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SUMMARY
Metal halide perovskite (MHP) solar cells are promising aerospace power sources given their potential as
inexpensive, lightweight, and resilient solar electricity generators. Herein, the intrinsic radiation tolerance
of unencapsulated methylammonium lead iodide/chloride (CH3NH3PbI3-xClx) films was isolated. Spatially
resolved photoluminescence (PL) spectroscopy and confocal microscopy revealed the fundamental defect
physics through optical changes as films were irradiated with 4.5 MeV neutrons and 20 keV protons at fluen-
ces between 531010 and 131016 p+/cm2. As proton radiation increased beyond 131013 p+/cm2, defects
formed in the film, causing both a decrease in photoluminescence intensity and a 30% increase in surface
darkening. All proton irradiated films additionally exhibited continuous increase of energy bandgaps and
decreasing charge recombination lifetimes with increasing proton fluences. These optical changes in the
absorber layer precede performance declines detectable in standard current-voltagemeasurements of com-
plete solar cell devices and therefore have the potential of serving as early indicators of radiation tolerance.
INTRODUCTION

Efficiency, reliability, and cost are critical in determining photo-

voltaic technologies for powering the commercialization of low

Earth orbit (LEO). Metal halide perovskite (MHP) solar cells

show promise as inexpensive, lightweight, and durable solar

electricity sources for space applications.1,2 The high-power

conversion efficiencies, now exceeding 26% for single-junction

MHP cells, and approaching 30% for perovskite-silicon tan-

dems, rival technologies used currently on satellites.3 Their

tunable bandgap via composition changes also makes MHPs

viable for multi-junction architectures to utilize more of the solar

spectrum. They have additionally demonstrated exceptionally

high specific power, reaching 29.4W/g in recent reports, outper-

forming all other photovoltaic technologies.4 However, deploy-

ment of any solar cell in the harsh space environment will require

resilience to extreme temperatures, radiation, ultrahigh vacuum,

and mechanical stresses. On airless bodies such as the Moon

and Mars, daytime temperatures reach over 100�C, while nights

plummet below �150�C.5 In addition to this dramatic thermal

cycling, they will be exposed to AM0 radiation with high ultravi-

olet spectral weight and the full spectrum of the solar wind, en-
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ergetic galactic cosmic rays, and sporadic solar particle events

supplying high doses of ionizing radiation.2,6,7

In addition to protons, neutrons pose threats to solar power

systems deployed in space. Though lower in intensity than trap-

ped protons, high-energy neutrons generate cumulative damage

via secondary ionizations and nuclear transmutations that

degradecell efficiencyoveroperational lifetimes.8 The lunar rego-

lith generates a complex radiation environment. Neutron produc-

tion first occurs when galactic cosmic ray protons collide and

interact with the lunar regolith.9 These energetic ‘‘fast’’ neutrons

have the potential to cause permanent displacement damage

upon collidingwith atoms in solar cells or electronic components.

Over time, successive collisions enable the high-speed neutrons

to thermalize to lower energy ‘‘slow’’ neutrons (<0.4 eV) which

thenmay induceshallowchargecarrier traps before capture.10–12

a-particles andelectrons arepartsof cosmic radiationaswell, but

both pose lower damagepotential than protons on account of the

former’s low fluence and the latter’s low mass.13

Prior research on MHP solar cells in controlled laboratory con-

ditions hints at promising radiation resilience and minimal UV

degradation without oxygen or moisture exposure.14,15 Proton

(p+) fluences between 1012 and 1014 p+/cm2 have been reported
ary 17, 2025 ª 2024 The Author(s). Published by Elsevier Inc. 1
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Figure 1. Determining proton beam energy

SRIM/TRIM simulations depicting (A) 20 keV and (C) 1 MeV proton trajectories within irradiated samples. The total stack consists of a 600 nm MHP film and a

300 nm ITO/glass substrate. Damage events due to 20 keV (B) and 1 MeV (D) energy protons as they move through the target layer.
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as a minimum degradation threshold for MHP cells and bare

perovskite films.16–18 However, some open questions remain

regarding real-world performance in space. For example, thermal

cycling tends to reducepower conversion efficiency and acceler-

ated light-induced damage occurs under vacuum environ-

ments.19,20 Just a handful of brief sub-orbital space tests on

encapsulated devices show persistent functionality but cannot

fully validate long-duration orbital robustness.21–23 Additionally,

full-cell measurements make it difficult to pinpoint whether

changes originate in the MHP layer itself or other cell compo-

nents. In our priorwork,we focusedon intrinsic degradationpath-

ways in the absorber layer alone to qualify operational lifetimes

under LEO conditions where an encapsulated CH3NH3PbI3 film

wasflownon the International SpaceStation (ISS) for 10months24
2 iScience 28, 111586, January 17, 2025
The results were very encouraging; the sample was thermo-

chemically stable, withstanding the repeated and rapid thermal

cycling and AM0 exposure robustly, as supported by extensive

post-flight characterization. The one question we were unable

to addresswas the impactof radiationon theMHPfilm.Thedomi-

nating radiation at the ISS constitutes protons estimated at a flu-

ence of 109 cm�2 for the 10-month period. Simulations predicted

that protons in the relevant energy range (0.05–10 MeV) would

stop at the glass/encapsulant boundary before reaching the

MHP film and roughening and discoloration of the interface be-

tween the glass and the encapsulant of the flight sample

confirmed this. The MHP film was therefore entirely protected

from radiation, and while this approach of hard encapsulation

mayward off cosmic radiation induced degradation inMHP solar



Figure 2. IEL vs. NIEL

Ionizing energy loss (IEL) and non-ionizing energy loss (NIEL) were calculated via SRIM/TRIM simulations for (A) 20 keV and (B) 1 MeV protons in the perovskite/

ITO/glass stack.
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cells in the space environment, it would negate the significant ad-

vantages of in situ fabrication and low specific power that MHPs

possess.25

In this work, we directly probed the MHP light-absorbing layer

without any other interfaces or encapsulation and extracted

fundamental insights on intrinsic radiation tolerance. We fabri-

cated thin films of MHP with composition CH3NH3PbI3-xClx
(x = 0.15) on glass substrates and exposed them to controlled

irradiation from a 4.5 MeV neutron (n0) source and a 20 keV pro-

ton (p+) beam at cumulative fluences ranging from 531010 to 13

1016 p+/cm2. Chloride concentrations <19% in the perovskite

lattice have been shown to increase stability and favorably shift

bandgap for photovoltaics.26,27 We characterized the radiation

damage effects in these bare films using spatially resolved pho-

toluminescence (PL) spectroscopy to probe electronic structure

and defect states and confocal fluorescencemicroscopy to map

emitted intensity. While neutron irradiation appeared to have no

effect on the films, higher proton irradiation fluences introduced

greater numbers of defects into the normally highly emissive

MHP lattice, causing observable optical changes even with no

excess carriers injected as in standard electrical tests. Specif-

ically, our PL data revealed decreasing emission intensity and

thus escalating non-radiative pathways with increasing proton

exposure, eventually darkening an additional 45% of the film

area when fluence exceeds 131016 p+/cm2. All proton irradiated

samples also exhibited gradual blue-shifting of optical bandgaps

and shortening of photogenerated charge carrier lifetimes as

proton fluence increased. Together these optical markers

demonstrated escalating defect densities within the films result-

ing from collateral radiation damage.18 This work is impactful

because it is imperative that we understand the combined ef-

fects of stressors on perovskite-based photovoltaics in opera-

tion in space. Further, this investigation is the first of its kind to

methodically investigate the impact of fast and slow neutrons

with the most relevant proton energies directly applied to the

absorber layer, and not constituent layers, to directly probe the
radiation resilience and degradation modes of unencapsulated

perovskite films through optical analysis.

RESULTS

Determining proton beam energy
Prior radiation studies have shown the promising resilience

of MHP solar cell devices under proton irradiation. The proton

energy used has ranged from 150 keV to 10 MeV (mimicking

typical LEO conditions) and in some cases even as high as 68

MeV.14,28,29 These typically showed no radiation-induced irre-

versible damage, because while it is standard to qualify Si and

III-V cells for use in space with high energy (>1 MeV) protons,

such energy is inappropriate for MHP solar cells. These protons

transfer very little energy to the thin MHP layers and even show

signs of healing defects through ionization. A more appropriate

range is 0.05–0.15 MeV, where protons stop inside the thin

absorber layer, and in which cases vacancy and interstitial

defect formation were observed.30

Nearly all prior research has used device stacks, including

charge transport layers and electrodes, and sometimes, addi-

tional encapsulation layers and utilized the standard photovol-

taic metrics, including short circuit current, open circuit voltage,

fill factor, and power conversion efficiency (PCE), to evaluate ra-

diation resistance.16,18 To directly probe radiation tolerance of

the light-absorbing layer itself, in this study we used methylam-

monium lead iodide/chloride (CH3NH3PbI3-xClx) perovskite

films, of approximate thickness 600 nm, deposited onto indium

tin oxide (ITO) coated glass substrates by spin-coating. Being a

conducting surface, ITO could lead to some PL quenching.

Despite this possibility, we used ITO as the substrate because

a realistic device stack is almost certain to do so. As we have

systematically utilized identical substrates for all our samples,

this consistency ensures the relative differences observed in

our samples with varying radiation flux and exposure remain

valid. This simple structure omits all other device layers, allowing
iScience 28, 111586, January 17, 2025 3



Table 1. Irradiated samples included in the study

Sample#

Irradiation (cm�2)

First Second Third

1 low n0 – –

2 high n0 – –

3 low n0 531010 p+ 131013 p+

4 low n0 131012 p+ 131014 p+

5 531010 p+ 131013 p+ –

6 131012 p+ 131014 p+ –

7 531010 p+ 131013 p+ –

8 131012 p+ 131014 p+ –

9 131015 p+ – –

10 131016 p+ – –

11 131015 p+ – –

12 131016 p+ – –

All samples are unencapsulatedCH3NH3PbI3-xClx on ITO-coated glass. A

control without radiation was also fabricated for each irradiation batch

(first – third).
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the characterization of the intrinsic absorber response without

convoluting effects. For the selection of the appropriate proton

energies for achieving representative defect generation, we

used Stopping and Range of Ions inMatter (SRIM) and Transport

of Ions in Matter (TRIM) simulations and found that 20 keV pro-

tons fell right in the middle of the perovskite absorber layer

and produced themost uniform damage profile within our region

of interest in the 600 nm thick films. These ion trajectory simula-

tions, as well as their corresponding collision plots, are pre-

sented in Figure 1 for 20 keV and 1 MeV proton beam. As antic-

ipated, while the 20 keV protons stop almost entirely within the

absorberMHP layer (Figure 1A), 1MeV protons interact very little

with the MHP film (Figure 1C), confirming that low energy pro-

tons will maximize lattice displacements and vacancies due to

the collisions. This is clear in Figures 1B and 1D, where 20 keV

protons collide more uniformly and in much greater numbers

than 1 MeV protons.

Ionizing energy loss and non-ionizing energy loss
As the energetic proton beam penetrates through the target, it

undergoes energy loss characterized by two processes: elastic

collision with the nucleus, known as non-ionizing energy loss

(NIEL), and inelastic collision with the electrons known as

ionizing energy loss (IEL). Figure 2 shows the SRIM/TRIM simu-

lated IEL and NIEL values for 20 keV and 1 MeV protons. From

the structural damage perspective, previous studies indicate

that NIEL is much more dominant at keV energy range. A higher

NIEL value in the perovskite photo-absorber suggests more

crystalline damage, while IEL has demonstrated a competitive

effect on NIEL by promoting healing effects in a variety of mate-

rials due to microscopic annealing along the ion track.30–34 As

shown in Figure 2, the NIEL value for the 20 keV protons is

around 41 times greater as compared to the 1 MeV proton at

the peak depth (�240 nm) in the perovskite layer. While the

IEL value for the 20 keV incident proton is only �1.3 times

greater as compared to the 1 MeV proton. As a result, 20 keV
4 iScience 28, 111586, January 17, 2025
protons cause significantly more crystalline damage to the

perovskite layer than 1 MeV protons.

Annual LEO fluences were estimated for 20 keV protons from

Space Environment Information System (SPENVIS) simulations,

with samples receiving cumulative proton doses spanning five

orders of magnitude between 531010 and 131016 p+/cm2.

Table 1 details the particle fluence received by each of the 12

samples in this study. Samples 1–4 were exposed to combina-

tions of fast (4.5 MeV) and slow (<0.05 eV) neutrons prior to pro-

ton irradiation. ‘‘Low n0’’ samples received a total dose of 2.763

105 mrem, while ‘‘high n0’’ experienced 5.523104 mrem, doses

equivalent to 1 and 2 years on the lunar surface, respectively. Af-

ter the first round of irradiation, select samples were exposed to

further rounds of irradiation to capture possible non-linear dam-

age mechanisms, with all samples fully characterized between

each irradiation. Control samples were fabricated prior to each

irradiation round to provide additional comparison. The control

samples were shipped in the same vacuum-sealed package to

the ion irradiation facility at the University of North Texas to ac-

count for the changes caused by the exposure to different labo-

ratory environments.

Scanning electron and confocal microscopy
Figure 3 is a series of scanning electron microscopy (SEM)

images of a control sample (Figure 3A) and those after proton

exposure of fluences 1013–1016 p+/cm2 (Figures 3B–3E). There

were no obvious differences indicating degradation to the film

morphology with increasing fluence, confirming what has been

observed previously. However, SEM is not the best characteriza-

tion platform as it does not allow direct pre- and post-irradiation

comparison. Confocal microscopy imaging in Figure 4 maps the

photoluminescence (PL) response of the films before and after

each proton irradiation. Figures 4A–4C shows emission from

sample #7 (Table 1) before radiation exposure, after the first irra-

diation with 1010 p+/cm2, and then after the second irradiation

with 1013 p+/cm2. Figures 4D–4F are similar images of sample

#4 prior to any exposure, and after second and third irradiations

with fluences of 1012 and 1014 p+/cm2, respectively. While visu-

ally sample #7 images show very little difference, sample #4,

unchanged at a fluence of 1012 p+/cm2, undergoes distinct dark-

ening post-irradiation with 1014 p+/cm2, indicative of defect-

induced non-radiative recombination. We quantified non-emis-

sive areas across multiple confocal images (Figure S1) for both

these samples and those exposed to higher fluences up to 13

1016 p+/cm2 using statistical analysis via ImageJ. Comparison

of the proportion of darkened regions after irradiation in Fig-

ure 4G revealed that samples exposed to fluences > 1013 p+/

cm2 all elicited comparable percentages of radiation-induced

PL signal loss. Thus, even orders of magnitude differences in

proton bombardment produced analogous PL deterioration

and darkened film regions. This fluence-dependent damage in-

dicates escalating non-radiative pathways through increasing

radiation-induced trap state densities. In other words, there ap-

pears to be a threshold that proton fluence needs to exceed.

Samples irradiated at fluences < 1014 p+/cm2 exhibited similar

dark area changes of less than 5%. Similarly, the same analysis

for samples #1 and #2 after neutron radiation shows no discern-

ible changes (Figure S2), indicating high tolerance.



Figure 3. Scanning Electron Microscopy

(A) Control, and after proton exposure at (B) 1013 p+/cm2, (C) 1014 p+/cm2, (D) 1015 p+/cm2, (E) 1016 p+/cm2. Irradiated sample numbers 5, 8, 11, and 12,

respectively. All scale bars are 10 mm.
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Bandgap and lifetimes with increasing proton fluence
Following the confocal investigation, all samples were character-

ized via high-resolution scanning PL to fully characterize their

spectral response, summarized in Figure 5. PL maps of 1 mm2

areas on each film were used to calculate the average bandgap

energy of all samples, including controls, and plotted across all

fluences in Figure 5A (Figure S3). While samples receiving 1012

p+/cm2 experienced a negligible energy shift in comparison to

the controls, fluences > 1013 p+/cm2 produced a linear blue shift

with increasing value. Increasingproton exposurewasalso found

to rapidly decrease the average charge recombination lifetime,

depicted in Figure 5B. This reduction in charge recombination

lifetime is expected. At this energy of 20 keV, protons generate

substantial crystalline lattice defects before stopping inside the

MHP layer. Thesecollisionsdisplace atomsandcreate vacancies

and interstitials within. As exposure continues, defect densities

increase which enables escalating non-radiative recombination

through these mid-bandgap trap states. Optically, this also

causes the decrease in photoluminescence emission intensity

(the photodarkening described in Figure 4). The increase in the

bandgap energy in CH3NH3PbI3-xClx is usually indicative of

chemical degradation typical in organic-inorganic halide perov-

skites,24,35 which results in the formation of lead halide domains.

These emit at lower wavelengths (higher energy), resulting in an

overall spectral blue shift. The trend observed in Figure 5A is

increased compositional dissociation within the film due to

increased fluence, which also leads to spectral broadening (Fig-

ure 5C). There is an additional mechanism that could also

contribute to a spectral blue-shift, originating in tensile strain.24

However, that is not the likely cause here, as the results of light-

soaking are confirmed in Figure 6.

AM1.5 light soaking
MHPs exhibit complex behavior under continuous light expo-

sure, involving the interplay of defect formation, ion migration,

and self-healing mechanisms. MHPs are susceptible to light-

induced defect formation, including halide vacancies and inter-

stitials, which enhance ion migration and increase defect den-

sity under prolonged illumination. Interestingly, the modest

visible light intensity can sometimes reverse the damage and

anneal away defects through the activation of innate ion migra-

tion transport properties in MHPs. Specifically, CH3NH3
+ cat-

ions and halide anions have been observed to fill vacancies,

repair anti-site defects, and reconstruct the crystalline struc-

ture.15 We compare the response to ‘‘light soaking’’ (LS) with
AM1.5 illumination for 15 h between proton-irradiated samples

and a control film in Figure 6. Figures 6A and 6B illustrate the en-

ergy bandgap and the PL emission intensity changes over time,

respectively. Initially, the proton-irradiated films displayed larger

bandgaps compared to the non-irradiated control, indicating a

higher baseline of disorder from radiation-induced defects.

This observation aligns with the observation in Figure 5A where

structural defects caused by increased proton irradiation result

in blue-shifted emission and larger bandgaps due to increased

disorder.

During LS, the control film progressed as anticipated, with

gradual blue-shifting and dimming of PL emission over time.

This behavior suggests progressive structural degradation and

increasing defect density in the non-irradiated sample. In

contrast, the irradiated samples, which started with notably

blue-shifted PL peaks, showed little further spectral variation.

This difference in behavior points to a potential balance between

further degradation and self-healing mechanisms in the pre-

damaged structures, while also confirming the strain-induced

spectral changes observed in Figures 5A, as reported in prior

studies,24 is not the case here, as that was reversed by light

soaking. Regarding emission intensity, the irradiated films

initially darkened more rapidly than the control. This faster initial

darkening could be attributed to the activation of existing defect

sites in the irradiated samples. However, despite differing start-

ing points and photodarkening extents, the spectral metrics

converged to similar values for all three films in terms of both

PL peak energy and intensity by the endpoint. This unexpected

equivalent convergence is particularly surprising given the sub-

stantially higher photodarkening the control exhibits over the

irradiation-disordered samples, as calculated from the confocal

images (Figure S4) and plotted in Figure 6C. The convergence of

spectral properties suggests that the systems may reach a

similar equilibrium state regardless of initial defect concentra-

tions. This equilibrium could represent a balance between

ongoing defect formation and dynamic repair processes medi-

ated by light-activated ion migration. The resistance of irradi-

ated samples to further spectral changes might indicate a satu-

ration of certain types of defects or a dynamic equilibrium where

defect formation and repair rates balance out more quickly in

pre-damaged structures.

Notably, there were no signs of light-induced healing typically

associated with strain relaxation in the perovskite film.24 This

absence of strain-related healing is consistent with the experi-

mental conditions, as without thermal cycling or constraining
iScience 28, 111586, January 17, 2025 5



Figure 4. Confocal Microscopy

Confocal fluorescence images of sample 7

(A) before irradiation, (B) after the first irradiation,

and (C) after the second irradiation.

(D–F) Same protocol for sample 4. Scale bars:

200 mm.

(G) Change in percent non-emissive area post-

irradiation for all proton fluences tested.
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layers on top of the perovskite film, it is unlikely that the samples

experienced any significant stress.36 This observation suggests

that the observed phenomena are primarily driven by light-

induced defect dynamics rather than strain-related effects.

DISCUSSION

This optical characterization of proton-irradiated perovskite thin

films provides strong data in support of their radiation tolerance

and the possibility of recovery under AM1.5 light soaking. The re-

sults demonstrate that the proton irradiation of methylammonium

lead halide perovskite films generates escalating radiation dam-

age at fluences exceeding 1013 p+/cm2, as quantified through

decreasing PL emission intensity. All higher fluences produce
6 iScience 28, 111586, January 17, 2025
comparable levels of non-radiative

recombination and darkened fractional

areas. This threshold aligns with linear

blue-shifting and charge lifetime reduc-

tions observed in the 1014–1016 p+/cm2

regime, confirming increasing defect den-

sities that enable non-radiative pathways.

Bandgap widening stems from chemical

degradation and dissociation. Subse-

quent visible light exposure and pro-

longed light soaking reveal some diver-

gence between the photostability trends

of pristine, and irradiated films.

Finally, our studies confirm that spec-

tral characterization is superior to tradi-

tional photovoltaic power measure-

ments in revealing true proton radiation

tolerance limits. Optical metrics exposed

damage beginning at proton fluences of

1013 p+/cm2 whereas prior work has not

seen any degradation from space-rele-

vant proton energies manifest in full

solar cell PCE until higher fluences.18,20

Furthermore, PCE depends strongly on

initial device quality, masking incremen-

tal damage in poor-performing films.30

Full device encapsulation and interfaces

also convolute damage localization.

Thus, traditional electrical tests fail to

sensitively convey fundamental radiation

tolerance. In contrast, direct optical

probing of the bare absorber layer alone

provides straightforward, intrinsic in-

sights on defect generation and lower
fluence damage onset undetectable electrically. Eliminating

confounding factors from other layers or low baseline PCE en-

ables straightforward interpretation on proton bombardment

impacts through sensitive photoluminescence (PL), bandgap,

and lifetime metrics. However, PL alone is not comprehensive,

and the combination of techniques we have employed,

including confocal microscopy and scanning electron micro-

scopy alongside PL spectroscopy allowed us to correlate spec-

tral changes with morphological and structural alterations at

various scales, providing a more nuanced view of radiation-

induced damage. This multimodal optical spectroscopy and im-

aging on isolated films thereby constitutes the most revealing

approach for accurately assessing proton radiation degradation

in metal halide perovskites.



Figure 6. AM1.5 light soaking

(A) Energy, and (B) PL intensity measured over 15 h of AM1.5 illumination,

comparing a control sample with two irradiated with 1015 and 1016 p+/cm2.

(C) Percent non-emissive area before and after light-soaking for the same

samples.

Figure 5. Bandgap and lifetimes with increasing proton fluence

Boxplots depicting (A) band gap, (B) charge recombination lifetime, and

(C) spectral full width half maximum averaged over all samples for each radi-

ation fluence. Data are represented as mean ± SD.
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Limitations of the study
This systematic study effectively establishes key radiation

response mechanisms, though several aspects warrant further

investigation. While the use of ITO-coated glass substrates

enabled clear measurements, the potential PL quenching effects

suggest value in exploring additional substrate configurations to
fully represent device architectures. The research focuses on

CH3NH3PbI3-xClx (x = 0.15) composition while providing crucial

insights, and indicates opportunities to examine how composi-

tional variations might affect radiation tolerance. Though the

selection of 20 keV proton energy through SRIM/TRIM simula-

tions was well-justified, understanding responses across a

broader radiation energy spectrum would strengthen space-

application feasibility. The controlled laboratory conditions,

while essential for isolating specific effects, do not fully capture

the complex interplay of simultaneous space environment

stressors. Additionally, while our study establishes important ra-

diation tolerance thresholds, extending observation time frames

could better align with actual space mission durations. These
iScience 28, 111586, January 17, 2025 7
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limitations, rather than detracting from the value of this study,

highlight promising directions for building upon this strongmeth-

odological foundation.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Perovskite Precursor Ink for Nitrogen Processing Osilla I201 (https://www.ossila.com/products/

perovskite-ink-nitrogen?variant=1200243997)

Software and algorithms

SRIM/TRIM http://www.srim.org/
METHOD DETAILS

Thin film fabrication
All samples were fabricated at the University of California, Merced between November 2022 and March 2023. The perovskite pre-

cursor solution was purchased from Ossila (‘‘Perovskite Precursor Ink for Air Processing’’) and consisted of 3:1 methylammonium

iodide to lead chloride in dimethylformamide. Films were deposited on ITO glass substrates by spin coating 50 mL of ink at

3000 rpm for 30 s, then annealing at 90�C for 35 min on a hotplate. X-ray photoelectron spectroscopy was used to determine the

iodide to chloride ratio in the final perovskite crystal. For CH3NH3PbI3-xClx, ‘x’ was measured as 0.15. Samples were stored in the

dark in vacuum bags packed with desiccant after fabrication.

Irradiation
The proton irradiations were performed in the Ion beam laboratory at the University of North Texas. 20 keV proton beamswere gener-

ated from the TiH cathode by using Source of Negative Ion by Cesium Sputtering (SNICS-II, NEC).37,38 Proton beam was raster

scanned over the region of interest using an electrostatic raster scanner for uniform irradiation in the low energy irradiation chamber.

All irradiations were performed in the vacuum chamber under a vacuum of 1310-7 torr. The neutron irradiations were performed at

NASA Langley Research Center using Am/Be (1 Curie) neutron source to generate fast neutrons (4.5 MeV).

Stopping range of ions in matter (SRIM) calculation information
The range and collision profile of the energetic protons in the samples were simulations by using the SRIM ion-solid interaction soft-

ware package using 100,000 ions with the following layer details; perovskite: 600 nm, 4.286 g/cm3; ITO: 100 nm, 7.14 g/cm3; boro-

silicate glass: 200 nm, 2.23 g/cm3. The glass was kept at such a narrow width to speed calculations but was nominally 1 mm thick.

Confocal microscopy
A Zeiss LSM 880 confocal microscope was used before and after irradiation tests to image reflection and emission from samples. A

458 nm laser was used for excitation; reflection was filtered between 450 – 466 nm and PL was filtered between 750 – 800 nm.

Photoluminescence spectroscopy
Samples were excited at 532 nmwith a repetition rate of 15.6MHz using anNKT Photonics SuperK acousto-optic laser system. High-

resolution spatial PL maps were constructed from each sample using a 100x Olympus objective and two Newport 300 translation

stages controlled by a custom LabVIEWprogram. Emitted light from the samples was filtered by a 715 long pass filter before entering

the spectrometer (Princeton Instruments Acton 2300). The spectrometer utilized a 500 nm blaze grating with 300 lines/mm to diffract

the light onto the CCD camera. For time-resolved maps, the PL signal entered a PicoQuant single-photon avalanche diode.

AM 1.5 stability
Samples were continuously illuminated for 15 h at AM1.5 (Newport LSH-7320 ABA LED Solar Simulator) and PL wasmeasured every

5 min. A 680 short pass filter was used to filter the simulated sunlight before reaching the sample. A 715 long pass filter was used

below the sample to remove sunlight and collect the PL through the substrate. PL was transmitted via fiber optic cable into a spec-

trometer (Princeton Instruments Acton 2300).

QUANTIFICATION AND STATISTICAL ANALYSIS

All of the statistical details of experiments can be found summarized in Figure S3 and its caption, including the statistical method,

number of data points for each sample, number of samples averaged for data reported in Figure 5.
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