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A short review of radiation-induced degradation of III–V photovoltaic cells for space applications
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A B S T R A C T


The growing interest in space exploration demands exploring new energy resources as well as improvement
 of the existing sources of energy used in space environments in terms of robustness, reliability, resiliency, and
 efficiency. This especially applies to the photovoltaic (PV) systems that are required to work efficiently in
 very hostile environments of radiation under extreme temperatures and vacuum conditions to name a few. In
 this respect, many efforts have been made to enhance III–V PV-cells technologies towards lighter and more
 efficient cells. Besides, especial interest has been expressed in understanding and modeling the degradation
 mechanisms of PV-cells due to the radiation of particles, such as electrons and protons, aiming to improve their
 radiation resistance. Therefore, an in-depth analysis of the conducted experiments and developed mathematical
 approximations with updated information is highly useful to guide the research efforts towards the current
 challenges in the field. In this regard, this paper aims to provide a chronological review of papers published
 between the 1990s up to the present discussing their main outcome and providing useful information about
 the experiments and simulation analysis carried out by such studies. The goal is to contribute to understanding
 the degradation mechanisms of III–V PV-cells caused by the radiation of nuclei particles, as well as to identify
 the remaining challenges that should be dealt with to improve the current III–V PV technologies for future
 deep space explorations.


1. Introduction


The growing interest during the last years in outer space missions
 is forcing governments, international organizations, enterprises, and
 research institutions to explore more advanced space technologies. This
 is extremely important not only for optimizing the space trips, but also
 to ensure the crew and spacecraft safety, especially for some of the most
 ambitious missions, which are currently ongoing or under development.


For instance, the Starlink fleet by SpaceX comprised of 12 thousand
 small satellites, the new Perseverance rover sent to Mars by NASA, the
 European rover by the ESA ExoMars programme, the James Webb Tele-
 scope by the NASA-ESA-CSA collaboration, crewed missions to Mars
 by SpaceX, and the recently announced International Lunar Research
 Station (ILRS) by the cooperation of CNSA and ROSCOSMOS, among
 many others. Thus, even though the R&D should cover the whole
 range of technologies, careful attention should be given to the energy
 source devices, which the entire mission depends on. In this regard,
 PV technology is a promising technology that has been considered as
 the main source of energy for space missions relatively near to the Sun


∗ Corresponding author.


E-mail addresses: jmra@energy.aau.dk(J.M. Raya-Armenta),naj@energy.aau.dk(N. Bazmohammadi),juq@energy.aau.dk(J.C. Vasquez),
 joz@energy.aau.dk(J.M. Guerrero).


1 The AP8 and AE8 models are widely-used to describe the entire spectrum of trapped protons and electrons, respectively [9,46,61].


since the beginning of the space age in the 1950s. However, outer space
 is a hostile environment featuring intense particle radiation, ultra-
 violet irradiation, micro-meteorites, space debris, extreme temperature
 cycles, vacuum, and electrostatic fields, causing degradation of the PV-
 cells [1]. Such a degradation is characterized by a gradual deterioration
 of the PV-cells performance and efficiency. As a result, the PV-cells
 lifetime will be reduced, which adversely affects the mission cost and
 time duration [2].


Even though the PV-cells in a space environment are degraded due
 to different reasons, the degradation due to the exposure to strong
 particle radiation is one of the major concerns of PV manufacturers
 and space research societies considering the severe damages that can be
 caused by it. Near the Earth, this represents a big challenge to satellites
 given the presence of trapped electrons and protons by the geomagnetic
 field, particles expelled by solar flares, and galactic cosmic rays (GCRs)
 to a lesser extend,1seeFig. 1.


The radiation-induced degradation of PV-cells is due to the defects
 created by ions or nuclei particles that strike the solar cells’ wafers.
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(3)Fig. 1. Illustration of the low earth orbit (LEO) and geostationary earth orbit (GEO) with typical equivalent fluences [3–7]. The spectrum near the Earth is considered omnidirectional,
 except for solar flare times when the particles direction will be ruled by the geomagnetic lines. Near the Sun, the spectrum is directional since the several scattering processes do
 not have enough time to fully create omnidirectionality [8].


Fig. 2. (a) Graphical representation of a triple-junction (TJ) PV-cell radiated by protons. The radiation-induced degradation is mostly due to atomic displacements (such as vacancies,
 interstitials, or anti-sites). (b) The defects create levels in the otherwise forbidden bandgap, which might act like minority-carrier traps, majority-carrier traps, recombination centers,
 generation centers, or temporary trapping centers [5,12,13]. (c) Profile of energy absorbed by recoils due to different streams of mono-energetic and unidirectional (normally
 incident) protons using SRIM [8].


The striking particles modify the crystal structure of the semiconductors
 by ionization or atomic displacements, seeFig. 2-(a). The latter is the
 most damaging degradation mechanism given that it creates defects in
 the crystal that negatively affect the carriers in the energy bands. The
 defects might act like trapping, generating, or recombination centers,
 depending on the location of the defect’s energy level in the bandgap,
 seeFig. 2-(b). Besides, the recombination centers reduce the diffusion
 length while the trap centers decrease the net amount of carriers (the
 carrier removal effect) [4]. In general, the degradation due to the
 particle radiation mostly depends on the sort of particle, its energy and
 impacting direction, the material of the cell, the active region thickness,
 and the concentration and type of doping [8,9]. For instance, it has
 been stated that a 1 [MeV] electron impacting a Ge wafer generates
 on average a Frenkel pair, i.e., a vacancy and an interstitial, while
 one proton with the same energy creates clusters of damage (3000
 times more damage than the electron regarding the threshold energy


of 15 eV) due to the larger density of collision events [10,11]. Besides,
 particles that strike normally with low-enough energy get trap inside
 the cell and present a damage profile with a peak at the end of the
 range, named ‘‘Bragg peak’’, where the largest damage is located, see
 Fig. 2-(c). This indicates a non-uniform minority-carrier lifetime across
 the cell and consequently a non-uniform degradation [8,10].


The effects caused by particle radiation that adversely affect the PV-
 cells have been identified by several studies. Some important effects are
 summarized inTable 1. The reader is referred to the reference list to
 see the very specific conditions at which such effects appear.


In this respect, several methods to reduce the radiation effects on
PV-cells have been proposed. For instance, thermal annealing [22],
illumination exposure [24], forward bias [24] for recovering, whereas
coatings [25], nano-structures [26], Bragg reflectors (BRs) [27], for
hardening,etc. Besides, including a cover glass can reduce the level
of radiation exposure due to the shielding effect. Accordingly, it has



(4)Table 1


Effects of the radiation-induced degradation on the III–V/Si PV-cells.


Effect References


Reverse saturation current increase, except for very low
 temperatures.


[14–16]


Anomalous short-circuit current and open-circuit voltage
 degradation (Si PV-cells) and series resistance increment.


Explained by a minority-carrier diffusion length shortening
 (or minority-carrier lifetime reduction), depletion region
 broadening, and base carrier concentration decrease.


[12,17]


Base layer doping type shift. [12,15]


The surface recombination velocity (SRV) increases (surfaces
 and interfaces).


[4,18,19]


Minority-carrier lifetime reduction. [20]


Short-circuit current, open-circuit voltage, and maximum
 power decrease.


[13]


The current-voltage (IV)-characteristics slope (from zero to
 the maximum power point (MPP) voltage) becomes steeper.


[5,21]


Decrease of the external quantum efficiency (EQE). The
 longer the wavelength region, the more severe the damage.


The higher the energy of the particles (regarding particles
 stopping inside the cells), the more severe the damage in the
 longer wavelength region.


[14,21,22]


Appearance ofartifacts(UMM PV-cells). [21]


Reduction of electroluminescence (EL) intensity. [23]


Table 2


Proposed techniques to reduce the radiation effects in III–V/Si PV-cells.


Technique References


Base-carrier concentration optimization. [24,29]


Top layer’s base thickness optimization (double junction
 (DJ)).


[24]


Use of current-limiting layer by the hardest material to
 radiation.


[30,31]


Coverglass thickness optimization. [8,25]


Use of i-layers between the pn junctions. [32]


Increase the fraction of In and P in the layers composition. [13,22]


Use of two thin and highly doped configurations: Shallow
 junctionp-type base, and deep junctionn-type base.


[6]


Use of ultra-thin and highly-doped configurations. [6]


Use of TF PV-cells with back reflector and shallow junction. [4]


Use of lowly-doped and passivated Ge-based subcells. [10]


Use of GaInP instead of AlGaAs to build the BSF. [33]


Narrowing the BSF thickness. [34]


Use of shallow junctions not only in substrate-based, but also
 in TF-based PV-cells.


[7]


Use of nano-structures. [26]


Use of BRs while the sub-layers are thinned. [35–37]


been stated that a fused silica coverglass of about 75μmis able to stop
 electrons and incident protons with energies lower than 200 keV and
 2.8 [MeV] respectively while the higher energetic particles are slowed
 down [25,28]. In addition, systems used for concentrating sunlight
 might support not only the increase of cell efficiency, but also the
 radiation shielding. However, for space applications, it is advised to
 use no larger than 50 suns concentrations due to the difficulty of
 handling high temperatures [3]. Besides, thin-film (TF) technology has
 been proven to be very promising for space applications due to its
 low specific mass, high specific power, and radiation hardness [4,8].


Even, it has been suggested that a diffusion length of three times the
 wafer thickness, on Ge, ensures a high quantum efficiency (QE) after
 radiation [10]. Moreover, the III–V multi-junction (MJ) architectures
 have been proposed for space applications due to their high efficiency
 and radiation hardness, seeFig. 3. A summary of important techniques
 proposed to reduce the effects of the radiation-induced degradation is
 given inTable 2.


Although a great deal of effort has been put into radiation-induced
 degradation analysis of PV-cells over the last decades, still there exist
 many issues to be overcome for the efficient and vast deployment


of PV system technologies for space applications. Moreover, further
 investigations for boosting PV-cells efficiency and prolonging their
 lifetime by slowing down the degradation process are required. There-
 fore, more studies dedicated to understanding and modeling of the
 radiation-induced degradation mechanisms of PV-cells as well as ef-
 ficient techniques for recovering and hardening of PV-cells against
 radiation are required. Besides, there exists the need for updated re-
 view studies to help researchers keep track of the new findings and
 significant challenges.


To the best of our knowledge, only a few review studies have
 been fully dedicated to analyzing the radiation-induced degradation
 of III–V/Si-based PV-cells, while others partially address the topic. For
 instance, in 1975, a review of the Si-based PV-cells damage due to the
 proton and electron radiation was reported [40]. Afterwards, a review
 study dedicated to the InP-based PV-cells was published in 1988 with
 a discussion of radiation hardness and a comparison with Si and GaAs
 solar cells [41]. Then, in 1991, the TF architecture was reviewed from
 the radiation-induced degradation point of view [42]. Three years later,
 in 1994, the radiation effects upon InP-based PV-cells were analyzed
 in [43]. Since then, no major review study specific to the radiation-
 induced degradation of PV-cells has been reported in the literature. In a
 recent study, published in 2021, a review study dedicated to classifying
 different kinds of MJ III–V PV-cells was published while an introduction
 to the radiation-induced degradation of PV-cells was given and the
 Jet Propulsion Laboratory (JPL) and Naval Research Laboratory (NRL)
 methods to characterize radiated PV-cells were introduced [44].


Therefore, this paper aims to provide a chronological overview of
 the radiation-induced degradation studies of III–V PV-cells, reviewing
 the proposed physical–mathematical degradation modeling approaches
 while emphasizing the most recent studies. The most important conclu-
 sions and remarks of the reviewed studies are discussed to provide an
 in-depth understanding of the radiation effects upon the performance of
 the solar cells. In addition, different architectures and technologies of
 III–V PV-cells are thoroughly reviewed and practical information about
 the conducted degradation analysis, simulations, and experiments are
 given. Finally, the remaining topics that require more investigation are
 identified. Thus, this review paper is paving the way for the new studies
 by providing a solid starting point to further analysis of radiation-
 induced degradation of PV-cells and enhance their performances for
 space applications.


The rest of this paper is organized as follows. In Section 2, a
 chronological review of different studies dedicated to the radiation-
 induced degradation analysis of PV-cells is provided. Then, in Section3,
 important remarks and significant challenges that are remaining open
 for more investigation are identified. Concluding remarks are given
 in Section 4. And finally a general description of the mathematical
 variables is given inAppendix.


2. Review of radiation-induced degradation of PV -cells studies
 This section is devoted to give a chronological review of different
 studies dedicated to the degradation process of PV-cells due to the bom-
 barding of energetic particles. The review starts with the traditional Si
 wafers used for space applications in the 1950s and ends with the next-
 generation III–V MJ PV-cells studied in the present. A time-line of the
 reviewed studies from 1991 up to the present is given inFig. 4. Besides,
 at the end of this section, the main characteristics of the reported
 experiments are summarized inTable 3. It should be noticed that a brief
 description of each variable presented in the following mathematical
 expressions are either provided in the text or Appendix.


2.1. Initial efforts in space PV -cells


The 1950s was the decade in which the PV-cells started to be
considered the most reliable medium to supply energy to spacecrafts
with efficiencies of barely 7%–8% (Si). The improvements came with



(5)Fig. 3. (a) Schematic representation of a TJ lattice-matched (LM) PV-cell. GaInP/GaAs/Ge is the most widely-used in space applications due to its high efficiency (∼30%),
 matured manufacturing technologies, and radiation hardness [14]. However, the mismatch among their photo-generated current makes the bottom layer to work at a non-optimum
 point [21]. (b) Schematic representation of a TJ PV-cell, UMM and inverted metamorphic (IMM). These architectures are proposed to optimize the bandgap matching among the
 layers while using materials of different lattice constants. Some UMM PV-cells have been recently proposed with efficiency around 40% for terrestrial applications and sunlight
 concentration [14,38,39].


architecture changes, introduction of the BSF, BRs, and anti-reflective
 coatings (ARCs), as well as the introduction of III–V compounds like
 GaAs and InP. More improvements came with the introduction of
 MJ architectures, which were much more efficient than the Si-based
 PV-cells and some even more cost competitive, seeFig. 5.


2.2. Studies from 1991 to 2000


Being a pioneer in studies of radiation, the JPL laboratory reported
 the damage coefficients for GaAs/Ge solar cells corresponding to the
 bombarding of electrons and protons in 1991 [45]. Such coefficients
 are used to estimate experimentally the degree of degradation of a
 PV-cell due to bombarding of protons and electrons by means of the
 fluence equivalent method (an introduction to this method is given
 later in this section, see [9]). The energy of electrons was 0.6, 1.0, 2.4,
 and 12 [MeV], at the room temperature (RT), except for the highest
 energy for which temperatures between 49 ◦C and 88◦C have been
 reported. On the other hand, the energy of protons was 0.05, 0.2, 0.3,
 0.5, 1.0, 3.0, and 9.5 [MeV] at RT. All the tests were performed under
 vacuum condition where the cells were front-shielded by glasses with
 different thicknesses (0–60 mils) and it was assumed that they are back-
 shielded with an infinitely thick glass. The results show the average
 damage coefficient profiles vs the fluence for the maximum power,
 short-circuit current, and open-circuit voltage of 4 to 5 solar cells.


Besides, according to the authors, after the comparison of two GaAs-
 based PV-cells, there was a very small difference in the degradation due
 to proton bombarding between the two kinds of cells for energy levels
 of higher than 100 [keV]. Particles with lower energies get stuck inside
 the shielding or the semiconductor material, which show different
 profiles for the degradation coefficients according to the presented
 results.


Still in 1991, the use of BRs to improve the efficiency and radiation
 tolerance of GaAs PV-cells was introduced in [27]. Alternating layers
 with material of different refractive indices were used to achieve very
 high levels of reflection in specific wavelength ranges. The thickness of
 each layer,𝑡1 and𝑡2, for the wavelength of design,𝜆, were given as
 𝑡1=𝑛1𝜆


4 , 𝑡2= 𝑛2𝜆


4 , (1)


while the material used for the BR was Al𝑥Ga1−𝑥As, which reduces
 the refractive index monotonically with 𝑥. It was determined that


more than fifteen periods can produce reflectances of about 100%,
 allowing to have thinner cells with similar current densities. However,
 the thickness of the cell is limited by the restricted spectral width of a
 single reflector. Thus, a multi-reflector with different peak wavelengths
 can be implemented to reduce such a limitation at a cost of having a
 thicker wafer according to the authors. It was shown that these BRs
 would be more effective in1than2and3[μm]cells. Nevertheless, single
 reflectors with eight and fifteen periods with1and2[μm]of thickness
 were implemented showing an improved PV-cell efficiency of up to
 0.7%. Besides, the improvement of the EQE for the high wavelength
 region was presented.


Later in 1996, the JPL released a very complete report about the
 degradation effects due to electrons and protons in GaAs-based PV-
 cells [46]. The report includes an overview of the physical fundamen-
 tals of radiation-induced degradation mechanism of GaAs-based PV-
 cells, experimental techniques for characterization of the cells, and the
 radiation effects, among others. Besides, complete profiles of the short-
 circuit current, open-circuit voltage, maximum power,etc.vs the fluence
 of 1 [MeV] electrons are provided in the corresponding units and
 normalized for different GaAs-based PV-cells. Moreover, plenty of ta-
 bles and continuous curves (fitted to experimental data by least-square
 method) with experimental data regarding the radiation-induced degra-
 dation dependency with temperature and solar irradiance of different
 parameters of the GaAs-based PV-cells are provided. The tempera-
 ture ranges from−120 to +140 ◦C, the solar irradiation from 50 to
 2500 [W∕m2], and the radiation fluences of 0, 1 × 1014, and 1.1 ×
 1015 [e∕cm2] electrons having energy of 1 [MeV]. The temperature
 during the particle radiation was kept at RT. Previous to the radiation,
 an increase of the short-circuit current with the increase of temper-
 ature is shown for all solar irradiance levels, whereas a much more
 sharp reduction of the open-circuit voltage, resulting in a reduction of
 the maximum power with the increment of temperature for all solar
 irradiance levels. The short-circuit current and open-circuit voltage are
 shown to increase with the solar irradiance when the temperature is
 kept constant, resulting in an increment of the maximum power for all
 the temperatures. On the other hand, after the radiation, the parameters
 follow the same trend while having lower magnitudes.


The first generation of space solar cells was comprised of Si wafers
given their good trade-off between efficiency and cost. Nevertheless,
earlier studies showed a gradual degradation of these cells caused



(6)Fig. 4. Timeline of studies dedicated to the degradation of PV-cells due to nuclei particles bombarding. 0: [27,45]. 1: [17,46]. 2: [25]. 3: [12,18]. 4: [24,29] 5: [15]. 6: [9,47,48].


7: [30]. 8: [49,50]. 9: [8,51]. 10: [11]. 11: [19,20]. 12: [28,52]. 13: [35]. 14: [53]. 15: [32,54]. 16: [5,13,16]. 17: [6,21,36,55]. 18: [4,10,14,22,23,33,37,56]. 19: [7,34,57].


Notes: (a) Based on depletion broadening, carrier removal, and diffusion length shortening. (b) Based on the Shockley–Read-hall (SRH) theory and electroneutrality. (c) Based on
 the SRH theory, electroneutrality, and considering deep traps. (d) The decrease of luminescence intensity is analyzed.


Fig. 5.Time-line of the PV technology from 1950s up to the beginning of 1990s [9,25,27,45,58,59].


by relatively low fluences, followed by an anomalous short-circuit
 current increment at a localized fluence just before a sudden failure.


Accordingly, a mechanism for modeling such an anomalous behavior
 in a BSF Si PV-cell radiated by electrons was proposed in [17] in
 1996. For the gradual degradation, the minority-carrier diffusion length


shortening was given as
 𝛥( 1


𝐿2
 )


= 1
 𝐿2


𝜙


− 1
 𝐿2


0


=∑𝐼𝑟𝑖𝜎𝑖𝑣𝜙


𝐷 =𝐾𝐿𝜙, (2)


where the suffixes0 and𝜙mean before and after the radiation, re-
spectively. The diffusion length shortening is due to the creation of



(7)Table 3


Characteristics of carried out experiments.


Type of cell Particle Energy Fluence#∕cm2 Flux Spectrum Method Temp. Software Ref.


[MeV] DDD[MeV]∕g #∕(cm2 s)


Si Electron 1 1014–1017 N.S. AMO C-V1 RT N.S. [17]


Si Electron 1 3.2 × 1012–9.5 × 1016 N.S. N.S. C-V1, Hall meas.2, RT N.S. [12]


Proton 10 5 × 109–1.5 × 1014 IV2, DLTS3


Si Proton 3 and 10 1 × 1011–2 × 1014 N.S. AMO N.S. RT PC1D4 [18]


Si Electron 1 0-1018 N.S. AMO N.S. RT PC1D [29]


Si Any N.S. N.S. N.S. N.S. N.S. RT N.S. [15]


Si Electron 1 N.S. N.S. N.S. N.S. RT N.S. [47]


Proton 10


Si Proton 0.1–10 DDD108–1012 N.S. AMO N.S. RT SRIM5 [49]


GaAs Proton 1–400 DDD108–2.5 × 1010 N.S. AMO N.S. N.S. SRIM [25]


GaAs Electron 1 1012–1016 N.S. AMO Dark IV7, DLTS8, N.S. N.S. [51]


Proton 1 109–1012 N.S. AMO 𝐼𝑠𝑐&𝑉𝑜𝑐, EL9 8 N.S. N.S.


GaAs Electron 1 and 3 1 × 1014–2 × 1016 1.5 × 1012 AMO IV15 , dark IV35 , C-V1, RT N.S. [5]


Proton 1 5 × 1010–1 × 1013 1.9 × 109- SR23


5.7 × 1010


GaAs Electron 1 1 × 1015 N.S. N.S. N.S. N.S. N.S. [6]


GaAs Electron 1 1 × 1013–1 × 1015 5 × 1011 AMI.5, IV15 , SR13 RT N.S. [4]


AMO Dark IV20


GaAs Proton 1 1011–1013 N.S. AMO IV15 (simulation) N.S. SCAPS32 [34]


GaAs Proton 1 5 × 1010–2 × 1011 1 × 109 N.S. IV15 , dark IV35 , SR13 RT N.S. [7]


5 × 1011–5 × 1012 1 × 1010


GaAs, Ge Electron 0.6–12 DDD107–3 × 1011 N.S. AMO JPL/NRL N.S. SRIM5 [9]


Proton 0.05–9.5 DDD107–1011


Ge Electron 1 3 × 1013–1 × 1016 5 × 1011 N.S. 𝜇W-PCD33 RT SRIM12 [10]


Proton 1.33 × 1010–1.33 × 1011


Si, GaAs, GaInP Electron 1 0-5 × 1016 N.S AMO C-V1 RT N.S [48]


GaAs, In0.499Ga0.501P Proton 1–8 ∼ 1015 2 × 1012 N.S. RS6, PLS26 RT SRIM6 [57]


InGaP/GaAs Electron 1 3 × 1014–1 × 1016 1012 AMO 𝐽34


𝑠𝑐 RT N.S. [24]


LM GaInAsP/InP Electron 1 3 × 1014–3 × 1015 N.S. AMO X-ray diffraction21 , RT, 6024 TCAD Sent25 [22]


ECV22 , SR23 , IV15


LM In0.78Ga0.22As0.48P0.52/In0.53Ga0.47As Electron 1 DDD3.16 × 109- 1 × 1011 AMO IV15 , SR13 RT MULASSIS27 [14]


Proton 3, 10 3.16 × 1010 2 × 108 CASINO28 ,


SRIM14


GaInP/GaAs/Ge Electron 1 1 × 1014–4 × 1015 N.S. N.S. EL RT N.S. [30]


InGaP/GaAs/Ge Proton 0.03–10 1010–1014 N.S. AMO SR N.S. TRIM6 [50]


InGaP2/GaAs/Ge Proton 0.03–5 DDD108–1012 N.S. AMO N.S. RT SPENVIS10 [8]


MULASSIS11
 SRIM12


GaInP/GaAs/Ge Proton 0.28–2.80 1010–1013 5 × 108 AMO IV15 , SR13 RT SRIM14 [11]


InGaP/GaAs/Ge Electron 1–2 3 × 1016 N.S. AMO N.S. N.S. PC1D4 [19]


Proton 0.03–10 1012–1014 AMO


In0.49Ga0.51P/GaAs/Ge Proton 0.03–10 1012–1014 5 × 1010 AMO IV15 , SR13 N.S. PC1D4 [20]


IMM InGaP/GaAs/InGaAs Electron 1 0-3 × 1015 N.S. AMO N.S. RT N.S. [32]


LM Ga0.51In0.49P/Ga0.99In0.01As/Ge Proton 3 and 8 DDD1.91 × 109- 1.1 × 109- AMO X-ray diffraction16 , RT SRIM14 [13]


UMM Ga0.43In0.57P/Ga0.92In0.08As/Ge 5.73 × 1010 1.3 × 109 Cathodoluminescence17


GaInP/Ga0.99In0.01As/Ge Electron 1 1015–3 × 1015 – – – – – [52]


LM Ga0.51In0.49P/GaAs/Ge Proton 1 2 × 1010–1.6 × 1012 4 × 109 AMO18 IV15 100-300 K SRIM12 [16]


UMM InGaP/InGaAs/Ge Proton 0.05, 0.15 5 × 1010–8 × 1011 N.S. N.S. IV15 , SR13 N.S. SRIM14 , [21]


LM GaInP/GaAs/Ge 5 × 1010–1 × 1012 wxAMPS19


GaInP/GaAs/Ge Electron 1 3 × 1013–1 × 1015 5 × 1010 N.S. EL26 RT N.S. [23]


GaInP2/InGaAs/Ge Proton 24.5 DDD 0-1.06 × 1012 N.S. AMO IV15 , dark C-V1 , RT SRIM29 [56]


dark C-F30 , dark G-F31


GaInP/GaInAs/Ge Electron 1 1014–1016 1 × 1011 AMO X-ray diffraction21 , <50𝑜C N.S. [33]


IV15 , SR13


GaInP/GaAs/Ga0.7In0.3As/Ga0.42In0.58As Electron 1 1 × 1013–2 × 1015 N.S. AMO IV15 , SR13 RT TCAD25 , [31]


Proton 0.17 1 × 1011–3 × 1012 CASINO28 ,


MULASSIS27 ,
 SRIM6


1: Method to measure the carrier concentration and built-in voltage. 2: To perform the base layer resistivity. 3: To determine the energy level of the induced defects at different temperatures. 4: To get the EQE. 5:


non-ionizing energy loss (NIEL) computation. 6: Proton ranges. 7:𝐼𝑟𝑖𝜎. 8:𝐼𝑟𝑖. 9: Average𝐼𝑟𝑖𝜎. 10: To obtain the differential proton spectrum of a highly elliptical orbit (HEO) on Earth. 11: To corroborate the slowed
 down spectrum of protons. 12: Energy absorbed by the recoils along the path of the particles inside the cell in[keV∕μm]or the energy absorption rate in [eV/Angstrom-Ion]. 13: To compute the QE at different fluences
 and energies. 14: Irradiation-induced vacancies. 15: To compute𝐼𝑠𝑐,𝑉𝑜𝑐,𝑃𝑚, IV-characteristics, fill factor (FF). 16: To estimate the strain among layers. 17: To estimate dislocations density. 18: Jupiter conditions 3.7%


AMO. 19: To compute the recombination rate distribution. 20: To estimate𝑉𝑜𝑐. 21: To measure lattice constant. 22: To estimate doping concentration. 23: To measure EQE and derive the bandgap or diffusion lengths.


24: For the regeneration experiments. 25: Optical and electrical modeling. 26: To estimate the relative luminescence degradation of intensity. 27: To compute the DDD, NIEL. 28: To estimate electrons trajectory. 29: To
 estimate displacement damage distribution and particles trajectory. 30: To compute the capacitance contribution due to the interface traps. 31: To estimate the interface trap density and trap time constant. 32: Software
 developed at the University of Gent. 33: To measure the minority-carrier lifetimes. 34: Before and after annealing to estimate annealing rates. 35: To estimate saturation currents, ideality factor.


recombination centers during the radiation, which reduces the likeli-
 hood of a minority carrier to get collected. The anomalous short-circuit
 current increase was explained by a depletion region broadening, which
 would increase the contribution of the depletion region to the short-
 circuit current and thereby the open-circuit voltage reduction. The


proposed expressions were as follows


𝐽𝐷= 1 − exp (−𝛼𝑊), (3)


𝑉𝑜𝑐=𝑛𝑘𝑇
 𝑞 ln


(𝐽𝑠𝑐
 𝐽0 + 1


)


, (4)


𝐽0∝𝑞𝐷𝑊 𝑛𝑖∕2𝐿2. (5)



(8)And finally, the sudden failure by a reduction of the carrier concentra-
 tion in thep-type base was modeled as


𝛥𝑝=𝑝0−𝑝𝜙=∑


𝐼𝑡𝑗𝑓(𝐸𝑡𝑗)𝜙≈𝑅𝑐𝜙, (6)
 𝑝𝜙=𝑝0exp(


−𝑅𝑐𝜙∕𝑝0)


, (7)


which results in a rise of the resistivity consequently. This virtual
 reduction of carrier concentration has been explained by the increase
 of trap centers. The modeling approach followed the experimental data
 profile.


Later in 1997, authors in [25] studied the impact of the coverglass
 thickness on the displacement damage dose (DDD) introduced to GaAs
 PV-cells due to radiation of protons. According to the results, the
 thinner the coverglass, the larger the damage to the PV-cell. Besides,
 an increase of the displacement damage was found by decreasing the
 protons’ energy until reaching a maximum level close to the thresh-
 old of the atomic displacement. The particles trajectory was assumed
 straight through the coverglass while their energy was obtained using
 the particle range,𝑅(𝐸), as follows


𝑅(𝐸) =𝐴𝐸𝑎+𝐵𝐸𝑏. (8)


By using the continuous-slowing down approximation, it is assumed
 that particles traveling through the material do not encounter any
 nuclei (zero nuclear stopping power), which otherwise would produce
 the particles to be scattered. Instead, the particles are assumed to be
 stopped continuously by a homogeneous ‘‘electrons cloud’’ without
 a change in their trajectory (electron stopping power). The incident
 spectrum,𝑔(𝐸), was proposed to shift to a slowed-down spectrum,𝑓(𝜖),
 as


𝑓(𝜖) =𝑔(𝐸)𝑑𝐸


𝑑𝜖. (9)


Similarly, in 1998, authors in [12] used the DDD approximation
 to study the degradation of Si-based PV-cells due to the bombarding
 of electrons and protons with different energy levels. The minority-
 carrier diffusion length was expressed by(2)and the majority-carrier
 concentration by (6)while a double-diode (DD) model was used to
 represent the PV-cell. In addition, the width of the depletion region
 was considered as follows


𝑊 =


√
 2(


𝑉−𝑉𝑏𝑖)
 𝜖0𝜖


𝑞𝑝 (10)


and the saturation current densities were computed using(2),(6), and
 (10)as


𝐽01=𝑞𝐷𝑛𝑛2


𝑖


𝐿𝑝 ,→𝐽01,𝜙=𝐽01,0


√
 𝐾𝐿𝐿2


0𝜙+ 1 𝑝0


𝑝0−𝑅𝑐𝜙, (11)
 𝐽02=𝑞𝑊 𝐷𝑛𝑛𝑖


2𝐿2𝑒𝑓 𝑓 ,→𝐽02,𝜙=𝐽02,0(


𝐾𝐿𝐿20𝜙+ 1) √ 𝑝0


𝑝0−𝑅𝑐𝜙, (12)
 where𝐽01,𝜙represents the ideal saturation current density in the base
 layer while𝐽02,𝜙is the generated saturation current density integrated
 in the space charge region, both after being radiated by a fluence𝜙. Us-
 ing IV-characteristics curve fitting and hall measurements, an increase
 in the resistivity of the base layer was observed with the increase of
 DDD. Nevertheless, the theoretical results were not accurate-enough
 since only the increase of carrier concentration was considered. It was
 suggested that further DDD might produce a shift of the doping type
 in the base layer. Finally, regarding the spectrum of energy levels
 found, the protons were producing deeper defects that ease the carriers
 recombination.


During the same period, the effect over the SRV due to proton
 radiation of Si PV-cells was investigated in [18]. Essentially, the study
 suggested an increment of the SRV with the proton fluence. Here, the
 anomalous short-circuit current degradation due to radiation was also
 perceived. Thus,(2)was used for modeling shortening of the diffusion
 length,(6)for the majority-carrier concentration change, and(3),(4),


and(5) for the depletion region broadening. The simulation results
 followed the experimental data profile, whereas the QE presented
 inaccuracies at the short-wavelength region.


In 1999, the degradation dependency on the base layer doping in
 Si-BSF PV-cells due to radiation of electrons was investigated in [29]


and the same anomalous degradation of short-circuit current and open-
 circuit voltage was reported. The diffusion length shortening was mod-
 eled by(2)and the majority-carrier removal by(6)and(7)while the
 depletion region broadening was also considered. Besides, an empirical
 equation was proposed for each type of doping (p-, n-) to represent
 the damage coefficient of minority-carrier diffusion length, 𝐾𝐿, in
 terms of the carrier concentration. On the other hand, the majority-
 carrier removal rate,𝑅𝑐, seemed to be not dependent on the carrier
 concentration. The results showed a direct and inverse correlation
 between the carrier concentration of the base layer and the maximum
 conversion efficiency, seeTable 4. Besides, the authors highlighted that
 optimizing the carrier concentration of the base layer brings a lower
 initial diffusion length. Thus, a trade-off between the BOL and EOL
 should be found.


At that time, authors of [24] presented a study of radiation resis-
 tance of the tandem InGaP/GaAs due to the bombarding of 1 [MeV]


electrons and its recovery by thermal, illumination, and forward bias
 injections. The comparison made with InP, InGaP, and GaAs-on-Ge
 cells indicated that InGaP/GaAs has the lowest remaining factor of the
 maximum power similar to that of GaAs-on-Ge cells. In addition, the
 largest power recovery was shown for the highest temperature of 75◦
 C. However, the annealing recovery in the tandem was much smaller
 than in single-junction (SJ) InGaP cells. Thus, a tandem optimization
 in terms of the top layer’s base thickness was proposed for current
 matching, to improve the recovery and radiation resistance. The results
 indicated an optimal thickness of around 0.2–0.3[μm]. Finally, it was
 suggested to reduce the base carrier concentration of both layers to
 increase the radiation resistance.


Later in 2000, authors in [15] proposed another mechanism for the
 anomalous increment of the short-circuit current in Si PV-cells while
 it is radiated by nuclei particles. The formulation is based on the SRH
 recombination theory and the electroneutrality condition as


𝑅𝑅𝐸𝐶= 𝑛𝑝−𝑛2


𝑖
 1


𝐶𝑝𝑁𝑡(𝑛+𝑛′) + 1


𝐶𝑛𝑁𝑡(𝑝+𝑝′)


= 𝛿𝑛
 𝜏𝑛 →𝜏𝑛


= 1


𝐶𝑝𝑁𝑡
 𝑛+𝑛′
 𝑛𝑖𝛿𝑝


𝛿𝑛+𝑝
 + 1


𝐶𝑛𝑁𝑡
 𝑝+𝑝′
 𝑛𝑖𝛿𝑝


𝛿𝑛+𝑝


, (13)


𝜏𝑝= 1
 𝐶𝑝𝑁𝑡


𝑛+𝑛′
 𝑝𝑖𝛿𝑛


𝛿𝑝+𝑛
 + 1


𝐶𝑛𝑁𝑡
 𝑝+𝑝′
 𝑝𝑖𝛿𝑛


𝛿𝑝+𝑛


, (14)


𝑛+𝑁𝑎=𝑝+ 𝑁𝑡(


𝐶𝑛𝑛′+𝐶𝑝𝑝)


𝐶𝑛(𝑛+𝑛′) +𝐶𝑝(𝑝+𝑝′), (15)
 where 𝑅𝑅𝐸𝐶 represents the recombination rate [#/volume-time] of
 electrons and holes due to the non-radiative recombination centers,
 𝑛= 𝑛𝑖+𝛿𝑛, and𝑝= 𝑝𝑖+𝛿𝑝. In addition, the dark saturation current
 density, the short-circuit current density, and the open-circuit voltage
 were expressed as


𝐽0=𝑞𝐷𝑛𝑛𝑖
 𝐿𝑛 tanh


(𝑊
 𝐿𝑛


)


, (16)


𝐽𝑠𝑐=𝑞𝛷cosh−1
 (𝑊


𝐿𝑛
 )


, (17)


𝑉𝑜𝑐=
 (𝑘𝑇


𝑞
 )


ln
 (𝐽𝑠𝑐


𝐽0 + 1
 )


, (18)


where𝐿𝑛=√


𝐷𝑛𝜏𝑛 and𝐷𝑛=𝜇𝑛𝑘𝑇∕𝑞. The simulation results showed
an anomalous increase of the minority-carrier lifetime when𝑁𝑡≈𝑁𝑎.
The suggested responsible mechanism was a sudden reduction in carrier
density with an increment in the base layer resistivity. Besides, it was
observed how the base layer switched fromp-type ton-type when the
traps concentration increased.



(9)Fig. 6. Type of cells reviewed in this paper for the period 1991 to 2000. The labels indicate the element studied/optimized/compared in terms of radiation resistance by
 [12,15,17,18,24,25,27,29,45,46]. It should be noticed that the substrate may be present between the BSF and the rear contact.


Fig. 6 provides an illustrative representation of the different PV-
 cell architectures studied by the articles reviewed in this paper for the
 period 1991 to 2000. The element of the cell under analysis and the
 kind of particle used for the respective study are indicated.


2.3. Studies from 2001 to 2010


In 2001, authors in [47] also reported an anomalous increase of the
 minority-carrier lifetime with respect to the majority-carrier lifetime
 on Si-based PV-cells due to bombarding of electrons and protons. This
 approximation was also based on the SRH recombination theory(13),
 (14), and the electroneutrality condition(15) while it was assumed
 that the induced traps are located close to the middle of the bandgap
 (intrinsic Fermi level). The statistical factors were expressed as
 𝑛′=𝑁𝑐exp


(


−𝐸𝑡
 𝑘𝑇


)


, (19)


𝑝′=𝑁𝑣exp


(𝐸𝑡−𝐸𝑔
 𝑘𝑇


)


, (20)


while the reverse saturation current density, short-circuit current den-
 sity, and open-circuit voltage were computed by(16),(17), and(18),
 respectively.


At the same time, the methods proposed by the JPL and NRL,
 to estimate the degradation of PV-cells were compared in [9]. One
 important advantage of the NRL method is the reduced number of
 experimental tests. However, the NIEL must be computed. Besides,
 even though the JPL method is a robust technique for degradation
 estimation, hundred of experiments for IV measurements in several
 cells are required to reduce the error. Furthermore, the degradation
 caused by radiation of electrons and protons at several energy levels
 and fluences and for each parameter of interest,e.g., maximum power,
 should be measured.


The JPL method computes ‘‘critical fluences’’ normal to the cell
 surface at which each parameter gets an EOL value equal to 75% of
 its BOL. The RDCs for protons are computed by dividing the critical
 fluence corresponding to 10 [MeV] energy by the critical fluence at an-
 other energy level. The RDCs for electrons are similar but proportional
 to the critical fluence at 1 [MeV] energy. Then, the total number of in-
 cident particles is divided by two, as long as the rear surface of the cell
 is fully shielded, to compute the RDCs for omnidirectional particles.2
 Thus, the total equivalent normal fluence of 1 [MeV] electrons on bare
 PV-cells is


𝜙1 [MeV] electron, electrons=


∫
 𝑑𝜙𝑒(𝐸)


𝑑𝐸 𝑅𝑒(𝐸)𝑑𝐸, (21)


𝜙1 [MeV] electron, protons=𝐷𝑝𝑒


∫
 𝑑𝜙𝑝(𝐸)


𝑑𝐸 𝑅𝑝(𝐸)𝑑𝐸, (22)
 𝜙1 [MeV] electron, TOT=𝜙1 [MeV] electron, electrons


2 The effect of the coverglass upon the particle spectrum can be estimated
 by the range-energy tables and the ‘‘continuous slowing-down’’ method.


+𝜙1 [MeV] electron, protons, (23)
 where𝐷𝑝𝑒is the ‘‘proton to electron damage equivalency ratio’’, which
 converts the equivalent fluence of 10 [MeV] protons to an equivalent
 fluence of 1 [MeV] electrons (∼ 3000for all parameters in Si-based PV-
 cells, but different in each parameter for GaAs-based PV-cells). Finally,
 the total damage is determined by comparing the equivalent total
 fluence with the characteristic degradation curve of the cell.


The NRL method requires the initial computation of the NIEL for
 electrons and protons. Then, the DDD due to protons is estimated by


𝐷𝑑𝑑𝑑,𝑝=𝜙𝑝(𝐸)𝑆𝑝(𝐸), (24)


𝐷𝑑𝑑𝑑,𝑝=


∫
 𝑑𝜙𝑝(𝐸)


𝑑𝐸 𝑆𝑝(𝐸)𝑑𝐸, (25)


given that there exists a linear relationship between the RDCs of
 protons and the NIEL. On the other hand, the DDD due to electrons,
 where there is not a linear dependency with the NIEL, is given as
 𝐷𝑒𝑓 𝑓


𝑑𝑑𝑑,𝑒(1) =𝐷𝑑𝑑𝑑,𝑒(𝐸)
 [𝑆𝑒(𝐸)


𝑆𝑒(1)
 ]𝑛−1


, (26)


𝐷𝑒𝑓 𝑓


𝑑𝑑𝑑,𝑒(1) = 1
 𝑆𝑒(1)𝑛−1∫


𝑑𝜙𝑒(𝐸)


𝑑𝐸 𝑆𝑒(𝐸)𝑛𝑑𝐸. (27)


where𝐷𝑒𝑓 𝑓


𝑑𝑑𝑑,𝑒(1)is the effective DDD due to 1 [MeV] electrons (𝑛= 1.7
 for GaAs PV-cells). Thereby, two characteristic curves are computed,
 one for degradation caused by protons and the other caused by elec-
 trons, which are aggregated into a single equivalent characteristic by


𝐷𝑡𝑜𝑡=𝐷𝑑𝑑𝑑,𝑝+
 𝐷𝑒𝑓 𝑓


𝑑𝑑𝑑,𝑒(1)


𝑅𝑒𝑝 , (28)


representing the total dose at which the PV-cell is subjected. A draw-
 back is that this method is still inaccurate for Si-based cells since its lay-
 ers are too thick and the particle spectrum should be accurate-enough
 in the whole active region for this method.


Still during 2001, the radiation hardness of Si-, GaAs-, and GaInP-
 based PV-cells to the radiation of electrons was studied in [48]. The
 assessment was done by monitoring the short-circuit current and open-
 circuit voltage, which were proposed to be expressed by the following
 𝐼𝑠𝑐=𝑞𝛷0


[


1 −exp (−𝛼𝑊)
 1 +𝛼𝐿


]


, (29)


𝑉𝑜𝑐=
 (𝑘𝑇


𝑞
 )


ln
 (𝐼𝑠𝑐


𝐼0 + 1
 )


, (30)


𝐼0= 𝑞𝑛2𝑖
 𝑁𝑅


√𝐷


𝜏. (31)


For the radiation effect, the inclusion of compensating centers was
 considered by using(6). Besides, the minority-carrier lifetime was given
 in terms of the initial and after-radiation lifetime as


1
 𝜏 = 1


𝜏0+ 1
 𝜏𝑖,→ 1


𝜏𝑖 =𝑁𝑅𝜎𝑖𝑣=𝐾𝑅𝜙, (32)
where𝑁𝑅∝𝜙, seeTable 4.



(10)Table 4


Summary of the main remarks given by different studies.


Type of Cell and Remark Ref.


Si


Updating the mobility, due to the added deep-level traps, might improve the degradation modeling (suggested). [12]


Protons produce deeper defects than electrons. [12]


Increase of the SRV with the protons fluence. [18]


The maximum conversion efficiency follows (1) inverse correlation between the base carrier concentration and the fluence
 lower than a threshold and (2) direct correlation between the base carrier concentration and higher fluences.


[29]


The anomalous degradation appears only when the diffusion length is comparable to the base thickness (theoretical
 explanation).


[15]


An adjusted NIEL is presented to overcome the issue of the NRL method to estimate the degradation of Si-based PV-cells. [49]


GaAs


A beam of mono-energetic, mono-directional protons between 1–10 [MeV] in unshielded PV-cells is representative of a
 space environment.


[25]


The largest damage is caused by the action of protons, followed by the neutrons, and finally the electrons. [28]


The remaining efficiency (due to electron or proton bombarding) is much higher in the PV-cells with shallow junction in
 comparison with the cells with deep junction.


[4,7]


The degradation due to protons is mostly due to the induced electron traps. [34]


Thinner the BSF, lesser the efficiency degradation. [34]


The slope presented in radiated PV-cells resembling a typical shunt resistance is due to the voltage dependency of the
 photo-generated current.


[5,7]


Thin and highly-doped architectures might result in an end of life (EOL) power of higher than 90% of the beginning of
 life (BOL) value.


[6]


The use of multiple BRs allows to thin the cell while increase the radiation tolerance, accordingly. [27]


The optical properties of a BR comprised of 20 periods made of AlAs/Al0.1Ga0.9As are not affected significantly by a
 radiation fluence from2 × 1014to1 × 1015[e∕cm2]of 1 [MeV] electrons.


[36]


GaInP


This PV-cell is harder to the radiation of electrons than Si-based and GaAs-based PV-cells, while Si-based is the weakest
 (especially for low fluences).


[48]


GaAs, GaInP


Higher the electronic bonding structure directionality, more inaccurate the SRIM simulation. [57]


The observed phonon intensity increments after radiation are due to changes in optical parameters. [57]


GaInP/GaAs/Ge


The GaAs layer is the main responsible for the degradation due to bombarding of electrons and protons. [11,19,23,30,50]


The top layer degradation is mainly due to the damage to its emitter and to the interface among the top and middle layer
 given the increase of the recombination velocity.


[11]


The relative damage coefficient (RDC) for the open-circuit voltage reaches maximum values for proton ranges
 corresponding to the pn junctions.


[50]


The combination of the BR and the upper tunnel diode reduces the optical losses by parasitically absorption in the tunnel
 diode.


[54]


InGaP𝟐/GaAs/Ge


The spectrum of omnidirectional 0.03–5 [MeV] protons produces a more uniform damage distribution across the cell when
 a coverglass (SiO2) of 3 mils is used1.


[8]


1–10 [MeV] protons are the most adequate for ground-based tests. [8]


A beam of mono-energetic, normal incident, and low-enough energy protons to get trap inside the layers is not proper to
 characterize the actual cell behavior in a space environment.


[8]


A beam of high-enough energetic protons that traverse the active layers is adequate to characterize the actual cell
 behavior in a space environment.


[8]


The GaAs layer is the main responsible for the degradation due to bombarding of protons. [8]


(LM) Ga0.51In0.49P/GaAs/Ge


Lower the temperature, larger the degradation of the bottom cell for a specific fluence until becoming the current-limiting
 layer.


[16]


Increase of the reverse saturation current after radiation at very low temperatures is not observed. [16]


The bottom layer presents the highest recovery after annealing. [16]


(LM) GaInP/GaAs/Ge, (UMM) InGaP/InGaAs/Ge


The power degradation in the UMM PV-cell is higher for 50 keV protons than for 150 keV, whereas the power
 degradation in the LM PV-cell is higher for the 150 keV protons than for 50 keV protons.


[21]


Low-energy protons reduce faster the shunt-resistance than the other parameters of a PV-cell. [21]


(UMM) Ga0.43In0.57P/Ga0.92In0.08As/Ge, (LM)Ga0.51In0.49P/Ga0.99In0.01As/Ge


The UMM cell presents similar degradation to the LM cell for protons bombarding. [13]


(MM) Ga0.44In0.56P/Ga0.92In0.08As/Ge


The use of the buffer layer like a BR along with more groups of layers to form a multi-BR increases considerably the whole
 efficiency showing a low sensitivity to the angle of incidence and higher radiation tolerance (for the case of light splitting).


[55]


(continued on next page)
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