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Abstract

Solar cells (SCs) and thin films made of methylammonium lead tri-iodide (MAPbI3) have
demonstrated remarkable robustness when irradiated with alpha (He?") and gamma radiations
from americium-241. This study investigates changes in the structure, absorption, and surface
morphology of perovskite thin films, as well as the photoelectronic properties of MAPbI3 SCs,
with and without irradiation with He**. According to the XRD analysis, tetragonal MAPbI3
showed increased crystallinity and a decrease in compression micro-strain with an increased
flux of He?*. UV-Vis absorption remained unchanged until the flux exceeded 7.36 x 10'2 He?*
cm 2. The bandgaps for irradiated films decreased similarly to pristine films up to a dose of
3.07 x 10'2 He?"cm 2, with significant differences observed beyond this point. Digital images
showed significant changes in thin films irradiated at fluences exceeding 3.07 x 10> He*" cm™2,
with pits forming in grains responsible for the changes, confirmed by scanning electron
microscopy. In conclusion, this study found that MAPbIs thin films and SCs can withstand
doses of He? up to 3.07 x 10'? He?" cm™ in a He?" radiation environment.

Introduction

Due to the increasing number of space missions, including space tourism, the number of
satellites and spacecraft in orbit is also increasing. Solar cells (SCs) are relied upon to
continuously power these satellites and spacecraft. However, due to the harsh space
environment, including exposure to strong radiation such as cosmic rays and ionizing radiation
(such as protons, electrons, and alpha particles (He?"), electronic devices and SCs are affected
by defects that reduce their performance. Thus, strict specifications are necessary for space-
based SCs, including high tolerance to radiation damage (Li et al., 2021), high reliability
(Brandhorst et al., 2008), high specific power (Kim et al., 2021), low folding volume (King et
al., 2006), low cost, and ease of fabrication.

For instance, a spacecraft in low Earth orbit is exposed to electrons at a rate of 1 MeV per
second, (6.3 x 10° cm™2 s7!) and protons at a rate of 1 x 10* cm™2 s™! (Miyazawa et al., 2018).
To meet these specifications, SCs based on gallium arsenide (GaAs) single junctions are often
used instead of silicon SCs in space applications. This is due to their better radiation resistance
and higher cell efficiency. However, GaAs-SCs are more difficult and expensive to
manufacture because of the cost of equipment and material preparation.

Copper indium gallium selenide (CIGS) thin-film SCs have been identified as more cost-
effective candidates for space applications than GaAs due to their very high resistance to space
radiation. This is because of the self-healing mechanism caused by the mobility of copper,
which promotes defect relaxation (Schock and Noufi, 2000). A self-healing material can return
to its original state of health without external intervention. Despite their high radiation



tolerance, the disadvantages of CIGS thin-film SCs include low efficiency and high
complexity, and the rarity of indium on the earth (Ramanujam and Singh, 2017).

Researchers have studied the hardness and resistance of halide perovskites (HP) and perovskite
solar cells (PSC) to ionizing radiation with protons, electrons, neutrons, and gamma rays (Lang
etal., 2016; Xu et al., 2021; Brus et al., 2017; Kim et al., 2019). They found that PSC and HP
have a high tolerance to radiation damage and excellent stopping power, making them ideal for
ionizing radiation applications (Tan et al., 2021; Nassan et al., 2015, 2016). PSCs have been
shown to have a higher tolerance to protons, electrons, neutrons, and gamma radiations than
GaAs and CIGS-SCs and can replace GaAs, crystalline silicon, and CIGS SCs in electronic
devices operating in space and radiation environments because they are easy to fabricate, have
low cost and high efficiency.

Lang et al. compared the tolerance of PSC to proton irradiation with that of crystalline silicon
SC (Lang et al., 2016). The researchers demonstrated that PSCs can withstand a proton fluence
of 64 MeV up to 10'? p* cm™2, which is three times that of crystalline silicon (c-Si) SCs. When
the proton dose exceeded 103 p* cm™2, power conversion efficiency (PCE) and short-circuit
current (Js¢) decreased, but the fill factor (FF) and open-circuit voltage (V) remained constant.
The degradation of the SC performance could be attributed to proton-induced defects. This is
because the irradiation of HPs with protons leads to significant ionization of their lattice
structures, which eventually leads to the dissociation of their ionic and covalent bonds (Lang
et al., 2016). However, after the termination of proton irradiation, self-healing of perovskite
took place, resulting in the recovery of Jic and an increase in FF and Voc. They explained self-
healing by the fact that the displaced hydrogen atoms migrate within the perovskite lattice and
passivate both pre-existing defects and proton-induced defects. Self-healing in HPs is also
explained by the ease of ion migration, which allows displaced ions to retake their
thermodynamically less energetic lattice sites (Yang et al., 2019).

According to Brus et al., their PSC could withstand 68-MeV proton irradiation (fluence rate
1.68 x10° p + cm 2 s7!) with doses up to 10'* p* cm™? (Brus et al., 2017). Another batch of PSC
could withstand doses of up to 10'3 p* cm 2 when exposed to 50 keV proton irradiation at an
incident rate of 3 x 10! cm™2s™! (Miyazawa et al., 2018). Regarding the hardness of HPs to
irradiated electrons, Miyazawa et al. compared the tolerance of P3HT-PSC after irradiation
with a fluence of 1 x 10'¢ electrons cm™2 with the tolerance of crystalline silicon (c-Si) and
triple-junction compound semiconductors of group’s III-IV elements (Miyazawa et al., 2018).
Based on their results, they found that the PSCs were least damaged by electron beams and had
sufficiently high durability compared to c-Si and III-V composite SCs.

Under a 1.0 x 10" cm™ electron beam, there was an insignificant change in FF and PCE but a
significant change in short-circuit current (Song et al., 2020). The loss of short-circuit current
was mainly explained by the decreasing transmittance of the fluorine-doped tin oxide (FTO)
substrate and partly by the degradation of the active perovskite layer. In a study conducted by
Yang et al., it was demonstrated that HP is highly resistant to both gamma and visible radiation
after 1535 h of exposure to a cumulative dose of 2.3 Mrad of gamma radiation (Yang et al.,
2019). When tested for long-term radiation stability, Yang et al. found that 96.8% of the
original PCE of PSC was retained after correction for light intensity. The radiation damage
tolerance of PSC is generally due to the self-healing (self-repair) mechanism of HP, which is
caused by ion migration (Lang et al., 2016; Xu et al., 2021).



Galactic cosmic radiations from outside our solar system consist of 85% protons and 14% He?*
(Nwankwo et al., 2020). Moreover, the carrier removal rate of the incident ionizing radiations,
which determines the lifetime of electronics in radiation environments, is highest for He?"
irradiation (Kim et al., 2019). This implies that damages due to He?" irradiation cannot be
underestimated in outer space environments. Although galactic cosmic radiations contain
significant amounts of alpha particles, halide PSCs have not been tested for He?* tolerance.

We present the first study on the effects of He?* irradiation on MAPbI3 thin films and
ITO/mesoporous-TiO2/compact-TiO2/MAPbIs/Au solar cells (SCs). We prepared MAPbI3
irradiated and pristine samples using sequential vacuum deposition (SVD) of single layers of
Pbl> and MALI. Then, we exposed the irradiated sample to He?* (5.5 MeV) and gamma rays
(59.5 keV) emitted by Am-214 radioactive isotopes (He et al., 2019) at ambient conditions. In
contrast, we kept the pristine sample in the ambient environment without exposing it to
radiation. We measured the X-ray diffractograms, optical absorption spectra, and surface
micrographs of the irradiated and pristine samples after specific time intervals. The radiation
dose was computed by multiplying the fluence (7.1x10% cm™2 s7!) by the time (s). We also
monitored the irradiated and pristine ITO/mesoporous-TiOz/compact-TiO2/MAPbI3/Au SCs
over time to understand changes in FF, Vo, and PCE. Our investigation aimed to determine the
radiation hardness of MAPbI3 SCs under 5.5 MeV He?" and 59.5 keV gamma radiation.

The energy of gamma rays, which is 59.5 keV, is much lower than that of alpha particles, which
is 5.5 MeV. Additionally, alpha particles are more ionizing than gamma rays and are expected
to cause significantly more ionization and damage than gamma rays. Therefore, the effect of
gamma rays can be neglected when using this source.

2. Experimental
2.1. SVD of MAPDI;

Fig. 1 illustrates the process of growing 3D MAPbIs perovskites through SVD, a technique that
Fru and colleagues have already optimized (Fru et al., 2020a). The evaporation chamber was
mounted with FTO substrates to be used for the film preparation. The deposition chamber
contained lead (II) iodide (Pbl2) and methylammonium iodide (MAI) in boron nitride crucibles.
An apropriate vacuum level of 2.0 x 10 mbars was achieved by pumping air out of the
chamber. Initially, a suitable current was applied to the coils surrounding the crucible to
evaporate 100 nm of Pblo. Subsequently, 400 nm of MAI was evaporated. The thickness of
thin films was measured using a quartz crystal monitor built into the deposition apparatus. The
thickness of Pbl> was measured using a density of 6.16 g cm™ and a Z-factor of 1.10, while the
thickness of MAI was measured using a density of 1.20 g cm™ and a Z-factor of 2.70 (Fru et
al., 2021; Mayimele et al., 2022). In contrast to other evaporation processes where a separate
heat source is used to heat the substrate during deposition (Abdallah et al., 2021), in this study,
the heat from the chamber during the evaporation process was the only source of substrate
heating. After extraction from the chamber, the sample was annealed in air at 100 ~C for 10
min.
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Fig. 1. Simplified diagram for deposition of MAPbI3 by SVD.

A Bruker D2-Phaser X-ray diffractometer using Cu Ka radiation with a wavelength of 1.5405
A was used to determine the diffractograms of the thin films. The two 2 © angles between the
incident and diffracted X-ray beams were varied from 20 to 60° at a scanning rate of 0.05°s!.
The morphological properties were observed using a field emission scanning electron
microscope (FE-SEM Zeiss Crossbeam 540) with an accelerating voltage of 2.0 kV. The
average grain sizes were determined from the FE-SEM images using ImagelJ software. The
optical absorption spectra of the films were measured using an Agilent CARY 60 UV—Vis
spectrometer, with incident light wavelengths ranging from 400 to 800 nm.

2.2. Williamson-Hall (W-H) method and Tauc plots
2.2.1. Williamson-Hall (W-H) method

Williamson-Hall (W-H) method was used to calculate crystallite size and microstrain from
XRD patterns (Williamson and Hall, 1953), as explained in previous studies (Fru et al., 2020a,
2020b). To this end, the full-width half maximum (FWHM) of each peak in the diffractograms
was first determined using a Gaussian fit and then used for W—H analysis according to Equation

M,

FWHM cos & —E + de sin & .
D Equation 1



where K is the Scherrer constant (0.94 for spherical crystallites with cubic symmetry), 8 is
Bragg’s diffraction angle, ¢ is the microstrain, 4 is the wavelength and D is the average
crystallite size. A graph of FWHM cos # against 4 sin § was plotted and its slope and intercept
are determined and used to calculate D and .

2.2.2. Tauc plot

Tauc drafted a method to calculate the bandgap of amorphous semiconductors using optical
absorption spectra (Redinger and Siebentritt, 2015). Mott and Davis developed the Tauc
approach further (Mott and Davis, 1970). The Mott and Davis equation (Equation (2)) is used
to plot the Tauc graphs,

(ahoy =A(hv — E,) Equation 2

In Equation (2), E¢ is a bandgap while A is a proportionality constant, o is the absorption
coefficient, 4 is the Planck constant, v is the frequency, and # is a numerical constant that
determines the nature of the transition; n equals 1/2, 2, 3/2, and 3 for directly allowed transfers,
indirectly transferred transfers, directly forbidden transfers, and indirectly forbidden transfers,
respectively.

2.3. Solar cell fabrication

ITO Glass substrates (S211, Ossila) were used to fabricate two SCs with dimensions of 20 x
15 mm. In acetone, ethanol, and DI water, the substrates were sequentially sonicated for 10
min and dried with pressurized nitrogen flow. During the deposition of an electron transport
layer (ETL) of titanium dioxide compact (c-Ti0z2), a heat-resistant tape was applied to the ends
of the cleaned, patterned substrates. To prepare the precursor solution for the c-TiO2 layer, 0.55
ml of titanium diisopropoxide bis (acetylacetonate) was mixed with 5 ml of 1-butanol to yield
0.3 M TiOx. C-TiOz2 was deposited by spinning the 0.3 M TiOx solution at 3000 rpm for 30 s
on the ITO substrate. The deposited film was dried in a 125 °C oven for 5 min. After the
experiment is repeated once, the heat-resistant tape is removed and the sample is annealed in a

furnace for 30 min at 500 °C. After covering the ends once more with heat-resistant tape, a
mesoporous titanium dioxide (m-TiO2) layer was prepared on top of the ¢-TiO2. To prepare
the paste for deposition of m-TiO2, 1.2 g of TiO2 nanoparticles were dissolved in 10 ml of
ethanol, 4 ml of terpineol, and 10% ethyl cellulose (0.6 g of ethyl cellulose in 10 ml of ethanol).
After being stirred at room temperature overnight, the mixture was filtered. The paste was spin-
cast at 3000 rpm for 30 s, followed by 5 min of drying at 125 <C. To form the mesoporous-
TiO2 (m-T TiO2) layer, the heat-resistant tape was removed, and annealing at 500 °C for 30
min was performed. Both ends of the device were covered and the MAPbIs active layer was
prepared as described above. The tape was removed and the covered section was cleaned using
cotton earbuds soaked in epoxy resin (Ossila). A heat-resistant tape is used to protect the
contacts from being covered with c- TiO2 and m- TiO2 during spin coating, and also because
the c- TiOz2 layer is dried at 125 C before deposition of m- TiOz. Eight individual pixels of
gold contacts were deposited using the cathode deposition mask (E501) from Ossila. One of
the SC was irradiated with He?* from Am-241 while exposed to ambient conditions, as shown
in Fig. 2(a). The irradiation was carried out by mounting the source on the rear of the solar cell,
allowing direct contact between the radiation and the halide perovskite material whose
hardness was tested. The irradiation source was removed at specific time intervals before



measuring the efficiency of SC. The PCE of the unirradiated (pristine) SC shown in Fig. 2(b)
was measured for the same time intervals.

SCs were measured using an automatic [-V measurement system (Ossila) to determine their
current density-voltage characteristics and device performance parameters under illumination.
Solar simulator irradiated measurements are conducted using an Oriel LCS-100TM Small Area
Sol1A Series by Newport. The conditions for the simulated solar output were set at 100
mW/cm2 with reference spectral filtering of AM1.5 G.
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Fig. 2. (a) Irradiated MAPbI3-based SC, and (b) pristine MAPbIs-based SC.
3. Discussion of results

3.1. Structural properties

Fig. 3 presents the XRD patterns of MAPbIs films, both pristine and irradiated, for various time
intervals. The pristine films were exposed only to ambient conditions, while the irradiated films
were exposed to both ambient conditions and He?". For the irradiated samples, the time
intervals were converted to He?" fluence by multiplying the time intervals with the fluence rate
(7.1x10° cm? s7). The diffractograms confirmed the tetragonal crystal structure of MAPbI3
with the 14/mcm space group, as observed in previous studies (Fru et al., 2020a; Shi et al.,
2015; Saidaminov et al., 2015; Jeon et al., 2014). Additional peaks at 26.7, 33.9, and 37.9°
were matched to FTO using JCPDS card number 00-005-0467. The as-deposited images
showed the presence of the (001) plane of Pbl2 on the pristine sample, but not on the irradiated
sample. These films were simultaneously deposited under the same conditions, with the only
difference being the position of the substrates on the holder, leading to the presence of a Pblz
peak on the as-deposited pristine sample and the absence of Pblz on the as-deposited irradiated
sample. This suggests that the complete formation of MAPDI; film could depend on the
horizontal position of the substrate within the chamber. However, in this study, changes in
irradiated and pristine thin films were followed independently, so this fact did not affect the
results.
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Fig. 3. Diffractograms of irradiated and pristine MAPbI3 on FTO substrate at various times (a) as-
deposited (b) 48 h after deposition (c) 120 h after irradiation and (d) 288 h after irradiation.

The prominent peak of Pbl> at 11.6° was observed in both pristine and irradiated samples,
indicating an unreacted precursor during the formation of MAPDI3 by either a solution or a
vapor process (Fru et al., 2020a; Shi et al., 2015; Saidaminov et al., 2015; Jeon et al., 2014;
Alidaei et al., 2020). This peak was indexed with the JCPDS number 7-0235 (Shkir et al.,
2019). The intensity of the Pbl> peak increased with time for both pristine and irradiated
samples. This increase in intensity could be due to the fragmentation of the large MAPbI; grains
into nano-grains of Pbl> when exposed to humid air (Alberti et al., 2019). The intensities of the
prominent peaks of MAPbIs in the irradiated sample increased with fluence, indicating that an
increase in alpha particle fluence on the irradiated film could lead to an increase in the
crystallinity of MAPDI; thin films.

The average crystallite size and microstrain of irradiated and pristine MAPbI3 thin films are
presented in Fig. 4. Fig. 4(a) illustrates the change in average crystallite size over time for both
irradiated and pristine samples. The results reveal that the average crystallite size of the
irradiated sample continuously increased, indicating a persistent increase in crystallinity. On
the other hand, the average crystallite size of the pristine sample increased up to 120 h and then
decreased. It is suggested that the increase in diffractogram intensity might be due to the
increase in layer thickness and crystallinity. However, irradiation is not likely to cause an
increase in film thickness, and the increase in crystallinity could be attributed to an increase in
the dose of He?*. This observation aligns with the findings of other researchers who have



reported that ion irradiation enhances the crystallinity of thin films (Chiu et al., 2015; Ali et al.,
2020; Oryema et al., 2022).

Fig. 4(b), the change in micro-strain with time is presented for both irradiated and pristine
samples. The micro-strains are negative, indicating a compressive nature. This result is
consistent with previous reports on MAPbI3 thin films (Kim and Park, 2020). Furthermore, the
micro-strain in both samples gradually relaxes over time, which could lead to a decrease in
defect density and an increase in charge carrier lifetime (Kim and Park, 2020).
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Fig. 4. Average crystallite size and micro-strain of irradiated and pristine MAPDI3 thin films at various
times. (a) Average crystallite size vs. time (error bars showing the standard deviation of the average
grain size distribution, scaling factor 0.2). (b) Micro-strain vs. time (error bars showing the standard
deviation of the microstrain, scaling factor 0.2).

3.2. The properties of morphology

Fig. 5 presents digital images of irradiated and pristine samples at different time intervals. No
significant changes in color were observed on the pristine sample, while yellowish spots
appeared on the irradiated sample after 120 h, corresponding to a fluence of 3.07 x 10'2 He?*
cm2. These color changes from the characteristic dark brownish color of MAPbI; to the
yellowish color of Pbl2 may be linked to alpha particle-induced degradation of MAPbI3 (Kundu
and Kelly, 2020).
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Fig. 5. Digital images of irradiated and pristine MAPDI3 thin films after given time intervals, (a) as-
deposited irradiated and pristine MAPbI3 thin films, (b) irradiated and pristine MAPDbI3 thin films after

48 h, (¢) irradiated and pristine MAPDI3 thin films after120 h, and (d) irradiated and pristine MAPDI3
thin films after 288 h.

Fig. 6 (a-d) shows SEM micrographs of the as-deposited irradiated and pristine samples after
288 h of deposition. The pristine samples showed an insignificant change in surface
morphology, with only very few small white dots near grain boundaries after 288 h. This slight
change in surface morphology indicates the stability of the sequential vacuum-deposited
MAPDI; thin films in the air. Although the exact chemical composition of the white spots was
not determined, based on previous reports, they could be attributed to Pbl2 (Chen et al., 2014).
In contrast, pit holes were observed on the surface of the irradiated sample, as shown in Fig. 6
(d), which could be produced by the continuous bombardment of the grains by the He?" during
irradiation. In addition to the pit holes, the microscopic images of the sample irradiated after
288 h also showed white lines along the grain boundaries, as shown in Fig. 6 (d).
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Fig. 6. FE-SEM micrographs of irradiated and pristine MAPDI3 thin films, (a) as-deposited MAPbI3
pristine sample, (b) as-deposited MAPDI3 irradiated sample, (c) MAPDI3 pristine sample after 288 h,
and (d) MAPDI; irradiated sample 288 h under irradiation.

3.3. Optical properties

The effect of irradiation on the optical properties was investigated by monitoring the absorption
spectra of the irradiated and pristine samples over time. Fig. 7 shows the absorption spectra of
the pristine (Fig. 7(a)) and irradiated (Fig. 7(b)) MAPDI; thin films at various time intervals. A
large reduction in absorption intensity was observed 48 h after deposition, after which the
intensity remained almost constant for both samples. Thus, there was little change in
absorbance of the irradiated sample up to a fluence of 7.36 x 10! He?* cm™, corresponding to
288 h of accumulated radiation. Irradiated thin films perform exceptionally well under He?
irradiation, which proves how resistant they are. Additionally, Am-241 is a source of gamma
rays as well as alpha particles (He et al., 2019), which means that MAPDbI3 has extraordinary
resistance to both types of radiation. Boldyreva et al. previously demonstrated that MAPDI3 is
very stable under gamma rays (Boldyreva et al., 2020), and in 2019, they showed that the
absorption spectra of tri-cation HP were not affected by gamma radiation (Boldyreva et al.,
2019).
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Fig. 7. The absorption spectrum of irradiated and pristine MAPbI3 thin films, (a) absorption intensity
vs. wavelength of the pristine sample at various time intervals, and (b) absorption intensity vs.
wavelength of the irradiated sample at various time intervals.

The Tauc graphs used to calculate the bandgaps are presented in Fig. 8(a and b), while Fig.
8(c) shows the bandgap plotted against the time for both the irradiated and pristine MAPbI3
thin films. The irradiated samples showed a similar reduction in bandgap compared to the
pristine samples up to a fluence of 3.07x10'> He?* ¢m, beyond which the difference was

substantial.
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3.4. Electrical properties

Fig. 9 shows the J-V characteristics of the pristine (Fig. 9(a)) and irradiated (Fig. 9(b)) ITO/c-
TiO2/m-TiO2/ MAPDbI3/Au SCs. As shown Fig. 10 (a), the PCE of both the irradiated and
pristine SCs decreased over time, but the degradation of the irradiated SC was greater after
120h of irradiation. The FF decreased continuously for the irradiated sample, while the pristine
sample showed an initial negative slope followed by a slightly positive slope, as shown in Fig.
10(b). The decrease in FF corresponds to that of a silicon solar cell after He?* irradiation, which
was previously associated with the formation of Frenkel defects that increase the resistance in
the active layer (Siddiqui and Usman, 2021). The Jsc value decreased slowly in the pristine
sample and rapidly in the irradiated sample, consistent with a decrease in the PCE value as
shown in Fig. 10(c). In other words, the drop in Js is likely primarily responsible for the
decrease in PCE. The deterioration of Jsc and V,c could be due to a reduction in minority carrier
lifespan due to recombination centers induced by He?* radiation (Xu et al., 2018). The decrease
in Vo from its original value to the value 120 h later was more pronounced in the pristine
sample than in the irradiated sample, as shown in Fig. 10(d).

Under ambient conditions, the pristine SC retains 93.1% of its original PCE after 120 h,
whereas the irradiated SC retains 85.37% of its PCE for the same time, corresponding to a dose
0f3.07 x 10!2 He?" cm™.
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Fig. 9. (a) J-V characteristics of the pristine sample at various time intervals, and (b) J-V characteristics
of the irradiated sample at various time intervals.
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Fig. 10. PCE, FF, Jsc, and Voc of pristine and irradiated samples at different time intervals, (a) PCE vs.
time, (b) FF vs. time, (c) Jsc vs. time, and Voc vs. time.

After 48 h of exposure to Am-241 (corresponding to a flux of 1.23 x 10'> He?*" ¢m™) plus
ambient, the PCE and Jic of the irradiated samples drop more rapidly than that of the pristine
sample. Therefore, under normal atmospheric conditions, aging of the SCs leads to a reduction
in PCE and Js., but the extent of degradation is greater for the irradiated samples.

If the effect of degradation due to ambient conditions were removed, then the irradiated SC
would retain 92.3% of its initial PCE under an accumulated dose of 3.07 x 10'? He**+ cm™.
This is calculated as follows: After 120 h in the air (ambient), corresponding to a dose of 3.07
x 102 He?" em™?, the irradiated SC retained 85.37% of its PCE, whereas the pristine SC under
ambient-only conditions retained 93.1% of its original PCE for the same time. Thus, the effect
of ambient is obtained by subtracting 93.1% from 100%, which gives 6.9%. Adding the effect
(or correction due to environment) to the percentages of PCE retained by the irradiated sample
yields 92.3%.

Mahapatra et al. also showed that the decrease in PCE with the aging time of MAPbI3-based
SCs was mainly due to a decrease in FF and Jsc (Mahapatra et al., 2020). It is important to note,
however, that this performance degradation accelerates after the accumulation of a certain level
of He?" fluence within the irradiated sample. This is an extraordinary hardness to highly
damaging He?" radiations. In comparison, the highly radiation-resistant perovskite/CIGS
tandem under 68 MeV proton irradiation could only retain 85% of its initial PCE at a dose of
2.0 x10'2 p* cm™ (Lang et al., 2020).
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Lang et al. (2019) discovered that the extraordinary hardness of triple cation perovskites was
due to efficient de-trapping (prolonged release) of minority carriers from proton-irradiation-
induced trap states (Lang et al., 2019). A surprising finding was that during PCE degradation
of irradiated and pristine samples, neither FF nor V. was significantly affected, though small
random variations were observed. An independent sample t-test was used to determine if there
were significant differences between the mean values of FF and Vo due to slight random
variation. The P-values obtained were 0.9824 for FF and 0.4680 for V.. The P-values being
greater than 0.05 are indicative that degradation and irradiation did not affect FF and Vo at a
significant level. One reason for this could be that the degradation is not due to the formation
of traps (Boldyreva et al., 2019; Cowan et al., 2011). There is no doubt that traps and non-
radiative loss channels increase the density of traps in the bandgap, leading to losses in Voc
(Cowan et al., 2011; Zhang et al., 2020). Besides, it has been shown that radiation-induced
recombination centers in SCs largely contribute to the degradation of Vo of InGaP/-GaAs/Ge
SCs with an increase in 5.1 MeV alpha-particle absorbed dose (Xu et al., 2018).

Lang et al. showed that the change in FF and Voc upon irradiating perovskite/CIGS tandem SC
with 68 MeV proton irradiation at a dose of 2 x 10!2 p+/cm2 was due to radiation-induced
defects in the CIGS and not in the perovskite sub-SC (Lang et al., 2020). However, according
to their previous work in 2016, there are proton-induced defects in MAPDbIs SCs during
irradiation, which are rapidly passivated by hydrogen after the irradiation source is removed
(Lang et al., 2016). As a result, we propose that the self-healing in HP is quicker than in CIGS,
and the fast self-healing mechanism in MAPbI; may explain its resistance to He?* irradiation.

4. Conclusions

For the first time, we have demonstrated that MAPDI3 thin films are highly resistant to 5.5 MeV
He?" and 59.5 keV gamma irradiations of 7.1x106 cm™ s™! fluence. The structural, optical, and
morphological properties of MAPDI; thin films were not affected by He?" irradiation up to an
accumulated dose of 3.07 x 10'? He?* cm™2. Under ambient conditions, the pristine SC retained
93.1% of its initial PCE after 120 h. After 120 h in the air, the irradiated SC retained 85.37%
of its PCE even after exposure to a dose of 3.07 x 10'2 He?* cm™. Thus, after the effect of
degradation due to ambient conditions was removed, the irradiated MAPbI3 SCs retained
92.3% of their initial PCE with an accumulated dose of 3.07 x 10'?> He?" cm™. The resistance
of MAPbI; to 5.5 MeV He?" and 59.5 keV gamma irradiations of 7.1x106 cm™? s™! fluence
from AM-241 is similar to the hardness of triple cation perovskites (Cso.05
MAo.17F Ao.83Pb(l0.83Br0.17)3-64 MeV protons), which has previously been shown to be harder
than CIGS. Based on our findings and earlier results on irradiations with protons and electrons,
we conclude that PSCs have the potential to replace CIGS and other classic SCs used in space
applications.
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