
Journal of
Materials Chemistry A

REVIEW

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 4
/2

6/
20

26
 3

:5
4:

02
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Advancements in
aShanghai Institute of Optics and Fine M

201800, Shanghai, China. E-mail: yifanzhen
bCenter of Materials Science and Optoelectr

Academy of Sciences, 100049, Beijing, China
cBeijing Institute of Spacecra Environment
dScience and Technology on Power Source

Sources, Tianjin, 300384, China

Cite this: J. Mater. Chem. A, 2024, 12,
1910

Received 20th October 2023
Accepted 14th December 2023

DOI: 10.1039/d3ta06388g

rsc.li/materials-a

1910 | J. Mater. Chem. A, 2024, 12, 19
radiation resistance and
reinforcement strategies of perovskite solar cells in
space applications

Zhenghao Huan,ab Yifan Zheng, *ab Kangpeng Wang,a Zicai Shen,c Wang Ni,d

Jifeng Zua and Yuchuan Shao*ab

Perovskite solar cells (PSCs) hold great promise for space photovoltaics (PV) due to their impressive PV

performance, excellent power-to-weight ratio, and cost-effectiveness. However, the environment in

space presents numerous challenges for solar cells, especially cosmic radiation. PSCs have shown

remarkable resistance to various forms of radiation, such as electrons, protons, ultraviolet, and g-rays.

Nevertheless, their stability in space applications still lags behind that of crystalline silicon (c-Si) and

gallium arsenide (GaAs) cells. To facilitate the application of PSCs in space, it is vital to enhance their

long-term stability. This mini-review examines the radiation resistance of PSCs, explores the mechanisms

behind radiation-induced damage, and proposes potential strategies to bolster their resistance to

radiation and reinforce overall stability.
1. Introduction

Metal halide perovskites (MHPs) are semiconductor materials
known for their exceptional properties, allowing them to be
widely utilized across various industries. These materials typi-
cally exhibit direct-transition semiconductor behavior, charac-
terized by a high absorption coefficient and a low exciton
binding energy, resulting in excellent PV performance.
Furthermore, MHPs display efficient carrier transport rates,
long carrier lifetimes, and signicant diffusion lengths,
enabling effective transfer of electrons and holes with minimal
recombination.1 Perovskite solar cells (PSCs) utilizing MHPs as
the absorbing layer have emerged as examples of third-
generation solar cells. A signicant milestone in the develop-
ment of PSCs was achieved in 2009 when Miyasaka et al.
replaced the absorbing material in dye-sensitized solar cells
with perovskite, resulting in a photovoltaic conversion effi-
ciency (PCE) of 3.8%.2 Since then, PSCs have garnered signi-
cant attention, and their PCE has experienced rapid growth, as
depicted in Fig. 1(A).3–9 Currently, single-junction PSCs have
achieved a certied PCE of 26.14%,10 steadily approaching the
Shockley–Queisser efficiency limit of 33.7%.11
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The high light absorption coefficient of MHPs allows for
a signicant reduction in the thickness of the absorption lm to
just a few hundred nanometers, providing PSCs with a high
power-to-weight ratio (Fig. 1(B)). In comparison, traditional c-Si
cells possess a ratio of less than 1 W g−1 due to their thicker
light-absorbing layer.12 Triple-junction III–V semiconductor
cells achieve a ratio of roughly 3 W g−1 through their densely
fabricated structure. In contrast, exible single-junction PSCs
can reach an impressive ratio of 23–29 W g−1, while multi-
junction PSCs can surpass even that, reaching an outstanding
ratio of 79–83 W g−1.13,14 Based on the above comparison, the
PSCs are undoubtedly better suited to meet the needs of
spacecra for lightweight energy systems. However, the long-
term stability of PSCs remains the main obstacle to their prag-
matic applications. Moisture can lead to hydrolysis in MHPs,
while oxygen molecules can interact with photogenerated elec-
trons in the conduction band, resulting in the formation of
superoxide (O2

−) and accelerating the decomposition of
MHPs.15 If PSCs can be utilized in a space environment devoid
of moisture and oxygen, these two prominent factors will be
negligible, making PSCs very promising for space deployment.

While plenty of current studies on PSCs have been con-
ducted for ground applications, there is a lack of studies
focusing on their suitability in space. The space environment
poses challenges due to its complexity and variability, subject-
ing PSCs to harsh conditions such as extreme radiation, ultra-
high vacuum, and severe temperature uctuations.16 Moreover,
the exorbitant cost of space ight makes it practically impos-
sible to repair or replace PSCs once they are deployed in space.
Therefore, PSCs must exhibit long-term stability and reliability
to ensure the safety of spacecra. Fortunately, research has
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (A) Schematic of the rapid development of PCE for PSCs. (B) Comparison of the power-to-weight ratio of common solar cells.14 Copyright
2015, Springer Nature.
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shown promising results regarding the strong radiation resis-
tance of PSCs.12,13,17,18 Compared with c-Si cells and III–V cells,
PSCs can withstand radiations such as electron radiation and
proton radiation with higher energy and ux, making them
excellent candidates for space PV. To fully realize the potential
of PSCs for space applications, further research is needed to
understand the mechanisms underlying radiation damage and
resistance, enhancing the stability of PSCs.

This paper aims to provide a comprehensive overview of the
radiation resistance of PSCs and their potential applications in the
space environment. Firstly, we will describe the characteristics of
the space environment and their effects on PSCs. Next, we will
delve into the resistance of PSCs against electron radiation, proton
radiation, g-ray radiation, and ultraviolet (UV) irradiation, while
examining the underlying mechanisms of radiation damage. In
addition, we will propose reinforcement methods that can miti-
gate ionization damage and displacement damage caused by
radiation in PSCs. Finally, we will conclude with a summary and
provide an outlook for future research in this eld.
2. Influences of the space
environment on PSCs
2.1 Characteristics of the space environment

The space environment is an intricate system that can be
difficult to describe accurately. To provide a comprehensive
understanding, NASA's Marshall Space Flight Center (MSFC)
has identied seven key elements that characterize the space
environment. These elements include plasma, geomagnetic
eld, cosmic rays, neutral atmosphere, space debris, thermal
uctuations, and solar activity.17

To provide a brief categorization of the seven factors
mentioned above, we can rst consider their micro-level effects.
The space particle radiation environment can be classied into
Van Allen radiation belts, solar cosmic rays (SCRs), and galactic
cosmic rays (GCRs), as shown in Fig. 2(A).19 The geomagnetic
eld can trap charged particles to create the inner and outer Van
Allen radiation belts.20–22 The inner belts, located 100–10 000 km
above the surface, mainly consist of protons and electrons, with
small amounts of heavy ions. On the other hand, the outer belts,
This journal is © The Royal Society of Chemistry 2024
positioned at an altitude of approximately 13 000–60 000 km,
predominantly contain high-energy electrons (0.1–10 MeV)
along with a limited number of protons. The uxes of these two
types of radiation in space near the Earth are shown in Fig. 2(B).
The Sun has the most signicant impact on Earth among
astronomical objects, and the particle density in the SCRs is
usually several orders of magnitude higher than GCRs.23 The
Sun's upper atmosphere continuously emits a stream of
supersonic charged particles such as electrons, protons, helium
nuclei, and small amounts of heavy ions.19 These streams of
particles are hot enough to form plasma and travel close to
Earth's orbit at speeds of 300 to 900 km s−1. GCRs are streams of
high-energy charged particles from outside the solar system
that reach Earth at nearly the speed of light, including protons
and electrons as the most dominant constituents, as well as
ultraviolet light, g-rays, X-rays, and other constituents.24

Then we consider the macro-level effects including neutral
atmosphere, space debris, and thermal uctuations.25 The
effects of the neutral atmosphere on spacecra primarily
involve atomic oxygen and an ultrahigh vacuum
environment.26–28 Space debris refers to meteoroids and space
junk orbiting the Earth at speeds close to the rst cosmic
velocity of 7.9 km s−1, which can wear out or even disintegrate
spacecra by collision.29,30 Thermal uctuations are mainly
caused by the absence of heat conduction and convection in
a vacuum environment.18 Direct solar radiation can cause
spacecra to reach temperatures exceeding 100 °C, whereas
entering the Earth's shadow zone can lead to temperatures
dropping below−100 °C.25 This temperature variation is further
compounded by the rapid nature of low-orbiting spacecra,
which complete an orbit around the Earth in approximately 90–
100 minutes, subjecting them to dramatic and rapid tempera-
ture cycling.
2.2 Inuences and requirements of the space environment

Although PSCs offer advantages for space applications, it is
important to acknowledge the impact of various factors in the
space environment on them, as depicted in Fig. 3. Certain
engineering programs can shield some of the seven factors
mentioned above.31–33 Nevertheless, radiation, thermal
J. Mater. Chem. A, 2024, 12, 1910–1922 | 1911
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Fig. 2 (A) Schematic view of the Van Allen belts, SCRs, and GCRs. Copyright 2002, NASA. (B) Flux of electron and proton radiation around the
Earth.17 Copyright 2022, American Chemical Society.

Fig. 3 The main factors affecting PSCs in the space environment.12

Copyright 2021, Wiley.
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uctuations, and ultrahigh vacuum can still pose signicant
challenges to PSCs. In the follow-up discussion, we will focus on
radiation-induced damage and will not specically address
temperature and vacuum.

Radiation-induced damage can be classied into two types:
ionization damage and displacement damage.20 Ionization
damage occurs when incident particles interact with MHPs,
leading to the ionization of target atoms. This process generates
additional hole–electron pairs, triggering various effects such as
single-particle event effect (SEE), total ionizing dose effect (TID),
surface charge–discharge effect, and internal charge effect.24,34

Additionally, ionization damage can also result from high-
energy photons breaking chemical bonds and leading to the
formation of new bonds, causing changes in the physical and
chemical properties of MHPs. Displacement damage is
predominantly caused by cumulative effects from non-ionizing
radiation, including protons, heavy ions with various energy
levels, and electrons with energies exceeding 150 keV.35 When
incident particles interact with atoms, they transfer kinetic
energy and cause the atoms to shi from their original posi-
tions, resulting in the creation of vacancies. These vacancies,
along with interstitial atoms, serve as active recombination
centers. The formation of a defect structure due to
1912 | J. Mater. Chem. A, 2024, 12, 1910–1922
displacement damage further contributes to carrier scattering
and diminishes carrier mobility.

The demanding conditions of the space environment
necessitate specic requirements for PSCs, which can be
succinctly summarized as long-term stability, high perfor-
mance, and high power-to-weight ratio. Firstly, ensuring long-
term stability is the most important issue, since the spacecra
power systems must exhibit absolute stability and reliability.
Commonly used c-Si cells have a service life exceeding 20 years,
which is in line with the typical eld warranty for PV panels.36

Currently reported lifetimes of PSCs are less than ve years,37–39

mainly affected by moisture, oxygen, and degradation caused by
illumination, bias, and temperature, but have the potential to
be enhanced to more than 25 years.40 The absence of moisture
and oxygen in space provides great advantages for enhancing
the long-term stability of PSCs, deserving more research to
realize this potential. Secondly, achieving high performance is
crucial for PSCs as they serve as the primary energy source.
Although current single-junction PSCs have achieved an
impressive PCE of 26.14% on the ground, getting closer to
single-crystalline Si cells (26.8%) and GaAs cells (27.8%),10

radiation and thermal uctuations will inevitably degrade
materials and lead to a decline in PCE. Further research is
necessary to maintain high PCE in space. Lastly, the power-to-
weight ratio is necessary as it represents the electric power
that can be provided per unit weight. Flexible PSCs have shown
superior power-to-weight ratios compared to c-Si and III–V cells.
Developing support structures and application methods for
exible PSCs in aerospace engineering could lead to cost
savings in space development projects.
3. Radiation resistance and damage
mechanisms of PSCs
3.1 Electron radiation

Electrons play a prominent role as energetic particles in the
space environment, inuencing the dielectric properties of
photosensitive materials.12 Specically, electron radiation can
induce both ionization damage and displacement damage in
MHPs.
This journal is © The Royal Society of Chemistry 2024
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To explore this further, we examined studies that have
investigated the resistance of MHPs to electron radiation.
Commonly used cells like c-Si cells, GaAs cells, and InGaP/GaAs
cells in spacecra suffered severe damage when exposed to
electron-beam (EB) irradiation. The maximum power (Pmax) of
the c-Si cells decreases to 80% of the pre-irradiation level when
the EB (1 MeV) radiation dose reaches 1015 e per cm2 and
further decreases to 60% when the radiation dose comes to 1016

e per cm2.41 The III–V cells are in the same situation, with 84%
Pmax retained under the 1015 e per cm2 EB (1MeV) dose and 75%
under the 1016 e per cm2 dose.42,43 In 2015, Hirose et al. con-
ducted the rst study on PSCs under electron radiation. They
exposed MAPbICl2 PSCs to an EB with 1 MeV energy and a dose
of 1016 e per cm2, irradiating them from the metal electrode
side. More than 93% of photovoltaic performance was retained
including short-circuit current density (JSC), open-circuit voltage
(VOC), and maximum power (Pmax).43 It became evident that
PSCs exhibited superior resistance to electron radiation. Then
in 2018, Miyasaka et al. also investigated the performance of
PSCs under high ux EB irradiation.44 PSCs with MAPbI3 as the
light-absorbing layer, and P3HT and TiO2 as the carrier trans-
porting layers (CTLs) managed to retain over 90% of the original
EQE, as shown in Fig. 4(A) and (B). This study further highlights
the remarkable tolerance of PSCs to EB irradiation. In the
studies mentioned above, the control devices have relatively low
PCE. In 2019, Yan et al. investigated the electron radiation
resistance of PSCs with a PCE exceeding 20%, as shown in
Fig. 4(D).45 When the radiation dose reached 1.3 × 1015 e per
cm2, the VOC and ll factor (FF) could still maintain approxi-
mately 90% of their unirradiated levels. However, JSC decreased
to around 70% of its unirradiated level, and the PCE dropped to
Fig. 4 (A) Cross-sectional SEM image of the P3HT-MAPbI3 PSCs emplo
performance (insertion) of the P3HT-MAPbI3 PSCs recorded before and a
2018, Elsevier. (C) Distributions of PV parameters for PSCs under contro
electron radiation test. (E) Optical transmittance of FTO glass substrates
Society.

This journal is © The Royal Society of Chemistry 2024
less than 60% of its unirradiated level (Fig. 4(C)). This decline
can be attributed to the darkening of the glass substrate and the
degradation of MHPs. As shown in Fig. 4(E), the darkening glass
substrate has a signicant effect on optical transmittance,
which can be reduced to less than 40%. The authors suggest
that replacing the glass with a more appropriate substrate will
enhance the potential of PSCs for space applications.

It's vital to understand how electron radiation impacts
PSCs if we want to utilize and further enhance electron
resistance. In this case, Xiao et al. used cathodoluminescence
(CL) spectroscopy to examine the radiation damage on
MAPbI3 thin lms caused by EB.46 They proposed two mech-
anisms to explain the damage: the generation of defects due
to collisions and structural phase transition caused by the
heating effect of the EB. They normalized the CL data of
MAPbI3 thin lms and observed no signicant change in the
signal intensity during the initial period under an acceler-
ating voltage of 2 kV. The full width at half maximum (FWHM)
slightly increased aer 3 minutes. When the voltage was
raised to 10 kV, as shown in Fig. 5(A), there was a notable
decrease in the CL peak with increasing current. Additionally,
the CL peak showed a blue shi with increasing time. They
attributed the decrease and broadening of the CL peak to
defects induced by the EB. Energetic electrons displaced
atoms within the perovskite lattice, resulting in Frenkel
defects. These defects introduced non-radiative recombina-
tion centers, leading to a reduction in the CL peak of the
exciton aer electron irradiation. The lattice structure
distortion caused by the defects also contributed to the
broadening of the CL peak. Regarding the blue shi observed
in the CL peak, the authors demonstrated through low-
yed for electron radiation tolerance measurements. (B) EQE and J–V
fter the 1 MeV EB irradiation with a dose of 1016 p per cm2.44 Copyright
l and low and high EB irradiation. (D) Schematic of a PSC used for the
before and after EB irradiation.45 Copyright 2020, American Chemical
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Fig. 5 (A) Normalized CL spectra as a function of beam voltage, beam current, and irradiation time.46 Copyright 2015, American Chemical
Society. (B) Time-series SAED patterns and corresponding simulated ED patterns showing that the structure decomposes from MAPbI3 to PbI2.
(C) Variation of diffraction intensities of various components with time during the decomposition of MAPbI3.47 Copyright 2018, Springer Nature.
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temperature experiments that it resulted from the decompo-
sition of the perovskite due to the heating effect of the EB.
This decomposition generated unstable intermediate phases
at levels higher than the bandgap, causing a rapid change in
the CL peak value and width within 30 seconds.

Material composition analyses can be used to dynamically
observe the process of degradation of MHPs. Chen et al. used
electron diffraction (ED) patterns and selected area electron
diffraction (SAED) to observe the decomposition of MAPbI3
under EB irradiation and plotted the diffraction intensity as
a function of time, as shown in Fig. 5(B) and (C).47 Initially,
desorption occurs, leading to the ionization of I− and the
formation of the superstructure MAPbI2.5. Subsequently, both
MA+ and I− are lost simultaneously, resulting in the formation
of MAyPbI2.5−z (0 # y # 1, 0 # z # 0.5). Eventually, the super-
structure undergoes decomposition, transforming into hexag-
onal PbI2. The breaking of C–N bonds in MA+ results in the
formation of NH3 and HI, leading to the generation of poly-
meric hydrocarbon residues (–CH2–) on the surface.48 Dang
et al. conducted a study on the impact of EB irradiation on
inorganic perovskites, specically CsPbI3 and CsPbBr3. Similar
to MAPbI3, desorption causes the detachment of halogen ions,
conversion of Pb2+ ions to Pb0 atoms, and decomposition of the
perovskite.49

This section has demonstrated the enhanced electron radi-
ation resistance of PSCs in comparison to conventional PV. EB
irradiation can lead to the darkening of the glass substrate, the
formation of non-radiative recombination centers, and the
accelerated decomposition of MHPs. To address these detri-
mental effects, targeted approaches can be employed to further
enhance the resistance of MHPs to electron radiation.
1914 | J. Mater. Chem. A, 2024, 12, 1910–1922
3.2 Proton radiation

Protons are 1800 times heavier than electrons. When they
interact with perovskite, the primary energy loss occurs through
ionization, resulting from inelastic collisions with extra-nuclear
electrons. When protons collide with the atomic nucleus, their
state undergoes minimal change, leading to relatively low
energy loss. Despite this, the impact of the proton on the target
atom should not be ignored, as it can yield substantial
displacement damage.

It has been demonstrated that PV materials commonly
utilized in space, such as c-Si, GaAs, and InP, are more
susceptible to proton radiation compared with MHPs.50,51

Proton radiation tests on PSCs primarily involve irradiating the
unprotected backside with low-energy protons ranging from 50
to 150 keV, or irradiating the front of the device with high-
energy protons ranging from 20 to 68 MeV to observe factors
compared to the pre-irradiation period.13 The selection of these
energy values aims to represent the spatial distribution of
proton energies. Higher energy protons are infrequently
encountered in space, with acceleration to GeV level energies
occurring only in special events like massive solar are erup-
tions.52 Lang et al. subjected the MAPbI3 cells to proton radia-
tion with an energy of 68 MeV and a dose of 1.02 × 1013 p per
cm2.53 The experimental ndings shown in Fig. 6(A) reveal that
the VOC and FF of the device remain relatively unchanged.
However, the JSC experiences a decrease of approximately 40%
at 1.02 × 1013 p per cm2, compared to only about a 10%
decrease at 1× 1012 p per cm2. When testing c-Si cells under the
same conditions, the JSC decreased by 40% at a uence of just 7
× 1011 p per cm2, indicating that MAPbI3 is more resistant to
proton radiation than c-Si. Furthermore, it is worth mentioning
This journal is © The Royal Society of Chemistry 2024

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ta06388g


Fig. 6 (A) Normalized solar-cell parameters as a function of the proton dose.53 Copyright 2016, Wiley. (B) Evolution of h, JSC, VOC, and FF of a set
of Cs0.05MA0.17FA0.83Pb(I0.83Br0.17)3 based solar cells during 20 and 68 MeV proton irradiation as a function of the accumulated proton dose and
statistics taken prior to and after a proton irradiation dose of 1012 p per cm2. (C) Energy loss of 20 MeV, 68 MeV, and 1 GeV protons to ionization
and recoils within the Cs0.05MA0.17FA0.83Pb(I0.83Br0.17)3 absorber as a function of the layer depth by SRIM simulation. (D) PL spectra and
normalized TRPL of reference and proton irradiated perovskite thin-films on quartz.54 Copyright 2019, Royal Society of Chemistry.
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that the JSC of the MAPbI3 cells undergoes self-healing aer the
cessation of proton radiation. Lang et al. also demonstrated that
Cs0.05MA0.17FA0.83Pb(I0.83Br0.17)3 cells exhibit excellent resis-
tance to high-energy, high-throughput proton radiation.54 As
shown in Fig. 6(B), the device exhibited a PCE of 18.8% under
AM0 illumination before radiation. Following exposure to
proton radiation with an energy of 68 MeV and a dose of 1 ×

1012 p per cm2, which is about the accumulated proton radia-
tion dose for a three-year operation in space, it retained
approximately 95% of its initial PCE.

Regarding the mechanism behind proton radiation-induced
defects in MHPs, Lang et al. found that a 1 mm thick quartz
substrate could effectively shield against proton radiation below
10MeV. However, protons with energies of 20 MeV, 68 MeV, and
1 GeV were able to penetrate the substrate with minimal
attenuation and reach the perovskite layer. Subsequently, they
undergo collisions and release energy. Through these inelastic
collisions, the energy of the protons is transferred to the atoms,
exceeding the displacement threshold, especially for hydrogen
atoms. This leads to the creation of vacancies and the formation
of recombination centers.54 The mechanism described above is
supported by other studies. For instance, in organic solar cells,
the extraction of H from C–H bonds is identied as the primary
This journal is © The Royal Society of Chemistry 2024
process leading to radiation-induced defect formation.55 Addi-
tionally, it has been observed that photon irradiation exceeding
2.7 eV can cause the rupture of N–H bonds in MAPbI3.56,57 In the
SRIM simulations conducted by Lang's study, it was found that
20 MeV protons will stay in the perovskite layer due to their
weaker penetration capability compared to 68 MeV protons. As
a result, the energy decay of the former is an order of magnitude
higher, as shown in Fig. 6(C), causing more C–H and N–H bond
breakage and H atom displacement. However, J–V curves,
photoluminescence (PL) spectroscopy, and time-resolved pho-
toluminescence (TRPL) spectroscopy revealed that the impact of
20 MeV protons was small, while 68 MeV protons had a signi-
cant inuence on device performance and the mechanism of
carrier recombination, as shown in Fig. 6(D). Lang et al.
concluded that the detachment of H atoms from chemical
bonds does not lead to localized defects. Instead, they observed
that these H atoms rapidly migrate back into the cations,
enabling the organic cations to undergo a self-healing process.
Similar self-healing phenomena in MAPbI3 have also been
explored by several groups. Additionally, low-temperature
experiments have provided evidence of the sub-stability of H
defects, further supporting the existence of such self-healing
mechanisms.57,58
J. Mater. Chem. A, 2024, 12, 1910–1922 | 1915
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Lang et al. also explained the damage mechanism caused by
68 MeV proton radiation.54 They proposed that a higher amount
of energy is absorbed by the inorganic components, resulting in
the displacement of a greater number of I or Pb atoms that do
not return to their original lattice positions. This process
particularly leads to the formation of defects related to iodine.
First-principles calculations have conrmed that iodine-related
defects in perovskite serve as highly active recombination
centers.59 Consequently, controlling the presence of iodine-
related defects, such as by introducing additional iodine ions,
can further enhance the resistance of PSCs to proton
radiation.60

In this section, we have discussed the proton radiation
resistance of PSCs and the self-healing ability of MHPs in
response to the displacement of H atoms caused by proton
radiation. However, the displacement of Pb and I atoms by
high-energy protons can result in the formation of defects with
signicant implications. Given the high energy levels of
protons, it is crucial to prioritize material enhancements when
designing shielding strategies. By adopting comprehensive
approaches, we can effectively enhance the proton resistance of
PSCs from various perspectives.
3.3 Gamma-ray radiation

In the previous section, we discussed direct ionizing radiation,
which can directly damage the macromolecular structure and
impact the performance of PSCs.However, it is equally important to
consider the impact of indirect ionizing radiation, such as g-rays
and neutron radiation. In terms of g-rays, photons lack rest mass
and charge, resulting in the absence of collisions and coulombic
interactions with atoms. Nevertheless, g-rays can interact with
perovskite through the photoelectric effect and Compton effect,
generating secondary particles that indirectly ionize other atoms.
Over a 20 years operation in space, a solar cell can accumulate
a dose of approximately 1000 kRad of g-ray radiation.17

Boldyreva et al. conducted a study on the effects of g-ray
radiation on commonly used MHPs.61 They exposed perovskite
lms to g-rays at doses ranging from 10 to 500 kRad and analyzed
their X-rays diffraction (XRD), X-rays photoelectron spectroscopy
(XPS), optical UV-vis spectroscopy, and PL measurements.
Comparing the XPS energy spectra before and aer radiation, it
was observed in Fig. 7(A) that the Pb 4f-spectra of MAPbI3 shied
towards PbI2, indicating the loss of the MAI and the formation of
PbI2 on the surface, and the Pb 4f-spectra of CsPbI3 suggested the
formation of Pb0. Since CsPbI3 does not release organic volatile
products from the organic component such as MAI, it further
degraded into Pb0 and I2 gas. The UV-visible spectra exhibited only
minor differences among the samples. The authors exposed the
substrate glass to g-rays and discovered a signicant decrease in
the transparency, particularly in the 300–600 nm range. This
decrease is attributed to ionization-generated carriers being
bound in vacancies or impurities, forming color centers.62 Aer
accounting for the darkening effect of the glass, it was observed
thatMAPbI3 exhibited the highest stability under g-rays compared
to the other samples. Even aer exposure to a dose of 1000 kRad g-
rays, the experimental values remained consistent with the
1916 | J. Mater. Chem. A, 2024, 12, 1910–1922
calculated values, as depicted in Fig. 7(A). This suggests that the
decay in the performance of MAPbI3 can be attributed to factors
other than the darkening effect of the glass. The authors inter-
preted the phenomenon as a self-healing mechanism, involving
the reversible generation of MAPbI3, the passivation effect of
iodine vacancies, and the promotion of chemical reactions
induced by g-rays, as shown in Fig. 7(B).

There are also many studies describing the g-ray resistance of
PSCs.63–65 The higher atomic number of Pb, which offers greater
radiation resistance, along with the self-healing properties of
MHPs, gives PSCs an inherent advantage in terms of radiation
resistance. Considering the substantial penetration of g-rays, it is
essential to prioritize material optimization to enhance resistance
without adding unnecessary weight to space launches.
3.4 UV radiation

The atmosphere surrounding the Earth can scatter and absorb
sunlight, resulting in a completely different solar spectrum on the
ground than outside the atmosphere. The spectrum of sunlight as
it reaches the upper interface of the atmosphere is dened as air
mass zero (AM0), and the standard spectrum of the ground is
noted as AM1.5G, where 1.5 represents the cosine of the solar
zenith angle. As shown in Fig. 8(A), compared to the standard
AM1.5G spectra, AM0 spectra exhibit a higher concentration of UV
irradiation.13 Studies have shown that UV is one of the main
factors affecting the stability of PSCs.66 Inside the atmosphere, the
performance of PSCs decreases under the inuence of UVA (320–
400 nm) and UVB (280–320 nm).67 The UV resistance of PSCs in
ground-based studies has been greatly improved. Outside the
atmosphere, the existence of UVC (200–280 nm) and UVD (100–
200 nm) with higher energy requires further study to enhance the
UV hardness of PSCs in space.

UV radiation possesses high frequency and short wavelength,
inducing the breakage of chemical bonds within the polymer
material. Prolonged exposure to UV radiation generates abundant
polar radicals, leading to the formation of new molecules aer
recombination and the degradation of thematerial.35 Firstly, we can
enhance the stability by increasing the UV hardness of perovskite
materials. Oua et al. found higher UV stability of MAPbBr3 than
MAPbI3 resulting from the cubic form which is more stable and
denser.68 When the bromide fraction achieves 20% or more in
MAPb(I1−xBrx)3, the UV stability of the unencapsulated perovskite is
improved markedly, as shown in Fig. 8(C). Wang et al. utilized
sunscreen perovskite using the tautomeric molecule 2-hydroxy-4-
methoxybenzophenone to restrain the degradation caused by UV
tautomeric transition and enhance the passivation by improving
the defect formation energy to −1.35 eV for the stable coordina-
tion.67 This work prominently passivated the defect and prevented
the perovskite lm from degrading, improving the PCE to 23.09%
and the stability under UV simultaneously.

UV radiation can also cause degradation through the photo-
catalysis of metal oxides. For instance, TiO2 has a large number of
oxygen vacancies that allow for oxygen absorption and release,
generating deep energy level defects that lead to recombination
and catalytic degradation.18 Li et al. indicated that TiO2 also
undergoes UV degradation in an inert gas atmosphere. They
This journal is © The Royal Society of Chemistry 2024
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Fig. 7 (A) (a and b) Evolution of XPS Pb 4f of thin MAPbI3 and CsPbI3 films under gamma ray exposure (10–500 kRad); (c) evolution of the solar
cell PCE under gamma-ray exposure. Red lines show the expected behavior in case gamma rays induce only substrate darkening without
damaging the PV stack itself. (d) Evolution of EQE spectra of the devices after 1000 kRad gamma ray exposure. EQE spectra were modeled
according to glass transmittance. The T-factor is the ratio of the experimentally obtained JSC and calculated JSC. (B) Diagram showing mech-
anisms of MAPbI3 decomposition based on theoretical calculations. A green background indicates a solid state while a blue background indicates
the gas phase.61 Copyright 2020, American Chemical Society.
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proposed a two-stage degradation of TiO2-based PSCs, as shown in
Fig. 8(B),69 where UV radiation generates additional holes in the
valence band of TiO2, transforming Ti3+ defects into Ti4+ defects
that generate non-radiative recombination centers. With the
increase in Ti4+ concentration, I− ions in perovskites are oxidized
to I2 or rather I3

−, promoting the decomposition of perovskites
Fig. 8 (A) Space (AM0) and Earth (AM1.5G) solar spectrum.13 Copyright 20
irradiation.69 Copyright 2020, Elsevier. (C) UV-vis absorption spectra of M
and after 12 h of exposure to UV irradiation.68 Copyright 2018, Elsevie
irradiation, and PSCs with CsBr interface modification before and after U

This journal is © The Royal Society of Chemistry 2024
into PbI2 as well as HI gas, causing the performance and stability
of PSCs to deteriorate. To avoid this phenomenon, photocatalyti-
cally inactive lms are required to reduce UV-induced degrada-
tion. SnO2 is an excellent choice for this requirement, which can
also provide high electron mobility and fast electron
extraction.70–74 We can also take measures to shield or inhibit the
21, Wiley. (B) Themechanism of PSC degradation under continuous UV
APb(I1−xBrx)3 films with different bromide fractions (0 and 20%) before
r. (D) Schematic illustration of the control PSCs before and after UV
V irradiation.77 Copyright 2016, Royal Society of Chemistry.
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photocatalysis of TiO2. Some researchers used Al2O3 as a scaffold
to support perovskites and sensitized lms, protecting them from
degradation by moisture and UV.75,76 Snaith et al. used CsBr for
modication at the TiO2/perovskite interface of the p-i-n PSCs to
enhance UV hardness.77 They conrmed that CsBr was not
incorporated into the perovskite lattice, but acted as an inde-
pendent interface modication layer to inhibit the photocatalytic
ability of TiO2, as shown in Fig. 8(D). Meanwhile, this method
improves the energy band structure of PSCs and boosts the effi-
ciency of carrier transport at the TiO2/perovskite interface.

This section has summarized how UV affects PSCs and some
measures to enhance UV hardness. We can take both internal
and external approaches to minimize the degradation caused by
high-energy photons. Internally, we can enhance the UV hard-
ness of perovskites themselves by improving the lattice struc-
ture and passivating internal defects, while externally we can
replace the substrate ormodify the interface to inhibit the active
photocatalytic effect caused by metal oxide.

4. Reinforcement of PSCs for space
application
4.1 Ionizing damage

Ionization can have a signicant impact on PSCs, primarily by
causing coloration of the glass substrate. This can affect the
device's transmittance and lead to a substantial decrease in JSC
and PCE. This phenomenon is commonly observed in both
electron and g-ray resistance experiments.45,61,78 Incident
Fig. 9 (A) Scheme of the V570-doped UV coating operating principle.
coating compared with the IPCE response of the PSCs. (C and D) Pho
device.80 Copyright 2016, The American Association for the Advanceme

1918 | J. Mater. Chem. A, 2024, 12, 1910–1922
radiation separates extra-nuclear electrons from the atoms,
generating additional hole–electron pairs.79 Some of these free
electrons and the resulting holes can be trapped in defects, such
as ionic vacancies, impurities, and unbridged oxygen atoms,
absorbing light by energy level transition with the exact
frequency. These optically active defects are known as color
centers.62 To maximize the suitability of PSCs for space appli-
cations, it is essential to identify substrates that can resist
darkening when exposed to radiation.

Ionization can also affect MPHs, not only through extra
carriers but by disrupting chemical bonds. In addition to
choosing materials with high radiation hardness, we can also
take reasonable encapsulation measures. For example, when
PSCs are exposed to UV radiation, the extra holes can enhance
the photocatalytic ability of metal oxides acting as CTLs and
accelerate the decomposition of MHPs. To effectively mitigate
the impacts of UV radiation, a commonly employed strategy is
converting high-energy UV into low-energy photons. Bella et al.
presented a uorescence process by V570-doped UV coatings,
which absorbs the energy of UV radiation and re-emits it in the
visible light range, as shown in Fig. 9(A) and (B).80 This
approach not only avoids the instability caused by UV radiation
but signicantly increases the JSC of the PSCs and improves the
PCE (Fig. 9(C)). The JSC improvement is attributed to a signi-
cant increase in IPCE in the UV range (Fig. 9(D)). The target
devices with UV coatings maintained good PCE stability under
UV irradiation (5 mW cm−2) for over 6 months.
(B) Normalized absorption and emission spectra of V570-doped UV
tovoltaic characterization including J–V and IPCE curves of the best
nt of Science.

This journal is © The Royal Society of Chemistry 2024
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Ionization also presents various space engineering chal-
lenges that require careful consideration. The SEE and TID can
be mitigated by protecting and detecting electrical circuits.
Circuit malfunctions can arise from electromagnetic pulses
resulting from surface charging and discharging effects.24 To
address these concerns, it is advisable to employ conductive
coatings or select surface materials with low resistivity and
a high secondary electron emission rate. Additionally, equip-
ping the spacecra with surface potential detectors and active
control equipment allows for in-orbit monitoring and control of
surface charging and discharging effects. To minimize the risks
associated with internal charging effects, shielding and
grounding techniques can be implemented.81
4.2 Displacement damage

To alleviate the effects of displacement damage on PSCs,
a promising approach is to prioritize the selection and devel-
opment of resilient materials. One effective method is to
enhance the energy threshold for atomic displacement by
increasing the bonding energy of halogen atoms and improving
the phase stability of perovskites. For example, Liu et al.
successfully stabilized CsPbCl3 nanocrystals by modifying the
perovskite precursors with Mn2+ doping, resulting in a 10-fold
increase in lifetime under 200 keV electron radiation.82 This
approach effectively increased the electron radiation resistance
of perovskite nanocrystals. Using rst-principles calculations,
they found that CsPb1−xMnxCl3 is more stable than CsPbCl3 due
to the stronger Mn–Cl and Pb–Cl bonds, which reduce the
desorption of Cl−. The formation energy DH of Mn2+ replacing
Pb2+ is also less than zero, indicating that the material becomes
more stable. The CsPbCl3 structure has a tolerance factor (t) of
0.82, and for pure CsMnCl3, t is 0.99. Therefore, Mn2+ can
increase the phase stability of the CsPbCl3 crystallite. While
proton radiation can displace H atoms in organic cations, the
effect is negligible due to the self-healing mechanism.

In engineering design, annealing effects can be leveraged for
in-orbit repair of displacement damage. Equal temperature
interval annealing and equal time interval annealing have been
shown to decrease the concentration of displacement defects.81

Heat treatment can extend the lifetime during radiation, and
annealing can restore the performance of certain radiation-
damaged devices. When designing spacecra solar cells, it is
crucial to incorporate a safety margin to account for displace-
ment damage. This can involve considering the attenuation of
VOC and JSC in the calculation of the spacecra's power
requirements, ensuring that the consequences of displacement
damage are not severe.
5. Conclusions and future
perspectives

This review provides an overview of the space environment and
its effects on PSCs. PSCs can be a solution for space PV due to
their high power-to-weight ratio and low cost. Additionally,
PSCs demonstrate resistance to various space radiations,
making them more competitive compared to conventional PV
This journal is © The Royal Society of Chemistry 2024
materials. However, for practical application in space, PSCs
must withstand challenging environmental conditions and
fulll specic requirements. By developing a thorough under-
standing of radiation damage mechanisms, targeted measures
can be implemented to minimize the adverse effects of radia-
tion on PSCs, thereby enhancing their potential for space
applications. For future research, the following perspectives can
be taken to promote the space applications of PSCs from
infancy to pragmatic applications:

Firstly, the foremost issue is enhancing long-term stability.
While PSCs offer advantages in terms of cost and weight, their
lifetime is considerably shorter than Si and GaAs cells (∼20
years). Fortunately, the absence of moisture and oxygen in space
eliminates the concerns regarding the decomposition of MHPs.
Therefore, it is imperative to study and improve their radiation
stability and thermal stability. Energetic radiation particles
cause ionization damage and displacement damage in semi-
conductor materials, leading to an increase in lattice defects
and degradation of PV performance. Understanding the radia-
tion damage mechanism, studying the effect of radiation on
each layer, and performing a comprehensive assessment of the
complete device is essential to study the degradation of in-orbit
performance. Therefore, it is necessary to strengthen the
research and develop reasonable stability assessment methods
to further improve the radiation resistance of PSCs.

Secondly, the establishment of a comprehensive experi-
mental platform is necessary. Due to the high cost of space
launches, most experiments are limited to ground-based labo-
ratories. Many factors in space have a combined effect on PSCs.
Current research has only studied them separately and few have
simulated environments with multiple factors. A comprehen-
sive experimental platform can help us test, compare, and
optimize thoroughly and screen the optimal space PV materials
from the perovskite materials such as organic cationic perov-
skite, all-inorganic perovskite, and double perovskite,
enhancing the potential of PSCs to be deployed in space.

Thirdly, a suitable package structure for space applications
needs to be designed. Packaging designed for space environ-
ments must effectively address challenges such as high vacuum
and radiation. Using protective layers to block particle radiation
and absorb UV radiation can effectively improve the stability of
PSCs. Of course, it is imperative for the protective layer to be
lightweight while still maintaining its efficacy. Additionally, the
conversion of high-energy radiation into visible light, as previ-
ously mentioned, presents an opportunity to simultaneously
reduce radiation levels and enhance efficiency. There is also
a need for exible substrates, as they allow for easy deployment
through shape alteration and contribute to the reduction of
space launch costs by minimizing weight.

Lastly, more experiments in the real space environment are
needed. Ground-based experiments merely serve as simula-
tions, lacking the authenticity of real space environments to
conrm the viability of PSCs. Currently, there are very few space
experiments on PSCs.83,84 As space technology advances and the
demand for next-generation space solar cells grows, it is antic-
ipated that more launch experiments will be conducted to
explore the deployment of PSCs in space.
J. Mater. Chem. A, 2024, 12, 1910–1922 | 1919
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