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Abstract

A hybrid organic—inorganic halide perovskite is a promising material for developing efficient
solar cell devices, with potential applications in space science. In this study, we synthesized
methylammonium lead iodide (MAPbI;) perovskites via two methods: mechanochemical
synthesis and flash evaporation. We irradiated these perovskites with highly energetic 10 MeV
proton-beam doses of 10", 102, 103, and 4 x 10" protons cm 2 and examined the proton
irradiation effects on the physical properties of MAPbI; perovskites. The physical properties of
the mechanochemically synthesized MAPbI; perovskites were not considerably affected after
proton irradiation. However, the flash-evaporated MAPbI; perovskites showed a new peak in
x-ray diffraction and an increased fluorescence lifetime in time-resolved photoluminescence
under high-dose conditions, indicating considerable changes in their physical properties. This
difference in behavior between MAPbI; perovskites synthesized via the abovementioned two
methods may be attributed to differences in radiation hardness associated with the bonding
strength of the constituents, particularly Pb—I bonds. Our study will help to understand the
radiation effect of proton beams on organometallic halide perovskite materials.

Supplementary material for this article is available online

Keywords: mechanochemical synthesis, flash-evaporation, perovskite, proton irradiation,
radiation hardness

(Some figures may appear in colour only in the online journal)

1. Introduction solar cells, light-emitting diodes, lasers, photodetectors, and
transistors [1-12], owing to their attractive properties, such as
Hybrid organic-inorganic halide perovskites have promising high power-conversion efficiency, large charge-carrier diffusion
applications in optoelectronic and electronic devices, including length, large absorption coefficient, and tunable direct bandgap
[13, 14]. However, the stability of hybrid perovskites needs to be
* Authors to whom correspondence should be addressed. investigated under ambient and harsh environmental conditions
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to demonstrate their practical applicability. In particular, given
the prospect of high-efficiency perovskite solar cells being used
in space environments, some researchers have studied the
radiation tolerance of perovskite materials and devices to high-
energy particles, such as cosmic rays, under space environments.
For example, Lang er al investigated the radiation hardness of
inverted methylammonium lead iodide (MAPbI;) perovskite
solar cells and found that these devices could tolerate 68 MeV
proton-beam doses up to 10'? protons cm > [15]. Miyazawa
et al found that lead halide perovskite solar cells could tolerate
proton irradiation dose up to 10'° particles cm 2 with 50 keV
proton beam which enable to implant proton particles within the
perovskite layer causing lattice deformation [16]. However, the
effect of isolating perovskites from the influences of other layers
of the devices or interfaces that may affect the radiation hardness
has not been adequately reported. Lang et al irradiated lead
halide perovskite/copper indium gallium selenide (CIGS) and
perovskite/silicon tandem solar cells and attributed most of the
device efficiency losses to the CIGS and silicon layers and not
the perovskite layer [17]. Therefore, exclusive research to
investigate the apparent radiation hardness of the perovskite
layer itself is necessary to avoid the influence of other sur-
rounding layers.

In this study, we synthesized hybrid organic—inorganic
MAPDI; perovskites via two methods: mechanochemical
synthesis and flash evaporation. Then, we investigated the
effects of irradiation on the physical properties of MAPDI;
perovskites under various high-energy proton-beam doses.
For this purpose, the physical properties of perovskites syn-
thesized via two methods were characterized systematically
before and after 10 MeV proton beam irradiation doses of
1011, 1012, 10" and 4 x 10" protons cm 2 using x-ray
diffraction (XRD), ultraviolet—visible (UV-vis) absorbance
spectroscopy, and photoluminescence. Mechanochemically
synthesized MAPbI; perovskites did not exhibit considerable
changes in their physical properties after the proton irradia-
tions, indicating that this perovskite can tolerate dose condi-
tions in this study. Conversely, flash-evaporated MAPDI;
perovskites exhibited considerable changes in their physical
properties after the high-dose proton irradiation. This study
aims at broadening our understanding of the radiation toler-
ance of perovskite under high-energy proton-beam irradiation
to estimate the potential of perovskites in space applications.

2. Experimental details

2.1. Mechanochemical synthesis of MAPDbI3 perovskite powder

MAPDI; perovskite powder was synthesized mechan-
ochemically, as illustrated in figure 1. Figure 1(a) shows an
optical image of the precursors 1.59 g methylammonium
iodide (MAI) (white powder) and 4.61 g lead iodide (Pbl,)
(yellow powder), ground using stainless steel balls with dia-
meters of 1.27, 0.95, and 0.63 cm (4, 4, and 60 balls,
respectively) in an alumina jar. The molecular structures of
MALI and Pbl, are schematically illustrated in figure 1(d). The
alumina jar containing the mixture was ball milled at 300 Hz

for 5 h (BD4530, LK Lab) (supplementary figure S1 (avail-
able online at stacks.iop.org/NANO/33/065706/mmedia)).

2.2. Synthesis of MAPDbI3 perovskite films via flash evaporation

As, previously reported, MAPbI; perovskite films were syn-
thesized via a flash evaporation method [18, 19]. First,
500 pm thick glass substrates were cleaned via sonication in
acetone, isopropyl alcohol, and deionized water for 10 min
each. Then, the substrates were treated with O, plasma
(30 sccm, 50 W) for 120 s using a reactive ion etcher (RIE;
AFS-R4T, AllForSystem). These treated substrates were
transferred to a vacuum chamber and placed in a substrate
holder 30 cm above a source boat for flash evaporation
(see figure 4(a)). To deposit MAPbI; perovskite film, we
applied a high current of 100 A to rapidly heat the 650 mg
mechanochemically synthesized MAPbI; powder and
167 mg MAI powder placed in the source boat to evaporate
the source powder mixture.

2.3. Characterization of mechanochemically synthesized
perovskite powder and flash evaporated perovskite film

The optical images and energy-dispersive spectra of the syn-
thesized perovskite powder and film samples were acquired via
field-emission scanning electron microscopy (FESEM; JSM-
7800F Prime, JEOL Ltd). Powder or film XRD spectra were
measured using an x-ray diffractometer (SmartLab, Rigaku) in
the National Center for Interuniversity Research Facilities of
Korea. Photoluminescence (PL) spectra and time-resolved (Tr)
PL spectra were measured using the XperRAM 200 with a laser
of 532 nm excitation wavelength and XperRF (Nanobase Inc.)
with a pulsed laser that has a 405 nm excitation wavelength,
5000 kHz repetition rate, and 1 uW power, respectively. The
absorbance spectra were acquired via UV-Vis spectroscopy (V-
770, Jasco).

2.4. Proton irradiation

We used the MC-50 cyclotron at the Korea Institute of radi-
ological and medical sciences for performing proton beam
irradiation experiments. The 10 MeV proton beam irradiation
source generated by 2 x 10" protons per second per square
centimeter, corresponding to a 10 nA average current had a
~1 cm spot size. Proton irradiation was performed in a
vacuum environment. In order to irradiate the proton on the
powder samples, the mechanochemically synthesized per-
ovskite powder was placed on 15 pm thick Al foil. 140 mg
perovskite powder was put on the Al foil with an area of
1.4 cm x 1.4 cm with a thickness of ~150 um. The flash-
evaporated perovskite film was directly attached to the equip-
ment without any additional packing steps. The perovskite
powder and films were irradiated at 10'%, 10", 10"3, and
4 % 10" protons cm ™2 proton-beam doses, which correspond
to irradiation times of 5, 50, 500, and 2000 s, respectively.
Cosmic ray proton flux varies depending on distance from
earth, and the dose of 4 x 10" protons cm > equivalent to the
number of protons encountered in space over 10 years [20, 21].
To allow the radioactivity to fall to a safe level, the proton-
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Figure 1. (a) Optical image of methylammonium iodide (MAI) and lead iodide (Pbl,) precursor powders in alumina jar. (b) Schematic of
mechanochemical synthesis of MAPbI; perovskite through a ball mill. (c) Optical image of mechanochemically synthesized MAPbI;
perovskite powder. (d) Structures of MAI and Pbl, precursors. (¢) Mechanism of mechanochemical reaction from reactants to products via

soft ball milling. (f) Structure of MAPbI; perovskite unit cell.

irradiated samples were retained in the facility for one day after
the completion of proton beam irradiation experiments.

3. Results and discussion

We used an electrically rotating ball mill in a so-called ‘pla-
netary instrument,” a simplified version of which is shown in
figure 1(b), among various mechanochemical synthesis
methods, such as hand-grinding or automated mixer mill
methods. This method facilitates adequate controllability of
rotation frequency and grinding force [22]. As the alumina jar
rotates, mechanical energy, such as compression, shear, or
friction, formed between the stainless balls or between the
balls and the jar is transferred to the mixture (figures 1(b) and
(e)). When sufficient energy is transferred, the chemical
reaction occurs, and high-purity perovskite samples can be
obtained as a form of dry colloidal powder. This method does
not require dissolving reagents, and fresh-reactant surfaces are
constantly exposed during the synthesis process [22-24].
Figure 1(c) presents an optical image that shows that the
mechanochemically synthesized (denoted as ‘MCS’) MAPbI;
perovskite powder is black as is known. Figure 1(f) shows the
crystal structure of the MCS perovskite, which is the tetra-
gonal phase. Note that flash-evaporated perovskite has the
same tetragonal structure [25-27].

To verify whether MCS MAPDbI; perovskite powder was
well synthesized, we characterized its elemental composition
and structural properties as well as photophysical properties
using SEM, energy-dispersive x-ray spectroscopy (EDS),
powder XRD, and PL. Figures 2(a) and (b) show the SEM

images of the MCS MAPDI; perovskite powder with a par-
ticle size of tens to hundreds of nanometers. Uniform spatial
distributions of elements such as C, Pb, and I were confirmed
via EDS results (supplementary figure S2). The powder XRD
peaks indicated that the MCS perovskite powder have a lattice
structure of MAPbI; perovskite phase without remaining
precursor Pbl, that did not participate in the reaction
(figure 2(c)) [28, 29]. Figure 2(d) shows a PL peak at ~770
nm from the steady-state PL emission with an excitation
source of 532 nm, which corresponds to the known ~1.6 eV
bandgap value of the MCS MAPbDI; perovskite powder
[28, 30]. Based on these experimental results, we confirmed
that the MCS MAPbDI; perovskite powder was successfully
synthesized.

Then, the MCS MAPbI; perovskite powder was irradiated
by 10 MeV proton beams under irradiation doses of 10'%, 102,
10", and 4 x 10" protons cm ™2, respectively. We compared
the physical properties of MCS MAPDI; perovskite powder
systematically before and after proton irradiation to investigate
the effects of proton irradiation. Figure 3(a) shows the XRD
spectra of the MCS MAPDI; perovskite powder before proton
irradiation (denoted as ‘pristine’) and after various proton irra-
diation doses. The XRD spectra did not indicate any consider-
able changes before and after proton irradiation, which suggests
that the proton beam irradiation did not considerably affect the
MCS MAPbI; perovskite powder. Furthermore, no conspicuous
changes beyond the measurement error range were observed in
the UV-vis absorbance (figure 3(b)) and PL results (figure 3(c))
of the MCS MAPbDI; perovskite powder before and after proton
irradiation although PL spectra seem to have slight variation in
the peak width. Note that the PL spectra were the average values
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Figure 2. (a), (b) SEM images of MCS MAPbI; perovskite powder. (¢) XRD spectrum of MCS MAPbI; perovskite powder. (d) Steady-state
photoluminescence (PL) spectrum of MCS MAPDbI; perovskite powder.
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Figure 3. (a) XRD, (b) UV-vis absorbance, (c) PL, and (d) TRPL spectra of MCS MAPbI; perovskite powder samples before and after
proton irradiation at doses of 10 10]2, 1013, and 4 x 103 protons cm 2,
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Figure 4. (a) Schematic of MAPbI; perovskite film deposition by flash evaporation. (b) SEM image of flash-evaporated MAPbI; perovskite
film. (c) XRD, (d) UV-vis absorbance, (e) PL, and (f) TRPL spectra of flash-evaporated MAPbI; perovskite film samples before and after

proton irradiation.

of point-scanned PL at four to five different positions and nor-
malized because the intensity varies according to the location of
the powder sample.

The MCS MAPDI; perovskite powder was also char-
acterized by TRPL, which has proven to be a reliable and
suitable tool for extracting minority-carrier lifetimes [31-33].
Figure 3(d) shows TRPL decay curves with excitation pulse
laser of 405 nm wavelength and 5000 kHz repetition rate for
the MCS MAPDI; perovskite powder. We analyzed these
curves according to the following equation [34, 35]:

I(t) = aje™/" + aye™'/™ + b, (D

where a and 7 are the amplitude and fluorescence lifetimes of
the TRPL decay curve, respectively, and b is a fitting para-
meter. The subscripts 1 and 2 represent early- and late-stage
recombination processes, respectively. The detailed fitting
results are provided in the supplementary data (figures S3,
S13(a) and table S1). Particularly, we found that both the 7,
and 7, decreased with increasing irradiation dose. For the
pristine case, 7; was found to be ~2.8 ns, which decreased
from ~2.28 to ~2.02 ns for dose from 10" to 4 x 10"
protons cm 2. Similarly, 7, was found to be ~18.98 ns for the
pristine case, which decreased from ~17.19 to ~7.27 ns for
dose from 10" to 4 x 10" protons cm ™. In other words,
higher dose irradiation of the samples more accelerated the
recombination process (i.e. 7 values decreased). Overall, the
results presented in figure 3 indicate that the proton irradiation
did not cause considerable structural changes in the MCS
MAPDI; perovskite powder (figures 3(a)—(c)); however, it
accelerated the recombination process. This finding suggests
that the proton beams might generate shallow traps that can
allow trap-mediated recombination (figure 3(d)). A detailed
discussion of this point is offered later. We also measured
EDS after proton irradiation under dose of 4 x 10" proton

cm 2 (supplementary figure S4). In our results, no noticeable
change in composition was observed between before and after
proton irradiation on MCS perovskite powder, considering
the measurement error range of the system.

We investigated the proton irradiation effect on flash-
evaporated MAPbI; perovskite films. The flash evaporation
process is schematically illustrated in figure 4(a). Detailed
information regarding flash evaporation is provided in the
experimental section. This flash evaporation method offers
the advantages of rapid, solvent-free deposition for a large-
scale production of organic—inorganic halide perovskite films
[18, 36]. The flash-evaporated MAPDI; perovskite film in this
study was ~150 nm-thick with a grain size of tens to hun-
dreds of nanometers (figure 4(b) and supplementary figure
S7). Similarly, the physical properties of flash-evaporated
MAPbDI; perovskite films were characterized using XRD,
UV-vis absorbance, PL, and TRPL before and after proton
irradiation. Figure 4(c) shows the XRD spectra of flash-eva-
porated perovskite film before and after proton irradiation. In
this figure, the ‘pristine’ and ‘control’ curves represent the
XRD spectra of the sample before proton irradiation, and that
of the same pristine sample stored with other proton-irradiated
samples under the same conditions, respectively. Note that all
the samples were stored in a desiccator whose pressure was
maintained at approximately 1 torr during travel between the
laboratory and proton irradiation facility. Similar to the XRD
spectra for the MCS MAPDI; perovskite powder (figures 2(c)
and 3(a)), the XRD spectrum for the pristine MAPbI; per-
ovskite film shows the peaks corresponding to the well-
synthesized MAPDI; perovskite lattice structure (figure 4(c)),
with broader XRD peak width than MCS powder, because the
average grain size of flash-evaporated film (~17.12 nm) is
smaller than MCS powder (~34.89 nm) which is obtained by
the Scherrer equation [37]. It is noteworthy that the 2 theta
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value for the peaks corresponding to the flash-evaporated
MAPbI; perovskite film decreased by ~0.1° compared with
those of the MCS MAPbDI; perovskite powder samples (sup-
plementary figure S9). This change may suggest that the MCS
MAPbDI; powder possesses a Pblg framework of superior
compactness [25] with a less defective nature [38, 39] than
that of the flash-evaporated MAPDI; film. The defect in
iodide, which is significantly related to the stability of the
perovskite, locally increases the electrostatic repulsion of lead
cations in Pblg framework, thereby increasing the lattice size
[25]. The broad peak around 25° can be attributed to the glass
substrate. It is noteworthy that low dose (10“, 1012, and 10"
protons cm ™ 2) proton irradiation did not considerably affect
the XRD spectra of the flash-evaporated MAPbI; perovskite
films whereas high-dose (4 x 10" protons cm 2) proton
irradiation produced a new peak around 39.2° (red circled in
figure 4(c)), which indicates the presence of Pbl, impurity
generated via a high-dose proton irradiation in our sam-
ples [40].

Figures 4(d)—(f) show the UV-vis absorbance, PL, and
TRPL data for the flash-evaporated perovskite films before
and after the proton irradiation. As shown in figure 4(d),
the absorbance onset position did not change much for all
irradiation conditions, but the slope of the spectrum below
~750 nm became smaller after the proton irradiation of high-
dose condition of 4 x 10" proton cm 2. Such change can
also be associated with the slight deformation of MAPbI;
which introduces additional trap sites in the bandgap,
as previously reported [41]. The absorbance onset in the
~770 nm flash-evaporated MAPDI; perovskite films differed
from that of the ~820 nm MCS MAPbI; perovskite powder
samples (figures 3(b) and 4(d)). This disparity suggests
smaller bandgap of MCS MAPbDI; perovskite powders, which
is associated with the less defects nature and superior com-
pactness Pblg framework [25].

Figure 4(e) shows the PL data for the flash-evaporated
MAPDI; perovskite film before (pristine) and after proton
irradiation at the highest dose (4 x 10" protons cm™?). Note
that the PL spectra of the flash-evaporated film are the aver-
age values of area scan (supplementary figure S10). The PL
peak positions did not differ but the intensity decreased by
approximately 90% after high-dose (4 x 10'* protons cm™?)
proton irradiation compared with that of the pristine sample.
This can be attributed to the generated deep traps, which act
as nonradiative recombination centers because the shallow
traps such as Pb vacancies and MA interstitials, which are
majority traps with the lowest defect formation energy in
MAPDI; perovskite, do not act as non-radioactive recombi-
nation centers unlike deep defects [42, 43]. Notably, unlike
the normalized PL spectra of the powder samples
(figure 3(c)), the PL spectra of the flash-evaporated MAPbI;
perovskite films are not normalized because the intensity does
not vary according to the location of the uniform film sample.
Thus, the intensity comparison is meaningful. The PL peak
position for the ~760 nm flash-evaporated MAPbI; per-
ovskite films differed slightly from that of the ~770 nm of the
MCS MAPbDI; perovskite powder samples (figures 3(c) and

(e)). This disparity is consistent with the trend in absorbance
data between the two sample types (figures 3(b) and 4(d)).

Figure 4(f) shows the TRPL data for the flash-evaporated
MAPDI; perovskite films analyzed using equation (1). As the
proton irradiation dose increased, the 7 values were found to
decrease relative to the pristine sample and then increase
(supplementary figures S12, S13(b) and table S1). Particu-
larly, 7 was ~1.91 ns for the pristine case, which decreased
to ~1.04 ns at dose of 10'! protons cm ™2 and increased from
~1.27 to ~4.71 ns at doses from 10'? to 4 x 10" protons
cm_z, respectively. Similarly, 7, was ~11.23 ns for the
pristine case, which decreased to ~4.59 and ~4.44 ns at
doses of 10'" and 10" protons cm 2 and increased to 7.63
and 20.44 ns at doses of 10" and 4 x 10" protons cm 2,
respectively. These results imply that the recombination
process was accelerated when the samples were irradiated at
low doses because of the generation of shallow traps. Con-
versely, the recombination process became slow when the
samples were irradiated at high doses because of the gen-
eration of deep traps. Note that we obtained the coefficients of
variations of fluorescence lifetime (supplementary table S2) to
see the degree of variability. According to this, the variation
in 7, is similar to that of 7. Also we conducted the EDS after
proton irradiation for the flash-evaporated perovskite film
under a dose of 4 x 10" proton cm ™2 (supplementary figure
S5). Similar to the MCS perovskite sample, a noticeable
change in composition after proton irradiation was not
observed.

Figure 5(a) shows the energy-loss depth profiles of a 10
MeV proton beam based on the simulation results performed
using stopping and range of ions in matter (SRIM) software,
which is a computer program that calculates the interactions
of energetic ions with target matter. There are two main
processes in which a high-energy proton beam loses its
energy. First, the high-energy protons are slowed down dur-
ing the electronic stopping process, losing some energy and
creating electron—hole pairs. Then, after the protons suffi-
ciently slow down, they lose most of the energy during the
nuclear stopping process and stop near the stopping depth,
damaging the lattice of the target material [44—47]. Therefore,
knowing the thickness of the target material compared with
the stopping depth is necessary. According to the SRIM
simulation results, as shown in figure 5(a), most protons have
a stopping depth near 650 pum, which greatly exceeds the
thickness of the perovskite samples (150 um of MCS MAPbDI;
perovskite powder samples or 150 nm of flash-evaporated
MAPbDI; perovskite film samples). Most protons would pass
through the samples while transferring energy via the ioniz-
ation process in the material, creating homogeneous defects
throughout the entire perovskite material (figure 5(b)).

When the proton beam irradiates perovskite, it can create
electron-hole pairs along the irradiation path and break the
bonds in the perovskite material. In this case, covalent bonds
in the organic cation part (i.e. methylammonium, CH;-NH3),
such as the C-H and N-H bonds, are vulnerable to protons
because they have low bonding energy (left middle image of
figure 5(c)). However, these broken-bond defects comprising
mainly hydrogen vacancies in place of these bonds do not
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Figure 5. Energy loss profiles of protons simulated via SRIM (a) in the full range and (b) in the range of 0-200 um. (c) Schematics depicting
the effects of proton beam irradiation on perovskite. Left image shows schematic for pristine perovskite, two images in the middle show

schematics for perovskite irradiated under a low dose (left middle), in

which the effect of hydrogen vacancies is dominant, and a high-dose

(right middle), in which the effects of lead and iodide vacancies increase. Right image shows schematic of self-healed perovskite in which
hydrogen atoms released from bonds reassume their proper lattice positions.

significantly degrade the material, because the wandering
hydrogen atoms that come off the bonds have high mobility
so they can take the proper lattice position, which is called as
‘self-healing’” process (right image of figure 5(c)) [15, 48-51].
As the proton irradiation dose increases, constituent atoms of
high bonding energy (i.e. Pb or I atoms in the Pblg frame-
work) detach and remain as defects rather than relax back to
their lattice positions (right middle image of figure 5(c)). The
difference in radiation hardness between MCS MAPbDI; per-
ovskite powder and flash-evaporated MAPbI; perovskite film
samples can be explained in terms of the bonding strength in
the Pblg framework. As previously reported [25], the Pb-I
bonds in MCS MAPbDI; perovskite powder are stronger and
shorter than those in flash-evaporated MAPDI; perovskite
films. This difference is consistent with our results in terms of
peak position differences obtained in XRD, PL, and UV-vis
absorbance spectra (supplementary figure S9 for XRD,
figure 3(c) versus figure 4(e) for PL, and figure 3(b) versus
figure 4(d) for UV-vis absorbance).

4. Conclusion

We investigated the radiation hardness of organic—inorganic
halide MAPbI; perovskites synthesized via mechanochemical
synthesis and flash evaporation by measuring their physical
and optical properties before and after the 10 MeV proton
irradiation at various doses. The MCS MAPbI; perovskite
powder samples did not exhibit considerable changes in their

physical properties after the proton irradiation, indicating their
radiation tolerance. Conversely, flash-evaporated MAPbDI;
perovskite film samples exhibited noticeable changes after
irradiation at high doses. The radiation hardness difference
between perovskite synthesis methods can be explained by
the differences in the bonding strength of the Pblg frame-
works in the irradiated perovskites. In particular, the Pb-I
bonds in MCS MAPbDI; perovskite powder are stronger than
those in the flash-evaporated MAPbI; perovskite film. This
study helps in expanding the scientific understanding of the
radiation hardness of perovskite material and demonstrates
the high radiation tolerance of MCS MAPbDI; perovskite.
Further study on an MCS MAPbI; perovskite powder that can
be converted to a film without losing its properties will
enhance the application potential of MAPbI; perovskite for
devices in harsh radiative environments, such as space.
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