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Guidelines for understanding radiation tolerance of perovskite photovoltaics are
presented. Based on simulated radiation-matter interactions, low-energy protons
(0.05-0.15 MeV) are found to be an optimum radiation source for creating atomic
vacancies and therefore probing radiation effects in perovskites. Higher energy
protons and electrons create localized heating and can heal defects, making the
tests less reliable. These testing protocols are specific to the thicknesses and
structure of perovskites and are starkly different from those used for established
space photovoltaics.
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SUMMARY

Perovskite photovoltaics (PVs) are under intensive development for
promise in terrestrial energy production. Soon, the community will
find out how much of that promise may become reality. Perovskites
also open new opportunities for lower cost space power. However,
radiation tolerance of space environments requires appropriate
analysis of relevant devices irradiated under representative radia-
tion conditions. We present guidelines designed to rigorously test
the radiation tolerance of perovskite PVs. We review radiation con-
ditions in common orbits, calculate nonionizing and ionizing energy
losses (NIEL and IEL) for perovskites, and prioritize proton radiation
for effective nuclear interactions. Low-energy protons (0.05-0.15
MeV) create a representative uniform damage profile, whereas
higher energy protons (commonly used in ground-based evaluation)
require significantly higher fluence to accumulate the equivalent
displacement damage dose due to lower scattering probability.
Furthermore, high-energy protons may “heal” devices through
increased electronic ionization. These procedural guidelines differ
from those used to test conventional semiconductors.

INTRODUCTION

As continuing progress pushes metal halide perovskite photovoltaics (PV) toward
commercialization for terrestrial solar-to-electricity generation,” interest is also ris-
ing for beyond-Earth applications.” Given their low-cost nature and packaging-
enabled high-specific power,” lead halide perovskite (of the ABX;3 formula) solar cells
can potentially augment the conventional IlI-V and Si solar panels powering the cur-
rent generation of satellites. The burgeoning internet of space (loS) and the ex-
pected increase in space PV installation in the low-Earth orbit (LEO) from a current
installation of a few MW to ~1 GW over the next decade necessitates a low-cost solar
power technology beyond the status quo.”” In fact, a recent comprehensive analysis
points toward massive cost reductions of $10-$20 billion USD if perovskite PV is
used in the expansion of LEO market instead of the conventional Ill-V PV.” More
importantly, although incumbent PV technologies degrade under the severe radia-
tion environment found in space,®'* perovskite PV could help herald a new era of
space exploration by powering vehicles for long-duration interplanetary missions
through extreme radiation environments if perovskite radiation tolerance can
meet required demands.'®™'? Future research should focus on demonstrating the

Context & scale

Perovskite solar cells are being
actively explored as the next-
generation light-weight space
photovoltaic technology. Harsh
space radiation environment
presents a major threat to any in-
orbit electronics, necessitating
reliable Earth-based space-
compatibility testing. We present
guidelines that can allow reliable
and quick radiation testing of
perovskite solar cells using
ground-based radiation sources.
This consensus article finds that
testing protocols established for
conventional space photovoltaic
technologies based on Siand I1I-V
semiconductors are not
applicable for perovskite
semiconductors, owing to the
latter’s soft lattices and markedly
different device architectures.

Low-energy protons in the range
of 50-150 keV are suggested as
the most appropriate radiation to
screen perovskite compositions
and device architectures for
radiation tolerance.
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stability of perovskite solar cells under thermal cycling and ultrahigh vacuum condi-
tions,” two major challenges that space environments present in addition to harsh
radiation.

Perovskite solar cells have recently been launched into the near-Earth space to test
compeatibility, and the results of these initial experiments are promising.'” " To
mimic the space radiation environment and explore radiation tolerance of perov-
skite PV using ground-based testing, multiple research groups have irradiated
perovskite solar cells with electrons, protons, gamma radiation, and neutrons.’? 30
These experiments suggest surprisingly high radiation tolerance of perovskites.
Huang et al. irradiated formamidinium lead triiodide (FAPI)-based devices with
0.05 MeV (50 keV) protons and found that initial power-conversion efficiencies
(PCEs) of 12.3% largely remained unchanged.?? Sister devices were separately irra-
diated with 1 MeV electrons and exhibited similar tolerance.?” Solar cells based on

(Cs0.05(MAg 17FA 83)0.95Pb(l0.83Bro0.17)3)
are currently one of the most stable perovskite compositions with respect to

triple-cation  perovskite  absorbers
PCEs.*'"*? One of the first attempts at exploring radiation tolerance of these solar
cells was performed by Miyazawa et al. using 0.05 MeV protons.* Initial PCEs of
~4% remained unchanged even at remarkably high proton fluences of 10" cm~2.

These and other reports are summarized in Table 1 and discussed further later.

Although early demonstrations have been used to promote the radiation-tolerance
aspect of perovskite PV, the relatively low PCEs of solar cells employed may under-
mine this claim. This is because low-PCE solar cells likely already have a significant
concentration of defect states, and interaction of charged particles with defect-
ridden perovskites can result in defect healing, masking the true effect of radiation
damage and dosage on the materials and device parameters. Ideally, stable, high-
PCE devices should be used for understanding radiation hardness of perovskite
PV. Recently, single- and multi-junction solar cells involving perovskites and
PCEs >15% have been utilized for some studies; however, as we highlight here,
the proton energy ranges used are not representative of the full space

environment.?%?°

When using particle accelerators to perform tests to predict the stability of solar cells
in space, it is crucially important to select the right particle energy. Particles that do
not have enough energy do not penetrate the cover glass and electrode. However,
particles with too much energy transmit through the entire solar cell, causing mini-
mal displacement damage and thus requiring commensurately higher fluences.
We show that solar cells made with a ~500-nm-thick metal halide perovskite layer
are most effectively tested with protons that have an energy of 0.05-0.15 MeV.
These protons create a space-representative uniform damage profile in the cells,
although being ~1,000x more damaging than >10 MeV protons. If a cover glass
is used, the energy should be increased so that the protons will still maximize dam-
age even after passing through the glass.

Space radiation creates a uniform damage profile in the active regions of lll-V solar
cells that can be best mimicked in ground-based testing by irradiation with high-en-
ergy, fully penetrating protons and using an appropriate fluence to achieve appro-
priate displacement damage dose (DDD).**8 Although radiation-testing protocols
and DDD calibrations are well established for conventional space PV technologies,
two major characteristics set perovskites apart: thin device stacks (~0.5 pm) and
unverified DDD calibrations. Although IlI-V and Si solar cells require uniform pene-
tration of high-energy protons throughout the device to mimic space radiation
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Table 1. Summary of literature reports on proton irradiation of perovskite solar cells.

Absorber Irrad. Perovskite Proton
& substrate Facility & flux (cm2s™") direction bandgap (eV) energy (MeV)  Fluence (cm %) PCEo/PCEj;.q Year Ref.
FAPI Aerospace Corporation, US top metal  1.47 0.050° 1E12 12.3/12.5 2017 #
(p-i-n)
quartz
Triple-cation ~ Wakasa Wan Energy Research top metal  1.62 0.050° 1E12 4.4/4.4 2018 #
(n-i-p) Center, Japan; 1E13 4.4/4.4
quartz 3EN 1E14 4.4/3.3
1E15 4.4/2.4
MAPI National Institute for Quantum and top metal  1.54 0.100° 3E10 11/11 2020 ¢
(p-i-n) Radiological Science and Technology 3E12 11/8.8
PET (QST), Japan;
3.5E9
Triple-cation Surrey lon Beam Centre, UK; top metal  1.62 0.150° 1E13 15/12 2019
(n-i-p) 3ET 1E14 15/3
quartz 1E15 15/0.0
Triple-cation Helmholtz-Zentrum Berlin; Substrate  1.62 20° 1E12 17.0/17.0 2019
(p-i-n) 9E8 68° 1E12 18.8/17.9
quartz
Triple-cation/  Helmholtz-Zentrum Berlin; top 12O 1.62 68° 2E12 18/14.9 2020 *
CIGS 7E8
(Tandem)
Triple-cation/ 2E12 21.1/0.18
Si
(Tandem)
Triple-halide  University of North Texas; top ITO 1.70 0.050° 1E12 8.5/6.3 2021 7
(p-i-n) 1E9-7E10 0.085° 1E12 8.4/8.5
rt

quar= 0.300° 1E12 9.1/10.1

0.650° 1E12 8.7/9.4

1.500° 1E12 7.9/8.5

2.500° 1E12 8.3/8.4

nan

Proton energies marked with the symbol footnote are preferred for assessing radiation hardness (as discussed in the text below). Perovskite absorbers
are ~500 nm thick. Irradiations is considered in a vacuum of ~1E-5-1E-6 mbar, and the cells have been irradiated for ~1-100 seconds depending on the target
proton fluence.

?Recommended.

®Not recommended.

as highlighted under the Naval Research Laboratory (NRL) radiation-testing
protocol,’*?? we show that such protons are not well suited to testing perovskite
cells. Recent studies indicate that the dominant ionizing processes from these pro-
tons may lead to healing effects in perovskites that counter the detrimental de-
fects.?’"% For these reasons, perovskites require a fresh set of radiation-testing con-
ventions. In this paper, we highlight these issues and present a protocol for
appropriately evaluating the radiation hardness of perovskites. Perovskites as a
space PV technology offers the potential for high-efficiency, low-cost, low-mass,
and radiation tolerance. Delivering on that promise will require overcoming all the
environmental challenges associated with space operation: thermal cycling, stability
under ultraviolet radiation and atomic oxygen, radiation tolerance, and micromete-
oroids, etc. This paper focuses on the radiation tolerance challenge and addresses
the need to further evaluate radiation-perovskite interactions with rigorous and
agreed-upon protocols.

RESULTS AND DISCUSSION

Satellites in space are bombarded with omnidirectional radiation including protons,
electrons, neutrons, alpha particles, and gamma rays (Figure 1A). For the near-Earth
space, this radiation field is constituted mainly of charged particles from the Sun
traveling toward the Earth and trapped by the magnetosphere.*’ For deep space,
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Figure 1. Radiation effects in space orbits

(A) Schematic showing a satellite powered by perovskite solar panels in an Earth orbit and the
surrounding radiation field.

(B) Nuclear displacements caused by protons resulting in atomic vacancies.

(C) Simulated annual fluences from the Space Environment Information System (SPENVIS) as a
function of proton.

(D) Electron energies for ISS (black), upper-LEO (green), GEO (red), 5,000 km (blue), and Juno
(yellow) orbits.

Note: (C) and (D) show integral fluences; visit https://www.spenvis.oma.be/ for differential spectra.

highly energetic galactic cosmic rays form a major component of the radiation field,
making interplanetary missions particularly hazardous to on-satellite electronics.

Electrons, protons, and alpha particles are the most prominent sources of radiation
in the near-Earth space, and understanding their interactions with a space PV tech-
nology is crucial. Although alpha particles cause the most displacement damage
due to their high mass (~8,000x electron rest mass), they have the lowest fluence
relative to protons and electrons. Protons and electrons, on the other hand, have
similar fluences for the near-Earth space orbits, suggesting that both have a similar
probability of interacting with a space solar panel. Although there is a 100-1,000 x
higher electron fluence, protons, given their ~2,000% higher rest mass compared
with electrons, inflict significantly more damage.

Interactions of protons and other charged particles with Ill-V and Si solar cells have
been extensively studied in the past. Seminal work by Messenger et al. established
protocols for ground-based testing of these cells.”#3*3742 |t was found that an
omnidirectional polyenergetic proton flux creates a uniform damage profile inside
these devices that can be mimicked by high-energy monoenergetic (1-10 MeV) pro-
tons incident normally during ground-based testing.>® These tests are usually per-
formed by irradiating the llI-V and Si solar cells with an equivalent 1 MeV electron
fluence, since electron sources are more common than proton sources.”''3743
This is justified for the case of IlI-V and Si PV technologies since empirical device per-
formance data show a direct comparison between proton and electron irradiation.®’
Since electrons are not as damaging as protons, as described later, the equivalent 1
MeV electron fluence is usually several orders of magnitude higher than protons to
achieve the same level of nuclear displacements. However, such data are not avail-
able for perovskites, and the equivalence relations need to be established before
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conclusions can be made about using 1 MeV electrons for understanding perovskite
PV radiation hardness. Understanding electron-perovskite interactions is important
for space orbits dominated by electron fluences such as the geostationary orbit
(GEO) and medium-Earth orbit (MEO) as Figure S1 highlights.

Focus on protons

Upon irradiation, protons interact with perovskite films via collisions with atomic
nuclei creating vacancies and interstitials (Figure 1B), as has been demonstrated.?’
Depending on their initial energy (E) and direction, protons interact with atoms and
lose energy while traveling within the device. Protons losing all energy and stopping
within the dimensions of the device (r) cause much more damage since energy loss
(dE/dr) is greater at the end of the path. There is a lack of consensus regarding se-
lecting the appropriate proton energy ranges and fluences.?”*° In Figures 1C and
1D, we present the accumulated annual omnidirectional fluences of particle en-
ergies in common space orbits. These include the LEO of International Space Station
(ISS), an orbit at the upper limits of LEO at an altitude of 2,000 km (51° inclination), a
circular orbit at 5,000 km altitude (60° inclination), GEO, and an extraterrestrial orbit
(Juno mission, Jupiter). These data were modeled using SPENVIS,** a software
developed by the European Space Agency, using the standard AP-8 and AE-8
NASA models for predicting trapped proton and electron environments for Earth or-
bits, and D&G83 models for the Juno orbit. These calculations do not consider solar
proton events that are high fluence ejections of energetic protons into the interplan-
etary space. Although these solar protons cannot penetrate the magnetospheres,
they are expected to heavily impact solar panels during interplanetary missions.

The proton fluence trends highlight that low-energy protons (~0.05 MeV) have
a ~10x higher fluence than high-energy protons (>50 MeV) for most of the Earth or-
bits. From Figure 1D, electrons have a relatively lower energy upper limit (<10 MeV)
for Earth orbits, and the electron fluence falls steeply for energies >1 MeV. The ISS
orbitis relatively benign and has minimal radiation threat, given its proximity to Earth
(~420 km altitude). The orbit of the extraterrestrial Juno mission is of particular inter-
est for radiation-tolerant materials, as extremely energetic electrons and protons
(~1 GeV) are present, albeit at very low fluences. Missions to the outer planets
may also include a Venus flyby; thus, the cells would need to survive high tempera-
tures. However, since interplanetary missions are expected to involve several years
of flight and exploration times, these high-energy particles are expected to become
important and can pose unique challenges to perovskite solar panels.

It is important to note that the low-energy proton fluences of ~10"* cm 2 expected
for deep-space missions can severely degrade silicon (Si), indium-gallium-phos-
phide (InGaP), and other IlI-V solar cells, if these panels are not heavily shielded,
as has been previously shown.'®"” Using encapsulation, such as a cover glass, is a
way to mitigate these effects but increases solar array weight and reduces specific
power of the panels.

Guidelines for experimental design

As charged particles move through the matter, they lose energy through either
nonionizing or ionizing energy loss mechanisms (NIEL and IEL).*> Although NIEL re-
sults in nuclear displacements leading to vacancies and interstitials, IEL causes lat-
tice vibrations and phonon-induced local heating. Understanding the amount of
NIEL and IEL at different exposures can help predict the damage inflicted on the so-
lar cell. We simulated the NIELs across proton and electron energies ranges when
propagating through hybrid perovskites, all-inorganic perovskites, Si, and InGaP.

Joule 6, 1-17, May 18, 2022 5
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Figure 2. Nonionizing and ionizing energy losses

(A and B) (A) NIELs and (B) stopping ranges of protons for various absorbers. Red circles highlight
the proton energies considered for simulating proton-perovskite interactions later.

(C) Proton NIEL, IEL, and the IEL/NIEL ratios for Si (gray) and CsPbl,Br (red) are shown.

(D) Electron NIEL, IEL, and the IEL/NIEL ratios for Si are shown.

Data shown in (C) and (D) were computed using www.sr-niel.org.

The simulations were done using SPENVIS** and verified with an alternate source,
SR-NIEL*® (see Figure S2 for comparison). In general, lower values of NIEL point to-
ward higher radiation resilience. Figure 2A illustrates that protons have NIELs
several orders of magnitude higher than electrons for all the materials considered.
Low-energy protons (0.05-0.15 MeV) have higher NIEL values compared with
high-energy protons (>0.5 MeV). Clearly, protons with energies >10 MeV
are ~1,000x less damaging than 0.05-0.15 MeV protons. Electrons have signifi-
cantly smaller NIEL values. In addition, <1 MeV electrons do not appear to interact
with the materials considered here. Electrons penetrate much farther into the device
stack yet are far less damaging due to the lower mass of an electron compared with a
proton.”” Importantly, a NIEL peak is observed for electrons with around 0.01 MeV in
Cs0.05(MAg.17FAq 83)0.95Pb(l0.83Bro.17)3 (triple-cation) and CH3NH3Pbls (MAPI) perov-
skites that is likely due to the presence of the organic A-site. This may explain the
sensitivity of hybrid perovskites to SEM and other routine lab experiments that
employ such electron energies.

Figure 2A provides a direct comparison of Si and InGaP PV technologies to perov-
skites. NIEL values of Si are found to be higher than those for perovskite and InGaP
due to its lower atomic number than elements in perovskite and InGaP and also
because a lower amount of energy is required to displace a Si atom. In contrast, pe-
rovskites contain elements with high atomic numbers (Pb and halogens). InGaP is

1847 and can also heal due to

48-50

known to possess higher radiation tolerance than Si,
photoinjection-enhanced annealing upon illumination.

Next, we simulated the stopping ranges of various proton energies in Si, InGaP, and
perovskites. The probability of proton scattering increases with the atomic number
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(2) of the target and has an inverse dependence on the proton’s velocity. These cal-
culations were done using Stopping and Range of lons in Matter/Transport of lons in
Matter (SRIM/TRIM).>" The data are shown in Figure 2B and suggest stopping dis-
tances for 0.05 MeV protons are a few hundred nanometers in the perovskites, which
is the typical active layer thickness in perovskite solar cells. 0.15 MeV protons will
transmit through the perovskite absorbers; however, they can still interact signifi-
cantly, given that their stopping range is ~1,000 nm. However, >50 MeV protons
will require 10 mm of the absorber to completely stop, lose their energy, and result
in significant vacancy formation. To achieve appropriate space-relevant defect den-
sities, these protons must be studied at much higher fluence levels than lower en-
ergy protons, and in fact, they may locally anneal the perovskite lattice faster than
they damage it, as we discuss later.”’*° These curves also demonstrate that for
thicker device stacks such as Si (~100 pm), protons of interest are in the range of
1-10 MeV energies. As such, these curves can be used to tune the incident proton
energy depending on the perovskite active layer thickness.

Although work has recently progressed to utilizing high-PCE solar cells for testing
radiation tolerance, these reports have exploited >10 MeV protons as a mimic for
space radiation (Table 1).?*?>>? Minimal drop in PCE has then been associated
with radiation resilience of perovskites. Although the fluence-energy curves shown
in Figure 1C form one piece of evidence suggesting why the choice of such high en-
ergies is not ideal, Figures 2A and 2B further amplify this point.

Figure 2C plots the NIEL, IEL, and IEL/NIEL ratio as a function of proton energy for both
Si and CsPbl,Br. The ratio becomes significantly higher and plateaus for energies >1
MeV, highlighting that NIEL and IEL scale differently with proton energy. This implies
that simply elevating the fluence of high-energy protons to match the NIEL of low-en-
ergy protons will not result in equivalent effects considering both nuclear and electronic
interactions. Although the two will result in a similar number of vacancies due to nuclear
displacements, the former can result in a much greater extent of self-healing due to the
increased tendency of electronic ionizations effectively masking the damage due to
nonionizing losses.”’>* Electronic ionization due to high-energy protons has been
shown to result in defect passivation in perovskite solar cells likely due to the latter's
low defect formation energies, thereby increasing the device performance of the irradi-
ated cells.”’>” These findings suggest that perovskites are very different in terms of ra-
diation interaction than the conventional technologies.

In fact, the energy loss due to electronic interactions with matter, such as perov-
skites, is similar to that due to interactions with high-energy protons, resulting in a
small number of nuclear displacements.54 Figure 2D shows NIEL, IEL, and IEL/
NIEL for electrons in Si. Since scattering is maximized when masses are matched,
electrons have a much higher probability of interaction with electrons in the device
stack and lose energy via ionization and subsequent deceleration. The ratio is found
to remain constant in the electron energy ranges observed in orbits. A similar healing
effect can be expected upon electron irradiation of perovskites, given their soft lat-
tice nature. Therefore, we suggest re-evaluation of electron irradiation of perov-
skites to understand how meaningful it is for radiation testing of this technology.

Figure S3 shows the DDD values for these PV absorbers. The DDD values are calcu-
lated by multiplying the fluences (Figure 1C) and NIELs (Figure 2A). Figure S3B
shows these products considering slowed fluences (100-pm-thick cover glass; Fig-
ure STA). As expected, damage caused by the low-energy protons is reduced due
to the cover glass. DDD is the energy deposited into 1 g of the material by protons
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of a certain incident energy via nonionizing interactions and is a direct representa-
tion of the damage caused. Table S1 is a proton look-up table for the ISS orbit. Flu-
ences for 1-, 5-, and 20-year missions are included, along with 1 year DDD for a few
PV absorbers of interest. These DDD values enabled us to calculate the 0.1 MeV
equivalent annual fluences for the ISS orbit for various PV technologies (Table S2).

Simulating proton-perovskite interactions

Having established the importance of protons as a better probe for testing radiation
tolerance of perovskite PV, we proceeded with simulating proton-perovskite interac-
tions. Insights from these simulations, carried out using SRIM/TRIM, are expected to
inform experimental design in terms of suitable proton energies to be considered.
We considered n-i-p solar cells with Csg 05(MAg 17FAg 83)0.95Pb(lo.83Bro.17)3 perov-
skite absorber layers, with the architecture: metal (100 nm)/SPIRO (100 nm)/
Cs0.05(MA0.17FA0 83)0.95Pb(l0.83Bro.17)3 (500 nm)/SnO, (50 nm)/ITO (150 nm)/glass
(70 nm), based on the thicknesses of various layers in the device stack used
commonly in literature and measured using cross-sectional scanning electron micro-
scopy (SEM) (Figure S4) of state-of-the-art cells made in house. A 70-nm-thick glass
substrate was assumed to save computational time, since this choice does not
impact the simulations as the proton irradiation is done from the metal side. 0.05,
0.15, 1.0, and 50.0 MeV protons were considered.

Figure 3 shows proton-perovskite interactions simulated with SRIM/TRIM. The
Cs0.05(MAg.17FAq 83)0.95Pb(l0.83Bro.17)3 perovskite chemistry results in the state-of-
the-art combination of stability, efficiency, and reproducibility in perovskite solar
cell research and has been widely studied by the perovskite PV community both
for terrestrial applications and radiation tolerance (Table 1). With a bandgap of
1.62 eV, Csgos5(MAg 17FAq 83)0.95Pb(lg.83Bro 17)3 is therefore an attractive choice as
a single-junction perovskite PV technology for space. Figure 3A shows a device
structure and a simulated proton straggling for 0.01 MeV (10 keV) proton radiation.
Straggling is defined as the statistical distribution/uncertainity in the projected
range of the incident proton beam in both longitudinal and transverse directions
as it traverses the device. Protons of energy 0.01 MeV fail to reach the perovskite
absorber, even though irradiation was done from the gold electrode side. As shown
in Figure S5, the resulting vacancies are limited to the gold electrode.

In Figure 3B, the same simulation is performed with 0.05 MeV protons. As can be
seen, these protons are heavily scattered in the perovskite while also fully pene-
trating the layer, suggesting an ideal condition for radiation testing. As discussed
later, protons used for radiation testing should fully penetrate the perovskite layer
while creating displacements to mimic the effect of proton radiation found in space.
However, even a thin cover glass (1 pm) can effectively block these low-energy pro-
tons (Figure 3D). Therefore, if a cover glass is a part of the device stack, energy of the
incident protons needs to be accordingly increased, considering the stopping range
of protons in the glass. Finally, high-energy protons, such as 1 MeV (Figure 3C), do
not significantly interact with the device stack due to low NIELs, and the high IELs can
cause joule heating that can result in self-healing by means of thermal annealing. We
note that this heating effect is a phenomenon localized in the perovskite lattice due
to vibrations caused by interaction of high-energy protons with the electron cloud.?’
This is very different from the heating that is expected for the overall solar panel as
the satellite passes the sun and can be managed by using an encapsulant that can
block the IR component of sunlight. Additionally, since thermal conductivity of pe-
rovskites (0.5 W m~" K™") is ~100x lower than those of Si (145 W m™' K™") and
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Figure 3. Simulated proton interaction with perovskite devices

(A-D) Various proton-irradiation conditions of the perovskite device stack from the back electrode (Au) side. Normal incidence with (A) 0.01 MeV
protons, (B) 0.05 MeV protons, (C) 1.0 MeV protons, and (D) 0.05 MeV protons with a cover glass. Each panel shows a representative device schematic
(left) and proton straggling (right). Scale bars, 200 nm. Perovskite absorber layer thickness is 500 nm. A typical cover glass with 100-um thickness will
need ~3.5 MeV proton to pass through the entire depth, with a straggling in the range ~4 um, making it difficult to study the radiation effects at the
perovskite layer alone.

1=V semiconductors (20-80 W m~" K~"),>*°¢ these locally produced phonons have
a high probability of healing defects before they can be dissipated.

We note that although these harmful low-energy protons can be stopped by a cover
glass (Figure 3D), in all cases, higher energy protons get downshifted to the low energies
of concern upon passage through the cover glass. Under normal incidence, a ~10-pm-
thick cover glass will downshift ~1 MeV protons to energy ranges of 0.05-0.15 MeV by
the time they reach the device stack. Although the fluence of 1 MeV protons is lower,
upon downshifting to lower energies, they still pose a threat to the device stack due
to the higher NIEL values associated with the low energies. In addition, there is a limit
to the cover glass thickness as it increases the solar array weight. It is therefore important
to understand the interaction of low-energy protons with the device stack since these will
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occur even with cover glasses and encapsulants due to energy downshifting. Thus, the
most straightforward way to simulate radiation fluences for 10-year missions is proton-
irradiation experiments using fluences in the range of 10'°-10"* cm~2, with proton en-
ergies that create a uniform damage profile in the active layer. These experiments should
ideally be carried out using proton sources that can produce protons energies in the
range of 0.05-0.15 MeV with fluxes of 1E8-1E10 cm 2",

Effects on each atom and uniformity of displacements

Simulated proton straggling for various proton energies and the resulting vacancies due
todisplacements of C, H, N, Pb, |, Br, and Cs atoms in the perovskite absorber are shown
in Figure S6. SRIM/TRIM plots proton tracks as the protons enter and traverse through
the device stack, undergoing collisions with each specific atomic nucleus.

We note that for these simulations, protons were normally incident on the device stack to
mimic ground-based proton-irradiation conditions. Although space radiation is omnidi-
rectional and the 50 MeV protons are also expected to create more damage in the
perovskite stack when incident at grazing incidence angles due to increased path length,
such low angles of incidence represent a very small fraction of all the possible incident
angles. For example, 50 MeV protons require a path length of 10 mm inside the perov-
skite device to maximize the defects. This path length will be realized only when these
protons are incident at an angle <0.01°. As Figure S7 highlights, >99% of the incident
angles are like the normal incidence scenario (angle = 90°) in terms of distance traveled
in the device stack, and path lengths start getting longer than the perovskite layer thick-
ness of 500 nm only at very shallow angles.

Figure S8 compares the damage profiles resulting from grazing and normal inci-
dence irradiations of 0.05 and 50 MeV protons on a perovskite solar cell. Although
50 MeV protons interact very weakly with the perovskite at normal incidence, grazing
incidence results in ~100x more damage with a uniform profile. As mentioned
above, this is due to the increased proton path lengths at low incidence angles. In
contrast, grazing incidence of 0.05 MeV protons leads to significantly reduced dam-
age with a nonuniform profile, compared with normal incidence.

Damage profiles for a triple-junction (3J) 1=V and a Csg 05(MAg 17FA 83)0.95Pb(l0 83Bro.17)3
perovskite solar cell irradiated with polyenergetic, omnidirectional protons are shown in
Figure 4. A slowed proton fluence after passing through a 100-pum-thick cover glass
was considered for these simulations. For both cases, a uniform damage profile (black)
is observed. Figure 4A shows that the normally incident low-energy protons (0.05 and
0.15 MeV) come to a complete stop within the Il-V device stack resulting in a nonuniform
damage profile not representative of the space environment, as per the NRL radiation-
testing protocol.*? Interestingly, the low-energy protons normally incident on the
perovskite solar cell result in a uniform damage profile (Figure 4B). This implies that
low-energy protons incident normally from the top metal electrode side of unencapsu-
lated perovskite solar cells can be used to mimic the omnidirectional, polyenergetic space
proton radiation in these cells. The reason behind this contrast between perovskites and
lI-Vis the significantly smaller thickness of the perovskite active layers (0.5 pm). Irradiation
of a CsPbl,Br perovskite solar cell with polyenergetic, omnidirectional protons is simu-
lated in Figure S8C with similar conclusions as drawn above for the case of
Cs0.05(MA0.17FA0.83)0.95Pb(lo.83Bro.17)3-

Although higher energy protons also result in uniform damage and are generally
preferred for testing conventional PV technologies because of the higher IEL discussed

above,”*?’ these should be avoided for the first experiments of determining radiation
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Figure 4. Vacancy creation from proton radiation

(A and B) Damage profiles in (A) triple-junction IlI-V cell and (B) perovskite cell due to
polyenergetic, omnidirectional protons (black), and normally incident low-energy and high-energy
protons. Simulations were done using SRIM/TRIM.

tolerance of perovskites.””*? The fact that nuclear displacements and electronic ioniza-
tion scale differently with fluence is further highlighted in Figure S9, where both energy
losses are shown for perovskite solar cells for various protons energies. Although a
5,000x higher fluence for 50 MeV protons can equal the nonionizing energy loss via nu-
clear displacements of that of 0.05 MeV protons, the corresponding loss via electronic
ionization is ~100 times higher for these high-energy protons.

We note that conclusions arrived at from these simulations are largely independent
of the choice of the perovskite absorber and slight variations in the layer thickness.
As an example, we have also simulated proton irradiations of n-i-p CsPbl,Br, n-i-p
CH3NH3Pbls, and solar cells with 500-nm-thick perovskite layers. The all-inorganic
perovskite chemistry, CsPbl,Br, forms another attractive choice for a space PV
absorber, given its wide bandgap of 1.88 eV, high photovoltages (~1.3 V), and
the potential for use in multi-junction solar cells.>’ 7 CsPbl,Br can potentially be
highly stable at high temperatures and vacuum, has been actively pursued, and
high PCEs >17% have been reported.”®“° Proton straggling and the resulting va-
cancies for CsPbl,Br solar cells considering the usually reported 250-nm-thick perov-
skite absorber layer are shown in Figure S10 with similar conclusions as drawn above
for the case of Csg.05(MAg.17FA¢.83)0.95Pb(l0.83Br0.17)3.

Simulated vacancy profiles for 0.05 MeV proton irradiated n-i-p CH3;NH;Pblz and p-i-
n Csp.05(MA0.17FA0 83)0.95Pb(l0.83Bro.17)3 cells are shown in Figures S11 and S12 and
are nearly identical to the above cases. The reason behind this independence is that
a difference of a couple of hundred nanometers in the device thickness and the
absorber chemistry does not significantly alter the proton interaction and the choice
of the proton energy. We also find that displacemenet of hydrogen (H) is the major
contributor to vacancy formation in Csg os5(MAg 17FA0.83)0.95Pb(l0.83Bro.17)3 and
CH3NH3Pbls due to its prevalence in these lattices, its low displacement energy,
and since it has a mass similar to that of a proton (Figures S6 and S11). Interestingly,
however, as the proton energy increases (>0.05 MeV), protons start to interact
increasingly more with the inorganic framework causing more | vacancies than H,
in agreement with previous findings.?* This is understandable since higher energy
protons are much more energetic than H atoms and have a reduced probability of
interaction with lower mass atoms. The presence of H in the organic A sites of
CH3NH3Pbls and Csg 05(MAg.17FAG 83)0.95Pb(lo.83Bro.17)3 absorbers also explain the
low-energy NIEL tails observed in Figure 2A for these absorbers. For CsPbl,Br,
iodine (I) atomic displacements result in the most vacancies (Figure S10).
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Overall, we find differences in vacancy profiles in the device stack by changing the
metal electrode and charge transport layers (see Figure S13 and the related discus-
sion). Although it is difficult to draw concrete conclusions, given the low thicknesses
of these layers that minimize proton interaction, these results highlight that the
choice of the metal electrode and charge extraction layers can also, to some extent,
define radiation hardness of the device stack. It should however be noted that de-
fects in charge extraction layers and metal electrode are far less consequential
compared with those in the perovskite absorber layer as these layers play little
role in the dynamics of the electron-hole pairs photogenerated in the absorber.

Perovskites compared with incumbent technologies

Finally, we sought to compare simulation of the vacancy density of perovskites with
incumbent PV technologies, by focusing on proton interactions and looking at vacancy
creation. To this end, we considered the following hypothetical device architecture: Au
(100 nm)/SPIRO (100 nm)/absorber (250 nm)/SnO, (50 nm)/ITO (150 nm)/glass (70 nm).
Simulations were carried out for various absorbers of 250 nm thickness: Si, InGaP,
CH3NH3Pbls, and Csgos(MAg 17FAG 83)0.95Pb(l0.83Bro.17)3 with 0.05 MeV protons.
Although Siand InGaP use significantly different device architectures and absorber thick-
nesses than these assumptions, one can compare them directly using the same thickness
and architecture for a materials comparison with perovskites. Results are shown in Fig-
ure S14. Si PV undergoes maximum displacements, resulting in the most vacancies, given
the low displacement energy of Si and its low atomic number, followed by InGaP. In fact,
this trend based on simulations agrees with experimentally observed PCE degradation of
irradiated Siand InGaP solar cells. Since active layer thicknesses in conventional solar cells
can be several microns with Si PV having ~100-pm-thick absorber, the higher energy pro-
ton spectrum gets downshifted to lower energies during passage, further contributing to
displacements and device damage. Therefore, higher thicknesses of the conventional PV
technologies bring increased radiation damage, besides the extra weight and cost.
Further, although cover glasses can stop the low-energy protons, even a 2% offset be-
tween the cover glass and Si active area left for the ease of tolerance control during panel
assembly resulted in ~15% power loss in Si panels powering previous satellite missions
within 77 days of the launch.""'? Perovskites, due to the presence of elements with high
atomic numbers, such as Pb and halogens, show relatively less vacancy formation, and
CsPbl,Brisfound to have the least number of vacancies. The critical link between vacancy
formation and radiation hardness depends on the defect tolerance of the material. Ingen-
eral, perovskites are known to perform exceedingly well even with defects due to their
remarkable defect tolerance.®’* This piece of information points to the need for careful
proton-irradiation experiments on various perovskite absorber chemistries and device
architectures.

Perovskite PV radiation-testing flowchart

In Figure 5, we summarize the guidelines resulting from the simulations presented in
this paper and a review of the literature. Perovskite solar cells chosen for radiation
testing should have PCEs approaching or above 20% wherever possible. We pre-
scribe carrying out multiple proton-irradiation tests using a range of low energies
(0.05-0.15MeV) and, appropriate, orbit-relevant fluences. These target the energies
of protons when they meet the device stack (top metal electrode), assuming no cover
glassis used. If a cover glass is used or the cells are irradiated through the glass that
light penetrates during normal operation, energies should be modified accordingly
to account for the proton-stopping range in glass. We have provided a look-up table
(Table S3) that lists energies that should be used when glass is included. It is also
imperative to fabricate perovskite devices on space-relevant substrates for irradia-
tion. For example, soda-lime glass is known to turn brown due to the formation of
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Figure 5. Guidelines flow diagram
Cycle chart summarizing the guidelines to testing radiation hardness of perovskites presented in
this paper.

color centers, resulting in the loss of optical transmittance, and it may partially
recover transparency over the course of days, confounding PCE quantifica-
tion.?*?¢%% Devices likely heat up during irradiation, and this effect can either
degrade or heal the cell. Device temperature should be monitored during irradiation
using a local probe, and temperatures >40°C should be avoided by reducing the
particle beam current.

Finally, since the field is still in its infancy, it is not certain that the damage caused in
perovskite solar cells due to radiation is entirely due to displacements. To ascertain
this, DDD relations and relative damage coefficient (RDC) curves should be estab-
lished for protons and electrons, as described elaborately for the case of llI-V
PV.*? Itis important to understand and establish protocols for performance recovery
of irradiated perovskite solar cells. For conventional space PV technologies, Amer-
ican Institute of Aeronautics and Astronautics (AIAA) standards include a 60°C
anneal and AMO exposure for performance recovery to replicate recovery typically
observed in lll-V space PV cells.® Attempts at understanding performance recovery
in irradiated perovskite solar cells is a welcome step in this direction.”

We note that traveler devices should be included as controls for radiation-testing ex-
periments. These devices are not exposed to radiation and serve as controls. How-
ever, itis also important to ensure that the devices exhibit long-term shelf-life. This is
because it is difficult to factor the travelers’ performance degradation into the per-
formance of the irradiated devices. Bathocuproine (BCP) and SPIRO-OMeTAD layers
should be avoided wherever possible due to their poor thermal stability and be re-
placed with more resilient layers. Thermal resilience is a requirement for space-
compatible device designs due to thermal cycling in space orbits.

Besides radiation hardness, the other key space challenges that perovskite solar
panels will face are thermal cycling, atomic oxygen, ultraviolet photons, vacuum,
and micrometeoroids.? Future research should also focus on understanding stability
of perovskites under these stressors to understand space compatibility.

¢? CellPress
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Conclusions

In summary, we have presented a framework for performing radiation-testing exper-
iments for perovskite PV. Based on particle fluences found in space orbits of interest
and NIEL plots, we suggest that protons should be the focus of near-term irradiation
experiments. We illustrate that low-energy protons (0.05-0.15 MeV) interact
strongly with the perovskite absorbers in typical unencapsulated devices structures,
leading to atomic displacements and vacancy formation. Furthermore, the thinness
of these devices, their ability to withstand exceptionally high defect densities, and
their tendency to self-heal upon irradiation from high-energy particles sets them
apart from conventional PV materials that tend to be tested at higher energy or
with more the accessible electron sources. We believe that the guidelines presented
here will accelerate optimized testing and screening of perovskite PV for radiation
tolerance and prepare this exciting technology for liftoff.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and materials should be directed to
and will be fulfilled by the lead contact, Joseph Luther (joey.luther@nrel.gov).

Materials availability
This study did not generate new unique materials.

Data and code availability
SPENVIS is available from https://www.spenvis.oma.be/. SRIM/TRIM is available
from http://www.srim.org.

SPENVIS calculations

Orbit fluences and NIEL values were simulated using SPENVIS. For Earth orbits, AP-8
and AE-8 models were used, while for the Juno orbit, D&G83 model was used. Pa-
rameters for GEO orbit are built into the software; the following parameters were
used for the remaining three orbits shown in Figure 1C.

ISS: perigee altitude (km): 417, apogee altitude (km): 422; inclination (deg): 51.64;
argument of perigee (deg); 42.17, true anomaly (deg); 130.61

LEO (circular orbit): altitude (km): 2,000; inclination (deg): 51.0
5,000 km (circular orbit): altitude (km): 5,000; inclination (deg): 60.0
Juno: perijove altitude (km): 75,600; apojove altitude (km): 8,100,000; inclination (deg): 90

SRIM/TRIM simulations

SRIM/TRIM simulations were performed considering 100,000 protons for all the cases us-
ing the “full damage cascade” calculation mode. n-i-p device architectures were consid-
ered for irradiation: metal (100 nm)/spiro (100 nm)/absorber (250 nm or 500 nm)/SnO,
(50 nm)/ITO (150 nm)/glass (70 nm). 250 or 500 nm absorber thickness was used as
mentioned in the text. Protons were irradiated from the metal side. A low glass substrate
thickness was considered to speed up calculations. Densities used were Au = 19.31
g.cm™, Al = 2.70 g.cm~3, Ag = 10.49 g.cm™>, SPIRO = 1.40 g.cm™, P3HT = 1.10
g.cm 3, CsPbl,Br = 4.05 g.cm 3, Csg,05(MAg 17FAg 83)0.95Pb(l0 83Br0.17)3 = 4.30 g.cm ™2,
CH3NHsPbl; = 4.00 g.cm ™3, SnO, = 6.95 g.cm™3, TiO, = 4.23 g.cm ™3, ITO = 7.20
g.cm™3, glass = 2.53 g.cm™. Displacement energies used were Au = 25 &V,
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Al=25eV,Ag=25eV,C=28eV,H=10eV,N=28eV,0=28eV,S=25eV,Cs=25¢V,
Pb=25eV,I=25eV,Br=25eV,Si=15eV,In=25eV,Sn=25eV, Ti=25eV,Ge=15eV,
P=25eV,As=25eV, and Ga=25eV. However, since halide ion migration in perovskites
is a well-known phenomenon partly responsible for J-V hysteresis and phase
654 the values of 25 eV for displacement energies of | and Br are likely an
overestimation. The remarkable defect tolerance of perovskites, however, allows the

segregation,

dislocated halide ions to migrate back to their original lattice positions leading to robust
optoelectronic properties. Estimation of displacement energies for | and Br in the
perovskite lattice is beyond the context of this work.

SRIM simulations for omnidirectional, polyenergetic protons were carried out by
changing the incidence angle from 0° (normal) to 89.9° (grazing) in steps of 10°. A
total of 100,000 protons were considered and the angle was changed after every
10,000 protons. Within each 10,000-proton bucket, 4 energies were considered:
0.05, 0.15, 1, and 50 MeV. The fluences of these energies were set considering
the slowed proton fluence spectrum through a 100-um cover glass (Figure S1).

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.joule.
2022.03.004.
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Figure S1. Slowed Proton Fluences for Various Cover Glass Thicknesses. Slowed spectra for
proton fluences in (a) ISS orbit, and (b) a 5000 km altitude orbit (60° inclination), and electron
fluences in (c¢) ISS orbit, and (d) a 5000 km altitude orbit (60° inclination). Various cover glass
thicknesses are considered. The fluences without any barrier are shown in thick black lines. The
original spectra were obtained using SPENVIS, while the slowed spectra with barriers were
simulated using www.sr-niel.org




10
M InGaP
—MAPI
10¢ | Triple cation
—— CsPbl,Br

10° |

107

10'7 FERTTIT SR TTIT RETERRTTTIT MATETRTTTT METIERTT 11 BTSN TTIT MATRTTTT MATSRTTIT|

1E-5 1E-4 1E-3 0.01 0.1 1 10 100 1000
Particle energy (MeV)

Non ionizing energy loss (MeV.cm’.g”")
=)
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Figure S4. Cross-sectional SEM images. Cross-sectional SEM images of (a) CsPbI>Br, and (b)
Cs0.0s(MA0.17F Ao .83)0.95Pb(l0.83Bro.17)3 solar cells showing thicknesses of various layers in the
device stack. Film thicknesses used in SRIM/TRIM simulations in this paper are based on these
experimentally-measured film thicknesses.
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Figure S5. Vacancy Creation from 0.01 MeV Protons. Vacancies created by 0.01 MeV protons
in (a) CsPbLBr solar cell, (b) Cso.0s(MAo.17F Ao.83)0.95Pb(l0.83Bro.17)3 solar cell. Since these protons
fail to reach the perovskite absorber due to their low energy, majority of the vacancies are confined
to the metal electrode.



Perovskite absorber layer: Csgo5(MAg 13FAG 87)0 95P b (15 57Brg 13)3
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Figure S6. Simulated Proton Interaction with Cso.0s(MAo.17FA0.83)0.95Pb(l0.83Bro.17)3
Perovskite Devices. a-d). Simulated proton straggling and the resulting vacancies formed due to
dislocations of C, H, N, Cs, Pb, I, and Br atoms in Cso.05(MAo.17F A0.83)0.95sPb(I0.83B10.17)3 solar cells.
e). Vacancies formed in the full device stack. See Discussion below for details. Device architecture



considered is: Au (100 nm)/SPIRO (100 nm)/Cso.0s(MAo.17FA0.83)0.95Pb(I0.83Br0.17)3 (500
nm)/SnO; (50 nm)/ITO (150 nm)/glass (70 nm).

Discussion:

The case of 0.05 MeV protons highlights the high frequency of collision events for these protons.
In fact, these protons are found to stop within the solar cell causing significant displacements. 0.15
MeV protons show a reduced level of interactions, while 1 MeV proton transmit through the solar
cells depositing minimal energy in the perovskite. 50 MeV protons are found to leave the solar
cells almost unscathed. As expected, 0.05 MeV protons result in the most vacancies, while 50 MeV
protons do not appear to create any significant concentration of vacancies in the absorber.
Vacancies created in the full device stack are shown as a function of the device thickness/depth in
Figure 4e. As can be seen, the 50 MeV protons create ~1000x less vacancies in the perovskite

absorber compared to 0.05 MeV protons, in agreement with the NIEL calculated in Figure 2a.
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Figure S7. Proton Path Lengths vs. Incident Angle. Calculated proton path lengths as a function
of incident angle. Right Y-axis shows the proton energies these path lengths (stopping range)
correspond to. These are the maximum energies that will completely stop in the device stack at the
calculated path lengths. As an example, normal incidence (90°) corresponds to a path length of 0.5
um, which can stop a proton of ~0.045 MeV. Any higher energy proton will escape the solar cell.
As the angles reduce and go toward the grazing-incidence scenario (0°), path lengths increase very
slowly. 0.01° corresponds to a ~10,000 pum path length, which is the stopping range for 50 MeV



protons. However, such low incidence angles represent a very small fraction of all the angles
possible. Most of the incidence scenarios are similar to the normal incidence case. In other words,
for most of the incident angles, >0.05 MeV protons will escape the device and high-energy protons
will create little damage.
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Figure S8. Vacancy Creation for Various Proton Incidence Angles. Damage profiles in a
perovskite solar cell upon normal incidence (red) and grazing incidence (black) of (a) 0.05 MeV,
and (b) 50 MeV protons, simulated using SRIM. (¢) Irradiation of a CsPbl>Br solar cell with poly-
energetic, omnidirectional protons. Normal incidences of 0.05, 0.15, and 50 MeV protons are also
shown.
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Figure S9. Simulated NIEL vs IEL in Perovskite Devices. SRIM/TRIM simulation results
showing a) non-ionizing energy losses, and b) electronic ionization losses for 0.05, 0.15, 1 and 50
MeV protons in a Cso.0s(MAo.17FA0.83)0.95Pb(lo.s3B10.17)3 solar cell with device architecture: Au
(100 nm)/SPIRO (100 nm)/ CS(),()5(MAO,17FAO,83)0,95Pb(I()_83BI‘0,17)3 (500 nm)/SnOZ (50 nm)/ITO
(150 nm)/glass (70 nm). Data for a CsPblBr solar cell with a device architecture: Au (100
nm)/SPIRO (100 nm)/ CsPbl,Br (250 nm)/SnO; (50 nm)/ITO (150 nm)/glass (70 nm) are shown
in (c) and (d). Both loss mechanisms scale differently with fluence (number of ions). SE3 protons
of 50 MeV (grey spectra) will create a similar number of nuclear displacements as 1 proton of 0.05



MeV (panel a, c¢), however the corresponding electronic ionization (healing) will be much higher

(panel b, d). This implies that fluence at one energy cannot be scaled to match the fluence at another
energy in terms of damage induced.
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Figure S10. Simulated Proton Interaction with CsPbI2Br Perovskite Devices. a-d). Simulated
proton straggling and the resulting vacancies formed due to dislocations of I, Br, Cl and Br atoms
in CsPbl>Br solar cells. €). Vacancies formed in the full device stack. See Discussion below for
details. Device architecture considered is: Au (100 nm)/SPIRO (100 nm)/CsPbl>Br (250 nm)/SnO>
(50 nm)/ITO (150 nm)/glass (70 nm).
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Figure S11. Simulated Proton Interaction with a CH3NH;3Pbls Perovskite Device. (a) Proton
straggling for CH3NH;3Pbl; solar cells, (b) vacancies created in the device, and (c) vacancies due
to C, H, N, Pb, and 1. Device structure considered is: Au (100 nm)/SPIRO (100 nm)/CH3NH;3Pbl;
(500 nm)/SnO; (50 nm)/ITO (150 nm)/glass (70 nm).
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Figure S12. Simulated Proton Interaction with a PIN Perovskite Device. Proton interactions
in a pin Cso.05(MAo.17FAo.83)0.95Pb(lo.83Bro.17)3 solar cell. (a) Device architecture considered for
modeling. (b) SRIM/TRIM simulations showing straggling of 0.05 MeV protons incident from the
silver electrode side. (¢) Red line represents the total vacancies generated within the device stack
and highlights that 0.05 MeV protons create a majority of vacancies inside the perovskite active
layer, similar to the case of CsPblbBr and n-i-p Cso.0s(MAo.17FA0.83)0.95Pb(10.83Bro.17)3 solar cells
solar cells.
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Figure S13. Vacancy Creation in Various Perovskite Device Architectures. SRIM simulations
showing vacancy profiles within device stacks with (a) different metal electrodes, and (b) different
charge extraction layers. Device stacks considered are shown in schematics above the figures.

Discussion:

Given the importance of metal electrode and charge extraction layers in the device stack, we also
performed SRIM simulations on Cso.05(MAo.17FA0.83)0.95Pb(lo.83Br0.17)3 perovskite device stacks
with various metal contacts (Ag and Al), a different hole-transporting layer (P3HT), and a different
electron-transporting layer (TiO2) to understand interaction of protons with these layers and defect
formation. The vacancy profiles in these device stacks upon irradiation with 0.05 MeV protons are
shown in Figure S13. Protons are found to create the smallest number of vacancies in the Al
electrode compared to Au and Ag. Although Al has a significanty smaller atomic number (Z = 13)
and its atoms have low binding strength compared to Au (Z =79) and Ag (Z = 47), it has a vastly
lower mass density of 2.7 g.cm™ than Au (19.3 g.cm™) and Ag (10.49 g.cm™). A low mass density
results in a smaller number of Al atoms per unit volume reducing the probability of interaction

with protons. This implies that the incident protons do not lose sufficient energy while passing



through Al and can create more damage upon reaching the perovskite absorber. In fact, Figure
S13a shows that for the perovskite solar cell with Al electrode has a larger number of vacancies
inside the perovskite layer. This can potentially mean that Ag and Au electrodes can limit proton

damage to the perovskite.

Similarly, given its higher mass density (1.4 g.cm™), SPIRO has higher vacancy profile
compared to the lower mass density P3HT (1.1 g.cm™). As expected, perovskite active layer in the
SPIRO device shows slightly less vacancies than the case of P3HT (Figure S13b). It is harder to
compare electron transporters given that protons pass through them after traversing the perovskite,
meaning their interaction with electron transporter layers does not affect the vacancy profile within

the perovskite.

Table S1. Proton look-up table for ISS orbit.

Proton  l-yr S-yr 20-yr 1-yr DDD (MeV.g')

Energy Fluence Fluence Fluence

(MeV)  (em?)  (em?D)  (em) g‘tll’(l)‘; MAPI CsPbLBr  Si  InGaP
0.10 1.6E1I0 8.1E10 32EIl  40E9  39E9 3.7E9 82E9  4.9E9
0.150  1.4E10 6.8EI0 27El1l  25E9  24E9 2.3E9 49E9  3.0E9
0500  59E9 3.0EI0 12EIl  42E8  42E8 4.1E8 75E8  5.0E8
1000  33E9 17E10 6.7E10  13E8  13E8  13E8 22E8  1.6E8
50.000 3.6E8 1.8E9  7.3E9 54E5  48E5 5.5E5 1.7E6  1.2E6
100.000 2.0E8 1.0E9  4.0E9 18E5  1.5E5 2.0E5 6.2E5  5.7E5

Discussion: Equivalent fluences can be calculated from the DDD values at two different proton
energies. As an illustration, a fluence of 1.6E10 cm™ for 0.10 MeV protons will result in a similar
nuclear displacement damage in a Csp.05(MAo.17FA0.83)0.95Pb(lo.s3Bro.17)s solar cell as
(4.0E9/1.8E5)*1.6E10 = 3.6E14 cm™ fluence for 100 MeV protons. However, this 100 MeV
proton fluence should not be used to simulate the effect of 0.10 MeV protons, since the electronic
ionization (healing) scales differently. 100 MeV protons at a fluence of 3.6E14 ¢cm™ create

significantly higher electronic ionization events than 1.6E10 cm™ fluence of 0.10 MeV protons.



Indeed, the reverse is also true and lower energy protons should not be used for high-energy

equivalence.

Annual fluences for various proton energies in equivalents of 0.1 MeV protons are calculated and

shown in Table S2 for various PV technologies.
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Figure S14. Defect Creation in Various Solar Cell Technologies. Comparison of vacancies
formed in device stacks with perovskite absorbers (Cso.05(MAo.17FA0.83)0.95Pb(l0.83Bro.17)3,
CH3NH;Pbls, and CsPbbBr) and conventional PV absorbers (Si and InGaP), upon irradiation with

0.05 MeV protons and assuming constant thickness absorber.

Table S2. Equivalent annual fluences for ISS orbit for various PV technologies.

Proton 1-yr 0.1 MeV Equivalent Annual Fluence (cm)
Energy Fluence . _

MeV)  (em?) g‘tlf(l; MAPI  CsPbLBr Si InGaP
0.10 1.6E10 1.6E+10  1.6E+10  1.6E+10 1.6E+10  1.6E+10
0.150 1.4E10 2.6E+10 2.6E+10 2.6E+10 2.7TE+10  2.6E+10
0.500 5.9E9 1.5E+11  1.5E+11  1.4E+11 1.8E+11  1.6E+11
1.000 3.3E9 49E+11 48E+11 4.6E+11 6.0E+11  49E+11
50.000 3.6E8 1.2E+14  1.3E+14 1.1E+14 7.7E+13  6.5E+13
100.000  2.0E8 3.6E+14 4.2E+14  3.0E+14 2.1E+14  14E+14




Table S3. Proton Energies Adjusted for Various Cover Glass Thicknesses. Proton energies
suggested for irradiation of perovskite solar cells after including a cover glass in the device stack.
Proton energies in bold correspond to the reduced energies incident on the top metal electrode after
the protons pass through the cover glass.

Cover glass Proton energy (MeV) after ‘cover glass correction’
thickness (um) | 0.050 0.075 0.100 0.150 0.200
50 2.368 2.393 2418 2.468 2518
100 3.491 3.516 3.541 3.591 3.641
150 4.562 4.587 4.612 4.662 4.712
200 5.455 5.480 5.505 5.555 5.605
1000 13.457 13.482 13.507 13.557 13.607
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