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Solar cells (SCs) are the most ubiquitous and reliable energy generation
systems for aerospace applications. Nowadays, I11-V multijunction solar cells
(MJSCs) represent the standard commercial technology for powering space-
craft, thanks to their high-power conversion efficiency and certified reliability/
stability while operating in orbit. Nevertheless, spacecraft companies are

still using cheaper Si-based SCs to amortize the launching costs of satellites.
Moreover, in recent years, new SCs technologies based on Cu(In,Ga)Se,
(CIGS) and perovskite solar cells (PSCs) have emerged as promising candi-
dates for aerospace power systems, because of their appealing properties
such as lightweightness, flexibility, cost-effective manufacturing, and excep-
tional radiation resistance. In this review the current advancements and
future challenges of SCs for aerospace applications are critically discussed.

In particular, for each type of SC, a description of the device’s architecture,

a summary of its performance, and a quantitative assessment of the radia-
tion resistance are presented. Finally, considering the high potential that
2D-materials (such as graphene, transition metal dichalcogenides, and
transition metal carbides, nitrides, and carbonitrides) have in improving both
performance and stability of SCs, a brief overview of some important results
concerning the influence of radiation on both 2D materials-based devices and
monolayer of 2D materials is also included.

1. Introduction

Since 1957, when the Soviet Union devel-
oped and placed into Earth’s orbit the
world’s first artificial satellite (Sputnik 1),
several milestones have been achieved
for space exploration. Nowadays, thou-
sands of artificial satellites are in orbit
to photograph and analyze the Sun, the
Moon, the Earth, the other planets of our
Solar System, asteroids, galaxies, and
exoplanets. According to the Union of
Concerned Scientists, currently there are
more than 6000 satellites orbiting Earth
of which 3372 are used for different pur-
poses:Y! communication systems (internet,
cell phones, radio, TV), global positioning
system (location-based services and navi-
gation), Earth observation, sensing and
monitoring (weather tracking, disaster
prediction).

One of the main critical components
of spacecrafts either in Earth orbit or for
destinations far away from our mother
star, i.e., the Sun, is the power generation
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Table 1. Advantages and disadvantages of the several PGSs used for different space missions.

Power generation system Type of mission

Pros

Cons

Short duration missions

Nonrechargeable batteries ® Inexpensive e Can only be used once
® Lightweight
e High energy density
® No risks associated to nuclear wastes/
accidents
Fuel cells Short duration missions e Low specific mass e Expensive
e Long lifetime e Not mature technology
e Lightweight e Safety issues
® No risks associated to nuclear wastes/
accidents
Photovoltaic Long duration and inner planets missions e Stand-alone power generation e Dependence on orbit features (day/night
® Renewable and sustainable energy source cycles, geometrical angle of incidence, etc.)
® No risks associated to nuclear wastes/ e Need of storage system
accidents ® Fabrication and installation of solar panels
are expensive
e Solar panel take up lots of space
Nuclear Long duration and outer planets missions e Inexpensive source of energy e Nonrenewable
e A small amount of uranium is required to ® Environmental impact
produce a lot of energy ® Potential of nuclear accidents
e |tis not affected by outside conditions ® Security threat
® Expensive safety equipment
Rechargeable batteries Long duration and inner/outer planets e High power density ® Expensive
missions e High discharge rate o Safety issues
e Good low temperature performance ® Low energy density
® No risks associated to nuclear wastes/

accidents

system (PGS). Depending on the specific mission (duration and
distance from the Sun evaluated in terms of astronomical unit-
AU, i.e., the average distance between the Sun and the Earth,
which is =149.6 million km) and the electric power demand,
several technologies can be used to obtain an efficient power
supply.?l The advantages and disadvantages of the various
PGSs are summarized in Table 1.

For very short missions (some weeks/months), electrochem-
ical power sources such as non-rechargeable batteries and fuel
cells can be employed.”! For longer missions (several years),
photovoltaic (PV) devices or nuclear power systems (NPSs) in
conjunction with rechargeable batteries are the only available
options to provide uninterrupted and stable electrical power.?
Satellites for inner planets missions (i.e., Mercury 0.4 AU,
Venus 0.7 AU, Earth 1.0 AU, and Mars 1.5 AU)P! employ solar
cells (SCs).1Z This is due to the fact that at these distances the
power density of sunlight is sufficient for the production of
electricity. Specifically, at 1 AU the irradiance of the sun on the
outer Earth’s atmosphere (with a spectral distribution indicated
as AMO) is 1367 W m~2.1*° However, the output power (1-2 W)
generated by a single SC is not enough for space vehicles
that require several kW of electric power, thus solar arrays
are used.l®’ A solar array is made up by several solar panels
(or modules), that comprise more SCs connected together (in
series and/or parallel ways). Quite differently, for satellites for
outer planets missions (i.e., Jupiter 5.2 AU, Saturn 9.6 AU,
Uranus 19.2 AU, and Neptune 30.0 AU)Pl working in low inten-
sity low temperature conditions, NPSs seem the best solution
to satisfy mission requirements.”! In fact, the solar irradiance
on Jupiter, Saturn, Uranus, and Neptune is 3.7%, 1.1%, 0.28%,
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and 0.1% of that at 1 AU, respectively.l’] However, the use of
NPSs raises several safety issues. For example, accidents
resulting from launch failures and inadvertent re-entry may
create dangerous conditions for both people and terrestrial
environment.®l For this reason, in the last decades PV research
and technology developments paved the way for the exploita-
tion of SCs also for satellites travelling into deep space beyond
Mars, by employing several strategies depending on the investi-
gated technology.>?! For instance, Stardust (sent to the comets
Wild 2 and Tempel 1, 2.7 AU),l®l Dawn (used for the explora-
tion of the largest asteroid Vesta and the dwarf planet Ceres,
3.0 AU),M Juno (currently studying Jupiter, 5.4 AU)," and
Rosetta (commissioned for analysis of the comet 67P/Chury-
umov-Gerasimenko, 5.3 AU)®I are solar-powered spacecraft
designed to operate at great distances from the Sun.

Usually, SCs are heterostructured devices made up by several
different materials piled up onto a substrate. Currently, the most
used light harvesters in PV technologies for space applications are
Si and semiconductors used for multijunction solar cells (M]JSCs)
such as Ge, III-V semiconductors like GaAs, InP, and their alloys
(InGaP, InGaAs, InGaNAs, AllnGaP, and AlinGaAs).*]

In particular, InGaP/InGaAs/Ge 3]JSCs and AlInGaP/Alln-
GaAs/InGaAs/Ge 4JSCs produced by several companies such
as, Azur Space, Spectrolab, SolAero, and CESI (with different
size, formats, and thickness) and qualified for different space
missions (according to the European and the American Space
Standards), are nowadays the standard in the aerospace field
as they offer better performances than the other PV technolo-
gies.'*l For example, commercially available AllnGaP/Alln-
GaAs/InGaAs/Ge devices (produced by Azur Space) exhibit a
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Figure 1. Evolution of the PCE of some PV technologies (data source
collected from ref. [22]).

power conversion efficiency (PCE, defined as the ratio of the
electrical power produced by the SC to the incident power on
the SC) up to 32% at the beginning of life (BOL) under 1 sun
AMO illuminations and a PCE up to 28.7% at the end of life
(EOL), i.e., after 1 MeV electron irradiation with a dose of 10%
particles cm™2, currently resulting the best performing space
SC.™ Despite their high performances, MJSCs suffer from
the shortcomings of being rigid, thick (ranging from =80 to
=200 um),"* " heavy, i.e., with a specific power of =0.4-0.8 W g™
for a InGaP/GaAs/Ge 3JSCI8YI (although the proper engi-
neering of the metal contact can lead to values up to 3.8 W g
for InGaP/GaAs/InGaAs)?"l and produced through complex
fabrication processes (making them extremely expensive).l2!
Nowadays, the research activity on innovative PV technologies
for future missions, e.g., for megaconstellation programs, is
focused not only on increasing the PCE (due to higher power
demands) but also on reducing costs. In this regard, cheaper
production processing techniques have been proposed for
single-junction devices based on Si (PCE = 26.1% for lab-scale
devices, under 1 sun AM 1.5G illumination),??l making them
appealing especially for short duration missions. For example,
the satellites of the Starlink megaconstellation (constructed
by SpaceX) are equipped with Si solar arrays.?’] Currently,
Si-based SCs with a PCE of 16.9% at BOL under 1 sun AMO

www.advenergymat.de

conditions are manufactured by AzurSpace and qualified for
space missions.™ However, Si-based SCs are nonflexible, heavy
(with a thickness >100 um and a specific power of =0.38 W g7}
and require the use of time-consuming and expensive pro-
duction procedures.'*8 With the growing demand for more
compact, lightweight, and cheaper satellites the need to find
alternative PV technologies has arisen. In particular, Cu(In,Ga)
Se, (CIGS) thin film-based SCs represent a promising solution
for next-generation space missions thanks to the high radiation
resistance,?*2 lightweight (specific power =3 W g™)1® and the
possibility to be manufactured using flexible substrates through
low-cost techniques (making them adaptable to many kind of
shape and thus allowing the simplification of the spacecrafts
design).2?l Despite their many advantages, CIGS-based SCs
are not commonly used as power source for satellites because
of their relatively low PCE (23.4% for lab-scale devices, under
1 sun AM 1.5G conditions).?? Finally, in the last decades
another class of materials, hybrid organic—inorganic perovskites
such as CH3NH;3PbI; (MAPbI;), have been used for the realiza-
tion of perovskite solar cells (PSCs) with PCE reaching values
up to 25.5% (for lab-scale devices, under 1 sun AM 1.5G con-
ditions).??l Such devices are showing encouraging results!? 28l
for their future use in space applications because of i) the produc-
tion through low cost solution-processed techniques,?*3% ii) the
realization of flexible devices with low weight (with a thickness
<5 um and a specific power of 23 W gL, the highest of all PV
technologies),’#2%) and iii) the excellent radiation hardness.l-3l
Figure 1 shows the evolution of PCE of the several PV technol-
ogies discussed in this work, while Table 2 summarizes some
technological and performance metrics of both commercially
available (MJSCs and Si-based SCs) and promising alternatives
(CIGS-based SCs and perovskite SCs) for space applications.
There are several articles and reviews dealing with different PV
technologies for space applications (for example, Si-based SCs,3+-3¢!
M]JSCs, 213738 CIGS-based SCs,?*#1 and PSCsl¥31-3342:43))
but, to the best of our knowledge, a systematic overview on
this topic that includes and compares them all has not been
provided yet. Herein, we provide a summary of both commer-
cially available PV technologies (Si-based SCs and MJSCs) and
some of the promising ones (CIGS-based SCs and PSCs) for
space missions. This review is organized as follows: first, the
physical processes underlying the operation of an SC and the
physical properties that guide the selection of semiconductor
materials for the production of PV devices are discussed. In
the second part, we describe the space environment and the

Table 2. Comparisons of several technological and performance parameters of the main PV technologies currently used (MJSCs and Si-based SCs) or
under investigation (CIGS-based SCs and PSCs) in the field space applications.

Multijunction Silicon Cu(In,Ga)Se, Perovskite
Efficiency High Medium Medium Medium
Lab-scale record 47.1% 26.1% 23.4% 25.5%
Commercially available for space Up to 32% =17% Not available Not available
Radiation hardness High High Excellent High
Specific power Low — Medium Low Medium High

0.4-3.8W g™ 0.38W g 3wg! 23W g™
Flexibility Low Low High High
Fabrication cost High High Low Low
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Table 3. Comparison of the energy bandgap (E,), Urbach energy (E,), electron (1) and hole (1) mobilities, and diffusion length (Lp) of semiconduc-

tors typically used in PV devices.

Material EyleV] Ey [meV] He [cm2 V7157 Uy [em? VT s Lp [um] Refs.
cSi 112 1 1450 500 100 [51-53]
GaAs 1.42 7.5 400 100-900 [51,53,54]
CIGS 1-1.7 16 25 0.3-0.52 [55-57]
CdTe 1.57 10 100 0.4-1.6 [51,58,59]
Ge 0.66 - 3900 1800 - [51]
InGaP 1.34-2.26 9 400-2000 35 2 [60-63]
MAPbI; 1.6 15 0.9 0.3-1 [49,53,64]

specific requirements that an SC must meet to withstand the
rigid and harsh conditions in which it operates. In the third
part, we summarize the performance of each type of space
SC and the effects that the hostile space environment (consid-
ering, for example, high energy particle radiations and thermal
fluctuations) has on the properties of different PV technologies.
Finally, a perspective about the development of PV devices for
future space missions is presented.

2. Materials and Physical Properties for
Photovoltaic

In SCs, semiconductors are used to absorb sunlight and pho-
togenerated electron-hole pairs. Such charge carriers are then
transported through the device and finally collected at the elec-
trodes. Thus, the working principle of SCs can be divided into
three main steps: i) light absorption and generation of charge
carriers, ii) separation and transport of charge carriers, and iii)
collection of charge carriers. The optimization of these three
aspects is fundamental to improve device performances.

In particular, efficient sunlight absorption requires the use of
semiconductors with an energy bandgap (E,) lying in the vis—
IR range, since the emission spectrum of the sun is centered
in this region.¥ Photons with energy equal or higher than
E, can be absorbed, thus an optimal light harvester should be
characterized by a small E, (Table 3). However, small E, light
harvesters usually lose a huge amount of solar energy because
of thermalization (i.e., energy transfer between charge carriers)
and cooling (consisting in the emission of phonons) of hot-car-
riers,** 5o a trade-off exists in the choice of E,, underlying the
need for its proper engineering. Quantitatively, the absorption
of radiation is described by means of the absorption coefficient
(o) that should be panchromatic (to absorb the majority of the
sunlight) and high (so that thin samples can be used to harvest
the whole solar spectrum, reducing the cost of the resulting SC).
Figure 2 shows the comparisons between « values for a variety
of semiconductors used for PV applications.

Noteworthy, for each material o does not show a steep
increase at the corresponding E, value, i.e., sub-bandgap absorp-
tion occurs. This is due to the inevitable presence of defects,
in the crystal structure of semiconductors, which adds avail-
able energy states within the bandgap. As a result, o shows an
exponential trend for energies lower than E, ie., a(E)o<e"/™,
where Ey is the Urbach energy.*® Thus, Fy can be used to
quantitatively compare the insurgence of such defect states:
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for example, in the case of Si, GaAs, and MAPbDI; the Ey is 11,
7.5, and 15 meV (Table 3).% The latter is an interesting result,
since both Si and GaAs are produced as single crystalline mate-
rials,% while perovskites can be easily processed by solution-
based techniques (that are more prone toward the formation of
a microcrystalline structure).2%3%

Once electron-hole pairs are photogenerated, they can form
a neutral bound state (called exciton) that reduces the number
of available free carriers and increases the probability of recom-
bination events (the recombination of charge carriers before
their separation is termed geminate recombination). The
binding energy (Eg) of excitons ranges between tens (Wannier—
Mott excitons) to thousands (Frenkel excitons) of meV.[®! In the
former case, Ey can be calculated by considering the exciton as
an hydrogenic system obtaining: Ej e -m,&;>, where m, is
the reduced mass of the electron-hole pair and ¢, is the rela-
tive dielectric function of the material.[%¢l It is then clear that
the electronic and dielectric properties of the light harvester are
fundamental to generate free charge-carriers.

Afterward, the free electrons and holes must be further sepa-
rated and transported toward the interfaces with the electrodes.
Separation strategies exploit both drift (due to the presence of
an electric field, usually arising because of junctions formed
between the light harvester and charge transporting layers)
and diffusion (caused by a gradient of carrier concentration)
processes.[*%7%8] Efficient transport stems from i) the ability of
electrons/holes to travel quickly within all the layers making
up the SC (which is quantitatively expressed by the mobility u)
and ii) the low recombination rates of charge carriers. In inor-
ganic materials such as Si and GaAs, three main recombination
mechanisms occur: i) nonradiative (due to trap states arising
from imperfections of the crystal structure), ii) radiative (associ-
ated to the recombination of one electron with a hole), and iii)
Auger (a multiparticle process involving also the emission of
phonons).*666% The diffusion length (Lp), which represents the
average length that charge carriers can travel through a mate-
rial, can be estimated by extracting the recombination rates of
these processes. Consequently, a light harvest should possess
an Lp higher or equal to its thickness, to ensure that electrons/
holes are efficiently collected at the interfaces. Table 3 lists the
values of y., t,, and Ly for several PV materials.

The performances of SCs are evaluated in terms of several
parameters (determined from the current-density—voltage
(J-V) characteristics under illumination) including the short-
circuit current density (Jsc), the open-circuit voltage (Voc),
the fill factor (FF), and the PCE.M The Jq¢ is the current that

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 2. Dependence of orto excitation wavelenght for several semiconduc-
tors used in the PV industry. (data source for MAPbI3, Si, GaAs and Ge col-
lected from ref. [46] while for CIGS and InP collected from ref. [47)).

flows through the SC when V =0, i.e., when the SC is short
circuited. The V¢ is the maximum value of V available from
an SC when J = 0, i.e., when the SC is in open circuit condi-
tion.! The FF is the ratio of the maximum power generated
by the SC to the product of Jsc and V.l Table 4 summarizes
the best reported values of these parameters for the discussed
PV technologies. The incident power is that of a reference spec-
trum, for example in terrestrial applications the global air mass
1.5 (AM 1.5G) standard is typically used (i.e., the sunlight spectral
distribution taking into account the absorption deriving from
the atmosphere’s constituents, corresponding to 1000 W m™2
for 1 sun illumination),” while the AMO (i.e., the sunlight
spectral distribution outside the atmosphere, characterized by
an intensity of 1367 W m~ at 1 sun conditions).l’! Usually PCEs
of SCs working under AMO conditions are lower with respect to
the AM 1.5G case, since the absence of the atmosphere results
in increased contribution in the UV and IR region of the solar
spectrum that are scarcely photo-converted./!

It is worth emphasizing that the maximum theoretical PCEs
are limited by restrictions due to the processes involved during
solar-energy conversion. Indeed, for an SC using a single light-
harvester with a bandgap of 1.34 eV, at a temperature of 300 K
and under 1 sun AM 1.5G illumination, detailed balance limit
predicts a maximum PCE of 33% (Shockley—Quiesser limit).""!
Such limit increases to 66% for a SC made up by an ideal infi-
nite sequence of light harvesters (this idea led to the realization
of the so-called MJSCs, which are discussed in more details in
the following paragraphs). For the case of AMO illumination, the
maximum (PCE = 30.1%) occurs for a bandgap of 1.26 eV.

In general, PV technologies fall into three broad catego-
ries: wafer-based cells (traditional crystalline Si and III-V
semiconductors); commercial thin-film cells (amorphous
Si, CdTe, and CIGS); and emerging thin-film technologies
(perovskite, organic, and quantum dot solar cells). To classify
those PV technologies a well-established framework based
on the complexity of the light absorbing material, has been
proposed.”? This complexity concept is related to the number
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of atoms in the molecule or crystal unit forming the building
block of the material. The classification ranges from wafer-
based technologies (such as crystalline Si or GaAs) to commer-
cially available devices (as amorphous Si, CdTe, and CIGS) and
emerging thin film SCs (as those based on perovskite, organic
and quantum dots). Some correlations between complexity and
performance have been experimentally demonstrated, i.e., the
cost and PCE decreases or increases, respectively, as the mate-
rial complexity increases.l?!

Currently, crystalline Si-based SCs are the most commercially
widespread. However, Si has the disadvantage of being an indi-
rect-bandgap material, thus high thicknesses (>100 um, which
are comparable or even higher than its Lp, Table 3) are required
to optimize light-harvesting. Lab-scale Si-based SCs hold a
record of PCE = 26.1%, while modules show PCE = 24.4%.[2273]
On the contrary, III-V semiconductors have direct bandgaps
and high ¢, so theoretically 1-2 pm thick GaAs-based SCs can
reach PCE = 30%.°% Indeed, the current record for the highest
PCE of single-junction lab-scale SCs is that of GaAs with 278%
for single crystal and 29.1% for thin-film.??2l However, the use
of this technology is mainly hindered by the expensive costs of
both raw materials and fabrication processes and issues related
to the disposal of As.’/] A very attractive class of materials is
that of CIGS since the bandgap can be tuned by proper engi-
neering of the chemical composition, it can be deposited on
flexible substrates, low thicknesses are required to harvest light
and low temperature techniques are used for the fabrication of
CIGS-based SCs.’% According to the Shockley—Quiesser limit,
high theoretical PCEs are expected for devices using these mate-
rials, but still lower values than Si-based SCs have been reported
both on lab-scale (23.4%) and modules (19.2%).2273] Among
the emerging technologies, perovskites gained huge attention
because of their tunable bandgap (by engineering the chemical
composition), high and panchromatic ¢ allowing thin samples
(=500 nm) to absorb the whole solar spectrum, low cost and fab-
rication from liquid solutions.**’+7¢l As a result, currently lab-
scale perovskite-based SCs show PCE = 25.5%.22l However, such
devices still suffer from stability issues mainly related to mois-
ture and oxygen contamination, that hinder their widespread as
a single-junction PV technology.’”! With the aim to overcome the
Shockley—Quiesser limit, several strategies have been proposed,
such as the use of lenses and mirrors to increase the intensity
of the input solar radiation (concentrated PV systems)”® and
MJSCs. The latter kind of device consists of several individual
light harvesters (called also subcells) with increasing bandgaps
stacked on top of each other and connected in series.”” This
structure favors a more efficient absorption of the solar spec-
trum, indeed MJSCs hold the record for the highest PCEs in
both lab-scale and modules cases (47.1% and 40.6%, respectively,
both values referring to concentrated 4-]SCs).[?>73

However, crystalline Si remains the technology to beat, since
the emerging PV technologies show complex manufacturing
processes and are more expensive. In general, much work
has to be done to identify the most appropriate technology to
manufacturing low cost, robust, flexible, and lightweight solar
modules. Some new applications can be investigated for the
novel thin film PV materials, such as absorbing ultraviolet and/
or infrared light, being transparent for the visible light.

A strong research effort is expected to develop new con-
cepts on solar cells based on carbon nanotubes, hot carrier,
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Table 4. Confirmed SCs parameters measured under the global AM 1.5G spectrum (1000W m~2) at 25 °C.

PV technology PCE [%] Voc [V] Jsc [mA cm™? FF [%] Refs.
Si (single crystal) 26.1 0.73 42.62 84.3 [80]
Si (heterostructures) 26.7 0.74 42.5 84.7 [81]
aGs 234 0.73 39.58 80.4 82]
CIGS (flexible) 20.82 073 36.74 77.2 83]
Perovskite 25.5 1.19 25.74 83.2 [84]
Perovskite (flexible) 21.10 113 23.79 78.9 [85]
InGaP/GaAs/InGaAs 37.9 3.06 14.27 86.7 [86]

intermediate bandgap, quantum well and quantum dot, perov-
skite solar cells, perovskite/Si, and perovskite/CIGS tandems.

Attention should be paid also on solar arrays, which are
demanded to cover all customers’ requirements. This means
the need of an additional effort on the development of the solar
array technology and, in particular, of the panel substrate tech-
nology (rigid, flexible), deployment mechanisms, PV assembly
technology, new in-line testing methods and electrical measure-
ment techniques.®’!

3. Space Environment and Requirements
for Space Solar Cells

3.1. Space Environment Features

Understanding the space environment and its effects on space
vehicles is of paramount importance for the successful design
and operation of SCs for different space missions. According to
the NASA Marshall Space Flight Center, the space environment
can be described through seven components.®¥ The first one
is plasma (or solar wind), i.e., the stream of charged particles
flowing out of the solar corona,®®8% representing a serious
threat to the long lasting function of spacecrafts because it can
induce surface charging, electrostatic discharge, power loss, and
short circuit in electronic and PV components.[**-? Such effects
can be mitigated through shielding strategies and active control
of potential.®>*4 Moreover, when the solar wind approaches
Earth, interactions with the geomagnetic field occur (second
component of the space environment) which typically trap the
incoming charged particles in two regions, called Van Allen
radiation belts. Specifically, the inner (extending from an alti-
tude of 3200 to 16 000 km) and the outer (ranging from 13 000 to
38 000 km) belts trap high-energy protons and electrons, respec-
tively.89919] It is then clear that spacecrafts orbiting at these
altitudes must withstand such conditions, i.e., the effects due
to radiation (the third factor characterizing space). In general,
directly ionizing radiations (protons and electrons) can damage
spacecraft’s components through ionization and formation of
defects.’®% Similarly, hazards related to indirectly ionizing
radiations (neutrons and yrays) are also problematic for the
stability of spacecrafts since these can release charged particles
within materials or atom displacement (due to scattering or
recoiling of nuclei).” Consequently, it is fundamental to know
the average fluxes and energies of all radiation sources afore-
mentioned. For example, a flux of 103 to 10® particles cm™2 s
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has been established for electrons and protons at different
altitudes around Earth’s atmosphere.®198%] Ag concerns
indirectly ionizing radiations (yrays and neutrons), it was esti-
mated that a space SC can accumulate a dose of: i) =10 000 Gy
of yradiation (in 20 years, at low and medium Earth orbit)1%%
and ii) 2.8 x 10! particles cm™ (in one year) of neutrons (with
energy varying from 107! to 10!! eV) at the International Space
Station (ISS) orbit." Therefore, on-ground experiments are
usually conducted through accelerated tests, i.e., by accumu-
lating such high radiation doses, with the aim to simulate long-
lasting use of devices in the space environment. The fourth
factor responsible of space-induced degradation is represented
by thermal fluctuations (usually ranging between at least
—180 and 150 °C around Earth orbit).'*? Thermal cycles are very
dangerous for spacecraft materials and devices since they can
cause thermal stresses and eventually cracking of some com-
ponents or delamination of several layers in heterostructured
SCs.’192 So thermal control systems are fundamental to main-
tain the space vehicle at an appropriate temperature range.21%3]
All the factors discussed up to this point are deeply influenced
by the solar activity (fifth component), i.e., phenomena occur-
ring on the sun’s surface, because it varies the energy and den-
sity distribution of the emitted plasma.®¥*!l The sixth factor
described by the NASA Marshall Space Flight Centre is the neu-
tral atmosphere that influences the lifetime of spacecrafts com-
ponents mainly because of the presence of atomic oxygen and
high vacuum conditions.””! While the former is responsible of
several physical and chemical reactions like chemical bonds
breaking, surface oxidation, and erosion of materials,'* which
can be mitigated through the use of anticorrosive materials and
coatings;[1%>1%] yacuum induces several detrimental phenomena
such as materials outgassing, adhesion and cold welding, mate-
rials evaporation, sublimation, and decomposition.”"%2 Hence,
pressure control systems and sealing strategies are needed.
Finally, the seventh factor accounts for the presence of mete-
oroids and space debris,® a threat to spacecrafts because of
the catastrophic consequences of possible collisions (struc-
tural damage of materials, surface erosion, and surface effects
causing variations in material properties).’”"?2 Thus, several
methods have been adopted aiming to protect spacecrafts and
to control/reduce the amount of debris (for example, metallic
shielding, recovery, deorbiting, and laser removal).*>107198 Of
the seven factors aforementioned, the most dangerous for the
stability and lifetime of materials for SCs is due to radiation
effects, since the remaining ones can be addressed by adopting
shielding strategies or by optimal spacecrafts designing.
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3.2. Other Requirements for Space Solar Cells and Arrays

Besides the effects of the harsh space environment, several
other technological and economic aspects must be considered
for the development of space SCs and solar arrays. Firstly, since
the area available for mounting SCs on board of a spacecraft
is limited, it needs to have a high PCE to reduce the size of
the solar arrays. To date, the best performing commercially
available SCs for space applications are offered by MJSCs, with
PCEs ranging between 29% and 32% at BOL, AMO conditions,
and 1 AU.*I Moreover, a power output of the order of 20 kW
(generally using rigid panel arrays) is the standard required on
many satellites.’] For higher power demands, flexible blanket
array technology is more attractive because it allows to realize
solar arrays (where rigid substrates are substituted by mesh
or polyimide sheets) that are stowed in a small volume during
launch and unfolded/unrolled once the satellite is in orbit.’! It
should be noted that this terminology does not refer to the flex-
ibility of the SCs (which comprise unbendable materials such
as Si and III-V semiconductors) but to the overall array, which
comprises several interconnected panels that can thus be bent
along the formed hinges.['"”] Flexible blanket arrays include, for
example, International Space Station arrays (manufactured by
Lockheed-Martin), the Ultraflex (manufactured by Northrup
Grumman Innovation System) that was used on the Mars
Phoenix Lander and the Mars InSight Lander and Roll Out
Solar Array (manufactured by Deployable Space Systems).’l In
particular, the ISS solar arrays comprise 262.400 Si-based SCs
welded and glued to eight thin, flexible blankets, generating
up to 160 kW.MOM However, since both MJSCs and Si-based
SCs are rigid and expensive, the use of alternative low-cost
and truly flexible materials for SCs (such as CIGS-based SCs
and PSCs) is extremely interesting for space missions. Flexible
SCs have also the advantage of higher specific power (i.e., the
ratio of generated power per kg of mass, measured in W kg™)
with respect to rigid SCs as will be discussed in more detail
in the following sections. This is beneficial from an economic
point of view because it allows to reduce the quantity of mate-
rial sent in orbit and thus to minimize the expensive launching
costs (ranging between =30 000 and =1500 $ kg™!).[">!13] Finally,
flexible PV materials would allow the development of truly rol-
lable and lightweight solar arrays. Currently, flexible blanket
solar arrays have a specific power of =150 W kg! and an areal
power density of =338 W m™2 which is higher than that of rigid
panels (=80 W kg™! and =330 W m™2, respectively). According
to a NASA report from December 2017, in the near future (by
2030), research and technology development will allow to pro-
duce MJSCs with a PCE of =38% and to realize flexible solar
arrays with power output >100 kW and specific power up
to 250 W kg LPl These ambitious goals seem reasonable, as
M]JSCs currently show PCEs up to 32%!/"*" and in recent times
(June 2021), the solar power of the ISS has received an impor-
tant upgrade thanks to the newly installed roll-out photovoltaic
arrays (leading to an overall increase of the station power of
55 kw).[

These significant improvements in the performances of
SCs and solar array will ensure to meet the objectives of the
bolder and more sophisticated future space missions.?! Finally,
since replacement or repair of devices are impossible once the
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satellite is in flight, it is imperative that SCs have high relia-
bility to withstand mechanical stresses during launching phase.

Main parameters in terms of power, to be addressed in
future exploration missions, with new platforms and constella-
tion programs, are power per unit area P/A (W m2), power per
unit volume when stowed P/V (kW m~) and power to weight
P/M (W kg™) ratio. Effective requirements for solar generators
would be around P/V = 60 kW m=3, P/M = 200 W kg, and
a power generation capacity of around 150 kW. This could be
achieved using new configurations of innovative solar cell
arrays and technologies, because the key power values exceed
those currently at the state of the art for large telecom satellites,
and, also for next developments of flexible solar array.

Also, it should be noted that in addition to the solar cell
which is a very important component to design, new concepts
of solar arrays, cover-glasses, assembly technologies, and meas-
urement techniques have to be developed.

4. Solar Cells Used in Space

4.1. Solar Cells in Space Missions

The first solar-powered satellite, Vanguard 1 was launched into
space by the United States, on 17 March 1958.5 In this case, the
energy was supplied by single-crystal Si-based SCs (providing a
total power of about 1 Watt with PCE = 10% at 28 °C). Remark-
ably, Vanguard 1 remained operative for 6 years outperforming
the battery powered systems that operated for only 20 days.!"
For over two decades, Si-based SCs were used to supply the
power for space vehicles, with an increase of the devices’ PCE
from <10% to >15%.5! However, at the end of 1970s, GaAs-based
SCs replaced Si because of their higher performances and radia-
tion resistance.l’! The first satellite powered by GaAs-based SCs
was the Navigation Technology Satellite 2 (NTS-2), placed into
orbit in 1977/ During the 1990s, further advances in PV tech-
nologies led to the fabrication of MJSCs, which use two or more
light-harvesters to optimize the absorption of sunlight. These
devices are usually made up by III-V alloy semiconductors,
offering increased efficiencies and higher radiation resistance
compared to Si-based SCs.’l Hughes HS 601HP, launched in
1997, represented the first example of a spacecraft using double-
junction SCs.'!l Starting from 2000s, despite the expensive
fabrication costs due to the scarcity of materials and the com-
plex production processes, 3]SCs became the standard for space
applications, for two main reasons. First of all, commercially
available 3JSCs reach PCE =30% at the beginning of life (BOL)
(the highest of all photovoltaic technologies). The second reason
is the high resistance to radiations, with commercial devices
showing at the EOL a PCE of =27% after irradiation with 1 MeV
electrons with fluxes of 10" particles cm=2. [1+-V]

In particular, in mid 2010s a great effort was made to develop
the GaInP/GalnAs/Ge MJSCs. Best performance was achieved
by the AZUR SPACE Solar Power GmbH with an efficiency
of 26.5% at EOL,®”l which was really the practical limit of that
technology. For this reason, in the last ten years, an impor-
tant research activity has been carried out to develop a new
and more efficient technology, as discussed in the following
sections.
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4.1.1. Configurations and Operational Principle of Space MJSCs

Although rigid and heavy (with a specific power of
0.4-0.8 W g), 1819 MJSCs based on I1I-V semiconductors dom-
inate PV technologies for space applications because of their
high performances (PCE = =32% industrially available)*1¢l
and radiation resistance (with PCE retention ranging between
~90% and =87% with respect to electron or proton irradiation,
as thoroughly discussed later in this section).% Generally, an
MJSC consists of several subcells (with increasing bandgaps)
grown through epitaxial methods on one substrate and stacked
on top of each leading to a standard structure with two terminal
contacts (Figure 3a,b). The subcells are connected in series
through the introduction of tunnel junctions in order to avoid
the formation of inverse p—n junctions which would block the
current flow.l?!

However, the realization of these devices can be challenging
for several reasons including the need for high-quality crys-
talline materialsi®® and the issues related to the monolithic
deposition of several light-harvesters on top of each other
(Figure 3a,b).1"”)

Currently, the state of the art of these devices for space
applications is the 3JSC  GagsolngsoP/Gaggolng g As/Ge
(Figure 3a) grown on Ge substrate. Although in this device
all materials are almost perfectly lattice-matched (LM),
the bandgap combination of the absorbers is not optimal. In
fact, the Ge bottom cell generates about 50% more current
than the other two light-harvesters and, since the current of
an MJSC is limited by the active layer producing the min-
imum photocurrent (as dictated by Kirchhoff’'s current law),
the excess current is wasted as heat.!® The current-mismatch
issue experienced by 3JSC is avoided in 4JSC. Indeed, the use
of a further absorber layer, between InGaAs and Ge, success-
fully reduces the light reaching Ge and consequently its photo-
current. In particular, theoretical calculations have shown that,
for the added light harvester, an E, = 1 eV is required.!"”1"”]
The only materials that can meet this condition, while being
LM to both InGaAs and Ge, are the dilute nitride compounds
(In,Ga;_,N,As,_,) (Figure 3b). Indeed, the bandgap and the lat-
tice constant of these compounds can be tuned to the desired
values by adapting the In and N contents.'?! In particular,
optimal matching (for both lattice and current issues) for
the In,Ga;_N,As;_, compound is obtained when y = 0.3x.[12
However, the addition of a InGaNAs layer in a lattice-matched
configuration is challenging because of the techniques used
for its growth, i.e., metal organic vapor phase epitaxy (MOVPE)
or molecular beam epitaxy (MBE).I'?Zl In the former case, the
high impurity density of hydrogen and carbon (coming from
the metal organic precursor) leads to a drastic reduction of
the optoelectronic properties of the resulting film (usually
exhibiting a carrier diffusion length of =10-20 nm) and con-
sequently of the device performances.'?>'23 In the case of
MBE, the incorporation of N atoms (using plasma sources)!?4
causes the formation of electronic defects that act as nonradia-
tive recombination centers.'?l Thus, with both MOVPE and
MBE techniques, the growth of InGaNAs usually results in a
low quality layer (due to the formation of clusters and inter-
stitial defects),[?’! so 4JSCs do not reach the theoretical PCE =
41921 but still lies at PCE = 30%.5]
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For these reasons, new fabrication options were developed
to use lattice-mismatched materials: the mechanical stacking
method, the metamorphic growth and the wafer bonding.['28l
The former is not commonly used for large-scale MJSCs pro-
duction because each subcell has to be grown on a different
substrate, which must be afterward removed, making the
entire fabrication process more complicated (in particular, each
subcell requires its own electrical contact, thus a 3JSC would
require six contacts) and expensive (Figure 3c).?!l The second
method overcomes the constraint of using lattice-matched
semiconductors through the deposition of a transparent buffer
layer (TBL) between the subcells."”] These TBLs are character-
ized by a lattice constant that varies gradually from the value of
the bottom semiconductor to that of the semiconductor sequen-
tially deposited on top, thus the propagation of defects and
dislocations during the growth of the MJSCs is mitigated.['’]
According to the growth direction (from narrow- to wide-E,
subcells or vice versa), this metamorphic growth method can be
classified into upright and inverted metamorphic (UMM-IMM)
(Figure 3d,e).'") The IMM cell architecture has two advantages
compared to the UMM cell. First, the two uppermost subcells
(those with larger Eg) are grown on a lattice-matched substrate
followed by the metamorphic growth of the remaining two sub-
cells (Figure 3e). In this way, the propagation of defects from
the lattice mismatched layers into the top junctions is controlled
(dislocation density <10~* cm™2 with respect to the typical value
>107% cm™ in the UMM structure).*% Thanks to the superior
quality of the larger E, subcells, the IMM MJSCs show better
performances with respect to UMM MJSCs. Moreover, since in
IMM the lower E, subcells are the last ones to be deposited,
the choice of the materials for these junctions is more flex-
ible (i.e., it is not restricted only to Ge).[""”13 Finally, the wafer
bonding process basically allows the merging of SCs grown on
different wafer substrates. This growth method can be divided
into two technological types: direct bonding and interme-
diate-layer bonding (Figure 3f).[3'332 In the former method,
two semiconductor wafers (of almost any material) adhere to
each other through atomic bonds due to van der Waals forces
(without the use of gluing layers or external forces).32"34 The
direct bonding technique requires three strict conditions to be
met: good mechanical strength, high optical transmittance, and
low resistivity at the bonding interface.l®?l Moreover, to avoid
the formation of pinholes at the interface of the two wafers,
surface energy, roughness, and morphology must be properly
engineered.3213] In the intermediate-layer case, the surfaces
of two wafers are joined through the introduction of an inter-
mediate layer (an adhesive, polymer, solder or metal) with
high ductility and good adhesion with the aim to improve the
quality of the bonding interface.l131132 Despite both metamor-
phic growth and wafer bonding favor the realization of MJSCs
with high PCEs, the manufacturing processes are complex and
expensive.[1?’]

4.1.2. Radiation Resistance of Space MJSCs
Here, we report some significant results among the many

that have been achieved on the radiation resistance of
MJSCs.37:38136-138] I particular, Sharp et al.l’”! performed a
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Figure 3. Schematic representation of the fabrication processes of M)SCs. a) Lattice matched 3JCS and partitions of the AMO spectrum utilization by
a 3JSC. b) Lattice matched 4)CS and partitions of the AMO spectrum utilization by a 4)SC. c) Schematization of a 4)SC realized by mechanical stacking
method. d) Upright metamorphic 4)SC and representation of the lattice constant variations along the growth direction. e) Inverted metamorphic 4)SC
and representation of the lattice constant variations along the growth direction. f) Schematization of the direct and intermediate layer wafer bonding
process. (a,b) Adapted with permission.’l Copyright 2017, NASA. (d) Adapted with permission.['6l Copyright 2014, AIP Publishing LLC. (e) Adapted
with permission.['?l Copyright 2010, IEEE.

study concerning the degradation of the PV parameters (short
circuit current Isc, Voc, and maximum power Py,x) of a lattice
matched GalnP/GaAs/Ge 3]JSC under irradiation by protons
(with energies and fluences ranging, respectively, from 50 keV
to 10 MeV and from = 10° to = 10'3 particles cm~2) and electrons

Adv. Energy Mater. 2022, 12, 2200125
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(with energies of 1, 2, and 12 MeV and at fluences between =10
and =10 particles cm™2). As shown in Figure 4a-f, at fixed
energy values for both ionizing radiations, the performance
of the SC decreases with increasing fluences. As concerns
the bombardment with electrons, the deterioration of the SC
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Figure 4. a—f) Degradation of Vg, Isc, and Py, of an LM GalnP/GaAs/Ge as a function of proton and electron fluence for various particles energies.

Reproduced with permission.”] Copyright 2020, Wiley.

performance is higher when the electron energy increases
while, on the contrary, for proton irradiation the largest damage
is produced by low energy particles (50-200 keV). In particular,
a P, retention of 13% and 21% is observed for 1 MeV electrons
at fluence of 1 x 10" particles cm™ and for 10 MeV protons at
4.35 X 10' particles cm™2, respectively.

Recently, Aierken and co-workers®® studied and compared
the degradation of the photovoltaic and optical properties of
both GagslngsP/Gagg7Ing o3As/Ge LM 3JSC and GagslngsP/
GaAs/GagyIngsAs IMM 3JSC under 1 MeV electron and
10 MeV proton irradiation (with fluences ranging from =10 to
=10" particles cm™). It is worth highlighting that this work
compares the radiation resistance and performances of LM
and IMM architectures, with particular emphasis on the cur-
rent matching condition which is pivotal for the realization of
efficient MJSCs. Both SC structures suffer from losses in V,.
and I (and consequently in P,.,) as the electron and proton
fluences increase (as shown in Figure 5a—c). Specifically, P,.,
for IMM and LM 3JSC decreases, from its initial value, to
86.3% and 85.0% for electron irradiation and 73.7% and 75.1%
for proton irradiation (this trend can also be observed from the
J-V curves reported in Figure 5d,g). Moreover, the degradation
of all the PV parameters is greater under proton irradiation
than under electron irradiation. This effect can be explained as
a consequence of the bigger density of displacement damage
(defects within the semiconductor of each subcell that act as
nonradiative recombination centers and traps for the electron—
hole pairs) induced by proton irradiation compared to electron
irradiation. As a result, a higher reduction of the minority
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carrier Lp and thus of the PV parameters can be observed after
proton bombardment.[38l

Significantly, since in MJSCs current matching is a key
factor determining the performance of the entire device, it is
important that SCs keep this condition until EOL. For this
reason, with the aim to estimate the current output of each
subcell, the same authors studied the external quantum
efficiency (EQE) of all subcells before and after particles
irradiation. The EQE spectra for the nonirradiated IMM
and LM 3JSCs and after irradiation with 1 MeV electron at a
fluence of 1.0 x 10" particles cm™2 and 10 MeV proton at a flu-
ence of 4.35 x 102 particles cm~2, are shown in Figure 5e—f,h,i.
From these figures it can be observed that proton irradiation
causes more damage in both cell structures compared to elec-
tron irradiation.

Interestingly, IMM and LM show a very small variation in
the EQE of the GalnP top subcell. Furthermore, the IMM struc-
ture suffers from performance losses in the GaAs middle and
GalnAs bottom subcells, while the LM structure reveals degra-
dation of the GalnAs middle subcell, and the Ge bottom subcell
changes abnormally.®® The authors attributed such behavior to
both shunt resistances and luminescence coupling, as already
reported by other papers.13%1%0 Table 5 reports the value of J
derived from EQE spectra for each subcell before and after elec-
tron and proton irradiation, excluding the Ge absorber. Indeed,
since Ge produces the highest J,. among the three subcells
before and after irradiation, the same authors do not consider
its contribution to the overall performance of LM. From Table 5,
it can be seen that for IMM the limiting current is that of
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Figure 5. a—c) Degradation of Isc, Voc, and P, of IMM GalnP/GaAs/GalnAs and LM GalnP/GalnAs/Ge solar cells irradiated by 1 MeV electron and
10 MeV proton versus fluences. d) J-V curve of an LM GalnP/GalnAs/Ge solar cell before and after irradiation with T MeV electron with a fluence of
1.0 X 10" particles cm=2 and 10 MeV proton with a fluence of 4.35 x 10'2 particles cm™. e,f) EQE spectra of an LM GalnP/GalnAs/Ge solar cell before

and after irradiation with 1 MeV electron with a fluence of 1.0 x 10'® particles cm= and 10 MeV proton with a fluence of 4.35 x 10" particles cm

-2

g) J-V curve of an IMM GalnP/GaAs/GalnAs solar cell before and after irradiation with 1 MeV electron with a fluence of 1.0 x 10'° particles cm= and
10 MeV proton with a fluence of 4.35 x 10" particles cm™2. h,i) EQE spectra of an IMM GalnP/GaAs/GalnAs solar cell before and after irradiation with
1 MeV electron with a fluence of 1.0 x 10" particles cm™2 and 10 MeV proton with a fluence of 4.35 x 10'? particles cm™2. Reproduced with permission.[8l

Copyright 2021, Elsevier.

GalnP, before irradiation, and of GalnAs, after bombardment.
In the LM case, the lowest current is that of the GalnAs subcell.
Consequently, these results show that the IMM has a better
current matching condition at the EOL compared to LM and
thus the IMM configuration is a promising candidate for space
application.

The high performance and good radiation tolerance of
MJSCs make them a promising technology in the space market.
However, with the current space exploration possibilities (also
opened up by the privatization of the space industry) cheaper
PV technologies are required. For this reason, Si-based SCs
still remain the main choice for low power (=0.38 W g™!)[1%l and
short duration missions, because of their good performances
and lower production costs.*l

Adv. Energy Mater. 2022, 12, 2200125 2200125 (11 of 24)

4.1.3. Si-Based Solar Cells

The conventional structure of a Si-based SC consists of a p-n
junction, metal contacts on both front and back sides and a
front side antireflection coating (ARC) as shown in Figure 6a.*!
Through the years, the structure of Si-based SCs was modified
with the aim to boost the performance. For example, to reduce the
recombination loss of the minority carriers at the interface with
the back metal contact, a highly doped region, called back sur-
face field (BSF) is introduced (Figure 6b).* Another important
improvement was the addition of a metallic thin layer (usually Al,
Au, Ag, and Cu) on the back surface to reduce the transmittance
losses, known as the back surface reflector (BSR)2 (Figure 6c¢)
was introduced.? Further achievements were obtained by using

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Table 5. Values of J,. (extracted from EQE measurements) of GagsingsP, GaAs, Gag;Ing3As, and Gag g71ng o3As subcells of the IMM and LM solar cells
irradiated with 1 MeV electron with a fluence of 1.0 x 10'° particles cm™ and 10 MeV proton with a fluence of 4.35 x 10" particles cm™2. Reproduced

with permission.® Copyright 2021, Elsevier.

IMM 3JSC

Energy of particles Fluence [particles cm™

Jsc [mA cm?]

GagslngsP GaAs Gag7lng3As
1 MeV 0 16.34 16.81 16.70
electron 1.0x 10" 15.92 16.08 15.89
10 MeV 0 17.01 17.03 17.53
proton 4.35x 10" 16.54 15.86 15.15
LM 3JSC
Energy of particles Fluence [particles cm™?| Jse [ImAcm™?

GagslngsP Gagg7lng 03As Ge
1 MeV 0 17.92 17.87 -
electron 1.0x 10" 17.64 16.97 -
10 MeV 0 18.11 17.72 -
proton 4.35x 10" 17.73 16.29 -

a combination of the BSF and the BSR technologies, resulting in
the so-called back surface field and reflector (BSFR) (Figure 6d).['*?!
To date, the highest PCE for Si-based SC for space applications
comes from passivated emitter and rear locally-diffused (PERL)
configuration (PCE > 20.8 under AMO conditions).!*!) The PERL
SC consists of i) an inverted pyramid light trapping structure, to
minimize surface reflection and improve the amount of sunlight
absorbed by the SC, ii) a double-layer ARC, iii) a localized BSF
region, and iv) a BSR (Figure Ge).*!

High-performance devices do not necessarily exhibit a high
stability. This implies that a careful analysis of the radiation
resistance of the aforementioned architecture is essential to
identify the best performing and long lasting Si-based SC. In
1994 the Engineering Test Satellite-VI experienced a failure of
its engine thus it was placed on an elliptical orbit instead of a
geostationary orbit.'*¥] As a result, the satellite orbited through

a Van Allen belt accumulating high radiation doses that caused
the failure of its Si-based SCs.

With the aim to evaluate the life-time of Si-based SCs under
extremely hostile radiation environment electron and proton
induced degradation were investigated by Yamaguchi et al.l’>3¢ In
particular, BSF Si-based SCs were irradiated with electrons with
1MeV energy and a fluence ranging from 10*to 107 particles cm™.
The remaining factors (i.e., the ratio between the value of the SC
parameters measured after and before particles irradiation) asso-
ciated to Isc, Vo, and Pp,, are displayed in Figure 7a.

The results show a gradual reduction of all the aforementioned
parameters for fluences < =2 x 10'° particles cm™2; for fluences
ranging between =2 x 10'® and =5 x 10'® particles cm both Ig¢
and V¢ reveal an anomalous behavior (the former increases
while the latter decreases); finally for higher fluences the devices
completely fail. Same trend was observed by the authors, also

a) b)

Contact ARC Contact

BSF

Contact

Contact

Contact

d) e)

«— Texture+ARC

Contact

Figure 6. Schematic structures of a) conventional Si-based SC, b) BSF Si-based SC, c) BSR Si-based SC, d) BSFR Si-based SC, and e) PERL Si-based SC.
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Figure 7. Remaining factors of Isc, Voc, and Py, of BSF Si-based SCs, irradiated with a) T MeV electrons and b) 10 MeV protons at varying fluences.
a) Reproduced with permission.3%l Copyright 1996, American Institute of Physics; (b) Reproduced with permission.1¥] Copyright 1996, American
Institute of Physics. ¢) Output power and d) associated remaining factor (under 1 MeV electron irradiation at varying fluence) of Si-based SCs using
the conventional, BSF, BSR, and BSFR designs. e) PCE and f) relative output power of PERL and BSF Si-based SCs. Reproduced with permission.B

Copyright 2020, Wiley.

for BSF Si-based SCs irradiated with protons (10 MeV energy
with fluences ranging between 10! and 2 x 10* particles cm™)
as reported in Figure 7b.13*] The authors attribute such trend to
three different mechanisms: the decrease of the minority-carriers
lifetime (which explains the reduction of Isc and Vi in the low-
fluence region), the broadening of the depletion layer (which
is responsible for the anomalous increase of Isc and decrease
of Vo¢), and the increase of the series resistance of the Si layer
(responsible for the failure of the device at high fluences).3>3¢

A recent work by Yamaguchi et al. showed that, although
conventional Si-based devices show a lower BOL power

Adv. Energy Mater. 2022, 12, 2200125 2200125 (13 of 24)

(Figure 7c), they have the highest EOL power among several
high performance designs, including BSF, BSR, and BSFR
(Figure 7d).3¥ The same behavior was observed for the case
of the PERL architecture (characterized by a very high PCE,
Figure 7e), that suffers from a higher degradation (under bom-
bardment with electrons with 1 MeV energy) with respect to the
BSF design (Figure 7f). All these results are related to increased
surface recombination of the front and back interfaces, thus
a proper engineering of these regions is fundamental for the
optimization of the resulting performances and the use of all
these architectures in space PV.
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Figure 8. a) Schematic representation of the typical architecture used in CIGS-based SCs. Remaining factors associated to b) PCE, c) FF, d) Isc, and
e) Voc in proton and electron irradiated CIGS-based SCs at different energies (as reported in the associated legends) and fluences. Reproduced with

permission.3%l Copyright 2001, AIP publishing.

5. Recent Developments and Future Perspectives
of Materials and Device Architectures

5.1. CIGS-Based Solar Cells

Although MJSCs and Si-based SCs are at the forefront of PV
devices for space applications, the need for reduced fabrication
and maintenance costs, lightweight and flexibility have stimu-
lated research toward other materials. Among these alterna-
tives, CIGS-based SCs hold great promises in such field since
they are lightweight (specific power =3 W g1),[¥] are realized
in thin-film architecture (even on flexible substrates such as
polyimide or metal sheet)* and show an excellent stability
against radiations. Such devices are heterostructured systems
(Figure 8a) comprising: soda-lime glass coated with a Mo layer
(acting as electric contact), a p-n junction (formed by a CIGS
absorbing layer and a CdS buffer layer), an intrinsic ZnO layer
and finally an Al-doped ZnO layer (used as transparent con-
ducting electrode).*]

There are several very interesting reports on the radiation
resistance of CIGS-based SCs. In particular, Jasenek and Rau
investigated the effects of high-energy electron and proton irra-
diation (with energies in the MeV range) at great fluences (up
to 10™ and 10* particles cm™2, respectively).*"]

Figure 8b-e illustrates the remaining factor of the SC param-
eters. In particular, Figure 8b shows that fluences > 10 par-
ticles cm™ are needed to observe a PCE degradation of 10%

Adv. Energy Mater. 2022, 12, 2200125 2200125 (14 of 24)

for irradiation with electrons having 1 MeV energy, which is a
remarkable result since both Si and GaAs experience the same
losses for fluences at least one order of magnitude lower.?”! As
expected, higher electron energies (3 MeV) cause more damage
to the CIGS-based devices, while such SCs exhibit a great resist-
ance to electrons with lower energy (0.5 MeV). The authors
propose that the degradation mechanism involves the forma-
tion of recombination centers within the light harvester, since
FF (Figure 8c) and Js¢ (Figure 8d) are basically not affected by
the electron bombardment experiments, while V¢ experiences
losses (Figure 8e). Quite differently, irradiation with protons
having an energy of 4 MeV results in the reduction of all the
PV parameters. However, the critical fluence (i.e., the value
for which the remaining factor of PCE is 0.6) is =10™ particles
cm™2, which is still one order of magnitude higher with respect
to that of Si and GaAs.[*)

With the aim to analyze proton-induced degradation,
Kawakita et al. investigated the mechanisms leading to the
recovery of such losses.*) In particular, the authors irradi-
ated, with protons having an energy of 3 MeV and fluence of
10™ particles cm™2, CIGS-based SCs kept at 345 and at 400 K
and addressed the consequences on the Is¢ of devices after the
bombardment test. Interestingly, Isc decreases with increasing
fluence following a trend which depends on the temperature of
the device (higher temperatures lead to lower current losses).
Furthermore, when the irradiation is terminated, the Ig¢
recovers its value with a temperature-dependent rate (which is
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slower for lower temperature). Indeed, further analysis reveals
that a process is activated at a temperature of =380 K that leads
to the recovery of the I value measured prior to the bombard-
ment tests.l*) Similar results were obtained for irradiation with
protons having 0.5 and 10 MeV energy.

A remarkable work by Kawakita et al. reported for the first
time the performances of CIGS-based SCs launched in orbit
on board of the MDS-1 satellite.*!) Interestingly, such spacecraft
was placed in an orbit passing through both Van Allen belts,
thus in a very hostile and radiation-rich environment.

The trends of the remaining factors associated to Isc and
Voc as functions of the mission time show the huge radiation
tolerance of CIGS-based SCs (no losses were observed by the
authors for more than one-year operation). With the aim to
understand the mechanisms behind such behavior, the authors
performed also on-ground radiation experiments. As low degra-
dation had been already reported for electron bombardment,*"!
Kawakita et al. focused on the role of protons to the deteriora-
tion of these devices, comparing the results obtained with and
without the effects due to thermal-recovery*! According to
their simulations, after one year, Isc and Vo losses would be
5% and 15%, respectively, if thermal-recovery is not considered.
Conversely, when such effect is considered no loss is observed,
as reported by the experimental results.

All these results point toward the high radiation stability of
CIGS-based SCs, thus shielding strategies can be overcome
by the intrinsic resistance of this material to bombardment by
electrons and protons. As such, this technology represents a
very promising candidate for the realization of new PV solu-
tions for space applications, with decreased weight, launching
and maintenance costs.

5.2. Perovskite Solar Cells

Recently, a class of materials called metal halide perovskites
(MHPs) has emerged as an outstanding light harvester for the
fabrication of PV devices that recently achieved lab-scale PCE
exceeding 25%.122 This is due to the remarkable optoelectronic
properties of such materials such as the high and panchromatic
absorption coefficient (>10° cm™ in the visible region),[*%¢! that
allows the realization of thin-film PSCs (with an absorbing
layer of =0.3-0.5 um)." As a consequence, a complete device
(including the substrate) can reach a specific power of 23 W g!
(allowing the reduction of space launch costs).¥! Moreover,
PSCs can be prepared through low-fabrication costs from solu-
tion-processing techniques, making them cheaper compared
to other PV technologies!?*3%14l and can be grown on flexible
substrates.'¥] In addition, low energy payback time (0.35 years)
and greenhouse gas emission (10.7 g CO,-eq kWh™) values of
the PSCs, compared to 1.52 years and 24.6 g CO,-eq kWh for
the Si benchmark, make them as a promising sustainable alter-
native for all future PV-market scenarios.!48:14]

The architecture of a PSC consists of a transparent conduc-
tive electrode (TCE, such as fluorine-doped tin oxide (FTO) or
indium tin oxide (ITO)) deposited on top of a glass substrate,
a perovskite absorbing layer sandwiched between an electron
transporting layer and a hole transporting layer and a metal
contact.29301301 According to the order of deposition of the

Adv. Energy Mater. 2022, 12, 2200125 2200125 (15 of 24)

www.advenergymat.de

charge selective layers, there are two different configurations:
planar or mesoscopic regular PSC n-i—p and planar inverted
p-i-n (Figure 9a).11152

Owing to the crystalline-liquid characteristics,>*>% MHPs
manifest outstanding defect tolerant and self-healing properties
that permit MHPs to sustain high doses of radiation™*® and
consequently well suited or space applications. Several tests
investigated the effects of yrays,31> 58] electrons, 33197161 and
protonst#315%16L162] op the performance of PSCs. The results of
these studies suggest that PSCs withstand extreme radiation
levels making MHPs promising materials for space devices. In
particular, exceptional results about the stability of PSCs under
high-dose of yray radiation (reaching accumulated doses up
to 23 000 Gy) were obtained by Yang et al.B! who performed a
study on a p—i—n planar structure based on a triple cation MHP
(Csg.0sMA( 14FA( g1PbBrg 4515 55). Comparison of the J-V curves
of the PSC before and after irradiation test, Figure 9b shows a
decrease of all PV parameters (in particular, PCE lowers from
18.80% to 14.95%). While Vo remained almost unchanged,
Jsc exhibited a significant decrease. This behavior is ascribed
to the darkening of the glass substrate (i.e., the loss of optical
transparency due to the formation of color centers)l163164 after
yray irradiation. This effect is confirmed by the transmittance
spectra measurements performed on the ITO/glass sub-
strate which confirm the reduction of the transmittance from
~90% to =50-75% after the irradiation (in the spectral range
between 300 and 800 nm, Figure 9c). When this loss is taken
into account, the PCE value (after irradiation) becomes 18.20%,
which is comparable with that of the pristine device, thus
evidencing a negligible degradation of the light harvester.

Other studies addressed the resistance of PSCs to elec-
tron radiation, as reported by Song et al.}¥l (for 1 MeV energy
under accumulated dose levels up to 10' particles cm™).
Their devices (n—-i—p PSC, with structure FTO/SnO,/Cg,-SAM/
FAy;MA, 3Pbl;/Spiro-OMeTAD/Au) exhibit a very high starting
PCE of 20.6%. The J-V curves of reference and irradiated
PSCs (measured in forward and reverse scans) are displayed in
Figure 9d revealing a PCE reduction to 12.2% and 3.4% after
exposure to electron beam with low (1.3 x 10" particles cm™)
and high (1 x 10 particles cm™) fluences, respectively. Such
performance degradation is mainly attributed to the decrease
of Jsc while Vi and FF exhibit small variations (Figure 9e—g).
The authors attribute the Js¢ losses to the aforementioned phe-
nomenon of glass-darkening and to the partial decomposition
of the MHP absorber layers.

An example of proton radiation tolerance was reported
by Lang et al.¥! who investigated a p—i-n PSC (glass/ITO/
PEDOT:PSS/MAPDI;/PCBM/BCP/Ag) under bombardment
with a 68 MeV protons at accumulated doses up to 1.02 x 103
particles cm™2. As shown in Figure 9h, Voc and FF remain
constant while Jsc, and therefore PCE, decrease for doses
>2 x 10" particles cm™2. Also, in this case, the loss of the PSC
performance is attributed to both the degradation of the MHP
absorber layer and to the formation of color centers within the
glass substrate. When considering this phenomenon, a drop
of Jsc of only 20% is observed at a proton dose of 10! particle
cm™? (red thomb in Figure 9h). Remarkably, MHPs show a
higher proton radiation resilience compared to c-Si (blue line
in Figure 9h), which begins to degrade at a proton dose at
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least three orders of magnitude lower (=10'° particles cm™). In
a following study, the same group evaluated the resistance of
another MHP light harvester (CsgosMAg 7FA(g3Pb(Brg 1714.53)3)
by using proton beams with energies of 20 and 68 MeV and
accumulated doses up to 10'? particles cm™2.33 As observed
in Figure 9i, such PSC shows negligible variations in all PV
parameters during the irradiation tests. In particular, 20 MeV
protons do not induce severe losses, while for 68 MeV more
pronounced degradation is observed (Figure 9j).

Finally, the possibility to tune the E, of the MHPs by changing
their chemical composition is a very interesting property for the
fabrication of MJSCs. In this regard, Lang et al.¥] studied the
radiation tolerance of MHP/CIGS- and MHP/Si-based SCs to
protons with 68 MeV energy at a dose of 10'2 particles cm™2.
Remarkably, the MHP/CIGS-based SC retains =85% of its
initial PCE under AMO illumination (Figure 9k) because of
losses mainly due to the small reduction of V¢, while the other
PV parameters remain almost constant (as shown in the inset
of Figure 9k). Quite differently, the MHP/Si-based device
retains only 1% of the pristine PCE under AMO conditions
(Figure 91), which has been associated to a drastic reduction of
Jsc to only 2% of its initial value (inset of Figure 91). Therefore,
the results of this work demonstrate that MHP/CIGS-based
MJSCs can become a promising technology for space applica-
tions because of the high resilience to radiation of both light
harvesters, the resulting ultralightweight device (with a spe-
cific power of 2.1 W g, higher than those of commonly used
GalnP/GaAs/Ge 3]JSC of =0.8 W g™)!¥) and the possibility to
realize truly flexible and bendable arrays.!""!

In addition to the laboratory-based experiments, there are a few
attempts to track the behavior of PSCs in real space environment
to evaluate the full set of environmental parameters through
space flight experiments.'%-17l As the first reported flight experi-
ment, Cardinaletti et al.'®”] tested MAPDI;-based PSCs with active
area of 0.134 cm? in an altitude of 32 km by using a stratospheric
balloon and the perovskite film survived during 3 h of strato-
spheric flight. In another stratospheric test activity, Zhu and co-
workersl® tested the mixed-cation PSCs with active an area of
1.00 cm? at an altitude of 35 km. The mixed-cation perovskite
cell could retain >95% of its initial PCE during the 2 h test under
AMO illumination. Following these investigations, Reb et al.ll%’]
also evaluated the performance of the PSCs against space envi-
ronment through a rocket flight, which reached in 239 km alti-
tude and the PV performance of the cell was tracked in a 6 min

www.advenergymat.de

onboard measurement time. Despite the valuable results achieved
through these few real space tests, these pioneer attempts are lim-
ited to low efficiency tested cells and relatively short flight time,
which need to be addressed in the future activities.

6. Perspectives on Future Materials for Space PV

Space represents a unique frontier for materials science and
applications as the harsh conditions of the extraterrestrial envi-
ronment require peculiar physicochemical properties. Among
the potential candidates in this field, low-dimensional mate-
rials such as graphene and related 2D compounds represent a
wide library of possibilities because of i) the tuneability of their
properties through functionalization, doping, and other strate-
gies, ii) their lightweight, iii) the possibility to realize flexible
devices, and iv) the abundance, on Earth’s crust, of the raw
materials typically used for their synthesis (C, W, Mo, S, etc.,).
Indeed, space agencies are already testing and proposing some
2D materials-based technologies for space missions: ESA has
tested a graphene-based solar sail, reaching an acceleration of
1 m s72 through illumination with a 1 W laser;['*®l Orbex has
designed a 3D printed two-stage rocket using carbon fibers and
graphene composite materials;°l SpaceX launched (1st April
2022), on board of the Transporter 4 mission, graphene-based
devices with the aim to test (for the first time) the response of
2D materials-based technologies to the space environment.["]

As concerns PVs, 2D materials have been also implemented
in some SCs for low TRL terrestrial applications.!6:150.171-174]
Specifically, 2D materials such as graphene, transition metal
dichalcogenides (TMDCs, e.g., MoS,, WS,, etc.) and transi-
tion metal carbides, nitrides, and carbonitrides (MXenes, for
example Ti;C,T,) have been proposed as transparent conduc-
tive electrodes, counter electrodes, charge transport layers, and
interlayers thanks to their outstanding optoelectronic, chem-
ical, and mechanical properties.7217317] This low TRL research
effort is particularly developed in IlI-generation PV, where
the use of 2D materials represents a valid and effective strategy
for interface tuning. State-of-art PSCs are nowadays fabricated
by using a 2D perovskite layer on top of a bulk (3D) perovskite
absorber.l”®l Such 3D/2D heterostructures strategy is not lim-
ited to PSCs, in fact an NREL team has recently demonstrated
that this is a general concept that can be efficiently considered
for several thin film PV such as CdTe and CIGS.l'"/]

Figure 9. a) Schematic illustration of planar regular n—i—p and planar inverted p—i—n perovskite solar cells. b) Comparison of the J-V curves of a p—i—n
PSCs before and after irradiation tests with yray at doses up to 23 000 Gy. c) Transmittance spectra of ITO/glass before and after yray irradiation. AT
represents the loss in transmittance due to irradiation. Reproduced with permission.B Copyright 2018, Wiley. d) J~V curves of PSCs under reference
(red lines) and irradiation with 1 MeV electrons at fluences of 1.3 x 10 particles cm™2 (blue lines) and 1 x 10" particles cm=2 (green lines). Variation
of PV parameters: €) Jsc, f) Voc, and g) FF for devices under control and low and high e-beam irradiation conditions. Adapted with permission.l
Copyright 2019, American Chemical Society. h) Variation of the normalized PV parameters as a function of the accumulated proton dose: Jsc (red
dots), Voc (blue diamonds), FF (black triangles), and PCE (open purple dots, referred as n) for PSCs. The red rhomb represents the PCE achieved
when losses due to the glass/ITO substrate are taken into account. The blue line is the Jsc of a reference Si photodiode. Reproduced with permis-
sion.3 Copyright 2016, Wiley. i) Normalized variation (with respect to measurements conducted under no proton irradiation) of the PV parameters
Jsc» Voo, FF, and PCE (7 in the figure) for a PSC under irradiation with protons with energies of 20 (blue line) and 68 (red line) MeV functions of the
accumulated proton dose. j) Comparisons of the PV parameters of PSCs before and after irradiation with protons with energies of 20 (blue line) and
68 (red line) MeV and accumulated dose of 10'? particles cm2. Reproduced with permission.2 Copyright 2019, Royal Society of Chemistry. k-I) J~V
curves of reference (solid lines) and 68 MeV proton irradiation at accumulated dose of 10'? particles cm=2 (dashed lines) for (g) an MHP/CIGS-based
SC and (h) an MHP/Si-based SC. The insets show the remaining factors of the PV parameters (Jsc, Voc, FF, and PCE (indicated as 7)). Reproduced
with permission.™ Copyright 2020, Elsevier.
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Table 6. Summary of the resistance to radiation of MJSCs, Si-based SCs, CIGS-based SCs, and PSCs.

Solar cell technologies Energy Dose [particles cm™] PCE;nitial [%] PCEga [%] Refs.
Multijunction
AlinGaP/AlInGaAs/InGaAs/Ge 1 MeV (electron) 10" 31.8 28.7 [14]
commercially available at AZUR SPACE 10 20.1
InGaP/GaAs/Ge 1 MeV (electron) 107 29.8 26.8 4]
commercially available at AZUR SPACE
InGaP/GaAs/Ge 1 MeV (electron) 10 322 23.1 [15]
commercially available at SPECTROLAB
InGaP/GaAs/Ge 1 MeV (electron) 10% 30.7 21.5 5]
commercially available at SPECTROLAB
InGaP/GaAs/Ge 1 MeV (electron) 10" 29 28.2 n7)
commercially available at CESI 10" 24.4
1 MeV (proton) 10" 25.9
InGaP/GaAs/Ge 1 MeV (electron) 10" 28 26.7 N7
commercially available at CESI 10" 23.7
1 MeV (proton) 10" 24.2
Silicon
Si 1 MeV (electron) 10" 16.9 12.5 4]
commercially available at AZUR SPACE 3x10" 10.8
Cu(In,Ga)Se,
aGs 3 MeV (electron) 1018 15.5 3.1 39]
4 MeV (proton) 10" 7.75
Perovskite
MAq,FA3Pbl; 1 MeV (electron) 105 19.2 3.4 33]
MAPbI; 68 MeV (proton) 1013 121 484 [184]
Cs0.0sMAg17FAG g3Pb (19 83Bro17)3 68 MeV (proton) 107 18.8 17.86 [185]
CIGS//Cs,05(MAg.17FAG.83)0.95Pb (l0.83Br0.17)3 68 MeV (proton) 2x10" 18.0 14.9 N9
Si//Cs0.05(MAg.17FAg 83)0.95Pb (l0.33Br0.17) 3 68 MeV (proton) 2x10" 211 0.18 [19]

A strong effort has been devoted to the use of 2D materials
as TCEs in particular graphene and MXenes. This effort has
been motivated by the urgent request to find valid alternatives
to indium (critical raw material) commonly used in the fab-
rication on indium tin oxide TCE. This development will not
only impact photovoltaics but also other devices such as LEDs,
where strong progresses have been made in the use of 2D
materials-based TCE.I"®l Moreover, the development of TCE at
industrial level is now considered, and scalable production have
been already demonstrated.['”’]

Concomitantly, 2D materials have been tested (on Earth) in
space-relevant conditions as components of electronic devices
such as transistors, sensors, etc. Surprisingly, despite the
reduced thickness, 2D materials exhibit excellent resistance
under bombardment with high energetic particles (including
electrons, protons and pyrays). For example, Kim et al.'8%
studied the changes of the I-V curves of a MoS,-based FET
under 10 MeV proton irradiation. The authors observed that
under a fluence of 10 particles cm~2, the electrical perfor-
mance of the device remained unchanged, while for fluences as
high as 10 particles cm™2 a dramatic drop of the source-drain
current is observed. Vogl et al.’ investigated the electrical
properties of MoS, and WS, FETs and of single photon sources
based on hexagonal boron nitride subjected to the irradiation

Adv. Energy Mater. 2022, 12, 2200125 2200125 (18 of 24)

of yrays, protons and electrons. The authors demonstrated
that, after the irradiation with proton and electron doses of,
respectively, 1012 and 10'° particles cm™2 (which are equivalent
to those accumulated after 10° years of exposure at 500 km alti-
tude), the devices did not experience any significant changes in
their performances (assuming an Al shield of 1.85 nm of thick-
ness). Recently, Zhang et al.'®2 studied the radiation resist-
ance of single- and multilayer MoS, FETs under another type
of common irradiation source in space environment, i.e., He
ions. By using 2 MeV He" irradiation it was found that single-
layer MoS, devices showed significant degradation with fluence
of 10" particles cm™2. In comparison, multilayer MoS, FETS tol-
erated a fluence of an order of magnitude superior to that of
single-layer FETs (about 3 x 10! particles cm™), corresponding
to decades of operation and exposure in the space environment.
Arnold et al.'® demonstrated that a MoS, thin layer has an
excellent radiation resistance under 2 MeV proton irradiation
with fluences =10 particles cm™, corresponding to hundreds
of years of exposure. These radiation tests indicate that devices
based on 2D materials can withstand radiation fluences higher
than those required in low earth orbits. Thus, since 2D mate-
rials show a high potential for both PV and radiation-resistant
materials, we believe that 2D materials-based SCs will be a
likely future technology for space applications.

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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7. Discussion and Conclusion

SCs are the most used option to provide electrical power for
space missions that usually last several years. Currently, IT1I-V
multijunction SCs are the state of the art of PV devices for
space applications because of the highest PCE and radiation
resistance compared to the other PV technologies (Table 6).
Despite these appealing features, such devices suffer from the
drawbacks of complex and expensive fabrication processes.

Today, following the privatization of space missions, there
is a great demand for cheaper PV technologies. In particular,
Si-based SCs are used for low power and short duration mis-
sion because of a good compromise between performances and
production costs. Moreover, with the aim to reduce fabrication
and maintenance costs while satisfying the requirements of
lightweight and flexibility (thus paving the way to the manu-
facturing of flexible solar arrays), alternative PV technologies
have been investigated. Actually, the focus of the academic
and industrial research is on the cost reduction of SCs and, of
course, solar arrays. A cost reduction has been already achieved
with the introduction of the high-efficiency (PCE = 30%) SCs
on rigid panel arrays. Attempts to further reduce the cost are in
progress to use large area SCs obtained using 6 in. wafers. The
current trend is toward flexible solar arrays with high power,
mainly for telecommunication satellites, which can play a very
important role in the development of big market sectors driven
by megaconstellation programs and telecommunication satel-
lites. Another important issue is the high radiation resistance
required to the solar arrays. Before defining the new trend of
the current market now it needs to develop the building block,
this because any technological advance originates a cost impact.
Thus, it could be useful to find a right compromise between
the possible improvements of the technology and what can be
commercially available. To this end was defined the European
road map on short, mid, and long term development of novel
solar cells cost effective.’’] For the years 2014/2015 the road
map planned the optimization of triple-junction solar cells even
on large area wafers manufacturing. The updated roadmap
envisages the development of new multijunction solar cells
with efficiency up to 32% within 2021 and further technological
developments (i.e., lattice mismatched structures) with higher
efficiencies even at expenses of a little higher cost, in mid and
long term.

Regarding the materials to be used for solar cells, an impor-
tant aspect has to be pointed out, that is the need to comply
with current regulation EU REACH (Registration, Evaluation,
Authorisation and Restriction of Chemicals),8% that identifies
materials that can be used and materials subject to restrictions.
Moreover, such European Regulation defines also the require-
ments to be achieved for developing competitive technologies.

It is worth considering even on the solar cell market that is
relatively small, in the order of less than 1 MW per year, while
the cost of the industry infrastructure is very high. Thus, the
development of competitive technologies for producing solar
cells and solar arrays at the state-of-the art and beyond requires
substantial funding. As for the solar arrays the market trends
push in the direction of flexible arrays, which are a goal to be
achieved with a great effort by industry and research commu-
nity through appropriate R&D common program.
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