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The operational stability of the single-junction perovskite solar cells (PSCs) under space conditions remains a
concern. This review systematically analyzes the effects of proton irradiation on PSCs, correlating the observed
degradation with displacement damage and electronic ionization mechanisms. The penetration depth of protons
and the associated vacancy profiles across PSC layers are assessed using Monte-Carlo simulations. Proton irra-
diation generates defects in the perovskite lattice, leading to reduced carrier mobility and device performance.
Substrate analysis shows that cerium-doped glass, fused quartz, and silica retain optical clarity better than soda
lime glass and flexible substrates. Transparent conductive oxides (TCOs) like Indium-tin oxide (ITO) exhibit
strong radiation stability compared to other TCOs. For charge transport layers (CTLs), inorganic CTLs demon-
strated better radiation resistance compared to their organic counterparts. The phenomenon of self-recovery in
PSCs is also explored, which is attributed to defect recovery, relaxation of ion migration, and thermal annealing.
By integrating experimental findings with simulation-based insights, this review maps the vulnerability of each

device layer and addresses the proton irradiation relevant for space environments.

1. Introduction

Solar energy has emerged as an essential power source for terrestrial
and space applications due to its renewable nature and ability to meet
high energy demands. As numerous upcoming space missions, such as
NASA’s Dragonfly, ASTHROS, CLARREO, and DAVINCI, are being
designed to operate in harsh extraterrestrial environments, the demand
for reliable, efficient, and lightweight power systems has become critical
[1-4]. Solar cells, being compact and self-sustaining, are strong candi-
dates to fulfill these energy requirements. Since their first deployment in
1958 to power a satellite, they have remained the backbone of space
missions [5,6]. Photovoltaic (PV) devices, containing semiconductor
materials as an active layer, generate electron-hole pairs upon absorbing
light [7-10]. The operation of PV devices involves three key processes:
generating electron-hole pairs from photon absorption, separating these
carriers in opposite directions using transport layers, and collecting the
carriers in an external circuit to deliver power [11]. Due to the

abundance of silicon, most of the PV market is dominated by
crystalline-silicon (c-Si) based PV devices. However, c-Si-based devices
suffer from high production costs and limited theoretical and experi-
mental power conversion efficiency (PCE) [7,12-16].

To overcome these limitations, researchers have explored alternative
materials, such as III-V compound semiconductors, gallium arsenide
(GaAs), copper indium gallium selenide (CIGS), cadmium telluride
(CdTe), and perovskites [17,18]. Among these, perovskites have
emerged as promising candidates due to their low production cost and
high PCE. The PCE of perovskite solar cells (PSCs) has increased
significantly from 3.8 % in 2009 to a certified value of 27 %,
approaching the Shockley-Queisser efficiency limit (33.7 %) [19-22].
Unlike c-Si-based devices, PSCs can be manufactured at low tempera-
tures [23]. Key advantages of perovskites include solution processabil-
ity, tunable band gap, high specific power (power/weight ratio), and
superior optoelectronic properties [24-28]. Notably, PSCs demonstrated
a specific power of 23-29 W g~! compared to 0.5 W g~! for commercial
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GaAs solar cells and 3W.g’1 for III-V semiconductor cells [24,29,30].
Moreover, their compatibility with lightweight, flexible substrates
further enhances their potential for space applications [31].

If PSCs are employed in space missions, they must endure harsh
space environments, including strong radiation, ultra-high vacuum,
atomic oxygen, and severe temperature cycling [32,33]. The replace-
ment of solar cells is not feasible once deployed in space, making the
stability of solar cells against these harsh conditions an important factor
to consider. Strong radiation includes gamma rays, neutrons, alpha
particles, electrons, ultraviolet (UV) rays, beta particles, X-rays, and
protons [34,35]. In this review, the effects of proton irradiation on PSCs
are examined. In particular, when focusing on the effects of proton ra-
diation, the evidence indicates that c-Si solar cells exposed to 150 keV
protons experience a significant performance decline, with their
open-circuit voltage (V,.) dropping by over 40 % and their current
density (Js) by about 10 % at a fluence of 103 protons/cm2 (p/cmz)
[29,36]. Protons introduce mid-gap defects in Si materials and decrease
their diffusion length [37,38]. GaAs solar cells begin to show degrada-
tion at much lower fluence levels (around 10'° p/cmz), while PSCs only
start to degrade when exposed to fluences as high as 10'° p/cm? [29].
The comparison of before and after proton irradiation PCE for various
types of solar cells is given in Fig. 1. While the data comes from different
proton energies and fluences, the overall trend suggests that PSCs are
less affected by proton exposure than most conventional technologies.
As reported by, under identical conditions of 68 MeV protons at a flu-
ence of 1013p/cm2, perovskite tandems retained ~94 % of their initial
PCE, compared with <78 % for III-V (GaAs-based) 3J cells, providing a
more direct benchmark across technologies. Direct side-by-side com-
parisons remain limited in the literature, and addressing this gap will be
important for a fairer assessment of radiation harness across technolo-
gies [39]. It should be noted that Fig. 1 also includes tandem configu-
rations (perovskite/CIGS and perovskite/SHJ) for completeness, but the
focus of this review is on single-junction PSCs. Multi-junction devices
are briefly acknowledged here due to their importance for space appli-
cations but are not discussed in detail, as a dedicated review would be
more appropriate. Additionally, PSCs possess an interesting ability to
recover from radiation damage, making them a potential option for
space missions [31].

Even though PSCs have better proton resilience than other solar cells,
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Fig. 1. The comparison of PCE for different types of solar cells after proton
irradiation [27,40-42]. Here, SHJ stands for silicon heterojunction and Pvsk for
perovskite. The values written inside the bar ‘before irradiation’ are the energy
and fluence of the proton beam. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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it is still important to study the effects of proton irradiation on PSCs to
further enhance their stability and performance in space conditions. The
exact mechanism by which energy dissipates within a complex semi-
conducting perovskite environment is not yet fully understood [43]. In
this review, a detailed discussion is provided on how protons interact
with the PSCs, including displacement damage and ionization processes
[44]. The Stopping and Range of Ions in Matter (SRIM) findings are
summarized to support the experimental results, such as vacancy gen-
eration caused by protons, electronic energy loss, recoil energy loss, and
penetration of the proton beams in the PSCs. SRIM is used to do the
Monte-Carlo simulation that is based on the binary-collision approxi-
mation [27,45]. Furthermore, the interaction mechanisms within the
PSC are strongly influenced by the energy of the incident protons. The
effects of proton irradiation on the various layers of the PSCs, including
substrates, electrodes, and charge transport layers (CTL), are explored.
The radiation resistance of different substrates is discussed, along with
the superior proton resilience of the inorganic CTLs over the organic
ones. An important and unexpected property of PSCs to self-heal
following proton irradiation is explored. Finally, changes in PV param-
eters across different device structures and proton energies are briefly
addressed.

2. Space radiation
2.1. Space environment

The harsh conditions of space present significant challenges to both
human missions and the materials used in spacecraft. Spacecraft must
endure a variety of environmental stressors, such as extreme tempera-
ture variations, ranging from intense heating under direct sunlight to
extreme cold in darkness, near-vacuum conditions that can reach as low
as 7.5 x 107'° torr in deep space, high UV flux, low-intensity low-
temperature (LILT) conditions, and atomic oxygen (AtOx) in near-Earth
space [33,46-49]. In addition, the solar spectrum in space is AMO, which
is more intense and spectrally distinct from the AM1.5G spectrum
typically used on Earth [50]. UV radiation in orbits such as low Earth
orbit (LEO), medium Earth orbit (MEO), geosynchronous Earth orbit
(GEO), and on the moon is significantly higher than on Earth, while LILT
conditions are mainly encountered in the vicinity of Jupiter, Saturn, and
deep space, where solar intensities drop to ~1.52 W/m? and tempera-
tures can reach —170 °C [48,51]. AtOx exposure, particularly relevant to
LEO and International Space Station (ISS), has fluxes of ~10'210'%
atoms - cm~2 - s~ with energies ~4.5-5eV, leading to surface erosion,
corrosion of metal contacts, and oxide formation that accelerate PSC
degradation [52-54].

Before deploying PSCs in space, it is crucial to evaluate how they will
withstand these stressors. Several studies have been conducted on PSCs
by replicating these environments. Table 1 displays these environmental
properties across various space environments. These environments
include Earth, LEO, MEO, GEO, the moon, and various planets. The solar
intensity remains nearly the same as the solar constant across regions
such as Earth, LEO, MEO, GEO, and the Moon [55]. As the distance from
the Sun increases, the intensity of solar radiation decreases, leading to
low-intensity conditions [56]. Table S1 (Supplementary Information)
summarizes the effects of these stress factors on PSCs along with the
corresponding mitigation strategies.

Beyond the broad environmental challenges, understanding the
specific radiation conditions is crucial for designing durable spaceborne
devices. Within Earth’s magnetosphere, the Van Allen belts strongly
influence the operational stability of solar cells and spacecraft elec-
tronics. Spacecraft operate within Earth’s magnetosphere (Fig. 2(a)), a
region that contains trapped radiation zones known as the Van Allen
belts. These belts are divided into two primary regions: the inner belt
(1000-6000 km), consisting mainly of high-energy protons from
neutron decay [44,71-73] and the outer belt (13,000-60,000 km),
dominated by electrons with energies up to 30 MeV [72].



H.S. Rao et al.

Table 1
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Environmental properties in various space environments, including Earth, LEO, MEO, and GEO, the Moon, Mars, Jupiter, and Saturn.

Space environment Solar intensity (W/m?) UV intensity (W/m?) Temperature range (°C) Cycle duration Vacuum level (torr)
Earth ~1370 [48] 0.1073 [57] —20 °C-80 °C [58] 365.24 days [59] 760 [60]

LEO and MEO ~1370 [55] 139.6 [56] —120 °C-120 °C [61] 1.5 h [56] 107°-1077 [62]
GEO ~1370 [55] 139.6 [56] —196 °C-128 °C [63] 4.06 days [63] 10712 [64]

Moon ~1370 [65] 139.6 [56] —171 °C-112 °C [63] 28.1 days [63] 2 x 10712 [65]
Mars 586.2 [66] 58.62 [56] —143 °C-27 °C [63] 1.03 days [63] 4.77 [66]

Jupiter (Jovian atmosphere) 45.2 [48] 4.52 [56] Average —145 °C [67] Temperature depends on the pressure [68] >7.5 x 10° [68]
Saturn 15.2 [48] 1.52 [56] —173 °C-57 °C [69] Temperature depends on the pressure [70] >7.5 x 10° [70]
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Fig. 2. (a) Ilustration of Earth’s Magnetosphere [71], (b) Dose rate (Sv/day) due to protons in the inner zone, depending on the inclination of the orbit and its
altitude [44,76], (c) Illustration of Earth’s Orbital Regions: LEO, MEO, GEO, and HEO.

The exposure of spacecraft to these belts depends strongly on their
orbital altitudes [44]. Fig. 2(b) gives the dose rate of protons in the inner
zone, and the corresponding data in Table S1. A detailed illustration of
the Earth’s orbitals is given in Fig. 2(c). LEO (e.g., ISS at ~400 km), lies
below the inner belt and generally avoids direct radiation exposure,
except when passing through the South Atlantic Anomaly. MEO in-
tersects both belts, making it particularly harsh. As shown in Fig. 2(b)
and (c), the dose rate peaks in the altitude range of approximately 2500
to 3000 km. This altitude falls within the MEO region, indicating that
satellites operating in this zone are exposed to higher levels of radiation.
In contrast, GEO (~35,786 km) lies just outside the outer belt but re-
mains susceptible to space weather variations and high-energy particles
originating from solar events. Certain spacecraft operate in Highly
Elliptical Orbits (HEO), which traverse both belts, causing prolonged
and repeated exposure [72,74,75]. Due to this uneven distribution of
space radiation, satellites in different orbits require different levels of
radiation hardness [44]. In addition to trapped belt particles, galactic
cosmic rays (GCRs), composed predominantly of protons and alpha
particles, also contribute to the overall space radiation environment.

These particles are capable of penetrating standard spacecraft shielding,
such as aluminum with a thickness of 100 mils, and can cause damage to
sensitive electronic components. At a distance of 1 astronomical unit
from the Sun, the average proton density from GCRs has been measured
to be approximately 8-9 protons/cm> [44].

Strong radiation is one of the primary stressors that PSCs would be
subjected to in space. This includes a variety of particles and rays, such
as gamma rays, alpha particles, electrons, protons, neutrons, and some
ions, which travel through space with kinetic energies ranging from a
few eVs to hundreds of GeVs. The origin of these particles is from the
GCRs as well as some of the solar particles emitted by the Sun during
solar eruptions [77,78]. Table 2 outlines the distinct characteristics of
space radiation sources, showing that lower-energy environments like
the solar wind have intense particle flux, while higher-energy sources
such as GCRs and solar flares present greater radiation hazards despite
their relatively lower flux.

Given the diversity of space radiation, it is important to briefly
consider the characteristics and effects of different types of radiation,
including gamma rays, neutrons, and charged particles, before focusing
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Table 2
Energy and flux of particles from various sources [77-79].

Source Particles Energy (MeV)  Flux (cm 2 1)
Van Allen outer belt & 0.001-30 10%-107

Van Allen inner belt p" 0.001-100 10-10°

Solar wind phe,a <0.001 3 x 108

Solar flare p', ions, gamma rays 1-10° 10'°

GCRs p', e, @, heavy ions 1-10* 1-10

specifically on proton irradiation. Each type of radiation presents unique
interaction mechanisms and damage profiles in PSCs, with various ex-
amples highlighting their significance. Gamma-ray tolerance of the PSCs
is particularly important as the stability threshold of 100-1000 Gy is
often used as a benchmark for space mission requirements [80]. For
reference, the gamma dose rate on the Moon varies from 3.33 to 3.76
mSv/year [81]. The perovskite layer, composed of
FA¢.945MAg.025Cs0.03Pb(I0.975Br0.025)3, exhibited partial transition to the
é-phase of FAPbIz under gamma irradiation (Table S1), degrading
crystallinity and introducing trap states that hinder carrier transport.
However, the dominant contributor to performance loss was the
radiation-induced coloring of the glass substrate, which significantly
lowered optical transmittance and limited photon flux to the active
layer. As a mitigation strategy, the authors proposed replacing the glass
with flexible substrates like polyethylene naphthalate (PEN) and poly-
ethylene terephthalate (PET), preventing the formation of color centers
and reducing device weight. Additionally, applying radiation-hardened
coatings or encapsulants could further suppress optical degradation in
the substrate [82]. However, as discussed in a later section, flexible
substrates did not exhibit good resistance under proton irradiation,
indicating that further research is necessary to identify substrate mate-
rials that can withstand gamma and particle radiation in space
environments.

Neutrons are a major concern in space following gamma radiation
due to their deep penetration and strong nuclear interactions. Neutrons
generated by spallation of GCRs with lunar regolith show fluxes span-
ning ~107! to 10' neutrons cm ™2 year’1 MeV ! across energies from
107 to 10* MeV. The highest values of the flux are observed in the
basalt-rich regions [81]. These elevated flux levels surpass terrestrial
background and are relevant to environments like the ISS, where the
fluence reaches ~2.8 x 10!! neutrons cm™2 year’l for neutrons of en-
ergy ranging 0.1eV to 10° MeV [83]. Their pervasive presence and po-
tential for damage make them critical to assess in space radiation
studies. Rossi et al. examined the impact of fast neutron irradiation on
flexible PSCs with spiro-OMeTAD and Benzothiadiazole-Poly(3-hex-
ylthiophene) (BTD-P3HT) as hole transport layers (HTLs) under
space-relevant fluences. While both devices degraded (Table S1),
BTD-P3HT-based cells exhibited more stable charge transport and
reduced recombination sensitivity under light variation [83]. This study
highlights the critical influence of HTL-perovskite interfaces in deter-
mining neutron tolerance for space applications.

In contrast to gamma rays and neutrons, electrons are charged par-
ticles and exhibit different interaction mechanisms in space. Meredith
et al. analyzed data from the INTEGRAL satellite and reported that in
GEO, the decade-level peak flux of electrons ranges from 4.35 x 10° to
1.16 x 10° cm 257! sr! MeV ! for energies between 0.69 MeV and
2.05 MeV. In MEO, the corresponding flux levels are significantly
higher, ranging from 1.36 x 107 to 5.34 x 10% em™2 s~ ! sr™! Mev L.
These elevated fluxes contribute substantially to the radiation exposure
experienced by satellites traversing or operating in these regions [84].
Song et al. conducted electron irradiation tests on high-efficiency PSCs
using 1 MeV electrons. Their findings suggest that while high-energy
electron irradiation primarily impacts light absorption and photocur-
rent generation, the core device architecture remains resilient (Table S1)
[85].

Having addressed the effects of gamma radiation, neutrons, and
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electrons, it is appropriate to now consider proton irradiation, a domi-
nant component of the space radiation environment known for its sig-
nificant impact on the structural and electronic stability of PV materials.
Fig. 3 (Table S4) shows the dependence of the annual proton fluence on
the proton energy in the different space environments as simulated by
the SPace ENVironment Information (SPENVIS) [86,87]. It illustrates
the exposure range that PSCs may experience in various environments.
The graph shows that annual proton fluence decreases with increasing
energy and generally increases with distance from Earth. A distinct dip
at the equatorial orbit (~800 km) is due to strong geomagnetic shield-
ing, while higher fluences appear in polar, upper LEO, GEO, and deep
space regions [88]. Lower-energy protons contribute the highest fluence
across all orbital locations. Among various stressors that PSCs will be
subjected to in space, the proton is considered one of the critical factors
that need special attention. The protons can fully penetrate the solar cell
and break the covalent bonds in the perovskite layer, creating defect
states and reducing PV performance, making it a critical factor [89,90].
As this review aims to explain the effects of proton irradiation on the
stability and performance of PSCs, the following section discusses the
irradiation conditions and testing protocols.

2.2. Irradiation protocols

In evaluating the irradiation protocols for PSCs, it is important to
understand various standards that guide testing procedures, such as the
AIAA (from the American Institute of Aeronautics and Astronautics),
ECSS (from the European Cooperation for Space Standardization), and
the testing done in NASA. The AIAA standard broad proton exposures
spanning 20 keV to 3 MeV, using Equivalent Fluence and Displacement
Damage Dose approaches to quantify energy-dependent degradation
through relative damage coefficients or non-ionizing energy loss (NIEL)
based models [91]. In contrast, the ECSS standard narrows the testing to
two fixed energies, typically 1 MeV and 3 MeV, with strict flux control to
ensure uniform and comparable degradation across different grades of
solar cells [92]. Distinct from both, NASA’s Marshall Space Flight Center
focuses on lower proton energies (0.04-0.7 MeV) to study
surface-related damage in solar cells and array components, particularly
the deterioration of cover glasses and coatings that impact end-of-life
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performance (EOL) [93]. Collectively, these protocols establish a
coherent framework for qualifying solar cells under proton irradiation
for space applications. Various energy/fluence protocols and accelerator
facilities have also been used to simulate proton exposure; further de-
tails can be found in Table S2.

This section has outlined the harsh space environment that chal-
lenges PSCs. It has also described the different orbital regions, including
LEO, MEO, GEO, and HEO, along with their distinct radiation profiles.
Furthermore, the section has reviewed the standard testing methods
used to simulate these environmental conditions, emphasizing proton
irradiation due to its significant impact on device performance. This
overview provides the foundation for the next section, which examines
the specific effects of proton irradiation on PSCs and their constituent
layers.

3. Proton radiation interaction mechanisms and their effects on
PSCs

The subsequent section will explore the nuclear and electronic effects
observed in PSCs after exposure to proton irradiation across a range of
energies. This discussion will examine the impact on various structural
layers of the PSCs, including the perovskite film, substrates, electrodes,
and CTLs, which are crucial for the overall PV performance of the cells,
and evaluate the self-healing properties of PSCs after proton irradiation.

3.1. Nuclear and electronic effects

The type and extent of radiation-induced damage in materials
depend on the radiation type and its energy. For energetic protons, the
dominant degradation mechanism in PSCs arises from non-ionizing in-
teractions, collectively referred to as displacement damage [44,76]. In
this process, incident protons transfer a portion of their energy to lattice
atoms through elastic collisions, resulting in atomic displacements [27,
43]. This nuclear interaction is quantified by the NIEL, which measures
the energy deposited into atomic displacements [44]. As illustrated in
the upper portion of Fig. 4, such interactions initiate when the energy of
an incoming proton displaces atoms from their lattice positions, forming
interstitial atoms and leaving behind vacancies, together known as
Frenkel pairs [31]. The displaced atoms, or primary knock-on atoms
(PKAs), may carry sufficient energy to displace additional atoms, initi-
ating a cascade of secondary displacements [27]. The vacancies act as
recombination centers that enhance the non-radiative Shockley-R-
ead-Hall (SRH) recombination, and the breakage of bonds creates
localized defect states within the band gap, and their specific energy
positions determine whether they function as efficient recombination

Incident proton | p*

Proton beam

Perovskite
structure

Scattered proton pt
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centers or act as charge traps [37,87]. The minimum energy required to
displace an atom is called the displacement threshold energy, with
default values in SRIM simulations being 25 eV for iodine, 10 eV for
hydrogen, and 28 eV for carbon, oxygen, and nitrogen [87]. However,
the threshold energy values can be accurately determined with the help
of molecular dynamics, which also includes the defect recombination
mechanism [94]. The total displacement damage dose (DDD) due to
protons is calculated by integrating the product of the differential par-
ticle flux (¢(E) and the corresponding NIEL values over energy. ¢(E) can
be obtained using particle transport simulations such as MCNP6 (Monte
Carlo N-Particle Transport Code) or SPENVIS [39,48,95-97]. These
nuclear interactions significantly alter the structural integrity of the
PSCs, ultimately contributing to performance degradation in PSCs.

In addition to the displacement damage, energetic protons also
damages the PSCs through ionization processes [44,76]. These in-
teractions involve inelastic collisions with electrons, resulting in the
excitation or ejection of electrons and the formation of electron-hole
pairs [43,44]. As illustrated in the lower part of Fig. 4, an incident
proton separates electrons from atoms, resulting in electron-hole pair
generation within the PSC [98,99]. The electronic effects in a perovskite
lattice originate from ionizing interactions, where charged particles,
primarily protons, interact with the atomic electron shells, leading to
progressive energy loss via multiple collisions [43]. This energy loss is
characterized by the stopping power of the material expressed as dE/dx,
and is referred to as specific ionization loss when dominated by elec-
tronic interactions [100]. The generated electron-hole pairs reduce the
current and voltage output of the device by enhancing recombination
[76]. For instance, a 20 MeV proton can produce over a thousand
electron-hole pairs [27]. Ionization also disrupts the ionic and covalent
bonds in perovskites, particularly within the organic components, such
as C-H, C-N, and N-H bonds through radiolysis, leading to localized
defect states [26,31,101-104]. Furthermore, ionization impacts the
substrate by creating defects that act as optically active sites. The trap-
ped charge carriers in these defect states absorb light via electronic
transitions, giving rise to color centers that reduce glass transmittance
[31,98,105-107]. Beyond these primary effects, high-energy proton
interactions can also cause nuclear fragmentation of either the incident
ions, the target atoms, or both, resulting in the production of secondary
radiation, including lighter charged particles and neutrons [108,109].
Such irradiated samples often become temporarily radioactive and must
be handled with isolation until their activity decays to safe levels [108,
110].

o pt Scattered proton

O Vacancy

e }Frenkelpairs
2 @ Interstitials

= Electron
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Fig. 4. Illustration of the atomic displacement and ionization of atoms due to proton irradiation.
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3.2. Effect of protons on perovskite films

In the following section, the SRIM simulation and experimental ob-
servations that demonstrate how proton irradiation affects the perov-
skite films are detailed. SRIM simulations quantify the impact of proton
irradiation on vacancy formation within the perovskite. For example,
Afshari et al. reported that proton irradiation at 75 keV, 300 keV, and 1
MeV, the total vacancy counts are approximately 1.95 x 10'2, 1.66 x
10'2, and 1.82 x 10'%/cm®, respectively. At 75 keV, most of the proton
energy is dissipated within the absorber layer, whereas at higher en-
ergies the protons penetrate deeper, depositing a significant portion of
their energy near the glass substrate. The SRIM vacancy-depth profiles
(Fig. S1(a)-(c)) confirm this energy-dependent shift in damage locali-
zation. In the perovskite, 75 keV irradiation predominantly induces
hydrogen vacancies, while at 300 keV and 1 MeV, iodide vacancies
become dominant, followed by lead vacancies. This shift is attributed to
the fact that higher-energy protons, being more energetic than hydrogen
atoms, interact preferentially with heavier elements such as iodine and
lead, rather than lighter constituents. Fig. S1(d)-(f) further reveal that
although the total vacancy concentrations were matched across energies
by adjusting fluences, the nature of the displaced species varies signifi-
cantly, indicating a distinct defect generation mechanism driven by non-
ionizing and ionizing energy loss [111].

Solar Energy Materials and Solar Cells 295 (2026) 114015

Luo et al. evaluated the effect of 50 keV proton irradiation on
MAPbDI; films deposited on Fluorine-doped tin oxide (FTO) substrates
over fluences ranging from 1 x 103 to 1 x 10'° p/cmz. Scanning
electron microscopy (SEM) analysis revealed the emergence of surface
holes and minor grain damage at the highest fluence (Fig. S2(a)-(c)),
while X-ray diffraction (XRD) measurements indicated peak broadening
and slight shifts, consistent with reduced crystallinity and partial
amorphization [112]. The peak broadening observed in Fig. 5(a)
resulted from the decreased crystallite size from 110 to 82.5 nm and the
increased microstrain from 0.0013 to 0.00167 [112-114]. The indi-
vidual contribution of the crystallite size and the microstrain to the peak
broadening can be calculated using the Williamson-Hall (W-H) equation
(details in supplementary file) [112,115]. Fourier transform infrared
spectroscopy (FTIR) spectra in Fig. 5(b) showed a decrease in N-H and
C-N bond absorption intensity, suggesting significant disruption of the
organic framework. Ultraviolet-visible (UV-Vis) spectroscopy analysis
in Fig. 5(c) shows a modest bandgap widening from 1.605 (before
irradiation) to 1.621 eV (after 10%° p/cmz) accompanied by a reduction
in light absorption. This behavior is attributed to a combination of point
defects and irradiation-induced microstrain, both of which contribute to
an increase in hole carrier density [112,116]. In addition to these,
photoluminescence (PL) quenching was observed after proton irradia-
tion of fluence 10'® p/cm?, which was attributed to the increase in the
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deep-level defect states generated by the displacement of C or H atoms in
the MAPbDI3 lattice [112,117]. Overall, these results indicate that
MAPbDI3 is moderately tolerant at low fluence but suffers severe struc-
tural and electronic degradation once deep-level defects accumulate at
higher fluences.

Similar to this study, a PL quench was observed after the irradiation
of 170 keV protons on the mixed cation perovskite film due to the for-
mation of deep traps and an increase in the non-radiative recombination
processes [29,118,119]. The time-resolved photoluminescence (TRPL)
data demonstrated a reduction in carrier lifetime from approximately 58
to 18 ns. At lower fluences, there were no significant changes observed
in the XRD and SEM results. Collectively, these observations indicate
that at fluences less than 10'* p/cm?, MAPbI; has good proton tolerance.
Due to the damage in the methylamine group, the crystallinity of the
films was damaged near 1 x 10'® p/cm?. Proton irradiation induces a
degradation mechanism dominated by organic bond breakage and
amorphization, which ultimately impairs charge transport and device
performance [112].

Compared to the conventional MAPbI3-based PSCs, Kanaya et al.
demonstrated that their high-efficiency mixed-cation perovskite ab-
sorbers exhibit remarkable stability under 50 keV proton irradiation.
Meanwhile, SEM (Fig. S2(d)—(f)) and XRD (Fig. 5(d)) confirmed minimal
changes in grain morphology and crystal structure up to high fluences.
PL and TRPL measurements provided key insights into carrier dynamics.
The steady-state PL intensity didn’t show any notable changes, and the
slow recombination lifetime (t3) retained the same level of values up to
10'* p/cm?. Only at a fluence of 1 x 10'° p/cm? was a notable reduction
in carrier lifetime observed, resulting from the defects inside the grain
[120]. It was reported that the mixed cation perovskite films on the
substrates irradiated with 100 keV (up to 10 p/cmz), 150 keV (10'°
p/ cmz), and 170 keV (1013 p/cmz) showed no significant change in their
XRD spectra [29,104,118]. Although there was no change in the crys-
talline structure of the perovskite, a slight increase in the surface
roughness from 31 nm to 42 nm (after 1013 p/cmz) was observed in the
atomic force microscopy (AFM) in the perovskite for 170 keV [118].
Together, these findings highlight that mixed-cation perovskites are
significantly more resilient than MAPDbI3, with structural integrity and
carrier dynamics preserved even at high fluences, making them strong
candidates for space applications.

Costa et al. employed four I/Br ratios (Eg1:91/9, Eg2:83/17, Eg3:75/
25, and Eg4:67/33) to adjust the perovskite bandgap, aiming for optimal
efficiency and radiation stability. They irradiated the cells using 1 MeV
protons at 5 X 10 p/cmz. Fig. 5(e) shows the UV-Vis absorbance
spectra for the perovskite materials at the BOL (beginning-of-life) and
EOL corresponding to the conditions before and after proton irradiation.
It showed that the perovskite films with higher iodine content exhibited
greater absorbance loss, attributed to the migration of iodine species,
including volatile I, through the device layers [107,119,121,122]. This
demonstrates that halide composition strongly influences radiation
stability, with partial substitution of iodine by bromine mitigating
halide migration and enhancing tolerance.

As the energy of the proton beam further increased, the degradation
of the perovskite films worsened. Xue et al. examined a mixed-cation
perovskite film deposited on SnO,/FTO/glass via spin-coating and
annealing. 2 MeV proton irradiation up to 2.2 x 10'° p/cm2 caused
severe decomposition, as XRD showed increased Pbl, peaks. PL intensity
decreased at high fluence, signaling disordered emission. These effects
arise from electronic energy deposition causing radiolysis, breaking
organic bonds, and generating gases that degrade the film [104]. Under
10 MeV proton irradiation at fluences of 10'2 to 10'* p/cm?, perovskite
films exhibited void formation, surface ablation, and increased rough-
ness, while PL intensity and carrier lifetime were reduced. These results
indicate that high-energy proton bombardment causes both mechanical
damage and optoelectronic property degradation [108]. Similarly, 68
MeV protons cause a decrease in the steady-state PL intensity [27].
These studies highlight a superior radiation tolerance of the
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mixed-cation perovskites at low-energy low-fluence compared to typical
MAPDI; layers, which tend to show more significant degradation under
similar conditions.

3.3. Proton resilience of substrates and electrodes

In this section, the effects of proton irradiation on substrates are
investigated by examining changes in their structural, optical, and
chemical properties, with a focus on detailing the degradation mecha-
nisms and the resilience of the materials under proton beam exposure. In
addition, the electrode layers are evaluated for changes in transparency
and sheet resistivity to understand their functional stability under
irradiation.

3.3.1. Flexible substrates

The analysis begins with flexible substrates, which are widely used
for lightweight, portable, and wearable devices due to their mechanical
flexibility and compatibility with low-temperature processing [31].
Cermak et al. examined the effects of a 3 MeV proton beam on PET foil.
AFM images in Fig. S3 show reduced roughness, but they reported that
the film turned yellow and became mechanically bent with chemical
degradation, marked by additional hydroxyl, carboxylic, and silanol
groups [123]. Saito et al. experimented to find the radiation resistance of
different flexible substrates. They irradiated various polymer films,
including aromatic polyimide (PI), PET, and PEN, with 2.2 MeV protons
up to a fluence of 2.1 x 10 p/cm?. FTIR spectra were recorded to check
the atomic composition and structure after irradiation, which can be
seen in Fig. 6(a). A drop in intensity of the absorption band of the C-O
and C=0 group bonds was observed for both PET and PEN films after
irradiation, suggesting degradation after proton irradiation. On the
other hand, there was no significant change in the absorption intensity
of the PI film [124]. PI films usually display a strong absorption in the
UV and short wavelength regions but show coloration ranging from dark
yellow to reddish brown at the longer wavelengths, making them a less
favorable choice as substrates for the PSCs [125,126]. Malinkiewicz
et al. irradiated the PET films with 3 MeV proton beams and noticed that
there was no significant change in the transmittance of the PET substrate
at 440 nm after irradiation up to 3 x 102 p/cm? and a slight decrease
after that, as illustrated in Fig. 6(b). There was no formation of active
sites in the PET after 3 MeV irradiation [31]. The literature is incon-
sistent regarding the proton resilience of flexible substrates, with
different studies offering conflicting findings. This inconsistency could
be attributed to variations in experimental conditions, such as proton
fluence, beam energy, or sample preparation methods. Overall, these
results indicate that while PET and PEN films undergo chemical and
optical degradation at high fluences, PI retains structural robustness but
suffers from coloration that reduces optical suitability. Thus, no flexible
substrate currently offers an ideal balance of radiation resistance and
transparency, and further optimization is required.

3.3.2. Rigid substrates

Following the analysis of flexible substrates, the study now turns to
rigid substrates, which offer superior thermal and mechanical stability
under proton irradiation [127]. Along with the flexible substrate,
Cermak et al. examined the effects of a 3 MeV proton beam on rigid
substrates, including Eagle XG glass and soda lime glass. Using AFM
(Fig. S3) and spectroscopic methods, they found that Eagle XG glass
exhibited minimal changes, whereas soda lime glass developed scratches
and cracks due to tensile stress [123]. Some studies reported the for-
mation of color centers in glass substrates after proton irradiation [105,
106]. When glass was irradiated with 2 MeV up to a fluence of 2.2 x 10'°
p/cmz, it loses a small amount of its transmittance, but the higher the
proton energy, the greater the transmission loss [104].

Beyond these experimental observations, SRIM provides insights into
the shielding role of substrates. For instance, 150 keV protons incident
from the quartz substrate side lose all their energy within the first 0.23
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pm of the 1 mm-thick substrate, never reaching electrically active
components (Fig. 6(c) and (d)). Similarly, 250 keV protons penetrate
glass only about 2.1 pm, underscoring that the substrates act as efficient
shields against low-energy irradiation [29,128]. At higher energies,
however, the shielding effect diminishes. SRIM simulations indicate that
15 MeV protons can fully traverse a 1.1 mm glass substrate, reaching the
absorber and adjacent functional layers (Fig. 6(e)). This demonstrates
that while glass effectively blocks low-energy irradiation, it becomes
increasingly transparent to protons at MeV energies, enabling deeper
damage pathways [108].

Unlike glass, quartz does not darken after irradiation and has better
radiation resistance than glass [29,85,129,130]. After exposure to the
proton beam up to the fluence of 10'* p/cm?, the quartz substrate
exhibited no noticeable change in its transmittance [131]. Supporting
this claim, Oliveira et al. compared the optical transmittance spectra for
various substrates before and after irradiation with 17.5 MeV protons.
Fig. 6(f)-(h) shows the optical transmittance spectra of the soda-lime
glass, fused quartz glass, and fused silica glass, respectively. This study
showed that fused silica glass exhibits the highest resistance to proton

irradiation, with only a 0.4 % decrease in optical transmission and no
visible scintillation or color center formation. Fused quartz also dem-
onstrates good radiation tolerance, with a minor 1 % transmission loss,
though it does exhibit some scintillation. In contrast, soda-lime glass
shows poor proton resistance, suffering a 45 % reduction in transmission
and clear radiation-induced discoloration. These results highlight fused
silica as the most suitable material for applications requiring stable
optical properties under irradiation [132]. Fig. 6(i) shows the color
center concentration in cerium-free glass (K9) and cerium-doped glass
(K509) as a function of gamma dose according to electron paramagnetic
resonance (EPR) spectra. This illustrates that cerium-doped glass forms
significantly fewer radiation-induced color centers compared to the
cerium-free glass as the gamma dose increases. This reduced defect
formation highlights the role of cerium in enhancing radiation resistance
by suppressing both electron- and hole-trapped centers [133]. Although
the study by Fu et al. focused on gamma irradiation, their findings
demonstrated a substantial reduction in color center formation in
cerium-doped glass compared to cerium-free counterparts. Given that
PSCs generally exhibit greater resilience to low-energy protons than to
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y-rays, it is highly probable that cerium-containing glasses would show
even better radiation tolerance under proton irradiation, further sup-
porting their suitability for space applications [128,133]. Some studies
have explored the use of steel as an alternative to glass and flexible
substrates [134,135]. However, there remains a lack of comprehensive
testing to evaluate its resistance to proton irradiation. In conclusion,
rigid substrates such as quartz and fused silica clearly outperform
soda-lime and conventional glass in terms of proton resistance, with
cerium-doped compositions offering additional protection against defect
formation. These results underscore that careful substrate selection can
significantly improve optical stability and shielding efficiency in PSCs
exposed to radiation.

3.3.3. TCO

Following the discussion on substrates, the role of TCOs becomes
equally critical, as they serve not only as front electrodes but also as
optical windows, influencing both electrical and optical performance of
optoelectronic devices under irradiation. FTO, a commonly employed
TCO, exhibits promising attributes such as ~80 % optical transmittance
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above 300 nm and an initial electrical resistivity of 12.7 £-cm. Upon
exposure to 7 MeV protons, the resistivity decreased slightly to 11.5 Q-
cm at a fluence of 1 x 10'% jons/cm? suggesting defect-induced
enhancement of free carrier density. However, at higher fluences,
particularly 1 x 10'® ions/cm?, resistivity sharply increased to 27.0
Q-cm, indicating the formation of deep-level trapping centers that
hinder carrier transport. Concurrently, optical transmittance degraded
progressively with increasing fluence, reflecting enhanced light ab-
sorption due to defect-related color centers. These results suggest that
while FTO maintains functional transparency and conductivity under
low-dose irradiation, its performance as a TCO is significantly compro-
mised at high proton fluences, raising concerns about its suitability in
space or nuclear radiation environments [136]. ITO is one of the most
widely used TCO, demonstrating high resilience under 3 MeV proton
irradiation at fluences up to 10'> p/cm?. The sheet resistance remained
stable at ~10 £2/sq on glass and ~60 £/sq on PET, with no observable
morphological degradation. Optical absorbance showed only a slight
increase, mainly in ITO/PET, which was attributed to PET degradation
rather than the ITO layer itself. The work function shift calculated using
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Kelvin Probe Force Microscopy (KPFM), remained within + 60 meV,
indicating a negligible impact on its electronic properties. These findings
confirm the suitability of ITO as a radiation-tolerant TCO for space
photovoltaics [123].

In contrast to the experimental findings, SRIM simulations revealed
vacancy formation in the ITO layer under proton irradiation. Irradiation
with 100 keV to 1 MeV protons produced a significant number of indium
and oxygen vacancies, with their distribution strongly dependent on
energy [118]. Collision event profiles further showed vacancy genera-
tion within both the ITO and perovskite layers (Fig. 7 (a)) [43]. How-
ever, the absence of macroscopic changes in experiments reflects the
limitations of SRIM, which does not account for defect recombination,
dynamic annealing, or complex chemical processes.

Following the discussion on commonly used TCO; ITO and FTO,
another potential candidate for transparent conducting applications is
indium-doped zinc oxide (IZO). Under 5 MeV proton irradiation, IZO
shows a non-monotonic response. At low to moderate fluences (up to
10'2 p/em?), the resistivity increases significantly, attributed to defect-
induced carrier trapping and lattice disorder. However, at higher flu-
ences (10'*-10'° p/cmz), the resistivity recovers to values close to the
unirradiated state, due to dynamic annealing and the formation of ox-
ygen vacancies that act as shallow donors [137]. AZO has gained
attention as a cost-effective and abundant alternative for space appli-
cations. Barbé et al. investigated the radiation response of PSCs incor-
porating AZO as the TCO under 150 keV proton irradiation. Their results
showed that AZO maintained stable optical properties up to a fluence of
10'® p/cm?, with no measurable change in transmittance or structural
degradation, as confirmed by XRD and UV-Vis analysis [29]. However,
under irradiation of 226.5 MeV protons, which are less likely to be found
in space, AZO exhibited a more complex response. Following exposure
to 226.5 MeV protons at a fluence of 10'! p/ecm? sheet resistance
decreased from 302.5 £/sq to 202.3 2/sq, suggesting improved con-
ductivity, likely due to the formation of oxygen vacancies. However,
X-ray photoelectron spectroscopy (XPS) revealed shifts in binding
energies—e.g., Zn 2p from 1021.3 eV to 1021.5 eV and Al 2p from 73.6
eV to 73.8 eV—indicating increased surface resistance. Transmittance
dropped slightly in the 400-630 nm range, while ellipsometry showed a
rise in extinction coefficient beyond 1000 nm, consistent with enhanced
free carrier absorption. Despite improved conductivity, these
surface-level changes and reduced optical clarity suggest limited sta-
bility of AZO in a harsh radiation environment [138]. To conclude, the
radiation tolerance of TCOs varies significantly with both material type
and proton energy. ITO showed an excellent stability compared to FTO,
while AZO and IZO exhibited mixed behavior depending on fluence and
energy.

3.3.4. Top electrode

While the TCO layer facilitates efficient charge collection and light
transmission, the top electrode is vital for circuit completion and overall
device stability. Silver is a widely used electrode due to its high con-
ductivity and low cost; however, its interaction with halide perovskites
raises concerns. When deposited on iodide-based perovskites, silver
forms discontinuous particles that react with iodide to produce Agl,
triggering further degradation of the perovskite through cation loss and
lead oxide formation. Bromide-only perovskites exhibit slower re-
actions, though degradation still occurs. The process is primarily driven
by volatile halide byproducts like HI and I, which can corrode silver
even without direct contact. These findings highlight the vulnerability of
silver electrodes in real devices, especially in the presence of pinholes or
imperfect buffer layers [139]. One potential approach to mitigate this
degradation is to replace silver with gold, which is more resistant to
halide-induced reactions; however, the high material cost of gold poses a
significant barrier to its large-scale industrial adoption [140]. Although
this study does not address proton irradiation, the chemical pathways
outlined here suggest that similar or even worse degradation could occur
under proton exposure, making robust encapsulation essential for
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long-term stability [139]. Moreover, SRIM-based studies indicate that
silver electrodes also influence proton interaction pathways. Compared
to glass, the higher density of silver causes high-energy protons to un-
dergo predominantly ionizing (electronic) interactions rather than nu-
clear collisions [87]. This implies that while silver ensures conductivity,
it may also alter the radiation response of the device, making encapsu-
lation and electrode material selection doubly critical in proton-rich
environments.

Unlike conventional metal electrodes like silver and gold, which are
typically thin and susceptible to chemical degradation or diffusion,
carbon-based electrodes offer superior chemical stability and mechani-
cal robustness. In particular, mesoporous carbon electrodes have shown
exceptional resistance to proton irradiation. Screen-printed perovskite
solar cells with a ~12 um thick carbon layer maintained stable perfor-
mance even after exposure to 150 keV protons at fluences up to 1 x 101>
p/cm?. Key performance parameters such as PCE, V,., and J;. remained
virtually unchanged. Optical and structural analyses confirmed no sig-
nificant damage to either the perovskite or carbon layers. This durability
is largely attributed to the thickness of the carbon layer, which effec-
tively shields the active region from proton penetration. These findings
establish carbon electrodes as a reliable choice, offering both conduc-
tivity and built-in radiation protection for space-focused solar technol-
ogies [141].

3.4. Proton irradiation-induced damage in the charge transport layer

In this section, the impact of proton irradiation on the CTLs in PSCs is
examined. The focus is placed on how irradiation alters their structural
integrity, chemical composition, and PV performance. The CTLs are
present on either side of the perovskite in both p-i-n and n-i-p structures.
Protons, regardless of their energy, lose most of their energy within the
CTLs and electrodes. This energy deposition leads to a higher concen-
tration of defects, such as vacancies and ionized atoms, and increased
phonon activity at the interface between the perovskite and the CTLs
[100]. This section investigates the effects of proton irradiation on both
organic and inorganic CTLs.

3.4.1. Metal oxide HTLs

Some commonly used metal oxide HTLs as NiOx, MoOy, and CuO.
There is a lack of studies that directly assess the proton resistance of
metal oxide HTLs alone. However, several works have used materials
like NiOy in PSCs and tested the full devices under proton irradiation. In
the study by Colenbrander et al., PSCs employing NiOy as the HTL were
fabricated using a sputtered NiOy thin film, followed by a PTAA inter-
layer and a mixed-halide perovskite absorber. These devices were sub-
jected to low-energy proton irradiation at 75 keV with fluences up to
1.73 x 10 p/crn2 to evaluate their suitability for deep space applica-
tions. Notably, even after exposure to a fluence of 4.35 x 103 p/cm?,
the devices retained a substantial portion of their original efficiency
when operated under simulated outer planetary conditions, including
temperatures as low as —140 °C and solar intensities representative of
19.2 AU [48]. The sustained device performance suggests that these
layers are likely tolerant to proton exposure, though their individual
behavior remains unverified.

3.4.2. Metal oxide ETLs

To understand the resistance of ETLs against proton experimentally,
Liu et al. irradiated the glass/FTO/ETL (ETL: SnO,, TiO, and Iny03)
with 250 keV protons to fluence 6 x 104 p/cmz. Fig. 7(b) shows the
transmittance spectra of the glass/FTO/ETL before and after proton
irradiation for all three ETLs. The radiation causes minimal alterations
in light transmission through the transparent glass/FTO/ETL substrates.
The decrease in transmission across the spectrum from 300 to 800 nm is
negligible, at less than 1.5 %, primarily due to the irradiation-induced
tinting of the glasses. The ETLs exhibited only minor degradation,
with their resistance increasing by merely 15-19 %. Therefore, it can be
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concluded that the ETL is not responsible for the degradation of the PSCs
under proton irradiation [128]. These observations align with the
findings of Barbé et al., whose SRIM simulations (Fig. 7(c) and (d))
showed that a significant fraction of low-energy (150 keV) protons stop
within the SnOy ETL. Despite this, experimental results from the same
study revealed that the observed decrease in short-circuit current at 150
keV was not due to ETL degradation but instead linked to interfacial
deterioration of the Spiro-OMeTAD HTL, which will be discussed in the
next section [29]. Taken together, these results demonstrate that metal
oxide ETLs such as SnO, remain comparatively robust under proton
exposure.

3.4.3. Organic HTLs

Many literatures using an organic HTL, report that HTL was the site
of reduced carrier extraction and interface degradation [87,142,143]. 2,
2',7,7'-tetrakis-(N,N-di-4-methoxyphenylamino)-9,9-spirobifluorene,
also called spiro-OMeTAD is the most commonly used HTL in the PSCs,
and its structure is given in Fig. 7(e) [104].To better understand the
comparison between the degradation in perovskite, ETL, and HTL, SRIM
was used to see the vacancies generated in all three layers. SnO, as the
ETL, MAPDI3 as the perovskite layer, and spiro-OMeTAD as the HTL
were used in simulations. The results show that 0.11 % vacancies were
generated in SnOy, which is negligible compared to 3.5 % in MAPbI5; and
19.8 % in the spiro-OMeTAD [112]. Following this, Luo et al. simulated
the vacancy concentration after the irradiation of a 50 keV proton beam
on the PSC, which resulted in spiro-OMeTAD producing a vacancy ratio
of 7.6 %, which is considered to cause serious irradiation damage for
organic molecules [112,144].

Barbé et al. irradiated a 150 keV proton beam on the PSC with the
structure  Quartz/AZ0O/Sn05/Csg.05(MAg 17FA0.83)0.95Pb(Io.83Br0.17)3/
spiro-OMeTAD/Au and noticed that there was no significant change in
the crystalline structure of the perovskite films. Contradicting this, they
reported a significant drop in the PV parameters for the fluence 10 p/
cm?, which could be due to a damaged transport layer. This means that
either the SnO; layer or the spiro-OMeTAD interlayers were compro-
mised [29,145,146]. Due to the inorganic nature of SnO,, it has good
thermal stability and irradiation resistance, and it is incapable of pro-
ducing strong PL or Raman signals [112,147,148]. Therefore, Barbé
et al. recorded Raman spectra of the spiro-OMeTAD and are shown in
Fig. 7(f).The Raman spectra remained unchanged at fluences up to 103
p/cm?. The peak intensity started to decline after irradiation of 10%*
p/cm? and further deteriorated at 10'° p/cm? TPV decay showed a
faster time constant, which was attributed to the interfacial recombi-
nation in the perovskite/HTL interface. It was concluded that the
degradation in the spiro-OMeTAD was responsible for the decreased PV
parameters [29]. This demonstrates that the perovskite/organic HTL
interface is a critical weak point under irradiation stress.

Xue et al. reported that the drop in J,. observed after proton irradi-
ation was primarily due to the poor structural stability of the spiro-
OMeTAD layer. Decomposition of the perovskite generates gaseous
byproducts such as HI, HCN, and NHjs that can diffuse into the spiro-
OMeTAD, leading to its volume deformation [104,149]. SEM images
revealed an increased surface roughness with cauliflower-like features
and partial exfoliation of the Au electrode, indicating that strain from
the deformed spiro-OMeTAD contributes significantly to device degra-
dation [104]. As seen in Fig. 7(e) the methyl group (CH3) is positioned in
the outermost part of the spiro-OMeTAD structure, and it is more prone
to radiation than the other molecules [112,150,151]. Fig. 7(g) shows the
FTIR spectra of the proton-irradiated spiro-OMeTAD films on the
perovskite layers. The intensity of the absorption peaks of the C-H in the
methyl group and the C-O attached to it decreases as the proton fluence
increases. Luo et al. concluded that the molecular bonds of the
spiro-OMeTAD break when it is irradiated with a proton beam and lose
its charge extraction properties [112]. Recycling the layer is an effective
strategy to mitigate degradation, and optimizing the Lithium bis(tri-
fluoromethanesulfonyl)imide (LiTFSI) doping concentration is another
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viable option [152]. Thus, both chemical decomposition and interfacial
strain contribute to the poor radiation tolerance of spiro-OMeTAD.
However, employing silver or gold electrodes for recycling would be
cost-prohibitive, and noble metals can even accelerate perovskite
degradation by influencing their electrical properties through electro-
chemical doping [131,139,153]. Consequently, using carbon electrodes
could offer a more economical and stable alternative [131].

Liu et al. investigated PSCs employing a LiTFSI, FK209, and 4-tert-
Butylpyridine (tBP) doped spiro-OMeTAD HTL along with various
ETLs (SnO3, TiOs, and Iny02) under 250 keV proton irradiation. They
observed that the additives in spiro-OMeTAD, which create spiro-
OMeTAD" cations and boost Raman intensity, are de-doped during
irradiation at a fluence of 3 x 10'* p/cm?2. This was evidenced by a
decrease and broadening of the Raman peaks until they resembled those
of undoped spiro-OMeTAD [128]. Since Li-TFSI is known to actively
migrate across the device stack, proton exposure likely displaces Li-TFSI,
further contributing to the de-doping of spiro-OMeTAD [154-156].
Hence, the common practice of heavy doping to enhance conductivity
may in fact exacerbate instability under proton exposure.

Due to the poor radiation stability of spiro-OMeTAD and the limited
benefits of doping, exploring alternative hole transport materials be-
comes essential. Martinez et al. created two n-i-p MAPbI3 devices with
spiro-OMeTAD and Poly(3-hexylthiophene-2,5-diyl) (P3HT) as the
HTLs. Fig. 7(h) shows the comparison of the PV parameters (Js. and V,.)
for both devices. Spiro-1 represents devices irradiated with 1 MeV
protons, and a similar notation is used for 5 and 10 MeV. The P3HT
devices were irradiated with 10 MeV protons. The devices with spiro-
OMeTAD showed a significant decrease in the PV parameters for pro-
ton energies 1 MeV and 5 MeV and a slight increase for 10 MeV. Since
the low-energy protons have a higher probability of collisions than high-
energy protons due to the increased Coulomb cross-section, the 1 MeV
and 5 MeV protons produce more degradation in the PV parameters than
the 10 MeV protons. Unlike spiro-OMeTAD, which showed poor proton
resistance, P3HT devices showed improved PV parameters after 10 MeV
proton irradiation. The V, increased by 10 %, while J;. showed a slight
increase together, resulting in a 42.1 % increase in PCE. This improve-
ment was attributed to proton-induced defect healing in the P3HT layer
and a potential doping effect, which improved hole extraction and
reduced recombination [37]. This suggests that alternative polymers
such as P3HT may provide not only higher radiation tolerance but also
opportunities for radiation-assisted performance enhancement.

To explore the radiation resistance of Poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine] (PTAA) as an HTL, Costa et al. irradiated
glass/PTAA with 250 keV protons and found that they are vulnerable to
radiation. Fig. 7(i) shows the UV-visible absorbance of the control and
the irradiated substrates. They observed a notable reduction in UV-vi-
sible absorbance near 380 nm, suggesting chain scission, along with an
increase in contact resistivity from TLM measurements. These changes
in PTAA correlated with significant declines in J;. and FF. The recovery
of device performance after depositing new PTAA layers on irradiated
perovskite films confirmed that PTAA degradation was a key factor in
overall performance loss [121]. Thus, while PTAA avoids some draw-
backs of spiro-OMeTAD, it still suffers from bond scission and conduc-
tivity loss, limiting its long-term applicability in space environments.

These result raises concerns regarding the long-term stability of
spiro-OMeTAD in space environments, while alternative HTLs such as
P3HT have yet to demonstrate comparable efficiency [128]. The usage
of inappropriate HTL in a solar cell can reduce the proton damage
threshold of the device [112]. These results suggest that further research
and optimization are required to develop a robust and high-performing
HTL for durable PSC designs.

3.4.4. Organic ETLs

There are very few studies that specifically evaluate the proton
irradiation resistance of organic ETLs. However, the radiation durability
of fullerene-based ETLs has been explored wusing [6,
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6]-Phenyl-Cgo-butyric acid methyl ester (PC¢oBM) under y-ray exposure.
Pristine PCgoBM films exhibited a notable increase in conductivity,
likely due to radiation-induced doping, even though no accumulation of
stable radicals was detected by Electron Spin Resonance (ESR) analysis.
Despite this, degradation in device performance was observed, sug-
gesting the formation of trap states. When blended with the donor
polymer Poly[N-9-heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thien
yl-2',1',3-benzothiadiazole)] (PCDTBT), PC¢oBM demonstrated remark
able stability, with solar cells retaining about 90 % of their initial effi-
ciency after 6500 Gy. In contrast, devices incorporating Poly
[N-9-heptadecanyl-2,7-carbazole-alt-5,5-(4,7-bis(5-hexylthien-2-yl)-

2,1,3-benzothiadiazole-bithiophene)] (PCDTTBTBTT) exhibited greater
radiation sensitivity, losing over 50 % of efficiency at just 200-500 Gy.
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the device. These findings suggest that PCgqBM retained its electrical
stability under proton exposure, indicating promising radiation dura-
bility [26].

While significant research has focused on tailoring ETLs and HTLs,
whether organic or metal oxide, to improve device performance and
stability under radiation, another proposed strategy is to eliminate these
layers altogether. Although several studies have demonstrated prom-
ising efficiency and stability improvements in ETL-free and HTL-free
devices, their radiation tolerance has not yet been systematically eval-
uated [158,159]. As noted by Luo et al., simplifying device structures
without transport layers is expected to achieve better irradiation sta-
bility, but this remains a research gap that warrants future investigation
[112,160-162].

These results suggest that although PCg,BM alone is vulnerable to
radiation-induced defects, its stability can be significantly improved
through blending with more robust donor polymers [157].

Since the focus of this review is on proton irradiation, it is relevant to
highlight a study that investigates the behavior of fullerene-based ETLs,
specifically PCg1BM, under exposure to 68 MeV protons at a fluence of
1.02 x 103 p/cm?. Brus et al. used PCg1BM as the ETL in the devices and
reported that the dielectric constant of the PCg1BM layer remained un-
affected by the irradiation. Additionally, no signs of degradation or in-
crease in resistive components were observed in the equivalent circuit of

3.5. Device-level degradation under proton irradiation

In the previous sections, the effects of proton irradiation on the
various layers of the PSCs were outlined. In this section, the focus is
placed on experiments and simulations conducted on the complete de-
vice. As discussed in Section 3.1, the proton energy critically governs the
interaction mechanisms within the perovskite lattice. Increasing the
energy of incident protons shifts their interaction within the absorber
lattice from predominantly nuclear to primarily electronic effects [43,
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Fig. 8. (a) SRIM calculations of 50 keV Recoil Energy Loss and Electronic Ionization (adapted with permission from Ref. [43], Copyright © 2021, American Chemical
Society), (b) electronic energy deposition and atomic displacements per volume in PSCs for 100 keV and 2 MeV (adapted with permission from Ref. [104], © 2022
Elsevier B.V.), (c) ToF-SIMS 3D mapping results for Au and Pb atoms (adapted from with permission from Ref. [108], © 2024 Wiley-VCH GmbH), (d) forward and
reverse scans of dark I-V curves with different ion densities and doping densities (adapted with permission from Ref. [131], Copyright © 2024, American Chemical
Society), distribution of C, H, N, Pb and I atom vacancies in the perovskite layer for (e) 1 MeV proton, (f) 10 MeV proton (adapted with permission from Ref. [37], ©
2022 Elsevier B.V.), total damage profiles produced by various proton energies irradiating the (g) III-V solar cell, (h) PSC (adapted with permission from Ref. [90],
Copyright © 2025, American Chemical Society) (i) The dependence of V,. on the light intensity for devices before and after irradiation (adapted from Ref. [89],
Copyright © 2024, The Author(s)).
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87]. Hence, the recoil energy loss will be less than electronic ionization
for higher proton energies. Fig. 8(a) supports this observation, showing
that the recoil energy loss at 300 keV is lower than at 80 keV and 50 keV,
whereas the electronic ionization increases with energy. The collision
events profile in Fig. 8(a) indicates that the interactions are primarily
elastic with the nuclei, resembling hard sphere collisions. This behavior
results in significant recoil energy loss, which contributes to an
increased number of atomic displacements, commonly referred to as
vacancies. Fig. 8(b) shows the electronic energy deposition and vacancy
generation in PSCs subjected to irradiation with 100 keV protons at a
fluence of 1 x 10'* p/ecm? and 2 MeV protons at a fluence of 2.2 x 10'°
p/ecm?. SRIM results demonstrated that, for 100 keV protons, the
perovskite film experiences an electronic stopping power of approxi-
mately 100 eV/nm and a nuclear stopping power of about 0.07 eV/nm.
By contrast, 2 MeV protons exhibit much lower values, around 25
eV/nm for electronic and 0.004 eV/nm for nuclear stopping. These re-
sults highlight the critical role of electronic energy loss in the degra-
dation of perovskite films [104]. Thus, device degradation is closely tied
to the balance between nuclear and electronic energy loss, with higher
proton energies shifting the mechanism toward ionization-driven
damage.

Fig. 8(c) shows the time-of-flight secondary ion mass spectrometry
(ToF-SIMS) 3D mapping results for Au and Pb atoms as demonstrated by
Nguyen et al. They reported that PSCs irradiated with 140 keV protons
up to a fluence of 1 x 10'2 p/cm? show significant migration of gold
atoms from the top electrode into the underlying spiro-OMeTAD and
perovskite layers. This displacement can result in widespread contami-
nation of the device and further degradation due to subsequent chemical
reactions, in addition to the radiation-induced defects. Similarly, the
migration of lead ions into the SnO; layer has also been observed. These
observations emphasize that radiation-induced ion migration, particu-
larly of electrode and absorber constituents, is an additional failure
pathway beyond simple vacancy generation.

In their study on complete devices, Huang et al. monitored dark I-V
curves in situ (Fig. 8(d)) during 1.8 MeV proton irradiation up to a
fluence of 1 x 10'* p/cm?. They observed that the average dark current
at +1V slightly decreased for fluences below 1 x 10'2 p/cm?, which was
attributed to a compensation effect from iodine vacancies that shift the
films from weak p-type toward an intrinsic state [131,164]. However, as
fluence increased to 1 x 104 p/cm?, the dark current surged by nearly
three orders of magnitude. Additionally, the dark I-V curves transi-
tioned from anticlockwise to clockwise hysteresis under positive bias,
suggesting that proton-induced ionic defects, especially shallow-level
iodine vacancies, significantly alter carrier densities and contribute to
device degradation [131,164-166]. The SRIM simulations done by
Martinez et al. are in line with the above claim. Fig. 8(e) and (f) show the
distribution of C, H, N, Pb, and I atom vacancies in the perovskite layer
for 1 and 10 MeV proton irradiation. Notably, vacancies are predomi-
nantly observed for I and Pb ions. They also noted an increase in their
density as the proton energy decreases. For instance, 1 MeV protons
yield nearly 10~ collisions per ion with iodide ions—a frequency that
drops by almost an order of magnitude at 10 MeV. Furthermore,
although hydrogen has a low atomic number, its high abundance
(approximately six times that of carbon and nitrogen) in the perovskite
results in a comparatively elevated collision rate, whereas carbon and
nitrogen experience fewer collisions due to their lower concentrations.
Thus, the interplay between displacement cascades and vacancy for-
mation critically shapes the defect landscape in perovskites under pro-
ton irradiation [37]. These findings suggest that iodine defects dominate
the defect landscape, shallow iodine vacancies drive early-stage changes
in electrical behavior, and their accumulation at higher fluences leads to
catastrophic increases in leakage currents.

Extending the vacancy analysis, the focus is now placed on the atom-
specific contributions to vacancy formation. Fig. 8(g) and (h) shows the
total damage profiles produced by various proton energies irradiating
the III-V cell and PSC, respectively. In conventional semiconductor cells
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such as InGaP, and GaAs, SRIM simulations indicate that LEO protons
(protons with energies 0.1, 0.5, 1 and 10 MeV) induce vacancies with
distributions of approximately 27 % In, 27 % Ga, and 45 % P in InGaP,
and roughly 50 % Ga and 50 % As in GaAs [90]. In contrast, tin-lead
perovskites predominantly exhibit iodine vacancies, which account for
about 50 % of the total defects, while tin and lead each contribute less
than 10 %, and hydrogen slightly more than 10 % [87]. In a study on
MAPbDI3 by Huang et al., iodine vacancies were reported to represent
approximately 55 % of the total defects. Additional simulations using
protons of energy less than 1 MeV reveal that within perovskites,
hydrogen and iodine atoms are the most susceptible to displacement.
However, due to their low mass, displaced hydrogen atoms are likely to
be healed by migrating back to their initial position. The removal of
hydrogen from the organic A site, where formamidinium and methyl-
ammonium reside, leads to deprotonation and the formation of iodine
interstitials [131]. These findings show strong energy-dependent
behavior in vacancy formation. This defect profile, which features
self-healing tendencies for hydrogen defects, contributes to the
enhanced radiation hardness of PSCs when compared to conventional
InGaP, and GaAs devices.

Alongside the reported atom displacement and bond breakage, other
studies have focused on how irradiation leads to the formation of trap
states that alter charge density, carrier lifetime, and recombination dy-
namics. Barbé et al. determined that irradiation at fluences of 10'2-10'3
p/cm? leads to an increased charge density due to trap formation, which
prolongs the carrier lifetime by temporarily capturing minority carriers
in shallow traps. However, at 104 p/cmz, fast interfacial recombination
dominates, significantly reducing the lifetime without substantially
affecting the bulk recombination, indicating that performance loss is
mainly due to degradation of the spiro-OMeTAD interface rather than
changes in the perovskite layer [29]. It is crucial to study how light
intensity-dependent J,, and V,, behave under the influence of proton
irradiation to understand more about the recombination dynamics
observed in the PSCs [89,167]. The relationship between the J;. and V,.
with the light intensity is given in Equations (1) and (2), respectively.

log J.=alog L (@)

VOCMS%XIHL 2)

L is the light intensity, k is the Boltzmann constant, T is the absolute
temperature, q is the elementary charge, a is a proportionality constant,
and S is a factor that determines the dominant recombination mecha-
nism [26,89,168]. S =1 indicates band-to-band recombination, S < 1
indicates surface-trap assisted recombination and S >1 indicates
bulk-trap assisted recombination [89,169-172]. Parkhomenko et al.
irradiated the device with 140 keV protons via short pulses (150ns) up to
the fluence of 6 x 10'2 p/cm?. After irradiation, the value of a decreased
from 0.9834 to 0.9395, indicating the increase in the band-to-band
recombination due to protons. As seen in Equation (2), V,. exhibits a
semi-logarithmic dependence on light intensity, meaning V,. is pro-
portional to the natural logarithm of light intensity. Fig. 8(i) shows the
dependence of V,. on the light intensity for devices before and after
irradiation. Parkhomenko et al. reported a linear relationship in the
semi-logarithmic plot for the pristine devices; in contrast, the irradiated
devices showed a non-linear behavior at lower light intensity, indicating
a decrease in the shunt resistance (Rg,) [89]. This behavior was attrib-
uted to the increase in leakage currents and recombination losses [89,
173-178]. To understand more about the dominant recombination
pathway, the first (k;), second (k2), and third (ks) order recombination
coefficients, and the changes in these values are listed in Table 3. There
was a huge increase in the value of k; implying that the dominant
recombination pathway was SRH recombination and, as evidenced in
the increase in the value of k,, band-to-band recombination also
contributed to the total recombination. However, there was no
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Table 3
The first, second, and third-order recombination coefficients for devices before
and after irradiation as reported by Parkhomenko et al. [89].

Sample Pristine Irradiated

k1 (5*1) 5.69 49.81

ko (107 cm®s71) 1.85 3.62
1.50 1.18

ks (x 1071 571)

significant change in the contribution from the surface trap-assisted
recombination to the total recombination [89]. Consistent with this
result, Lang et al. fitted the Suns-V,, data and calculated the increase in
the S value from 1.41 to 1.46 after irradiation with a 68 MeV proton
beam and one more study reported the increase of S value from 1.19 to
2.04 [27,118]. This suggests that the contribution of the SRH recombi-
nation to the total recombination is higher than the other types of
recombination [27,179,180]. According to SRH statistics, SRH recom-
bination increases the deep traps that function as recombination centers
[26,118,181].

Proton irradiation induces both structural and electronic defects in
PSCs that evolve with fluence. At lower fluences, trap formation
temporarily prolongs carrier lifetime, while at higher fluences, increased
vacancy formation, particularly of iodine, enhances nonradiative SRH
and band to band recombination. These changes reduce Ry, and increase
leakage currents, contributing to overall performance degradation,
especially through damage at the spiro-OMeTAD interface. Notably,
iodine vacancies are linked to further thermal and photochemical
degradation, underscoring the importance of effective halide passiv-
ation; current strategies include organic doping along grain boundaries
[100].

To reduce displacement damage in PSCs, one promising strategy is to
develop more robust materials. By increasing the bonding strength of
halogen atoms and improving the phase stability of perovskites, the
energy needed to knock atoms out of place can be increased [98]. For
example, Liu et al. found that adding Mn®" to CsPbCl; nanocrystals
increased the lifetime under 200 keV electron radiation by ten times and
increased the phase stability [98,182]. In addition, thermal treatments
such as equal temperature interval and equal time interval annealing
can help repair radiation damage by reducing the number of defects.
These heat treatments extend the lifetime of devices by restoring per-
formance in damaged areas, offering a practical method for in-orbit
repair [98]. Passivation and iodine capture are promising strategies
for enhancing the radiation resistance of PSCs in space. For instance,
Huang et al. observed that exposure to oxygen in ambient air effectively
passivated iodine vacancies and repaired defects in the material [131].

Having outlined the layer-specific and the device-level degradation
pathways in PSCs, it is essential to consolidate these insights. Proton
irradiation produces an energy- and fluence-dependent damage profile:
low-energy protons drive vacancy formation through nuclear collisions,
while high-energy protons trigger ionization, radiolysis, and volatile
byproduct release. Iodine vacancies dominate the defect landscape,
acting as deep recombination centers, while hydrogen defects partially
self-heal. These processes manifest as trap-assisted carrier lifetime
extension at low fluences but evolve into SRH and band-to-band
recombination at higher doses, causing leakage currents, reduced
shunt resistance, and hysteresis shifts. Device instability is further
aggravated by ion migration, such as Au penetration into Spiro-
OMeTAD and Pb diffusion into ETL, highlighting interfacial sensi-
tivity. Mitigation strategies include compositional engineering to sup-
press iodine migration, defect passivation and vacancy capture, thermal
annealing for defect repair, and robust encapsulation or carbon elec-
trodes to limit electrode diffusion. Collectively, these approaches
emphasize that while PSCs display greater proton tolerance than III-V
counterparts, long-term stability depends on controlling vacancy for-
mation, protecting interfaces, and integrating self-healing mechanisms.

Along with the experiments, it is equally important to recognize the
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limitations of simulation tools such as SRIM. The model treats the
absorber as a uniform target defined only by thickness, without
considering lateral dimensions (length and breadth) or microstructural
complexity. Moreover, SRIM inherently neglects dynamic processes
such as defect recombination, annealing, and chemical interactions,
which explains the discrepancies often observed between its predictions
and experimental outcomes. Nevertheless, reliable simulations remain
invaluable as they allow researchers to pre-screen materials and con-
ditions, reducing experimental costs and resources by guiding which
irradiation regimes are most relevant to validate experimentally.

3.6. Self-healing of PSCs

Despite the adverse effects of proton irradiation on PSCs, several
studies have reported self-healing behavior in these devices. The re-
covery in device performance over time following proton exposure is
detailed. Various mechanisms were observed in different papers for self-
healing.

Self-healing in PSCs by promoting defect reorganization through ion
migration was observed post-proton irradiation. Microscopic heating
provides the energy for halide interstitials to fill vacancies, effectively
annealing the lattice [43]. This effect is reflected in J-V curves (Fig. 9
(a)), which shows an increase in V, after 300 keV irradiation, consistent
with defect passivation and interface healing. In addition, protons may
cause joule heating in the perovskite, which further assists in healing
defects via thermal annealing [43,104]. Displaced ions, particularly
iodide and hydrogen, remain mobile at room temperature and enhance
defect recovery through interstitial-vacancy recombination as reflected
in the enhanced PL intensity under 2 MeV exposure at low fluence (Fig. 9
(b)) [104,183,184]. Storage in the dark further improves performance,
likely because fast ion migration heals residual lattice defects [128].
Brus et al. reported that ion migration plays a critical role in restoring an
energetically favorable defect configuration and reducing nonradiative
recombination losses [26]. Together, these findings indicate that the
self-healing phenomenon in PSCs is primarily driven by ion migration,
which reorganizes defects and enhances overall PV performance.

In addition to ion migration, the generation and compensation of
shallow defect states further enhance self-healing in PSCs. Brus et al.
demonstrated that the formation of these shallow states is critical for
restoring device performance [26]. In (FASn)pe(MAPD) 413, iodide
displacement creates shallow defects that are inherently mobile and
promote defect reorganization [87,107,185-187]. In this system, Sn**
vacancies near grain boundaries and interfaces serve to passivate addi-
tional defects and reduce nonradiative losses [120]. Although proton
irradiation introduces extra defects, the preexisting impurity back-
ground helps passivate them so that the impact is limited to inhibited
carrier collection rather than increased SRH recombination losses [26,
27,40,87,107,120]. Moreover, high-energy proton exposure transforms
deep traps into shallow states by generating Frenkel defects, imparting a
positive doping effect that compensates for the enhanced recombination
of deep defects. This behavior is reflected in the V,.-lin(light intensity)
characteristics (Fig. 9(c)), where the slope decreases from 1.40 kT in the
control to 1.13 kT in irradiated devices, confirming reduced SRH
recombination losses. [26,37]. Irradiation-induced point defects in the
inorganic Pb-I framework further create shallow carrier traps that offset
deep traps associated with organic degradation [104,188]. Finally, the
soft and dynamic nature of the perovskite lattice allows these shallow
defects to be unstable and to revert to near-pristine conditions over time;
however, while self-recovery is readily observed at low fluences, at high
proton fluences stable defect complexes form that inhibit healing and
ultimately reduce performance [104,111].

While the formation and compensation of shallow traps provide a
pathway for defect recovery, electronic ionization healing contributes
by reconfiguring interface defects into more favorable states. Electronic
ionization healing refers to the process by which increased electronic
energy loss during proton irradiation supplies energy that drives the
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Fig. 9. (a) Current density-voltage characteristics curves under AMO illumination before and after 300 keV proton irradiation (adapted from Ref. [43], Copyright ©
2021, American Chemical Society) [43], (b) PL spectra of the perovskite films before and after 2 MeV proton irradiations (adapted with permission from Ref. [104], ©
2022 Elsevier B.V.), (c) Open circuit voltage versus light intensity of the control and irradiated solar cells in the semi logarithmic scale (adapted with prmission from
Ref. [26], © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim) (d) Trap density of states (tDOS) of the PSCs before irradiation (black), after irradiation with
the NIEL-dominated single dose of 0.06 MeV protons (cyan), and after being healed with dual dose radiation (blue) with IEL x = 3.6 (adapted from Ref. [154],
Copyright © 2024, The Author(s)). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

reorganization of defects into more favorable configurations, thereby
enhancing device performance. In PSCs, particularly at proton energies
around 300 keV, this effect improves the V, by healing interface defects
[43,90]. Additional mechanisms beyond those already discussed include
improved interface healing via enhanced doping of the spiro-OMeTAD
contact and irradiation-induced phase segregation that forms domains
with higher phase purity [37,104].

Kirmani et al. demonstrated that dual-dose irradiation improves
defect healing in PSCs by combining low-energy and high-energy proton
exposures. Low-energy (0.06 MeV) protons generate many vacancies via
significant NIEL, while 1.0 MeV protons contribute additional ionizing
energy that induces local phonon vibrations, enabling displaced iodine
atoms to reoccupy vacancies and reduce deep trap density. Experi-
mentally, single-dose devices show an initial PCE remaining factor of
~0.59 versus ~0.65 for dual-dose devices; after 10 days of dark aging,
both improve to ~0.77, and 60 °C annealing raises the single-dose PCE
factor to ~0.85 within 5 h. Fig. 9(d) shows that there was a significant
reduction in deep trap density after the dual dose treatment. Dual dose
devices also exhibit higher thermal resilience at 90 °C, confirming that
increased ionizing energy loss facilitates thermally activated defect re-
covery [154].

Although these studies suggest strong potential for proton-
irradiation-induced self-healing in devices, a radiation threshold exists
beyond which this healing effect is no longer observed. This makes it
important to use a radiation-hard encapsulation material to protect the
devices in space missions [111]. Some studies used polymer film for
encapsulation and observed the formation of color centers.
Cerium-doped space-grade glass can be used to encapsulate the device,
as it is qualified for use in space conditions, primarily because it forms
fewer color centers than cerium-free glass [133,189].

3.7. Changes in PV performance after proton irradiation

In this section, the effects of proton irradiation on PV parameters
such as PCE, Jy, V,, and fill factor (FF) are explained and explore the
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mechanisms behind the observed degradation or self-healing behaviors.
Table 4 has a comprehensive list of PCEs observed before and after
proton irradiation from various studies. The fluence and energy of the
proton beam varied over a large range, and the table includes various
conditions such as low temperature, low light intensity, tandem solar
cells, various ratios of I/Br, usage of the short-pulsed proton beam, PCE
testing for different time intervals, and energy-tuned dual irradiation
dosing. The table highlights that the PCE decrease is directly related to
the increase in the fluence and is severely compromised at higher flu-
ence [48].

The disruptions in the bonds cause the decline in the Jy, V,, and the
FF of the device [31]. The J,. degradation indicates the defect generation
that might cause permanent vacancies or poor crystallinity, with a
modified Fermi level resulting in poor charge collection properties [37].
Increased SRH recombination due to vacancies reducing the carrier
lifetime can also lead to a decrease in the J,. [37,190-192]. One more
reason for the J,. drop is the color center formation [98]. Costa et al.
irradiated their devices having different I/Br ratios with 1 MeV protons.
A slight PCE increase was seen for lower fluence due to the annealing
effect; at higher fluences, FF declined rapidly due to the degradation in
the layers or the interface between them [118,121]. Reduced charge
transport properties due to shallow traps or defect centers can also be a
reason for the decrease in the J,. and the PCE of the device [111]. The
degradation in the V,, was attributed to the recombination losses in the
PSCs, and as seen in equation (2), V. is directly related to the dominant
recombination processes [118,179,181].

Proton irradiation can have complex effects on PSC performance,
sometimes causing degradation, while in certain conditions, leading to
performance improvement. For instance, Durant et al. reported a 20 %
increase in both Vy, Py, significantly improving the PCE at 300 keV
proton irradiation. This improvement was attributed to the increase in
Rg due to the passivation of the current leakage pathways at the grain
boundaries [26,43]. On the other hand, Huang et al. annealed the
irradiated devices for 3 days in the vacuum chamber and noticed a re-
covery in the cell performance due to the migration of cations and
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Table 4
The changes in the PCE for PSCs for various energies and fluences according to various studies. * The specific layers affected by proton irradiation are highlighted in bold within each device structure.
Energy Fluence (p/cm?) Device structure PCE PCE (Final) Key findings Reference
(MeV) (Initial) %
%
0.05 1013 FTO/SnO,/MAPbI;3/spiro-OMeTAD/Au 16.23 12.98 Partial amorphization was observed in the perovskite layer, accompanied by [112]
10%° ~0 the decomposition of C-H, C-0, and C=C bonds in spiro-OMeTAD.
0.05 102 ITO/NiO/MAPbI3/PCBM/Ag 12.3 ~7.5 The study does not explicitly assign the degradation to a single layer, there was ~ [129]
12.5 (After a dramatic increase in series resistance (3.8-24.5 Q-cm?).
vacuum
annealing)
0.05 10'° ITO/PolyTPD/PFN-Br/FA¢.gCs0.2Pbl, 4Bro 6Clo.o2/LiF/PEIE/ 6.59 6.47 Vacancy formation led to the degradation. [43]
10" Sn0,/Zn0/ITO/Al;03 5.52 5.77
10'? 5.56 4.49
0.075 4.3 x 103 ITO/NiOy/PTAA/Csg 22FA¢.78Pb(Clo.03Br0.1510.85)3/Ce0/BCP/ 11.2 3.72 The perovskite layer did not degrade, the degradation is due to the CTL or CTL- [48]
(-170° Sn0,/1Z0/Au (19.2A0) perovskite interface.
Q) 7.1 2.32
(5.5A0)
0.14 6 x 10'2 (3 short Glass/ITO/spiro-TTB/MAPbI3/Cso/BCP/Cu 13.43 7.14 Broken covalent bonds in the perovskite structure led to the creation of defect [89]
pulses of 150 ns) states within the bandgap.
0.15 10'? Quartz/AZ0/Sn05/Csg.05(MAg 17FA0.83)0.95 15 ~17 The degradation in spiro-OMeTAD led to a weaker charge extraction and [29]
10'° Pb(Io.83Bro.17)3/spiro-OMeTAD/Ag ~0 increased interfacial recombination.
0.17 2 x 1012 glass/FTO/SnO3 QDs/SnO2 NPs/ 18.01 14.75 Degradation was attributed to increased non-radiative recombination resulting ~ [118]
103 Cs0.04RD.04(FA¢.65MAg.35)0.02Pb(Io.85BT0.14Clo 05)3/Spiro- 7.84 from proton-induced deep traps in the bulk.
OMeTAd/Au
1 (a) 10" ITO/Sn02/Cs¢.05FA1.05Pb(I(1.y)Bry)3/PTAA/Au y = 0.09 5.2 (€)] (b) optical loss in PTAA and increased contact resistance were observed. Devices [121]
(b) 5 x 10™ y =0.17 8.1 5.6 2.2 preserved performance when pristine PTAA was applied after perovskite
y=0.25 5.72 8.7 3.9 irradiation.
y=0.33 7.79 6.9 4.5
8.5 4.1
3.7 10! ITO/PEDOT/(FASn).6(MAPb)_4I3/PCBM/Cgo/TmPyPB/Ag 13 12.4 SRIM revealed that vacancy formation led to the degradation of the perovskite [871
layer.
10 7.9 x 10%° FTO/TiO2/MAPbDI3/Spiro-OMeTAD/Au 7.15 6.95 Increased ion vacancies, defect states, and recombination losses. [371
10 104 Glass/ITO/Sn0,/Csp.1FA¢.oPbl3/spiro-OMeTAD/Au 24.1 21.4 Void formation and surface ablation were observed in the perovskite layer. [108]
68 1.02 x 102 ITO/PEDOT:PSS/MAPbI;3/PCs;BM/BCP/Ag 4.70 5.70 High-energy protons formed shallow, benign defects in the perovskite that [26]
reduced non-radiative losses and improved device performance.
68 102 Quartz/ITO/PTAA/Cs¢.05(MAo.17FA0.83)0.95 18.8 17.8 Proton-induced traps were formed due to Iodine interstitials and vacancies in [27]1
Pb(Io.83Bro.17)3/Cs0/BCP/Cu the perovskite layer.
68 2 x 10'2 LiF/I1Z0/Sn02/Cg0/Cs0.05(MA¢.17FA¢.83)0.95Pb(o.83BT0.17)3/ 15.2 12.6 The perovskite layer was intact in both the tandem solar cells. [40]
PTAA/NiOy/Zn0O/CdS/CIGS/Mo/glass
LiF/1Z0/Sn02/Ceo/Pvsk/PTAA/ITO/ncSiOy/(i)-a-Si:H/(n)-C- 18.8 0.16
Si/(i)-a-Si:H/(p)-a-Si:H/Al:ZnO/Ag
0.06 103 Quartz/ITO/Sn05/Csg.o5(FAg.83MAg.17)0.05Pb(lo.83Br0.17)3/ 16 12.16 The perovskite layer was the major damage source, and spiro-OMeTAD made a [154]
0.06 + 1 10'3+10' spiro-OMeTAD/Au 16.29 12.25 minor contribution.
1 3.8 x 10" 17.63 11.57
0.06 103 Quartz/ITO/PTAA/Cs¢.05(FAo.s3 MAo.17)0.0sPb(Io.83Br0.17)3/ 18.72 13.5 The perovskite layer is the only identified source of degradation, and it is fully [154]
0.06 +1  10410™ Ce0/BCP/Ag 18.5 8.12 or partially healed by IEL-induced annealing.
1 3.8 x 10" 17.54 4.77
0.075 103 ITO/PolyTPD/PFN-Br/FA¢.gCs0.2Pbl, 4Bro.6Clo.o2/LIF/Ceo/ 11 Odays 2 SRIM simulations show uniform vacancy formation across the entire perovskite [111]
0.3 104 Sn0,/ITO/Al,O 10.67 months layer. This paper does not describe the resistance of HTL and ETL.
1 4 x 10" 10.56  9.02
6.93

7.59
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anions to their original position [129].
4. Conclusion

In conclusion, this review comprehensively showed how proton
irradiation affects the PSCs, tracing its influence from the fundamental
interaction mechanisms to material- and device-level consequences.
Proton interaction in PSCs involves both nuclear and electronic effects,
with SRIM simulations confirming that nuclear collisions dominate at
low energies, leading to displacement of atoms and formation of defects
within the perovskite lattice. These defects, particularly vacancies and
interstitials, act as carrier traps and contribute to degradation of
photovoltaic parameters. At higher proton energies, energy loss occurs
predominantly through electronic ionization, which, although less
damaging structurally, still affects device performance.

The effects of proton irradiation were further explored in relation to
perovskite films and full PSC architecture. Studies show that radiation
damage is not uniformly distributed across the device. Within the sub-
strate category, flexible substrates like PET and PEN offer advantages in
terms of mass and mechanical resilience but show greater vulnerability
to radiation-induced degradation compared to rigid substrates. Rigid
materials such as fused silica and cerium-doped glass demonstrated
superior resistance to optical and structural damage, making them more
suitable for space environments.

TCOs also show varied responses. FTO degrades under high fluence,
with increased resistivity and reduced transmittance, while ITO dem-
onstrates excellent stability in both electrical and optical properties,
making it more suitable for space environments. AZO and IZO exhibited
mixed behavior, with changes dependent on fluence and proton energy.
For top electrodes, silver and gold experienced degradation in conduc-
tivity and surface morphology, while carbon-based electrodes, espe-
cially in mesoporous configurations, exhibited exceptional resilience,
owing to their thickness and ability to absorb incoming protons.

CTLs play a critical role in determining the radiation resilience of
PSCs. Metal oxide ETLs such as SnOy and TiO, show strong tolerance to
proton irradiation, while metal oxide HTLs like NiOy have shown
promising stability in device-level tests, though their isolated behavior
remains unclear. Organic HTLs like spiro-OMeTAD are highly suscepti-
ble to damage, whereas organic ETLs such as PCBM demonstrate mod-
erate stability, particularly when blended with robust donor polymers.
CTL-free architecture presents a potential solution, but its radiation
response remains largely untested.

Self-healing behavior post-irradiation was also reported in certain
studies, attributed to ion migration, defect passivation, interfacial
doping, and phase segregation. However, this effect was limited to
moderate fluences, beyond which irreversible degradation occurred.
Despite these limitations, PSCs showed better radiation tolerance
compared to conventional photovoltaic technologies such as silicon,
CIGS, and multi-junction cells.

Overall, understanding the material-specific and layer-dependent
responses to proton irradiation provides a foundation for engineering
more resilient PSCs. By optimizing halide composition, implementing
robust CTL-free designs, and incorporating radiation-tolerant TCOs and
encapsulation strategies, PSCs can be further developed as reliable
power sources for future space missions. Although substantial evidence
supports proton-induced changes in the devices, the underlying mech-
anisms responsible for these effects remain to be fully understood.
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