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ARTICLE INFO ABSTRACT

Keywords: The growing interest in space exploration demands exploring new energy resources as well as im-
Review provement of the existing sources of energy used in space environments in terms of robustness,
Photovoltaic Cells reliability, resiliency, and efficiency. This especially applies to the photovoltaic (PV) systems
Radiation-Induced Degradation that are required to work efficiently in very hostile environments of radiation under extreme tem-
Space peratures and vacuum conditions to name a few. In this respect, many efforts have been made
Future Trends to enhance III-V PV-cells technologies towards lighter and more efficient cells. Besides, espe-
Mathematical modelling approaches cial 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 ef-
forts 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 mech-
anisms 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 organiza-
tions, 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 Telescope 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 since the beginning of the space age in the 1950s. However, outer space is a hostile environ-
ment 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
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Fig. 1: lllustration of the low earth orbit (LEO) and geostationary earth orbit (GEO) with typical equivalent fluences [6,
7, 8, 9, 10]. 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 [11].

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 !, see Fig. 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. The striking particles modify the crystal structure of the semiconductors by ionization or atomic
displacements, see Fig. 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, see Fig. 2-(b). Besides,
the recombination centers reduce the diffusion length while the trap centers decrease the net amount of carriers (the
carrier removal effect) [7]. 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 [5, 11]. 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 [12, 13]. 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 [11, 12].

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

Table 1: Effects of the radiation-induced degradation on the II1I-V/Silicon (Si) PV-cells.

Effect References

Reverse saturation current increase, except for very low temperatures. [16, 17, 18]
Anomalous short-circuit current and open-circuit voltage degradation (Si PV-cells) and series [19, 14]
resistance increment. Explained by a minority-carrier diffusion length shortening (or minority-

carrier lifetime reduction), depletion region broadening, and base carrier concentration decrease.

Base layer doping type shift. [14, 17]

IThe AP8 and AE8 models are widely-used to describe the entire spectrum of trapped protons and electrons, respectively [3, 4, 5].
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Table 1: Effects of the radiation-induced degradation on the III-V/Si PV-cells (continuation).

Effect References
The surface recombination velocity (SRV) increases (surfaces and interfaces). [20, 21, 7]
Minority-carrier lifetime reduction. [22]
Short-circuit current, open-circuit voltage, and maximum power decrease. [15]

The current-voltage (IV)-characteristics slope (from zero to the maximum power point (MPP) [8, 23]
voltage) becomes steeper.

Decrease of the external quantum efficiency (EQE). The longer the wavelength region, the more [24, 16, 23]
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.

Appearance of artifacts (upright metamorphic (UMM) PV-cells). [23]
Reduction of electroluminescence (EL) intensity. [25]

In this respect, several methods to reduce the radiation effects on PV-cells have been proposed. For instance,
thermal annealing [24], illumination exposure [26], forward bias [26] for recovering, whereas coatings [27], nano-
structures [28], Bragg reflectors (BRs) [29], for hardening, efc. Besides, including a cover glass can reduce the level of
radiation exposure due to the shielding effect. Accordingly, it has been stated that a fused silica coverglass of about 75
um is 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 [27, 30]. 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 [6]. 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 [11, 7]. 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 [12]. Moreover, the III-V multi-junction
(MJ) architectures have been proposed for space applications due to their high efficiency and radiation hardness, see
Fig. 3. A summary of important techniques proposed to reduce the effects of the radiation-induced degradation is
given in Table 2.

Table 2: Proposed techniques to reduce the radiation effects in III-V/Si PV-cells.

Technique References
Base-carrier concentration optimization. [31, 26]
Top layer’s base thickness optimization (double junction (DJ)). [26]

Use of current-limiting layer by the hardest material to radiation. [32, 33]
Coverglass thickness optimization. [11,27]
Use of i-layers between the pn junctions. [34]
Increase the fraction of In and P in the layers composition. [15,24]

Use of two thin and highly doped configurations: Shallow junction p-type base, and deep junction  [9]
n-type base.

Use of ultra-thin and highly-doped configurations. [9]

Use of TF PV-cells with back reflector and shallow junction. [71

Use of lowly-doped and passivated Ge-based subcells. [12]

Use of GalnP instead of AlGaAs to build the back surface field (BSF). [35]
Narrowing the BSF thickness. [36]

Use of shallow junctions not only in substrate-based, but also in TF-based PV-cells. [10]

Use of nano-structures. [28]

Use of BRs while the sub-layers are thinned. [37, 38, 39]

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
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Fig. 2: (a) Graphical representation of a triple-junction (TJ) PV-cell radiated by protons. The radiation-induced degrada-
tion 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 [14, 15, 8]. (c) Profile of energy absorbed by recoils due to different
streams of mono-energetic and unidirectional (normally incident) protons using SRIM [11].

for space applications. Moreover, further investigations for boosting PV-cells efficiency and prolonging their lifetime
by slowing down the degradation process are required. Therefore, more studies dedicated to understanding and mod-
eling of the radiation-induced degradation mechanisms of PV-cells as well as efficient techniques for recovering and
hardening of PV-cells against radiation are required. Besides, there exists the need for updated review 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
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Fig. 3: (a) Schematic representation of a TJ lattice-matched (LM) PV-cell. GalnP/GaAs/Ge is the most widely-used in
space applications due to its high efficiency (~30 %), matured manufacturing technologies, and radiation hardness [16].
However, the mismatch among their photo-generated current makes the bottom layer to work at a non-optimum point [23].
(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 [40, 41, 16].
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review of the Si-based PV-cells damage due to the proton and electron radiation was reported [42]. 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 [43]. Then, in 1991, the TF architecture was reviewed from the radiation-
induced degradation point of view [44]. Three years later, in 1994, the radiation effects upon InP-based PV-cells were
analyzed in [45]. 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 [46].

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 conclusions 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 Section 3, 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 in Appendix A.

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 bombarding 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 in Fig. 4. Besides, at the end of this section, the main
characteristics of the reported experiments are summarized in Table 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 A.

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 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, see Fig. 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 [47]. 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 [5]). 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.
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Still in 1991, the use of BRs to improve the efficiency and radiation tolerance of GaAs PV-cells was introduced
in [29]. 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, #; and ?,, for the wavelength of design, A, were given as

nA nyA

h= L= (1)
while the material used for the BR was Al Ga;_, As, 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 in 1
than 2 and 3 [um] cells. Nevertheless, single reflectors with eight and fifteen periods with 1 and 2 [um] 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 [4]. The report includes an overview of the physical fundamentals of radiation-induced degra-
dation 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 tables and continuous curves (fitted to experimental data by least-square method)
with experimental data regarding the radiation-induced degradation dependency with temperature and solar irradiance
of different parameters of the GaAs-based PV-cells are provided. The temperature ranges from —120 to +140 [°C], the
solar irradiation from 50 to 2500 [W /m?], and the radiation fluences of 0, 1 x 104, and 1.1 x 10> [e/cm?] 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 temperature 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 by relatively low fluences,
followed by an anomalous short-circuit current increment at a localized fluence just before a sudden failure. Accord-
ingly, a mechanism for modeling such an anomalous behavior in a BSF Si PV-cell radiated by electrons was proposed
in [19] in 1996. For the gradual degradation, the minority-carrier diffusion length shortening was given as

1y 1 1 IriO'iU¢_
Mpl=p =L 5 =K @

where the suffixes 0 and ¢ mean before and after the radiation, respectively. The diffusion length shortening is due
to the creation of recombination centers during the radiation, which reduces the likelihood 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

Jp=1—exp(—aW), 3)
nkT Jsc
V,=—1In|=+1), 4
* q " < Jo > @
Jo x gDWn,; /2L (5)

And finally, the sudden failure by a reduction of the carrier concentration in the p-type base was modeled as

Ap=py—py= ). I;[(EDd~ R.o, ©)
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Py =Poexp (—R.&/py) @

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 [27] 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 threshold 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) = AE® + BE®. 8)

By using the continuous-slowing down approximation, it is assumed that particles travelling 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(¢), as

£e) = g(E)‘fi—E. ©)
€

Similarly, in 1998, authors in [14] 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

2(V =V
W = M (10)
qp

and the saturation current densities were computed using (2), (6), and (10) as
2
qD,n; Do
Jo = ——L .5 Jy1 4 = Joro\/ Ky L2 + 1 ————, (11)
01 Ip 01, 01,0 Lt Po— R
qW D, n; 2 Do
Jp=——"7—,2Jpy4=J K;Ligp+ 1 ‘/—, (12)
02 ZLSff 02,¢ 02,0 ( L0 ) Do — Rcd)

where Jy; ,, represents the ideal saturation current density in the base layer while Jjy, 4 is the generated saturation cur-
rent density integrated in the space charge region, both after being radiated by a fluence ¢. Using 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. Fi-
nally, 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 [20].
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 [31] and the same anomalous degradation of short-circuit current and open-circuit voltage was reported.
The diffusion length shortening was modeled 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-)
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to represent the damage coefficient of minority-carrier diffusion length, K;, in terms of the carrier concentration. On
the other hand, the majority-carrier removal rate, R,, 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, see Table 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 beginning of life (BOL) and end of life
(EOL) should be found.

At that time, authors of [26] presented a study of radiation resistance of the tandem InGaP/GaAs due to the bom-
barding 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 max-
imum 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 [um].
Finally, it was suggested to reduce the base carrier concentration of both layers to increase the radiation resistance.

Later in 2000, authors in [17] 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

2
np—mn; 6 1 ! 1 +p
Rrec = — g =_n_)T"=CN n6+n TonN p& . (3)
m(’l‘i'n')‘i'm(lﬂ'l") T P fnié+p n ’ni$+p
1 n+n 1 p+/r
T, = + R (14)
p
Cpth,~§—”+n Cnthig—”+n
p p

N, (C,,n’ + Cpp)
C,,(n+n’)+Cp(p+p’)’

where Ry represents the recombination rate [#/volume-time] of electrons and holes due to the non-radiative recom-
bination centers, n = n; +6,, and p = p; + ép. In addition, the dark saturation current density, the short-circuit current
density, and the open-circuit voltage were expressed as

n+N,=p+ (15)

D n.
Jo = 120 canh <E> (16)
L}’l L}’l
J,, = q® cosh™! <K> , (17)
Ln

J.
V,e = (E>ln <i+l>, (18)
q Jy

where L, = /D, 7, and D, = u,kT /q. The simulation results showed an anomalous increase of the minority-carrier
lifetime when N, = N,. 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 from p-type to n-type
when the traps concentration increased.

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 [48] 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' = N, exp _E (19)
¢ kT )’
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Fig. 6: Type of cells reviewed in this paper for the period 1991 to 2000. The labels indicate the element stud-

ied /optimized/compared in terms of radiation resistance by [19, 27, 14, 20, 31, 26, 17, 29, 47, 4]. It should be noticed
that the substrate may be present between the BSF and the rear contact.

’ Ef_Eg
p = N,exp 7 ) (20)

while the reverse saturation current density, short-circuit current density, 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 com-
pared in [5]. One important advantage of the NRL method is the reduced number of experimental tests. However, the
non-ionizing energy loss (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 relative damage coefficients (RDCs) for protons are computed by dividing the critical
fluence corresponding to 10 [MeV] energy by the critical fluence at another energy level. The RDCs for electrons are
similar but proportional to the critical fluence at 1 [MeV] energy. Then, the total number of incident particles is divided
by two, as long as the rear surface of the cell is fully shielded, to compute the RDCs for omnidirectional particles?.
Thus, the total equivalent normal fluence of 1 [MeV] electrons on bare PV-cells is

[ d¢,(E) )

®1 [MeV] electron, electrons = d—ERe(E)dE ) (21)
d¢,(E)

®1 [MeV] electron, protons = D, 1E R,(E)E, (22)

b1 [MeV] electron, TOT = b1 [MeV] electron, electrons T b1 [MeV] electron, protons> (23)

where D, is the "proton to electron damage equivalency ratio", which converts the equivalent fluence of 10 [MeV]
protons to an equivalent fluence of 1 [MeV] electrons (~ 3000 for 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

Dygap = d,(E)S,(E), 4)

d¢,(E)
Djgap =/ S,(E)E, (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

Se(E) n—1
50)

D§S (1) = Dyyq (E) [ 26)

2The effect of the coverglass upon the particle spectrum can be estimated by the range-energy tables and the "continuous slowing-down" method.
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ef f _ 1 d¢.(E) n
Dddd’e(l) = 5.1y / E S, (E)'dE. 27

where DZQ{; D is the effective DDD due to 1 [MeV] electrons (n = 1.7 for GaAs PV-cells). Thereby, two char-

acteristic curves are computed, one for degradation caused by protons and the other caused by electrons, which are
aggregated into a single equivalent characteristic by

eff
D gD

R,

D,y = Dygap+ , (28)
representing the total dose at which the PV-cell is subjected. A drawback is that this method is still inaccurate for
Si-based cells since its layers 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 GalnP-based PV-cells to the radiation of electrons was
studied in [49]. The assessment was done by monitoring the short-circuit current and open-circuit voltage, which were
proposed to be expressed by the following

exp (—aW)
I =q®,|1 - ——]|,
se =4 0[ 1 +aL ]

kT I,

V. =(— )In{ =+1), 30

* <Q>n<lo+> G0
qn,z D

Iy= /2. (31
NR T

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

(29)

11, 1 1 Neow=Keo, (32)
T Ty T T;
where Ny « ¢, see Table 4.

Later in 2002, due to the difficulty of measuring each layer individually in MJ PV-cells, authors in [32] proposed
to use EL to study the degradation of a TJ PV-cell caused by bombarding of 1 [MeV] electrons. The EL intensity,
which is related to the QE, depends on the amount of the non-radiative recombination centers, which depends on the
amount and energy of the particles radiating the cell. Therefore, the QE was expressed as

-1
= <1+i> , (33)
T,

7, = (6uNg)™, (34)
Ng = Kgo. (35)

where the luminescence intensity varies similar to QE with (1 + arqb) _1, a, = 1,0UKp (see Table 4). It was suggested
to consider the hardest material (to radiation) to build the current-limiting layer.

In 2003, the issue identified in [5] was addressed in [50]. The NRL method failed to model the degradation of
Si-based PV-cells due to the bombarding of nuclei particles. The problem lies in the assumption of the method that the
energy of particles is considered constant across the layers while the Si wafers are too thick due to the low absorption
coefficient. Thus, such an assumption is not accurate any longer in Si-based PV-cells, except for very high energetic
particles. In this regard, this study proposed to use an adjusted NIEL to get the DDD caused by low-energy protons in
Si. The adjusted NIEL is computed by dividing the total deposited energy in the material by its active region width.
According to the SRIM software, protons with energies lower than 3 [MeV] are stopped inside the active region. The
analytical values obtained for RDCs were close to the experimental results.

During the same year, another strategy was devised to analyze the degradation of each layer in a TJ PV-cell due
to the bombarding of protons [51]. The proposed technique used light bias to get the spectral response (SR) of each
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layer at the BOL and EOL for different fluences. The results coincide with the estimation of the proton ranges (by
TRIM) showing the major damage in the layer where the particles are stopped. Besides, the RDCs suggested by the
JPL method were used (see Table 4).

Later in 2006, authors in [52] studied the GaAs PV-cell degradation of different brands under the bombarding of
protons and electrons. The minority-carrier lifetime was given as

L (36)
T 70

where I,; was assumed proportional to the NIEL as I,; = y.S while y (the proportional constant) was computed for
1 [MeV] electrons and kept constant from there forward. Initial minority-carrier recombination time was obtained by
doing curve-fitting to the degradation curves of I, and V,, vs fluence. Besides, information of IV-characteristics in
darkness, deep-level transient spectroscopy (DLTS) combined with capacitance-voltage (C-V) measurements, I, and
V. under illumination, and EL were used to obtain the initial value of I,;6 (1x 107! and 1 x 10~13 [em] for the n-type
and p-type layers, respectively). The reported value for I,; is 0.1 cm~!. Then, these values were tuned for both n-type
and p-type layers by doing curve-fitting to the degradation curves of I, and V.. The final (tuned) values reported
for o are 1 x 1071 and 1 x 107!2 [em?] for an n-type and p-type layer, respectively. The parameter ¢ was considered
constant and the final results were compared with the experimental data of 1 [MeV] for each sort of particle, showing
a good agreement.

At that time, it was already known that an efficient technique to harden the MJ PV-cells is by narrowing the
thickness of the hardest layer (to the radiation) to make it the current-limiting layer. However, the study of low energetic
particles, which might be stopped inside such thin layers was limited. Therefore, the authors in [11] studied the effect
of omnidirectional low energetic protons on the degradation of TJ PV-cells by analyzing three study cases: (1) Mono-
energetic and unidirectional low-energy protons normally incident upon an uncovered PV-cell, (2) Mono-energetic and
omnidirectional low-energy protons incident upon an uncovered PV-cell, and (3) Omnidirectional spectrum® of low-
energy protons simulated to travel across a glass cover (space conditions). Besides, the impact of different coverglass
thicknesses was studied.

The NIEL was estimated analytically and the slowed-down spectrum was computed by the continuous slowing-
down approximation. The results showed a very severe degradation of the cell’s maximum power for protons with
energies between 250 and 380 keV, since the Bragg peak was located inside the GaAs (middle layer). Besides, a more
uniform distribution of damage along the three layers for the study case (2) was obtained in comparison with the study
case (1). Furthermore, it was shown that the more directional the spectrum, the higher the uniformity of damage across
the PV-cell. Regarding the coverglass thickness, it was shown that 10 [pum] of SiO, was enough to preserve uniformity
of degradation across the cell.

It was shown that under mono-energetic, normal incident, and low-enough energy protons to get trapped inside the
layers, the damage distribution increases with the cell depth, unlike the omnidirectional spectrum (space conditions),
that decreases with the depth (almost uniform inside the cell), see Table 4.

In 2008, authors in [13] studied the degradation of a similar TJ PV-cell caused by bombarding of low-energy
protons. It was found that protons with energies lower than 1 [MeV] can degrade drastically the PV-cell performance.
Besides, the results showed that the degradation is worsened with the fluence of particles or by decreasing the energy
of the particles.

Another study in 2009 proposed a methodology to compute the carrier removal rate (R,) and damage coefficient for
the minority-carrier diffusion length (K ) at different values of NIEL for different kinds of materials and particles [21].
The study was focused on TJ PV-cells that are radiated by protons and electrons with different energies and fluences.
The model was built in the PC1D software consisting of three separate layers connected in series. Besides, it was
assumed that the SRV increases with the fluence while the diffusion length (2) and carrier concentration (7) are reduced.
The parameters R, and K; were determined through curve fitting using PC1D at different particle fluences for specific
energies. It was shown that R, increases by reducing the proton energies or increasing electron energies. The same
tendency was reported for K, except for low energy levels. According to the study, R, is linearly proportional to the
NIEL, regardless of the particle type or target’s material. While, K; can be linearly (in case of protons, except for low-
energy protons where saturation appears) or quadratically (in case of electrons) proportional to the NIEL. However,
several significant differences between the simulation results and the actual EQE, especially for the longer wavelength
regions, stressed the need for more investigation.

3Corresponding to a highly elliptical orbit (HEO).
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During the same year, the degradation process of a TJ PV-cell due to the bombarding of protons at different energies
was studied in [22]. The degradation parameters R, and K; were computed by applying the curve-fitting technique
to the EQE from PC1D software, where the model was comprised of three independent layers connected in series.
In addition, it was assumed that the SRV increases with increasing the proton fluence. The minority-carrier lifetime,
which can be split into radiative and non-radiative in general, is specified in detail by including the band-to-band,
Auger, SRH, and surface lifetimes terms, as following

S+ .S
1 =L+ 1 + 1 4 2ETOR 37
Teff TB  Taug TSRH 2d
S+ S
=Bbbp+CAugp2+ ! + £ "R (38)
TSRH 2d

where it was assumed that 7 gy decreases with the fluence whereas Sy and Sy increase. The initial minority-carrier
diffusion length was modelled as

while the minority-carrier diffusion length and concentration after radiation were approximated by (2) and (7), re-
spectively. The paper showed that for very short diffusion lengths (e.g., less than 40 nm for a fluence of 10'* in the
InGaP layer), the model is unable to fit the experimental results. Therefore, it was suggested that (2) requires further
investigation to overcome this limitation.

In 2010, a software called "SCREAM" was introduced to study the degradation mechanism caused by the striking
of energetic particles. The software applies the NRL method [30]. Besides, the slowed-down spectrum was analytically
computed employing the slab geometry considering the continuous slowing down approximation. Thus, it was assumed
that particles follow a straight trajectory throughout the shielding (9). In addition, the software can deal with multi-
layer shielding by either using the actual stack or using the equivalent SiO, thickness, which is usually too conservative
according to the study. The equivalent SiO, thickness is computed by summing up the areal densities [g/cm?] of each
material and converting them to an equivalent thickness using the density. According to this study, the physical nature
of the non-linear dependency of the damage coefficients with the NIEL was not totally understood at that time. Finally,
a relation between the JPL and NRL methods was proposed. However, the software was also unable to accurately
represent the degradation behavior for materials with long active regions, e.g., Si.

Still in 2010, a study analyzed the use of a BR and its effects upon the PV parameters due to bombarding of 1
[MeV] electrons in a TJ PV-cell [53]. The paper proposed to optimize the middle layer (GalnAs) thickness to maximize
radiation hardness while the top layer (GalnP) thickness is optimized to match the subcell photo-generated currents.
The diffusion length degradation due to 1 [MeV] electrons was expressed basically by (2) while K; = K/D, where
K represents the material damage factor. On the other hand, the open-circuit voltage of the j-th subcell was given in
terms of the recombination current and the diffusion length, accordingly, before and after the radiation as

07O
9L
. ; 0" p,0
va =y~ KTy | noe0 (40)
ot (1
i h
vU === m|L|,
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r,0 ! j j
YLl
where the suffix 0 means before radiation. In this study, single and double BRs were implemented to increase the photo-
generated current in the thinned GalnAs layer, showing improvements in the efficiency from 2% to 5% in comparison
to cells without BR. Besides, a better radiation resistance was shown when a double BR is used. It should be noticed
that the optimization was carried out for specific fluences (optimal fluence) showing a lower BOL efficiency when the
optimal fluence is higher.
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Fig. 7: Type of cells reviewed in this paper for the period 2001 to 2010. The labels indicate the element stud-
ied /optimized /compared in terms of radiation resistance by [48, 5, 49, 32, 50, 51, 52, 11, 13, 21, 22, 53]. It should
be noticed that the substrate may be present between the BSF and the rear contact. Note: The reader is referred to the
reference list to see the exact concentration of each element of the compounds.

Fig. 7 provides an illustrative representation of the different PV-cell architectures studied by the articles reviewed
in this paper for the period 2001 to 2010. The element of the cell under analysis and the kind of particle used for the
respective study are indicated.

2.4. Studies from 2011 to 2020

Another study in 2011 studied the radiation hardness improvement of a TJ PV-cell (GalnP/GAInAs/Ge) by thinning
the middle layer while including a built-in BR [37]. One single BR was comprised of twenty periods of Al ; Gay gAs/AlAs,
effectively reflecting the light in the range of 800-900 [nm]. A second double BR was made of twenty periods of
Aly,GaygAs/AlAs and twenty periods of Aly;GajgAs/AlAs, with an effective reflection in the range of 750-900
[nm], allowing to thin even more the subcell. The diffusion length here was also estimated by (2) with K; = K/D,
where K is the material damage factor, and the open-circuit voltage was approximated by (40). According to the re-
sults, the double BR offers the best efficiency improvement (up to 2%) after a fluence of 3 x 10'> [e/cm?] with energy
of 1 [MeV]. However, the authors claimed that the PV-cell efficiency is still limited by the middle subcell parameters,
which are the fastest degrading ones. In this study, the whole cell was also optimized for a specific fluence, showing
the higher the optimal fluence, the lower the efficiency at the BOL.

Later in 2012, a study proposed to split the light by means of a double BR, located in a LM GalnP/GalnAs/Ge
PV-cell, to send the light with the wavelength in the range of 900-1050 [nm] to an external Si-based PV-cell [54]. Such
an action might increase the radiation tolerance by optimizing the subcells thicknesses. The BRs were comprised of
15 periods of alternating GaAs/AlAs where the first reflector was centered at 940 [#m] and the second filter at 985
[nm] while ensuring an optimal current of the Ge subcell. According to the study, this configuration can increase the
efficiency in the range of 2.5%-3.5% in comparison to the cell without the BR.

In 2014, authors in [34] proposed to build an IMM TF TJ PV-cell with a bottom layer of InGaAs instead of the
traditional Ge or GaAs. The efficiency was increased up to 37.9% (at air mass 1.5 (AM1.5)) by reducing the series
resistance, optimizing the ARC, optimizing the window, and increasing the bandgap of the bottom layer. The bandgaps
from top to bottom layer were 1.88, 1.43, and 0.98 eV, respectively. Besides, the proposed TF PV-cell was 15 times
lighter than the same cell architecture using a substrate of Ge, according to the authors. In addition, the radiation
hardness of the middle and bottom layers was improved by adding i-layers between the pn junctions.

In the same period, [55] optimized a GalnP/GaAs/Ge PV-cell taking advantage of a distributed BR consisting of 16
periods made of (Al Gag9);_,In As and Al, sGa,,As to improve the radiation hardness against 1 [MeV] electrons.
The Indium content was optimized to guarantee a lattice match between periods and the thickness of the middle layer
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was reduced. Besides, the optimization of the BR was in the range of 800 to 900 [nm] by means of the characteristic
matrices method. The study proposed to combine the BR with the upper tunnel diode to prevent the parasitically
absorption of the light reflected. The PV-cells having BRs were radiated with fluences from 3 x 1013 to 1 x 1016
[e/cm?*] and compared with PV-cells without BR. The results indicated an improved efficiency for more than 10%
relative to the efficiency of the PV-cells without BR at the largest fluence and a higher EQE, especially for the longer
wavelength region.

In 2018, the degradation hardness caused by the proton bombarding of similar TJ PV-cells, which were built by
different processes (UMM and LM) was studied in [15]. According to the study, the efficiency of the LM cell might
be increased by metamorphic configurations if the top and middle cell’s bandgaps are reduced, or if the bottom cell’s
bandgap is increased to 1.0 eV by using Ga, ;In, ; As. However, in metamorphic configurations, there might exist larger
lattice mismatches, which would produce dislocations and an efficiency drop, accordingly. Therefore, two approaches
to build the PV-cells with layers of different lattice constant were highlighted: Monolithic and Non-Monolithic. In
the non-monolithic approach, the layers are grown separately and then connected by different techniques. While in the
monolithic approach, the layers are grown one after another and a buffer layer is incorporated between them to gradually
release the strain produced by the mismatch of the lattice constants. The monolithic approach can be categorized by
two approximations based on the fabrication method, namely IMM and UMM. According to the study, the UMM
had reached efficiencies up to 31% under air mass zero (AMO) while being fully compatible with the LM fabrication
technologies. Thus, a lower production cost compared to other strategies was implied. The results indicated that the
UMM cell presented a lower strain among the top and middle layers, compared to the LM cell.

The study used the NRL method to analyze the degradation. Both structures showed similar parameters degradation
(short-circuit current, open-circuit voltage, and maximum power) in two proton energy levels while observing a higher
degradation for the lowest 3 [MeV] protons in both architectures. In this regard, it was suggested that by increasing
the fractions of In and P in the compositions of the layers, the radiation hardness might be improved against the 3
[MeV] protons bombarding. In addition, the top layer of the UMM-cell presented a lower BOL EQE given the extra
dislocations added by the difference in lattice constants. However, the UMM '’s top layer radiation hardness was shown
to be stronger than the LM’s respective layer while the middle layer hardness was weaker.

During the same period, the degradation of a LM TJ PV-cell due to 1 [MeV] protons was studied in [18] at low-
intensity and low-temperature (LILT) conditions, which are common in interplanetary missions*. The study high-
lighted that the phenomena like defect annealing, junction behavior under stress, and tunneling are not observable at
the RT and should be taken into account. The experimental tests were performed by analyzing each layer individually
in the same TJ configuration, while the other layers were acting like filters, i.e., three cells were used to analyze one full
TJ configuration. According to the results, the bottom cell became the current-limiting layer at the lowest temperatures
while for the temperature of 200 and 300 K, the middle cell was the current-limiting layer, both for large fluences. The
conclusion was that the bottom cell degradation at low temperatures is not caused by the minority-carrier recombina-
tion, but by the reduction of the effective cell area given that no increase of the reverse saturation current was observed
after radiation that implies no new defects were added. It was proposed that each proton leaves a cylindrical charge
path along its track. Thereby, the effective area after a fluence of radiation is

Ay = Ay — pAgar?, (41)
A
|- RF(I,) =1- —L = ¢ur?, (42)
Ay

where RF means "remaining factor". In general, a strong dependency on temperature was observed. Moreover, it was
shown that the open-circuit voltage deduced from the three individual layers to the whole package was accurate whereas
the short-circuit current accuracy was not enough. The annealing process was also applied at different temperatures
(below 300 K).

In 2018, different parameters of several PV-cells, namely InGaP, GaAs, Ge, Si, and InGaP/GaAs/Ge were also as-
sessed in [61] while cells were exposed to different temperatures under AMO spectrum. The bandgap of the compound
materials was approximated by

Egi(A;_yBy) = (1 = X)Ey(A) + xE,(A) + xE,(B) — x(1 — x) P. (43)

4A vacuum of 10~7 [mbar] was considered.
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The results indicated a better performance for the TJ PV-cell.

Another study was published in 2018 in [8]. In which, the voltage dependency of the photo-generated current
at RT of GaAs PV-cells was shown when cells are exposed to different electron and proton fluences considering
diffusion length shortening for the degradation process. The study suggested that such a voltage dependency stems
from the depletion region width shortening by the application of forward bias and is responsible for the slope of the
IV characteristics after radiation, resembling the typical shunt resistance. Their suggestion was based on the fact that
the same phenomenon in the measured dark IV profiles was not observed. However, such a dependency should be
important only when the summation of both diffusion lengths (for holes and electrons) and the depletion region width
is smaller than the cell thickness, e.g., in heavily irradiated cells. The photo-generated current was computed by

Iph = Iph,p + Iph,n + Iph,W’ (44)
where I, ,, I, ,, and I, , are related to the holes in the quasi-neutral region (QNR) of n-layer, electrons in the QNR

of p-layer, and electron-holes in the depletion region, respectively. Each term of (44) was computed by integrating the
generation rate at a distance x from the surface, a® exp (—ax), with a probability for collecting electron-hole pairs.
The final expression for I, was given as

x1/L ax ax 1 eV 45
- p — e X1 —ax) —
(e e ) +e [+aL, ) , 45)

aLp
aLp -1

1 oh = ed,
while W was expressed by (10). The absorption coefficient « was assumed constant (the average value between 650
and 900 [nm]) and the SRV were neglected. Besides, @, was being adjusted in (45) until 7, reached the short-circuit
current of a non-radiated cell.

The results showed a good agreement among the experimental and simulated IV-characteristics. Besides, it was
stated that the diffusion length depends only on the DDD and not particles type nor energy as

1 _1 +K;D (46)
212 LPdda-
¢ 0

Afterwards in 2019, a study was dedicated to comparing the degradation of an UMM and a LM TJ PV-cell due to
the bombarding of low energetic protons [23]. In this study, it was assumed that the top layer is thick-enough to bring
the particles to the rest. The results related to the UMM PV-cell indicated that the 50 keV protons caused a higher
degradation in the shorter-wavelength region (top layer) and the short-circuit current, accordingly. On the other hand,
the longer-wavelength region was more degraded by the 150 keV protons, which represented a higher degradation of the
open-circuit voltage. Besides, comparing both technologies, the results indicated a slightly higher power degradation
of the UMM-cell. However, the open-circuit voltage was much more degraded in the LM PV-cell, especially for 150
keV protons, given that these particles traverse the top layer introducing more defects in the depletion region. In
addition, they also reported the presence of artifacts® in the UMM after the proton radiation. Finally, it was concluded
that the proton radiation caused an increase of the dark saturation current and a decrease of the shunt resistance.

In the same year, thin GaAs-based PV-cells were studied in terms of geometry to find a balance between the specific
power (W/kg) and the radiation robustness [9]. In this respect, the shallow and deep junction configurations with a
back reflector were assessed with the base of p-type and n-type. Besides, the effect of the base thickness and doping
concentration was studied. The SRVs were assumed constant while the diffusion length degradation and the carrier
compensation were expressed by (2) and (6), respectively. According to the results, two thin and highly-doped cells
are good candidates for space applications. Namely, the traditional shallow junction p-type base and a deep junction
n-type base, both having an EOL maximum power of higher than 90%. Finally, it was stated that the degradation
levels for highly-doped and ultra-thin configurations with a lower BOL power density are smaller than 3%. However,
the study had not taken into account several phenomena for highly doped materials, such as the Moss-Burstein effect,
Auger recombination, or the effects caused by the electrically inactive dopant incorporation.

Still in 2019, several distributed BRs were implemented in a LM Gay) 51In( 49P/Gay) g9Ing ¢ As/Ge and in a metamor-
phic (MM) Ga 44In 5P/Ga) g,1In g As/Ge TJ PV-cell for light splitting [56]. The spectrum band reflected optimally
was in the range of 900-1050 [nm] and sent to an external Si-based cell. For the LM cell, four versions of a BR were
implemented: 1- The BR was made of 16 periods of Alj,GajgAs/AlygGag,As. 2- A multiple BR comprised of two

31t consists of an EQE increment in the longer wavelength region.
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groups with eight periods each and different period thickness in both groups. 3- A multiple BR with two groups and
16 periods each and again different period thickness in each group. 4- A multiple BR with three groups and 16 periods
each and again different period thickness in each group. According to the results, the highest efficiency was provided
by version 4. On the other hand, for the MM cell, the buffer was utilized also as the BR. For this case, four versions
were implemented: 5- Eight periods of GalnAs/GalnP, where the concentration of In in the GalnAs of each period was
progressively increased from 1% to 8% (from bottom to top). 6- Eight periods of GalnP/GalnAs/GalnP with concen-
trations that ensure matching of lattice constant and different refractive indices. 7- Version 6 was complemented with
another group of 16 periods made of Gag 44Ing 54P/Gag 9oIng ggAs. 8- Version 6 was complemented with two groups of
16 periods each and made of Gag 44Ing 56P/Gag goIng gg As. According to the results, the best efficiency was achieved
from version 8. Besides, the BR showed a very low sensitivity to the angle of incidence. Regarding the modelling,
the WVASE software was used to adjust the computed reflectance with the measured data by means of the subcells
thickness adjustment.

Another work in 2019 explored how the current density reduced by thinning a GaAs-based PV-cell can be recov-
ered by including a BR while the radiation tolerance is increased [38]. The BR was comprised of 20 periods made
of AlAs/AlyGagoAs. And the radiation consisted of fluences from 2 x 10'* to 1 x 10> [e/cm?] of electrons having
energies of 1 [MeV]. According to the results presented, for such a range of fluences, the effective spectrum band
reflected by the BR is not significantly affected (nor the magnitude, neither the location of peak value) and it is consid-
ered constant along the fluences, accordingly. Besides, taking into account the results of the SJ GaAs cell, the study
suggested a possible improvement of 0.24% absolute efficiency in a InGaP,/GaAs/Ge radiated by 1 x 10'% [e/cm?]
electrons having energies of 1 [MeV] when the middle layer is half and a BR is implemented.

Recently in 2020, authors in [7] analyzed the effect of the junction depth upon the degradation of GaAs PV-cells
due to the 1 [MeV] electron bombarding. Besides, the layer thickness effect was analyzed using TF and substrate-based
PV-cells. The carrier transportation in the quasi-neutral regions was modeled using diffusion current equations while
considering a negligible electric field and constant material parameters. Thus, the total photo-generated current was
computed by the summation of the respective currents generated in the quasi-neutral regions and depletion region.
The efficiency for collecting carriers in the depletion region was assumed unitary. The current density was obtained
by calculating the integration of the spectral photon flux weighted by its respective EQE over the wavelength. The
expressions can be

# carriers _ nhv _ nhc q/At _ he (ng/At he (1; he
Npor) = = - i =—|-%)=-—=SR, (47)
" #photons mhv AE;q/At qi \ E;/At qi \ P,

Ar
J = q/ nEQE,ﬂ.Fﬂdj" (48)
Besides, the optical reflectance in the window-emitter and base-BSF interfaces were computed by electromagnetic
simulations in 1D. The minority-carrier lifetime considering the radiative and non-radiative recombination lifetime is
1 1- 1
1_1-/pr + (49)

9
T Ty TSRH

(]

where the radiative lifetime is 7, = 1/Rg4p N, and "x" can refer to "a" of acceptors or "d" of donors. The reverse
saturation current density is written in terms of the current provided by the emitter and the base, such as

V |4
JO = JOl [exp <i—T> - 1] +J02 [exp <2qk_T) - 1] . (50)

Jo1 = Jo1,Emitter T J01,Base> (1)

: dE SpLp dE
2 |sinh| =2 )+ ZLLcosh|-£
qD,n; <Lp ) D, L,

JOl Emitter = b 52)
’ L N S, L
pd dg Php dg
cosh| =% ) + sinh [ £
| (Lp> Dp < p)
ann2B sinh(dL—B> + %cosh(%)
I, n n n
JOl,Buse = L N d L P (53)
nVa cosh(L—B>+ 2 ”smh(L—B>
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For calculating Jj,, non-radiative recombination mechanisms in the depletion region were considered, which were
modeled by the SRH theory taking into account multiple trap levels. Besides, the narrowing effect was considered for
the highly-doped regions as

AE, ~2x 107Ny, - p-type GaAs, (54)
AE, x2x 10N/, N n-type GaAs. (55)

Under the condition L, dg and L, < dp (thick quasi-neutral regions), the expressions from (51) to (53) approxi-
mate to the classical Shockley equation for the dark saturation current density as

2 2
aDyn; p aDyn; g
I = J I o = ’ . 56
01 01,Emitter 01,Base Lp Nd Ln Na ( )
On the other hand, the expressions for thin quasi-neutral regions, L, > d and L, > dp, are reduced to
2 2
aDyn; g S, aDun; g S,
Jor = Jor,Emitter + J01,Base = r 57

+ .
N, D,+S,d; N, D,+S,dy

The model contains four tuning parameters including .S, S,, 7,, and 7,, where 7, and 7, were expressed by (49). The
degradation effect was modelled by (32) for the minority-carriers lifetime while the radiative term at the BOL was

neglected. In addition, the SRVs in the interfaces window-emitter and base-BSF were proposed to be

S, =S,501 + K. (58)
Sn = Sn,BOL + Knd)’ (59)

where the damage coefficients for the SRVs were obtained by curve fitting.

The model results had a good accuracy compared with the experimental data. However, there were still differ-
ences, especially for the TF technology. In general, the study concluded that TF cells with back reflectors and shallow
junctions are the best option for space applications.

Until 2020, the InP-based PV-cells had proven a stronger radiation hardness than those based on GaAs and it
was believed that this property was related to the InP fraction in the material. Therefore, in [24], this assumption
was studied by using a LM GalnAsP/InP PV-cell for different InP fractions (defined as the percentage of either In
or P, whichever is the lowest), which produced different bandgaps. For instance, 0.9 eV for Gag 3;Ing ¢9Asg ¢7P 33,
1.0 eV for Gag 3Ing 77As( 49P( 51, and 1.1 eV for Gag j¢Ing g4As( 34P 6. No considerable performance difference at
the BOL for different compositions was reported. Besides, the annealing process (several days of annealing at open-
circuit conditions) was studied with the typical conditions of a GEO, 60 [°C], and AMO. The doping concentration
was estimated using electrochemical capacitance-voltage (ECV) measurements. The composition was estimated by
the lattice constant, which was measured using X-ray diffraction and the bandgap, which in turn was computed by EQE
measurements.

The minority-carrier recombination was modeled by considering the radiative and non-radiative (SRH and Auger)
recombinations. The SRV at the interfaces was also considered. In addition, the study assumed that radiation was
only affecting the non-radiative recombination time, while all the other parameters were considered not to be affected
by radiation. Accordingly, only the non-radiative SRH lifetime was considered for curve fitting. The minority-carrier
lifetime was expressed by

o, )
T Tr0 Tar,0 Tid

where the lower-script "0" indicates at the BOL and 7, is zero before radiation. Thereby, 7;; was expressed as

1 <1_L> kb ©1)
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This study used the irradiation-induced defect recombination coefficient, kg, to assess the radiation hardness of the
cells. Besides, kg was considered to be independent of the BOL material quality, the cell structure, or the radiation
dose while it was considered to be a constant value depending on the material and doping polarity.

The results indicated a large open-circuit voltage decrease caused by a relatively low fluence of electrons due
to the high minority-carrier lifetime in the GalnAsP at the BOL. Besides, a considerable degradation at the longer
wavelength region was shown. In addition, it was proven that the higher the InP fraction, the better the cell recovery
after annealing treatment. The experimental and theoretical results showed good-enough agreement in terms of open-
circuit voltage and internal quantum efficiency (IQE). Moreover, the study compared the GalnAsP cell with another
cell based on GaAs. The results showed a higher performance of the GaAs after radiation, but a lower performance
after the annealing. Finally, it was concluded that the energy levels of the defects and their capture cross-sections
change with the InP fraction.

Authors in [25] studied the open-circuit voltage degradation of individual subcells in a TJ PV-cell due to 1 [MeV]
electrons bombarding by using EL measurements. In this respect, the reciprocity equation between the PV-cell and
light emitting diode was used as follows

¢pr = Ngge(E)Fyy(E) [exp <V£> - 1] . (62)
T

The open-circuit voltage of each layer was computed by using the Boltzmann approximation for the photon flux of the
black body Fy, to estimate the relative EL degradation of intensity as

A(pEL=exp<—oc>, (63)

where Agp; is the ratio between the EL intensity after and before the radiation. Then, the relative EL degradation of
intensity was equated to the relative QE degradation, which is the ratio between QE after and before the radiation (QE
at BOL is assumed unitary), as

Mgy, = =1+ (r,1,i00) @] . (64)

Thereby, the open-circuit voltage degradation (per layer) after radiation, by using (63) and (64), is

AV, = Vpln [l + (r,I,00) @] . (65)
Equation (65) was fitted to an experimental curve to compute the capture cross-section of non-radiative recombination
centers, o. The results showed that GaAs (middle layer) was the layer with the largest open-circuit voltage degradation,
followed by the Ge-based layer (bottom layer), and finally the GalnP-based layer (top layer). Besides, a good-enough
accuracy of the model compared with the experimental data (open-circuit voltage degradation) was reported. Where
the lowest accuracy was related to the top layer (GalnP).

Another work reported in 2020 studied the degradation behavior of a LM DJ PV-cell caused by the bombarding
of electrons and protons [16]. The study applied the NRL method to estimate the degradation, where the NIEL was
computed as

Qmax dG .
S(E) =n,- / niel
T,

.G(O)-0 -doO. 66
’ a0 (Q)-G(Q)-0-d0 (66)

E

Besides, the short-circuit current density was given as
Joo = /SR(/l) - Sapo(ADd A, (67)
2

A
:/Z—nEQE-SAMO(/l)dA, (68)
4 nc

where the spectral response at a specific wavelength .S R(4) is obtained from (47). Then, the DJ cell was compared with
some SJ PV-cells in terms of the remaining factor of maximum power. The DJ showed a poorer radiation hardness than
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most of the other cells highlighting that the main reason is severe degradation of I, and V,, in both layers of the DJ cell
due to its architecture. Additionally, the results showed that the 3 [MeV] protons were the most damaging particles.
Moreover, a higher decrement of the EQE in the longer wavelength region was reported given that the likelihood of
the photo-generated carriers being captured by the newly added defects (the deeper, the more defects) is much higher
in the base of a shallow junction architecture. Finally, the top layer (InGaAsP) was always the current-limiting layer.

Authors in [57] studied the degradation of a TJ PV-cell caused by the radiation of 24.5 [MeV] protons. The
protons were radiated at 170 [Gy] (~ 1.06 X 1012 [[MeV] /g]). The carrier concentration was measured utilizing the
C-V technique and the depletion capacitance was given as

2(Vy +V
Cc? = #’ (69)
queeoNd

which is used to estimate N ;. The depletion region width was expressed as

2.V,
W = M_ (70)
qN,4

Moreover, the conductance-frequency (G-F) measures were used to compute the interface trap density as

G
D, = 25 <—”> ) (71)
qAS w max

The interface trap density and trap time constant were derived from the peak conductance.

According to the results, V,, was more degraded than /.. Hence, it was concluded that defects caused by proton
radiation increase the reverse saturation current, and the open-circuit voltage decreases accordingly. Another reason
given was the increase of defects in the depletion region by radiation, which would lead to a shunt-resistance reduction
with a consequent reduction of the open-circuit voltage. This study also showed capacitance-frequency (C-F) mea-
surements at zero bias (i.e., no voltage applied). Besides, a very small difference of the capacitance (contribution to the
total capacitance due to interface traps) was observed at different doses, suggesting no contribution to the deep-level
defects concentration. Finally, it was concluded that the degradation caused by protons is more severe than degradation
due to electrons given the higher collision density of the protons.

According to [12], a promising PV-cell candidate for space applications is the four-junction (FJ) metamorphic
PV-cell with optimized current match, where the bottom cell is made of Ge. In this regard, this paper studied the Ge
wafers degradation due to the bombarding of 1 [MeV] electrons and protons in more than 300 samples. Besides, the
samples were subjected to an annealing process at 400 [°C] for 5 minutes and 30 minutes in one batch.

It was proposed to reduce the doping concentration while the minority-carrier lifetime (measured by microwave
photo-conductance decay (#W-PCD) mappings) was increased using surface passivation with a Si, C,_, layer stack.
However, the SiC layers were not only designed in a way to support the minority-carrier lifetime increment, but also
to work as a mirror to photons ("mirror" layers) to increase the absorption in the longer wavelength region.

The experimentation was carried out by modifying different features of the "mirror" layers: the thickness, the
doping concentration, and the annealing time. However, it was shown that none of these modifications affected or
improved the degradation process at all. In addition, the doping and thickness of the Ge layer were also modified.
The results indicated a longer EOL diffusion length by reducing the doping concentration whereas it was reduced with
increasing the fluence of particles.

This study considered three kinds of minority-carrier lifetimes: effective, bulk, and surface, as follows

1=1+1=1+259ff, (72)
Terf  Toulk  Tsurf  Thulk Wwafer

which were plotted for different wafer thicknesses in the x-axis, 2/W,,, 7., and inverse effective lifetime in the y-axis,
1/7,77. Then, approximating to a linear function, S, , represents the slope while the term 1/7;,,, represents the
y-axis crossing. Thereby, the minority-carrier lifetimes were found for the bulk and surface. Besides, it was concluded
that an important matter for the application of passivation for space PV-cells is to determine for which fluence the
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passivation is still effective to allow collecting all the current from the Ge layer. Finally, it was highlighted that lowly-
doped and passivated Ge wafers are very good candidates to be used as subcells in future space PV-cells in moderate
radiated environments.

In [35], the effect of using a BSF made of Ga 50,Ing 493P instead of AlGaAs in the middle layer of a TJ PV-cell,
GalnP/GalnAs/Ge, was studied focusing on the radiation-induced degradation caused by 1 [MeV] electrons. The study
showed that the PV-cells with the middle layer’s BSF made of GalnP have a higher radiation resistance. Besides, no
significant difference among the cells’ performance at the BOL was observed. Finally, the EQE pointed that the whole
degradation is mostly due to the GalnAs layer.

The study of degradation of a FJ PV-cell GalnP/GaAs/Ga ;7Ing 3 As/Gag 4,Ing sgAs (1.85 eV, 1.42 eV, 1.0 eV, and
0.7 eV) caused by electron radiation was made in [33]. Besides, the authors provided study of degradation of a SJ PV-
cell made of the third sub-layer, which was proposed by them, caused by proton bombarding. The degradation analysis
was carried out employing the NRL method. The same DDD for all the layers was assumed by considering similar
trap densities and cross-sections. The short-circuit current was given by (29) while considering that the degradation
stems exclusively from the decrease of the minority-carrier lifetime.

The results show some inaccuracies, especially near the MPP. Besides, the current of the second and third layers
was increased while the current of the layer made of GalnP (the hardest layer to the radiation) was reduced at the BOL,
resulting in improved radiation resistance. The DDD for a one-year mission on the geosynchronous earth orbit (GSO)
and also on LEO were presented in terms of the coverglass shielding thickness. The results for the GSO indicated that
the largest damage is caused by the trapped electrons, followed by the solar protons, and the GCRs (which were tiny
and neglected accordingly). The results for the LEO indicated that the largest damage is caused by the solar protons,
followed by the trapped protons and trapped electrons. The GCRs contribution to the DDD was neglected.

Still in 2020, another study reported the application of a 13 periods BR, made of AlInP/InGaP and centered at 880
[nm], to a DJ LM InGaP/GaAs and a SJ GaAs PV-cells [39]. Apart from the BR, to further increase the remaining
efficiency, multi quantum wells (MWQs) has been incorporated, showing improvements in the short-circuit current
density of 2.84% and >9.8% for the SJ and bottom subcell of the DJ PV-cell, respectively, with respect to a corre-
sponding baseline cell. According to the results, when the DJ cell is submitted to radiation of 1 [MeV] electrons at
1 x 10" [e/cm?], the cell with the MWQs+BR shows an improved remaining power of about 7% with respect to the
baseline cell.

Fig. 8 provides an illustrative representation of the different PV-cell architectures studied by the articles reviewed
in this paper for the period 2011 to 2020. The element of the cell under analysis and the kind of particle used for the
respective study are indicated.

2.5. Studies in 2021

During the present year 2021, several studies related to the radiation-induced degradation of III-V PV-cells have
been published. In [36], degradation of GaAs (p*nn*) PV-cells considering different kinds of defects caused by
radiation of 1 [MeV] protons is studied. Simulations were carried out in the SCAPS software considering the presence
of electron and hole traps, which had been identified by other studies (five electron traps and four proton traps). The
analysis was conducted by considering effects of the hole and electron traps separately. Then, the results were compared
with the case where all the traps (for holes and electrons) were considered. According to the results, the electron traps
were the most important. Specifically, the two traps located almost at the intrinsic Fermi level, which are usually
considered recombination centers, were the most damaging. Regarding the hole traps, just one trap (the deepest)
showed the most important degradation contribution. The paper also studied the effect of the BSF thickness upon the
degradation. The results showed a lower efficiency degradation by decreasing the thickness of the BSF.

Another work studied the damage distribution of undoped samples of GaAs and Ing 499Gay 50, P using photo-
luminescence spectroscopy (PLS) and Raman spectroscopy (RS) due to the proton radiation [58]. Besides, the dif-
ferences between the experimental and simulation results regarding the particle ranges were analyzed. The results
indicated that SRIM overestimates the range of the protons in the InGaP. Such an error increased with the protons’
energy. However, the results related to the GaAs compound had an excellent agreement with the experimental values.
According to the authors, the reason for these different results lies in the fact that in GaAs the bonding structure dis-
tribution and the electronic charge density are much better represented by a homogeneous electronic charge density
(similar to what is done in SRIM), compared to the case with the InGaP material.

The authors in [10] used the model introduced in [7] for studying the degradation of different GaAs PV-cell ar-
chitectures (shallow and deep junctions, as well as substrate- and TF- based cells) due to proton bombarding. The
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Fig. 8: Type of cells reviewed in this paper for the period 2011 to 2020. The labels indicate the element stud-
ied/optimized/compared in terms of radiation resistance by [34, 15, 18, 8, 23, 9, 7, 24, 25, 16, 57, 12, 35, 33, 37,
54, 55, 56, 38, 39]. It should be noticed that the substrate may be present between the BSF and the rear contact. Note:
The reader is referred to the reference list to see the exact concentration of each element in the compounds.

degradation parameters corresponding to protons were computed using the degradation parameters related to electrons
by employing the DDD approximation. The I'V-characteristics were modeled based on the Hovel model including
reflectances and photon recycling effects. The dark [V-characteristics were represented using two parallel diodes. The
SRVs at the interfaces were expressed by (58) and the SRH minority-carrier lifetime was modeled by (32). Further-
more, the study considered a photo-generated current dependent on the voltage, which explained the effect of a reduced
shunt resistance in the radiated IV-characteristics. In this respect, the depletion region widths, corresponding to the
emitter and base, were given as

wy = 2e€ N (Vi = V). (73)
49 Ny (N,+N,)
wy = Zeco N (Vo= V). (74)

49 N,(N,+Ny)

The results showed that simulated and experimental EQEs followed the same behavior for different fluences. Fi-
nally, the study highlighted that two architectures have the highest radiation hardness, namely substrate and TF-based
cells with shallow junctions.
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3. Discussion

Nowadays, the MJ PV-cells based on III-V compounds are the main source for the energy supply of many satellites
and spacecrafts, even at extreme conditions (e.g., LILT) to support ancillary services. However, this technology is still
under study mainly towards lighter, more efficient, and more radiation-resistant PV-cells. The reason lies primarily
in the launching costs and the hazardous environments that exist in outer space, especially for places far away or very
close to the Sun, which might reduce considerably the lifetime of the PV-cells. In this respect, many studies have been
carried out to understand the degradation mechanisms of PV-cells under such conditions. Table 4 provides a summary
of the main remarks identified throughout the review process of important studies in this field from 1990s up to the
present. Nevertheless, the readers are referred to the provided references to check out the very specific conditions at
which such remarks apply.

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 [14]
(suggested).

Protons produce deeper defects than electrons. [14]
Increase of the SRV with the protons fluence. [20]

The maximum conversion efficiency follows 1) inverse correlation between the base carrier con-  [31]
centration and the fluence lower than a threshold and 2) direct correlation between the base carrier
concentration and higher fluences.

The anomalous degradation appears only when the diffusion length is comparable to the base thick- [17]
ness (theoretical explanation).

An adjusted NIEL is presented to overcome the issue of the NRL method to estimate the degradation  [50]
of Si-based PV-cells.

GaAs

A beam of mono-energetic, mono-directional protons between 1-10 [MeV] in unshielded PV-cellsis  [27]
representative of a space environment.

The largest damage is caused by the action of protons, followed by the neutrons, and finally the [30]
electrons.

The remaining efficiency (due to electron or proton bombarding) is much higher in the PV-cells with  [7, 10]
shallow junction in comparison with the cells with deep junction.

The degradation due to protons is mostly due to the induced electron traps. [36]
Thinner the BSF, lesser the efficiency degradation. [36]
The slope presented in radiated PV-cells resembling a typical shunt resistance is due to the voltage [8, 10]
dependency of the photo-generated current.

Thin and highly-doped architectures might result in an EOL power of higher than 90% of the BOL  [9]
value.

The use of multiple BRs allows to thin the cell while increase the radiation tolerance, accordingly. [29]
The optical properties of a BR comprised of 20 periods made of AlAs/AljGag¢As are not affected  [38]
significantly by a radiation fluence from 2 x 10'# to 1 x 10" [e/cm?] of 1 [MeV] electrons.

GalnP

This PV-cell is harder to the radiation of electrons than Si-based and GaAs-based PV-cells, while [49]
Si-based is the weakest (especially for low fluences).

GaAs, GalnP

Higher the electronic bonding structure directionality, more inaccurate the SRIM simulation. [58]

The observed phonon intensity increments after radiation are due to changes in optical parameters.  [58]
GalnP/GaAs/Ge

The GaAs layer is the main responsible for the degradation due to bombarding of electrons and [32, 13,
protons. 51,21, 25]
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Table 4: Summary of the main remarks given by different studies (continuation).

Type of Cell and Remark Ref.

The top layer degradation is mainly due to the damage to its emitter and to the interface among the [13]
top and middle layer given the increase of the recombination velocity.

The RDC for the open-circuit voltage reaches maximum values for proton ranges corresponding to  [51]
the pn junctions.

The combination of the BR and the upper tunnel diode reduces the optical losses by parasitically  [55]
absorption in the tunnel diode.

InGaP,/GaAs/Ge

The spectrum of omnidirectional 0.03-5 [MeV] protons produces a more uniform damage distribution  [11]
across the cell when a coverglass (Si0,) of 3 mils is used!.

1-10 [MeV] protons are the most adequate for ground-based tests. [11]
A beam of mono-energetic, normal incident, and low-enough energy protons to get trap inside the [11]
layers is not proper to characterize the actual cell behavior in a space environment.

A beam of high-enough energetic protons that traverse the active layers is adequate to characterize [11]
the actual cell behavior in a space environment.

The GaAs layer is the main responsible for the degradation due to bombarding of protons. [11]
(LM) Ga, 5,Iny 4oP/GaAs/Ge

Lower the temperature, larger the degradation of the bottom cell for a specific fluence until becoming [18]
the current-limiting layer.

Increase of the reverse saturation current after radiation at very low temperatures is not observed. [18]
The bottom layer presents the highest recovery after annealing. [18]
(LM) GalnP/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  [23]
the power degradation in the LM PV-cell is higher for the 150 keV protons than for 50 keV protons.

Low-energy protons reduce faster the shunt-resistance than the other parameters of a PV-cell. [23]
(UMM) Gao_43 In0_57P/GaOV921n0_08AS/Ge, (LM)GaOVS 1 In0_49P/GaO.991n0V01 As/Ge
The UMM cell presents similar degradation to the LM cell for protons bombarding. [15]

(MM) Gag 44In| 5sP/Gag o, Ing g As/Ge

The use of the buffer layer like a BR along with more groups of layers to form a multi-BR increases  [56]
considerably the whole efficiency showing a low sensitivity to the angle of incidence and higher
radiation tolerance (for the case of light splitting).

GalnP,/InGaAs/Ge

The radiation by highly energetic protons degrades the shunt resistance. [57]
The radiation by highly energetic protons does not contribute significantly to the deep-level defects [57]
concentration.

The traps in the interfaces increase non-linearly with the radiation of protons. [57]
(LM) GaInP/GalnAs/Ge

A BSF made of Ga) 5(,Ing 494P, instead of AlGaAs, in the middle layer increases the radiation resis-  [35]
tance.

The GalnAs layer is the main responsible for the degradation due to bombarding of electrons. [35]
The light splitting by means of BRs allows to increase the efficiency of the cell by using external  [54]
PV-cells while increasing the radiation tolerance by thinning subcells.

GalnP/Ga g9In, ;; As/Ge

A double BR along with thickness optimization of subcells can improve the efficiency up to 5% ata  [53]
rated radiation, but a lower BOL efficiency in comparison to cells without BR.

(IMM) InGaP/GaAs/InGaAs

The radiation hardness of middle and bottom layers is improved by adding i-layers between the pn  [34]
junctions.

(LM) GalnAsP/InP

Higher the InP fraction, better the cell recovery after the annealing treatment. [24]
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Table 4: Summary of the main remarks given by different studies (continuation).

Type of Cell and Remark Ref.
Higher performance of a GaAs-based cell after radiation whereas lower performance after the an-  [24]
nealing.

Ge

Longer EOL diffusion length by reducing the doping concentration. [12]
Radiation of electrons and protons increases the SRV. [12]
InGaP/GaAs

The GaAs layer is the main responsible for the degradation due to bombarding of electrons. [26]
The annealing process is improved by illumination and forward current injections, even at RT. [26]
GalnP/GaAs/Ga ;Inj ;As/Ga 4,In; sgAs

The subcell Gag 7Ing 3As is the main responsible for the degradation due to electron bombarding. [33]
The radiation resistance is improved by adjusting the thickness of the layers. [33]
Any

Particles with an energy range of 1-8 [MeV] upon uncovered cells are suitable to represent an actual  [5]
space environment.

Note 1: Typically used in a GSO (3 to 6 [mils]). In a HEO, the coverglass is typically larger than 6 [mils] and up to 30 [mils].

Additionally, some challenges regarding the radiation-induced degradation that the PV technology, based on III-V

semiconductors, still faces were identified and listed as follows:

1. Even though the GaAs-based PV-cells are among the most efficient ones, with a relatively cheap production
cost, a relatively high efficiency, and part of most MJ architectures, the radiation resistance should still be under
investigation. Many studies on MJ cells have proven that the layer based on GaAs is mainly responsible for the
cell’s degradation. In this regard, the use of BRs has been extensively proposed to be able to reduce the GaAs
thickness and accordingly increase the radiation tolerance while keeping practically the same current density.
However, even when the remaining efficiency of the GaAs-based PV-cells after being radiated by nuclei particles
is higher in PV-cells with BRs compared to those without BRs (after a specific dose of radiation since usually
the BOL efficiency is lower in PV-cells with BRs), it has been mentioned in some studies that the GaAs-based
subcell is still the layer with the quickest degrading parameters.

2. The stopping process that particles face throughout the PV-cell with highly electronic bonding structure direc-
tionality, e.g., GalnP, is not fully understood yet. Thus, more study is required in this regard.

3. Degradation of interfaces among the cell’s layers due to the fluence of particles has been proposed in many
studies. However, a fully satisfactory physical modeling is still missing.

4. The degradation study of PV-cells due to the bombardment of nuclei particles at extreme low/high temperatures
and solar irradiances is still quite limited. Such conditions are of huge interest for future space exploration
missions. In this respect, more studies should be done in this direction.

5. Some studies suggest that the PV-cell’s shunt-resistance is reduced after radiation based on the presence of the
typical slope in the IV-characteristics or based on the FF reduction. However, other studies believe that such
a slope in the IV-characteristics after radiation is due to a voltage dependency of the photo-generated current.
Therefore, more theoretical and experimental studies are required to determine the actual nature of this effect.

4. Conclusion

The present paper reviewed some important studies dedicated to the analysis of radiation-induced degradation
mechanisms of III-V PV-cells following a chronological approach. The main aspects of different studies and their
contributions were carefully reviewed and the most significant mathematical approximations used for radiation-induced
degradation modeling of PV-cells were introduced. Besides, the main characteristics and outcomes of the reported
experiments and simulation studies were provided and several important remarks related to degradation analysis of
PV-cells for a wide range of architectures and materials were addressed. The study concluded with some important
challenges that are still open for more investigation to facilitate the development of more optimal PV-cells for future
deep space explorations.
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A. Description of variables

List of Symbols

a Optical absorption coefficient.

0, Excess electron concentration.

[ Excess holes concentration.

€ Relative permittivity.

€ Permittivity of vacuum.

Ngoe External quantum efficiency.

A Wavelength.

H, Mobility of electrons.

(o} Photogeneration rate.
Particle fluence.

¢ Average potential gradient in the p-n junction.

(0N Photon flux.

o; Capture cross section of minority-carriers by re-
combination centers.

0,0  Interaction cross section.

T Minority carrier lifetime.

Ty Initial minority carrier lifetime.

Tg Band to band recombination lifetime.

T, Electrons lifetime.

T, Holes lifetime.

T, Radiative recombination time.

Taug  Auger recombination lifetime.

Tpux ~ Minority-carrier lifetime in the bulk.

7,ry  Bffective minority-carrier lifetime considering
the bulk and surface influences.

Tig Minority carrier lifetime associated to the newly-
introduced defects.

Ty Non-radiative recombination time.

Tgry Trap-assisted recombination lifetime (Shockley-
Read-Hall).

Tary  Minority-carrier lifetime in the surface.

PEL
Ay
A

N

Electroluminescence intensity.
Initial effective area of the cell.

Solar cell surface.

A,_, B, Composition of the alloy material.

Aef
By,
C

C

n

Cp

CAug

Effective area of the cell.

Band to band recombination coefficient.
Speed of light.

Recombination coefficient of electrons.
Recombination coefficient of holes.

Auger recombination coefficient.
Minority-carrier diffusion coefficient.

Cell thickness.

Thickness of the base quasi-neutral region.
Thickness of the emitter quasi-neutral region.
Electron diffusion coefficient.

Hole diffusion coefficient.

Displacement damage dose.

Interface trap density.

Energy.

Material bandgap energy.

Bandgap energy of material A.

Capture rate of majority-carriers by trap centers.
Spectral photon flux.

Photon flux of black body.

Photon recycling factor.

Energy partition function.

Conductance.

Planck constant.

Recombination current.

Photo-generated current.

Introduction rate of recombination centers.

Short-circuit current of a cell.
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I Introduction rate of majority-carrier trap centers
by electron irradiation.
Jy Dark saturation current density.

Jp Contribution of the depletion layer to the J,.

Jye Short-circuit current density.

k Boltzmann constant.

K; Damage coefficient for minority-carrier diffusion
length.

K, Damage coefficient for the SRV at the base-BSF
interface.

K, Damage coefficient for the SRV at the window-
emitter interface.

Kgr Damage coefficient for minority-carrier lifetime.

kg Irradiation-induced defect recombination coeffi-
cient.

L Minority-carrier diffusion length.

L, Diffusion length of electrons.

L, Diffusion length of holes.

n Ideality factor.

n Statistical factor of Shockley-Read theory.

N, Acceptors concentration.

n, Atomic density of the target material.

N, Effective density of states in the conduction band.

Ny Donors concentration.

n Intrinsic electron concentration.

Ng Recombination center density.

N, Concentration of deep-level traps.

N, Effective density of states in the valence band.
n; p Intrinsic carrier concentration in the base.

n; p Intrinsic carrier concentration in the emitter.

p Concentration of holes.

P Statistical factor of Shockley-Read theory.
Di Intrinsic holes concentration.

P, Maximum point of power.

o
q
Qmax

W,

wafer
X1
A, a, B,
P

Kinetic energy of the recoil.
Elementary charge.

Maximum kinetic energy that can be given to a
recoil by a particle of energy E.

Radius of the cylindrical volume.
Carrier removal rate.

Relative damage coefficient of electrons.
Relative damage coefficient of protons.
Radiative recombination rate.
Recombination rate.

Non-ionizing energy loss.

Front surface recombination velocity.

Surface recombination velocity at the base-BSF
interface.

Surface recombination velocity at the window-
emitter interface.

Rear surface recombination velocity.
AMO solar spectrum irradiance.
Effective surface recombination velocity.
Spectral response.

Cell temperature.

Threshold energy to displace an atom.
Cell voltage.

Thermal velocity of minority-carriers.
Thermal voltage.

Built-in voltage.

Open-circuit voltage.

Width of the depletion region.
Frequency.

Wafer thickness.

Emitter thickness.

b Constants for the range across the coverglass.

Alloy-dependent material.
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