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Abstract: Tin-based perovskites are among the most promising candidates for high performance light-weight and
radiation-tolerant space photovoltaics, but their response to energetic proton fluxes is not adequately determined. In this
work, integrated SCAPS—SRIM analysis was applied to lead-free MASnls perovskite solar cells for space applications in
order to correlate device optimization with proton-radiation response. We established a combined SCAPS-SRIM
simulation platform to simulate optoelectronic behaviors and radiation tolerance of an Au/Cu20/MASnls/TiO2/FTO solar
cell under AMO illumination. Optimal-device calculations demonstrate that device absorber thickness of 0.20-0.30 pm
and a TiO, ETL of 20-50 nm, Cu20 HTL of 50 nm thicknesses result in good carrier collection and minimized
recombination losses. Quantum efficiency and J-V measurement illustrate a stable operation under AMO light, verifying
the no extrinsic spectral incompatibility of MASnIs for the space energy source application. SRIM proton irradiation
simulations (10-250 keV, 0° incidence) highlight the most damaging energy range within 50-150 keV for which masked
Bragg peak lies in proximity to the MASnls absorber and MASnl3/TiO: interface accompanied by enhanced vacancy
density, recoil energy deposition and phonon generation. High-energy protons (>200 keV) which deposit most of their
damage in the rear contact stack, minimizing absorber degradation. The results overall indicate that MASnlIs holds a good
optoelectronic performance beyond the predictable radiation-damage behavior and thus can be considered as a promising
alternative for space photovoltaic technology.

Index Terms: MASnl; perovskite; Proton irradiation; Radiation tolerance; Space solar cells; SCAPS-1D simulation;
SRIM modeling; Optoelectronic properties
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1. Introduction

Long-duration missions have become almost dependent on photovoltaic (PV) power for spacecraft and planetary
platforms, as the development of high-efficiency and lightweight solar cells has become an important objective for
advanced space technology [1,2]. Solar arrays are the main source of power while in orbit and in deep space, and are
used for attitude and orbit control, communication and telemetry, payload operation, data handling, thermal control, and,
more often, electric propulsion subsystems [3]. At the extra-terrestrial AMO spectrum (1367 Wm™ at 1 AU) and in the
absence of atmospheric filtering, cells are required to be efficient and stable, over several decades and towards vacuum,
extreme thermal cycling, and against a hard radiation torrent, predominantly energetic electrons, protons and heavy ions
from trapped belts, solar events and galactic cosmic rays [4,5]. Conventional space photovoltaics, based on Si and III-V
multi-junction technologies, are primarily designed for extreme radiation hardness and flight heritage, but they tend to
be bulky, inflexible, and expensive, with specific powers typically less than 3—4 W/g and a lack of suitability for large,
ultra-light deployable arrays and small-sat constellations [6,7]. The series of limitations has resulted in a vigorous search
for alternative absorber technologies that could provide high efficiency, high specific power, and good radiation tolerance
at AMO condition.

Perovskite solar cells (PSCs) are champion next-generation photovoltaics with >25% efficiencies, tunable bandgaps,
strong absorption, solution processing, and compatibility with lightweight, flexible substrates [8]. While PSCs operate
well under conditions relevant to space, they are susceptible to AMO-driven UV exposure, vacuum-driven thermal
cycling, and radiation-driven ion migration [9]. In contrast, Si, GaAs, and III-V technologies have well-developed and
validated JPL/NRL radiation models [10] to re-capture the, but an exhaustive PSC irradiation database is limited,
especially for Pb-based absorbers such as MAPbI; and FAPbI; [11]. While these Pb-perovskites maintain 60-90%
efficiency after proton fluences that degrade I1I-V cells, their toxicity spurs a search for Pb-free perovskites based on Sn.
While MASnI; has a narrow bandgap, high absorption, and adequate mobility Sn oxidation, self-doping, and interfacial
recombination require well-engineered transport layers [12,13]. All-inorganic Cu;O HTLs and TiO, ETLs exhibit
enhanced stability and selective carrier extraction for space environments [14,15].

With the exception of a recent numerical-experimental studies that optimized lead-free perovskite architectures,
where the FTO/Ti02/MASnl3/ Cu,O/Au configuration was identified to be a promising terrestrial option [16], these works
are still restricted to AMO. It does not evaluate performance at the AMO spectrum or exposure to space-radiation
amplitudes, only AM 1.5 illumination. This trend continues through high-efficiency modelling of lead-free double
perovskites [17] such as Cs>AgBils/Cs,AgBiBrs bilayer devices that obtain PCEs >34% via band-alignment and defect-
density optimization which only consider terrestrial optoelectronic behavior and neglect proton-induced displacement
damage [18]. Recently published reports on vacancy-ordered Cs,Crls that exhibit outstanding proton-irradiation
tolerance of 90% retention of PCE at flunce as high as 5x10'3 protons cm™ only offer a suggestive review of all Sn-based
perovskites without extending their findings to Sn [9]. By comparison, proton-irradiation studies of Pb-based systems
studies such as CsPbls, and mixed-cation halide perovskites show that these devices often maintain 60—90% of initial
performance at fluences ranging from 10*~10'* protons cm2 [19,20], however, both similar studies are not available for
MASnI;. Consequently, electronic and nuclear stopping, displacement damage, recoil cascades, defect creation, as well
as their effects on carrier lifetimes, mobilities and interfacial energetics in lead-free MASnI; is still unexplored. It
indicates the essential conditions for the development of a SRIM-SCAPS modelling framework, complementing the
modelling of SRIM proton-induced defect distributions in a manner the maps onto device-level performance, and thus
allow for a sound evaluation of MASnI; based photovoltaic devices for space application.

In this work, a MASnI3-based solar-cell architecture employing TiO, and Cu,O as the electron and hole transport
layers, respectively, is investigated based on favorable energy-band alignment. The device is systematically optimized
using SCAPS-1D by varying the ETL, absorber, and HTL thicknesses together with the absorber doping concentration to
identify an improved photovoltaic parameter set. The optimized multilayer structure is subsequently analyzed using SRIM
to evaluate proton penetration, energy deposition, and defect-generation tendencies across the device stack under space-
relevant conditions. As such, the contribution of this work is in a simultaneous investigation into device optimization and
proton-radiation evaluation of MASnI; solar cells, giving specific consideration to its suitability for space photovoltaic
applications.

2. Device Structure and Simulation Parameters

2.1. Solar Cell Device Modeling

With a realistic and accurate simulation of the back-end physics process in SCAPS-1D, we can analyze a large
number of device designs and designs for a flexible photovoltaic device. That is why our device was modeled and
optimized using SCAPS-1D. Predictions made by SCAPS-1D match well with actual experiments and results. Equation
(1) portrays the Poisson’s equation, that authorizes a correlation between density of charges and electric potential and
allows us to understand how charge density is interrelated with electrostatics or electric potential. To calculate
performance properties for a solar cell, we use the continuity equation for the charge carriers. SRH recombination statistics
are used by this tool to analyze device properties for a solar cell.
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Here, p, n, ¥, €, N,, N, represent the ionized the total hole concentration, the total concentration of electrons,
electrostatic potential, permittivity, acceptor-like doping level and the donor-like doping level. The carrier regularities are
expressed as follows from equation (2) and (3):
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The variables j, and j, indicate the current densities of the carriers, holes and electrons respectively. R, defines the
number of recombining electron and hole currents per volume concentration, while G shows the rate of generation of
holes per volume concentration. Considering the particular equations and boundary conditions, we used the improved
SCAPS 1D program which is based on the Eg-sqrt model. The mathematical representation of the Eg-sqrt model is shown
in equation (4),

- Eg)hv 7
athd)= (a0 By 2 ) D @
g

Here, a, h9, and Eg represents the photon absorption, photon energy, and bandgap, respectively. The constants of
the model, ao and By, have the same units of measure as the absorption coefficient, like cm™. These constants have a
mathematical relationship with the a and b parameters of the traditional “Tauc”-based model which are defined in
Equations (5) and (6):

ag=a(E,)"” (5)
b
ﬂf@ (6)

Cu:0 (0.05 pm) ]
CH}NH“S“L‘ (‘ um) left contact right contact
TiO: (0.05 pm) back tront .

(a) Proposed device structure (b) Proposed simulated structure in SCAPS 1D
Fig. 1. Schematic Diagram of Au/Cu20/MASnI3/Ti0O2/FTO configuration

In our study on lead-free MA-based PSCs, we use Cu,O as HTL and TiO, as ETL, FTO as transparent conductive
oxide layer and gold (Au) as support contact for metallic elements, as shown in fig. 1. FTO has a 4.4 eV occupancy
function, while Au has a 5.1 electron volt function. It changes some parameters like thickness, band gap, relative
permittivity, electron affinity, donor and acceptor concentration, and electron and hole mobility to quantify the
performance of the cell. Device simulation involves neutral defects with a Gaussian energy distribution (standard
deviation = 0.1 eV) in each layer up to 0.6 eV energy level. Both the electron and hole thermal velocities were fixed at
107 cm/s. Assuming the error is impersonal, the simulation is performed at 300 k subordinated to an AM 1.5G laser. The
device's HTL/Perovskite and Perovskite/ETL interfacial layers show distinct electron and hole capture cross sections and
defects. The defect density at the absorber/HTL and the absorber/ETL interfaces was set to 1 x 10'* cm™3, with hole and
electron capture cross-sections of 1078 and 107 cm?, respectively. Bulk and interfacial defects was considered for
realistic device modeling. During the parametric optimization, series resistance (Rs) and shunt resistance (Rsh) were
always set to constant value of 3 Qcm? and 4200 Qcm? respectively. Table 1. give the basic data parameters we need for
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the model procedure at every degree. Where direct material-specific data were scarce, values were selected from closely
aligned reports and within physically accepted ranges that appear commonly in SCAPS simulations.

Table 1. Simulation input parameters for HTL, absorber, ETL, and TCO

Parameters Cu:0 CH;NH;Snl; TiO2 FTO
Thickness, d (nm) 50 1000 50 500
Bandgap, E, (eV) 2.17 1.61 32 3.5
Electron affinity, x (eV) 3.2 4 4 44
Dielectric Permittivity (relative), & 7.11 10 9 9
CB effective density of states, Nc (cm™) 2.2x10'8 1x10" 2x10'" 2.2x10"
VB effective density of states, Ny (cm™) 1.1x10Y 1x10" 1.8x10" 1.8x10"
Electron mobility, u, (cm? Vs) 210 1.6 20 20
Hole mobility, s (cm? Vs) 30 1.6 10 10
Shallow uniform acceptor density, N4 (cm™) 1x10'® 1 %10 0 1x10"
Shallow uniform donor density, Np (cm™) 0 1x10" 1x10% 0
Defect density, N, (cm™) 1x10" 1x10" 1x10" 1x10"
References [16] [16,21] [16,22] [23]

2.2. Proton Irradiation Modelling

The SRIM/TRIM (Stopping and Range of lons in Matter/Transport of lons in Matter) Monte Carlo package, which
is based on the Binary Collision Approximation, was used to model how the multilayer Au/Cu,O/MASnI;/TiO,/FTO
solar cell would behave when hit by protons [24,25]. In this framework, every proton-atom interaction is treated as a
separate two-body collision. This makes it possible to calculate electronic and nuclear stopping, recoil cascades, vacancy
generation, phonon emission, and total deposited energy at different depths. The Ion Distribution and Quick Damage
Calculation modes were used to measure the effects of radiation at energies between 10 and 250 keV H*, which are typical
of low to mid-energy trapped proton spectra in space. We launched 500 protons from the Au side for each energy to make
the module geometry look like it would in space. The densities of the layers (Au: 19.31 g cm™; Cu0: 6.00 g cm™; MASnl;:
4.50 g cm™; TiO,: 4.23 g cm™; FTO: 7.00 g cm™) and the thicknesses (0.10/0.05/1.00/0.05/5 um) were in line with what
was found in the literature. To ensure conservative estimates of displacement damage, channeling effects and subsequent
lattice recovery processes were not included, following established SRIM guidelines.

3. Result and Analysis

3.1. Energy Band Analysis
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Fig. 2. Energy-band alignment of the Au/Cu,O/MASnI;/TiO/FTO solar structure.

The band-alignment diagram shown in fig. 2. conforms that the Au/Cu,O/MASnI3/TiO»/FTO stack can be treated as
awell-defined p—i—n junction, which contributes to the efficient charge extraction with little contribution from interfacial
recombination. Cu,O has a well-aligned valence-band offset with MASnl; allowing for selective hole transfer, and its
conduction band is 0.8 eV above that of the absorber, providing an effective electron-blocking barrier, which is consistent
with previous MASnI; HTL studies [26]. The flat E; and E, in MASnI; identifies it as an intrinsic absorber with much of
the internal electric field situated at the Cu,O/MASnI; and MASnI3/Ti0O, interfaces. The strong separation of the quasi-
Fermi levels (Fn—Fp) indicates efficient photogeneration, which underlies the high simulated VOC. While TiO, offers a
well-matched electron-extraction path and hole-blocking barrier, Cu,O blocks interfacial recombination. In general
aspects, the type-II alignment and the large built-in field enable balanced carrier selectivity and robustness against space-
rich photon environments [27,28].
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3.2. HTL Thickness Optimization

The optimization of HTL thickness is critical as the hole-transport interface governs recombination, charge
extraction, and device stability, all of which contribute directly to modelling fidelity for MASnI3-based cells operating
under AMO conditions [29,30]. The HTL thickness that does not cause any parasitic absorption, which is an important
criterion for an accurate SCAPS modelling of radiation-induced interfacial behavior [31-33]. As seen in the fig. 3., PCE,
Jsc, Voc and FF increase steeply below a CuO thickness of 10-30 nm, indicative of increasingly effective surface
passivation and lower interfacial recombination as a continuous HTL is established. Above this thin regime, all
performance parameters are saturated and adding more HTL simply adds to the optical loss without electronic
improvement [34]. These trends support that ultrathin 15-30 nm Cu,O HTLs are favorable for suppressing recombination
and facilitating hole extraction in MASnl; devices. The HTL thickness was set to 50 nm for the following device
simulations and SRIM analysis, wherein the solar cell provided a PCE of 25.68%, Voc 0of 1.078 V, Jsc of 32.0392 mA/cm?

and FF about 74.3573%.
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Fig. 3. Variation of PCE, VOC, JSC, and FF with Cu20 HTL thickness.

3.3. ETL Thickness Optimization

The ETL thickness is an important parameter as it determines electron extraction, interfacial recombination and
optical losses, and thus its optimization is crucial to a full SCAPS—SRIM modelling of the charge transport under space-
relevant AMO spectra [35,36]. The results in fig. 4. determine a distinct ETL design window to achieve excellent carrier
selectivity while securing device stability and radiation hardness [37,38]. The PCE decreases from 30.5% at 10 nm to
28.25% at 100 nm as TiO, thickness increases, attributed to heightened parasitic absorption and transport resistance.
Similarly, the Jsc decreases since thicker TiO; layers absorb incoming photons, facilitating recombination prior to electron
transit to the MASnI; interface, leading to a reduction of 1 mA/cm? from 10 nm to 100 nm. Voc slightly recovers at
extremely thin thicknesses due to a decreasing hole leakage, but decreases again when the intrinsic recombination starts
dominating. FF decreases initially due to increased series resistance with thicker TiO», and then it gets stabilized after 50
nm as blocking selectivity enhances. Combined, these trends establish 20-50 nm TiO, as the ideal ETL thickness in terms
of transparency, charge selectivity and reduced recombination losses. As such, for the subsequent device and SRIM
analyses, an ETL thickness of 50 nm was chosen, as it falls within this well-defined optimum range and shows 28.7%

PCE, 1.25V Voc, Jsc of 29.6 mA/cm? and 77% FF.

3.4. Absorber Layer Thickness Optimization

The thickness of the MASnI; absorber also has a strong effect on the overall photon absorption, carrier transport,
and recombination in the device; therefore, optimization of the thickness is important for accurate AMO performance
modelling and characterization of the radiation-induced degradation in SCAPS—SRIM simulations [22]. As shown in fig.
5., the PCE initially shows high value of above 27% with 200nm thickness less due to improved light absorption and
increased photocarrier generation in the thin-film regime. Jsc behaves similarly, but starts to drop off after ~200-300 nm,
because too thick layers put bulk recombination that limits carrier extraction into play. On the other hand, Voc
monotonically decreases with thickness due to greater trap-assisted recombination in thicker MASnI; films, which
decreases quasi-Fermi level splitting. Moreover, as the transport length increases and the series recombination loss
intensifies due to increased thickness, we find that FF also decreases, which is in line with the behavior of mobility-
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limited Sn-based perovskites. Where these trends meet is for an optimal absorber thickness of 0.20—0.30 um, where
sufficient photon absorption is balanced with adequate recombination control, consistent with previous Sn-perovskite
optimizations. For extraterrestrial application considerations where operation stability is a crucial issue, an absorber
thickness of 1000 nm was chosen for the following analysis since the performance of devices nearly plateaus in this high-

thickness region.
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Fig. 5. Effect of MASnI; absorber thickness on photovoltaic output, including PCE, Voc, Jsc, and FF.

3.5. Acceptor and Donor Density Variations for Absorber Layer

The acceptor and donor impurity levels determine the internal electric field, carrier lifetimes, and recombination
pathways in MASnI; which, in turn, govern stability and efficiency, making defect-density engineering a prerequisite
[39]. The results indicate that after weak p-type doping (10" cm) PCE sharply increases with acceptor density (up to
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102 cm™) as the built-in potential and carrier extraction both improve. PCE drops accordingly with increasing acceptor
doping (>10"7 cm?) due to increased SRH and Auger recombination for heavily doped Sn-perovskites. The VOC and
JSC are also improved until the optimum point of doping, beyond which excessive recombination dominates. By the
same token, elevated donor densities (> 10'® cm™) excite deep-level defect formation and curtail JSC, as well. Therefore,
small intervals of p-type (10"*-10'¢ cm™) and n-type (<10'* cm) doping lead to optimal performance, and indicate that
excellent defect control is required for both high efficiency and radiation-hard performance.
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Fig. 6. Contour maps showing the influence of absorber-layer acceptor and donor densities on the photovoltaic metrics of the MASnI; device, including
PCE, VOC, JSC, and FF.
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Fig. 7. Simulated proton trajectories at 10-250 keV through the Au/Cu20/MASnIs/TiO2/FTO device.
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4. SRIM Section Analysis

4.1. Proton Trajectories and Penetration Depth (Depth vs Y-axis)

Proton-penetration study is adequate due to high-energy proton being a dominant radiation species in the Van Allen
belts and deep-space environments, the interaction of which with multilayer photovoltaic stacks is a significant factor in
determining device durability for AMO operation [40,41]. SRIM depth profiles measure the way in which energy
deposition and displacement damage is allocated within the Au/Cu,O/MASnI3/TiO»/FTO structure permitting SCAPS—
SRIM degradation modelling when creating accurate physical deep level representation, shown in fig. 7. Protons at 10
keV lose a large fraction of their energy in Au and Cu,0O, only entering the MASnls. Proton trajectories place the Bragg
peak in the MASnI; bulk between 50-100 keV, resulting in maximum defect density inside the photogeneration region—
consistent with NIEL trends in perovskites. As higher energy irradiations, such as 150 keV, damage get directed towards
the MASnI3/TiO; interface, identifying recombination-critical junctions become more prone to damage. Incoming
protons penetrated through MASnI; and TiO, at 200-250 keV, with high absorption in FTO. In the end, at the active layer
region of MASnI;, the Bragg peak is overlapping with the region of 50-150 keV and therefore the MASnI; is the most
sensitive to degradation here.
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Fig. 8. Vacancy production per unit depth for 10-250 keV protons across the device stack.
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4.2. Depth-Resolved Displacement Damage: Vacancy Production Rate

Vacancy-Profile analysis is important due to the role of displacement defects by energetic protons as the major cause
of non-ionizing degradation in space photovoltaics, and their depth distribution defines material vulnerability to AMO
[42,43]. The SRIM vacancy curves in fig.8 show how many defects are absorbed in which layer in the
Au/Cu,O/MASNHI/TiO2/FTO stack, so that recombination and mobility degradation modelling can be accurately
integrated with SCAPS—SRIM. Vacancies are limited to Au and Cu3O at 10 keV, suggesting purely surface damage. At
50 keV, vacancy creation enters the MASnI; bulk, indicating the beginning of absorber degradation similar to the shallow
cascade vulnerability known in Sn-based perovskites. Vacancy peak positions suggest, at 100 keV, strong non-ionizing
damage where recombination centers limiting diffusion length dominate at the absorber center. However, at 150 keV,
peak damage shifts into the TiO, layer, where the MASnI3/TiO, extraction interface is highly sensitive. Vacancies in
TiO; and FTO dominate at 200-250keV. In aggregate, MASnI; receives its greatest displacement damage in the 50-150
keV, which is one of the key region of interest for radiation-hardening strategies for space PVs.
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4.3. Depth-Resolved Electronic Stopping: Electron lonization Energy

Ionization-energy-loss analysis is crucial because energetic protons induce electronic excitations that expedite
chemical degradation, transient defect formation, and lattice destabilization, critical indicators of radiation susceptibility
in AMO environments [44,45]. The fig.9 shows where electronic stopping is the most important in the
Au/Cu,0/MASNI;/TiO»/FTO stack. This makes it possible to accurately model the lifetime reduction and electrochemical
instability in MASnlIs. At 10 keV, ionization loss is limited to Au and Cu,0O, in accordance with high-Z screening. At 50—
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100 keV, a lot of electronic excitation happens all over MASnls, which causes defects to form in Sn-based absorbers. At
150 keV, the peak moves closer to the MASnI3/TiO; interface, which means that interfacial recombination is stronger. At
200-250 keV, ionization spreads out a lot and goes deep into TiO»/FTO. When all the ionization-induced degradation is
put together, it happens most strongly between 50 and 150 keV. This shows that this range is very important for designing
radiation-tolerant absorbers and interfaces.

4.4. Depth-Resolved Nuclear Stopping: Recoil Energy Loss

Recoil-energy-loss analysis is essential because nuclear-stopping interactions, wherein protons transfer kinetic
energy directly to lattice atoms, are the principal mechanisms behind atomic displacements, vacancy—interstitial formation,
and long-term structural degradation in photovoltaic materials subjected to space radiation [46]. Mapping recoil-energy
deposition across the Au/Cu,O/MASnI3/TiO»/FTO stack facilitates authentic SRIM—SCAPS integration for simulating
AMO-induced recombination, mobility degradation, and interfacial damage, as depicted in fig.10. At 10 keV, recoil events
are limited to Au and Cu,O, resulting in only superficial knock-on damage. At 50 keV, displacement cascades start to
happen at the front of the MASnls, and at 100 keV, the recoil peak moves deep into the absorber, creating dense, non-
recoverable point defects. At 150 keV, the peak nuclear stopping happens close to the MASnI3/TiO; interface, which
could block pathways for extracting electrons. The recoil energy moves mostly to TiO»/FTO between 200 and 250 keV.
In general, MASnI; has the most severe displacement damage at 50—150 keV, which is where the Bragg peak is located
inside the active layer.
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Fig. 10. Recoil energy loss profiles highlighting the nuclear stopping component for each proton energy.
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4.5. Spatial Distribution of Total Absorbed Energy

The total-energy-absorption analysis is very important because it tells us how the kinetic energy of protons breaks
down into electronic and nuclear stopping across the multilayer stack which gives accurate prediction about how radiation
will cause heating, defects, and structural damage in AMO environments [47,48]. The fig.11 indicates that at 10 keV,
almost all proton energy is lost in Au and Cu,O, which stops the protons from getting into MASnl; because the high-Z
front layers are very strong. At 50 keV, a lot of energy gets to the front MASnI; area, which is when damage caused by
ionization and displacement starts to happen. At 100 keV, the Bragg peak lines up deep within the MASnI; bulk, causing
a lot of energy to be deposited and a lot of defects to build up. The peak moves toward the MASnI3/TiO, interface at 150
keV, which means that the electron-extraction junction is more likely to break. TiO,/FTO absorbs most of the energy
between 200 and 250 keV, while MASnI; gets a weaker, more even dose. These trends show that the 50—150 keV proton-
energy band is the most harmful for MASnls;-based space photovoltaics and its charge-selective interfaces thus
highlighting the necessity of tailored radiation-hardening strategies for space photovoltaics [49].
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Fig. 11. Total energy absorbed per unit depth for 10-250 keV protons.

4.6. Vacancy Generation by Primary Ions and Recoils

A comparison of the ion-induced and recoil-induced vacancy distributions is desirable, since both primary protons
and secondary knock-on cascades generate displacement damage, and its respective contributions need to be separated
for an accurate assessment of long-term structural degradation in photovoltaic materials under AMO proton exposure [50].
The profile data in fig.12 indicate that at 10 keV Auand Cu,O damage from direct ion effects dominate, with little recoil-
induced damage and no ion penetration into MASnI;. At 50 keV, recoil-produced vacancies form in MASnlI; indicating
that intermediate energy protons induce multi-step cascades which effectively influence absorber defect creation. At 100
keV, ion- and recoil-induced vacancies both peak in the bulk of MASnl; at which location the bragg peak is, resulting in
greatest defect density and emitter lifetime degradation. At 150 keV, recoil damage moves towards the MASnI3/TiO;
interface, which goes into TiO, and makes it harder for electrons to get out. For 200-250 keV, recoils are mostly found
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in TiO, and FTO, while MASnI; has low vacancy formation that is spread out over a wide area. In general, damage to the
absorber is mostly caused by recoil in the 50-150 keV range. This range is the most important one for radiation-hardening

strategies in perovskite space PVs.
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Fig. 12. Depth profiles of vacancies created directly by ions and by recoils at each proton energy.

4.7. Phonon Generation and Lattice Heating Effects

Phonon-generation analysis is essential as lattice vibrations, generated during proton-matter interactions facilitate
the dissipation of nuclear and electronic stopping energy which directly affects defect migration process, annealing
behaviour and long-term structural instability in perovskite absorber against AMO radiation [51]. The depth-dependent
phonon profile in fig. 13. reveals that at 10 keV, vibrational excitation is limited to Au and Cu,O; as such protons largely
heat high-density front layers without penetrating MASnI;. At 50 keV phonon production extends into the absorber, this
suggested that lattice excitation already started. At 100 keV, phonon creation is uniform throughout MASnl; indicative
of more significant bulk excitation which promotes damage formation and decreases carrier lifetimes. The peak at 150
keV moves toward the MASnl3/TiO; interface, indicating susceptibility of the junction that extracts electrons. Around
200-250 keV phonons yield optimally in TiO», FTO with less uniform excitation in MASnI3. Together, such tendencies
pinpoint the 50-150 keV protons as the most destructive energy window needing radiation-hardened designs for space-
grade perovskite PVs.
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Fig. 13. Depth-resolved phonon generation by ions and recoils for 10-250 keV protons.
5. Quantum Efficiency and J-V Characteristics Under AM1.5 and AMO Spectra

Characterization of QE and J-V response in respect to AM1.5 as well as AMO spectrum are imperative since space
photovoltaics encounter a significantly different spectral distribution, and precise spectral-response data is crucial for
predicting performance and stability under extraterrestrial illumination [52], depicted in fig. 14. The QE of MASnI; in
both conditions is similar, and shows a similar EQE >90% with some blue shift of the absorption edge under AMO light
originating from its richer UV content and high UV absorptivity coefficient as that of MASnl;. The red-edge cutoff
around 900-1000 nm originates from the intrinsic MASnl; bandgap, which serves as a validation that the device
efficiently utilizes almost all AMO photons until its absorption edge. J-V curves exhibit nearly identical Voc, FF, and
diode quality under the two spectra, evidencing intrinsic stability for MASnI; even at high photon flux. Slightly Jsc
increases under AMO with superior UV—visible photo-generation feature and maintaining the Voc due to a compatible
recombination process. Overall, these results confirm a strong spectral responsivity and diode behavior, re-emphasizing
MASNI3’s applicability as light weight, high efficiency AMO space photovoltaics.
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Fig. 14. QE and J-V curves of the optimized device under AM1.5G and AMO illumination

Table 2. Performance comparison between AM1.5 and AMO spectral illumination.

Illumination Voc Jsc FF PCE
AML1.5 1.078 32.039 74.36 25.68
AMO 1.086 39.382 72.86 22.85

6. Conclusion

This study develops a unified SCAPS-SRIM optoelectronic exposure co-simulation model to assess MASnl;
perovskite solar cells for space use. Thickness optimization indicates that 0.20—0.30 um MASnI;3, 20—50 nm TiO, and
15-30 nm Cu,O are the optimal ranges for balancing optical absorption, carrier extraction and recombination suppression.
J-V and QE measurements under AM1.5 and AMO, MASnI; devices also showed efficient photogenerated current
generation and stable diode characteristics under the spaceable photon flux. SRIM simulations indicate that 50-150 keV
protons cause the most significant damage, due to the overlap of BRP with two main features in MASnls, namely the
bulk material and a MASnI3/TiO; interface, resulting in high densities of vacancies and strong recoil cascades below and
above it as well as a significant phonon excitation. Protons of higher energies (>200 keV) deposit their damage mainly
in TiO/FTO, thereby keeping the absorber free. The combined SCAPS—SRIM framework we present here thus provides
a potent predictive tool for engineering radiation-tolerant perovskite photovoltaics, and the insights gained pinpoint
MASnI; as a highly-encouraging candidate toward realizing lightweight, high-efficiency, and radiation-resilient solar
power systems for LEO, MEO, GEO and deep-space missions. This work could be extended by coupling SRIM-derived
defect profiles with SCAPS electrical simulations to quantitatively estimate irradiation-induced changes in Voc, Jsc, FF
and PCE.
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