illumination (without optical filter) of the Si bottom
cell. In this illumination condition, the silicon photo-generates higher current, which inverse
the limiting sub-cell of 3J from Si (bottom cell) to AlGaAs (middle cell). Short-circuit current
density of each sub-cell is presented in Tab. I1-4, it was calculated by convolution of the
quantum efficiency of each sub-cell to the spectrum: i) AMO reference, ii) Helios 3030 without

AMO filter at 2 ms (as an example) of flash discharge.

Tab. 11-4 Short-circuit current density calculated for each sub-cell of 3] GalnP/AlGaAs//Si by convolution to the
AMO reference spectrum, Helios 3030 with and without AMO filter at 2 ms (as an example) of flash discharge, the
spectrum were scaled to the intensity of the spectrum at 2 ms with AMO filter for a reliable comparison.

_ Jsc (MA.cm™) Jsc (MA.cm™?)
Triple- Jsc (MA.cm™) _ _ _ _
) ) Helios 3030 without Helios 3030 with
junction  11xAMO spectrum ) )

AMO filter @ 2ms AMO filter @ 2 ms

GalnP 177.65 173 184
AlGaAs 133.1 159 141

Si 1111 193.63 90

An optical filter that we call AMO filter was used to attenuate the Xenon emission bands.
Its optical transmission measured with CMQOS and InGaAs detector is presented in Fig. 11-15
comparing to Helios 3030 spectrum without AMO filter. In the wavelength band 300 - 760 nm
the AMO filter transmission is in the range 70 - 75%, from 760 - 1150 nm a transmission drop
is observed with a minimum value of 29% is recorded around 900 nm, beyond 1150 nm the
transmission slowly increases from 80% to 90%. The two spectra measured on Helios 3030
with and without AMO filter are presented in Fig. 11-15 (right) in order to illustrate the purpose
of using this filter. The spectrum is blue rich with low Xe emission rays intensity, which
correspond to the spectral distribution of the AMO reference spectrum. In normal test
conditions, two neutral filters are added in the light path to reduce irradiance intensity to 1 sun.
When normalizing its spectrum to the one measured with only AMO filter, the spectra are

superposed, thus no variation is induced with this configuration (AMO + 2 Neutral filters) in
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the spectrum distribution. In the next calculations, comparisons and solar simulator
qualification, only AMO filter was used in order to increase irradiance intensity thus reduce
noise in the recoded spectrum.
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Fig. 11-15 Left: Transmission of the AMO optical filter measured by CMOS and InGaAs detector, right: spectra
recorded with a spectrometer at different time of the flash w/o AMO filter, with AMO filter and with AMO + two
neutral filters.

The calculated short-circuit current by convolution of quantum efficiency to the
Helios 3030 with AMO filter spectrum (as an example at 2 ms) is presented in Tab. I1-4. Under
these measurement conditions, the Si bottom cell limits the current of the 3J, which corresponds

to normal operating conditions under AMO reference spectrum.

The measured spectra at different times of the flash decay have been scaled to the spectrum
measured at 2 ms and are compared in Fig. 11-16. It is observed that the normalized spectra are
superposed with a maximum deviation of 10 W.m2.nm™ around 900 nm. A better visualization
of this deviation is observed in the graph of Fig. 11-16. This graph represents the power ratio of
the spectra measured throughout the flash divided by the spectrum at 2 ms. It shows a more or

less constant ratio over the entire wavelength range.

The same trend is observed by comparing Helios spectra with the AMO reference spectrum
(dark line) with some variations: i) A < 400 nm: higher absolute irradiance intensity for AMO
reference ii) 400 nm <A <600 nm: a good correspondence between the reference and the Helios
3030 spectra, iii) 600 nm < A < 1000 nm: higher absolute irradiance intensity of Helios 3030
spectra than AMO; this is due to the presence of several spikes, iv) A > 1000 nm: AMO spectrum

has an overall irradiance higher than the one of Helios 3030.
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Fig. 11-16 Comparison of Helios 3030 spectra during flash discharge (scaled to the spectrum at 2 ms) with the
AMO reference spectrum. The graph in top, represent the ratio of spectrum measured at different times of flash
discharge comparing to the one at 2 ms.
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In order to classify the spectral compatibility into the three defined classes (A, B and C),
the ratio between the reference spectra and measured one were calculated using Eqg. 11-11 for
each 100 nm wavelength range. The results of representative spectra during the flash discharge
(1 - 8 ms) are shown in Fig. 11-17. As explained above, in the standard there is no requirement
for the wavelength range 300 - 400 nm and 1100 - 1200 nm. For the wavelength ranges in the
center of interest (400 - 1100 nm), 6 out of the 7 intervals (400 - 1000 nm) are classified as
class A, and the last one (1000 - 1100 nm) is classified as class B (red area). Thus, from these

measurements, one can classify Helios 3030 as class B solar simulator.
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Fig. 11-17 Helios 3030 spectrum compatibility with AMO reference spectrum for representative spectra during
flash discharge.

When isotype reference cells are available, the |-V characterization with the flash simulator
is relatively simple, as explained above. However, when isotypes are not available, as it is the
case for the multi-junction used in this thesis, the I-V characterization becomes more complex.
The correspondence of the solar simulator spectrum to the AMO reference was confirmed
during all the flash discharges. The short-circuit current density was calculated for each sub-
cell in the case of 2J and 3J by convolution of EQE to the measured (experimentally on
Helios 3030) spectra during flash discharge. The results are presented in Fig. 11-18. In the case
of 2J, the top cell limits the overall current and the Si limits that of 3J under AMO reference

spectrum. Therefore, we ensured that the multi-junction cell in the solar simulator is limited by
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the sub-cells, which limits the multi-junction under the reference AMO, i.e. there is no inversion

of limiting sub-cell.
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Fig. 11-18 Short circuit current density calculated by convolution of EQE to the measured spectra during flash
discharge for each sub-cell of (left) 2J: AlGaAs//Si and (right) 3J: GalnP/AlGaAs//Si.

For each sub-cell, the corresponding irradiance intensity (in suns) was calculated through
Eqg. 11-9 and plotted as a function time of flash in Fig. 11-19 in order to estimate the operating
irradiance intensity (concentration) of each sub-cell. During flash discharge a sister multi-
junction solar cells was used as reference cells, i.e. 2J and 3J from the same run was used as
reference for 2J and 3J respectively. Therefore, the measured irradiance intensity by each

tandem cells is plotted as a function of flash discharge in the same graph (black line).
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Fig. 11-19 Irradiance intensity in suns calculated by Eq. 11-9 for each sub-cell in the case of (left) 2J: AlGaAs//Si
and (right) 3J: GalnP/AlGaAs//Si. Time at where measurements were performed is placed at 4.5 ms and 7.5 ms
for 2J and 3J respectively.

An SMR =1, that corresponds to an equivalence of operating concentration between the two

sub-cells that are limiting the multi-junction is reached in both cases (2J and 3J).
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The normalized Short-circuit current density by each sub-cell concentration was calculated and
plotted as a function of SMR in Fig. 11-20. As explained above, at SMR =1 the two sub-cells
operate at the same concentration, this is the most important criteria for a reliable I-V
measurements. In case of 2J (resp. 3J), the top (resp. bottom) is limiting the current of multi-
junction solar cells. This is translated in Fig. 11-20 as a constant variation of normalized Jsc with
respect to the SMR at a current equivalent to the one calculated by convolution of EQE to the
AMO reference spectrum.
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Fig. 11-20 Limiting sub-cell diagram in the case of (left) 2J: top/bottom limiting and (right) 3J: Mid/bottom limiting
sub-cell.

For single-junction c-Si all these calculations are not necessary since, there is no issues
related to spectrum splitting on different sub-cell. In addition, measurements and calculations
shown above on the spectrum quality reveal a class B of solar spectrum on all the range of

usable flash discharge.

To summarize, a multi-junction solar cells I-V characterization protocol adopted in this
study is:

e EQE measurements of the cell to be measured and a sister one (same batch, same
wafer and same optimization)

e Acquisition of flash spectra during decay (0 - 10 ms) using a spectrophotometer,
this is only done once since a good repeatability is recorded for flash discharge

e Jsc calculation for each sub-cell, by convolution of EQE to the solar simulator
spectrum as a function of decay time

e Calculating of each sub-cell concentration compared of the one calculated by

convolution of EQE to the AMO reference spectrum Js. = JLigtios /jaMo
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e Reading the crossing point time at which the two sub-cells (for 2J) or two limiting
sub-cell (for 3J) where they receive the same concentration (irradiance intensity)

e Calculating the Jsc (Ref) of the sister multi-junction solar cell (convolution of EQE
to AMO spectrum)

e Plot the concentration variation of the sister solar cells measured by the solar
simulator with the calculated concentration of each sub-cell and defines the ratio
between the calculated cross point and the measured one for the sister cell at the
crossing point time

e Set-up adjustment (lamp position ad filter insertion) in order to obtain the
concentration at which measurements will be done (e.g. X =1 sun) at a time decay
of 4.6 ms and 7.5 ms for 2J and 3J respectively

e Since the spectrum composition and intensity is stable from one flash to another

(repeatability), these measurements are not necessary for each I-V measurement.

To validate the above-explained methodology for tandem solar cells current-voltage
characterizations, we have used a 4 cm? triple-junction GalnP/AlGaAs//Si. The solar cell was
characterized using the same procedure, i.e. using a triple-junction that have the same spectral
response as a reference cell to identify the time of flash where the solar cell is under 1 AMO

spectrum.
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Fig. 11-21 Comparison of GalnP/AlGaAs//Si 3J solar cells current-voltage characterizations carried out at INES
and Certified by Fraunhofer-ISE at 25°C under 1 AMO spectrum.
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Current-voltage characterizations results performed under 1 AMO and 25 °C, at INES and
the 1-V certified by Fraunhofer-ISE are presented in Fig. 11-21. The two measurements are in
good agreement. The calculated deviation for Jsc, Voc, FF and efficiency are 1%, 0.3%, 0.64%
and 1.3%, respectively. The deviation is acceptable considering the 2% tolerance defined by
IEC 60904-9. Therefore, the methodology presented can be used for tandem solar cells

characterization under flash solar simulator in absence of isotype solar cells.

Another characterization method that can be very interesting (especially when isotypes are
not available) is the use of multi-junction cells as a reference cell [55]. To illustrate this method,
we can take the example of 3 triple-junction sister cells (e.g. same batch, same wafer, same
architecture, etc.). Two of those cells can be used as reference cells by saturating the desired
sub-cells, using light and voltage bias as for EQE measurements (see section 11.4). In that way
one cell can operate at Jsc of one sub-cell, and the other at the Jsc of another sub-cell, therefore
both cells can be used to calculate the received concentration factor and thus define the
SMR =1 condition.

11.5.2. Steady-state solar simulator (LED)

The Quesma (LED) solar simulator was used for in-situ current-voltage BOL and EOL
characterizations (i.e. coupled with electron beam facility SIRIUS). Two modes are available
for this solar simulator: a flash and continuous illumination. In contrast to the Helios 3030
presented above, the flash mode does not mean a variation in solar spectrum distribution, but
only refers to a reduced LED illumination duration during the experiment (to enhance their
lifetime); indeed, for tandem cells the scanning voltage range is relatively high, thus it requires
a relatively long measurement time. The compactness of this solar simulator makes it

compatible and easy to integrate on an electron beam line such as SIRIUS beam lines facility.

The solar simulator is equipped with 43 LEDs to reproduce the AMO spectrum. The
maximum irradiance intensity achievable with this equipment is 20% AMO spectrum
(i.e. 272 W.m™). As seen in section 1.3, the low irradiance levels are relevant for solar cells
evaluation in deep space conditions; for instance, the irradiance around Jupiter is ~3.7% of

AMO spectrum that corresponds to 50 W.m.

The batch of LEDs is divided into 5 groups where the applied voltage can be varied to
adjust the irradiance intensity. However, by varying the applied voltage, the spectral
distribution can change, which may impact tandem cells response. For this reason, multiple

measurements and experimental set-up adjustments were performed to reach a 3% AMO
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intensity while respecting the AMO spectral distribution in all sub-cells. As a first step, the
voltage of the five groups of LED have been varied in order to reach a low intensity level. The
irradiance intensity is measured by the ratio of short circuit current of 1J, 2J and 3J (cells to be
under test) measured with the LED solar simulator and the short circuit current measured with
quantum efficiency. As a second step, the simulated spectrum is recorded as a function of
wavelength using two spectrophotometers (CMOS and InGaAs detector). Then, the deviation
observed with AMO reference spectrum is calculated and reduced by varying the potentiometers
of each LED.
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Fig. 11-22 Left: comparison of Quesma LED solar simulator spectrum with the 2.6% AMO reference spectrum,
right: comparison of incident power density between the Quesma and 2.6% AMO reference spectrum for each
100 nm portion and the relative deviation.

Despite this iterative process, it is not an easy task to reconstruct a perfect AMO spectrum
with a limited number of LEDs having a narrow light emissivity. Fig. 11-22 (left) presents the
AMO spectrum obtained after several optimizations iterations in order to achieve the best
spectral balance between sub-cells at 2.6% AMO intensity. The intensity peaks are intentionally
introduced by adjusting the potentiometers of some LED groups, to compensate for the nearby
intensity dips.

Fig. 11-22 (right) presents the integral of irradiance intensity for each 100 nm intervals, with
the corresponding irradiance ratio ¢ = Quesma/AMO in order to compare Quesma spectrum
to the 2.6% AMO reference spectrum ( @ = 1 meaning perfect spectrum matching). For short
and high wavelength (A <400 nm and A > 1100 nm), the simulator delivers less power density
than the reference spectrum with a low ratio reaching 0.08 - 0.11. However, in this wavelength
range the standard does not mention any requirement. This large deviation is due to the

unavailability of LED emitting at 1100 nm, and to the failure of the 375 nm LED in our set-up,
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resulting in a dip around this wavelength. This results in a class C spectrum in the 400 - 500 nm
band. In contrast, for wavelengths comprise between 500 nm and 1100 nm, the solar simulator
emits a power density closer to that of the AMO reference spectrum, with a ratio ranging from
0.76 to 1.25. In this portion of wavelength, the simulator spectrum is graded class A.
Nevertheless, the impact of spectral deviation as calculated above will differ strongly depending

on each sub-cell absorption bands as introduced in section 11.2.
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Fig. 11-23 Comparison of the incident power density between Quesma and 2.5% AMO spectrum calculated for
each three architecture designs, top: 1J c-Si, bottom-left: 2J AlGaAs//Si, bottom-right: 3J GalnP/AlGaAs//Si.

The power density was calculated for each sub-cell of each of the three architectures
depending on their absorption band, i.e. 300 - 1200 nm was taken for 1J c¢-Si, 2J: 300 - 730 nm
and 730 - 1200 nm for top and bottom sub-cells, 3J: 300 - 650 nm, 650 - 850 nm and

850 - 1200 nm was taken for top middle and bottom sub-cells respectively. The results are
shown in Fig. 11-23.
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For 1J c-Si (see Fig. 11-23 top) where the absorption band extends from 300 to 1200 nm,
the calculated power density of simulator spectrum is less than the reference 2.6% AMO with a
ratio of 0.81; this was the closest we could get to the targeted spectrum with this set-up.

For 2J AlGaAs//Si (see Fig. 11-23 bottom-left) where the bottom absorption band range
from 730 - 1200 nm, the power density ratio calculated of the solar simulator was around 0.95
compared to the 2.6% AMO reference spectrum; thus this is an almost perfect match to the
target spectrum. Regarding top cells the power density ratio between the simulator and the
reference 2.6% AMO is 0.71 in the absorption band 300 - 730 nm that class it as class B.
However, low quantum efficiency is measured for short wavelength (A < 400 nm) for the 2J
cells used in this PhD work (see Fig. I1-7 right). In consequence, this portion of spectrum has a
limited impact on the behavior of the top cell since the photo-generated current below 400 nm
by convolution with AMO spectrum is 0.2 mA.cm it corresponds to less than 1.5% of the total
current. A ratio of 0.76 was calculated for wavelength range 400 - 750 nm, which was
considered as acceptable. It is important to note that this assumption is only valid for the used

2J solar cells where the top cells have low QE.

In the case of 3J GalnP/AlGaAs//Si (see Fig. 11-23 bottom-right), the calculated power
density ratio is 0.65, 1.03 and 0.9 for top (300 - 650 nm), middle (650 - 850 nm) and bottom
(850 - 1200 nm) sub-cells, respectively. For top cell absorption band the Quesma delivers low
irradiance intensity, compared to AMO spectrum, which may have considerable effects since in
normal conditions, the top cell does not limit the current of the 3J. In the case of our devices,
by changing the voltage of the group of 300 - 600 nm LED, the current remains stable, which
indicates that the top cell does not limit the tandem cells under the recorded spectrum.
Therefore, the solar cell operates under the good conditions since the middle and bottom sub-
cells limit the total current of multi-junction. So the spectrum is considered as acceptable for 3J
since a low deviation is calculated in the absorption band of middle and bottom, which are the

limiting sub-cells.

Spatial and temporal homogeneities were calculated through the variation of short circuit
current density, which is very sensitive to irradiance intensity in comparison to other electrical
parameters. A 1J c-Si solar cells of 1 x 1 cm? was used in 4 x 8 positions (that cover a surface
of 4 x 8 cm?) to investigate the variation of spatially homogeneity. A deviation of 35% was
calculated at the beginning due to non-homogeneous distribution of irradiance intensity on
Y-axis. After a correction, by removing a diffuser and LED repositioning, the deviation was
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reduced to ~4%, which corresponds to class B simulator, a mapping graph of the short circuit

current (so the irradiance intensity) measured on the test surface is presented in Fig. 11-24 (left).

However, this deviation does not fully reflect the uncertainty of our measurements, since,
on the one hand, 1 x 1 cm? and 2 x 1 cm? solar cells were mainly used in our study, which
reduces the test surface, and on the other hand, the solar cells are placed at the same position
for characterizations during each experiments. By taking into account these two criteria, non-

homogeneity of 1% is calculated for a 2 x 2 cm? test surface; this fits into class A criteria.
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Fig. 11-24 Characterization of the Quesma solar simulator homogeneity with 1J c-Si solar cells, left: mapping of
the short circuit current density homogeneity on the test surface (2.6% AMO), right: Temporal stability
investigation through 20 I-V measurements delayed by 30 seconds.

The same 1J c-Si was used to investigate the temporal stability of the solar simulator.
Fig. 11-24 (right) present the 1-V characteristics over 20 measurements delayed by 30 seconds,
as seen a deviation of 1% is calculated for temporal instability on short circuit current and hence

irradiance intensity what qualifies it as a class A.

1.6 Irradiation facilities
As seen in section 1.3, solar cells used for space application face charged and energetic
ionizing particles flux, mainly electrons and protons. For ground test, particle accelerators are
used to reproduce space environment and to characterize the behavior of solar cells in these
conditions. In the framework of this PhD thesis, the SIRIUS facility hosted at LS| was used for
electrons irradiation at both room and low temperature conditions. For protons implantation,
the JANNUS platform at CSNSM was used.
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11.6.1. JANNUS ORSAY (protons facility)

The platform of JANNUS Orsay?? was used for protons implantation at room temperature,
a schematic representation of the facility is presented in Fig. 11-25 [64]. It is composed of
190 kV ion implanter IRMA that energy range from 10 keV to 570 keV and a 2 MV accelerator
ARAMIS which particle energy range from 500 keV to 11 MeV [65]-[68]. The ARAMIS
accelerator works on two modes, tandem and Van de Graaff. In tandem mode, a negative ions
source with Cesium sputtering can provide up to 40 different elements that will be injected in
a second step into the accelerator containing nitrogen gas that change the ion sign and multiplies
it. Depending on the charge state of the ions, they can be accelerated up to 15 MeV. When
operating as a Van de Graaff mode, a penning source is located in the accelerator that produce
a positive charge state of gaseous elements as H, He and noble gases with energy from 150 keV
up to 3 MeV.
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Fig. 11-25 schematics of JANNUS Orsay ion accelerator platform composed of 2 MV tandem/Van de Graff and a
190 kV IRMA accelerators [64].

The accelerated ion beam is directed by switching magnets to the dedicated Cryostat that
is directly connected into the beamline. A high vacuum is needed in the cryostat for
implantation, typically 10° Torr. Once the required vacuum is achieved, the beamline gate is
open so that the accelerated protons arrive directly on the solar cells placed onto the sample
holder.

The protons fluence is measured by the current density of protons that hit the conductive

metal piece placed between the beamline and the cryostat chamber. This metal piece has a

22 JANNUS Orsay website, www.jannus.in2p3.fr/

125


http://www.jannus.in2p3.fr/

Ch. Il Irradiation Facilities

circular frame with 8 cm radius to let pass the protons. The protons implantation parameters are
listed in Tab. 11-5: the solar cells were irradiated at room temperature at three different fluence
with 1 MeV proton beam energy.

Tab. 11-5 Solar cells protons implantation parameters.

Protons Energy Flux (p.cm?.s™) Total Fluence (p.cm?)

1-MeV 5.10%° 1.10% 310" 110

11.6.2. SIRIUS (electrons)
SIRIUS facility is equipped with a pelletron (see Fig. 11-26 left) accelerator that delivers a
monoenergetic electrons beam between 200 KeV and 2.5 MeV and a current range between
15 nAto 50 pA. Pelletron accelerator was developed by the National Electrostatics Corporation
(NEC) [69], it has the same principle as the VVan de Graff accelerator [70].

The metallic pellet chain is charged by an induction scheme. The inductor push the
electrons from the pellet connected with the roller. At its exit, the pellet transport the positive
charge mechanically to the terminal where transferred charges are built up. In order to achieve
higher voltage, the pelletron is enclosed in a high pressure (5.5 bar) of dry and purified sulfur
hexafluoride (SFs) to reduce the breakdown voltage. The electrons are accelerated between the

high terminal voltage and the ground level.

Fig. 11-26 View of SIRIUS platform facility, left: accelerator tank, right: irradiation beamline.

At the exit of the accelerator, the high-energy electrons are directed to the irradiation
cryostat for low temperature irradiation or vacuum chamber for room temperature irradiation
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by mean of magnetic field. High vacuum is needed in the accelerator beam lines for stable
electrons beam, typically lower than 107 Torr. Electron beamlines are presented in Fig. 11-26.
To isolate the beamline from the irradiation cryostat, a 25 pm stainless steel window is placed
between. In this way, high vacuum is preserved in the beamline while the cryostat is pumped

out with another rotary pump for removing and placing samples.

11.6.2.1 Room temperature irradiations cryostat

Since no in-situ characterizations are needed for solar cells irradiated at room temperature
(no annealing is expected for these solar cells at room temperature), a small cryostat chamber
was used for irradiation thanks to its simplicity and less time consuming for setting up. The
samples were placed with kapton on a sample holder of 2 cm? total irradiated surface into a
cryostat pressurized at 0.6 bar of helium. The samples were irradiated with 1 MeV electrons
energy (Standard testing energy ECSS-E-ST-20-08C Rev.1 [71]) under an electron flux of
5.10'! e.cm?.s. The solar cells were subjected to three different total fluences presented in
Tab. I1-6.

Tab. 11-6 Electron irradiation parameters at room and low temperature.

Electrons energy Flux (e.cm?.s?) Total Fluence (e.cm™)

1-MeV 5.10t 1.10% 3.10% 110"

11.6.2.2 Low temperature irradiation cryostat
As seen in sections 1.3, the performance of solar cells can change drastically depending on
their working environments like irradiance intensity and temperature. In addition, in-situ
measurements are necessary to quantify the degradation of electrical performances after
irradiation at low temperature since annealing can be present when heating up to room
temperature and hence recovery of electrical performances. For these reasons, the large surface
irradiated-cell [72] was used for low temperature irradiation that allows 4-wire electrical and

optical parameters monitoring at such conditions, as presented in Fig. 11-27.

The samples are mounted on a copper sample holder (see Fig. 11-28) that is placed vertically
inside the cryostat, which is equipped with two servomotors to control precisely the position of
the irradiated surface, or characterized solar cells. The upper part of the large surface irradiated-
cell is equipped with radiation-resistant window made of quartz glass that allows electrical and

optical in-situ characterizations. Due to low temperature and vibration issue of the sample
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holder during the irradiations and characterizations, some springs are used to maintain the solar

cells in vertical position and to ensure proper the electrical contacts.
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Fig. 11-27 Left: schematic representation of the large surface irradiated-chamber, right: real picture of the large
surface irradiated-chamber.

After characterizing the solar cells at low irradiance and room temperature conditions, solar
cells are cooled down to 120 K by flowing liquid nitrogen in a coil welded at the back surface
of the copper sample holder with integrated heating elements. Temperature is monitored on
different part of the cryostat by means of four thermocouples. Three Cernox sensors measure
temperatures at the entrance/middle/exhaust of liquid nitrogen to/in/from the cryostat. A Pt100
sensor is screwed at the middle of the sample holder to get the temperature of solar cells during
experiments. Once temperature is stabilized at 120 K + 3 K, the same characterizations as at
low intensity and room temperature LIRT conditions are performed but in low intensity and low
temperature LILT conditions.

e Cernax
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Fig. 11-28 Left: Picture of the copper sample holder with use of springs as electrical contact on solar cells, right:
Inside view of the large surface irradiation chamber.
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The sample holder is moved to the lower part of the cryostat in such way the solar cells are
placed in front of the beamline for the irradiation (see Fig. 11-27). The large surface irradiation,
typically 14 x 2.5 cm2, is achieved by a translation of the sample holder in X- and Y-axis. The
same irradiation parameters (i.e. flux and fluence) are used for low temperature irradiation and

room temperature (see Tab. I1-6).

As explained in section 1.3, each space mission results in a specific operating environment
for the solar cells. For telecommunication missions, the irradiation with a total fluence of
1.10% e.cm™ corresponds to approximatively to the total fluence received at the solar cell level
for 10 years in geostationary orbit (GEO). However, for deep space missions, e.g. JUICE
mission, cells are exposed to larger fluences: a total around 1-3.10'° e.cm™ over the mission

duration.
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I1.7 Conclusions

I11-V//Si tandem cells manufacturing process used in this study involves several steps:
1) fabrication of the Si bottom cell, ii) growth of 111-V top cells layers, iii) wafer bonding
followed by I11-V substrate removal and iv) deposition of metallization and anti-
reflective coatings. This process involves many tools/facilities and expertise, thus the
fabrication can take ~ 8 to 12 months (laboratory lead-time).

I11-V//Si tandem solar cells were developed prior to this PhD thesis for low
concentration terrestrial application. Given the complexity of their fabrication process,
and since this PhD research work was focusing on degradation mechanism, we have
been using those non-space optimized I11-V//Si cells with minor adaptations, to build

comprehension and guide the design of future 111-\V//Si space cells.

Within the set of available 111-\V//Si, a first screening of cells performances based on
implied open circuit-voltage was carried out, to sort and select devices with best begin-
of-life performances. In addition, the I11-V//Si cells were also selected based on their Si
wafer doping type (p-type are more radiation hard than n-type) and the wafer purity (FZ
is more radiation hard than CZ). Thus, the set of cells used in this PhD thesis was defined

according to their design and performances.

The characterization of two-terminal multi-junction is complex; therefore, a detailed
understanding of the characterization set-up and its limitations is necessary for a reliable
measurement. This is crucial when comparative measurements made before and after

irradiations.

Two different solar simulators were used for current-voltage characterizations: i)
Helios 3030, with a Xe flash, and ii) Quesma, with LED continuous illumination. For
the first one, the spectrum and the intensity varies over time (flash discharge), therefore
the use of calibrated reference solar cells and a spectrophotometer measurements are
needed to identify the moment when the sub-cells reach the same irradiance intensity
(reference and simulator spectrum match). For the second simulator, the continuous
illumination offers a stable intensity and spectrum. However, a very labor intensive
optimization was needed to get as close as possible to the AMO reference spectrum; this

simulator was used for in-situ (irradiation set-up) measurements.

The accurate quantum efficiency measurement of one sub-cell requires the use of bias
light and bias voltage to saturate the other sub-cells and bring the sub-cell under test in

short-circuit condition.
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e Two platforms were used to simulate the space radiation environment. Electron and
proton irradiations were performed at SIRIUS and JANNUS Orsay facilities
respectively with omnidirectional beam.

e |n contrast to room temperature irradiation, solar cells irradiated at low temperature
(e.g. 120 K) undergo a strong annealing effect when coming back to room temperature.
Therefore, in-situ characterizations are necessary to monitor precisely the behavior of
I11-V//Si technology for typical deep space conditions.
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Ch. Il 11I-V//Si Radiation Hardness near Earth Conditions

1.1 Introduction

We have seen in section 1.3 the characteristics of the space environment in which solar
cells operate on board of satellites. We have also discussed the classical degradation
mechanisms of solar cells in relation to radiation. In this chapter, we focus on near-earth
environmental conditions (namely the LEO, MEO and GEO orbits). The charged particles
spectrum (flux and energy) and thermal cycling profile can be very different in those orbits.
However, the solar cells at operating condition, i.e. facing the sun, in these orbits are facing 1

AMO spectrum and temperature reaching 60 °C.

To study the behavior of I11-V//Si exposed to 1 MeV electrons irradiations, we have
performed three main characterizations: current-voltage, quantum efficiency and
electroluminescence. The global behavior as well as the study of the evolution of the electrical
parameters of solar cells whether single junction or in tandem configuration, has been studied
by the current-voltage characteristic curves. With these measurements, it is possible to track
which solar cell parameters are driving the performances degradation. In a second step, solar
cells spectral response was used to study the behavior of each sub-cell separately and gain more
detailed information. This measurement allowed us to identify bulk degradation in each sub-
cell, related to minority carriers life-time degradation. By coupling physical models and such
experimental measurements of the internal quantum efficiency, we were able to calculate the
evolution of the lifetime of the Si cell/sub-cell in the three architectures and compare these
values with the literature. In a third step, electroluminescence measurements were carried out
for the reconstruction of the current-voltage characteristic curves of each sub-cell constituting
the tandem cells (2J and 3J) by means of the optoelectronic reciprocity [1]. These measurements
provided access to the voltage of each sub-cell separately and thus allow to quantify the
contribution of each sub-cell to the total degradation of the tandem solar cells. Finally,
irradiations with 1 MeV protons were performed on the three solar cells architectures. Since the
penetration depth of ions is much smaller than that of electrons, SRIM simulations were carried
out on the three architectures to identify the stopping depths as well as the energies deposited
in each sub-cell. The behavior of these solar cells was monitored as a function of the irradiation
fluence with current-voltage and quantum efficiency measurements. By monitoring the
degradation as a function of the deposited energy (function of the Non lonizing Energy Loss
NIEL), it is possible to compare the degradation of the solar cells electrical parameters as a
function of particle type (electrons and protons). This approach is called the Displacement
Damage Dose (DDD) and was proposed by the Naval Research Laboratory (NRL) [2].
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I11.2 Electron Irradiations

I11.2.1. Interaction of electron flux with solar cells

As explained in section 1.4, as the electrons pass through the solar cell, they give up their
energy mainly by ionization and by atomic displacement until they stop into the material layer
or they exit by the other side. The penetration profile of 1 MeV electrons was simulated using
Penelope2014 software [3] in the case of 1J, 2J and 3J, results are shown in Fig. 111-1. Due to
the electrons low mass (2000 time lighter than protons) they deflect when colliding with the
electrons of the target material, even at an energy of 1 MeV. Thus, the path of an electron in
the material consists of a large number of changes of direction, this is clearly visible in thick

materials as this is the case for the Si substrates used here (525 pum).

In order to estimate the penetration depth as well as the energy absorbed by each layer of
the solar cell, calculations were performed using the stopping power and range tables from the
Stopping Powers and Ranges for Electrons (ESTAR) database?®. This database contains the
stopping powers and ranges of electrons in all the elements of the periodic table. However, for
alloys, such as 111-V materials used for top and top/middle sub-cell, first, the threshold energy
and mean excitation energy are calculated on the base of weight fraction and density of the
target material; then stopping power and electrons range are calculated for the specific material
properties. It is important to note that doping does not change the threshold energies and thus
the deposited energy, given the low dopant atoms concentration (~ 10 — 10 at./cm?) relative
to the semiconductor matrix elements (~ 10?? at./cm®). The range of electron defined as the
average value of depth traveled by electrons down to rest is very important, ~ 2 mm for 1 MeV
electrons in c-Si, compared to the thicknesses of solar cells in general and those considered in
this study (525 - 530 pm). Significant amount of energy is transmitted through the solar cell
device, with roughly 0.812 MeV, 0.810 MeV and 0.810 MeV for the 1J, 2J and 3J respectively
(see Fig. I11-1). The deposited energy is distributed homogeneously in the depth of the solar
cell according to the physical properties of each layer, i.e. threshold energy. The deposited
energy in the I11-V top cells layers represent 0.14% and 0.23% for 2J and 3J respectively. The
difference in absorbed energy by the 2J top sub-cell (Alo22GaAs) and the 3J middle sub-cell
(Alo.03GaAs) lies mainly in the thickness and density of the two sub-cells. The higher thickness
and higher density in the case of 3J induce a greater deposited energy. Whereas on the other
hand, the deposited energy for Si cells/sub-cell in all architectures represents ~ 18.8% of the

Z ESTAR : https://dx.doi.org/10.18434/TANC7P
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total energy, in relation with its important thickness. Consequently, the electrons introduced

defect rate is logically higher in Si than in the I11-V materials constituting the upper sub-cells.

Not to Scale GalnP/AlGaAs//Si
AlGaAs//Si 1-MeV
electron
1-MeV l
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Fig. 111-1 Calculation of deposited energies for 1 MeV electron beam in the layers of different solar cell
architectures, using ESTAR database. (left) 1J c-Si (Middle) 2J AlGaAs//Si and (right) 3J GalnP/AlGaAs//Si; the
electrons penetration profiles in solar cells were simulated by Penelope2014.

111.2.2. Spatial electroluminescence
In a first approach, an investigation of spatial ElectroLuminescence, (EL), was carried out
on the solar cells before and after irradiation. The objective of this characterization was on one
hand the identification of the most efficient solar cells: no/little shunt defects, cracks or broken
fingers; and on the other hand, the spatial resolution of EL was also useful to check the absence

of punctual defects due to electrons irradiation.

The principle of electroluminescence is simple, and somewhat opposite of the photovoltaic
effect: by injecting a current at the contacting points of the solar cell, the electrons recombine
with the holes in the p-n junction. Among the various recombination mechanisms possible, the
direct transition from the conduction band to the valence band (radiative recombination), which
emits a radiation of an energy equal to the bandgap energy, is the one responsible for the EL

signal. With a high-resolution camera placed above the sample, it is possible to map the
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intensity of this EL signal over the cell area and thus evaluate the quality of the cell. Indeed, the
more defective semiconductor area will appear less bright or even black (no radiative

recombination), and at the opposite, shunts will translate into very bright spots.

Results on spatial EL of the triple-junction GalnP/AlGaAs//Si and dual-junction
AlGaAs//Si before and after 1-MeV 10 e.cm2 irradiation are presented in Fig. 111-2. The two
cells dimension are 1 x 1 cm?, with an injected current equal to the short circuit current at BOL,
i.e. 14 mA.cm? and 10 mA.cm for 2J and 3J, respectively. Measurements with optical filters
(long- and low-pass) were performed to analyze the EL signal of each sub-cell
independently [4]. It should be noted that silicon with its indirect bandgap has a low radiative
recombination and therefore a low EL signal close to its bandgap. However, for our set of cells,
no additional valuable information was obtained compared to an unfiltered image, therefore
only EL image with unfiltered light are presented. The emitting light correspond to mainly

AlGaAs top cells and the combination of GalnP and AlGaAs for the 2J and 3J respectively.

AlGaAs//Si GalnP/AlGaAs//Si

BOL

L L TR

EOL
101 e.Cm™?

Fig. 111-2 Spatial electroluminescence characterizations of 1 x 1 cm? 2J AlGaAs//Si and 3J GalnP/AlGaAs//Si
before and after irradiation at a fluence of 10%° e.cm™,

In both cases, at BOL the solar cells do not have any manufacturing defects such as micro
cracks in fingers or in the cell (see Fig. I11-2 top). However, in the case of the 3J some black
spots near the fingers are noticed which may be the result of surface defects. After irradiation,

the luminescence is homogeneous over the entire surface of the irradiated cells and therefore
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one can conclude that the degradation is uniform over the entire surface. A second technique
that consists in measuring the spectral composition of the solar cell emission. This technique
requires the use of a spectrophotometer and allows to follow the evolution of the illumination
intensity as a function of the irradiation. The advantage of this technique is to be able to separate

the behavior of each sub-cell; more details will be discussed later in section I11.2.6.

111.2.3. Current-voltage characterization
The current-voltage characterization allows the determination of the global behavior of a
solar cell. Two types of I-V characterizations have been carried out: under illumination and in
dark conditions. In a first instance, the monitoring of electrical parameters at their operating
conditions (light I-V) is done as a function of electron irradiation; and in a second step, the diode

characteristics evolution is analyzed by comparing the dark I-V curves.

111.2.3.1 LightI-V
The solar cells were characterized before and after irradiation at an AMO spectrum with a
total irradiance intensity of 1367 W.m™ and at a temperature of 300 K. As explained before
(see section 1.2), the current-voltage curves reveal the overall behavior of a solar cell, thus
giving access to the key electrical parameters of a solar cell, namely the short-circuit current

density Jsc, the open circuit voltage Voc and the fill factor FF and efficiency.

In section 11.5.1, the results of the characterization of the Helios 3030 solar simulator were
discussed. A low spatial inhomogeneity (< 2%) was calculated for the irradiance intensity at
the test surface, with also a good repeatability over time (> 98%). The same measurement
parameters, conditions and configuration were used for all measurements in order to reduce the
experimental-related errors. For instance, the calculated error for the Jsc (most sensitive to the
illumination intensity) is less than 2% due to spatial and temporal inhomogeneities.

The current-voltage and power-voltage characterization results for the six c-Si solar cells
are shown in Fig. I11-3, see section 11.2 for more details on solar cells architectures. Two
different cell sizes were used, 2 x 1 cm? (dashed lines) and 1 x 1 cm2 (solid lines). It should be
noted that the color code is generally respected throughout this chapter; Black at BOL, Red,
Blue and Green for fluence of 10** e.cm?, 3.10'* e.cm™ and 10% e.cm. However, when
comparing the different architectures (1J, 2J and 3J) in the same plot the color code is Blue,
Red and Black for 1J, 2J and 3J.
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Fig. 111-3 Characterization of six solar c-Si cells with two different sizes, 2 x 1 cm? (black dashed lines) and 1 x 1

cm? (black solid lines), at BOL and EOL (solid and dashed colored lines) under 1367 W.m2 AMO spectrum and
300 K. Left: current voltage characteristics, right: Power-voltage characteristics.

Before Irradiation (black curves), some differences are observed between the two groups
(size) of solar cells. The largest solar cells have a Jsc around 40.1 mA.cm while the smaller
cells have a Jsc of 39.4 mA.cm™. This is a small difference (~ 1.8%), but this is systematically
and clearly noticeable for the larger cells compared to the smaller one. In addition, it is clear
that the large cells have a higher series resistance compared to the smaller one, which affects
and reduces their FF. In the case of 2x 1 cm? and 1 x 1 cm? cells, the FF is 74% and 82%
respectively. These two differences result in difference in the output maximum power
(see Fig. I11-3). This deviation is at the origin of difference of fingers density on both solar cells,
i.e. higher density is presents on 1 x 1 cm2 compare to 2 x 1 cm?. On the one hand the high
density induces a decrease of the Jsc and on the other hand reduces the series resistance and
thus increases the FF. However, a small deviation of Jsc, Voc and FF is calculated within each
group of solar cells and is less than 1%. The electrical parameters at beginning of life of the two
solar cells sizes are shown in Tab. IlI-1. A comparison to the Azur Space silicon solar cells
S322% is given in Tab. Ill-1. The cell base material is a 130 pm p-Type CZ <100> with
TiOx/Al203 ARC. This cell presents a higher efficiency compare to the cells used in this study.

This difference is due to higher Jsc (by ~5 mA.cm™) and Voc (45 mV) due to better doping
profile and efficient ARC and a passivated surfaces.

The cells were divided into three groups, each group corresponding to a given irradiation

fluence (10%*, 3.10%* and 10% e.cm™). Due to the difference in the electrical parameters

2 hitp://www.azurspace.com/index.php/en/products/products-space/space-solar-cells
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especially the fill factor between large and small solar cells, each irradiation group contained

one large and one small solar cell.

Tab. I11-1 Average electrical parameters for three 2x1 cm? solar cells and three 1x1 cm? solar cells at BOL, as
characterized under AMO spectrum and 300 K.

c-Si solar Jsc Voc FF Efficiency
cells (mA.cm™) V) (%) (%)

2xlcm? 40.1+03% 0.583+0.8% 73.8+0.9% 12.7+0.4%

I1xlcm? 394+04% 0587+08% 81.8+03% 13.9+1%

AzurSpace
Silicon S32

458+15% 0.628+1.5% 79.7+15% 16.9+1.5%

After irradiation, the current-voltage characterizations were performed according to the
same experimental protocol, i.e. same parameters, conditions, solar cells emplacement at the
test surface in order to reduce experimental errors due to spatial inhomogeneity. The I-V results
are presented in Fig. 111-3 (solid and dashed colored lines). A typical behavior is observed after
irradiation, i.e. no anomaly in the post-irradiation response of solar cells such as a high series
resistance or a low shunt resistance are detected; for the moderate dose, 10%* e.cm?, the FF
remains stable in the two group of cells. A moderate degradation is observed in the electrical
properties after irradiation with a shift of the maximal power point coordinates towards lower
voltage and current (see Fig. 111-3 right).

Tab. 111-2 Electrical parameters of c-Si after 1-MeV electrons irradiation at three different fluences.

1-MeV electron  c-Si solar Jsc Voc FF Efficiency
fluence (e.cm) cells (mA.cm) (V) (%) (%)
2x1cm?2 36.4 0.519 68 9.4
1014
1x1cm? 35.1 0.519 80.8 10.9
2x1cm? 34 0.503 67 8.4
3.10%
1x1cm? 34.1 0.509 78 9.9
2x1cm? 32.2 0.483 70 7.9
1015
1x1cm? 31.8 0.490 70 8

Reported by Azur
Space @ 10%

23.6 cm? 38.9 0.559 79 125
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This degradation is correlated to the irradiation fluence, in relation with the increased defect
density. Because of differences observed between the 1 x 1 cm2 and 2 x 1 cm? cells at BOL, it
results in differences at EOL between the two group of cell. The electrical parameters (Jsc, Voc,
FF and efficiency) after irradiation are summarized in Tab. I11-2, with comparison to Azur
Space Si solar cell after 1-MeV irradiation at 10'° e.cm™. As expected Azur Space cells have
higher electrical performances than the cells irradiated in this study. It should be noted that this

cell are commercial product and well optimized as opposed to the cell used in this study, which
are under development.

Similar to the single-junction c-Si cells, the 2J tandem solar cells AlGaAs//Si were
characterized under AMO with an intensity of 1367 W/m? and at 300 K. Fig. I11-4 illustrates the
behavior (current- and power-voltage) of six 1x1 cm? solar cells at BOL (black lines). Identical
behavior and performances are measured for the six samples with Jsc of 14.8 mA.cm and Voc
of 1.78 V. The calculated deviation is less than 1% for all electrical parameters (low statistical
dispersion). The averages of the electrical parameters are presented in Tab. 111-3. A low shunt
resistance is observed in the behavior of the 2J at BOL responsible of a slope in the voltage

range 0 - 1.5 V. This leads to relatively low FF values and therefore to relatively low
efficiencies.
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Fig. 111-4 Characterization of six 2J: AlGaAs//Si solar cells at BOL (solid black lines) and EOL under 1367 W.m
AMO spectrum and 300 K (solid and dash colored lines). Left: current-voltage, right: power-voltage.

The same experimental protocol was used: following BOL characterizations,
measurements were performed after irradiation with 1-MeV electrons at three different
fluences. The results are shown in Fig. I11-4 (solid and dashed colored lines). A moderate
(8.4%) degradation is observed for the Voc, which is reduced from 1.78 V to 1.63 V at the
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highest fluence (10 e.cm2). Whereas in the case of the Jsc, a more pronounced degradation is
observed: it drops to 10.5 mA.cm™ at 10%° e.cm and the effect of the low shunt resistance is
less pronounced in the case of cells irradiated at a fluence higher than 3.10%* e.cm™. The same
behavior is observed for each two solar cells irradiated at the same fluence (low statistical

dispersion). The electrical parameters after irradiation are presented in the Tab. I11-3.

Tab. 111-3 Average electrical parameters of six 2J: AlGaAs//Si solar cells of 1 x 1 cm? sizes at BOL and EOL
characterized under AMO spectrum and 300 K.

Solar cells Jsc Voc FF Efficiency
AlGaAs//Si (mA.cm?) (V) (%) (%)
BOL 148+06% 178+02% 83.7+04% 16.1+0.7%

EOL 10%e.cm? 141+03% 174+01% 80+0.3% 14.3+0.3%

EOL 3.10%e.cm? 128+0.5% 1.69+0.05% 82+02% 12.9+0.6%

EOL 10% e.cm™ 105+ 1% 1.63+0.2% 81+0.5% 10.1+0.8%

Six 1 x 1 cm? 3J GalnP/AlGaAs//Si solar cells were used to study the evolution of the
electrical parameters as a function of the irradiation fluence. Current- and power-voltage
characterizations were performed at Normal Irradiance and Room Temperature (NIRT)
conditions, results are shown Fig. 111-5. Before irradiation (black lines), all six solar cells have
the same electrical performances of 10.2 mA.cm and 2.88 V for Jsc and Voc respectively with
0.5% deviation on Jsc. Average electrical parameters are presented in Tab. I11-4.
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Fig. I11-5 Characterizations of six 3J: GalnP/AlGaAs//Si solar cells at BOL (solid black lines) and EOL (solid
and dashed colored lines) under 1367 W.m2 AMO spectrum and 300 K (left) current voltage (right) Power-voltage.
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The solar cells were subdivided into three groups corresponding to the three fluences. After
irradiation with 1-MeV electrons energy, the solar cells were characterized under the same
conditions as before irradiation. The results are shown in Fig. I11-5 (colored solid and dashed
lines). Low dispersion on the electrical performances is observed for each two solar cells
irradiated at the same fluence (see Tab. IlI-4). Contrary to the dual-junction cells, the
degradation of the Jsc is significant from the lowest fluence and is proportional to the received
one. The measured Jsc and Voc reach 3.8 mA.cm?and 2.64 V respectively for the highest

fluence.

Tab. 111-4 Average electrical parameters of six 3J: GalnP/AlGaAs//Si solar cells of 1 x 1 cm? sizes at BOL and
EOL characterized under AMO spectrum and 300 K.

Solar cells Jsc Voc FF Efficiency
GalnP/AlGaAs//Si  (mA.cm™) V) (%) (%)
BOL 102+05% 288+03% 84+0.6% 18.1+1%

EOL 10%ecm? 65+09% 280+02% 87+0.6% 11.6+1.6%

EOL 3.10%e.cm? 51+03% 273+0.05% 86+0.3% 8.9+0.8%

EOL 10% e.cm? 3.8+1% 264+01% 82%+0.1% 6.0+x1.2%

With this first comparison between the three solar cell architectures, it is observed that the
relative degradation of the open circuit voltage is lower when the number of junctions increases.
Whereas for the short-circuit current the degradation is greater by increasing the number of
junctions in the device. In all three cases, no significant degradation of fill factor compare to

the Jsc was observed, thus no significant changes in series resistances or shunt resistances.

In order to better evaluate the degradation of the cells performance after irradiation, the
remaining factors RF (EOL/BOL ratios) for fill factor, the short-circuit current density, the open
circuit voltage and the efficiency were calculated for all architectures at the three fluences. One
should keep in mind though that the remaining factor does not reflect the EOL performances
but only the rate of degradation induced by irradiation, i.e. two cells with identical RF may have
different EOL absolute electrical performances. Results of RF calculations for the three

architectures are presented in Fig. I11-6.
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By using the standard empirical equation (111-1) linking the evolution of the electrical
parameters to the fluence, it is possible to plot the behavior of each electrical parameter of each
solar cell architecture on a wide range of fluence.

%)

EproL = Epor — Cx Ln <1 + (D_> -1
X

Where Ep, soL and Ep, oL are the electrical parameters values before and after irradiation, @

is the fluence, Cx and @x represent fit parameters. By modifying the Eq. 11I-1, the fit of the

remaining factor is performed according to the Eq. 111-2 presented below :

RF(E,) =1— Ay Ln <1 + g) -2

And

_ G
Ay = /Ep,BOL 11-3

The parameters Ax, and @x used for the fit of Eq. I11-2 to the measured remaining factor

are summarized in Tab. 111-5 for the three solar cells architectures.

Tab. 111-5 Fitting parameters (Ax and @y) for the remaining factors of 1J, 2J and 3J according to Eq. 111-2.

Architectures / Parameters RF(Jsc) RF (Voc) RF(FF) RF(Eff.)

i Ax 0.038 0.022 0.096
c-Si
@(e.cm?)  6.86 x 102 5.24 x 10! 1.27 x 103
) Ax 0.226 0.031 Does not fit 0.163
AlGaAs//Si
@x(e.cm?)  3.79x 10" 6.43x10% toEq.I1l-2 1.15x10%
- A 0.117 0.030 0.138
GalnP/AlGaAs//Si
@(e.cm?) 448 x 102 5.99 x 1013 7.97 x 102

Short-circuit current density - Jsc: The relative degradation of Jsc is higher for
GalnP/AlGaAs//Si compared to AlGaAs//Si and c-Si starting from the lowest fluence of
10'* e.cm (see Fig. 111-6 top-left). Below 3.10'* e.cm™, the relative degradation of Jsc is less
pronounced for the dual-junction compared to the single-junction; above this fluence, the
opposite trend is observed with a greater degradation for the dual-junction. The Jsc remaining
factor of solar cells irradiated at 10%° e.cm decreases with increasing the number of junctions
on the top of Si. The Jsc degradation at this highest fluence is 20%, 30% and 63% for c-Si,
AlGaAs//Si and GalnP/AlGaAs//Si, respectively. The difference in degradation observed
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between the three architectures is related to the difference in architecture (series-connected sub-

cells). More details will be discussed from the quantum efficiency measurements.

The Equation 111-2 fits very well to the measured Jsc remaining factor for all three
architectures, with a corresponding root mean square error (RMSE) of 5.103. It is observed
from the fit (see line in Fig. 111-6) that Jsc degradation starts at 10*° e.cm?, 10! e.cm™ and
102 e.cm for 3J, 1J and 2J respectively. Even if the degradation of 2J starts one order of
fluence magnitude higher than Si, a higher degradation rate of 2J leads to a crossover point
where 1J degrades less than 2J. Taking into account the architecture of the 2J, this effect can be

related to a change of limiting sub-cell, this will be detailed in section 111.2.4.
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Fig. 111-6 Remaining factors calculations for the three solar cells architectures (1J, 2J and 3J). Top-left: short-
circuit current density. Top-right: open circuit voltage. Bottom-left: fill factor. Bottom-right: efficiency. The
measured electrical parameters are presented by symbols while the linear curve represents the fit using Eq. 111-2.
In the case of the fill factor, the lines are only plotted as guide to the eyes. Note: the Y-scale differs for all graphs
in order to better display the variations of each electrical parameters as a function of 1-MeV electrons irradiation
fluence.

Open circuit voltage - Voc: the Voc degradation is lower than Jsc degradation in both 2J

and 3J solar cells, however for 1J solar cells Voc and Jsc degradation magnitude are almost
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equal as presented in Fig. I11-6 (top-right). A 10% degradation is calculated for the single-
junction at the lowest fluence (10'*e.cm™) while in the case of tandem cells, very low
degradation of 2.5% is calculated at the same fluence. Contrary to the Jsc, the degradation of
the Voc is lower by increasing the number of junctions. An identical degradation is observed in
the case of 2J and 3J. By increasing the fluence up to 10% e.cm™, the degradation rate reaches

18% and 9% for the single- and both tandem solar cells respectively.

In the case of tandem cells, the degradation is expected to be lower in the case of 3J due to
the contribution of GalnP that has a good radiation hardness. However, the difference in the
composition of AlGaAs in 2J and 3J could be at the origin of this difference. This will be

investigated through absolute Voc calculation from electroluminescence measurements.

The measured data of the Voc remaining factor collapse with the Eq. I11-2 with an RMSE
of 7.10™. In the case of 1J the degradation takes place from a fluence of 10%° e.cm while for

both 2J and 3J tandem solar cells the degradation is identical and starts from 10*2e.cm™.

Fill Factor - FF: In the case of AlGaAs//Si higher degradation is observed at 1.10%* e.cm™
than at 1.10% e.cm™. For 3J GalnP/AlGaAs//Si a higher FF than BOL values is observed at
10'% e.cm by 5%. Then it decreases and reaches a degradation less than 5% at the highest
fluence (see Fig. 111-6 bottom-left). The non-linear variation are due most likely to variation in
sub-cells current matching after irradiations. However, for the single-junction a degradation is

observed from the lowest fluence and increases with fluence for 1 x 1 cm2.

Due to current matching issues after irradiation in the case of tandem solar cells, the
measured FF values do not fit to the Eq. 111-2. In the case of 1J, the fit was applied only to the
1 x 1 cm2solar cells, however on the 2 x 1 cm?2 does not fit to the Eq. 111-2 due to non-continuous
degradation, i.e. low degradation of the cell irradiated at the highest fluence. This can be due to
measurements uncertainty or non-homogenous irradiation of this cell. Due to the small number

of available cells we could not have a large statistical distribution to explain this effect.

Efficiency - Eff.: The influence of Jsc drop in efficiency degradation becomes dominant
with increasing number of junction on Si; whereas for the single junction, the degradation of
efficiency is governed by the degradation of both short-circuit current and the open circuit
voltage. The degradations calculated for the single, double and triple junction are 40%, 37%

and 68% respectively for the highest fluence tested here (10° e.cm).
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Given the small variation in FF compared to Jsc and Voc in all the solar cells architectures,
its impact (non-linear variation) does not propagate to the efficiency variation, therefore a good
fit to Eq. 111-2 is obtained with corresponding RMSE of 1073,

111.2.3.2 Dark I-V

Dark current-voltage measurements are carried out before and after irradiation on the same
six 2J and six 3J solar cells. Unfortunately measurements on 1J c-Si solar cells were not
performed. The measurement consists of applying a voltage bias and measuring the current
generated in the dark. The results of the characterization of the 2J and 3J at BOL are presented
in Fig. I11-7 (solid lines). In the case of 2J AlGaAs//Si, 5 solar cells show a low statistical
dispersion however one cell shows considerable dispersion especially at low voltage. This can
be at the origin of shunt resistance and higher recombination in the Space Charge Region (SCR).
However, no shunt effect nor lower performance was detected for 1-V characterization under
1 AMO (see Fig. 111-4). The recombination at low Voltage (V < 0.9 V) is driven by that of SRH
defect in the SCR. However, for higher voltage values, the I-V behavior is driven by the
recombination at the emitter and the base region, which is in good agreement with the 2-diodes
model [5].
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Fig. 111-7 (Left) Dark current-voltage characterization of six 2J solar cells before and after irradiation (right)
Remaining factor of dark current as a function of fluence and applied voltage.

After irradiation (colored curves), the same behavior is observed for all solar cells with an
increase of dark current. The remaining factor of dark current at different voltage as a function
of fluence is presented in Fig. 111-7. An increase of the dark current is observed after irradiation
(roughly by a factor of 2) at a low fluence of 10* e.cm™. This increase is more pronounced with
the fluence and reaches ~ 10 times the BOL value for a fluence of 10%° e.cm™. The increase of
dark current is more pronounced at low voltage region than that at high voltage at the origin of

higher recombination defects at SCR than at the emitter and the base region.
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In the case of 3J (see Fig. I11-8), before irradiation (dark curves) the dark I-V characteristic
curves of the six solar cells show a large dispersion at low voltage, V < 2.4 V (SRH
recombination domain in the SCR [6]). However, at high voltage, all the cells behave in the
same way. After irradiation (colored curves), the same behavior is observed with differences in
the dark current. The remaining factor of dark current at different voltage is expressed as a
function of fluence in Fig. 111-8. At low voltage (< 2.4 V) the dark current is lower than the one
measured before irradiation with no clear trend with increasing electrons fluence. However, for
higher voltages the dark current increases with increasing the fluence and is more pronounced
for higher voltage. This is due to the induction of recombination defect at the emitter and the

base region [6].
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Fig. 111-8 Left: dark current-voltage characterization of six 3J solar cells before (dark lines) and after irradiation
(colored lines). Right: remaining factor of dark current as a function of fluence for various voltage bias.

111.2.4. Quantum Efficiency Characterization

Since current-voltage characterization under both dark and light illumination reflects the
general behavior of the solar cells. In the case of tandem solar cells, the I-V characteristics are
the contribution of 2 or 3 (or more) sub-cells with different architectures, different thicknesses
and especially different response to electrons irradiations. For these reasons, Quantum
Efficiency (QE) characterizations were performed on all solar cell architectures to investigate
the spectral response of each sub-cell. As explained in the previously (see section 11.4 for further
details), the solar cell is photo-excited with a monochromatic beam spanning different
wavelengths. The ratio of collected electrons to the incident photons then represents the
quantum efficiency. The specificity of this measurement technique is that photons of different
energies are absorbed at different depths of the cell (depending on the absorption coefficient of

the material), i.e. high energy photons are absorbed at the top of the cell while low energy
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photons are absorbed deeper in the cells. Therefore, this characterization allows an investigation

of solar cells quality according to its depth.

111.2.4.1 External Quantum efficiency

The external quantum efficiency EQE, takes into account all incident photons even those
reflected by the front surface (metallization and antireflective coating). Results of 1J c-Si
characterization are presented in Fig. I11-9 (left). Before irradiation (black curves), we
distinguish three main regions according to the wavelength range. Low EQE magnitude (20%)
at 300 nm due to high doping profile of the emitter and high recombination rate at the front
surface due to non-passivated surface. Then the EQE gradually increases until it reaches 90%
as a result of the progressive decrease of the emitter doping rate and the contribution of the SCR

where electric fields rapidly separate the charged carrier.

Beyond 500 nm the contribution of SCR and emitter to that of bulk is negligible and
therefore it is assumed that the EQE beyond this wavelength is primarily due to bulk. From
500 nm to 1000 nm the magnification of the EQE decreases from 90% to 70%. The observed
decrease is due to high reflection at this wavelength range (see Fig. 111-15). Between 1000 nm
and 1200 nm the EQE drops rapidly due to backside recombination and weak absorption close
to Si bandgap (~1110 nm).
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Fig. 111-9 Left: EQE characterization of six 1J solar cells (1x1 cm2 and 2x1 cm?) at BOL (dark solid and dashed
curves) and EOL (colored solid and dashed curves) with 1 MeV electrons irradiation. Right: the remaining factor
of EQE as a function of wavelength.

A higher EQE magnitude is observed for 2 x 1 cm? (dashed line) cells compared to
1x1cm? cells (solid lines) as explained due to low fingers density on larger cells. The
calculated Jsc by convolution of EQE to the reference spectrum AMO gives values of

39.8 mA.cm? and 38.7 mA.cm? for 2x1 cm? and 1 x 1cm? respectively. The calculated
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deviation for each group of cells is less than 0.5%. The Jsc calculated by EQE and measured by
I-V characterizations, 40.1 mA.cm and 39.4 mA.cm for large and small cells respectively
(see Tab. I11-1) are in good agreement; the large cells have a higher Jsc than the small cells and

calculated deviation less than 2% between the two characterizations methods.

After irradiation with 1 MeV electrons energy (colored curves), we distinguish three
behaviors on the silicon absorption band according to the level of degradation. No or low
degradation is detectable on the 300 - 500 nm absorption band region, from 500 - 700 nm a
moderate degradation of the quantum efficiency is detected, and from 700 - 1200 nm the drop
becomes more pronounced. To have a better view on the EQE degradation, the remaining factor
is calculated by the ratio (EQEeoL/EQEgoL) as a function of wavelength, results are presented
in Fig. 111-9 (right). Around 400 nm, which corresponds mainly to the emitter contribution, the
EQE increase is proportional to the irradiation for fluence lower than 3.10%* e.cm, and then at
10% e.cm™ an opposite trend is observed with a dip by 15% degradation. The enhancement of
the emitter response after irradiations (fluence < 3.10'* e.cm™) was observed for the large and
small solar cells sizes and can be explained by the changes in doping level of the emitter.
However, the degradation observed at 10* e.cm can be at the origin of high introduced defect
density. In the absorption band 470 - 700 nm, where the overall EQE is governed by SCR, EQE
degradation less than 10% is almost equal for the three fluences. At this region of the cells, the
SCR electric fields for charge separation is not/low affected by the irradiation. Beyond 700 nm,
global EQE is driven by the base response, the degradation more significant by increasing the
wavelength (deeper in the cell) until reaching a steady state around 1100 nm where the
degradation reaches its maximum, 91% at the highest fluence of this study. This is due to the
introduction of defects in the base that act as recombination defects; therefore this degradation
leads to minority carriers lifetime & diffusion length decrease. As a result, photo-generated
electrons-hole pairs deeper in the cells have a lower collection probability (lots of them
recombine before reaching the SCR).

Quantum efficiency characterization of tandem solar cells is more complicated than for
single junction; the use of light and voltage bias are required for measuring each sub-cells
independently in short-circuit conditions (for more details see section 11.4). For dual-junction
AlGaAs//Si, halogen lamp with Long Pass filter (LPF) 650 nm and Short Pass Filter (SPF)
800 nm were used to saturate the bottom and top sub-cells respectively (and thus put the sub-

cell under test in current limiting conditions). The voltage bias applied to measure the top and
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bottom on short-circuit condition is in the range of 0.8 V and 1.2 V respectively. The followed

procedure for these values definition is presented in 11.4 [7].
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Fig. 111-10 Left: EQE characterization of each sub-cell of the six 2J AlGaAs//Si solar cells at BOL (dark curves)
and EOL (colored curves) with 1 MeV electrons irradiation. Right: the remaining factor of EQE as a function of
wavelength for each sub-cell.

Fig. 111-10 (left) presents the results of EQE characterization in BOL (dark curves) and EOL
(colored curves). The top cells in AlGaAs has a bandgap energy of 1.71 eV so absorption takes
place for wavelengths below 725 nm. The absorption of Si bottom cells, is limited on one hand
by its bandgap energy 1.12 eV (~1110 nm, however is extended to 1200 nm due to its indirect
transition), on the other hand by the absorption of the AlGaAs top cell. The EQE of the six solar
cells studied are identical, the maximum deviation on the calculated Jsc for AlGaAs and Si is
0.75% and 0.5% respectively. After irradiation with electrons of 1 MeV energy, there is an overall

decrease in the EQE signal with increasing fluence for both sub-cells.

As for 1J ¢-Si, the EQE remaining factor for both sub-cells at the highest fluence (10%° e.cm?)
is presented in Fig. I11-10 (right). It is clear that the EQE spectrum drop for both sub-cells is
pronounced in the long wavelengths region of their absorption band (AlGaAs: 600 - 700 nm, Si:
800 - 1100 nm). In addition, the degradation as a function of fluence is more important for the Si
bottom sub-cell where it reaches 91% close to the bandgap, as compared to 30% for AlGaAs at
10 e.cm™. Indeed, the photons at this range of wavelength are absorbed deeply into the sub-cell
bulk material, and thus the corresponding photo-generated minority carriers require long diffusion
length to reach the SCR at the front.

As for dual-junction, different combination of optical filter (SPF and LPF) with the
corresponding applied voltage were used to characterize each sub-cell of the triple-junction

GalnP/AlGaAs//Si  separately. Results of EQE characterization are presented in
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Fig. I11-11 (left). The absorption of each sub-cell is defined by its bandgap energy
(GalnP: 1.9 eV, AlGaAs: 1.46 and Si: 1.12 eV) and the transmitted spectrum of the upper sub-
cells. Three absorption bands can be distinguished here; GalnP: 300 -650 nm,
AlGaAs: 500 - 850 nm and Si: 700 - 1200 nm. The dips in the middle sub-cells EQE is related
to ARC layer interferences. The six samples present similar EQE performances with a deviation

less than 0.8% on the calculated Jsc for all sub-cells.
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Fig. 111-11 Left: EQE characterization of each sub-cell of the six 3J GalnP/AlGaAs//Si solar cells at BOL (dark
curves) and EOL (colored curves) with 1 MeV electrons irradiation. Right: the EQE remaining factor as a function
of wavelength for each sub-cell.

As with dual-junction, the decrease in EQE after irradiation is present over the entire
absorption band and is greater as the fluence is higher. By looking at each sub-cell separately,
we notice that the top cell degradation is only visible at a fluence higher than 3.10' e.cm?,
while for the other two junctions the decrease in EQE magnitude is visible starting from the
lowest fluence (10 e.cm). We plot the EQE remaining factor at a fluence of 10* e.cm™ of
each sub-cells as a function of wavelength in Fig. 111-11 (right). For GalnP, homogenous EQE
degradation is observed over the entire absorption band with a maximum value of 10%. This is
due to the high radiation resistant GalnP materials as discussed in literature review [8]. In the
case of AlGaAs middle sub-cell, the degradation is more present at high wavelengths
(A > 700 nm). However, in the case of Si bottom sub-cell high degradation (> 30%) is observed
on the entire absorption range (A > 800 nm) and is more pronounced at high wavelength where

it reach 91% at 1100 nm (similar to single junction case).

Hereunder, the Si cells/sub-cells are compared before and after irradiation in Fig. I111-12.
Before irradiation, higher EQE magnitude is observed for tandem solar cells compared to 1J c-

Si in the range 800 - 100 nm. This difference is due to a reduced reflection on the tandem solar
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cells thanks to bi-layer ARC (SiNx/SiO2) compare to c-Si where only one layer of ARC (SiO»)
is used. After irradiation, it can be seen that the EQE magnitude is identical when comparing
the common absorption band [850 - 1200 nm] in all three architecture. This is explained by the
depth of electron penetration of about 2 mm at an energy of 1 MeV in Si (see section 111.2).
Thus, an equivalent recombination defect density is introduced in the 525um Si case of all three

architectures.
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Fig. 111-12 Comparison of the Si EQE before and after irradiation in the case of the three solar cells architectures
(1J, 2J and 3J) used in this study.

As explained above, the high degradation observed at high wavelength is a result of the
solar cells bulk (p-type) degradation. The recombination defects created due to atomic
displacement are at the origin of the degradation of the minority carrier’s diffusion length in the
cell. Thus, the further away (from the SCR) the electrons-holes pairs are created, the lower is

the probability to reach the junction for separation and collection.

Indirect bandgap Si (low absorption coefficient) requires a large thickness and therefore a
high diffusion length to obtain a good efficiency and therefore the Si sub-cell is particularly
sensitive to irradiation defects. Since the sub-cells are connected in series and the degradation
of Si is the most pronounced due to its lower radiation resistance [9] and its substantial thickness
(525 um). However, in the case of top sub-cells (I11-V materials), their intrinsic properties
(direct bandgap with a high absorption coefficient) leads to thin junctions. Thin I11-V layers are
sufficient to collect large portion of spectrum (GalnP: 850 nm and AlGaAs (2J and
3J): 2500 nm); therefore the consequences of reducing minority carrier diffusion length is less
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pronounced in these junctions [10]. In addition, the higher bandgap materials are reported to be
more radiation hard than lower bandgap where the degradation of Jsc is less important at high
bandgap [11]-[13].

Effect on short-circuit current density Jsc

The short-circuit current density calculated by convolution of EQE to the AMO spectrum
is plotted as a function of fluence for each sub-cells of each architectures in Fig. I11-13. The

lines represent the fit of the measured Jsc to the fluence according to Eq. I11-1.
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Fig. 111-13 Evolution of short circuit current density of each sub-cell measured by convolution of EQE to the AMO
reference spectrum as a function of fluence (top) c-Si (bottom-left) 2J AlGaAs//Si (bottom-right) 3J
GalnP/AlGaAs//Si. The symbols represent the measured data, whereas the lines represent the fit with Eq. 111-1.

In the case of c-Si, the Jsc are 39.8 mA.cm™ and 38.7 mA.cm™ for large and small cells
respectively at BOL (see Fig. I11-13 top). After irradiation, the Jsc decreases in the same way
for both cell sizes, the difference in performance at EOL is due to that at BOL. According to the
fit, the Jsc starts to be visible from a fluence of 10'? e.cm™. At the highest fluence studied,

158



Ch. lll Electrons Irradiations

the Jsc reaches 30 mA.cm, which is in good agreement to the measured one with I-V

characterizations.

In the case of 2J, the AlGaAs and Si photo-generate a Jsc of 14.4 mA.cm™ and 19 mA.cm™
respectively at BOL (see Fig. I11-13 bottom-left). The large difference between the Jsc of the
two sub-cells underlines that they are not optimized for AMO spectrum. Thus, the top sub-cells
limits the overall current of the 2J device at 14.4 mA.cm™ (in good agreement with the
measured Jsc by I-V measurements) due to series connection of the sub-cells.

After irradiation, there are two behaviors depending on the fluence below and above
10'* e.cm. For fluence lower than 10** e.cm, a low degradation is observed for AlGaAs
which still limits the current of the overall device. For Si bottom sub-cell the degradation
becomes visible around 10 e.cm and it is higher than that for AIGaAs sub-cell. However, the
Jsc photo-generated remains higher than that for AlGaAs sub-cell. Therefore, the degradation
of the dual-junction Jsc is driven by that of AlGaAs. At 10**e.cm a crossover point is reached
between the Jsc of both sub-cells; they operate at current match conditions around
13.8 mA.cm?,

Due to a higher degradation of Si compared to AlGaAs an inversion of limiting sub-cells
occurs at a fluence of 10'* e.cm™. At higher fluence the Si bottom sub-cell limits the overall
current of the 2J, therefore the Jsc degradation of the overall device. Because of the low
radiation hardness of Si and the limited spectral range transmitted through the top cell, the Jsc
drops to 10 mA.cm™. While for AlGaAs, Jsc remains at 12.7 mA.cm™,

This explains the behavior of the double junction by I-V characterizations (see Fig. 111-4),
where a low degradation is observed at 10'* e.cm while a faster degradation is observed for
the upper fluence. On the other hand the low relative degradation observed for the overall 2J,
is the result of the ratio of EOLsi/BOLaicaas Since it is the Si that limit the current at fluence
higher than 3.10%* e.cm™.

In the case of 3J, the photo-generated current density before irradiation is 16.2 mA.cm?,
12 mA.cm and 10.7 mA.cm™ for GalnP, AlGaAs and Si, respectively (see Fig. 11-13 bottom-
right). So the Si bottom sub-cells is limiting the overall current of the 3] 10.7 mA.cm™ that is
in good agreement to the Jsc measured by I-V characterizations (10.2 mA.cm™). After
irradiation, the current density decreases slightly for GalnP and reaches 15 mA.cm?

moderately for AlGaAs (9.6 mA.cm) and strongly for Si with a Jsc value after irradiation of
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3.6 mA.cm? at a fluence of 10'° e.cm™. Unlike the dual junction, the Si, which was already

limiting in BOL, remains logically the limiting cell in terms of Jsc.

As seen in the EQE response of each sub-cell of each architecture, the degradation is more
important at the high wavelength of each sub-cell, which means a strong degradation of the
minority carriers diffusion length. This degradation is due to the formation of complex
recombination defects due to atoms displacement. From the comparison of the Si EQE in each
architecture, it is deduced that the same degradation occurs independently of the solar cell
architecture. On the other hand, due to the low absorption band (limited to high wavelength) of
the Si in the case of 3J and 2J and compared to 1J, the degradation of the Jsc is more important
in tandems architectures. Therefore, at high fluence the tandem solar cells Jsc is driven by the
variation of the Si bottom sub-cell and is more present when increasing the number of junction
on the top of Si bottom sub-cells. From these results, one can conclude that an optimized tandem
cell must have an appropriate current mismatch at BOL (higher Jsc for Si sub-cell) to end up
after irradiation in current matching condition. For instance, the 2J cell is optimized for a

fluence of 10*e.cm™.

111.2.5. Internal Quantum efficiency
The principle and the characterization protocol of solar cells in Internal Quantum
Efficiency IQE is the same than EQE. Nevertheless, in the case of IQE the front side reflected
photons are taken into account as detailed in Eq. Il1-4. Since the reflection R(X) is always
superior (or equal to) zero, the magnitude of the 1QE is logically (most of the time) higher than
that of the EQE [7].

EQE(})
1—R(D)

By using this characterization, it is possible on the one hand to remove the influence of

11-4

IQE(}) =

possible reflectivity variation with irradiation (ARC degradation). On the other hand, it allows
to quantify by physical models and analyses the behavior of the minority carriers diffusion
length. The characterization results of the three solar cell architectures in IQE and reflection are

presented in Fig. 111-14.

In the set-up used to measure the IQE, we do not have an integrating sphere to collect all
the reflected photons; the measurement captures only specular reflection. Thus, we were not

sure about the accuracy of our IQE measurements. To solve this issue, measurements were also
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performed with the spectrophotometer UV-Vis-NIR PERKINELMER Lambda 950 with an
integrating sphere, in order to measure both specular and diffuse reflections.
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Fig. 111-14 Characterization of reflection as a function of wavelength for (left) 2J AlGaAs//Si and (right) 3J
GalnP/AlGaAs//Si using our standard Quantum efficiency set-up (specular reflection only) and a
spectrophotometer with an integrative sphere.

Results on 2J (left) and 3J (right) reflection characterization by the two set-up are shown
in Fig. 111-14. Measurements were performed on multiple samples with the same fingers density
on the surface in order to maintain the same metal reflection over the entire samples and gives

the same results. However only one sample is shown for each architecture to simplify the plots.

As a first comparison between the two architectures, on one hand higher reflection is
observed for 3] compare to 2J at low wavelength with values of 33% and 20% respectively. On
the other hand, at high wavelength reflection is higher in 2J than 3J with values of 25% and
15% respectively. This difference is due mainly to the difference in the ARC layers (SiN/SiO3)
thicknesses of 85/85 nm for 3J and 50/70 nm for 2J. This optimization was implemented to

enhance the Jsc of the Si bottom sub-cells in the 3J since it is the limiting sub-cell.

Now by comparing the two setups (black VS red curves), it is observed in both architectures
a reflection gap between the two measurements at low (A <350 nm) and long wavelengths
(A > 1040 nm) with 10% (absolute value) maximum deviation. Despite this, in the wavelength

range 350 - 1040 nm, the two measurements agree very well with average deviation less than
1.5% in absolute value.

In the case of the used solar cells, the EQE is low at both long and short wavelengths and
is less than 40%. If we take an average deviation on reflection of 5% in absolute values, the

resulting 1QE deviation is below 3% in absolute values. On the other hand, in the medium
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wavelength range where the EQE approaching 90%, the resulting IQE deviation of 2% (abs.
values) is calculated for 1.5% deviation of reflection. The calculated reflection effect is small
and can be neglected. In addition, the wavelength range of interest for the calculation of the
minority carrier diffusion length is narrowed down to the middle wavelength range (se details
in the section 111.2.5.1). Therefore, the IQE measurements can be carried out with a reasonable

accuracy in the set-up without the addition of the integrating sphere (see Fig. I11-15).
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Fig. 111-15 IQE and reflection characterization before and after irradiation (top) 1J c-Si (bottom-left) 2J
AlGaAs//Si and (bottom-right) 3J GalnP/AlGaAs//Si.

In the case of the single-junction c-Si (see Fig. 111-15 top), it can be seen that at BOL (dark
curves) both large and small cells have the same IQE behavior unlike to EQE one. This is due
to the higher finger density in the large cells compared to the small ones, introduced to minimize
the effect of high series resistance (high current). The magnitude of the IQE is higher than the
EQE globally and especially at long wavelengths where the reflection is higher due to one ARC
layer. As indicated above the appearing dips on the EQE of 3J have disappeared in the 1QE
measurements with the corresponding wavelength coordinates that coincide perfectly with the

reflection peaks. After irradiation, the same behavior is observed as for EQE: some degradation
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is detected on all the absorption range, however the effect is more pronounced at long
wavelengths for all the solar cells architectures. The obtained results for 2J and 3J are presented
in Fig. I11-15 left and Fig. 111-15 right respectively.

In the following, we analyze the measured reflection for the three architectures as a function
of irradiation fluence to answer the question whether irradiation has an effect on the reflection;
this point is important to discriminate minority carrier degradation from ARC optical losses.
Fig. I11-16 presents the measured reflection of the three architectures before (solid curves) and

after 1 MeV electrons irradiation with a fluence of 10*° e.cm (dashed curves).
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Fig. 111-16 Comparison of reflection before and after irradiation with a fluence of 10° e.cm™ for the three solar
cells architectures for a fluence of 10 e.cm,

In the case of c-Si, the reflection measured at EOL is slightly lower than that measured at
BOL, the maximum calculated deviation is very small (~5% in absolute value) and may be
related to measurement and handling uncertainties. However, in the case of tandem cells for
both 2J and 3J, an almost perfect match is observed for the reflection measured in EOL to BOL,
which indicates that the irradiations have quasi-no effect on the quality of the ARC layers used
in this study. Thus, after validating that electron irradiation has no/minor effect on ARC layers
and front reflectivity, we decided to quantify the impact on minority carrier’s diffusion length
using a model based on the IQE measurements.
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111.2.5.1 Determination of effective diffusion length
The long wavelength EQE degradation observed suggests a degradation of minority carrier
diffusion length in the Si cell/sub-cell, thus we have extracted this parameter from the
experimental quantum efficiency curves. In the IQE model proposed by Fisher et al. [14], a part
from the emitter region is modeled as a dead layer where collection is set to zero. We would
like to point that this dead layer does not correspond to the one often described in other studies
related to the highly doped front side region with low IQE [15]. The model describes the

experimental IQE data on a wide wavelength range according to Eq. I11-5.

X4

IQE(A) = %exp (— L_;\) .

1
L, 11-5
142
Lefr

With L, the absorption length (Si absorption coefficient data were taken from [16]), Lesrthe

bulk minority carrier diffusion length, X4 the width of front side equivalent dead layer and k a
scaling factor [14], [17]-[20]. The scaling factor is introduced as a method of 1QE correction,
independent of the wavelength; B. Fischer has reported values in the range of 0.01 + 0.0002 if
all the IQE is properly measured taking into account shading and reflectance due to
metallization [21]. The dead layer corresponds to a front side zone of thickness Xq with no

carriers collection [22].

In order to extract Xq, k and Lesr, the experimental IQE curves were fitted with Eq. 111-5 in

the regions where Eq. I11-5 is in applicable :

i) When the absorption length has to be long enough so that the contributions of the SCR
and the emitter thicknesses (Wscr and We, respectively) can be neglected: L) > W, + Wgcgr ~

0.58 um (equivalent to A > 470 nm).

(i))When the light penetration is small compared to the base thickness: Lj < % , thus
~ 130 pum this work (525 um Si), which corresponds to A < 990 nm.
The solution of the three involved parameters is obtained from linear regression of two

equations. As a first step, Xq and k are obtained from linear regression of Eq. 111-6 with an initial

arbitrary value of Lesr. Where the interception and the slope of the plot gives k and Xa.

eff’

Ln (IQEmeas. (1 + 5—*)) = f(LyH) 11-6
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The second step refines Less and k by linear regression of Eq. 111-7 where k is the
interception and Lesr is the ratio k on the slope. After few iterations, the model converges to the
optimal solution. We precise that this second plot is an extension of the method proposed by
Basore [23] for the determination of L. However, in the dead layer method a correction of the

inverse of IQE is added (emitter losses) to extend the method to wider wavelength range.

k
IQE~L exp(—Xq/Ly) = f(Ly) = k+L—L,1 -7
eff

In Fig. I11-17 we present as an example the resolution of the model according to the
Eq. I11-6 (see Fig. 111-17 left) and the Eq. 111-7 (see Fig. 111-17 right) in the case of a 1J c-Si cell
before irradiation.
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Fig. 111-17 IQE fit results with 111-5, for the determination of Wg, k and Les for 1J ¢c-Si at BOL (left) Determination
of Wy and k by linear interpolation of Eq. 111-6, (right) determination of Le and refinement of k value by linear
interpolation of Eq. I11-7.

In this case, we have used an initial diffusion length of 800 um, which seems compatible
with the thickness of the c-Si cell of 525 um. In a first step, we have plotted the Eq. I11-6 as a
function of the absorption coefficient (Lx?) using experimental IQE data and initial diffusion
length guess. Then, a linear fit of those data points gave us a first estimate of k and Xq (from
the interception with Y-axis and the slope) with values of 0.0104 and 67 nm respectively. By
inserting the X4 value in Eq. I11-7, a second linear fit was used to refine the value of k and Les;
the new values obtained were 0.0104 and 689 pum respectively. After few iterations (~6), the
model converges towards an optimal solution with 79 nm, 0.0103 and 657.8 um corresponding
to Xq, k and Lefr respectively, for our c-Si solar cell in BOL.

The model was applied on the six solar cells of each architectures in BOL and EOL. Since
the Si bottom sub-cells is the most degraded and is the limiting sub-cell the overall tandem solar
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cells Jsc, the model was applied only to estimate the Si bottom sub-cells diffusion length. The
results on IQE calculation using Eq. 111-5 (solid curves) as a comparison to measured data
(symbols) are shown in Fig. 111-18.
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Fig. 111-18 Comparison of measured (symbols) and calculated (solid lines) IQE using I11-5, with the L deduced
from the fitting procedure. For BOL and EOL in the case of Si (top) 1J c-Si (bottom-left) 2J AlGaAs//Si and
(quCft':cl)rs-.right) 3J GalnP/AlGaAs//Si. The green area represents the wavelength region used for the fit using

The applied model matches very well with the experimental measurements on the three
architectures. In the case of 1J c-Si, the fit range covers 500 nm up to 990 nm where the RMSE
is between 0.6 - 1 for all cells in BOL and EOL. Moreover, beyond 990 nm the model fit very
well with experimental measurements. Below 500 nm as explained before, one can clearly
distinguish the dead layer which corresponding thickness is around 70 nm where the IQE is set
to zero. In the case of tandem solar cells, the fit region is narrowed toward higher wavelength
range. Since the upper limit of the fit region is limited by the thickness of the solar cell, it

remains unchanged for all three architectures (same thickness). In contrast, for tandem cells the
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lower limit is defined by both the emitter/SCR thickness and the absorption of the top sub-
cells. Therefore, the fit range become 750 - 990 nm and 890 - 990 nm for 2J (see Fig. I11-18
bottom-left) and 3J (see Fig. 111-18 bottom-right) respectively.

Even by narrowing the fit region, a very good fit with the model is obtained to the
experimental measurements with an RMSE generally lower than 1 in the fit region. However,
some cells show a value of 2 due to small fluctuation observed experimentally during the
measurements. Beyond 990 nm, the model is slightly higher than the experimental
measurements in BOL while in EOL the model fits very well at these wavelengths. Below the
respective fit region for each architecture, the dead layer is not apparent because the model does
not take into account the top sub-cells absorption. Even if this parameter has no physical
representation in the case of 2J and 3J, it is kept only for the fit and the determination of k

and Letr.

The Lesr values for all architectures at BOL and EOL are summarized in Fig. 111-19. For the
scaling factor k, almost all values are in the range 0.01 + 0.0002, which is in good agreement
with literature. However, in some cases (not related to irradiation) k can reach 0.0104 that can
be due to the fact that the absorption by metallization is not taken into account in IQE
measurements, however this slight variation does not induces much degradation on Les

calculation.

In the case of c-Si cells before irradiation the calculated diffusion length is 676 pum,
comparing to the thickness of the solar cell this means that the electron-hole pairs photo-
generated deep in the cell (525 um) have a reasonable probability to reach the p-n junction and
therefore participate in the current photo-generated by the cell. However, after irradiation, a
significant degradation of L is observed even at the lowest fluence 10%* e.cm™ with Lesr equal
to 92 um while at the highest fluence (10'°e.cm) it reaches 29 um. In this case the electron-
hole pairs created at a depth beyond 29 um that correspond to a wavelength higher than 890 nm
have a low probability to reach the p-n junction to be separated and collected, therefore they
recombines in the bulk. In the case of tandem cells, the Lefr calculated before irradiation is
around 550 um, which is lower compared to the calculated values for 1J. This effect could be
related to the additional bonding process that induces some recombinant defects in the bottom
cell or at the interfaces. After irradiation, the same behavior is observed for both tandem cells
with a strong degradation from the lowest fluence. Diffusion length values around 80 um and
25 um are calculated after irradiation with a fluence of 1014 e.cm™and 10° e.cm™ respectively.
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As in the case of 1J cells, the photo-generated e-h pairs deep within the cell have a lower
probability of reaching the p-n junction. In addition to this effect, the impact is more
pronounced in the case of tandem cells; where the large part of the bottom Jsc is the result of
the separation and collection of charge carriers created deep within the cell. These calculations
explain the high degradation of the quantum efficiency at high wavelength in addition to the

high degradation of Jsc observed by I-V measurements.
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Fig. 111-19 Calculated L at BOL and EOL for all three solar cells architectures (1J, 2J and 3J).

One of the most used analytical equation in the field of solar cells degradation in space
application is expressed in Eq. 111-8, where the diffusion length Lesf is linked to the damage

coefficient (K., dimensionless) [24].
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Where Lo is the pre-irradiated value of Les, li is the introduction rate of the i
recombination center, ci is the capture cross section of the i recombination center, vii is the
thermal velocity of the minority carriers, D is the diffusion coefficient and @ is the fluence. As
seen in the Eq. I11-8 all the parameters related to the defects are gathered in the damage

coefficient constant K.

The damage coefficient was calculated based on the diffusion length obtained by the IQE

model and Eq. 111-8 for all three architectures and are:
For c-Si K, = 1.18x10710
For Siin 2J K, = 1.74x1071°
For Si in 3J K., = 1.60x1071°

The resulting Si damage coefficients in the single, dual and triple junction are shown in
Fig. 111-20. Looking at the slope in this graph, some dispersion is visible between the different
cells architecture. However, as Yamaguchi et al. have reported in [25], the evolution of K. in

Si with doping concentration can be expressed as follow:

KL — 4_X10—20p0.596 111-9

Where p is the base doping concentration in cm
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Fig. 111-20 Calculated damage coefficient of Les of the Si in the three solar cells architectures (blue, red and black
curves), compared to the empirical equation (see Eq. 111-9) proposed in literature.
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Thus, using this equation and the resistivity range given for this type of Si wafers
(1 - 5 Ohm.cm); we obtain the area shown in grey in Fig. 111-20. As one can see, the K for all
architectures fall within this interval and thus are fully consistent with the formula of Eq. 111-9.

111.2.6. Electroluminescence

As explained at the beginning, Spectral ElectroLuminescence (EL-S) measurements were
performed to analyze each sub-cell of the multi-junction separately. The principle of this
technique is based on the fact that the solar cell operates as an emitting diode (LED) by injecting
a current at these terminals. The photons emitted are the result of the radiative recombination
of the current injected mainly close to the bandgap of each sub-cell [26]. Since in multi-junction
the bandgap energy of sub-cells is decreasing from the top to the bottom, the emitted photons
will not be absorbed on its way out of the cell (by the front) by the upper sub-cells. Additional
absorbance due to defects and interfaces has low impact on the electroluminescence for high
quality crystal with an EQE higher than 90% [27].

In the case of the measurements performed in this study, a CMOS detector was used to
collect the emitted photons as a function of their energy with the detector limit at 1100 nm. At
the end of the optical fiber, a correcting cosine is used to maximize the collection of photons in

the whole plane of the fiber.

Due to the indirect bandgap of Si, it is more complex to measure the emitted photons with
the used spectrophotometer because the recombinations are mainly not radiative. In addition,
the 1J c-Si cell allows to follow the evolution of the Si sub-cell in the case of the two tandem
solar cell architectures, since the same Si bottom cell is used for all solar cells and due to the
fact that the 1-MeV electron energy penetrates the full depth of all the device (thus creating an
equivalent number of defects). For these reasons, the EL-S measurements were focused on the
characterization of the I11-V sub-cells (GalnP and AlGaAs in the 3J) and (AlGaAs in the 2J)
before and after irradiation. In order to maximize the signal intensity and to reduce the signal
to noise ratio, the integration time used for EL-S spectra acquisition was set to 15 seconds with

an averaging on 5 measurements.

The EL-S spectra of the 2J cells are shown in Fig. 111-21 (left) in BOL and EOL for an
injected current of 14 mA (Jinj = Jsc) as an example. The observed signal represents the emission
of the AlGaAs sub-cell with a signal peak positioned at 706 nm, which corresponds to 1.75 eV
close to the bandgap of the AlGaAs sub-cell (1.71 eV). The EL-S spectra were measured for

each cell as a function of the injection level. The results of peak intensity are plotted as a
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function of injected current (1 - 15 mA) for all cells in Fig. 111-21 (right) at BOL and EOL. The
sensibility of the detector limits the measured signal at low injected current. The curves show
that for a given fluence, the intensity of the EL-S is correlated to the injected current according

to Ln(ELS) o Ln(Ji;), and it degrades with increasing electron fluence at a given injection

level according to Eq. I11-1.
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Fig. 111-21 EL-S characterizations of 2J AlGaAs//Si before and after irradiation (left) EL-S emission as a function
of wavelength at an injected current of 14 mA, (right) Peak EL-S emission intensity for AlGaAs as a function of
injected current li,;. Two cells are considered per condition.

Before irradiation (black curves), low statistical dispersion is observed between the
measured cells. A peak with Full Width at Half Maximum (FWHM) of 20 nm is measured
(wavelength band where the EL-S intensity is higher than 50%). A strong degradation is
observed for the EL-S signal peak after irradiation with a drop of 43%, 70% and 94% for a
fluence of 10'* e.cm?, 3.10'* e.cm?and 10 e.cm™ respectively. The FWHM values remain
unchanged for all three fluences at a value of 20 nm; this is also seen on quantum efficiency
characterization by by the slight effect of irradiation on the EQE slope near the bandgap of I11-V
materials. The created defects by irradiation behave as non-radiative recombination centers
(SRH), resulting in degradation of charge carrier lifetime. The defects centers capture the
electrons and combine with them in a non-radiative manner, resulting in degradation of EL-S
intensity [28]. Furthermore, EL-S intensity is directly related to the concentration of non-
radiative recombination defects, such that a degradation of the EL-S is noticeable once the non-
radiative defect density introduced by irradiation N is higher than the number N initially present
in the crystal [29]. The EL-S signal at 14 mA as a function of fluence was fitted using Eq. 111-1
(see Fig. 111-22). It is clear that EL-S signal degradation is only noticeable from a fluence of
10! e.cm. Defect induced by irradiation into GaAs material were extensively studied back in

the old days [30];the main defects for this material are localized at an energy of Ec- 0.96 eV
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(labelled E5) and Ev + 0.41 eV (labeled H2) corresponding to electrons and holes traps with an
introduction rate in the range of k = 0.1 cm™ [31], [32]. Their initial concentration in the cell is
of the order of 10%° cm™ and it becomes more important beyond a fluence of 10 e.cm™; it
reaches 10'* cm™ at a fluence of 10'° e.cm™, i.e. four order of magnitude higher compared
to BOL.
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Fig. 111-22 EL-S peak intensity remaining factor of AlIGaAs in the case of 2J at a current injected of 14 mA as a
function of fluence. Symbols represent the measured data, whereas solid line represent the fit to the Eq. 111-1.

The same characterization was performed for the 3J cells. The results of the EL-S spectra
are shown in Fig. 111-23 for an injected current of 10 mA. The first peak of the signal is
positioned at a wavelength of 657 nm that is equivalent to 1.89 eV which is close to the GalnP
sub-cell bandgap energy (1.9 eV). The second peak is positioned at a wavelength of 843 nm,
which corresponds to a photon energy of 1.47 eV and thus represent the response of the AlGaAs
sub-cell (1.46 eV). It appears that the emitted EL-S intensity of GalnP is ~3 times higher than
AlGaAs. At BOL, the FWHM value is around 20 nm for both sub-cells and remains unchanged
after irradiation. After irradiation, the degradation of the maximum EL-S intensity is 39% (resp.
69%) 76% (resp. 94%) and 93% for GalnP (resp. AlGaAs) for fluences of 10'* e.cm?,
3.10* e.cm? and 10% e.cm™, respectively. A higher degradation is observed for AlGaAs
compared to that of the GalnP sub-cell, which coincides with the fact that GalnP is more
resistant to a radiative environment than AlGaAs [12], [33], [34].

Measurement of the EL-S were performed as a function of injected current (2 - 18 mA) for
each cells in BOL and EOL. At a fluence of 10'° e.cm?, the AlGaAs signal is too weak and

therefore injected current was increased until 50 mA in order to measure a distinguishable signal
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(see Fig. 111-23). As for dual-junction, the EL-S peak intensity is proportional to the injected
current for both sub-cells. The degradation at a specific injected current is more pronounced at

high fluence and for AIGaAs material.
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Fig. 111-23 EL-S characterization of 3] GalnP/AlGaAs//Si before and after irradiation (left) EL-S emission as a
function of wavelength at an injected current of 10 mA as an example (right) Peak EL-S emission of GalnP and
AlGaAs as a function of injected current liy; (base line subtracted).

The measured remaining factor of the EL-S maximum was performed using Eq. I1I-1.
Results are shown in Fig. 111-24 for both sub-cells. At low fluence, below 10 e.cm?, the
degradation is higher for AlGaAs than for GalnP. However by increasing the fluence beyond
102 e.cm™, the two degradation rates tend to slowly converge and reach values greater than
90% for both sub-cells (however the degradation of GalnP remains lower even at 10*° e.cm).
Previous studies have shown that the main recombination center in GalnP cells is identified as
H2 (Ev+0.55eV) with a introduced of recombination defect rate in the order of
k =9.3x 102 cm™ [35]-[39]. It is observed from Fig. 111-24 that the degradation of GalnP and
AlGaAs EL-S is noticeable only after a fluence of 10! e.cm and 10° e.cm respectively. Based
on this statement and the non-radiative recombination center rate (the defect concentration is
equal to the product of the fluence and the introduced defect rate), the initial concentration of
non-radiative recombination defects before irradiation is in the range of 9.10° cm and 10% cm-
3 for GalnP and AlGaAs respectively which is in good agreement with research in [39]. Beyond
each sub-cell respective critical fluence, the introduced defects become more important
~9.10* cm™ and ~ 10%* cm for GalnP and AlGaAs respectively at a fluence of 10*° e.cm™,

i.e. 5 order of magnitude higher than at BOL.
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Fig. 111-24 Variation of EL-S peak remaining factor of GalnP and AlGaAs in the case of 3J at a current injected
of 10 mA as a function of fluence. Circles represent the measured data, whereas solid line represent the fit to the
Eqg. 111-1.

Optoelectronic reciprocity

In the case of two-terminal tandem cells, it is impossible to characterize each sub-cell
separately in 1-V measurements. However, for a better understanding of the behavior of each
sub-cell, generally isotype cells are used, i.e. same architecture as an MJSC but only one sub-
cell is electrically active. On the other hand, it is still not always simple to have the
corresponding isotype cells due to additional cost, time consuming and to the possible

difference between the isotypes and the MJSC sub-cells resulting in a difference in I-V behavior.

In order to solve this issue, the reciprocity relation between the EL-S emission (geLs), the
EQE and the spectral photon density of a black body (¢gg) via Eq. I11-10 was used [1], [40],
[41].

qV
(pELS(E) V) = EQE(E) (pBB(E) [exp (k_T) — 1] 111-10
With
(T,E) = 2rE” ! 2mE” <_E> m-11
PeellB) =937 Texp (E/RTY = 1] - R3c2 Pkt

Where kT/q is the thermal voltage (25.86 mV at 300 K), E the photons energy, h is Planck
constant and c is the vacuum speed of light. Here V is the internal voltage defined as the splitting
of quasi Fermi levels near the SCR [42].
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By rearranging Equation Eq. 111-10, it is then possible to express the voltage of each sub-
cell as a function of its EL-S and EQE near the bandgap according to Eq. 111-12 [43], [44].

V= k—T.Ln(q)ELS,i) + E_ Zk—T.Ln(E) - k—TLn(EQEi) — k—T.Ln(C) 11-12
q q q q q
Where (i) refers to each sub-cell of the solar cells. The constant C is introduced to account the
fact that EL-S is measured in arbitrary units. The terms 6Vc = kT/g.Ln(C) is the same for all
sub-cells and is independent of the energy. Thus, it can be derived by comparing the Voc of the
multi-junction measured by |-V characterization and the sum of the Voc calculated according
to Eq. 111-13. However, this is only possible if all sub-cells are characterized in EL-S that is not
the case for the measurements made in this study since the Si bottom sub-cell was not

characterized due to its very low EL-S intensity.

kT 1
5VC = FIH(C) = ? [VOC,M]SC - Z Vi(linj,i = ISC,i)] Hi-13

It is then possible to reconstruct the dark I-V of each sub-cell by solving Eq. 111-12 at wide

range of injected current. The applied procedure for the calculation is outlined below.

Procedure
e Measure the EQE of each sub-cell at 300 K.
e Measure the EL-S at different injected currents, especially for linj < Isc values.
e Resolve the Eq. I11-12 with an arbitrary value of the constant C, using the maximum
value of the EL-S and its corresponding EQE in energy.
e Plot the injected current as a function of the calculated voltage linj = f(Vi).
e Calibration using constant C, since the Si sub-cell EL-S was not measured due to its low
emission we used isotype Voc, measured by Suns-Voc (labeled #1 in Fig. 111-25):
o Case 2J: the Values of constant C is changed in a way that the measured
voltage (Vi) at linj= Isc = 14 mA is equal to the measured Voc = 1.21
V with Suns-Voc (translated to AMO spectrum);
o Case 3J: atriple junction solar cells GalnP/AlGaAs//Si(inactive) where
only the top cells are electrically actives was used as reference cells
with Voc = 2.320 V. The value C is changed in a way that the sum of
the measured voltage (3 Vi) at each sub-cells Isc (16 mA and 12 mA for
GalnP and AlGaAs respectively) is equal to the measured one
Voc = 2.320 V with Suns-Voc (translated to AMO spectrum);
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o Itis important to note that the constant C will induce translation on the

X-axis, therefore when the same value is used at BOL and EOL

comparative study can be made;
The same procedure is used for BOL and EOL solar cells, while keeping the same

constant C at both conditions.
Once the dark curves are plotted and calibrated for each sub-cell, it is then possible to

plot the 1-V behavior under a specific spectrum of each sub-cell.

The results of the application of the above procedure are presented for the dual-junction at
BOL and EOL in Fig. 11-25 (left), where the data are expressed in terms of linj vs. Vi for the
AlGaAs sub-cell. It is important to note that the injected current is equivalent to the diode dark

current, and therefore the graph represents the dark I-V characteristics of the AlGaAs sub-cell.

By comparing the behavior of the AlGaAs sub-cell with the two components of the two-
diode equation; exp(qV/2kT) and exp(qV/KT), it is clear that recombination in the emitter and
base region takes place following the second component of 2-diode equation at the high-
current [44], i.e. n = 1. After irradiation, the same trend is observed for all sub-cell irradiated at
the three fluences where an increase of dark current is observed at high-injected current region
due to the introduction of defects in the emitter and the base region. This translation results in

the degradation of the open circuit voltage of the AlGaAs sub-cell.
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Fig. 111-25 Dark I-V calculated using the optoelectronic reciprocity between the EL-S , EQE and V at BOL and
EOL for (left) AIGaAs sub-cell in the 2J and (right) GalnP and AlGaAs in 3J.
As explained above it was not possible to measure the EL-S signal at low injection current

due to the low sensitivity of the detector. However, in the literature [43]-[45] they report that
in the case of GaAs, it is the SRH recombination in SCR that is dominant at BOL and at low

176



Ch. lll Electrons Irradiations

injection level. Whereas at EOL the recombination in SCR is negligible compared to that of the
emitter and the base, thus the sub-cell behavior follows the second component of the 2-diodes

equation (n = 1) even at low injection level.

The same procedure was used to calculate the dark 1-V from the EL-S measurements for
the two sub-cell GalnP and AlGaAs in the case of 3J (see Fig. 111-25 right). In a first view, it is
observed a higher increase of dark current of the AlGaAs sub-cell compared to the GalnP one.
This is due to the relatively low radiation hardness of AlGaAs. A comparison of the sub-cell
behavior to the simplified 2-diode model components is made. In the case of the AlGaAs sub-
cell, before irradiation at high injection current (Jinj > 10 mA) the recombination in the base and
emitter region is dominant, whereas at low injection level (Jij < 10 mA) it is the SRH
recombination in the SCR that takes the advantages that is in accordance with the 2-diode
model. After irradiation, the same behavior is observed as in BOL with an increase of the dark
current of the two components of the 2-diodes equation. However, a larger increase is recorded
for SRH recombination in SCR.

In the case of the GalnP sub-cell, the same behavior is observed with a current of 4 mA
where both recombinations are equal, i.e. recombinations at base and emitter drive the behavior
of the sub-cell for linj > 4 mA and the SCR that takes the advantages for linj <4 mA. After
irradiation, it is observed a small increase in the dark current of the recombination in the emitter
and the base region compare to the one observed at low injection level for SRH recombinations
in the SCR. It is also observed at low injection level for both sub-cells an important effect of
the shunt resistance, which appears even before irradiation and increases with increasing the

electrons fluence.

Subsequently, the 1-V characteristic curves could be constructed under AMO spectrum for
each sub-cell whose dark I-V was measured using EL-S data, i.e. AlGaAs for 2J and GalnP and
AlGaAs for 3J. The results are shown in Fig. 111-26 where the |-V data calculated by the EL-S
(symbols) were fitted using the 2-diode equation (solid line) at BOL and EOL.

We recall that these measurements do not take into account the series resistance Rs, and
therefore the fill factor calculated can be different from the real one. Since the short-circuit
current density is already known and its evolution has been discussed above (see 111.2.4), we
are in this case mainly interested in the degradation of the open circuit voltage Voc of each sub-
cell. Concerning the sub-cell measured by the EL-S, the degradation is directly calculated from

the respective calculated I-V curves whereas for the Si bottom sub-cell the degradation is
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deduced from the degradation of the multi-junction cell measured by I-V characterization
(see 111.2.3).
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Fig. 111-26 Calculated light 1-V under AMO spectrum for (top) AlGaAs in the case of 2J, (bottom-left) GalnP in
the case of 3J and (bottom-right) AlGaAs in the case of 3J.

In the case of the AlGaAs sub-cell of the double junction, the data calculated by the EL-S
fit very well with the 2-diode equation. In BOL, the AlGaAs Voc is 1.219 V and the one
calculated (Voc,23- Voc,aigaas) for the Si is 0.556 V. As shown above, after irradiation the
increase in dark current induces Voc degradation of 10 mV, 34 mV and 67 mV for fluence of
10'* e.cm?, 10* e.cm?and 10 e.cm™ respectively. Thus, the deduced degradation for Si is

30 mV, 52 mV and 84 mV for fluence up to 10'° e.cm™. Results of Voc are summarized in
Tab. 111-6.

178



Ch. lll Electrons Irradiations

Tab. 111-6 Absolute Open circuit voltage Voc values for AlGaAs and Si in the case of 2J with the corresponding
absolute degradation. The Si bottom sub-cell absolute values where deduced from 2J I-V measurements and
compared to 1J c-Si sister cell.

Top : AlGaAs 2J : AlGaAs/ISi Bottom : Si 1J c-Si
Fluence
e.cm2 Voc A Voc Voc Voc A Voc Voc AVoc
V) (mV) V) V) (mV) V) (mV)
BOL 1.219 0 1.775 0.556 0 0.587 0
10% 1.209 10 1.735 0.526 30 0.519 68
3.10% 1.185 34 1.689 0.504 52 0.509 78
101 1.151 67 1.624 0.472 84 0.490 97

By comparing the degradation of both AlGaAs and the Si sub-cell of the 2J, we observe a
slightly higher degradation in the case of the Si. However, it is the relative degradation that
reflects the radiation resistance between the two sub-cells where AlGaAs loses 4% of its initial
Voc while the Si loses 15% at a fluence of 10*° e.cm™. The difference in BOL Voc (30 mV)
between the Si bottom sub-cell and 1J c-Si can be due to the difference in illumination. In the
case of 1J the Si is illuminated by all the spectrum. However, in the case of 2J, the Si bottom
sub-cell is illuminated only with half the spectrum (23 -46 mV decrease is calculated
theoretically). The difference between the Voc absolute degradation of Si bottom sub-cell and
1J c-Si may be due to the fact that cells with lower BOL performances are less sensitive to
irradiation induced defects and therefore presents less Voc degradation.

The same procedure was applied in the case of 3J for the reconstruction of I-V under AMO
spectrum for GalnP (see Fig. I11-26 bottom-left) and AlGaAs (see Fig. I11-26 bottom-right) sub-
cells. In the both cases at BOL and EOL for the two sub-cells, the data fit very well with the
2-diode equation. In the case of AlGaAs irradiated at 10'° e.cm™, not sufficient data were

obtained at low injection current (sensibility issues); therefore, the fit was not performed.

A low shunt resistance Rsn is observed for both sub-cells, and is more present for the
middle AlGaAs sub-cell. The effect of the Rsn is more pronounced with increasing fluence that
can be at the origin of radiation-induced defects that degrade the fill factor of each sub-cell I-V
characteristics in one case. Alternatively, in another case, this pseudo shunt effect may be
related to the low intensity of the EL-S at the low injection level (low voltage) and therefore
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data are not reliable in this range. Further measurements are required in order to conclude
whether the sub-cell have low Rsy or low sensitivity issues. However, since we are only
interested in the variation of the Voc (high injection level) and not in the FF, these
measurements are sufficient for absolute values and comparison of Voc at BOL and EOL
(see Tab. I11-7).

Tab. 111-7 Open circuit voltage Voc values for GalnP and AlGaAs and Si in the case of 3J with the corresponding
absolute degradation. The Si bottom sub-cell absolute values where deduced from 3J I-V measurements and
compared to 1J c-Si variation.

GalnP AlGaAs 3J Bottom Si
Fluence
e.cm Voc A Voc Voc A Voc Voc A Voc Voc A Voc
V) (mV) V) (mV) V) (mV) V) (mV)
BOL 1.445 0 0.861 0 2.88 0 0.574 0
104 1.44 5 0.831 30 2.8 80 0.529 45
3.104 1428 17 0.794 67 2.73 150 0.508 66
10%° 1412 33 0737 124 2.64 240 0.491 83

At BOL, the absolute values of Voc are 1.445V, 0.861 V and 0.574 V for GalnP, AlGaAs
and Si bottom sub-cells respectively. As explained for Si bottom sub-cell in 2J, the Si bottom
sub-cell in 3J is illuminated by ~1/3 of AMO spectrum, which induces lower Voc compared to
the one in 1J solar cells (decrease by 37 - 74 mV). At EOL, the calculated absolute degradations
for GalnP are 5mV, 17 mV and 33 mV for a fluence of 10%* e.cm™, 3.10'* e.cm?and 10% e.cm™
respectively. Expectedly the degradation of AlGaAs is more pronounced with values of 30 mV,
67 mV and 124 mV at the three fluences due to the relatively lower radiation hardness than
GalnP. The degradation of Si bottom sub-cell in the case of 3J is in good agreement with that
calculated for 2J and 1J.

In the literature, different degradation values are reported for GalnP. Our calculations are
in good agreement with those presented by Hoheisel et al. [44], where the Voc degradation of
GalnP sub-cell is 18 mV at a fluence of 4.10™ e.cm™. Whereas in other references the
degradation of GalnP is higher and around twice as much degradation [28], [46]. When
comparing the degradation values reported to those calculated in the case of the 3J cells used in
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this study, non-logical results are obtained where Si degradation is zero. This is due to the

architecture differences (doping profile, cell thickness, etc.).

I11.3 Proton Irradiations

In this section, we present the evolution and behavior of solar cells as a function of proton
irradiation. The irradiations were performed with 1 MeV protons beam at three different
fluences, 10 p.cm, 3.10% p.cm2and 10% p.cm™. The energy of 1 MeV is within the range
of energies proposed by the irradiation platform and is widely used in the context of
conventional 111-V/Ge cells. In terms of studied fluences, they are equivalent to the electrons
one since a proton deposits an energy in the range of thousand times that of one electron. This
allows comparing both irradiations by unidirectional electrons and protons beam. The same
solar cells samples were used as for the electrons irradiation (thickness, doping level, ARC and
passivation layer) except for the triple junction solar cells where the emitter of Si bottom sub-

cell were obtained by ion implantation instead of diffusion for the previous cells.

First, simulations using the Monte Carlo ion transport code SRIM developed by J.F. Ziegler
[47] have been performed to define the energy deposited in each cell layer as well as the proton
penetration depth. I-V characterization under illumination are performed under AMO and 300 K

to follow the electrical parameters as a function of the irradiation fluence.

Experimental characterizations were carried out before and after the irradiation to follow
the evolution of the behavior of the solar cell in general by I-V measurements and by QE
characterizations to follow the evolution of each sub-cell as a function of the irradiation. The
IQE model was applied to calculate the diffusion length as a function of the irradiation and thus

the damage coefficient.

111.3.1. SRIM simulation

In this section, we present the interaction of protons which enter the solar cells, for the 1J,
2J & 3J devices used in this PhD work. The energy loss of protons in samples is dependent on
the materials physical properties of the medium, i.e. atomic displacement threshold,
composition and density. Depending on the initial energy of the protons and the thickness of
the solar cell, the particles can pass through the cell or settle in at different depths. One of the
key parameters for Non lonizing Energy Loss (NIEL) calculation is the atomic displacement
energy Eq, where different values are reported in the literature (see Tab. 111-8). In the case of Si
values of 11 and 12.9 eV have been reported [14]. However a value of 21 eV has also been

proposed in literature [48] [49]. Similarly, for Ga and As, values of 10 eV have been published
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[41], [42] as well as 21 - 24 eV [52]. In the case of Ga, In and P values of 10 eV, 7 eV and 9 eV
can be found [50]-[53] as well as 24 eV, 7 eV and 3.5 [49], [53], [54].

The atomic displacement values used in the simulation are summarized in the Tab. 111-8,
labelled with a star sign. Among all the literature values, the choice was guided by the best fit
of electrical parameters evolution according to the displacement damage dose (will be detailed

later).

Tab. 111-8 Displacement Energy Ed for each sub-cell constituting atoms. (*) denotes the Eq used for SRIM
simulations [48],[49], [53]. [54].

Composition _
Ga In P Al As Si
Atoms
) 10 eV eV 10 eV 10 eV
Displacement 6.7 eV
21 eV 8.7eV 20 eV* 21eV 12.9eV
energy Ed 7eV*
24 eV* 3.5eV* 24 eV* 21 eV*

The interaction result of 10° p.cm with an energy of 1 MeV during their trajectory in a 3J
GalnP/AlGaAs//Si cell is presented in Fig. 111-27 (plotting depth 0 - 20 um). In the case of
unidirectional protons beam, no variation (deposited energy per ion, penetration depth or the
number of induced displacements) is observed as a function of the fluence. This is why a low
fluence 10° p.cm™ has been studied in order to reduce the simulation time. Due to the high mass
in comparison with electrons, the protons have low penetration depth into the material where it
reaches 14.7 um (from the top of the cell) in the 3J. Therefore, an implantation of proton will
happen into the Si sub-cell, when bare 111-V/Si cells are exposed to this type of proton beam.
By taking into account the top and middle sub-cell, the protons stop at a depth of 11.2 um into
the Si bottom sub-cell far from the top of the Si sub-cell.

In the case of top and middle sub-cells, the energy transmitted by the protons is relatively
constant as a function of their depth (see Fig. 111-27 right). The average energy loss is about
5eV.A1 and 7 eV.Al in the GalnP and AlGaAs sub-cells, respectively. However, non-
homogenous energy loss is observed in the case of Si bottom sub-cell due to its high thickness.
At the beginning of Si sub-cell (~ 3.5 um from the top of the solar cells); the energy loss is
about 4.8 eV.A* and its increase where it reach 6.4 eV.A™ at 10 um. By going deeper into the
cell the deposited energy increase rapidly and reach its maximum 11.2 eV.A* where the protons
come to rest (Bragg peak).
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Fig. 111-27 (Left) Trajectory of 10° p.cm? with 1-MeV unidirectional proton beam into 3J GalnP/AlGaAs//Si
(right) deposited energy by ionization into each sub-cell of the 3J simulated using Monte Carlo ion transport code
SRIM.

The same simulations were conducted on both 1J and 2J solar cells in order to quantify the
deposited energy and the protons range. In the case of 1J, near the surface the proton energy
loss is about 4 eV.A™ and reach 11.3 eV.A at a depth of 16.5 um where the protons come to
rest. For 2J solar cells, the energy losses in the AlGaAs top sub-cell are relatively homogenous
with an average energy of 6.5 eV.Al. However for Si bottom sub-cell the same behavior is
observed as for 3J and 1J where the energy losses near the interface AlGaAs//Si is about
4.5eV.Atand reach 11.3 eV.A! at Bragg peak (15.3 um). The simulated parameters (energy
losses, range into the cell and into the Si sub-cell) are summarized in Tab. I11-9 for the three

solar cells architectures.

Tab. 111-9 Protons energy losses into 1J and each sub-cells of the 2J and 3J with the corresponding penetration
depth of protons into the solar cells.

1J 2J 3J
Sub-cells
Si AlGaAs Si GalnP  AlGaAs Si
Energy losses
4-11.3 6.5 45-11.3 5 7 48-11.3
(eV.A?)
Range (um)
Solar cells 15.3 14.7
16.5

Si cells/sub-cell 13.1 11.2

The difference in energy losses in the top sub-cell of the 2J (Alo22GaAs) and the middle
sub-cell of the 3J (Alo.03GaAs) is mainly due to the difference in material density, i.e. higher

density in the case of the 3J due to the low concentration of Al, therefore higher energy losses.
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In the case of electron irradiation, the deposited energy does not vary within the depth of each
junction. This is not the case of 1 MeV protons irradiation where in the case of the Si in all three
architectures, the energy lost at the beginning of the path is higher in the case of 3J than in 2J
and 1J. This is because in the case of 3J, top/middle slow down more the protons as they pass
through than in the case of top sub-cells in 2J and low energy protons deposit more energy than

energetic one [55].

From simulation results, it is observed that the protons penetration depth decrease by
increasing the number of junction (see Tab. I11-9) because of additional layers. Due to the
relatively small thickness of top and top/middle sub-cells in the case of 2J and 3J (~ 2 - 4 um),
the deposited energy over their entire depth is relatively constant, therefore a homogenous
degradation is expected on all the junctions depth. However, in the case of Si it is observed that
energy losses is not homogenous and it is more important close to the implantation depth.
Therefore we distinguish three main regions in the Si bottom cell: i) the first part, a few
micrometers (~ 10 um) where the degradation is relatively homogenous, ii) the second part is
highly degraded due to high energy deposited near the Bragg peak (protons end of track); the
depth depends on solar cells architectures (16.5 um for 1J, 13.1um and 11.2 um for 2J and 3J
respectively), and finally iii) the third region where the Si is not irradiated, beyond the Bragg
peak. These three main regions are responsible for a very different minority carrier diffusion
length according to the cell depth, i.e. qualitatively a low Less in the first region, a very low Left

in the second region and a high (un-affected) Less in the third region.

111.3.2. Current-Voltage Characterization
The investigation of the behavior of each solar cell with respect to 1 MeV protons
irradiation was performed by means of I-V measurements on nine solar cells for each
architecture before and after irradiation (three samples per fluence). The same condition and
characterization protocol were followed as for electron irradiation, i.e. AMO spectrum at an
intensity of 1367 W.m2 and at 300 K using Helios 3030 solar simulator.

In the case of 1J (see Fig. 111-28 top), 1x1 cm2 samples were used, at BOL (black curves),
their 1-V characteristic curves show low statistical dispersion with average values of Jsc, Voc
and FF of 39.1 mA.cm, 0.559 V and 82% respectively. After irradiation (colored curves), a
strong decrease in the Jsc is observed compared to the Voc and it is more pronounced with

increasing fluence. However, no irregularities or uncommon degradations influencing the fill
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factor were observed. The absolute electrical parameters are summarized in the Tab. 111-10 with

a low analyzed dispersion (< 3%) for each cells group at a given fluence.
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Fig. 111-28 Current Voltage characterization of the three solar cells architectures at BOL and EOL under AMO
spectrum and 300 K (top) 1J ¢-Si 1 x 1 cm? (bottom-left) 2J AlGaAs//Si 1 x 1 cm2 and 2 x 1 cm?2 (bottom-right) 3J
GalnP/AlGaAs//Si 0.5 x 1 cm?, 1 x 1 cm? and 2 x 1 cm2. High statistical dispersion for 3J solar cells is due to the

difference in solar cells sizes.

Tab. 111-10 Average electrical parameters on nine solar of 1x1 cm? sizes characterized at AMO spectrum and

300 K at BOL and EOL.

c%;i BOL 10" p.cm™ 3.10" p.cm™ 10 p.cm™
Jsc (MA.cm?2) 39.1+05%  33.7+0.7% 28.5 + 0.4% 24 +2.1%
Voc (V) 0.559 £ 0.3% 0.547 £ 0.1% 0.519 + 0.04% 0.494 £ 0.5%
FF (%) 82 £ 0.5% 79+1.1% 79+1% 76 £ 2.8%
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Efficiency (%) 13.2+1.1% 10.7 +1.7% 8.5+ 0.4% 6.6 +2.5%

In the case of 2J AlGaAs//Si (see Fig. 111-28 bottom-left), two large cells (2 x 1 cm? size)
have a higher Jsc at BOL compared to the 1 x 1 cm? ones, which have a low data dispersion
(< 2.3%). After irradiation, a low degradation on Jsc is observed at the lowest fluence
10 p.cm?, however by increasing the fluence, a higher degradation is measured. This is due
to the fact that the AlGaAs is limiting the total current of the 2J at a fluence lower than
10! p.cm™ thus a moderate degradation is observed. However, by increasing the fluence above
10! p.cm an inversion of limiting sub-cell occurs from AlGaAs to the Si one, which is less
radiation hard, so a higher Jsc degradation is observed, this trend will be investigated in more
details later in this manuscript by using EQE measurements. Due to differences of electrical
performances between the two cells sizes at BOL leads to differences after irradiation, i.e. the
cell with higher Jsc remains higher after irradiation. The absolute electrical performances at
BOL and EOL are resumed in Tab. I11-11.

Tab. I11-11 Average electrical parameters on nine 2J solar of 2x1 cm? and 1x1 cm? sizes characterized at AMO
spectrum and 300 K at BOL and EOL.

23
_ BOL 10! p.cm? 3.10 p.cm? 10'? p.cm?
AlGaAs//Si
2
Jsc (MA.cm™) 148+17%  13.5+0.2% 10.7 + 3% 7+8.3%

Voc (V) 1.773+03%  1731+02%  1661+0.2%  1577+0.3%
FF (%) 84 +1.1% 80 + 0.5% 81 +0.7% 81+ 1.8%
Efficiency (%)

16.1+£2.3% 13.7+0.5% 10.6 £2.8% 6.6 £10.4%

Considering the 3J GalnP/AlGaAs//Si (see Fig. 111-28 bottom-right), high statistical
dispersion reaching 6% on efficiency is observed for the I-V characteristics curves of the
selected solar cells at BOL. This is due to the different samples sizes used (2 x 1 cm?, 1 x 1cm?
and 0.5x1cm?). After irradiation, a low degradation is observed at the lowest fluence
10 p.cm contrary to expectation because it the Si bottom sub-cell that limits the current of
the 3J even at BOL, this behavior will be investigated by EQE of the sub-cells. However, by
increasing the fluence, a high Jsc degradation is observed due to the Si degradation (low

radiation hardness). The degradation of electrical properties is correlated to the irradiation
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fluence with also higher statistical dispersion reaching 16% at EOL. Tab. 111-12 presents the
absolute electrical parameters at BOL and EOL for 3J solar cells.

Tab. 111-12 Average electrical parameters on nine 3J solar of 2x1 cm?, 1x1 cm? and 0.5x1 cm? sizes characterized
at AMO spectrum and 300 K at BOL and EOL.

> _ BOL 101 p.cm?  3.10% p.cm? 102 p.cm?
GalnP/AlGaAs//Si
Jsc (MA.cm?) 9.5+4.3% 8+4% 5.2+5% 24+ 12%
Voc (V) 2919+1% 2738+02% 2.639+03% 2472+0.6%
FF (%) 87 £ 5% 84 £ 0.5% 82+ 3% 76 £ 3%
Efficiency (%) 17.8+6%  13.4%4% 8.3+ 6% 3.3+ 16%

In order to compare the evolution of the electrical parameters between each solar cell
architecture (1J, 2J and 3J) it is preferable to follow the evolution of the remaining factor as a
function of the fluence, especially in the case where a strong dispersion is analyzed at BOL.
The calculated remaining factor values are plotted against 1 MeV protons fluence (symbols) in
Fig. 111-29 for Jsc, Voc FF and efficiency. Measured data were fitted using Eg. I-2 to investigate
the behavior of each electrical parameters on a wide range of protons fluence (solid lines). The
fit curves coincide very well with the evolution of all the measured electrical parameters as
reported in literature [24], [50], [56] with an RMSE of 7.10° except in the case of the 2J fill
factor which did not fit with Eq. I-2 due to limiting sub-cell variation. The fit parameters found
when using Eq. 111-2 are presented in Tab. I11-13.

Tab. 111-13 The used fit Parameters (Ax and @) of electrical parameters remaining factor for 1J, 2J and 3J
according to Eq. I11-2 after protons irradiation.

Architectures / Parameters RF(Jsc) RF (Voc) RF(FF) RF(Eff.)

. Ax 0.121 0.058 0.024 0.15
c-ol
@y(p.cm?)  4.17x10%° 1.49x10" 4.14x10° 3.8x10Y
_ Ax 0.355 0.0526 _ 0.279
AlGaAs//Si Des not Fit
@x(e.cm?)  2.87x 10 1.41x10% 1.33 x 101!
Ay 0.341 0.0533 0.193 0.309

GalnP/AlGaAs//Si
@x(e.cm?)  1.21x10* 556x10° 9.13x 10" 7.34x 10%

In the case of the Jsc (see Fig. I11-29 top-left), a low degradation less than 20% is calculated
for the three architectures at the lowest fluence 10! p.cm. By increasing the protons irradiation

fluence the defect density increases, thus higher degradation is measured where it reaches 40%,

187



Ch. lll Protons Irradiations

53% and 75% for the 1J, 2J and 3J respectively at the highest fluence 102 p.cm™. The
degradation becomes visible from a fluence of 10° p.cm where it is identical for 1J and 3J and
is lower than 2J. Beyond a fluence of 10'° p.cm™ the degradation of 3J is more important in
comparison with the two other cell architectures due to the limited absorption range of Si to the
high wavelength where the irradiation effect is more important because of low diffusion length
of minority carrier (electrons in p-type). Considering 1J and 2J, a crossover point is observed
at a fluence of 3.10! p.cm where the degradation under irradiation of 1J solar cell is higher
below and lower above that fluence. This behavior can be explained by the fact that the top sub-
cell (AlGaAs) with a better radiation hardness limits the total current of the 2J at a fluence lower
than 3.10 p.cm™, while beyond this fluence it is the Si sub-cell with its lower radiation
hardness that takes over the limitation of the 2J current. For a better understanding of the solar
cells Jsc evolution according to the irradiation fluence, further characterization on each sub-

cells by EQE will be discussed.
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Fig. 111-29 Remaining factor calculations of the three architectures solar cells (1J, 2J and 3J) after 1 MeV protons
irradiation on the (top-left) Short-circuit current density (top-right) Open circuit voltage (bottom-left) Fill Factor
(bottom-right) Efficiency. The measured electrical parameters are presented by symbols while the linear curve
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represents the fit using Eq. 111-2. Note: the Y-scale is not the same for all graphs in order to show clearly the
variation of each electrical parameters as a function of 1-MeV electrons fluence.

The degradation of the Voc (see Fig. 111-29 top-right) of the three architectures is visible
from a fluence of 10'° p.cmhowever low values are calculated of 11 % for both 1J and 2J and
15% for 3J at 10*2 p.cm™. By comparing the degradation of the three architectures as a function
of fluence, it is observed that the degradation is more important for the 3J over the whole
irradiation range whereas for the 1J and 2J almost the same degradation is calculated. This
trend is in contrary to our expectations given that the 3J is composed from three sub-cells with
the top and the middle that have a better resistance to radiation. This effect can be due to the
high energy deposited in the top GalnP and middle AlGaAs sub-cell compare to the case of
electrons, and to the homogenous degradation in the top cells compare to the Si where defects

are localized in the first ~15 um of the sub-cell.

A low degradation is calculated for the FF on all three architectures and is less than 20%
at the highest fluence considered in this work 10*? p.cm2 (see Fig. 111-29 bottom-left). In the
case of 1J and 3J, the FF evolves as a function of protons fluence according to Eq. I11-2.
However, in the case of 2J, a low degradation (5%) is observed at a fluence of 10! p.cm and
then a recovery is observed at high fluence (degradation less than 5%). As in the case of
electrons irradiated 2J, this effect is explained by an inversion of limiting sub-cell at a fluence
of 10 p.cm™. This phenomenon does not appear in the case of the 3] because there is no

limiting sub-cell inversion.

Due to the high degradation of Jsc compared to the Voc and FF, the efficiency variation
follows the behavior of the Jsc. Higher degradation is observed for 3J compared to 1J and 2J
with values reaching 80% at a fluence of 102 p.cm™. In the case of 1J and 2J, a crossover point
at a fluence of 10! p.cm is observed where the degradation of 2J efficiency is higher than the
1J at low fluence and higher at high fluence. We would like to remind to the reader that the
remaining factor does not reflect the absolute values for each architectures but only the relative
degradation compare to the BOL ones.

111.3.3. Quantum efficiency characterization
Quantum efficiency measurements were performed on the three 300 K solar cell
architectures before and after proton irradiation. As previously explained, this technique allows
the analysis of the behavior of each sub-cell separately and to investigate the quality of each
sub-cell as a function of its depth. Fig. 111-30 (top) shows the results of the EQE measurements

carried out on the 1J at BOL (black curves) and EOL (colored curves).
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Fig. 111-30 Quantum efficiency characterization of each sub-cell of the three solar cells architectures at BOL and
EOL with respect to their Jsc evolution as a function of fluence for (top) 1J c-Si, (middle) and 2J AlGaAs//Si
(bottom) 3J GalnP/AlIGaAs//Si. The grey rectangle represent the region where the energy transferred to recoils is
more than 10%.
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After irradiation, degradation is observed over a large absorption range of Si. Contrary to
the behavior observed after electron irradiation, a slight degradation is observed even at the
short wavelengths (~500 nm) which corresponds to the response of the emitter and the SCR.
This can be explained by the fact that protons during their way through the cells deposit a greater
amount of energy in these two layers and therefore a higher defect density. Beyond a
wavelength of 500 nm, a higher degradation is observed and is more pronounced at high

wavelength (deeper in the cell) due to decrease in the minority carrier diffusion length.

It has been shown by SRIM simulations that 1 MeV protons come to rest in the Si cell at a
depth of 16.5 um, where the density of deposited energy is very high resulting in high defect
density. The grey rectangle in the EQE graph represents the region where the energy transferred
to recoils (that cause the most damage on solar cells properties) is more than 10%
(inhomogeneous degradation) resulting in a region that extend from 12.4 um to 16.2 um. For a
fluence of 10 p.cm2and 3.10* p.cm?, a different behavior (EQE slope) is observed before
and after the area of high defect density. A greater slope is observed in the irradiated area and
a smaller slope where the cell has not been irradiated. A longer diffusion length after this region
compared to that in the irradiated area explains this result. However, at higher fluence we
consider that high density of defects is introduced in the cells, therefore the degradation of the
minority carrier diffusion length is too important, which hides the effect of non-irradiated part
since e-h pairs created at this region has to cross all the irradiated region to reach the junction.

For this reason, the difference in EQE behavior is not observed at a fluence of 10'? p.cm™.

In the case of 2J (see Fig. 111-30 middle), degradation is present on both sub-cells (AlGaAs
and Si) and is pronounced at the strong absorption wavelengths of each sub-cells. The grey
rectangle represents the part where the degradation is more important due to protons stopping
at this region. It extends from 12.3 to 16.1 um, which corresponds according to the absorption
coefficient of Si, to a wavelength range of 805 - 835 nm. By analyzing the EQE of the 2J this
wavelength portion is part of the absorption of Si. As for 1J, a two different behaviors of the Si
sub-cell are observed: i) the degradation is more severe in the region before the Bragg peak
where the cell has been irradiated, and ii) the collection probability is better after the Bragg
peak because this region has not seen irradiation related recombination defects. At a fluence of
10! p.cmand 3.10% p.cm™, this effect is more visible than the one at a fluence of 10'? p.cm
due to the relatively high introduced defects and thus very low minority carrier diffusion length

for this fluence.
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By analyzing the behavior of each sub-cell of the 3J (see Fig. 111-30 bottom) it can be
observed that the degradation is more important in the case of AlIGaAs and Si compared to that
of GalnP due to its high radiation hardness [57]-[60]. Note that in the case of GalnP, the higher
EQE observed at low wavelength (400 - 500 nm) after irradiation at the lowest fluence (red
curve) is due set-up calibration issues, and thus has no physical meaning. Due to the strong
decrease of the minority carrier diffusion length, the EQE drop is more pronounced at longer
wavelengths. In Fig. 111-31 the collision events (displacement and vacancies) are presented as
a function of Si cell depth using SRIM simulation, since the displaced atoms and the vacancies
are at the origin of the formation of stable complex defect that degrades the diffusion length. It
has been identified that a defect density higher than 10% is introduced into the Si sub-cell at a
depth range between 10.2 um and 15.8 um that correspond to absorption in the wavelength
range 786 — 833 nm. In the 3J architecture, this region is non-effective in terms of Si absorption
and is positioned in the AlGaAs absorption band. However, this region does not affect the
behavior of the AlGaAs sub-cell. Therefore, the observed EQE of Si represents the non-
irradiated part of the sub-cell with a low degradation at 10! p.cmand 3.10'! p.cm?2and a

higher degradation at 10*? p.cm™.
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Fig. 111-31 simulation of the induced displacement, vacancies and replacement atoms of Si solar cells irradiated
by 1 MeV protons beam.

The calculated Jsc (convolution of EQE to the AMO spectrum) for each sub-cell in all

architectures is plotted against 1 MeV protons fluence in Fig. 111-30 (right). For 1J cells, the Jsc
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degradation under protons irradiation can be detected from a fluence of 10° p.cm™. The Jsc
values decrease from 38.7 mA.cm™ at BOL down to 21.6 mA.cm™ at an EOL fluence of
102 p.cm™. The symbols represent the measured data and the solid lines represent the fit
to Eq. I11-1.

In the case of 2J, the AlGaAs and Si sub-cells photo-generate a Jsc of 14.7 mA.cm™ and
18.5 mA.cm?, respectively. Thus, the AlGaAs is the current limiting sub-cell. The degradation
of AlGaAs becomes visible at a fluence 10 times higher than for Si sub-cell. Due to high
degradation of Si in comparison to AlGaAs cells, at a fluence of 10** p.cm, both sub-cells
reach almost the same photo-generated current of ~ 14 mA.cm™. After this critical fluence, the
photo-generated Jsc for Si bottom sub-cell is less than the AlGaAs top cells, therefore limits the
total current of the 2J where values of 10.2 mA.cm2and 4.8 mA.cmare calculated for AlGaAs
and Si sub-cells respectively at a fluence of 102 p.cm™. For these reasons, fluctuation of FF is
observed for 2J, where after the FF value reaches its minimum at a fluence of 10! p.cm due
to current matching between sub-cells. However for fluence higher than 10* p.cm™, the two
sub-cell deviate from the current matching condition again, thus the FF increases so it remaining
factor (see Fig. 111-29 bottom-left).

For 3J cells, the fluence at which the Jsc degradation of the three sub-cells becomes visible
is shifted by a factor of 10 between each sub-cell, i.e. 10! p.cm?, 10'° p.cm™2and 10° p.cm™2for
GalnP, AlGaAs and Si respectively due to the difference in material radiation hardness
differences. At BOL, the Si bottom sub-cell limits the overall current of the 3J at 8.8 mA.cm™
while the AlGaAs and GalnP photo-generate a current of 12.7 mA.cm?and 15.7 mA.cm?
respectively. After irradiation at a fluence of 10! p.cm™, a slight degradation of the Si sub-cell
is observed that reaches a value of 1.7 mA.cm at a fluence of 10'? p.cm™. In the case of the
tops cells AlGaAs and GalnP a lower degradation is observed. The low Jsc degradation
observed by current-voltage characterizations of 3J at low fluence is due to the fact that the Si
bottom sub-cell (limiting sub-cells) EQE represents only the non-irradiated region. However,
at higher fluence more defects are introduced inducing higher degradations on the overall

bottom sub-cell.
Effective diffusion length calculation

In order to calculate the minority carriers diffusion length, we use the model proposed by
B. Fischer [14] described by I11-5. The resolution and explanation of the model have been given

earlier (see section 111.2.5).
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Within the fit region 500 - 990 nm, the model fits well with experimental results at BOL
(see Fig. 111-32 left) with RMSE values of 0.75. However, after irradiation, by using the same
wavelength region the model does not fit to the experimental data (RMSE of 6.02). This large
deviation is due to the fact that in EOL, the protons irradiations has created an inhomogeous
defect densities within the wafer depth. This is responsible for the shape of the EOL EQE curve,
and can be modeled by a variation of minority carrier’s apparent diffusion length (defined has
diffusion length of minority carriers photo-generated by a given photons wavelength range). In
the 500 - 830 nm wavelength range, a smaller apparent diffusion length is expected compared
to the 830 - 990 nm range due to the pristine region as shown by SRIM simulation. Considering
these two wavelength portions, i.e. applying the model to each region separately, the model fits
very well to the experimental results with an RMSE value in the order of ~ 1 (see Fig. 111-32
right). The Tab. 111-14 summarized the calculated diffusion lengths. Before irradiation, a value
of 658 um is calculated. After 1 MeV protons irradiation, the calculated apparent diffusion
length values for the 500 - 830 nm region (resp. 830 - 990 nm) are 31.8 um (resp. 240 um)
11.2 um (resp. 96 pm) and 4.6 um (resp. 4.6 um) for a fluence of 10! p.cm?, 3.10* and
10*2 p.cm™ respectively.
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Fig. 111-32 Dead layer IQE model application on 1J c-Si solar cell to defines the minority carrier lifetime: (left)
using a single wavelength band 500-990 nm including the irradiated and non-irradiated part of the cell and (right)
using two wavelength band separating the irradiated and non-irradiated region of the cell.

As expected, high degradation of apparent Lefr is observed at the region 500 - 830 nm
compared to the region 830-990 nm. It is important to note that the effective Lefr of the non-
irradiated part does not change and remains at its initial value (~600 um) since it is not
irradiated. However, the calculated values by the model represent the apparent effective
diffusion length of the e-h pairs photo-generated at this part and crossing all the irradiated one
to reach the junction. However, at the highest fluence (102 p.cm™) it was not necessary to
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divide the fit region into two parts because the same diffusion length value is obtained over the
whole range 500 — 990 nm. The large rate of introduced defects causes too much degradation
and therefore affects the apparent lifetime in the non-irradiated part where it reaches the same

as the irradiated one.

The same calculations were performed on the Si sub-cell of the 2J where the two fit regions
are 750 - 840 nm and 840 - 990 nm for the irradiated and non-irradiated portion, respectively.
The Tab. 111-14 presents the calculated minority carrier diffusion lengths. The same pattern is
observed as for the 1J cell, with a strong degradation of Less in the irradiated region relative to
the second while the same degradation is observed at the higher fluence 10*? p.cm™. It was
shown that the EQE of the Si in the 3J represents only the non-irradiated part due to the
absorption of the top sub-cells. Therefore, the fit was carried out over the entire absorption band
of the Si 890 - 990 nm. Before irradiation, a low apparent Less value of 225 um is calculated due
to low quality of Si bottom sub-cell. After irradiation, a small degradation is calculated where
apparent Les value reaches 51 um at a fluence of 1012 p.cm™ This is due on one hand the Si
sub-cell is located in pristine undamaged regions of the 3J and on the other hand to the low

quality of the Si bottom cell with smaller Less value at BOL.

Tab. 111-14 Minority carrier diffusion length (& apparent diffusion length) calculated from IQE measurements in
all architectures on BOL and EOL (irradiated & non-irradiated region) of the Si cell/sub-cell.

Diffusion 1J c-Si Si@ 2J Si@ 3J
Length Lett  15tregion 2" region 1% region 2" region 2" region
BOL 658 um 509 um 225 um
10 p.cm™
32 um 241 pm 181 pm 388 um 203 um
3.10% p.cm™
11 pum 96 um 29 um 134 um 157 pm
102 p.cm™
4.6 um 9.9 um 51 pm

In order to validate these results, IQE simulations were performed using PC1D software
on the 1J solar cell architecture. The obtained results are presented in Fig. 111-33. A first
simulation was performed with one effective minority carriers diffusion length (Left = 32 pm)
for the whole thickness of the Si cell. By comparing the simulated IQE (blue dash line) to
experimental results (black symbols), it is observed a relative shape similarity at lower

wavelength (A < 800 nm). However, for higher wavelength (A > 800 nm) the simulation does
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not reproduce the trend observed in the measured data. For the second simulation, three zones
were defined where a first zone is homogeneously degraded (Lest = 32 um), the second zone
strongly degraded due to ion implantation bragg peak (Less = 7 um) and the third zone not
degraded with (Less = 658 um). By comparing the simulation using three zones (red line) to
experimental data, a satisfying correspondence was observed on the whole absorption range.
These measurements confirm our hypothesis established above with a difference in diffusion

length depending on the depth of ion penetration.
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Fig. 111-33 IQE simulation using PC1D on 1J solar cells architecture after 1 MeV protons irradiation with a
fluence of 10 p.cm. Black symbols represent experimental results while lines represent simulation (blue) using
one Lex for the whole Si cell and (red) using three Let depending on local degradation.

From the apparent diffusion length calculated by the IQE model on the experimental
measurements and Eq. I11-8, which expresses the evolution of Lesr as a function of fluence, we
have calculated the proton damage coefficient K.. However, due to the non-homogeneous
irradiation and thus the introduced defect as a function of the thickness of the Si cell/sub-cell,
the damage coefficient has been calculated for both regions; 1% region: irradiated and 2" region:
non-irradiated. It is important to note that the K. on the 2" region represent an apparent
effective values of the e-h pairs that are generated in the non-irradiated region and travel all

along the irradiated region. Results of calculation are shown in Tab. 111-15.

In the case of 1J and 2J cells, it was possible to calculate the diffusion length in the
irradiated part of the cell unlike the case of 3J where the thickness of the irradiated cell does
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not participate in the creation of e-h pairs (light filtering by the tops cells). Therefore, the
calculation of the damage coefficient of the irradiated part that is representative of the effect of
proton irradiation on the diffusion length is calculated only for 1J and 2J. Values of 5.3 x 10

and 1.2 x 10 are obtained for the Si in the case of 1J and 2J respectively.

Tab. 111-15 Damage coefficients calculated for the Si diffusion length in the irradiated and non-irradiated region
as a function of fluence range. The second region represent the e-h pair that are generated in the non irradiated
part but cross all the 1% region (irradiated) to reach the junction.

o 15 region fit 2" region fit
Lett Damage coefficient ] ) _ ) _ )
irradiated portion non irradiated portion
Fluence range (p.cm™) 101! - 102 101t -3.101t 3.10% - 1012
c-Si 5.3x10° 4.6x10% 6.7 x 10
AlGaAs//Si 1.2 x 10 2.4x10°8 1.5x10°
GalnP/AlGaAs//Si Not applicable 8.1x10° 49x 103

Considering the case of the 2" region, the apparent minority carriers diffusion length is
affected by the defects created in the few micrometers at the top of the Si cell/sub-cell
(10 - 16 um) thus it does not reflect properly the effect of protons induced-defects degradation.
As explained above, two regimes are distinguished at this region; a low degradation is observed
at fluence below 3.10* p.cm compared to higher fluence up to 10'? p.cm™. For this reason,
damage coefficients are calculated for these two fluence ranges (see Tab. I11-15). At low fluence
(< 3. 0! p.cm™) low effect of introduced defects on minority carrier diffusion length is observed
for all architectures. For both 1J and 2J, values in the order of 1078 is calculated, however in the
case of 3J, the K value reach 10°°. That means that the degradation of Les in the non-irradiated
region is two order of magnitude lower than the one observed at the irradiated one at low
fluence. By increasing the fluence higher than 3.10** p.cm?, the damage coefficient values for
1J and 2J decrease and reach similar values as for the 1% region (irradiated) in the order of 10°°.
Pointing that the same degradation of Less at non-irradiated region is observed as for the

irradiated one at high fluence.

In the literature, research groups [61], [62] have reported empirical equations for the
evolution of the damage coefficient of the scattering length as a function of proton energy.
Eq. 111-14 and Eq. 111-15 present the approximate value of K. as a function of proton energy for

Si with a doping level of 1 Q.cm and 10 Q.cm respectively.

K.(E,) = 1.5x1075.E;* I11-14
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K, = 1.56x107°. E, %933 11-15
The values calculated for the 1J and 2J (5.3 - 1.2 x 10%) are in satisfactory agreement with
those calculated by the two equations above-mentioned of 0.15 - 1.56 x 10 and with respect

to other values obtained experimentally in other references [63]-[68].

I11.4 General discussion

Simulations of the interaction of electrons and protons respectively with PENELOPE2014
and SRIM revealed that a homogeneous degradation as a function of cell depth is obtained for
1 MeV electrons as opposed to 1 MeV protons. During the trajectory of the particles, the low
mass electrons give up a small amount of energy compared to the (heavy) proton. In results, the
electrons exceed the whole thickness of the cell (~ 525 um) by yielding a uniform guantity of
energy during their way through (in the same material). On the other hand, the protons are
stopped in the active part of the solar cell (12 - 16 um) where a significant quantity of energy
is deposited at the Bragg peak (stopping depth). This induces a non-uniform irradiation of the
Si cell/sub-cell: before this depth, the irradiation damage are important, and beyond this depth,
the material is non-irradiated. An energy higher than 9 MeV would be necessary in order to
obtain a uniform protons irradiation in the solar cells used in this study; this was not possible
to achieve in the JANNUS Orsay platform. This non-uniform irradiation is not observed at
1 MeV for thinner cells such as GaAs (~1 um of active region), where proton energy lower than
few keV (~100 keV) are needed to stop within the active region of the cell [69]. When charged
energetic particles pass through the semiconductor, they slow down by giving up part of their

energy to the material; it creates atoms displacements and vacancies [24], [50].

The resulting Frenkel pairs (interstitials-vacancies) can interact with themselves or with
impurities in the material and thus generate complex and stable defects such as recombination
defects [70], [71]. Several researches have been carried out by deep-level transient spectroscopy
(DLTS) in order to identify the deep level defects in irradiated Si [72]-[80]. Di-vacancy (V - V)
in FZ materials with low energy levels (Ec - 0.23 eV and Ec - 0.39 eV) have been identified and
also K - centers with an energy of Ev+ 0.36 eV [75], [81]-[83]. These defects act as traps for
photo-generated electron-hole pairs and hence degrade the minority carriers diffusion length.
This is translated as a degradation at wavelengths close to the bandgap for each sub-cell in EQE
measurements. Since photons in those energy ranges are absorbed deeply into the cells, this
degradation is the consequence of minority carriers diffusion length drop in the p-type base.
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The quantification of the minority carrier diffusion length changes as a function of nature
of the particle and fluence was based on the IQE results of the Si cell/sub-cell. In the case of
electron irradiation, homogeneous degradation is observed over the entire solar cell, resulting
in a single Les value for the entire absorption band that drop from ~ 600 um to 30 um after
irradiation with 1 MeV electrons at fluence of 10%° e.cm for the three architectures. However,
in the case of proton irradiation, two Les values were calculated for the two regions (irradiated
and non-irradiated) for fluence lower than 3.10 p.cm™. In contrast, at the highest fluence
10%2 p.cm the same L was observed for all the absorption range due to the high-introduced
defect density, which significantly degrades the diffusion length at the irradiated part. Thus the
e-h pairs generated at the non-irradiated part are mostly affected by this region when they cross
it to reach the junction. The calculated values at this fluence reach 6 um, 10 ym and 51 pum for
1J, 2J and 3J respectively. Low Less values of 3J at BOL induces low degradation compared to
high BOL Lefr of the 1J and 2J. The damage coefficient were calculated for Si in all three
architectures and found to be in very good agreement with those reported in literature. The low
Lefs value result in a very low probability that the electron-hole pairs photo-generated beyond a
depth equivalent to Les reach the junction to participate in the total cell current. Thus, a low Jsc
value after irradiation is observed in the I-V measurements where degradation of 20%
(resp. 39%), 30% (resp. 53%) and 63% (resp. 75%) are observed at the highest fluence
10%e.cm? (resp. 102p.cm?) for electron (resp. protons) irradiation of 1J, 2J and 3J

respectively.

At highest fluence, the degradation of Jsc is proportional to the number of junctions in the
case of 111-V//Si cells. This is due to the solar cell architecture in which the Si absorption band
(the limiting sub-cell with the lowest radiation hardness) is thinned and restricted to the longer
wavelengths where the effect of diffusion length degradation is the most important. The total
Jsc of the 1J c-Si cell is the contribution of the entire cell thickness (0 - 525 um). Whereas in
the case of the 2J and 3J tandems, the total Jsc of the Si is the product of the photo-generated
e-h pairs at a depth higher than 5 um and 19 um of the Si sub-cell, respectively. As explained
above, the proton fluences studied are in the range of equivalence to the electrons irradiation
fluence. Thus, the deposited energies between the two irradiation (particles type, energy and

fluence) are equivalent.

The absorption length of photons in silicon is presented as a function of wavelength in
Fig. 111-34 (left). By superimposing this curve with respect to the 1J c-Si architecture taking
into account the Bragg peak of protons in the cell (10.2 - 15.8 um) represented by a gray
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rectangle, we observe that this thickness of the cell corresponds to an absorption of photons of
wavelength in the range 800 - 830 nm. In other words, the photons of wavelength less than 800
nm are absorbed in the irradiated part of the cell and the photons beyond 830 nm are absorbed

in both the irradiated and non-irradiated part of the cell.
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Fig. 111-34 (left) Absorption length of photons in silicon as a function wavelength overlayed on c-Si solar cells
architecture (right) EQE comparison of 1J solar cells irradiated with 1 MeV electron at a fluence of 104, 3.10'
and 10 e.cm and 1 MeV protons at a fluence of 10%, 3.10% and 10*? p.cm™.

Fig. 111-34 (right) shows a comparison of the 1J solar cells irradiated with 1 MeV electrons
(dashed curves) and those irradiated with 1 MeV protons (solid curves). In the damaged region,
a slight degradation of the cells irradiated with electrons compared to those irradiated with
protons is observed. To correctly compare the behavior of solar cells under electron and proton
irradiation it is more meaningful to compare them as a function of the displacement damage
dose by each particle and not as a function of the fluence (more details will be given latter).
This result could be correlated to the fact that for the solar cell architecture studied in this work,
the Bragg peak of 1 MeV protons is located inside the solar cells. By contrary, Bragg peak is
usually located far from the bottom cell junction for typical 111-V/Ge solar cells [84]. We have
therefore in this work a higher amount of energy in the first micrometers and therefore a higher
defect density during proton irradiations. As a comparison the protons irradiated with the lowest
fluence 10! p.cm (solid red curve) have the same behavior as the cell irradiated with the
highest electrons fluence 10 e.cm? (dashed green curve). Beyond the irradiated part
(thickness > 16 um) the behavior of the cell changes due to a higher diffusion length (non-
irradiated part of the absorber). In the light absorption range higher than 1000 nm, the
degradation is less pronounced in the case of cells irradiated in protons. This is only true for

fluence lower than 3.10'! p.cm?, due to the presence of a non-irradiated absorber region
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compared to cells irradiated in electrons. However, at a high fluence 10'? p.cm?, the
degradation is more pronounced due to the significant degradation of the diffusion length. The
same behavior is observed in the case of Si in 2J and 3J solar cells architectures (not
shown here).

Irradiation defects degrade also the open circuit voltage (see Fig. 111-35) by generating
electron-hole pairs thus increasing the dark saturation current Jo (see Fig. I11-7, Fig. 111-8 and
Fig. 111-25) [85]. This effect is more pronounced in silicon material compared to IlI-V
materials [58], and thus as observed here the Vo remaining factor is lower in the case of Si

single junction compared to 111-V//Si tandem [8], [50], [60] in the case of electrons irradiation.

The spectral electroluminescence measurements allowed the reconstruction of the I-V
characteristic curves (under dark and illumination) of each sub-cell by resolving the
optoelectronic reciprocity between the ELS, the EQE and the internal voltage of each sub-cell.
The I-V curves under illumination of the tandem cell characterized by a solar simulator as well
as the 1-V characteristic curves of the 111-V sub-cells (AlGaAs in 2J, and GalnP and AlGaAs in
3J) are shown in Fig. 111-35. Since Si has a low radiative recombination efficiency (thus weak
EL-S signal), its characteristic curve have been deduced from the I-V measurements of the

tandem and the 111-V junctions.
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Fig. 111-35 Reconstruction of each sub-cell I-V characteristic curves at BOL and EOL (electrons) from ELS and
EQE measurements for (left) 2J AlGaAs//Si (right) GalnP/AlGaAs//Si.

The current of each sub-cell was characterized by EQE measurements, with the total
current of tandem cells being limited and driven by that of Si sub-cell at high fluence; in addition
the ELS measurements were not sensitive enough to measure the signal at very low injection

level (for reconstructing the Pmax point). However, reliable measurements are obtained at high
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injection level (in the range of Voc). Thus, we were interested by these measurements in the
quantification and evolution of the open circuit voltage as a function of the electron irradiation
fluence (see Fig. 111-36).

The degradation of the Voc of the tandem cells is the sum of the degradation of the Voc of
each sub-cell given their series connection. In the case of 2J, the absolute degradation of the
Voc of the Si bottom sub-cell is almost equivalent to that of the AlGaAs top sub-cell. On the
other hand, when compared to the Voc of each sub-cell, the degradation is 3 times greater in Si
than in AlGaAs due to its low resistance to radiation as reported in the literature [11], [57], [86].
In the case of 3J, a very low degradation of the Voc is calculated for GalnP compared to that of
AlGaAs and Si; this due to its high resistance to radiation. The relative degradation to each sub-
cell Voc is 0.1%, 7.8% and 11.5% respectively at a fluence of 3.10™ e.cm™. The higher
degradation of Alo.o3Gaoe7As in the case of 3J compare to the one Alo22Gao.7sAs in 2J solar
cells is due to the higher density (less Al content) and thickness, which results in a higher

deposited energy in the 3J architectures in both cases of electrons and protons irradiation.
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Fig. 111-36 Open circuit voltage degradation of each sub-cell according to electrons irradiation fluence for (left)
2J AlGaAs//Si and (right) 3J GalnP/AlGaAs//Si.

Concerning the FF, in case of 2J and 3J, the variations are influenced by current matching
changes in the different sub-cells; FF reaches a minimum at sub-cells current matching point
(Jrop- JBot=0 and Jmida- Jeot=0 in the case of 2J and 3J respectively) as presented in
Fig. 111-37 (top) [87]-[89]. In the case of 3J, a pronounced current mismatch (bottom-middle)
after electrons irradiation can thus lead to increased FF (see Fig. 111-37 right) which led to a
remaining factor higher than 1 at a fluence lower than 3.10%* e.cm. By increasing the fluence,

RF(FF) degrades and reach values lower than 1 due to high introduced defect density. In
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contrast, in the case of proton irradiation this effect has not been observed where the RF(FF) < 1
(see Fig. I11-37 right) from the lowest fluence. This may be due on the one hand to the greater
degradation of the top sub-cells compared to that observed with electron irradiation and
therefore a smaller current deviation. On the other hand, it can be due to the higher defect

density in the case of proton irradiation in the case of energy and fluence used in this thesis.

In the case of 2] irradiated by both electrons and protons particles, a low RF(FF) value is
observed at the lowest fluence (10* e.cm™ and 10! p.cm™) and then it increases indicating that
a low degradation is observed at high fluence (see Fig. I111-37 left). This is explained by the fact
that at low fluence both sub-cells of the 2J reach the current matching condition so that the
shape factor is at this lower value and therefore a low RF(FF). By increasing the fluence, an
inversion of limiting sub-cell occur (from AlGaAs to Si) where the current difference increases
with the fluence which induces an increase in the FF and thus a higher RF(FF). At higher
fluence of 10™ e.cm™ and 102 p.cm™ a decrease is observed for FF due to the high density of
defects introduced.
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Electrons and protons correlation

Currently there are two approaches for modelling the degradation of efficiency (and other
electrical parameters) as a function of irradiation. The first method was developed by Jet
Propulsion Laboratory JPL more than 40 years ago [24], [56]. This method is based on the
calculation of the Relative Damage Coefficients RDCs as a function of irradiation according to
Eq. I11-16 and Eq. 111-17 for electrons and protons respectively.

RDCs(Ep, e, E) = Derie(Ep, €, 1 MeV) I11-16
D orit (Ep, e, E)
Bcrie(Ep, p, 10 MeV)

RDCs(E,,p,E) = .
5( p ) @crit(Ep,e,E) 1-17

The RDCs is defined as the ratio of the critical fluence, @cit, for which the degradation of
one of the electrical parameters, Ep, is 25% at 1 MeV for electrons and 25% at 10 MeV for
protons with respect to the critical fluence at a given energy, E. Four electron energies and eight
proton energies with eight fluence for each energy are required to have sufficient data to plot

the RDCs as a function of particle energy.

The second method was developed by the US Naval Research Laboratory (NRL) [2], [90],
[91] and is applied for the correlation between electrons and protons degradation of the cells
used in this study. This approach is based on the calculation of the energy dependence of the
damage coefficient and the electron and protons incident spectra on bare solar cells. Since only
few experimental data are required (one electrons and one protons energy), it is easier to apply
this method on new solar cells technologies. In this approach, the evolution of electrical
parameters or their degradation is plotted as a function of the dose received and not as a function
of fluence. In this way, all the degradation curves as a function of energy collapse into a single
curve for electrons and protons which surpass the thickness of the solar cell and therefore for
which the NIEL is homogeneous as a function of thickness. The displacement damage dose Dq

can be calculated by the product of the NIEL and fluence according to Eq. 111-18.

Dy = NIEL,(E). @, I1-18
In the case of electron irradiation, the variation of damage is not linear for all the cells type
(e.g. p-type Si). Therefore in order to reduce all the degradation curves, the concept of effective

damage dose, Dgff, is introduced (see Eq. 111-19).
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NIEL,(E) 1*!
IEL,(1 MeV)

111-19

Dyerr (1MeV) = NIEL,(E). @, [N

In the case of cells irradiated with 1 MeV electrons, the NIEL value is constant over the
entire depth of the solar cell. Therefore, the effective displacement damage dose is calculated
by using Eq. 111-19 and a NIEL value of 2.8 x 10° MeV.cm?.g™* Calculated with the so-called
SR-NIEL calculator. In this program, the input parameters are the target material composition,

element fraction and to the threshold displacement energy.

Due to the small thickness of conventional I11-V and 111-V/Ge cells, 1 MeV protons beams
stopping depth is located beyond the active part of the Ge bottom cell, and therefore the NIEL
is constant throughout the irradiated part [92]. However in the case of the cells used in this
thesis, the protons stop in the active part of the Si cell/sub-cell. Therefore, the assumption that
the NIEL is constant is no longer valid and it varies significantly with the decrease of its energy
where it reaches its maximum towards the penetration depth. S. Messenger et. al. [69] have
reported a method for the application of displacement damage dose approach on the cell where
protons stops within the active region of the cell. This method is based on the calculation of an
adjusted NIEL over the entire cell thickness. The NIEL value can be calculated from the results
of the SRIM simulation, more details can be found elsewhere [93]. The NIEL value derived
from SRIM is then divided by the thickness of the cell/sub-cell Si (525 um). The adjusted NIEL
calculated from this procedure is equal to 0.0151 MeV.cm?.g?! (non-adjusted NIEL
0.0634 MeV.cm?.g?) that is used further for the calculation of displacement damage dose

according to Eq. 111-18.

Once the degradation curve is plotted as a function of the displacement damage dose, it is
then possible to reduce (normalization) the degradation curve to 10 MeV proton fluences
according to Eq. 111-20 where 10 MeV protons NIEL values is 9.4 x 10° MeV.cm?.g™.
Normalization to 10 MeV protons energy is commonly used in space solar cell irradiation
community since the degradation is approximately equivalent to the 1 MeV electrons
irradiation [94], [95].

NIEL,(1 MeV). @, (1 MeV)
10 MeV) = P P 11-2
0p(10 MeV) NIEL, (10 MeV) 0

The degradation results of the efficiency (RF(Eff.) =RF(Pmax)) remaining factor are
presented in Fig. 111-38 (left) in terms of the irradiation fluence of 1 MeV electrons (black) and
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10 MeV protons (red) energy for the three architectures. It is observed that the two degradation
curves (electron-protons) are parallel for 1J and 2J and not in the case of 3J due to cell

architectures differences.
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Fig. 111-38 Correlating electrons and protons efficiency degradation of the three solar cells architectures (left)
Evolution of RF(efficiency) according to the fluence of 1 MeV electrons and 10 MeV protons irradiation (right)
Efficiency degradation curves as a function of displacement damage dose.

In order to correlate the degradation of cells irradiated with electrons with those irradiated
with protons, a fluence ratio Rep should be determined. In the case of n-type semiconductors the
ratio is calculated by the ratio of the respective NIEL values. However, for the case of p-type
semiconductors it is not as simple; it is defined experimentally as the fluence ratio that produces
the same degradation by 1 MeV electrons as that by 10 MeV protons. A value of 3500 was
determined for p-type Si of 80 um [91]. In the case of experimental results found in this thesis
the calculated Rep are 830, 1478 and 665 for 1J, 2J and 3J solar cells respectively. The difference
between the reported values in literature and the one found in this study can be due mainly to

the solar cells architectures variations.
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Once all the quantities are calculated (adjusted NIEL and Rep) it is then possible to report
the degradation of the efficiency of the three architectures as a function of the displacement

damage dose according to Eq. 111-18 and Eq. 111-21.

Dd,eff (1MeV)

NIEL,(1 MeV) 11-21
¢P*NIEL,(10 MeV)

Dd:
R

The results of this procedure are shown in Fig. 111-38 (right). In the case of 3J the two
degradation curves does not fit perfectly with a degradation which is initiated at a lower DDD
in the case of electron irradiation compared to the proton one. Whereas at higher doses the
degradation is more pronounced in the case of proton irradiation. The type of irradiating
particles may not be the cause of the difference in degradation but rather the difference in
architecture between the Si sub-cell in the case of cells irradiated with electrons and protons
due to different fabrication process (emitter obtained by diffusion and implantation) and quite
different BOL diffusion length. For the two cell architectures 1J and 2J, the two degradation
curves as a function of DDD collapse into a single degradation curve. From these curves, it is
then possible to determine the degradation of each solar cell architecture for a given fluence
and a given energy beyond the experimentally tested parameters. As an example, 30%
efficiency degradation of 1J Si solar cells is caused by 10 MeV electrons with 2.10*% e.cm™ or
by 100 MeV protons with 2.10'? p.cm™. These calculations are based on the NIEL value, i.e.
divide the NIEL values of specific particle energy, which gives the necessary fluence to obtain

this degradation.
Comparison to GalnP/GaAs/Ge

In this part, the degradation of the new I11-V//Si solar cell technology is compared to that
of the I11-V/Ge cells conventionally used for space applications; one should keep in mind
though that 111-V/Ge cells have been extensively studied and optimized for operating in a
radiative environment, with a broad absorption of the AMO reference solar spectrum.

The Azur space triple junction GalnP/GaAs/Ge (3G28) data were taken from the datasheet
of the constructor with irradiation at 300 K with 1 MeV electrons energy at three different
fluences 2.5.10' e.cm™, 5.10' e.cm™ and 10'® e.cm™. Current-voltage characterization were
performed under 28 °C and 1367 W.m™. Fig. 111-39 presents the remaining factor of the main
electrical parameters as a function of the irradiation fluence of 3G28 (purple) cells compared to

the data from the silicon-based cells studied in this work.
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The behavior of conventional space optimized GalnP/GaAs/Ge cells differs from that of
our 111-V//Si. Before irradiation, the top cell limits the total current (by design) and the Ge
bottom cell has a large excess current due to its wide absorption band, which extends up to
1880 nm. After irradiation at room temperature, a low degradation is observed for the GalnP
sub-cell in contrast to the GaAs middle cell which in best case is current matched with GalnP
or limits the overall current of multijunction [96]-[98]. This behavior explains the low Jsc
degradation, i.e. 4% at 10™° e.cm, due to the high radiation hardness of I11-V material. In some
structures, the integration of a Bragg mirror under GaAs sub-cell reduces the current losses [99].
However, a similar degradation is observed for the FF (2% at 10*° e.cm?) and Voc (8% at
10 e.cm?) than the Si based tandem solar cells used in this study. This is explained by the fact
that same type of I11-V sub-cells are used in both technologies, thus they have similar radiation

hardness.
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Fig. 111-39 Electrical parameters remaining factors comparison between the conventional AzurSpace 3G28
GalnP/GaAs/Ge solar cells used in space application to the Si based solar cells used in this thesis as a function
fluence after 1 MeV electrons irradiation at 300 K.
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In our case, the Si bottom cell has a weaker radiation hardness compared to AlGaAs middle
cell; thus, Si ends up as the limiting EOL sub-cell in 2- and 3-junctions configuration. It explains
the large discrepancy when comparing the efficiency degradation of the 1J, 2J and 3J (40%,
37%, 68% respectively at 10'° e.cm?) of this work, to the triple junction 3G28 (13% at
10 e.cm). Besides that, these commercial cells technologies are fully optimized for space
applications unlike the laboratory scale & low technology readiness level (TRL) I11-V//Si cells

used in this study.

While the limitations of I11-V//Si tandem solar cells appears clearly in this study, two
interesting perspectives remain: a) Using this 111-V//Si technology for short term or low
irradiation missions (e.g. Low Earth Orbit - LEO), once the fabrication process is up-scaled
and cost effective (e.g. by direct growth of 111-V on Si). b) Designing a specific radiation hard
device architecure, by focusing on Si bottom cell EOL performance optimization. For instance
researches [25], [70], [100], [101] have identified the role of base thickness and doping level
on the radiation hardness of Si. A higher Si wafer resistvity (14-140 Q.cm) is for instance the
optimum for EOL performance at low fluence range (< 10*° e.cm). The effect of an optimum
doping level on Jsc remaining factor has been simulated with PC1D [102] for c-Si simple
junction cell (Less was estimated by using Eq. 2 and Eq. 3). In Table 4, we report the simulated
short circuit current density remaining factor (the most sensitiv parameters), at 10 e.cm?, in
comparison with the one measured in this study. When increasing only the resistivity from

1-5Q.cmto 10 - 20 Q.cm, the Jsc remaining factor increase from 76% to 82 %.

Tab. 111-16 A comparison of the short circuit current remaining factor of c-Si simple junction cells from this work
to PC1D simulated cells with various doping levels and thicknesses.

Doping

Cells Théd::; > Level RFNJSC
H (Q.cm)
This Work 525 pum 1-5 Q.cm 76%

300 pm 1-5 Q.cm 77%

100 pm 1-5Q.cm 81%

PC1D

simulation 525 um 10-20 Q.cm  82%

300pum 1020 Qem  83%

100 pm 10-20 Q.cm 88%
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Furthermore, as seen above with large decrease of minority carriers diffusion length, it is
also clear that thin Si wafers results in a significant increase of the charge carrier collection
probability (see Tab. 4). An increase of the Jsc remaining factor from 76% to 81% is predicted
for a 100 um thick bottom cell (instead of 525 pum). By combining those relatively simple
doping and thickness changes (without light trapping), we estimate that 88% short circuit
current remaining factor can be reached after 10°e.cm™. Ultimately, ultra-thin silicon cells
(<50 um) with appropriate light trapping features (e.g. photonic mirror) should boost even
further Si radiation hardness. These bottom cell EOL current improvement will directly

translate into performance gain for the 111-V//Si 2 & 3J.

In addition to optimizations of the Si bottom cells, higher bandgap or semi-transparent top
cells would be a preferable EOL design, by allowing more photons to reach the Si radiation
weak cell. This could be done for instance by using Al in top an middle cell for widening the

bandgap combined with controlled absorber thickness reduction.
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111.5 Conclusion

e Simulations of the particles interaction with the three solar cells architectures have been

performed. The main statements are:

o 1 MeV Electrons yield a uniform amount of energy as they pass through the

solar cell. Therefore, a homogeneous defects creation is expected over the entire
thickness of each sub-cell/cell.

1 MeV protons irradiation induces uniform degradation on the top and
top/middle sub-cells of the 2J and 3J due to low variation of protons energy
through their thickness (2 - 4 pm).

In the case of Si cell/sub-cell, the proton energy varies considerably according
to the penetration depth and therefore the deposited energy, which induces non-
uniform degradation. Three regions have been distinguished; a first region where
the Si is homogeneously irradiated (~10 pm), a second region where the Si is
strongly irradiated (Bragg peak) and a third region where the Si is not irradiated
(> 16 pm).

e Quantum efficiency measurements at 300 K before and after irradiation both electrons

and protons irradiation of the three solar cells architectures resulted in the following

findings:

o

High degradation is observed at higher wavelength of each sub-cell absorption
range. This is a consequence of minority carrier diffusion length degradation in
the p-type due to the introduction of complex defect that act as recombination
center.

Higher degradation is observed in the case of Si compared to the AlGaAs and
GalnP due to its low radiation hardness.

Jsc degradation of Si sub-cell is more important when increasing the number of
junctions of the device. This is due to the thinning of the Si absorption band
toward long wavelength (the region most affected by irradiation).

In the case of our 2J a limiting sub-cell inversion (from Al to Si) is observed
after irradiation at a fluence of 3.10*e.cm and 3.10* p.cm™.
Non-homogenous degradation is observed on the EQE of Si sub-cell after 1 MeV
protons irradiation on 1J and 2J, which is translated by slope change at the Bragg
peak. In the case of 3J, the Bragg peak occurs at a depth below the region that is
responsible of e-h pairs generation thus the slope changes are not visible.
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o Adiffusion length calculation model based on experimental IQE results has been
applied on the Si of the three solar cell architectures:
= (Case of electrons irradiation: a degradation from ~600 pm to ~30 um is
observed at a fluence of 10® e.cm? for Si in all architectures. The
respective damage coefficient of 1.2-1.7 x 101° are in good agreement
with values reported in literature.
= Case of protons irradiation: the model was applied on the two region
(irradiated and non-irradiated) of Si cells/sub-cell where values can drop
from 650 um to 5 um in the case of 17 after 10'? p.cm™. The calculated
damage coefficient for diffusion length of K_=1-5 x 10 is in good
agreement with the values reported in literature.

e The statement made from current-voltage measurements under AMO spectrum and
300 K are:

o Higher degradation of Jsc is observed after irradiation compare to the Voc and
FF for all three architectures.

o The non-standard evolution of FF according to the fluence is related to current
matching condition between sub-cells of tandem devices.

o The efficiency decrease is driven by the decrease of Jsc in all architectures.

e The NRL method based on the displacement damage dose was applied to correlate the
degradation of the three sub-cells when irradiated with 1 MeV electrons and 1 MeV
protons particles. This method allows defining the degradation of each solar cells
architectures under a large range of electrons and protons irradiation spectrum (different
energy with different fluence).

e The following statements are set by comparing the behavior of I11-V//Si to 111-V/Ge face
to electrons irradiation:

o Low Jsc degradation due to the high radiation hardness of the limiting sub-cells
(GalnP & GaAs). Comparable FF and Voc degradation was observed due to the
similarity of 111-V used materials in both technologies.

o Lower efficiency degradation observed in I11-V/Ge compared to I11-V//Si.
However, due to the low cost and low mass that offers the Si-based solar cells,

their use can be promising for low fluence mission.
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IV.1 Introduction

The different operating environments for solar cells onboard spacecraft have been
described in section 1.3. In terms of fluences, it can be quite different from one mission to
another. However, the distance from the sun is not the main parameter driving the fluence seen
by solar arrays: it depends on the magnetosphere of the subject planet, the mission duration, its
trajectory (and others parameters). The main differences resulting from the sun distance lie in
the temperature and illumination intensity for the operation of the solar cells. In this chapter,
we have studied the operation of solar cells in deep space conditions, i.e. for missions to Mars
or Jupiter for instance, which are the subject of multiple studies and future exploration plans.
In those specific environments, the solar cells operate under the combined constraints of Low
Intensity and Low Temperature, commonly called LILT conditions. When irradiation happens
at low temperatures, the induced irradiation primary defects have a lower mobility and therefore

can induce more performance degradation at solar cells level.

In order to study the behavior of Si-based tandem solar cells for deep space mission, an
electron irradiation of 1 MeV energy at low temperature 120 K was performed at three different
fluence 10, 3.10%* and 10% e.cm™. The highest fluence is close to the equivalent fluence
received on the future Jupiter exploration mission called JUICE, which reaches
1.5 - 3.10% e.cm [1]. This fluence values also corresponds to that considered in the context of
irradiation at 300 K in this study, where the solar cells operate under Normal Irradiance and
Room temperature, NIRT, conditions. It gives us opportunities for comparisons between the
two irradiations conditions, 120 K and 300 K.

Current-voltage, quantum efficiency and spectral electroluminescence characterizations
were performed throughout the process before and after irradiation. First, the effect of
illumination intensity was investigated by comparing the measurements made at 300 K under a
100% AMO and ~3% AMO spectrum. Then the influence of thermal cycling on the mechanical
resistance of the solar cells (metallization, ARC, and bonding) as well as on the evolution of the
electrical parameters was studied. Once proven the good solar cells resistance to thermal
cycling, they were cooled down to 120 K in the electron beam cryostat. According to state-of-
the-art reviews, anomalies can be observed in the LILT conditions that are not observable at
ambient temperature even at low intensity such as flat spot effect and S-like shape [2].
Therefore, in-situ measurements were compared to measurements in LIRT conditions where the

well known anomalies such as “broken knee” and the “S-like shape” were observed. The effect
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of irradiation at 120 K on key electrical properties as well as on EQE and ELS was investigated
and quantified for the three solar cell architectures as a function of fluence. Finally, the cells
were heated up back to room temperature to quantify and analyze the effect of annealing on the
behavior of the solar cells. In the end, a comparison between the Si-based solar cells and the
conventional AzurSpace 3G28 cells used for space is presented, and the advantages and

limitations of each technology are discussed.
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I\VV.2 Effect of Low intensity

IV.2.1. Solar simulator comparison
To investigate solar cells behavior at low intensities level, 1-V characterizations were
performed with the Helios 3030 equipment (see section 11.5.1). A 1 x 1 cm? 2J AlGaAs//Si was
characterized under different irradiance intensities ranging from 1 sun to 0.05 sun. To reach
such low intensities, several neutral optical filters (metallic mesh) are used between light source

(Xe lamp) and the test surface; the current-voltage results are presented in Fig. V-1 (top).
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Fig. IV-1 Current-voltage characterizations of 2J AIGaAs//Si under different irradiance levels ranging from 1 sun
down to 3% of 1 sun, top: I-V characteristics, bottom-left: Fill Factor evolution with concentration, bottom-right:
open circuit voltage evolution with irradiance intensity.

With decreasing the irradiance intensity, the short circuit current density (normalized by
sun numbers) remains relatively stable around 13 mA.cm with a deviation of + 2.5%; this is
theoretically expected (linear variation with intensity). However, an anomalous decrease of
open circuit voltage (non-logarithmic variation) and fill factor are observed with decreasing

irradiance intensity. Multiple dual-junction solar cells sizes (0.5 x 0.5 cm?, 1 x 0.5 cm? and
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2 x 1 cm?) were tested under the same conditions; the evolution of fill factor and the open circuit

voltage with irradiance intensity are presented in Fig. IV-1 (bottom).

By decreasing the irradiance intensity from 1 to 0.4 sun, the fill factor remains relatively
stable within the range of 60 - 85% depending on the cells size (& perimeter/area ratio). Below
0.4 sun, a strong decrease is observed for the four cells sizes: the smaller are the cells, the lower
is the FF (down to 25% for 0.5 x 0.5 cm? solar cells) except in the case of 1 x 1 cm? cells. The
differences between the cells fill factor can be related to the parasitic recombination at the edge
of solar cells, in other words when the perimeter/area ratio is high, the photo-generated electrons
have more probability to recombine at the edge of solar cells; and this effect becomes more

pronounced at low light intensity.

In contrast to FF, open-circuit voltage varies theoretically as a simple logarithmic function
of the irradiance intensity (see section 1.3), it is thus represented in logarithmic scale
(see Fig. IV-1). Surprisingly, two types of behaviors are observed for open circuit voltage: a
logarithmic decrease until 0.16 sun then a slope change with a stronger decrease until 0.03 sun.
A lower shunt resistance may be at the origin of such FF and Voc behaviors. Under low
irradiance intensity, less e-h pairs are photo-generated, hence the effect of defects can be more
pronounced [3]. The solar cells with low parallel resistance will have a maximum power point
in this shunted part of 1-V characteristics, and consequently it will affect strongly the electrical
performances [4]-[8]. Therefore, this batch of 2J solar cells appeared as not suitable for use at

low intensities.

A second experiment was carried out under the same conditions, i.e. Helios 3030
equipment under different irradiance intensity, using 1J c-Si solar cells which dimensions are
0.5x0.5cm? 1x05cm2and 2 x 1 cm2 The 1 x 2 cm? current-voltage characteristics under
different irradiation levels are presented in Fig. IV-2 (top). The short circuit current density
normalized by irradiance intensity remains stable around 39.7 mA.cm (with 2% deviation).

Unlike the trend observed with the 2J solar cells (see Fig.IV-1), no anomalous
degradations were detected on FF or open circuit voltage (see Fig. V-2 bottom). The fill factor
is stable around 75% on a large low irradiance intensity levels (ranging from 1 sun to 0.1 sun).
For concentration below 0.1 sun, a similar trend is observed as found in literature [9] with a
small decrease on the FF: it reaches 60% for the smallest solar cell. The open circuit voltage
values fit very well to the logarithmic theoretical equation (see Fig. IV-2 bottom-right) on all

the irradiance levels, with a logarithmic function of the concentration.
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Fig. V-2 Current-Voltage characterization of 1J c-Si solar cells as a function of irradiance level ranging from
1 sun down to ~3% AMO, top: I-V characteristics, bottom-left: variation of fill factor with concentration, Bottom-
right: open circuit-voltage evolution with irradiance level.

Based on these two experiments, we can make the assumption at this stage that the low
shunt resistance issue (at low irradiance) comes from the top sub-cell or from the surface
activated wafer bonding process (SAB — see section 11.2), since the Si cell is identical in both
architectures (Fig. V-1 and Fig. IV-2). Another possible explanation is that the solar simulator
Helios 3030 is not optimized and suitable for 2J solar cells characterizations at low irradiance
intensity (X < 0.2 sun).

To investigate this point in more details, both c-Si and AlGaAs//Si solar cells (exact same
samples) were characterized with the Quesma (LED) solar simulator (see section 11.5.2),
suitable for low irradiance level. The I-V characteristics measured at room temperature under
3.7% AMO are presented in Fig. 1V-3.
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Fig. IV-3 characterization of 1J c¢-Si and 2J AlGaAs//Si under 3.7% sun intensity with Quesma (solid lines)
compared to Helios (dashed lines) solar simulator.

A “normal” behavior is observed for the two types of solar cells: no degradation occurs,
neither for the fill factor nor for the open circuit voltage. A value of 1.61 V and 83% is measured
for the 2J with Quesma for Voc and FF respectively while 0.78 V and 25% were previously
measured with Helios 3030 (see Tab. IV-1) at 0.05 Sun. One can conclude that the degradations
observed above, are equipment-related issues rather than intrinsic problems with the 2J
architecture. This AlGaAs//Si wafer bonded dual-junction does not show any anomalous
behavior at low intensities, as confirmed by Quesma measurements. The Helios 3030 solar
simulator was initially conceived and optimized for high concentrations concentrator cells
(X>1sun). In order to use it for low intensities, the flash lamp was positioned at the maximum
height in the solar simulator (far from the cell); in addition, 7 optical filters, supposed to be
“neutral”, are placed in the light path to attenuate the irradiance intensity and reach the very
low irradiance intensities below 0.1 sun. This configuration most likely distorts the simulator
spectrum spectrally and increases the spatial inhomogeneity, hence non-reliable measurements
were observed only on 2J that is more sensitive to spectral balance than c-Si. As reported in
[10], the severity of current mismatch, MM between the two sub-cell determines the severity
of the shunting effect on Voc and FF, this lead to a decrease of the total Voc to approach the
non-shunted sub-cell one (Si in the case of 2J). Since the Helios 3030 appeared not adapted for
low irradiance measurements, |-V characterizations at ~ 3% AMO were performed only with

Quesma solar simulator for the rest of this study.
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Tab. IV-1 Electrical parameters comparison of both 2J AlGaAs//Si and 1J: ¢-Si characterized with Helios 3030
and Quesma solar simulators at low intensity.

2J: AlGaAs//Si 1J: c-Si
Electrical
Helios 3030 Quesma Helios 3030 Quesma
parameters
(X=0.05) (X =0.037) (X=0.04) (X =0.037)
Jsc (MA.cm™) 0.68 0.52 1.56 1.49
Jsc/X
13.6 14.1 39 40.3
(mA.cm2.X1)
Voc (V) 0.92 1.61 0.47 0.49
FF (%) 47 83 72 70
Eff (%) 4.3 13.7 9.7 10.1

A comparison of I-V characteristics measured with the Helios 3030 at 1 sun but
extrapolated to low intensity and with Quesma solar simulator directly measured at low
intensity for the three solar cells architecture is presented in Fig. IV-4. The lumped model
proposed by C. Dominguez et al. [11] was used for extrapolating Helios 3030 measurements to
low intensities. The corresponding equations that describe the current-voltage characteristics
on the input and output of the model are presented hereunder. Since measurements were
performed at room temperature, no variations are expected in short-circuit current or voltage of
the solar cells due to temperature. It is assumed a linear variation of short-circuit current with
irradiance intensity according to Eq. IV-1. The output solar cells voltage can be expressed
according to Eq. IV-2.

Loyt = lin - X V-1
Vour = Vin +4V(X) V-2

where lin and Vin are the measured current and voltage of the solar cells at one sun intensity, lout
and Vou are the calculated current and the voltage of the solar cells at an irradiance intensity X

and AV(X) is the voltage variation due to irradiance intensity.

The voltage of tandem solar cells is the sum of the sub-cells voltage that can be expressed

as a function of solar cell current (see section 1.2.3), so it is expressed as Eq. IV-3.
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V= z V, — IR V-3

If we consider a 2J solar cell, the AV(X) is expressed as a function of the sum of the top
and bottom sub-cell voltage extracted from one diode model (see Eq. 1VV-4 and Eq. IV-5). We
introduce a new constant K; = X;/X, which corresponds to the variation of the irradiance level

on each sub-cell as a consequence to the spectrum variation.

AV (Xeopr Xpot) = Vour — Vi IV-4
kT
= 7 (ntop + nbot) In(X)
Kiopl i — I \"°P (Kpoel i — I\ 20 IV-5
+1In (( topph,top,in m> < botiph,bot,in m> )l
Iph,top,in - Iin Iph,bot,in - Iin
— [in(X — DR;

where Iphtop,in @nd lphpotin are the top and bottom sub-cell measured photo-generated current
using isotypes reference cells, k is the Boltzmann constant, g is electrons charge and T is the

temperature.

Considering that no spectrum variation is observed (i.e. Ki=1) the produced voltage
variation is equal to the one calculated with 1J. Therefore, the variation in voltage is simplified
to the Eq. 1V-6 below, where niwp and nnot are the ideality factor of the top and bottom cells that

are considered as fitting parameters.

kT
AV(X) = l (Meop + Mpor ) IN(X) — I; (X — 1R IV-6

In order to compare the two solar simulators, the lumped model was applied to translate
current voltage measurements carried out under 1 AMO with Helios 3030 to current voltage

characteristics at 3.7 % AMO at room temperature.

The results of the model application on 1J c-Si, 2J AlGaAs//Si and 3J GalnP/AlGaAs//Si
solar cells are presented in Fig. 1\V-4. The solid lines represent the measured |-V characteristics;
the dashed lines represent the calculated I-V characteristic using the lumped model with input
measurements taken at 1 sun AMO spectrum. As one can see, the three calculated behavior
agree very well to the I-V characteristics measured at ~ 3% AMO spectrum using Quesma solar
simulator. Silicon single-junction has however a more pronounced series resistance when

measured at low intensity compared to its projected values. Overall, with this procedure, the
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measurements can be compared between the solar cells measured with the Quesma and

Helios 3030 solar simulator thanks to this lumped model.
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Fig. IV-4 Comparison of 1J ¢-Si, 2J AlGaAs//Si and 3] GalnP/AlGaAs//Si solar cells I-V characteristics measured
at ~3% AMO with Quesma and calculated for the same intensity with the lumped model using Helios 3030 I-V
measurements at 1 sun .

IVV.2.2. Current Voltage characterizations
The I-V characterization results of the three solar cell architectures at ~3% AMO and 300 K
called LIRT (Low Intensity and Room Temperature) in comparison to those performed at
1 sun AMO and 300 K called NIRT (Normal Intensity and Room Temperature) are presented in
Fig. IV-5.

In this first section where the effects of irradiance intensity is investigated, the
characterization at NIRT conditions has been carried out with the Helios 3030 solar simulator.
However, in the rest of this chapter, the I-V characterizations were carried out using the Quesma
solar simulator that is optimized for low intensity measurements. Six solar cells samples are

used for the three architectures along this chapter.

In the case of c-Si 1J (see Fig. IV-5 top), the six 1 x 1 cm? solar cells at NIRT conditions
(dark curves) have almost the same 1-V behavior. The measured values of Jsc and Voc are
respectively 38.6 mA.cm and 0.56 V with low deviation less than 0.8%. However, the main
differences remains in the FF, where values of 78% are calculated with a deviation of 5% that
induces high deviation (6%) on the efficiency. By decreasing the intensity to ~3% AMO, high
decrease of Jsc is observed compared to the Voc where they reach 1.38 mA.cm™ and 0.50 V.

The 3% variation observed on Jsc can be explained by set-up temporal homogeneities since the
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Jsc is very sensitive to illumination intensity. In addition, at low intensity, the defects can have
pronounced effects on solar cells behavior [3]. However, in the case of Voc (low sensitivity to
illumination) a deviation of 2.2% is calculated. This can be explained to the different solar cell
quality, further details will be discussed later by comparing the variation of Voc to the
theoretical expectation. The calculated FF is 74% with high deviation of 6% already present at
NIRT conditions.
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Fig. V-5 Characterization of six solar cells at NIRT (1 AMO & 300 K) and LIRT (~3% AMO & 300 K) conditions
(top) 1J c-Si (bottom-left) 2J AlGaAs//Si (bottom-right) 3] GalnP/AlGaAs//Si. The absolute electrical parameters
are averaged on the six solar cells for each architectures at both conditions.

In the case of 2J (see Fig. IV-5 bottom-left), two solar cells sizes (3 samples for each size)
were used 1 x 1 cm? and 2 x 1 cm? (for solar cells visualization see Fig. 11-1). The six solar cells
I-V measured at NIRT behavior show a strong deviation due to difference in solar cells quality
and in shading factor: large solar cells have less finger shading (thus higher Jsc) than the smaller
solar cells that have a denser finger pattern. The absolute values (resp. deviation) of Jsc, Voc
and FF are 14.7 mA.cm™ (resp. 4%), 1.77 V (resp. 1.8%) and 83% (resp. 2.4%). The deviation
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on electrical parameters among sub-group of cells is 0.5% for 1 x 2 cm? and less than 2.3% for
1 x 1 cm?. When the solar cells are measured at LIRT conditions, they show the same trend as
at NIRT condition with averaged values of Jsc, Voc and FF of 0.54 mA.cm™, 1.596 V and 82%
and similar deviations as for NIRT are calculated, with the exception of the Voc (deviation of
3.3% observed).

Considering the six (2 x 1 cm? and 1x1 cm?) I-V behaviors of the 3J cells
(see Fig. V-5 bottom-right), they present a low deviation (<2%) for all electrical parameters at
NIRT conditions with averaged values of Jsc, Voc and FF of 10.5 mA.cm, 2.91 V and 89%.
At LIRT conditions the averaged measured values of Jsc, Voc and FF are 0.42 mA.cm?, 2.573 V
and 84% with a higher deviation (maximum of 8%) on Jsc and FF and 4% on Voc.

In summary from the measurements under LIRT conditions compared to NIRT conditions,
it is observed that the deviation increases at low intensities especially for the Voc. Subsequently
we will present the evolution of the Jsc and Voc as a function of illumination intensity and

compare it to theoretical behavior.

As presented in section 1.3, the variation of the short-circuit current density has
theoretically a linear variation with the illumination intensity (see Eq. IV-7), such as solar cell
at 3% AMO would have 3% of its Jsc at 1 AMO.

Jsc(X) = X.Jsc (1 Sun) V-7
In Fig. IV-6 (left), the measured Jsc by I-V characterizations (symbols) is plotted as a
function of the irradiance intensity, while the solid line curve represents the Eqg. IV-7. In the
three Fig. cases (1J, 2J and 3J), the variation of the Jsc is in agreement with the theoretical
variation with the corresponding deviation due to the difference between solar cells shading

factor and solar simulator inhomogeneities.

In the case of open circuit voltage, the variation with irradiance intensity is logarithmic

according to Eq. IV-8.

nkT
Voc(X) = Vpc(1 sun) + T.Ln(X) IV-8

Where Voc(1 sun) is the measured at X = 1 sun and n is the ideality factor. In the case of
1J the ideality factor is comprised between n = 1 and n = 2. However, in the case of tandem cell
the ideality factor is multiplied by the number of junction, i.e. for 2J and 3J the n is comprise
between 2-4 and 3-6 [11], [12]. As for the Jsc, the measured Voc values by I-V
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characterization are presented in Fig. IV-6 (right) as a function of irradiance intensity by
symbols whereas the theoretical variation is presented by the region between the two solid lines
(gray region) calculated by the two ideality factor for each solar cell architecture.
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Fig. V-6 Evolution of measured electrical data as a function of irradiance intensity for 1J, 2J and 3J with
comparison to theoretical evolution variation of (left) Jsc, and (right)Voc.

From Fig. V-6 (right), it is observed that the Voc deviation between the two ideality factors
values is higher when decreasing the irradiance intensity. The absolute deviations for 1J, 2J and
3Jare 0.1V, 0.17 V and 0.26 V at an intensity of ~3% AMO.

Comparing the measured data to the theoretical curves, it is noticed that for all three
architectures, the Voc values fit well into the theoretical region with values of n close to the
lower limit (1, 2 and 3 for 1J, 2J and 3J) in the majority of cases. In the case of a few cells 2J
and 3J, the value of n is much closer to the upper limit (4 and 6 for 2J and 3J). This can be
explained either by the lower quality of the solar cell in question or by the degradation of the
cell during its positioning in the sample holder using springs (introduction of surface

recombination center).
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In conclusion, the low intensity measurements are in rather good agreement with the
behavior reported in the literature. As explained before, the observed deviation of the electrical
parameters is short-circuited due to the relative comparison, i.e. the evolution of the electrical
parameters is tracked as a function of temperature, illumination and irradiation for each cell

separately.

I\VV.3 Effect of Low Intensity and Low Temperature

1V.3.1. Thermal cycling experiments

As a first step, the mechanical resistance of the I11-V//Si bonding interface as well as the
metallization fingers/busbar against thermal cycles is investigated, and then the cells electrical
performances are characterized under 4% AMO and 300 K before and after cycling. The thermal
cycling sequence is shown in Fig. IV-7. From room temperature, the samples are tempered for
90 s in liquid nitrogen in a Dewar, which temperature is approximately 77 K under 1 atm., then
heated up to 300 K (RT) for 2 min and 400 K for 2 min as well. Finally, the solar cells are
brought back to RT for 2 min before starting a new cycle. The 3J GalnP/AlGaAs//Si and 1] c-
Si were used for this experiment. The 3J was submitted to 10 thermal cycling whereas 1J was
submitted to 20 thermal cycling. Even if in real operating conditions the solar cells actually face
a higher number of cycles, i.e. 16 per day for LEO and 1 per day for GEO [13], it provides us
with information about the behavior of solar cells during the first cycles (monitoring of early
defects).

400K
300K | 300K | 300K |

N
70K

10 Cycles

Fig. IV-7 Thermal cycling plan.

The integrity of the cells was examined after cycling using optical microscope observations
(x100 magnification): no delamination, cracks or micro-cracks were detected. Measurements
before and after thermal cycling, performed under 1sun AMO and at 300 K, show almost no

degradation of the electrical performances for both 1J and 3J (graph not shown here).
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The results of the I-V characterizations under ~ 4% AMO using at 300 K Quesma solar
simulator of the 3J solar cell before and after 10 thermal cycles (80 - 400 K) are presented in
Fig. IV-8 (left). In terms of electrical performance, no degradation is observed on the Jsc and
FF. However, for the open circuit voltage, a slight degradation of 20 mV is observed for the
triple junction. Fig. IV-8 (right) shows the I-V characteristics of the 1J before and after thermal
cycling. A slight increase of Jsc of 0.8% is observed after thermal cycling, this deviation is
within the limit of the sun simulator homogeneity thus can be neglected. On the other hand, no

degradation is observed on the open circuit voltage.
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Fig. IV-8 I-V characterization before and after thermal cycling performed at 300 K under ~4% AMO (left) 3J
GalnP/AlGaAs//Si 2 10 thermal cycling (right) 1J c-Si - 20 thermal cycling.

At low irradiance, the defects present in the different layers may have a greater effect on
the electrical parameters than at high intensity [4],[8],[14]. This is why the slight degradation
of the open circuit voltage is visible only at ~ 4% AMO. By exposing the 1J to twice as many
thermal cycles as the 3J, there is no noticeable degradation, which may suggests that the
bonding interface degradation could be responsible for the open circuit voltage decrease if we
assume the absence of degradation in the 111-V layers. However to confirm this hypothesis more
statistical measurements are needed. Nevertheless, in the framework of our study, the solar cells
are subject to only one thermal cycling and the degradation observed in 3J is very low compared
to that expected after irradiation, so the effect can be considered negligible. Thus, measurements

can be performed at low temperature (120 K).

IV.3.2. Current voltage characterizations
For the investigation of the global behavior of the three solar cells architectures at Low

Intensity and Low temperature (LILT) conditions, 1-V characterizations were performed also
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with the Quesma solar simulator. The I-V behavior measured at ~ 3% AMO and 120 K are
presented in Fig. IV-9 (blue lines) with comparison to the one measured at ~ 3% AMO and
300 K (red lines). The irradiation and characterization protocol adopted in this chapter is
presented in section 11.3.
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Fig. IV-9 Current-voltage characterization under ~3% AMO at 300 K in red and 120 K in blue (top) 1J c-Si
(bottom-left) 2J AlGaAs//Si (bottom-right) 3J GalnP/AlGaAs//Si. values on the legend are the average of the six
solar cells for each architectures.

After cooling down the 1J solar cells (see Fig. V-9 top), it is observed a slight decrease of
Jsc with average value of 1.24 mA.cm™ compare to 1.38 mA.cm™ at LIRT conditions, with a
corresponding deviation of 2.7 % for the six solar cells (equivalent to the one measured at LIRT
conditions). On the other hand, a pronounced increase of the open circuit voltage is observed
with values reaching 0.893 V compared to 0.500 V at LIRT condition, with 0.8% deviation

among the six tested solar cells. The FF also increases from 74% at LIRT conditions to reach
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86% at LILT conditions with 2.7% deviation. The efficiency is reaching 19.2% compared to
10.3% at LIRT condition with 4.6% deviation among this set of six solar cells. This increase is
mainly due to the Voc boost at LILT, almost two times the LIRT values.

In the case of 2J solar cells (see Fig. 1V-9), it is observed that the Jsc values slightly increase
at LILT conditions compared to the one at LIRT with average value of 0.54 mA.cm? and
0.58 mA.cm at 300 K and 120 K, respectively. The same trend was observed in [15] where
measurements as a function of temperature were performed on isotype solar cells. For the Voc,
a pronounced increase is observed, with average value reaching 2.45 V; its x1.5 higher than the
Voc measured at 300 K. The FF on its side decreases slightly and reaches values of 78% (2%
in abs. less than that observed at 300 K). As observed in Fig. IV-9, the maximum statistical
deviation of 12% is calculated. In addition, one of the 2J cells shows a phenomenon known for
solar cells under LILT conditions which translates as a flat spot (or broken knee) near the point
of maximum power. This is explained in [2], [14], [16]-[18] by a particular type of defect due
to an alteration of the p-n junction and the formation of a localized MSL - metal-semiconductor
interface - underneath the front grid metallization. The MSL occurs after thermal activation
during the manufacturing steps, i.e. localized reaction of Si with the adjacent metallization that
lead to a formation of highly conductive region between the metal and the base of the solar
cells. This region is modeled by a diode and a resistor in parallel to the p-n junction. The series
resistance difference between both MSL interface and the p-n junction is at the origin of the
double knee, where at low voltage the I-V behavior is controlled by the MSL interface and by
increasing the voltage near Voc, the I-V follows the p-n junction. This effect is present on only
one of the cell among six studied. Certainly, this effect reduces the performance of the cell but
relative comparisons are made before and after irradiation in this thesis, i.e. each cell is

monitored separately.

This effect is not identifiable with measurements at room temperature, either at normal or
low intensity [2], [19]-[23]. Furthermore, the effect can vary quite strongly from cell to cell,
which for a given solar cell design is likely to cause the flatness effect to appear, resulting in
very unpredictable LILT performances. Therefore, a screening selection is performed on all
cells at LILT conditions before arrays integration phase. However, in our case this is not
possible with the small number of samples available contrary to conventional and commercial

111-V/Ge solar cells.
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Tab. IV-2 Average electrical parameters for the three solar cells architectures (1J, 2J and 3J) characterized at
Low Intensity and Low Temperature condition ~3% AMO and 120 K.

LILT conditions

Solar cells
Jsc mA.cm Voc (V) FF (%) Eff (%)
1J 1.24£2.7% 0.893 £ 0.8% 86 +2.7% 19.2 £ 4.6%
2J 0.58 £ 8.3% 2.45+1.2% 78 £ 12% 21 £ 20%
3J 0.36 £ 11% 3.79+1.3% 84 +3.4% 21.7+14.3%

Considering the case of 3J (see Fig. V-9 bottom-right), the performances at LILT
conditions show a decrease of Jsc compared to LIRT where it reach an average values of
0.36 mA.cm™. As for both 1J and 2J architectures high increase of Voc is observed for 3J
architecture at LILT conditions with average value around 3.79 V (1.5 times LIRT average
value). At low temperature, the FF average value does not change and remains at 84%. This is
due to the appearance of a behavior known as S-Like Shape at 120 K near Voc. This behavior
is probably due to a majority charge carrier barrier (MCB) that occurs at the metal-
semiconductor hetero-interfaces, at the backside passivation surface [2], [18]. It is important to
note that this behavior does not affect the Voc but only the FF therefore the efficiency.

After cooling down to 120 K, the bandgap energy increases (e.g. silicon will increase from
1.12 eV at 300 K to 1.16 eV at 120 K). From Eqg. IV-9 that relates the Voc to the bandgap
energy Eg, the dark saturation current lo and short-circuit current density Jsc, it is clear that Voc
values increase with the increase of the bandgap [24]. In the case of tandem solar cells, the
boost of Voc is the combination of the increase of each junction Voc depending on their

respective temperature coefficient.

Voc(T) = E(D) _nkT ( o(T) ) V-9

q Isc(T)

In the case of the 1J and 3J cells (Si limiting sub-cell), a decrease of the Jsc is observed at
low temperature. This is explained by the fact that the absorption band decreases leading to a
decrease of photo-generated current. In addition, a low thermal excitation of electrons leads to
low photo-generated current. However, in the case of 2J the AlGaAs sub-cell limits the current
of the multi-junction at 300 K. Studies have shown that the quantum efficiency of the GalnAs
sub-cell is shifted towards the short wavelength at low temperature [25], [26]. This leads us to
believe that an increase in the quantum efficiency of AlGaAs in the blue portion of the solar

spectrum, which is more energetic, leads to an increase in the photo-generated current of the
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AlGaAs sub-cell and consequently that of the double junction. Measurements of the in-situ
quantum efficiency at low temperatures are needed to monitor the evolution of the quantum
efficiency of each sub-cell and to confirm this hypothesis. However, these measurements could

not be performed due to set-up issues for the quantum efficiency measuring at 120 K.

In order to monitor the electrical parameters in details with temperature, 1-V measurements
have been carried out in the temperature range 300 - 120 K under a constant irradiance intensity
of ~3% AMO spectrum. The characteristic curves for both 1J and 3J are presented in Fig. 1V-10.

In both cases, a small decrease is observed for the Jsc compared to the Voc increases.
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Fig. 1V-10 Current-voltage characterization under ~3% AMO as a function of temperature from 300 K down to
120 K for (left) 1J c-Si (right) 3J GalnP/AlGaAs//Si.

The electrical parameters Jsc, Voc, FF and efficiency are presented in Fig. IV-11 as a
function of temperature. In the case of Jsc, a linear decrease is observed for both 1J and 3J with
the corresponding temperature coefficient of 0.8 pA.cm2K?® and 0.3 pA.cm2K?l As
explained, this decrease is due mainly to the narrowing of the absorption band due to the
increase of the bandgap energy. It is observed that the temperature coefficient of 3J is seven
times lower than that of 1J; i.e. higher decrease of Jsc is observed for 1J compared to 3J. This
can be explained by the fact that in 3J, the bandgap of Si increases which decreases its
absorption band at the long wavelength, however the bandgap of the middle sub-cell also shifts
to shorter wavelength, therefore increasing the photons transmission at shorter wavelength.
Thus, the current limiting Si sub-cell receives less long wavelength photons (~1100 - 1200nm)
but more shorter wavelength photons (~800 - 900nm). In contrast, in the case of 1J the
absorption band is not extended to lower wavelength. A linear current variation is also assumed

for the 2J architectures which was only measured at RT and 120 K. However, it Jsc values
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increase with decreasing temperature (-0.2 pA.cm?.K™) which can be related to the

enhancement of the absorption at lower wavelength.

For the Voc, a linear behavior is also observed for 1J and 3J while assumed for 2J in the
temperature range considered in this study. The calculated variation with temperature
are -2.2 mV.K%, -4.8 mv.Ktand -6.8 mV.K for the 1J, 2] and 3J respectively. It is observed
that by increasing the number of sub-cells in a solar cell architecture, the temperature coefficient

increases due to the contribution of each sub-cell.
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Fig. IV-11 Electrical parameters variation as a function of temperature for the three cells architectures (top-left)
short-circuit current density Jsc (top-right) open circuit voltage Voc (bottom-left) fill factor FF (bottom-right)
efficiency. In the case of 2J solar cells, measurement were made only at 300 and 120 K, thus the dashed lines
represent only guide to the eyes.

In the case of 1J, we observe that the FF increases and reaches its maximum around 150 K
at a value of 87% due to the fact that the dark current decrease at low temperature, thus the I-V
curve tend to be more rectangular. After that it decreases due to the non-negligible effect of the
tunneling current at low temperature that become at the same order of magnitude than the

recombination and dark saturation current [19], [27]. In contrast, in the case of tandem cells it
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is observed that the FF continuously decreases in the temperature range studied here where it
reach values of 78% and 72% in the case of 2J (hypothesis) and 3J respectively. This effect can
be related to the variation of photo-generated current between the sub-cells as the temperature
decrease (blue shift) and the appearance of S-like shape at low temperature for the 3J and the

broken knee in the case of 2J.

Based on the measurements made on both 1J and 3J architecture, it is observed that the
efficiency increases linearly in the temperature range 300 - 150 K with a temperature coefficient
of -4.9 %.K* and -2.5 %.K™* for 1J and 3J respectively. The strong increase in Voc and the
small decrease in Jsc are the main reasons for the significant increase of efficiency. However,
in the temperature range 150 - 120 K, it is observed that the efficiency is saturated due to the
FF decrease as explained above. Taking these two cases, we assume the same hypothesis in the
case of 2J, where a linear increase is assumed in the range 300 - 150 K with a temperature
coefficient of -3.8 %.K* and a stabilization of the efficiency around 21% in the range
120 - 150 K. The linear variation of JSC and VOC with temperature in addition with the
saturation of efficiency due to FF limitation at very low temperature are in very good agreement

with reported behavior of tandem solar cells at this temperature range [17], [19], [28]-[31].

Dark 1-V measurements were performed as a function of temperature for all the three solar
cells architectures. Fig. IV-12 presents a comparison between the dark I-V characteristics
carried out at 300 K (red) and at 120 K (blue). In all three cases, a shift of the 1-V curve towards
high voltages is observed. This is due to the increased bandgap energy as observed in the case
of 1-V measurements under illumination. A second point to be emphasized is the decrease of
the dark current at low temperature. The dark current is proportional to the density of the
occupied state in the conduction band. At low temperature, the lower occupied state density for
electrons (the higher bandgap energy and lower thermal energy) results in dark current
reduction. A current density of the order of 10 - 10-° A is measured for low voltage for all three
architectures. The noisy signal measured at low voltage is due to the low sensitivity of the

measuring equipment to such low current values.

It is also observed a relatively high statistical dispersion (5 order of magnitude in the dark
current) even with the used cells coming from the same batch. However, given the low dark
current compared to the photo-generated current under illumination, it induces a low dispersion
on light I-V (see Fig. 1\V-9).
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Fig. IV-12 Dark I-V characterization at 300 K (red) and 120 K (blue) in the case of (top) 1J c-Si (bottom-left) 2J
AlGaAs//Si (bottom-right) 3J GalnP/AIGaAs//Si.

1V.3.3. Quantum Efficiency measurements
As explained above, EQE in-situ measurements could not be performed due to issues with
the measuring equipment especially for tandem solar cells were light bias was needed to
measure each sub-cell separately. However, an alternative solution was found to measure the
EQE manually (with no access to the equipment software) on 1J c-Si using the Quesma solar
simulator (LED) by following the steps below reported in ASTM E1021 - 15(2019) [32]:

e Measure the spectral response of a c-Si cell in calibrated equipment SRRef.

e Calculating the power (PLep) of each LED lamp by dividing the measured current
Iref When turning on the LED by the reference spectral response according to
Eq. IV-10.

Iger(A)
SRpefr(A)
Repeat the procedure for all the LED lamp (37) from 375 nm to 1300 nm.

Pigp(A) = 1V-10
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e Measure the photo-generated current of the solar cells under test when photo-
excited by each LED lamp separately.

e Calculate the spectral response of the device under test SRpur according to

Eq. IV-11
IDUT(A)
SR A) = IV-11
2t = b o)
e Calculate the EQE of the device under test according to Eg. 1V-12.
hc
EQE(A) = E.SRDUT(A) IV-12
100
S
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Fig. IV-13 EQE characterizations of 1J c-Si solar cells at 300 K (red line) comparing to the reference one
measured at a reliable set-up (black line) and at 120 K (blue lines).

Fig. 1\V-13 present the results of the application of this procedure on two 1J c-Si solar cells
at 300 K (red lines) and 120 K (blue lines). Comparing the measurements made at 300 K in a
calibrated equipment (dark lines) with the measurements made manually, very good agreement
is observed in the absorption band 375-1050 nm. However, beyond 1050 nm, the
measurements do not agree due to the lack of LED lamp in this range to accurately reproduce
the evolution of the EQE. Nevertheless these measurements show the effect of temperature on
the variation of the bandgap energy thus on the absorption band of c-Si. By cooling down the
temperature to 120 K, the measurements on both cells shows the decrease of absorption band

to lower wavelength (higher energy). The slight enhancement of EQE magnitude at low
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wavelength (A < 430 nm) is due to a lower front surface recombination and can be due to the
enhancement of the front passivation. A small deviation is calculated (less than 1% in terms of
Jsc) for the two measurements made on two different solar cells, showing the reliability of the

measurement.

In order to calculate the evolution of the bandgap as a function of temperature, we use the
method proposed by H. Helmers et al. in [33] for the extraction of Eq from EQE measurements.
Fig. IV-14 shows the EQE plots in semi-logarithmic scale as a function of photons energy at
300 K and 120 K. By plotting an exponential function in the form of exp(a+b.E), where a and
b are fitting parameters, near the band edge and at saturation part, the bandgap is therefore
extracted by the intersection of the two Fit functions. The Si bandgap values extracted from
EQE measurements at 300 K and 120 K respectively are 1.118 eV and 1.158 eV.
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Fig. IV-14 (Left) Extraction of the Si bandgap energy from EQE at 300 K and 120 K. the Eg is defined as the
intersection of the two exponential fit near the bandgap edge and the saturation of EQE. (Right) the symbols
represent the calculated Eg evolution as a function of temperature while the line represent the fit of these data
according to the Varshni Equation 1V-13.

According to Varshni [34] empirical equation (see Eq. 1V-13), the bandgap as a function

of temperature, T, can be expressed as:

E,(T) = E4(0) + a'—Tz IV-13
g+T
Where E4(T) is the bandgap at a given temperature, E4(0) is the bandgap at 0 K, a and 3
are fitting parameters. In the case of Si semiconductor a reported value of 1.17 eV,
4.73 x 10 eV.K! and 636 K respectively for E4(0), o and B are used. A comparison of the
results obtained from EQE measurements and the one calculated by Eq. IV-13 is presented in

Fig. IV-14 (right) where good agreement is observed. The bandgap temperature coefficient
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dEg/dT for Si semiconductor is found to be -0.203 meV.K* if when assume a linear variation

in the temperature range considered in this study.

Since the Si architecture is identical in the three solar cells architectures (1J, 2J and 3J), it

is then possible to deduce the EQE of the Si bottom sub-cell in the case of 2J and 3J based on

measurements made at low temperature. The difference between the tandem cell and the 1J lies

in the ARC: dual layers SiNx/SiO> are deposited on top for 2J and 3J while for the 1J cells, only

one SiO; layer is deposited; however, this ARC difference shall not be influence the IQE. The

procedure to calculate the hypothetical Si EQE in the case of 2J and 3J is detailed below:

First, we make the assumption that the refractive index does not change as a
function of temperature as presented in [35], [36] and therefore the reflection at
120 K is equal to that at 300 K (see Eq. IV-14).

R(Ds00x = R(D 120k Iv-14
The IQE of the 1J at 120 K is calculated from the EQE measurements at 120 K
according to Eq. 1V-15.

EQE()Y

1 (_2 R(( /1))1 ]13200; IV-15
The EQE of the 2J is calculated from the EQE of the 1J at 120 K using the reflection
of the 2J at 300 K (see Eq. IV-16). Similarly for the 3J using the reflection of the
3J at 300 K (see Eq. IV-17).

IQE(/DUlZOK =

IQE()Y
EQE(1)? = 120K IV-16
120K ~ T R,
IQE()Y
EQE(D)Y 10x = 7= R(A)MUOK IV-17

300K
The limitation of the absorption band are identified for both 2J and 3J through:
o Upper wavelength limit is already taken into account by 1J measurement at
120 K
o The lower wavelength limits depend on the bandgap energy of the upper
sub-cell, where for higher energy the Si absorption is set to zero. The
bandgap of the AlGaAs is defined through EL-S (explained thereafter)

measurements for both top in the 2J and middle in the case of 3J.
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Fig. IV-15 Calculated EQE of the Si bottom sub-cell at 300 K and 120 K from the EQE of 1J cell in the case of
(left) AlGaAs//Si (right) GalnP/AlGaAs//Si.

The results of these calculations are shown in Fig. IV-15. In both cases, the Si bottom sub-
cell loses a portion of the absorbed spectrum at long wavelengths due to the increase in bandgap
energy. However, it benefits from additional absorption band at lower wavelength (10 - 30 nm)
a portion absorbed at short wavelengths due to the increase in top sub-cells bandgap energy.
This is also seen in the decrease of Jsc calculated from EQE (see Tab. IV-3) where higher
absolute loss is observed in the case of 1J (0.11 mA.cm™) compared to 2J and 3J (0.05

mA.cm™).

Tab. 1V-3 The calculated Jsc for the Si cell/sub-cell at 300 K and 120 K by convolution of its measured EQE in
the case of 1J and calculated in the case of 2J and 3J.

Jsc of Si (mA.cm™) under ~3% AMO

Solar cells
300 K 120 K
1J: c-Si 141 1.30
2J: AlGaAs//Si 0.79 0.74
3J: GalnP/AlGaAs//Si 0.42 0.36

1VV.3.4. Spectral electroluminescence measurements
Spectral electroluminescence measurements (EL-S) were carried out on the two tandem
solar cell architectures, i.e. 2J and 3J. The characterization results are presented in Fig. IV-16.
As explained earlier, besides the low sensitivity of the used detectors, the nature of the non-
radiative recombination that take the leads in the case of Si semiconductor it was not possible
to measure its behavior by EL-S.
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In the case of 2J solar cells (see Fig. 1V-16 left), the injected current density is equal to four
times that of the Jsc (60 mA.cm?). At 300 K, the observed signal as a result of radiative
recombination is located at 707 nm equivalent to an energy of 1.76 eV that corresponds to the
optical bandgap of the top AlGaAs sub-cell. After cooling down to 120 K (blue curves), as
expected the maximal signal coordinate shift to lower wavelength and higher intensity [37].
The peak signal wavelength is located at 681 nm, which correspond to a bandgap energy of
1.82 eV. This leads to an increase of the signal peak at 120 K where it reach 14 times the ones
measured at 300 K.

In the case of 3J (see Fig. IV-16 right), two signals are observed with maximums at 300 K
located at 657 nm and 844 nm. The first signal corresponds to the radiative response of the
GalnP top sub-cell with an energy gap of 1.89 eV. The second signal corresponds to the
response of the AlGaAs sub-cell with a bandgap of 1.47 eV. By cooling down to 120 K, it is
observed that in the case of both sub-cell the bandgap energy shift to high values of 1.94 eV
and 1.53 eV which is in good agreement to theoretical behavior. However, two different
behavior are observed in terms of maximum signal intensity. In the case of middle sub-cell
AlGaAs, the signal increase by decreasing the temperature. Which is not the case of the top
GalnP sub-cell, where the signal intensity decreases with temperature that goes against our
expectations. This effect has already been observed in GalnP top cells and can possibly be
linked to the ordering of the GalnP material [22], [38], [39].
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Fig. IV-16 EL-S characterization at 300 K (red lines) and 120 K (blue lines) at an injected current four times the
Jsc one (left) AlGaAs//Si (right) GalnP/AIGaAs//Si.

Another interesting point is the appearance of a signal due to radiative recombination in
the wavelength range 725 - 780 nm in the case of 2J and 700 - 750 nm and 850 - 950 nm in the
case of 3J. In the case of 2J, this part of the absorption band is located deeper than the sub-cells.
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Moreover, in the case of 3J, the first signal is located between the two top sub-cell and the
second is located deeper in the cell after the middle sub-cell. However, this does not correspond
to the wavelengths of the recombination of the Si, neither for its direct (~ 350 nm) nor for its
indirect (~1070 nm) bandgap. In addition, this cannot be due to the created amorphous GaAs
by bonding process, since there is no p-n junction for this interface (n-GaAs/n-Si). One possible
explanation is that this radiative recombination is the response of the tunnel junctions. In the
case of both 2J and 3J, the signal at ~750 nm and ~900 nm looks like a signal of an indirect
bandgap semiconductor. Alternatively, the signal is distorted due to the interference oscillation

due to overlapping reflection in the device [37].
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Fig. IV-17 Representation of the I11-V top cells bandgap energy as a function of temperature in the case of (top)
AlGaAs in 2J (bottom) GalnP and AlGaAs in the 3J. Measured data by EL-S are presented by symbols while lines
represent the fit to the Varshni equation 1V-13.

As for Si, a comparison between the Varshni equation and the values of E4 obtained from
the spectral electroluminescence measurements is shown in Fig. IV-17. In the case of
AlGai-xAs semiconductor, the used parameters o and B are 5.41 x 10 eV.K* and 204 K [40].
However, the Eg(0) depends on the sub-cell composition of Al (x) and is calculated according
to Eq. 1VV-18 for the wave vector I" with x = 0.26 for top sub-cell in 2J and x = 0.037 for middle
sub-cell in 3J architecture.

E,(0,x) = 1.519 + 1.155 x + 0.37 x*(eV) IV-18
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In the case of GalnP top sub-cell in the 3J architecture, the parameters E4(0), . and B were
used as fit parameters of the Eq. I\V-13 to the measured Eq by EL-S and found values of 1.95 eV,
5.289 x 10 eV.K! and 420 K. In both tandem solar cells cases, the bandgap energy calculated
from EL-S measurements as a function of temperature fit very well to the values reported in

literature and to Varshni equation.

I\VV.4 Effect of Irradiation

Once the solar cells have been characterized at low temperature, the sample holder is
moved by positioning it facing the electron beam to initiate the irradiation. Similarly to the
room temperature irradiation, three fluences were considered, i.e. 10%4, 3.10%* and 10%° e.cm™.
The choice of these fluences is based on the fact that the 10* e.cm™ fluence close to that
received by the solar cells in the case of the JUICE mission (1.5 - 3.10%° e.cm™). On the other
hand, this choice was also guided by the interest of comparing the results of irradiation carried

out at 120 K with those performed at 300 K (same electrons fluences).

IVV.4.1. Current-Voltage characterizations
In-situ measurements were carried out after irradiation at low temperature and under a
~3% AMO spectrum. The results of the I-V characterization in EOL (colored lines) compared

to BOL one (dark lines) are presented in Fig. 1\V-18 for the three architectures.

For all three architectures, the same behavior as for NIRT conditions is observed: a slight
degradation of the open circuit voltage compared to the short circuit current. This effect is more
pronounced at higher fluences. Average absolute values of electrical parameters for the three
solar cells architectures irradiated at a fluence of 10'® e.cm™ are given in Tab. IV-4 as an

example. No anomalies on the I-V behavior is detected in post-irradiation at low temperature.

In the case of 1J, the Jsc drops from 1.24 mA.cm™ at BOL to a value of 0.7 mA.cm™ at an
irradiation fluence of 10'° e.cm™. On the other hand, a slight degradation is observed for the
Voc where it drops from 0.893 V to 0.854 V at the highest fluence of this work.

Considering the case of 2J, low Voc degradation is observed where a drop from 2.45 V to
2.230 V at a fluence of 10% e.cm™. When evaluating the Jsc evolution, a weak degradation is
observed at the lowest fluence 10*e.cm? where the Jsc drops from 0.58 mA.cm? to
0.46 mA.cm™. By increasing the fluence the degradation is much more important: it reaches a
value of 0.23 mA.cm at a 10* e.cm™ fluence. This effect is probably due to the inversion of

limiting sub-cells as explained in NIRT conditions. At low fluence (less than 10** e.cm), the
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Jsc evolution of the 2J is governed by the evolution of the Jsc of the top sub-cell in AlGaAs,
which has a good radiation hardness and therefore a low degradation is observed. On the other
hand, by increasing the fluence above 10'* e.cm, the defects induced in the Si sub-cell are
much larger than those induced at the top sub-cell thus the Si sub-cell becomes the limiting one.
Given the low radiation resistance of the Si to radiation, a higher degradation is observed in the

10 - 10 e.cm™ fluence range.
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Fig. IV-18 Current voltage characterization at LILT conditions before (black lines) and after irradiation at 120 K
(colored lines) for (top) 1J c-Si (bottom-left) 2J AlGaAs//Si (bottom-right) 3J GalnP/AlGaAs//Si.

Tab. IV-4 Average of absolute electrical parameters on two solar cells for the three architectures after irradiation
with 10% e.cm? measured at LILT conditions.

Jsc Voc FF Efficiency
Architectures
mA.cm (V) (%) (%)
c-Si 0.7+£08% 0.854+0.3% 85+ 0.8% 10.2 + 0.8%
AlGaAs//Si 0.23+6.6% 2.230+0.7% 85 +0.6% 8.5+53%
GalnP/AIGaAs//Si 0.08 + 5% 3.596 + 0.5% 84 + 1% 4.6 +5.6%
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An important point to highlight in the behavior of the 2J cells is the disappearance of the
observed broken knee observed at BOL when they have been irradiated (green curves). This
can be due to the high defect density introduced after irradiation especially at a fluence of
10 e.cm?, thus the effect of MSL may become weaker than the one induced by irradiation

defects.

In the case of 3J, the Jsc drops from 0.36 mA.cm™ in BOL to a value of 0.25 mA.cm? at a
fluence of 10 e.cm™. By increasing the fluence to 10™ e.cm, the degradation is greater where
average Jsc values reach 0.08 mA.cm™. In the case of this architecture, it is the Si sub-cell,
which limits the total current of the device before irradiation. Since the radiation hardness of Si
is lower than that of AlGaAs and GalnP sub-cells, the degradation is more pronounced for the
bottom sub-cell. Therefore, the behavior of the whole device is governed by that of the Si sub-
cell in all the fluence range by contrary to the 2J devices. As for 1J and 2J, low degradation is
observed for the Voc where values drops from 3.79 V to 3.596 V at a fluence of 10%° e.cm™.
The same behavior is observed at EOL as at BOL near Voc conditions where the solar cells
present an S-like shape due to the majority carrier barrier for all the fluence range. In terms of
statistical dispersion on the two cells irradiated at the same fluence, low values of less than 1%
are calculated for all 1J electrical parameters (Jsc, Voc, FF and efficiency) for the three fluences
studied. In the case of tandem cells (2J and 3J), values of less than 1% are calculated for both
the Voc and the FF. In contrast, higher dispersions are observed for the Jsc and thus efficiency
in the range of 5 - 6.6% for both architectures. These values are relatively large, however even
at BOL, large deviations have been calculated which were explained by the difference in solar

cells quality (& manufacturing process).

To compare the evolution of the electrical parameters of the three architectures, the
remaining factor RF(Ep) were calculated as a function of the irradiation fluence @. The results
are presented in Fig. IV-19 where the symbols represent the experimental measurements and
the solid curves represent the fit using the semi-empirical equation (Eq. 1V-19).

RF(E,) =1— Ay Ln <1 + g) IV-19

The parameters Ax and @x used for the fit of Jsc and efficiency for the three architectures are
summarized in Tab. 1VV-5. The obtained fit is in good agreement to the measured data with an

RMSE of less than 0.1 for both Jsc and efficiency in all three architectures.
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Tab. 1V-5 Fitting parameters (Ax and @) for the remaining factors of 1J, 2J and 3J according to Eq. 1V-19 with
the respective RMSE for each fitting curve to the measured data.
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Fig. IV-19 Remaining factors calculations at LILT conditions for the three solar cells architectures (1J, 2J and
3J) with average value of 2 cells per fluence. Top-left: short-circuit current density. Top-right: open circuit
voltage. Bottom-left: fill factor. Bottom-right: efficiency. The measured electrical parameters are presented by
symbols while the linear curve represents the fit using Eq. 1V-19. In the case of the FF and Voc, the lines are only
plotted as guide to the eyes. Note: the Y-scale differs in the FF and Voc graphs in order to highlight their variations.
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Short-circuit current density - Jsc: At a fluence of about 10'* e.cm™, the Jsc relative
degradation is equal for the three solar cells architectures with a calculated degradation value
of 25% (see Fig. 1\V-19 top-left).

According to the fit, below 10'* e.cm™ the degradation is almost identical for the two
tandem cells (2J and 3J). This is at odds with our expectations, since in this fluence range the
Si sub-cell limits the behavior of the 3] whereas in the 2J it is the AlGaAs that limits the 2J.
Therefore, a higher degradation is expected in the case of the 3J compared to the 2J (radiation
hardness difference). It is also observed that the degradation of the 1J is lower compared to
tandem cells behavior under irradiation. Comparing to 2J, it is understandable that this
degradation is lower because the AlGaAs top sub-cell (higher radiation hardness than Si) is the
limiting one in this fluence range. However, in comparison with 3J where the Si limits all the
device, its absorption band is only limited to the higher wavelengths where the effect of
irradiation is more important (see section 111.2.4), this trend is not expected. This leads us to
believe that another phenomenon occurs at low temperatures or that the measurement at 104
e.cm is overestimated in the case of 3J (not enough irradiation point at a fluence lower than

10 e.cm?).

Beyond a fluence of 10'* e.cm™, the relative degradation is less important for 1J compared
to 2J and 3J. At this fluence range, the relative degradation is more important by increasing the
number of junction on the top of Si bottom sub-cell. This is explained by the fact that in tandem
architectures the Si absorption band is restricted for higher wavelength at which the effect of
reducing minority carrier diffusion length is the most important. A degradation values of 42%,

59% and 78% are calculated for the Jsc of 1J, 2J and 3J respectively at a fluence of 10'° e.cm™.

Open circuit voltage - Voc: The Voc degradation is much lower compared to that of the
Jsc. Values of less than 6% are calculated for the three architectures at the highest fluence of
this study 10 e.cm™. At a fluence lower than 3.10'* e.cm, higher degradation is observed for
1J compared to tandem cells. This is explained by the contribution of the top sub-cells to the
total multijunction Voc with a better radiation resistance as opposed to the 1J where only the

Voc of Si which is accounted.

On the other hand, at a fluence of 10 e.cm™, the degradation of 1J is slightly lower than
that of the tandem cells. In reality, this difference can be due to the temperature effect and not
to the irradiation fluence. As shown in section 1V.3.2, the Voc is the most sensitive parameter

to the temperature. One possible explanation can be the slight deviation on measurements
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temperature at BOL and EOL that induces differences on RF(Voc). However, they might be
others effects contributing to this low degradation. Additional measurements are needed for a
better understanding.

The fit using Eq. 1V-19 was not applied on the case of Voc, since degradation is very low

and measurements are not sufficient for the tendency.

Fill factor - FF: In all three cases, the degradation of the FF is non-existent (recovery) or
very low depending on the irradiation fluence (see Fig. IV-19 bottom-left). In the case of 1J,
the degradation is present from the lowest fluence studied. The degradation of the FF increases
with fluence and reaches a value of 5% at a fluence of 10*° e.cm. In the case of tandem cells,
an opposite behavior is observed. At 10* e.cm, the FF of 2J and 3J increases from its BOL
value by ~10%. By increasing the fluence at 3.10%* e.cm™, degradation of the FF is observed
relatively to that observed at 10 e.cm but remains slightly higher than the calculated BOL
value by 2.5%. In the case of 3J, the FF continues to degrade by increasing the fluence where
it reaches a degradation of 2% compared to the BOL values. However, in the case of 2J, by
increasing the fluence to 10 e.cm™ it is observed that the FF remaining factor increases and
reaches a value of 1.2, i.e. the EOL value is 20% higher than the BOL value.

The evolution of the FF in the case of tandem cells is more complex than in single junction cells
because of its dependence on the current-photo-generated by each sub-cell and by the defects
created by irradiation. At low fluence, the increase of current mismatch conditions lead to an
increase of FF for the 3J. However, in the case of 2] the increase of FF at 10%* e.cm is due to
the disappearance of the flat spot effect (less pronounced than others cells) observed at BOL.
By increasing the fluence higher than 10'* e.cm™ the created defects take over and limits the
increase of FF. The observed high increase of 2J at 10™ e.cm is due to the disappearance of
the broken knee observed at BOL (decrease FF) after irradiation at 10*° e.cm™ thus increase
the FF.

Efficiency - Eff.: Since the efficiency is the combination of all the electrical parameters
mentioned above, its degradation is the combination of that of Jsc, Voc and FF (see Fig. IV-19
bottom-right). As shown above, the degradation of both Voc and FF is very low (less than 6%)
in all three architectures, their effects on efficiency are minimal compared to that of Jsc. The
efficiency degradation with values of 48%, 52% and 80% is calculated for 1J, 2J and 3J at a
fluence of 10%° e.cm. This degradation is mainly due to the degradation of the Jsc in the whole

fluence range considered in this study. As explained above, this degradation is due to the Jsc
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degradation of the Si due to the strong decrease in the lifetime of the minority carriers and the

absorption band limited by the top cells.

The Equation IV-19 is in very good agreement with experimental efficiency measurements
where the calculated RMSE is less than 0.1 in all three architectures. According to the Fit, a
crossing point of the degradation of 1J and 3J is observed at 10 e.cm™ where the relative
degradation of 1J is higher at low fluence and less pronounced at higher fluence. A similar
behavior is observed comparing 1J and 2J where the crossing point is located at a fluence

of 3.10* e.cm™.

Fig. IV-20 presents the results of dark 1-V characterization carried out on the three solar
cells architectures before (solid lines) and after irradiation at 120 K (dashed lines). At low
applied voltage, the measured current is very noisy due to the sensitivity of the equipment for
low current values, which is in the order of few nA. The dark I-V curves of the three
architectures are compared to the slopes of the two components of the ideal I-V curve, i.e.
depending on the ideality factor. The observed difference between measured curves and the

ideal slope is due to the presence of defects in the devices.

In the case of 1J, it is observed that the dark current increases after irradiation by a factor
ranging from 2 to 4 in the considered fluence range. However, irradiation at 3.10'* e.cm
induces a higher dark current increase that can reach 20 times the one at BOL. Even this higher
current, no aberrant degradation or high shunt effect is observed on the FF characterized by

light I-V measurements.

In the case of 2J, there is a slight decrease in current in the dark in the voltage range
0.5-2V. Above 2V, a higher current is observed in EOL than in BOL where it reaches the
maximum increase at an applied voltage in the range 2.25 - 2.75 V (near the Voc). The increase
of dark current at this applied voltage is due to the introduction of defects in the bulk of the
cells that leads to a decrease of Voc. In the case of 3J, a slight decrease in current is observed
for a fluence lower than 3.10%* e.cm™. However, by increasing the fluence up to 10 e.cm the
dark current increases and reach 2 times the ones at BOL. In the case of all three architectures,
the same behavior is observed before and after irradiation. The observed increase of the dark
current is due to the irradiation induced generation defect; this type of defects degrades the open

circuit voltage.
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Fig. IV-20 Dark current voltage characterization at 120 K at BOL (solid lines) and EOL (dashed lines) in the case
of (top) 1J c-Si (bottom-left) 2J AlGaAs//Si (bottom-right) 3J GalnP/AlGaAs//Si.

1V.4.2. Quantum efficiency
The measurements of the EQE after irradiation at a fluence of 3.10'* e.cm™and 10'° e.cm™
were performed on only the 1J c-Si due to the complexity of measuring tandem cells (bias light
and bias voltage) with the available equipment. The same experimental protocol used at BOL
has been used at EOL, i.e. calculating the EQE from the photo-generated current of the cell for
each LED lamp in the range 375 - 1200 nm. The comparison of BOL and EOL experimental
results at 120 K are presented in Fig. IV-21.

We distinguish for 1J cells three different behavior zones where the EQE degradation is
different. In the first zone 375 - 450 nm, no degradation is detectable. In this region (emitter

response) the high doping induce more important defects compared to those induced by
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irradiation. In the absorption band 450 - 700 nm, moderate EQE degradation is observed where
it is in the range of 4 - 25% at 3.10 e.cm™ and 5 - 52% at 10%° e.cm™ such that the degradation
iIs more important at longer wavelengths. This region mainly represents the response of the
photons absorbed in the space charge region therefore reflect its quality. In the 700 - 1200 nm
region, which represents the bulk response of the cell, high degradation is observed and
increases with wavelength where it reaches a maximum of 85% and 92% in the 1000-1200 nm
range at an irradiation fluence of 3.10%* e.cm™ and 5 - 52% at 10 e.cm™.

The EQE characteristics of the Si sub-cell of the 2J and 3J were calculated in EOL in the
same way as in BOL, i.e. the reflection is considered as constant in the temperature range studied
300 - 120 K, according to Eq. 1'V-20.

1- Rtandem(’D) IV-20

1-Rs(D)

In section 111.2, we have shown that electrons of 1 MeV energy have a very high penetration

EQETandem(/l) = EQESi(/D-<

depth (2 ~ 3 mm) with respect to the thickness of the three solar cell architectures considered
in this study (~ 525 pwm). Moreover, by simulation we have shown that the same amount of
energy is deposited in the Si of the 1J, 2J and 3J therefore the same defect rate. In the same
chapter, we have shown that the IQE of the Si of the three architectures is identical after
irradiation at the same fluence. In this chapter where the cells were irradiated at low
temperature, we made the same hypothesis: constant reflection with temperature, identical

degradation on 1J, 2J and 3J. Results of these calculations are shown in Fig. 1V-21.

In the case of 2J, the absorption of Si is limited by the absorption of the AlGaAs top sub-
cell and by the Si band gap to the range 681 - 1070 nm. In this region, the absorption of photons
occurs mostly in the bulk of the solar cell away from the p-n junction. The calculated
degradation for the cell irradiated at 10%° e.cm is in the range 40 - 94% with more pronounced

degradation at longer wavelength.

In the case of 3J, the absorption of Si is more restricted due to the absorption of the two
top/middle sub-cells at 805 - 1070 nm. In this region the photons are absorbed deep in the solar
cell and therefore have a greater distance to travel before reaching the junction to be separated
and collected. A degradation rate of 64 - 93% is calculated as a function of wavelength for the

cell irradiated at a fluence of 10 e.cm.
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Fig. IV-21 EQE characterization before (black lines) and after irradiation at 120 K (colored lines), (top)
measured 1J c-Si (bottom-left) calculated EQE in the case of 2J (bottom-right) calculated EQE in the case of 3J.

The degradation of the Si EQE in all three solar cell architectures is due to the strong
decrease of the diffusion length of the photo-generated minority carriers mainly in the bulk, due
to the introduction of recombination defects. Thus, charge carriers created at a large depth
(higher than the diffusion length) have a low probability of reaching the junction. The difference
between the three solar cell architectures lies in the extent of the absorption band of the Si (the
sub-cell of low radiation resistance). In the 1J, the degradation is less pronounced due to the
contribution of the emitter and the SCR (low wavelength) to the total Jsc where the degradation
is relatively lower than at long wavelength. However, in the case of tandem cell this
contribution is zero. The calculated Jsc of the Si cell/sub-cell by convolution of EQE to
~3% AMO spectrum before and after irradiation at 120 K are reported in Tab. IV-6.

256



Ch. IV Effect of Irradiation at 120 K

Tab. V-6 The calculated Jsc by convolution of EQE at BOL and EOL characterized at 120 K for the Si cells/sub-
cell in the case of 1J, 2J and 3J.

Jsc of Si (mA.cm-2) at 120 K & ~3% AMO

Solar cells
BOL 3.10%e.cm? 10 e.cm™
1J: c-Si 1.30 0.99 0.76
2J): AlGaAs//Si 0.74 0.41 0.25
3J: GalnP/AlGaAs//Si 0.36 0.14 0.07

1VV.4.3. Electroluminescence
EL-S measurements were performed after irradiation at 120 K for both tandem
architectures. Results at EOL are shown in Fig. 1VV-22 in comparison to BOL measurements for

an injected current four times the Jsc, i.e. 60 mA.cm™ for 2J and 40 mA.cm for 3J.

In the case of 2J, the signal observed at 681 nm represents the response of the AlGaAs sub-
cell (direct bandgap). At BOL, a peak of 0.17 pW.cm2.nm* intensity with Full Width at Half
Maximum (FWHM) of 14 - 17 nm is measured (wavelength band where the EL-S intensity is
higher than 50%). A strong degradation is observed for the EL-S signal peak after irradiation
with a drop of 41%, 83% and 99% for a fluence of 10'* e.cm?, 3.10* e.cm™and 10®° e.cm™

respectively.
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Fig. IV-22 EL-S characterization at 120 K before (black) and after irradiation at 120 K (colored lines) at an
injected current four times the Jsc one (left) AIGaAs//Si (right) GalnP/AlGaAs//Si.

In the case of 3J, the two signals presented at 640 nm and 811 nm represent the response
of the GalnP and AlGaAs sub-cells respectively. At BOL, the maximum intensity (resp.
FWHM) is 0.013 pW.cm2.nm* (resp. 15 nm) and 0.16 pW.cm2.nm* (resp. 20 nm) of the GalnP
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and AlGaAs respectively. After irradiation, a higher degradation is observed for AlGaAs
compared to GalnP with a rate of 28% and 69% respectively at a fluence of 10*° e.cm™. In the
case of AlGaAs in 2J and the GalnP and AlGaAs in 3J, the FWHM remains unchanged after
irradiation in the fluence range of this study. The higher observed degradation of AlGaAs
compared to the GalnP sub-cell is due to the higher radiation hardness of the GalnP as reported
in [41]-[43].

The defects created by irradiation behave as non-radiative recombination centers (SRH),
resulting in a degradation of the charge carriers lifetime. These defects capture electrons and
combine with them in a non-radiative way, which leads to a degradation of the EL-S intensity
[44], [45].

In the case of both architectures, the signals identified probably as a tunnel junction
response (at 750 nm for the 2J and at 725 and 900 nm for the 3J) degrade in the same way as

the tandem sub-cells. The degradation of the signal peak increases with the irradiation fluence.

The remaining factors of EL-S as a function of fluence are reported in Fig. 1\VV-23 where the
lines represent the fit of experimental data (symbols) to the semi-empirical equation
(Eg. IV-19). In the case of 2], the AlGaAs EL-S degradation increases with the fluence. It is
clear that the degradation is only visible from a fluence of 10! e.cm™. In the case of 3J, the
effect of irradiation thus the induced defects is only visible from a fluence of 10%° e.cm and
102 e.cm for AlGaAs and GalnP sub-cell respectively with higher degradation of AlGaAs

than GalnP as explained above.
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Fig. IV-23 Remaining factor evolution of EL-S peak signal according to the fluence for (left) 2J AIGaAs//Si (right)
3J GalnP/AlGaAs//Si.
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When comparing the two AlGaAs sub-cells in the 2J and 3J, it is observed that a higher
degradation of EL-S is observed for the 3J. In the case of 2J, degradation is only visible at a
fluence of 10! e.cm™; however, in the 3] it is visible from a fluence of 10'° e.cm™, one order
of magnitude lower. This effect may be due to two characteristic parameters: thickness and
stoichiometry. The low composition of Al in the case of 3J (x = 0.037) compare to 2J (x = 0.26)
leads to higher density and thus a higher energy and defect density. In addition, the higher
thickness in the case of 3J (2.6 um) compare to 2J (2.2 um) leading to higher deposited energy

and thus higher defects density with irradiation.

IV.5 Effect of annealing at room temperature

After irradiation and characterization at low temperature, the samples are heated up to
300 K. Once the solar cells reach room temperature, the EQE, I-V at ~3% AMO and EL-S
characterizations are performed on the three solar cell architectures. The objective of these
measurements is to compare the BOL - EOL behavior under LIRT conditions. In a second
investigation, the annealing effect of the electrical parameters will be studied by comparing the
temperature coefficients when cooling down the solar cells at BOL compared to their heating
up after irradiation.

IVV.5.1. Electroluminescence
EL-S measurements were performed after irradiation at 300 K. The results obtained for the
two tandem cells are presented in Fig. IV-24 by comparing EOL measurements at 120 K (blue
line) and those measured in EOL at 300 K (red line).
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Fig. IV-24 EL-S characterization at 120 K (blue line) and after annealing at 300 K (red line) of (left) AlGaAs//Si
irradiated with 10 e.cm?(right) GalnP/AlGaAs//Si irradiated with 3.10%* e.cm.

As explained before, in the case of 2J (see Fig. 1V-24 left) the observed signal corresponds

to the AlGaAs top sub-cell. By bringing the cell to room temperature after irradiation at
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10 e.cm we observe that the signal peak red shift (681 nm to 705 nm) with a decrease of
signal intensity. This difference is due to the narrowing of the bandgap energy from 1.82 eV to
1.76 eV.

In the case of 3J (see Fig. IV-24 right), the two signals represent the response of the GalnP
and the AlGaAs sub-cells. The curves shown in the graph represent the cell irradiated at
3.10% e.cm™, because at higher fluence the AlGaAs signal at 300 K is very weak comparing to
the detector sensibility. After annealing at 300 K, a shift of signal peak energy to higher
wavelength due to the narrowing of the sub-cell bandgap energy from 1.93 eV to 1.9 eV and
from 1.52 eV to 1.47 eV for the GalnP and AlGaAs respectively. As at BOL different behavior
are observed between the GalnP and the AlGaAs; EL-S of the AlGaAs decrease with the
temperature as theoretically expected however the GalnP intensity increases that was possibly
due to ordered/disordered layer [37], [38]. For both architecture, the signals identified as a

possible tunnel junction response disappears with temperature.

IV.5.2. Quantum efficiency
After irradiation, EQE measurements were performed at 300 K. The results of these
characterizations on the Si cell/sub-cell of all three architectures are presented in Fig. 1V-25 by
comparison to BOL results at both 300 K and 120 K. The results presented shows the EQE
behavior in EOL at 120 K (blue dashed line) and at 300 K (red dashed line). For the sake of

simplicity, only the solar cells irradiated at 10*° e.cm are presented.

In the case of 1J (see Fig. IV-25 top), after irradiation at 120 K (blue dashed line), a
significant drop of the minority carrier lifetime induces an important degradation of the EQE
magnitude at long wavelengths. After annealing at room temperature (blue to red dashed line),
a shift of the absorption band is observed to higher wavelength due to the narrowing of the
bandgap energy from 1.16 eV to 1.12 eV. In addition, a clear increase of the EQE is observed
on the 450-1200 nm absorption band. In this wavelength range, the calculated maximum

increase of EQE is 40% in absolute value at 850 nm.

The EQE of the tandem cells was characterized ex-situ by an equipment adapted to the
characterization of each sub-cell of the multijunction (see section 11.4). The behavior of the top
sub-cells of the 2J and 3J are not presented in this comparison on annealing effect since they
were not measured at low temperature. However, a comparison will be made with the

irradiations carried out at room temperature at the end of this chapter.
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Fig. 1V-25 EQE Characterization at BOL (solid lines) and EOL (dashed lines) after irradiation with 10%° e.cm™
at 120 K (blue) and after annealing at 300 K (red) in the case of (top) 1J c-Si (bottom-left) 2J AlGaAs//Si (bottom-
right) 3J GalnP/AlGaAs//Si.

After irradiation at 120 K, very high degradation is observed for the Si in both 2J and 3J

cells (calculated from the measures Si EQE) due to drop in minority carrier diffusion length in

addition to the limited absorption band to only high wavelength. When the cells are heated up

to 300 K, the absorption band shifts to the longer wavelengths due to the decrease of the Si
bandgap energy from and that of the AlGaAs sub-cell from 1.82 eV to 1.76 eV. Similarly to 1J

cells, a clear improvement in the Si bottom sub-cell EQE magnitude is observed on its entire

absorption band with a maximum absolute value of 30% around 850 nm. One may wonder why

the annealing rate in the tandem cells is different from that of the 1J cell even considering that

the electron degradation is assumed to be uniform in the Si in all three architectures. Indeed the

degradation is uniform but the difference lies in the difference on the reflection between the 1J
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and the tandem cells and is 15% and 8%, respectively, i.e. the IQE annealing rate is the same

for all the three architectures.

The increase of the EQE after annealing at 300 K results in the recovery of the Si cell/sub-
cell Jsc and thus of the Jsc of overall tandem cell. The calculated Jsc by convolution of the EQE
characteristics presented in Fig. 1V-25 to the spectrum ~3% AMO are summarized in Tab. IV-7

for the three solar cells architectures.

Tab. IV-7 Calculated Jsc by convolution of EQE characterized at EOL (10 e.cm?) at 120 K and 300 K of the Si
cells/sub-cell in the case of 1J, 2J and 3J.

Jsc of Si (mA.cm™) under ~3%AMO

Solar cells 10% e.cm™ 10% e.cm™?
120 K Annealing 300 K
1J: c-Si 0.76 1.12
2J): AlGaAs//Si 0.25 0.41
3J: GalnP/AlGaAs//Si 0.07 0.15

The relative decrease of Jsc at BOL when cooling down from 300 K to 120 K is 8%, 3%
and 15% for the Si in the 1J, 2J and 3J respectively (see section 1VV.3). However, after irradiation
the calculated relative increase of Jsc from 120 K to 300 K is 48%, 61% and 105% for Si in 1J,
2J and 3J. By comparing the evolution of the Jsc with temperature at both BOL and EOL, the
relative degradation of Jsc is 6 - 20 times higher at EOL than at BOL. This gap shows that the
improvement of the EQE is not only due to the shift of the absorption band due to the decrease
of the bandgap energy but also to annealing of the created defects at low temperature by heating
the cell in the temperature range 120 - 300 K.

IVV.5.3. Current Voltage
After the characterization campaign carried out at EOL under LILT conditions, the solar
cells were heated up to room temperature in order to carry out a battery of -V measurements

under LIRT conditions.

The characterization results performed on the three solar cell architectures are presented in
Fig. IV-26 comparing to BOL results at both 300 K and 120 K. A comparison of I-V
characteristics at EOL under LIRT conditions are compared to EOL at LILT conditions for all

the architectures. For simplicity, only the cell irradiated at a fluence of 10*° e.cm are shown.
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After irradiation at 120 K, we observe a strong degradation of the Jsc compared to the Voc
for all architectures. This degradation is due to the degradation of the minority carrier diffusion
length as observed by the EQE characterizations.
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Fig. IV-26 Comparison of current-voltage characterization at both BOL (solid lines) and EOL (dashed lines) at
120 K (blue) and after annealing at 300 K (red) in the case of irradaition with 10.15 e.cm-2 (top) 1J c-Si (bottom-
left) 23 AlGaAs//Si (bottom-right) 3J GalnP/AlGaAs//Si. All 1-V measurements were performed using Quesma

equipement except the 3J at LIRT conditions where I-V curves were translated from NIRT to LIRT measurements
using Helios 3030 with the lumped model.

After heating up the solar cells at 300 K, characterization were performed at LIRT
conditions (red dashed line). In the case of 1J (see Fig. I\V-26 top), the Voc decreases from
0.854 V t0 0.429 V and the Jsc increases from 0.7 mA.cm™ to 1.05 mA.cm™. Similarly, for 2J
(see Fig. 1\V-26 bottom-left) a decrease in Voc is observed from 2.3 V to 1.44 V and an increase
of Jsc from 0.23 mA.cm™ to 0.47 mA.cm™. The measured Jsc values under LIRT conditions are
in good agreement with the calculated one by convolution of the EQE to the AMO spectrum

with deviation of 7 - 11% for the 10%° e.cm™ fluence considered here. This deviation is mainly
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due to low EQE accuracy due to a low number of LED covering the whole absorption band
especially in the 950 - 1200 nm range. In addition, the Jsc calculated from EQE and the one
measured by 1-V are obtained for a slightly different AMO spectrum, i.e. set-up compared to

reference one (see section 11.5.2).

In the case of 3J, the I-V measurements under LIRT conditions (not shown here) show a
very high Jsc (~ 0.33 mA.cm™). In the first analysis, we thought that this effect is due to the
annealing effect where it is higher than the one observed in the case of 1J and 2J. However,
when comparing the Jsc measured under LIRT conditions with the one calculated from EQE, a
large deviation (83%) was observed. In addition measurements made under NIRT conditions
(100% AMO spectrum and 300 K) were in good agreement with the EQE Jsc. We believe that
this discrepancy is due to a calibration/measurement issue in the case of the 3J cells measured
at EOL in the LIRT conditions. As a consequence, the measurements performed at NIRT
conditions (100% AMO and 300 K) are translated to LIRT conditions by using the lumped
model [11] (see section 1V.2) for this comparison.

The results on the 3J characterization and calculations are presented in Fig. 1V-26 (bottom-
right). In this case, the Voc decreases from 3.6 V to 2.389 V and the Jsc increases from
0.08 mA.cm?2to 0.15 mA.cm. The measured Jsc is in good agreement with the calculated one
by EQE with 6% deviation. The electrical parameters for the three architectures characterized
at EOL under LILT and LIRT conditions are summarized in Tab. 1V-8.

Tab. 1V-8 Electrical parameters for the three solar cells architectures (1J, 2J and 3J) characterized at LILT
conditions and LIRT (annealing) conditions after irradiation at a fluence of 10%° e.cm™. The 3J data at LIRT
conditions were extrapolated from NIRT conditions using the lumped model.

LILT Conditions

Jsc (MA.CmM?)  Voc (V) FF (%) EFf. (%)
1J: ¢-Si 0.7 % 0.8% 0.854+0.3% 85+08%  10.2 +0.8%
2J: AlGaAs//Si 023+6.6%  2230+£07% 85+06%  85+5.3%
3J: GalnP/AIGaAs//Si  0.08 + 5% 3.506 +0.5% 84 + 1% 4.6 +5.6%

LIRT Conditions

Jsc (MACm?) Voc (V) FF (%) EFf. (%)
1J: ¢-Si 105+04%  0429+03% 74+13%  6.7+11%
21: AlGaAs//Si 0.47 £ 3% 1442 +0.6% 76+ 2% 9.8+ 0.5%
3J: GalnP/AIGaAs//Si  0.15+0.9%  2.389+0.3% 86+ 1% 5.9 + 2%

264



Ch. IV Effect of Room Temperature Annealing

The Voc decrease is due to the narrowing of the bandgap energy at 300 K, in return leads
to an increase of the sub-cells respective absorption bands and finally their Jsc values. Due to
the series connection of the sub-cells, the variation of the Jsc is governed by the variation of the
absorption band of only the limiting sub-cell, which is the Si in all the architectures at a fluence
of 10 e.cm™. In the other hand, the series connection leads to higher Voc absolute values
decrease due to the contribution of more sub-cell to the decrease of the overall Voc, i.e. the
degradation of the Voc of 3J corresponds to the decay of the 3 sub-cells whereas in the case of

1J the decay is due only to Si cell.

The remaining factor of Jsc and efficiency are calculated as a function fluence for all the
architecture and are shown in Fig. IV-27. We present also a comparison of the RF at the LIRT
conditions (solid symbols and dashed lines) to the one calculated under the LILT conditions

(empty symbols and solid lines).
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Fig. IV-27 A comparison of (left) Jsc (right) Efficiency remaining factor in the case of 1J, 2J and 3J characterized
at LILT (~3% AMO & 120 K) and LIRT (~3% AMO & 300 K) conditions.

A small degradation of the Voc less than 6% was observed under LILT conditions over the

whole fluence range considered in this work. However, under LIRT conditions, the calculated
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degradation is higher and is 9% for tandem cells and 14% for 1J cells at a fluence of 10*° e.cm™.
This effect was observed by Imaizumi et. al.[20] and can be due to the effect of temperature on
Voc, i.e. higher Voc values at low temperature. Therefore the ratio of EOL/BOL Voc value is
lower at 300 K than at 120 K. In the case of FF, the degradation remains very low and is less

than 4% for the three architectures at a fluence of 10 e.cm™,

In the case of the Jsc (see Fig. IV-27 left), a strong increase in RF thus a lower degradation
is observed for all three architectures especially for 1J and 2J cells. The calculated absolute gain
on Jsc degradation is 20%, 45% and 13% for 1J, 2J and 3J respectively at a fluence of
10 e.cm™. By comparing the three architectures, it is observed that the degradation of the 3J
is invariably the most important. However, the recovery of the 2J places it above the 1J with a
lower degradation rate after annealing at 300 K. This high increase of RF(Jsc) is due to the
limiting sub-cell inversion therefore the RF(Jsc) in the case of 2J is calculated through
Jsc(Si)lJsc(AlGaAs). In addition, from EQE characterization we have shown that the recovery

is at its maximum around 850 nm that lies in the Si(2J) absorption wavelength band.

The same effect is observed for the efficiency (see Fig. IV-27 right) of the three
architectures where the absolute gains after degradation of the 1J, 2J, and 3J are 15% 30% and
11% respectively at a fluence of 10'° e.cm™. These values are lower than those reported for the
Jsc due to the contribution of the Voc with it higher degradation at LIRT conditions as explained
above. The same behavior observed on both Jsc and Voc was observed in irradiation of a triple
junction GalnP/GaAs/Ge at LILT conditions and LIRT conditions: The amplitude of Jsc
improvement with annealing is higher than the efficiency improvement because of the Voc
decreases with this annealing steps [20].

IV.6 General discussion

IV.6.1. LILT conditions
We have shown, using computer simulations of electron interaction with solar cells
materials [46] in section 111.2, that 1 MeV electrons have a penetration depth much greater than
the thickness of the solar cells used in this study (~2 mm in Si versus 0.525 mm wafer). The
amount of energy deposited in the Si in all architectures is thus equal. Consequently, the density
of defects created is identical and induces the same degradation on the Si cell/sub-cell in the
single, dual and triple junctions studied.
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The mechanism of primary defect creation is independent of temperature. The electrons
hits the nuclei of the target atom, if the transferred energy is higher than the threshold
displacement energy, it moves from its crystalline site. Therefore, the primary created defect
are an interstitial and its associated vacancy, called Frenkel Pair. The main difference in low
temperature irradiation is the freeze in of the created primary defect [47]. In addition, during
irradiation at low temperature the semiconductor can be amorphized (due to lower defects
mobility) depending on the irradiation fluence [48], [49]. The induce irradiation defects behave
as recombination centers for minority carriers or as generation centers of majority charge

carriers which increases the saturation current.

I-V characterization has been performed in order to follow the evolution of the electrical
parameters of the solar cells according to the operating conditions, i.e. effect of illumination
intensity and temperature as well as irradiation at 120 K. A representation of the key global
electrical parameters of the three solar cells architectures (1J, 2J and 3J) are presented in
Fig. IV-28 as a function of all the BOL and EOL characterization sequence for only the highest
fluence considered in this thesis 10 e.cm™. Thereafter we will only comment on the evolution
of the 1J key parameters as a function of irradiance intensity, temperature, irradiation and

annealing.

By decreasing the intensity from 100% to ~3% of the AMO reference spectrum, a decrease
of the Jsc, Voc and FF is observed as theoretically expected. The variation of the Jsc of the three
architectures follows the linear evolution with respect to the irradiance intensity. In the case of
tandem cells, the tandem variation follows the one of the limiting sub-cell. On the other hand,
the Voc is less sensitive to the illumination intensity where it varies as a logarithmic function.
The Voc variation as a function of illumination intensity is in very good agreement with

theoretical equation.

When solar cells are cooled down, the bandgap energy of the semiconductors changes as
described by Varshni equation (see Eg. I1V-13). It shows that the bandgap increases as the
temperature decreases. This evolution is divided in two groups: a first range where linear
evolution with temperature is expected, in the second region a plateau is reached at very low
temperature. The temperature that separate the linear variation and the saturated one is

dependent on semiconductor properties.
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In the case of the semiconductors studied in this thesis, the evolution of the bandgap is in
the quasi-linear regime in the 300 - 120 K range. By comparing the results obtained by EL-S
for direct 111-V bandgap materials and by EQE measurements for Si, a very good agreement is
obtained. The Si bandgap energy increases from 1.12 eV to 1.16 eV when cooling down from
300 K to 120 K. In the case of 2J, the Alo2sGao.76As sub-cell bandgap increases from 1.76 eV
to 1.82 eV. Considering 3J cells, the bandgap of GalnP and Alo.037Gao.es3As increases from
1.89eV to 1.94 eV and 1.47 eV to 1.53 eV respectively. As presented in section 1.2, for this
variation is the increase of interatomic spacing due to low thermal excitation (decrease of
atomic vibration) at low temperature, which in turn reduces the size of the energy bandgap [50].
In a similar way, the modulation of interatomic distance, such as by applying compressive
(tensile) stress, also causes an increase (decrease) of the bandgap.
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Fig. I\V-28 Evolution of absolute electrical parameters according to the whole characterization and irradiation
sequence in the case of 1J ¢-Si irradiated at 10 e.cm™.
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By increasing the atomic spacing at low temperature, the potential seen by the electrons in
the material increases, allowing higher splitting of quasi-fermi levels and thus higher open
circuit voltage. This explains the large increase in the open circuit voltage by a value of 389 mV,
870 mV and 1220 mV for the 1J, 2J and 3J respectively. By increasing the number of junctions
in the device, the Voc rise is increased due to the contribution of each sub-cell increase to the

total Voc value.

In counterpart, the increase in the bandgap energy induces a shift and a decrease in the
absorption band of each sub-cell towards high energies (short wavelength). This decrease leads
to a smaller portion of the solar spectrum being absorbed and converted and thus a weaker Jsc
photo-generated [51]. In the case of 1J and 3J where the Si limits the device, before irradiation
a decrease in Jsc by 0.15 mA.cm and 0.06 mA.cm™ is observed at 120 K compared to 300 K.
However, in the case of the 2J cells where the AlGaAs limits the overall Jsc, an increase of Jsc
by 0.04 mA.cm is observed at 120 K. This mismatch to the behavior of the others sub-cell and
to our expectations can be explained by the fact that at low temperatures an improvement of the
EQE can be observed which increases the Jsc. A similar trend was observed in [15] where a
study was performed using isotype of the GalnP/GaAs/Ge solar cells as a function of
temperature and found that the Jsc of the middle sub-cell (GaAs) increases by decreasing the
temperature. This Jsc improvement has been explained in [25] by a decrease of the
recombination rate in the window layer that increases the EQE at low wavelength thus increases
the Jsc. Unfortunately, low temperature EQE measurements could not be performed on the

tandem cells to validate this hypothesis.

The FF has non-direct physical explanation, it reflects the effect of shunt and series
resistance on the I-V curves under illumination of solar cells. The magnitude of Jsc and Voc
values can affect also the FF. The FF has a negative temperature coefficient according to semi-
empirical equation expressed in [52], [53]. Therefore, it explains the increase of FF in the case
of 1J at low temperature. However, in the case of tandem solar cells, the FF is related to the
variation of current mismatch; lower values are observed at Current Matching (CM) condition

and it increase when deviating from this point.

In the case of 2J, a continuous and remarkable decrease is observed where the FF decreases
from 79% to 70%. This decrease may be due to the convergence towards CM conditions; a
more important degradation of the Si sub-cell Jsc in counterpart of the increase of the AlGaAs
Jsc, in addition to the appearance of the effect of a broken knee for some samples at low
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temperature. In the case of 3J, a very low degradation is observed from 87% to 86%, which

may be due this time to the appearance of S-like shape at low temperature.

The efficiency is proportional to the product Jsc.Voc.FF and, therefore, the temperature
coefficient of efficiency is determined by the sensitivity of Jsc, Voc, and FF to temperature. The
efficiency temperature coefficient is expressed as the sum of all parameters temperature
coefficient normalized to their absolute values. In the case of the three architectures, a linear
increase of efficiency is observed in the temperature range 300 - 150 K. This increase tends to
flatten in the range 150 - 120 K due to the effect of Jsc and FF decrease.

After irradiation at 120 K, we observe a strong degradation of the Jsc compared to the Voc
and FF for all architectures. The degradation of the Voc is due to an increase in dark saturation
current. This increase is due to the introduction defects that acts as generation centers, such as
tri-vacancy (Vs) labeled E4 and E5 with a trapping level at Ec-0.36 eV and Ec-0.46 eV
respectively [54]. Another defect identified as a possible V20 or carbon related centers with a
trap energy level at Ec - 0.545 eV could be at the origin of dark current increases [55]. Spectral
EL measurements also show the degradation of the Voc for the top sub-cells given the direct
relationship between the EL-S and the internal sub-cell voltage. However, it was not possible
to reconstruct the individual I-V characteristics curves due to lack of EQE data for these sub-
cells at low temperature. By comparing the degradation of all electrical parameters, it is obvious
that the degradation of efficiency is driven by that of the Jsc (see Fig. IV-19). This degradation
is due to the degradation of the minority carrier diffusion length as observed by the EQE
characterization (explained hereunder).

The EQE characterization allows assessing the degradation of the Jsc of the Si cell/sub-cell,
which is mainly due to the degradation of the minority carrier diffusion length. Fig. IV-29
present the results of EQE characterization on 1J solar cells throughout the entire process. The
labeled arrows detail the EQE evolution as a function of temperature and irradiation; in addition

only one cell irradiated at the highest fluence 10 e.cm is shown.

The effect of temperature on bandgap energy thus the absorption wavelength band is
presented in Fig. IV-29 where the EQE (red to blue solid lines) of the cell shift to lower
wavelength as explained above. After irradiation at 120 K (blue solid lines to blue dashed lines),
a significant drop of EQE magnitude is observed in almost all the absorption band and is more
important at higher wavelength. This is due to the high degradation of minority carrier diffusion

length. The e-h photo-generated deeper in the cells encounter recombining defects that reduce
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their probabilities to reach the junction [56], [57]. After annealing at room temperature (blue to
red dashed lines), a clear increase of the EQE is observed on the 450 - 1200 nm absorption
band. In this wavelength range, the maximum increase on the EQE is 40% in absolute value

and it happens at 850 nm.

100

0

~

~

100

< A
9; 80 - // "\\
2 /= S
[} g N \ X
© 1 ~ o I'/)\ g
£ 404 A
E 60 I/ n\nea ing \ . g‘ 104
E ) \ I

\ 4
T 40~ N \ 2 L

. N
S = | radaion | 2
g —— BOL 300K AN Y
2 204 ——BOL 120K \ \
i - - -EOL 120K N 19
- - -EOL 300 K N 13 23
~ =

T T T
800 1000 1200

Wavelength (nm)

T T T T T T T T
600 700 800 900 1000 1100 1200 400 600

Wavelength (nm)

T T
300 400 500

Fig. 1V-29 (Left) evolution of EQE characterization with temperature and irradiation at 10° e.cm for 1J solar
cells, (right) EQE ratio 300 K/120 K at BOL and EOL as a function of wavelength.

After annealing, the opposite behavior is observed with respect to that observed when
cooling the samples; an increase in Jsc with a decrease in both Voc and FF (see Fig. 1V-28).
However, this behavior may be due to the effect of the decrease in bandgap energy or linked to
other effects such as annealing of created defect (primary or stable defects) when heating up
the solar cells. To answer this question two comparisons are performed. The first one is the
analysis of the EQE evolution as a function of annealing (see Fig. I\V-29). The second one is
the comparison of the two slopes (temperature coefficient) at BOL and EOL for the three

architectures in Fig. 1\V-30.

In order to better analyze the evolution of the EQE as a function of annealing, the
ratio (I') of the EQE at 120 K to that at 300 K is calculated as a function of wavelength before
and after irradiation (see Fig. IV-29 right). In the region 375 - 500 nm, the same ratio is
calculated for both conditions (BOL and EOL). At long wavelengths (A > 1050 nm), the data
are not usable because of the low EQE value in this region, i.e. a small deviation induces very
high ratios. However the region where the effect of irradiation is the most important and the
data are reliable (500 - 1050 nm), it is observed that at EOL the max ratio is four times higher
than at BOL. This is a first hint that the recombining defects are annealed when heating up from
120 K to 300 K.
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Fig. 1V-30 Electrical parameters variation as a function of temperature at BOL and EOL after irradiation with
10% e.cm2 for the three solar cells architectures (1J, 2J and 3J). Top-left: short-circuit current density. Top-right:
open circuit voltage. Bottom-left: fill factor. Bottom-right: efficiency. The temperature coefficient is calculated
and compared between BOL and EOL.

The results presented in Fig. 1V-30, shows the absolute value of the electrical parameters
(Jsc, Voc, FF and eff.) before and after irradiation under 3% AMO at 300 K and 120 K for the
three architectures. The evolution of these parameters has already been discussed above.
However, in this section, we are interested in the evolution of the electrical parameters
temperature coefficient in the two conditions BOL (solid lines) and EOL (dashed line), the

values are summarized in Tab. IV-9.

The Jsc temperature coefficient calculated for 1J, 2J and 3J respectively at BOL is
1.2, -3.5x10% and 0.39 pA.cm2.K™L. After irradiation, in the case of 1J and 3J the Jsc follows
the same evolution with a higher dJsc/dT with values of 1.94 and 0.42 pA.cm™2.K™. In the case
of 2J, the evolution with temperature at EOL is opposite to that at BOL with a dJsc/dT of
1.36 pA.cm2.K1, i.e. the Jsc increases with temperature. This can be explained by the fact that
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after irradiation it is the Si bottom sub-cell that limits the 2J, thus the Jsc temperature coefficient
follows that of the Si (see Fig. 1V-30). The change in dJsc/dT under both BOL and EOL
conditions suggests that the variation in Jsc is not only due to the variation of the absorption
band with temperature. An annealing of irradiation induced recombination defects that degrade
the Jsc at EOL occurs when heating up the cell to 300 K where the dJsc/dT in EOL is 1.1 - 1.35
times higher than in BOL for 1J and 3J, and is 380 times higher in the case of 2J (changing in

the limiting sub-cell).

Tab. IV-9 Electrical parameters temperature coefficients at BOL and EOL of one solar cell after irradiation with
10%° e.cm for the 1J, 2J and 3J. Values are compared to AzurSpace c-Si (S32) and GalnP/GaAs/Ge (3G28).

dVoc/d dEff./dT
_ dJsc/dT dFF/dT
Architectures T %.K1
pA.cm?.K? %.K!
mV.K1
U BOL 1.2 -2.2 -0.078 -0.046
EOL 1.94 2.4 -0.06 -0.02
’3 BOL 3.5x10°° -4.96 0.05 -0.027
EOL 1.36 -4.8 -0.05 0.009
33 BOL 0.39 -6.7 0.01 -0.021
EOL 0.42 -6.8 0.01 0.009
BOL 1.1 -2.02
S32 N/A
EOL 2.0 -2.17
3G28 BOL 0.41 -6
N/A
25-80°C EOL 0.5 -6.4

The temperature coefficients reported for the c-Si (S32) and GalnP/GaAs/Ge (3G28) Azur
space cells are compared with the values obtained in this work. In the case of the single junction
Si, very comparable values are presented with a slight difference due to the difference of the
cell architecture. However in the case of the 3J, the difference is due to the difference of the
limiting sub-cell of the two architectures, i.e. GaAs & GalnP in the 3G28 and the Si in this
study.

The annealing of irradiation induced defects in Si has been extensively studied in the past [58]—
[63]. In these studies, the temperature and the annealing mechanisms of the defects are reported.
In the annealing temperature range considered in this study 120 - 300 K it is observed that the

annealing takes place mainly for primary defects such as V, I', B and some complex defects,
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i.e. interstitial + impurity or vacancy + impurity, such VB, PV~ or Val. In the case of complex
defects as V2, I2" and VO; are annealed at temperatures above 400 K and does not occurs in the
annealing range considered in this study. Temperature annealing range are summarized in
Tab. I\V-10.

Tab. 1V-10 Annealing temperature of primary and complex induced irradiation defects [64]-[68].

Radiation induced Annealing
defects temperature range

VO 150 - 180 K
V=V* 90 - 120K
I 140 - 180 K
Bi 250 - 300 K
VB 250 - 280 K
Vol 225 - 250 K
PV 130- 170 K
V2/V2l/12" IV OilCiOi 400 - 723 K

In the case of the Voc, the same behavior is observed for the three architectures at BOL and
EOL. The calculated dVoc/dT for 1J, 2] and 3J respectively are -2.2, -4.9 and -6.7 mV.K* at
both conditions. The stability of dVoc/dT in BOL/EOL points out that the variation of the Voc
as a function of temperature is mainly due to the variation of the band gap energy (and not
influenced by irradiation). This behavior can be explained by the fact that the introduced
generation defects responsible for the Voc degradation are not annealed when solar cells are

heated to room temperature.

Considering the evolution of the FF, the opposite behavior is observed for 1J and 3J in both
conditions; for 1J, the FF decreases with temperature and for 3J, the FF increases with
temperature. In the case of 3J, this behavior is due to the appearance of S-like shape at 120 K.
The calculated dFF/dT is -0.07 and 0.01 %.K* for 1J and 3J respectively at both BOL and EOL.

In the case of 2J, the calculated dFF/dT at BOL is 0.05 %.K™. After irradiation, an inverse
behavior is observed with a negative dFF/dT of -0.05 %.K™. This behavior is due to the

disappearance of the broken knee after irradiation at 120 K.

The efficiency temperature coefficient is expressed as the sum of the temperature

coefficient normalized by their absolute values of the three electrical parameters Jsc, Voc and
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FF. Since dVoc/dT is quasi-constant for all three architectures at both BOL and EOL, therefore
its effect on the variation of dEff./dT is zero. In the case of 1J, the dEFff./dT is negative at both
conditions and is lower for EOL, i.e. lower decrease of efficiency with is observed at EOL.
However in the case of tandem solar cells, the calculated dEff./dT change its sign after
irradiation (from negative to positive). Thus, the efficiency increase when heating up the cell
up to 300 K. for all architectures considered in this study, the efficiency temperature coefficient
increases at EOL compare to BOL. The enhancement or lower efficiency decrease with

temperature is due to the high recovery observed on Jsc and FF at EOL.

Tab. 1V-11 Evolution of absolute efficiency of 1J 2J and 3J at EOL characterized under LILT and LIRT conditions
as a function of fluence.

Efficiency (%)
Architectures

10 e.cm 3.10%e.cm?  10%e.cm

LILT 12.7 10.6 10.1
b LIRT 8.5 7.9 6.7

LILT 19.9 12.8 9
2 LIRT 13 12.8 9.8

LILT 14.4 7.7 4.4
> LIRT 11.9 9.4 5.8

When comparing the absolute conversion efficiencies of the three architectures
(see Tab. IVV-11), we conclude that, for our set of samples, the 2J cell is the best performing cell
under LILT conditions for mission where 1 MeV electrons irradiation fluence is lower than
3.10* e.cm™. The calculated efficiency at this fluence is 12.8% compare to 10.6% for 1J and
7.7% for 3J. However when increasing the fluence higher than 3.10'* e.cm™, the 1J ¢-Si solar
cells appears more suitable to use with an efficiency of 10.1% at 10'° e.cm comparing to 9%
and 4.4% for 2J and 3J respectively. However, if the solar cells can be heated up to room
temperature during mission, the 2J and 3J are more suitable for use due to their high efficiency
recovery. A second cooling down step (after annealing at 300 K) is needed to see if the induced
irradiation defects are totally annealed or can be reactivated at low temperature. It is important
to note that these statements are only true for the used solar cells in this thesis, i.e. thickness,
doping profile, type, etc. As a more general statement, Si-based double junction cells (top
limiting sub-cell at BOL) are more relevant for use at LILT conditions compared to 1J and 3J

cells for low fluence. However, at higher fluence the 1J is more preferred. The low/high fluence
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separation point is defined as the fluence at which an inversion of limiting sub-cell takes place
for the 2J.

1V.6.2. Comparison to electrons irradiation at 300 K

In this part, a comparison between the behavior of the three architectures irradiated at
300 K and 120 K is carried out. In a first place, EQE characterizations performed at 300 K for
the cell irradiated at both 300 K and 120 K are presented in Fig. I\V-31. For both irradiation
temperature, it is observed that the degradation of the AlGaAs and Si sub-cells is more
important for high wavelength. However, in the case of GalnP sub-cell the degradation is
present on its whole absorption band with lower degradation compare to the AlGaAs and the
Si sub-cells. Nevertheless, an important point to emphasize is the higher EQE magnitude
observed for the cell irradiated at 120 K (solid lines) comparing to the one irradiated at 300 K
(dashed lines). This is only true in the case of AlGaAs and Si sub-cells, whereas in the case of

the GalnP sub-cell an inverse behavior is observed.

In the case of the two AlGaAs and Si sub-cells, it is observed that at a low fluence
(10%* e.cm™) the difference between the EQE is large. By increasing the fluence the observed
gap is reduced such that at the highest fluence of this work (10 e.cm), the EQE of each sub-
cell irradiated at 300 K and 120 K are almost identical.

100 100
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60 60
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Irr. 300 K Irr. 120 K
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Fig. 1V-31 EQE comparison between the cells irradiated at 300 K and 120 K and both characterization were
performed at 300 K in the case of (left) 2J AlGaAs//Si (right) 3J GalnP/AlGaAs//Si.

In Fig. IV-32 the remaining factor calculated for the three architectures is presented as a

function of the irradiation fluence. Solar cells irradiated at 120 K and characterized under LILT
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conditions are presented by solid lines while cells irradiated at 300 K and characterized under

NIRT conditions are presented by dashed lines.
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Fig. 1V-32 Evolution of efficiency as a function of fluence in the case of cell irradiated at 300 K and operate at
NIRT conditions (Dashed lines) compared to the one irradiated at 120 K and operate at LILT conditions (left)
Remaining factor; (right) absolute efficiency values.

In the case of 1J and 2J, the degradation rate are 5 % and 20% lower for cells operating
under NIRT conditions compared to LILT conditions at an irradiation fluence of 10%° e.cm™.
The calculated gap is smaller in the case of 1J compared to 2J. In the case of 3J, we observe
that for a fluence lower than 2.10%* e.cm2 the degradation is less pronounced in the case of cells
operating under LILT conditions. Beyond this fluence the degradation is stronger compared to
NIRT conditions.

As explained previously, the remaining factor shows the degradation rate and not the end-
of-life efficiency. In Fig. 1V-32 (right), the absolute conversion efficiency values are presented
as a function of fluence, cell architecture and operating conditions. Although the 1J degrades
more under LILT conditions, its efficiency is still higher compared to NIRT conditions. The
behavior of the 1J cell over the entire irradiation fluence range (fitted by the semi-empirical

equation) the 1J c-Si cell is more suitable for use under LILT than NIRT conditions.
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In the case of the two tandem solar cells, a crossover point is observed at a fluence of
3.10%* e.cm™. At a lower fluence, the absolute efficiency of the two tandem cells operating
under LILT conditions is higher than the one operating under NIRT conditions. By increasing
the irradiation fluence higher than 3.10'* e.cm?, the higher degradation rate lead to a lower

efficiency at LILT comparing to NIRT conditions.

IV.6.3. Comparison to conventional AzurSpace 3G28 cell

In this part, the degradation of the new I11-V//Si solar cell technology is compared to that
of the 111-V/Ge cells conventionally used for space applications; one should keep in mind
though that 111-V/Ge cells have been extensively studied and optimized for operating in a
radiative environment, with a broad absorption of the AMO reference solar spectrum. While in
the case of the laboratory cells used in this study, AMO was not the originally intended operating
conditions, but rather concentrated terrestrial spectrum (AMZ1.5D is red rich compared to AMO).
Therefore, the cells in this study were designed with higher finger density to avoid series
resistance effect at high injection, and high thickness due to manufacturing set-up process
limitation. It is important to note that the absolute efficiencies between these two technologies

of solar cells are note comparable.

The comparison data were taken for the AzurSpace 3G28 triple junction GalnP/GaAs/Ge
originates from a research work performed in the same laboratory and irradiation facilities
SIRIUS [15]. However, the in-situ I-V characterizations were performed with a different solar

simulator based on Xe and halogen lamps instead of LED solar simulator (Quesma).

Fig. 1\V-33 presents the key electrical parameters remaining factors as a function of 1 MeV
electrons irradiation fluence. The GalnP/GaAs/Ge were irradiated at three different fluence
7.10%, 1.5.10% and 3.10% e.cm at 123 K. in-situ I-V characterization at BOL and EOL were
performed at LILT conditions (~3.7% AMO and 123 K).

In the case of Jsc, a very low degradation (less than 2%) is observed for a fluence lower
than 1.5x10% e.cm by increasing the fluence to 3.10%° e.cm the degradation becomes more
important and reach 6%. This notable difference in the degradation rate is due to the fact that
at low fluence the GalnP sub-cell limits the 111-V/Ge current while at higher fluence the GaAs
sub-cell becomes the limiting cell. Thus, the difference is due to the difference between the sub-
cells radiation hardness. For the Ge bottom sub-cell, even with its relatively low radiation
hardness it does not limit the total current given the low bandgap - thus its wide absorption

band. However, the degradation is still much lower compared to Si-based cell degradation. This
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is explained by the fact that the 111-V top cells limits the overall current of the I11-V/Ge with
higher radiation hardness compared to the 111-V//Si where the Si bottom sub-cell is the limiting

one in our case with low radiation hardness.

Considering the degradation of the Voc, it is clear from Fig. IV-33 (top-right) that the
degradation is slightly lower in the case of I11-V/Ge (lower than 6%) but remains in the same
order of magnitude than the I11-V//Si. This is explained by the fact that the Voc is the sum of
the sub-cells respective Voc, and since the top sub-cells are composed of same type of I11-V

alloys (relatively same radiation hardness) as I11-V//Si, their degradation is follow similar

trends.
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Fig. 1V-33 Electrical parameters remaining factors comparison between the conventional AzurSpace 3G28
GalnP/GaAs/Ge solar cells used in space application to the Si based solar cells used in this thesis.

The second main difference lies in the FF variation as a function of fluence between the
I11-V/Ge and 111-V//Si (see Fig. IV-33 bottom-left). No increase in FF was observed after
irradiation in the case of 111-V/Ge cells, since the two limiting sub-cells top and middle are
almost in current match conditions at BOL and EOL. However, a strong degradation with high

statistical distribution is observed in these cells compared to the low FF degradation in the case
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of HI-V//Si cells. In the case of Il1-V/Ge cells, this pronounced FF degradation has been
explained in [15] by an increase of dark saturation current which is due to tunneling effect in
the p-n junction of all the sub-cells. Due to the low Jsc photo-generated at low intensity, a low
dark current can induce a large effect on the triple junction. The Ge bottom sub-cells was
identified as the highest sensitive to the irradiation at low temperature. The tunneling effect is
due to the introduction of defects in the space charge region that act as trap for majority carrier.
In addition to this, the large statistical dispersion observed is due to the randomness of the
occurrence and intensity of excess current. It is true that in the case of the cells studied in this
thesis, a relatively low statistical dispersion is observed. However, in the case of the cells used
in this study, this effect is most probably due to the difference in sample size as opposed to
I11-V/Ge cells used with of equivalent size.

In the case of efficiency (see Fig. IV-33 bottom-right), its evolution is governed by the
unpredictable variation of the FF in the case of 111-V/Ge, contrary to the case of 111-V/Si cells
where the degradation is governed by the degradation of the Jsc.

The biggest problem in the behavior of 111-V/Ge cells is the prediction of their behavior
under LILT conditions. Indeed, the rate of the tunnel current excess in addition to the strong
statistical dispersion that increases with fluence makes the prediction of Pmax difficult at LILT.
An example the efficiency degradation is 7% at a fluence of 7.10'* e.cm? with an absolute
deviation of 5%, by increasing the fluence up to 3.10° e.cm, the degradation reach 39% with
an absolute deviation of 9%. However in the case of 111-V//Si, low statistical dispersion is
observed in addition to the fact that the degradation is predictable. In fact, the degradation of
I11-V//Si solar cells is due mainly to the degradation of the Si bottom sub-cells Jsc that is easily
quantifiable and predictable. The challenging point is to enhance the Si bottom cell resistance

to radiation.
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IV.7 Conclusion

Accurate multi-junction low irradiance characterizations is not straightforward with
standard solar simulator set-ups. Operating results on the two solar simulators have
shown that the flasher Helios 3030 used for ex-situ characterization cannot be used
for low intensity ~3% AMO due to spectrum distortion. However, the Quesma LED
steady state solar simulator shows good results by optimizing the spectrum at this
illumination intensity. However, an interpolation to low intensities using the
lumped model proposed by Dominguez et al. [11] can be used to compare the 1-V
characterization by the two solar simulators.

The electrical parameters of the three architectures evolve with irradiance intensity
according to our expectations and in very good agreement with the theoretical
equations. The Jsc varies as a linear function with the illumination intensity.
Moreover, the Voc varies as a logarithmic function with different ideality factors
from one cell to another of the same batch but remains within the theoretical
limitations, i.e.n=1-2for1J,n=2-4for2Jand n=3- 6 for 3J.

After characterization under LILT conditions, the following statements are
established:

o No thermal cycling effects are observed either on the mechanical properties
of the deposited layers or on the key electrical properties of the solar cells,
which suggest a good mechanical integrity of the wafer bonded cells dipped
at cryogenic temperature.

o The variation of bandgap energy measured by EL-S and EQE with
temperature is in good agreement with the Varshni equation [34] in the
temperature range 120 - 300 K.

o Linear variation of Jsc (decrease) and Voc (high increase) as a function of
temperature in the range 300 - 120 K.

o The efficiency increases by cooling down the cells is a linear function until
saturation at a temperature of 150 K.

o Appearance of the anomalies known as broken knee in the case of some 2J
solar cells and the S-like shapes in the case of 3J solar cells at 120 K. This
effect reduce the solar cell FF.
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e The efficiency degradation is driven mainly by the Jsc degradation after irradiation.
The Jsc degradation is due to the high drop in minority carrier diffusion length as
observed by EQE measurements for Si cell/sub-cell.

e A strong degradation of the maximum power is observed after irradiation in the
case of 3J (80%) compared to 2] (52%) and 1J (47%) at a fluence of 10%° e.cm™.
This effect is all the more important in the case of tandem cells given the low
absorption band of Si below I11-V top cells

e A non-negligible recovery is observed after annealing at 300 K. This effect is
mainly due to the annealing of the primary defect that acts as a recombination center
in all three architectures translated by a higher temperature coefficient at EOL
compare to BOL. However, no Voc annealing effect was observed post-irradiation
when heating up the cells.

e The cells architecture with the highest EOL power depends on the irradiation
fluence and potential annealing sequence. For example, in a mission where the
equivalent 1 MeV irradiation fluence at LILT conditions (w/o annealing) is lower
than 3.10%* e.cm™, the 2J offers a better absolute EOL efficiency. However, for
higher fluence, the 1J offer a higher efficiency.

e By comparing the behavior of 111-V//Si cells to the I11-V/Ge cells, we can draw the
following conclusions :

o 11-V/Ge: Very low degradation of Jsc is observed since it is limited by the
tops sub-cells with high radiation hardness and therefore a low degradation
on efficiency is calculated after irradiation. However, a high FF degradation
is observed that drive the efficiency degradation. This degradation is due to
the tunneling effect in the p-n junction, which is unpredictable with high
statistical dispersion. Therefore, makes the efficiency of I11-V/Ge under
LILT conditions relatively unpredictable.

o II-V//Si: A very high degradation is observed in the Jsc therefore the
efficiency of the three solar cells architectures. This degradation is due to
the low radiation hardness of Si solar cells that limits the current of the total
solar cells. However, a relatively low statistical dispersion is observed on
the efficiency degradation with a well-known degradation origin that can be
subsequently improved. This made the prediction of the efficiency of the

111-V//Si solar cells realistic at LILT conditions.
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General Conclusion

The objective of this thesis was to characterize & understand the degradation mechanisms
of the emerging I11-V//Si solar cells when exposed to irradiations under different temperature
and illumination conditions representative of space operating environments; in other words, to
analyze the potential of the Si-based tandem solar cells technology for space applications. For
this purpose, we have been working with dual-junctions Alg22Gao.7sAs//Si and triple-junctions
GalnP/Alo.037Gan9s3As//Si realized by surface activated wafer bonding to join the high
bandgaps I11-Vs with Si bottom cell. Single-junctions c-Si, with the same characteristics than

the Si bottom cell, were also used as a third reference cell architecture.

In order to reach the above-mentioned objective, this work tackled the 4 main points:
1) characterizations methodology, precision & reliability for these I111-V//Si cells, ii) effects of
irradiations on the behavior Si based tandem solar cells iii) Combined effects of the irradiations
and operating environment (temperature & illumination intensity) on these cells performance
iii) advantages and limitations of 111-\V//Si technology, and comparison with actual 111-V/Ge
space standards.

Main contributions of this thesis

The approach adopted was based on comparative experimental study, with different
characterization methods (I-V, QE and EL-S), before and after irradiation. Accurate I-V
characterizations for this new cell technology was challenging in the absence of reference
isotype cells; we have thus performed intensive optimizations to get as close as possible to the
reference AMO spectrum (reduction of temporal and spectral variations) with the two set-ups
of this study: a flash lamp (ex-situ) and LED (in-situ) sun simulators. Therefore, we adopted a
new measurement protocol combining IQE, EQE and spectrophotometry. Operations and
characterization processes performed on both solar simulator are comprehensively described in

chapter 1.

Current-voltage measurements conducted before and after irradiations revealed a
monotonous degradation of the cells electrical parameters with increasing fluence for the three
architectures, with the exception of the fill factor (FF), in some cases. Indeed, an improvement
with fluence may happen when sub-cells current balance changes significantly as a result of
their different radiation hardness. A common feature for 111-V//Si cells is the strong degradation
of the Jsc that drives the efficiency degradation. From a fundamental point of view, this
degradation is the consequence of minority carriers diffusion length reduction following the

creation of complex defects acting as recombination centers. EQE measurements thus reveal a
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degradation in the long wavelength range, close to sub-cells bandgaps, more pronounced in the
case of silicon. Due to sub-cells series connection & silicon weak radiation hardness, Si
happens to be current limiting for all high fluences; though a change of limiting sub-cell
(111-V->Si) may happen at intermediate fluences depending on BOL design (e.g. 2J cell in this
thesis). The more junctions are added on top of Si, the greater is the multi-junction sensitivity
to irradiations: indeed, an increasing number of junction restrict the absorption band of Si to
the long wavelength range, spectral part with lower collection probability. The I11-V sub-cells
on their side only contribute to the degradation of the tandem Voc (e.g. 44% for 2J and 65% for

3J at 10 e.cm in our case) since they are not current limiting.

Unlike electrons irradiation, the degradation is non-homogeneous as a function of cell
depth after irradiation with 1 MeV protons energy. This results from the protons implantation
in the active region of the Si cell at a depth of ~11 - 16 um below top surface (depending on the
presence and the thicknesses of the tops cells). Therefore, three main behavior were observed:
i) a first region homogenously degraded (< 10 um), ii) a second region strongly degraded
(Bragg peak) and ii) a third region with no damage (> 16 um). However, by using a modified
calculation of the non-ionizing energy loss it was possible to correlate the degradation observed
for electrons and protons irradiated at 300 K as a function of displacement damage dose. This
approach allowed us to quantify and predict the degradation of this new I11-V//Si cell

technology for any space mission (fluence, energy, e-/H+).

In a second part, we have analyzed the effect of the operating environment, i.e. the
influence of irradiance intensity and temperature: characterizations and irradiations were
performed at 120K & 3% AMO (LILT) and compared with NIRT results (300K, 100% AMO).
As a first step, we could demonstrate the mechanical/electrical integrity of the wafer bonding
interface with thermal cycling at cryogenic temperature; this is promising since wafer bonding
enables several high efficiency multi-junction architectures. However, with the switch from
NIRT to LILT conditions, specific anomalies were detected such as S-like 1V shape on 3J cells
and broken knee on 2J. These anomalies tend to impact the fill factor and consequently the
efficiency. Nevertheless, the efficiency of all three solar cell architectures tested at BOL were
found significantly higher in LILT compared to NIRT conditions (low temperature VVoc boost).
After irradiation at 120 K, similar behavior is observed at LILT as for NIRT conditions: a strong

degradation of the Jsc compared to the other electrical parameters. In addition, the degradation
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rate at LILT is higher than NIRT conditions (e.g. 20% absolute RF(Eff.) difference for 2J at
10 e.cm?); this is linked to the lower defects mobility (and thus annealing) at low temperature.
Overall, the higher BOL efficiencies combined with higher degradation rate results in a cross-

2 00 1Bl IRZ 1B 1M 1R ,1%16 over point: in this study, below ~ 3.10* e.cm™.
S 1 I-VI//Si efficiencies are higher in LILT
gls- ____________ | compared to NIRT (and opposite at lower
% 0| Ga'nPL/I/tfaAsl/Si ] fluences). In the case of single-junction silicon

sh | NIRT \ 1 however, LILT conditions offers higher
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Fluence (e.cm?) the reduced thermalization losses (compared to

1J) inherent of multi-junction architectures and
Fig. 1 Efficiency as a function of electron fluence for 1J, ) J

2J and 3J for both NIRT and LILT environment. Symbols on the other hand by using only one top cell, the

are measured data and lines represent fit to semi- ) ) )

empirical equation. reduction of the absorption band of the Si, less
radiation hard, is relatively limited. Thus, in the perspective of 111-V//Si cells developments for

space, the 2J architecture may be the wise option.

As expected and experimentally observed, I111-V//Si technology radiation hardness is
relatively weak in comparison to 111-V/Ge standards. The EOL efficiency gap observed here
disqualify the use of this new technology for high fluences environments (especially in LILT
conditions). However, for low fluences (103 - 10 e.cm™) and NIRT conditions the difference
is less pronounced even with our non-optimized cells batches (e.g. < 15% absolute RF(Eff.)
difference for 2J). Though not tested here, these two conclusions may hold as well for champion
(>30%) I11-V//Si devices. Nevertheless, in the case of LILT conditions, we have observed a low
statistical dispersion for the EOL performances within our I11-V//Si dataset, contrary to the case

of 111-V/Ge (variable FF degradation) for which EOL prediction is complicated (variable FF &
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efficiency dispersion). Overall, whether or not I11-V//Si cells will become a viable solution for
low/intermediate radiative space environments will depends on its capacity to reach full
industrial maturity at lower cost than 111-V/Ge counter parts; the challenging manufacturing

path of direct growth of I11-V on Si substrate might be the winning approach in that sense.
Perspectives

These results open several perspectives for the scientific and devices aspects of the
I11-V//Si tandem cells. For instance, it would be interesting to investigate whether the recovery
observed after irradiation at 120 K and annealing at 300 K is persistent, or whether the defects
are reactivated once cooled back down to 120 K. Indeed, in a LILT mission scenario, if we
assume that annealing at 300 K is performed, the solar array would again operate at low
temperature afterward. In addition, we have only here studied proton irradiations at 300 K;
experimental plan with proton irradiations at low temperature would certainly bring interesting
insights, in order to see whether the DDD method is still applicable at low temperature.
Extensive work was carried out toward the end of this thesis to mount and adjust the in-situ, on
the electron beam line, the quantum efficiency equipment; however, several issues could not be
solved before until now. EQE measurements on all sub-cells may be of interest to analyze their

behavior precisely as a function of temperature and irradiation conditions.

From the device performance point of view, several improvement paths are foreseen for a
better EOL 111-V//Si tandem cells performance. The first priority shall be made on the Si sub-
cell, the less radiation hard material, with the

following development axis:

1) Optimization of the Si bulk doping level
and element (e.g. low doping for low
fluence), to reduce the diffusion length
damage coefficient (Kr). The use of Ga
atoms as dopant for instance leads to a
reduction of electrically active
radiation-induced defects density.

i) Reduction of the Si sub-cell thickness:

with front side p-n junction, the

collection  probability of  photo-
. . Fig. 2 Improvement way for higher radiation hardness of
generated charge carrier deep in the bulk 111-v//si solar cells
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decreases under irradiation, which translates into Jsc degradation. The key is thus to design
a cell which decouple the absorption length and diffusion length. Very thin Si wafers
(~50 pum), in combination with effective rear-side mirror, are very promising in that sense
since they can maintain full absorption and require limited diffusion length for efficient
collection. Alternatively, locally thinned wafers (e.g. waffle or holes structures) may be an

interesting compromise with respect breakage risk.

As a second priority, the use of top sub-cells with adjusted higher bandgaps would result
in a wider Si absorption band and thus attenuate its relative irradiation sensitivity. The use of
thinner top sub-cells with some degree of transparency would also increase absorption in Si.
Thus, at the cost of lower BOL efficiency, those optimizations would improve the radiation
hardness of the 111-V//Si technology by unlocking higher EOL performances. Ultimately, multi-
junction cells design could be optimized for various missions to maximize EOL results in

various environment. These development directions are schematically summarized in Fig. 2.
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Résumé

Ce travail s’intéresse au comportement en environnement spatial d’une nouvelle
technologie de cellules solaires photovoltaiques : les tandems I11-V//Si (2- et 3-jonctions),
obtenues par collage direct. Ces cellules ont été exposées a des irradiations électrons et protons
et testées dans deux types d’environnement : a) irradiance normale, 1 soleil, et température
ambiante 300K, condition NIRT (orbites terrestres) et b) basse irradiance, 0,03 soleil, et basse
température 120K, condition LILT (espace lointain). Dans une étape préliminaire une étude
comparative a ét¢ menée sur 2 simulateurs solaires, équipés respectivement d’une lampe flash
et de lampes LED, afin d’assurer la fiabilité et la reproductibilité des mesures de ces multi-
jonctions. Pour le simulateur flash, une méthode de caractérisation pour tandems I-V sous
1 soleil qui s’affranchit de I'utilisation de cellules de référence isotype a été adoptée, en se
basant sur des mesures d’EQE et des mesures de spectre du flash. Pour le simulateur LED,
monté in-situ sur le faisceau d’irradiation, une optimisation du spectre a été effectuée afin de se
rapprocher de la référence a basse irradiance, soit ~3% AMO. Cette étude comparative a
¢galement permis d’établir la validité de 1’extrapolation par le calcul de mesures I-V sous

1 soleil vers les basses irradiances.

Ensuite, la compatibilité de cette technologie tandem 111-V//Si, avec d’une part le cyclage
thermique et d’autre part les irradiations a été démontrée, I’interface de collage maintient son
intégrité mécanique et électrique face a ces contraintes. L’impact des irradiations sur les
performances cellules a révélé certaines similitudes a 300K et 120K : - une décroissance
marquée du courant de court-circuit (liée a la diminution de la longueur de diffusion) - une
diminution plus faible de la tension de circuit-ouvert (défauts de type génération). Du fait de la
connexion en série des sous-cellules, la dégradation de la limitante Si (faible résistance
intrinseque aux irradiations) domine le comportement de la multi-jonction. 1l a été démontré
que 1’ajout d’un nombre croissant de cellules sur le Si se traduit par une sensibilité accrue aux
irradiations ; en effet, la configuration tandem restreint la bande d’absorption du Si au proche
infrarouge, partie spectrale la plus affectée par la baisse de longueur de diffusion. L utilisation
d’un modele basé sur I’IQE a permis de quantifier cette dégradation de longueur de diffusion
dans le Si en tandem, ainsi que le coefficient de dommage. A la différence des électrons, les
irradiations aux protons 1 MeV sont a I’origine d’une dégradation non-uniforme dans le Si ; par
des mesures EQE couplées a de la simulation, nous avons corrélé cette dégradation non-

homogéne dans le Si avec la position du pic de Bragg correspondant.



Pour I’étude basse température, une augmentation linéaire de I’efficacité a été observée
jusqu’a ~150K ; et en deca, des anomalies de caractéristiques |-V ont été détectées ; de type
« S-like shape » et « flat spot » ces défauts affectent le FF et donc le rendement. Documentés
dans la littérature, ces effets sont caractéristiques des conditions LILT, et souvent liés a des
modifications des interfaces meétal/semi-conducteur. Bien qu’importante, la dégradation des
performances électriques fin de vie LILT des 111-V//Si s’avére étre plus prédictible que celles
des I11-V/Ge LILT (dispersion statistique). Nous avons également démontré qu’un passage a
300K, apres irradiation a 120K, entraine une guérison marquée du courant de court-circuit ;
ceci souligne I’importance des caractérisations in-situ pour quantifier le vieillissement cellule
en conditions de fonctionnement. L’approche DDD « Displacement Damage Dose » a été
appliqué pour les électrons et protons 1 MeV afin de comparer le taux de dégradation induit.
Cette approche permet de prédire la dégradation de ces cellules quelle que soient la fluence, les

particules et I’énergie, pour une mission spatiale a 300K.
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Titre : Etude du comportement de la nouvelle technologie des cellules solaires 111-V//Si sous irradiations pour les

applications spatiales.

Mots Clés : Cellules solaires, Tandem sur silicium, I11-V//Si, Irradiation électronique, Irradiation protonique,
Conditions NIRT, Conditions LILT, Applications spatiales.

Résumé : Ce travail s’intéresse au comportement en environnement
spatial d’une nouvelle technologie de cellules solaires photovoltaiques :
les tandems I11-V//Si (2- et 3-jonctions), obtenues par collage direct. Ces
cellules ont été exposées a des irradiations électrons et protons et testées
dans deux types d’environnement : a) irradiance normale, 1 soleil, et
température ambiante 300K, condition NIRT (orbites terrestres) et b)
basse irradiance, 0,03 soleil, et basse température 120K, condition LILT
(espace lointain). Dans une étape préliminaire une étude comparative a
été menée sur 2 simulateurs solaires, équipés respectivement d’une lampe
flash et de lampes LED, afin d’assurer la fiabilité et la reproductibilité des
mesures de ces multi-jonctions. Pour le simulateur flash, une méthode de
caractérisation pour tandems I-V sous 1 soleil qui s’affranchit de
I'utilisation de cellules de référence isotype a été adoptée, en se basant
sur des mesures d’EQE et des mesures de spectre du flash. Pour le
simulateur LED, monté in-situ sur le faisceau d’irradiation, une
optimisation du spectre a été effectuée afin de se rapprocher de la
référence & basse irradiance, soit ~3% AMO. Cette étude comparative a
également permis d’établir la validité de I’extrapolation par le calcul de
mesures 1-V sous 1 soleil vers les basses irradiances.

Ensuite, la compatibilité de cette technologie tandem I11-V//Si,
avec d’une part le cyclage thermique et d’autre part les irradiations a été
démontrée, I’interface de collage maintient son intégrité mécanique et
¢lectrique face a ces contraintes. L’impact des irradiations sur les
performances cellules a révélé certaines similitudes a 300K et 120K :
-une décroissance marquée du courant de court-circuit (liée a la
diminution de la longueur de diffusion) - une diminution plus faible de la
tension de circuit-ouvert (défauts de type génération). Du fait de la
connexion en série des sous-cellules, la dégradation de la limitante Si
(faible résistance intrinséque aux irradiations) domine le comportement

de la multi-jonction. Il a été démontré que 1’ajout d’un nombre croissant
de cellules sur le Si se traduit par une sensibilité accrue aux irradiations ;
en effet, la configuration tandem restreint la bande d’absorption du Si au
proche infrarouge, partie spectrale la plus affectée par la baisse de
longueur de diffusion. L’utilisation d’un modé¢le basé sur I’|QE a permis
de quantifier cette dégradation de longueur de diffusion dans le Si en
tandem, ainsi que le coefficient de dommage. A la différence des
électrons, les irradiations aux protons 1 MeV sont & I’origine d’une
dégradation non-uniforme dans le Si ; par des mesures EQE couplées a
de la simulation, nous avons corrélé cette dégradation non-homogeéne
dans le Si avec la position du pic de Bragg correspondant.

Pour I’étude basse température, une augmentation linéaire de
I’efficacité a été observée jusqu’a ~150K ; et en dega, des anomalies de
caractéristiques |-V ont été détectées ; de type « S-like shape » et « flat
spot » ces défauts affectent le FF et donc le rendement. Documentés dans
la littérature, ces effets sont caractéristiques des conditions LILT, et
souvent liés a des modifications des interfaces métal/semi-conducteur.
Bien qu’importante, la dégradation des performances électriques fin de
vie LILT des I11-V//Si s’avére étre plus prédictible que celles des I11-V/Ge
LILT (dispersion statistique). Nous avons également démontré qu’un
passage a 300K, aprés irradiation & 120K, entraine une guérison marquée
du courant de court-circuit ; ceci souligne I’importance des
caractérisations in-situ pour quantifier le vieillissement cellule en
conditions de fonctionnement. L’approche DDD « Displacement
Damage Dose » a été appliqué pour les électrons et protons 1 MeV afin
de comparer le taux de dégradation induit. Cette approche permet de
prédire la dégradation de ces cellules quelle que soient la fluence, les
particules et I’énergie, pour une mission spatiale a 300K.

Title : Investigation of the emerging I11-V//Si tandem solar cell behavior under irradiations for space applications.
Keywords : Solar cells, Tandem on silicon, 111-V//Si, Electrons irradiation, Protons irradiation, NIRT conditions,

LILT conditions, Space application.

Abstract : This work focuses on the behavior in space environment

of a new photovoltaic solar cell technology : the I11-V//Si tandems (2- and
3-junctions), obtained by direct bonding. These cells have been exposed
to electrons and protons irradiations and tested in two types of
environment: a) normal irradiance, 1 sun and room temperature, 300K -
NIRT conditions (Earth orbits) and b) low irradiance, 0.03 sun, and low
temperature, 120K - LILT conditions (deep space).
In a preliminary stage, a comparative study was conducted on 2 solar
simulators, respectively equipped with a flash lamp and LEDs, in order to
ensure the reliability and reproducibility of the measurements of these
multi-junctions. For the flash simulator, a characterization method for 1-
sun 1-V measurements that does not require the use of isotypes reference
cells has been adopted, based on EQE and flash spectrum measurements.
For the LED simulator, mounted in-situ on the electron irradiation beam,
a spectrum optimization was performed in order to approach the low
irradiance reference, i.e. ~3% AMO. This comparative study also allowed
us to assess the validity of the extrapolation by calculation of the 1-sun I-
V measurements towards the low irradiances.

Then, the compatibility of this tandem I11-V//Si technology with
thermal cycling on the one hand and irradiations on the other hand has
been demonstrated. The bonding interface maintains its mechanical and
electrical integrity with these constraints. The impact of the irradiations
on the cell performances has revealed certain similarities at 300K and
120K: - a pronounced decrease of the short-circuit current (linked to
diffusion length drop) - a less pronounced open-circuit voltage decrease
(generation defects). Due to the series connection of the sub-cells, the
degradation of the limiting Si (low intrinsic resistance to irradiation)
dominates the behavior of the multi-junction. We have shown that an

increasing number of cells on Si results in an increased sensitivity to
irradiations; indeed, the tandem configuration restricts the absorption
band of the Si to the near infrared, the spectral part the most affected by
the diffusion length decrease. The use of a model based on the IQE
allowed the quantification of this Si diffusion length degradation in the
tandem, as well as the damage coefficient. Unlike electrons, 1 MeV
proton irradiations are responsible for a non-homogeneous degradation in
Si; by EQE measurements coupled with simulation, we have correlated
this non-homogeneous degradation in Si with the position of the
corresponding Bragg peak.

For the low-temperature study, a linear increase in efficiency was
observed up to ~150K; and below this, anomalies of I-V characteristics
were detected; of "S-like shape™ and "flat spot” type, these defects affect
the FF and thus the efficiency. Reported in the literature, these effects are
characteristic of LILT conditions, and are often related to changes in the
metal/semiconductor interfaces. Although significant, the LILT end-of-
life electrical performance degradation of 111-V//Si happened to be more
predictable than that of I11-V/Ge LILT (less statistical dispersion). We
have also shown that a 300K annealing after irradiation at 120K leads to
a marked healing of the short-circuit current; this underlines the
importance of in-situ characterizations to quantify cell ageing under
operating conditions. The Displacement Damage Dose (DDD) approach
was applied for 1 MeV electrons and protons in order to compare the rate
of induced degradation. This approach allows to predict the degradation
of these cells whatever the fluence, particles and energy, for a space
mission at 300K.
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