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  Fig. 1 : Station spatiale internationale (ISS). 
 
L'alimentation électrique des missions spatiales est assurée par des panneaux solaires 

photovoltaïques. Actuellement les panneaux solaires des satellites offrent des puissances 
électriques de l'ordre de la dizaine de kW (18 kW de puissance crête pour un satellite de 
télécommunications de type Boeing 702), alors que la station spatiale internationale (cliché 
ci-dessus Fig.1) permet de délivrer une puissance crête de 245 kW. 
 

Une des problématiques que rencontrent ces cellules solaires réside en leur sensibilité 
aux effets des radiations présentes dans l’espace, qui dégradent leurs performances. Il sera 
nécessaire de sélectionner des types de cellules et des technologies qui résistent au mieux à 
ces contraintes d’environnement.  

 
C’est dans ce contexte que nous aborderons la physique des cellules solaires, leur 

caractérisation électrique et l'étude de leur endommagement par irradiation. Pour le TP nous 
nous intéresserons particulièrement à l'irradiation par des protons de basse énergie (qqes 10 
keV à qqes MeV). Dans l'espace, comme on peut le voir sur la Fig.2, les flux d'ions helium et 
hydrogène est environ 2 ordres de grandeur au-dessus des flux d'ions plus lourds comme le 
carbone et l'oxygène. De plus, ces derniers interagissant plus fortement seront arrêtés dans 
une région superficielle de la cellule. Les ions helium ou hydrogène, interagissant plus 
faiblement, peuvent pénétrer dans la cellule jusqu'à la zone de la jonction p-n. Cette zone est 
critique pour le dispositif, car c'est là que se fait la séparation des paires électron-trou à 
l'origine de l'établissement d'un courant électrique aux bornes de la cellule. Nous étudierons  
donc l'influence de l'énergie et de la fluence (ions/cm2) des protons ou ions helium sur les 



performances des cellules en se basant sur les caractéristiques de l'interaction ion-matière. Les 
flux typiques de protons dans l'espace sont représentés sur la Fig.3 en fonction de la distance à 
la Terre et de l'énergie des particules. 

  
Fig 2 : Comparaison des flux de particules cosmiques en fonction de la masse des 

ions. 
 

  
Fig. 3 : Distribution des flux de protons dans l'espace en fonction de leur énergie 

et de la distance à la Terre. 
 

 Ce TP se déroulera sur une journée, il comprendra la mise en œuvre de l'expérience, 
i.e. : montage des cellules et câblage, mise sous vide, puis la gestion de l'acquisition des 
données et les manipulations associées, de manière à obtenir la cinétique du vieillissement.  
 
 
 



 1- Caractérisation de cellules solaires photovoltaïques      
 
 Méthode de caractérisation courant-tension I(V) des cellules photovoltaïques, à 
l'obscurité et sous éclairement, et détermination expérimentale des paramètres caractéristiques 
: courant de court-circuit, tension de circuit ouvert, facteur de forme et efficacité quantique. 
Utilisation d'un source-mètre Keithley, interfacé sous Labview. Intérêt de la mesure 4-fils.  
On comparera les caractéristiques de différentes cellules solaires : silicium multicristallin, 
silicium monocristallin, hétérojonction silicium amorphe/cristallin, multijonction III-V 
GaAs/GaInP. 
 

 
Fig. 4 : Fonctionnement schématique d'une cellule solaire photovoltaïque sous 
illumination et caractéristiques d'une cellule solaire à l'obscurité et sous éclairement. 
 
 
 2- Interaction ion-matière 
 
 Interaction ion-matière : effet de l'introduction contrôlée de défauts sur les 
performances des cellules. Perte d'énergie des ions dans le matériau, relation avec la 
profondeur de pénétration, la densité et la nature des défauts formés, dépendance avec la 
masse et l'énergie des ions utilisés. Cette partie sera illustrée par une introduction au logiciel 
de simulations TRIM.  
 

    
Fig. 5 : Distribution des défauts ponctuels créés par un faisceau d'ions helium de 150 
keV dans le silicium. 
 



 3- Caractérisation in-situ des cellules solaires pendant l'irradiation 
 
 Nous monterons un caisson expérimental en bout de ligne sur l'accélérateur de type 
tandem Aramis (500 keV-3 MeV) ou sur l'implanteur Irma (10 keV-150 keV) en fonction de 
la gamme en énergie à explorer. Le caisson, équipé d'un hublot, permettra séquentiellement 
d'irradier la cellule et de mesurer sa caractéristique (à l'obscurité et sous illumination). Nous 
pourrons ainsi comparer la résistance à l'irradiation de différents types de cellules en fonction 
de l'énergie des ions et de la fluence. L'évolution des paramètres caractéristiques en fonction 
de la fluence sera discuté à la lumière d'une modélisation du rôle des défauts sur le 
fonctionnement de la cellule. 
 
 
Pour que ce TP vous soit pleinement profitable,  il est  souhaitable que vous étudiez la 
bibliographie citée ci-dessous et jointe en annexe avant le TP : 
 
G.C. Sun, S. Makham and J.C. Bourgoin, “Degradation of solar cells in space: physics and 
prediction”, Space Radiation Environment and its Effects on Spacecraft Components and 
Systems, Space Technology Course, Edition Cepadues (2004), pp. 327-34 
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Schwank, Sandia National Laboratories, 1994. 
 
J.C. Bourgoin, N. de Angelis, Radiation-induced defects in solar cell materials, Solar Energy 
Materials & Solar Cells 66 (2001) 467 
 
S. Makham, G.C. Sun, J.C. Bourgoin, Modeling of solar cell degradation in space, Solar 
Energy Materials & Solar Cells 94 (2010) 971 
 
Y. Morita et al., Anomalous degradation in silicon solar cells subjected to high-fluence 
proton and electron irradiations, J. Appl. Phys. 81 (1997) 6491 
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Abstract.  After recalling briefly the way a solar cell operates, we describe the physics 
(production by irradiation and characterization) of recombination centers which are at the origin 
of its degradation in space. The different ways this degradation can be evaluated are developed 
for a single cell and then extended to multijunctions cells. Experimental data are presented as 
illustrations. 

 
 
1.  Solar cell: the photovoltaic effect 
 
       The treatment of the degradation of solar cells induced by irradiation with energetic particles implies to 
know the basis on which these cells operate. Recalling briefly their principle of operation allows to introduce the 
so-called recombination centers which are at the origin of the degradation of a cell performances. 
        
 
 
 
 
 
 
 
 
 
 

FIG.1 - Scheme of the photoelectric effect: a photon of energy hν 
 larger than the band energy Eg produces an e-h pair. 

 
       A solar cell is based on the photoelectric effect: photons interacting with the electrons of a solid transmit 
them their energy . In a semiconductor, this results in the promotion of a bond electron, energetically located 
in a filled band, into a free state of the conduction band , leaving a free hole in the valence band (fig.1), i.e. in the 
production of an electron-hole (e-h) pair. To be absorbed, photons must have a minimum energy equal to the 
band gap energy, Eg, which separates the top of the valence band from the bottom of the conduction band (the 
energy necessary to ionize, i.e. to free, a valence electron). Electrons which have absorbed photons of higher 
energies relax to the bottom of the conduction band and a fraction of their energy is lost into phonon emission. 
Hence the use of “multijunctions” cells, made of materials characterized by different Eg values matching the 
solar spectrum, to maximize the number of electron-hole pairs produced by a photon. 
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       Free electrons and holes induced by photon absorption can be collected using an electric field. When this 
electric field is produced by a p/n junction, it is the photovoltaic effect (fig.2) on which the solar cell is based 
(for a detailed treatment of the physics of solar cells see Hovel 1975). For a cell made of a given material, 
characterized by a given value of Eg, and of a given thickness, the cell efficiency is directly related to the ability 
to collect the largest fraction of the photon induced e-h pairs. As we shall develop below, this collection is 
limited by the existence of non radiative recombination centers which exist as native defects or which are 
introduced  by irradiation (radiative recombination is negligible owing to the low concentration of e-h pairs). 
 
 
 
 
 
 
 
 
 
 

FIG. 2 - Scheme of the photovoltaic effect: photo-generated e-h pairs are 
 accelerated in the electric field of a junction and collected. 

 
2.  Recombination centers 
 
       Semiconductor materials with which solar cells are made contain point defects, i.e. entities which destroy 
locally the lattice periodicity (for a tutorial treatment of the physics of defects in semiconductors see Lannoo et 
al 1981 and Bourgoin et al 1983). They are of two kinds: intrinsic (vacancies, divacancies, antisites, etc.) or 
extrinsic (impurities, complexes of impurities or with intrinsic defects). They correspond to a localized change in 
the periodic lattice potential experienced by a moving electron (fig.3). A free electron (or hole) can be trapped by 
such potential well: the energy, Eb, which binds it in the neighborhood of the defect site is represented, in the 
energy diagram, by a defect level located at Eb below the conduction band in the forbidden gap (fig.4). 
 
 
 
 
 
 
 
 

FIG. 3 - Electrons moving in the periodic lattice can be trapped 
 by the potential associated with a defect. 

 
 
 
 
 
 
 

 
 

FIG. 4 - Energetic representation of the energy level associated with a 
 defect which binds an electron with the energy Eb . 

 
       A recombination center is a defect having the property to trap alternatively electrons, then holes (fig.5), thus 
inducing their annihilation on the defect site. The energy associated with this annihilation is usually liberated 
into phonon emission.  
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FIG. 5 - Representation of the sequential capture of electrons,  
then holes on a recombination center. 

 
       The ability of a recombination center to trap an electron is described by a quantity called capture cross 
section . This quantity characterizes the number of interactions, Ni, between a flux of n electrons (of velocity 
v) and Nr centers:  
                                                        (1) 
(the coefficient of proportionality  has the dimension of an area, hence the name of cross section). 
       The kinetics of recombination n(t) of a population of n e-h pairs is described by: 
                                                         (2) 
It corresponds to an exponential decay of n versus time t, characterized by the constant ,  the inverse of a time 

 called lifetime: 
                                                       (3) 
       As we shall develop in the next section, irradiation with energetic particles produces defects, some of which 
are recombination centers. The degradation of a cell by an irradiation is the result of the increase of Nr enhancing 
the rate of e-h pairs recombination, thus reducing the collection efficiency (fig.6). Since the concentration of the 
defects Nr is proportional to the irradiation fluence : 

                                                       (4) 
(the introduction rate k depends on the nature and energy of the irradiating particle), the lifetime of an irradiated 
material is : 
                                                      (5) 
where  is the lifetime prior irradiation, i.e. associated with the nature of recombination centers. 
 
 
 
 
 
 
 
 
 
 

FIG. 6 - A fraction of the photo-generated e-h pairs can be trapped on recombination 
 center where annihilate, thus reducing the fraction collected. 

 
       Hence, the degradation of a cell induced by irradiation is fully determined by the concentration Nr, or 
equivalently by k, of the recombination centers  and by their capture cross sections  and  for electrons and 
holes. The prediction of this degradation goes therefore through the determination of both k and , , which 
we examine in the next section. In practice, because  depends on the quantity , only  and  have to 
be determined. 
 
3.  Irradiation induced recombination centers 
 
3.1  Production 
 
       An incident particle of energy E transmits an energy T to an atom in a crystal. When T is larger than an 
energy Td, called threshold energy, an atomic displacement occurs producing a primary defect: the vacancy-
interstitial (or Frenkel) pair. When T is very large compared to Td, the primary knock-on atom can in turn 
transmit its energy to others atoms producing a cascade of displacements. Typically, the average number of 
displacements in a cascade is equal to T/Td. 
       In case of electron irradiation, T is not large compared to Td because the electron mass is small in front of 
atomic masses. As a result, only one or few displacements are produced. The cross section for atomic 
displacement can be easily calculated (McKinley, Jr 1948) but requires the knowledge of Td, which is seldom the 
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case, in particular for alloys. The number of displacements per unit path length is of the order of 1 cm-1. 
Typically, a 1 MeV electron loses 107 eV.cm-1 mostly by interaction with the electrons of the solid; only a small 
fraction (one to several 10 eV.cm-1) is transmitted into atomic collisions. Since Td = 10 to 40 eV (see Pons et al 
1981 and 1980 for the case of GaAs), this implies that only one displacement per centimeter is produced. 
Consequently, in the thin layer of material composing the cell, the displacements, i.e. the defects, are uniformly 
distributed. 
       In case of proton irradiation, T is large compared to Td. Typically, a 1 MeV proton loses 5×105 eV.cm-1 in 
atomic collisions evaluation can be made using the program called SRIM (Ziegler), which should produce at 
least 104 cm-1 displacements. However, owing to the concentration of these displacements in the volume of the 
cascade, the average distance between two displacements is larger than the extension in space of the wave 
function associated with a defect. The defect can therefore be considered as isolated, like in the case of electron 
irradiation. This has been experimentally verified in the case of Si (Kono et al 1977): using a spectroscopic 
technique (Deep Level Transient Spectroscopy), it can be observed that the defect spectra observed following 
electron and proton irradiations are identical, with the same linewidths. 
       The number of displacements, i.e. of defects, is equal to T/Td per incident particle and should be 
proportional to the energy lost into atomic collisions, the nuclear energy loss, Enl, often called NIEL (for non 
ionizing energy loss). Since the recombination centers represent a fraction of the total defects, their 
concentration should also be proportional to Enl. This has been verified experimentally (Jabbour et al) in a 
specific case, the quantum well of a laser, because in this case the degradation of a property (the emitted light or 
the threshold current Ith) varies linearly with the electron fluence. Fig.7 demonstrates that the degradation is 
proportional to Nr because this concentration is proportional to the fluence in case of electron irradiation. Fig.8 
demonstrates that the degradation induced by a constant fluence of protons of variable energy is linear versus Enl. 
This implies that Nr varies linearly versus Enl. 
 

 
 

FIG. 7 - The linear variation of the degradation of the threshold 
 current Ith of a laser versus electron fluence. 

 
 
 
 



 
 

FIG. 8 - Variation of the threshold current  Ith of a laser versus Enl for an 
 irradiation with constant flux of protons of various energy. 

 
3.2  Nature of the defects 
 
       The nature of the defect created by an energetic particle depends only on the amount of transmitted energy: 
the knock-on atom has no memory of the nature of the incident particle. As a result, the defects produced by 
electrons and protons are the same: they all originate from an initial displacement, i.e. a vacancy-interstitial pair. 
We have mentioned in the previous section an experimental evidence showing that defects are identical in proton 
and electron irradiated Si. Only their spatial distributions are different. However, this is valid only for low proton 
fluences and isotropic irradiations. Indeed, when the proton fluence is high, the concentration of the defect can 
be large enough so that their wave functions overlap, modifying the electronic characteristics of the defects. 
       The nature of the defects resulting from the initial displacement depends directly on the temperature 
behaviour of the vacancy-interstitial pair, i.e. of its stability at room temperature. This can be illustrated on the 
two different, well documented, cases of GaAs and Si. In GaAs, the defects produced are primary defects (Pons 
et al 1985), i.e. vacancy-interstitial pairs in different configurations (Stievenard 1986). In Si, the primary defects 
are mobile at room temperature: the mobile vacancies interact with impurities or with themselves, resulting in 
the production of impurity-vacancy complexes (with oxygen and the dopants in particular) and of divacancies 
(Corbett et al 1977). 
       Among all the created defects, only a fraction are recombination centers and the questions which arise are 
therefore: how to recognize them? How to measure their introduction rates and their capture cross sections?  
This is the subject of the next section. 
 
3.3  Defect characterization 
 
       Because the fluences of the irradiations encountered in space are low, the concentrations of the induced 
defects are small and their detection and characterization must be performed with sensitive techniques. Sensitive 
techniques rely on electronic properties (by opposition to optical and paramagnetic properties which requires a 
large absolute number of defects). Many of the electronic techniques taking advantage of the use of a p/n 
junction are therefore well adapted for the detection and characterization of defects in solar cells.  
       Usually, one technique is not able to provide all the necessary information (the two parameters:  and 

) and several techniques must be used in conjunction (Bourgoin et al 2002). Deep Level Transient 
Spectroscopy (DLTS) associated with Capacitance-Voltage measurements provides the concentrations of some 
of the defects, their energy level and an order of magnitude of the majority carrier capture cross section. The 
position of the energy level in the gap can suggest if the corresponding defect is a recombination center, whose 
concentration is then known. Current-Voltage characteristics in dark  provide at most the two parameters 
(Angelis et al 1998). This is also the case for the Current-Voltage characteristics under illumination. 
       Actually the most straightforward technique is electroluminescence (Zazoui et al 2002). The degradation of 
the light intensity produced by minority carrier injection in a forward biased junction is directly related to the 
non radiative recombination induced by the introduction of recombination centers. An additional and important 
advantage of this technique is that it can be applied to multijunctions cells: it is the only technique allowing to 
get information on a given subcell independently of the others. This is illustrated in figs. 9 and 10. Fig.9 shows 



the electroluminescence spectrum of a 3J, GaInP/GaAs/Ge cell exhibiting the GaInP and GaAs lines (the Ge 
line, too far in the infra-red, was not recorded spectroscopically). Fig.10 gives the variation of the  light 
intensities emitted by the three subcells versus the fluence of 1 MeV electrons. The fits with the theoretical 
degradation law allows to determine the  parameters for each cell (Zazoui et al 2003).  
 

 
 

FIG. 9 - Luminescence spectra emitted by a forward biased GaInP/GaAs/Ge 3J cell. 
 

 
FIG. 10 - Variation of the light intensities, at constant forward current, of  the 

 GaInP(!), GaAs(8) and Ge(-‐) subcells of a 3J cell. The full lines 
 are theoretical fits allowing to determine the degradation parameters. 

 
4.  Prediction of a degradation 
 
       The goal is to predict the variation, versus the fluence  of an irradiation, of the Current-Voltage 
characteristics under solar illumination (fig.11). This variation is usually presented under the form of the fluence 
dependences of the short circuit current, Isc, of the open circuit voltage, Voc, and of the maximum power, Pm, 
for electron and proton irradiations at various energies. The degradation is then obtained by summing all the 
contributions of the electrons and protons at the energies corresponding to the spectrum adapted to a specific 
space mission. 
 



 
 
FIG. 11 - Current-Voltage characteristics under illumination of a GaInP/GaAs/Ge 3J cell and its evolution with 

fluence(in cm-2) of 1 MeV electrons. 
 
       There are basically two approaches to reach this goal: the ab-initio and the empirical methods. 
 
 4.1  Ab-initio  method 
 
       The ab-initio method consists to calculate the Current-Voltage (I-V) characteristics from first principles (i.e. 
integrating Gauss law and obeying the neutrality condition). However, there are unknowns: the lifetime  and 
the recombination velocities at the interfaces. Fortunately, these parameters can be adjusted by fitting the I-V 
characteristics prior irradiation. Then, the degradation can be computed by introducing the additional 
recombination centers,  i.e. by replacing  by  given by expression (5), when  or  have been 
determined. The method introduces no empirical parameters since these two parameters are determined 
experimentally by independent techniques. Moreover, since the parameters are identical for all cells made of a 
given material, the degradation can be computed for various geometries and dopings. Illustration that this 
method can be successful is given in fig.12. It shows that the degradation (induced by 1 MeV electrons) of Isc 
for a GaAs cell  can be correctly reproduced by the calculation in which the values of  and  introduced 
have been determined independently (by electroluminescence for instance, see section 3.3). 

 
 

Fig. 12 - Variation of the short-circuit current of a GaAs cell induced by 1 MeV electron irradiation. The 
experimental data(!) are well fitted by the caculation using the  
(1×10-12) and (2×10-13) values(cm2) determined independently. 

 
4.2  Empirical methods 
 
       The empirical method used up to now consists to use a data base providing relative damage coefficients, 
RDC, (variation of a parameter for a given irradiation fluence by a particle of a given energy, relative to the 
value of the parameter prior irradiation) of the parameters Isc, Voc and Pm measured by irradiation tests. This 



base is enormous because it has to be repeated for each new cell, i.e. when the geometry, or the doping, or the 
material of the cell is modified (this base has been realized in fact only for Si and GaAs cells). 
       With the advent of multijunctions cells, new materials and new combination of subcells were introduced 
which increased drastically the size of the data base, making  impossible in practice to fill it. New means had to 
be found to reduce the size of this data base. A promising method, introduced few years ago (Messenger et al 
2001), consists to assume that a RDC for proton irradiation is proportional to Enl (the NIEL), thus reducing the 
data base for proton irradiations to a single energy. But this reduced data base has still to be reproduced for each 
new cell . 
       The assumption of a RDC proportional to Enl applies because the changes in the cell parameters induced by 
the irradiation are small and can be treated linearly. In fact, it is the concentration of recombination centers, Nr, 
which varies linearly versus Enl (see section 3.1), while a RDC has no reason to vary linearly versus Nr. 
       A method which does not necessitate such assumption and which reduces further the size of the data base 
consists to derive the law relating the full variation of a cell parameter versus fluence for any proton energy from 
that, established for a standard energy of a given particle (1 MeV electrons for instance). Such a law of 
equivalence between protons and electrons should exist because, whatever the nature and energy of the 
irradiating particle, the defects are identical, differing only by their concentrations which vary linearly with the 
fluences. This law of equivalence will apply for any cell made with a given material provided the defects 
introduced are primary defects (the case of GaAs for instance). 
       The way to derive this law is the following. We define a coefficient of “equivalence”, K(Ee, Ep) relying 
electron and proton fluences (at energies Ee and Ep, respectively) by: 
                                                      (6) 
so that  produces the same degradation than . Equal degradations impling equal concentrations of 
recombination centers. This condition can be written as: 
                                                     (7) 
because Nr is proportional to Enl: 
                                                       (8) 
Consequently,  
                                                     (9) 
       As numerical application, consider the case of 1 MeV electrons: Enl(1 MeV) = 26.56 eV.cm-2.gr-1. For GaAs 
(density: 5.815 gr.cm-3), Enl(Ee)=155 eV.cm-1, so that:  
                                                 . 
       This approach can be verified experimentally. Consider a situation in which the degradation of a parameter, 
L, varies linearly versus the concentration of recombination centers, Nr. Then, according to relation 4 , L is linear 
with the electron fluence . Since, as we have shown in section 3.1, Nr is proportional to Enl, the degradation of 
L should be linear versus Enl. Consequently, a given degradation corresponding to an electron fluence  can 
also be ascribed to a given amount of Enl. This value of Enl corresponds to a specific fluence  of protons of a 
given energy. Hence, a direct linear relationship exists between  and  as illustrated in fig.13.            
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIG. 13 – The linearity of L versus both electron fluence  and Enl allows to 
 deduce the coefficient of proportionality between  and Enl. 

 
       A situation in which the relation between L and Nr is linear is encountered in light emitting quantum well 
structures. Indeed, in such structures, the concentration of injected e-h pairs is very high and most of them must 
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recombine radiatively. As a result, non radiative recombination induced by Nr is small and can be treated as a 
linear perturbation (Jabbour et al). The linearity of L versus electron fluence has been verified (fig.7) using GaAs 
quantum wells of Vertical Cavity Surface Emitting Lasers (VCSEL). Then, L (the emitting light or the threshold 
current) has been monitored versus Enl for constant fluence of protons of variable energies (fig. 8), providing the 
following relation: 
                                                                           (11) 
Where Enl(Ep) is in eV.cm-1. 
       The same procedure can then be applied to solar cells. However, only the order of magnitude of the 
coefficient K obtained for GaAs quantum wells should be valid for GaAs cells. Indeed, the wave function of a 
defect, when confined in a quantum well, is different from that of a defect in a bulk material and the value of the 
associated capture cross section is modified. In fig.14, we show that the degradation curve of Pm for GaAs cells 
(data from Anspaugh et al 1996) induced by protons of various energies (in the range 0.2 to 9.5 MeV) can be 
deduced (Mbarki et al) from the degradation curve induced by 1 MeV electrons using a single value of 

. 
 

 
FIG. 14 - Using the experimental data of the variation of Pm versus fluence of 1 MeV electron irradiation, the 

variation Pm induced by protons of various energies 
 are deduced with a single value of K=71/Enl(Ep) given in the text [19]. 

 
5.  Effects of irradiation conditions 
 
       The tests performed on earth to modelize the space degradation employ accelerators. Then, the experimental 
conditions are quite different from that encountered in space and some of these differences can have non 
negligible effects on the amount of degradation. In most cases the test conditions are not indicated, which makes 
that it is impossible to compare between each other reported data. The main conditions which influence the 
degradation are: 
       The nature of the material which holds the cell in the accelerator. Protons and electrons can be backscattered 
by atoms of this material, inducing a additional irradiation from the back of the cell. The fraction of 
backscattered particles increases with the mass of the atoms of the material. 
       The orientation of the irradiation flux. The length of the path of the incident particle, and consequently the 
number of defects it creates, depends on the angle at which it impiges the cell. 
       Light illumination, Minority carrier injection can enhance defect annealing. The phenomenon has been 
established (Bourgoin et al 1978) and is well documented for GaAs (Stievenard et al 1986) and GaInP (Khan et 
al 2000). Solar illumination introduces also minority carriers and therefore produces the same effect. 
       Flux and temperature. Consider the case where the annealed rate of recombination centers is small but not 
zero at room temperature, so that a non negligible fraction of the defects created at the beginning of life is 
annealed at the end of life. Then, as illustrated in fig.15, the degradation rates are not similar if the irradiation is 
performed during the whole cell life (low flux) in space or at  the beginning of its life (high flux in accelerators).  
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FIG. 15 - Kinetics of defect introduction (of the degradation) in case where the 

 irradiation is applied all long the cell life (a) and only at host time (b). 
 
6.  Degradation of multijunctions cells  
 
       Multijunctions (MJ) cells are generators in series, so that their open circuit voltage is the addition of the 
voltages of the subcells while their short circuit current is that of the subcell for which it is minimum. For a MJ 
cell made of two subcell, 1 and 2: 
                                                 Voc = Voc1 + Voc2,         (12) 
                                                 Isc = min (Isc1, Isc2)      (13) 
These relations apply whatever the amount of the degradation. Because subcells are made of different materials 
and because the energy of an incident particle decreases with the penetration depth, the rates of degradation of 
Voc, Isc and Pm are different for each subcell. The degradation of an MJ cell can therefore be obtained only 
from the degradations of each subcells, evaluated independently. We verified experimentally that the 
degradation of a 2J cell can be constructed from the degradation of the two subcells which compose it (figs.16 
and 17). This shows that the tunnel junctions do not play a role in this degradation, as expected. 

 
 

FIG. 16  - Variation of short circuit current (Jsc) versus fluence of 1 MeV electron irradiation for GaAs ("), 
GaInP (-‐) subcells and the 2J (8) cell made of 

 these two subcells. The fluence dependence of the minimum of Jsc (�) 
 of the two subcells fits the dependence of the 2J cell. 

 
FIG. 17 -  Variation of open circuit voltage (Voc) versus fluence of 1 MeV electron irradiation for GaAs (,), 

GaInP (8) and 2J (!) cells. The fluence dependence of the sum of Voc of the two subcells (-‐) fits the dependence 
of the 2J cell. 
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