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Irradiation of samples with 10 MeV protons is a standard test for simulation of the outer space environment

in order to qualify devices and materials for space applications. Micro-Raman spectroscopy allows one to

determine the irradiation effect on methylammonium lead iodide (MAPbIs) thin films under ambient
conditions and encapsulated. For the unprotected films, the vibrational modes matched previously reported
lead oxide phonon frequencies and the appearance of superficial oxides was confirmed by EDAXS analysis.
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However, the Raman shifts corresponding to PbO were not observed for the irradiated encapsulated
samples, indicating that oxidation occurs after surface exposure to ambient oxygen. Similar effects have
been observed by photooxidation where the highly reactive superoxide radical is involved in the oxidation

mechanism. We propose that irradiation promotes excitation of the electron cloud, which readily reduces

rsc.li/materials-advances

1 Introduction

The characteristic optoelectronic properties, potential low cost
and the ease of fabrication make lead halide perovskites a
promising material for a wide range of electronic applications,
like humidity sensors," lasers,>* 3D arrays for image sensors,*
and solar cells.>® In particular, the use of lead halide perovs-
kites in photovoltaic devices has received a large amount of
attention due to the high conversion efficiencies achieved in
only a few years. Different properties of perovskite films have
been studied at length, which include thermodynamic
properties,” the effects of solvent processing,® degradation
mechanisms,’ and ionic diffusion,'® just to name a few. These
efforts have helped to understand the characteristics of this
novel material, allowing researchers to fabricate perovskite
solar cells with power conversion efficiencies of up to 25%.""
Outer space is a hostile environment for semiconductor
materials; for many years researchers have studied radiation
damage of Si photovoltaics and, most recently, of III-V solar
cells for space applications, in order to understand the dete-
rioration of the electronic properties and defect formation.">"?
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the surface adsorbed oxygen, and this later bonds to the accessible Pb atoms.

Hybrid metal halide perovskite materials present properties,
like high optical density, long carrier diffusion length,'*"?
small carrier recombination times and a high tolerance to
defects,® that make them ideal candidates for solar cells and
particularly interesting for space applications.'® While radia-
tion can cause defects in typical semiconductors used in solar
cells, generating losses in Ji. (short-circuit current) and Vi,
(open-circuit voltage), lead halide perovskite solar cells are not
strongly affected by 50 keV protons as shown by Miyazawa
et al."’ Even for high energy proton irradiation of 68 MeV and
fluence higher than 10'> p ecm™>, perovskite solar cells have
been shown to exhibit negligible performance degradation.®
While lead halide perovskites are hybrid crystalline materials
with interesting chemical and physical properties, they are also
very sensitive to moisture, light and moderate temperatures,
and so their characterization must be performed carefully in
order to not modify the synthesized structures. Micro-Raman
spectroscopy has proven to be a powerful technique to
determine defects in different materials like SiC,*>*° II-V
semiconductors (like InAs and GaAs),*' graphene®® and two
dimensional semimetals.>® Some Raman studies on lead halide
perovskites have been carried out recently that have allowed the
analysis of organic-inorganic interactions and their crystalline
phases.>*>” These studies have shown many effects, like struc-
tural changes correlated with local moisture that induce degra-
dation of the film,?® torsional vibrations related to different
degrees of order in material domains, gradual spectral changes
associated with new photoinduced structure possibly caused by

This journal is © The Royal Society of Chemistry 2020
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rearrangement of the inorganic Pb-I scaffold or structural
response to ion motion.>®

In this work we report the characterization by micro-Raman
spectroscopy of CH3NH;PbI; (methylammonium lead iodide,
MAPDI;) thin films after sample irradiation with 10 MeV pro-
tons and 10" p cm™? fluence. The irradiation conditions are
typically used to simulate irradiation inside the inner Van Allen
belt in low-earth orbit (LEO). LEO is the most commonly used
orbit for most satellites except for communication satellites
that move in geostationary orbit."> We report the vibrational
modes of films under exposure to radiation while being careful
not to produce degradation by the Raman laser intensity and
demonstrate the inherent material resistance to permanent
irradiation defect formation.

2 Experimental method

Glass substrates were cleaned with aqueous detergent solution
under ultrasound for 10 min and later successively submerged in
acetone and a 1:1 mixture of ethanol and isopropyl alcohol for
further washing. The substrates were later dried under a nitrogen
(99.998%) flow and finally cleaned with microwave plasma.

Highly crystalline perovskite thin films of ~320 nm mea-
sured by SEM were obtained by a one-step method, according to
the previously reported recipe using Pbl,: CH;NH;I: DMSO in a
1:1:1 stoichiometric relation.”® Briefly, lead iodide (99.995%,
Beantown Chemical) was completely dissolved in a solution mix-
ture of dimethyl sulfoxide (DMSO) and dimethylformamide (DMF)
(Merck), and heated at 70-80 °C. CH3NH;I (methylammonium
iodide, MAI) (>99%, Greatcell Solar) was added to the resulting
solution after cooling. The solution was then filtered through a
PVDF syringe filter (0.45 um pores) and spin-coated onto a glass
substrate at 4000 rpm for 50 seconds. Chlorobenzene was added
during spin coating as an antisolvent to enhance the crystallinity.
Encapsulation by PMMA was done by spin-coating (10 mg mL )
the solution onto the perovskite films at 4000 rpm for 30 s.

The radiation exposure of the samples was performed using
a tandem type accelerator at CNEA (Tandar). The radiation
beam consisted of 10 MeV proton energy and 1 x 10" p cm ™
fluence. The beam intensity was calibrated using an array of
Faraday cups at the back-end of the irradiation chamber. The
calibration Faraday cup current was measured with a Keithley
6514 electrometer. The perovskite films, both encapsulated and
not encapsulated, are introduced into the irradiation chamber
with half of the surface film exposed and the other half
protected from radiation with thick glass, in order to have a
control MAPDI; film that has undergone the same experimental
conditions but has not suffered irradiation.

The Raman characterization was performed in backscattering
configuration with a LabRAM HR UV-vis-NIR-Horiba Jobin Yvon
spectrometer with a 2.5 cm ™" spectral resolution. The setup was
equipped with two excitation sources of 514 nm (Ar" laser) and
633 nm (He-Ne laser). The Raman spectra were recorded with an
integration time of 60 s using a 50x objective (3 um spot on the
sample) and a laser power between 0.03 and 1 mW.
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Field Emission-Scanning Electron Microscopy (FE-SEM)
images were obtained with a ZEISS LEO 982 GEMINI field
emission electron microscope in secondary electron mode,
using an in-lens detector to improve the resolution (CMA,
Facultad de Ciencias Exactas y Naturales, UBA). X-ray diffrac-
tion measurements were performed using Empyrean PANana-
Iytical equipment with a Cu Ko monochromatic radiation
source and PIXcel 3D ultrafast detector, scanning from 10° to
60° (26) in 0.02 steps.

3 Results and discussion

Highly crystalline MAPbI; perovskite thin films were prepared
and selectively irradiated under simulated space radiation
conditions for a typical LEO mission. The topography of both
films was observed by scanning electron microscopy, SEM.
Fig. 1 shows both the irradiated and non-irradiated surfaces
for different magnifications. An extent of surface reconstruc-
tion with shrinking grains that conglomerate in certain areas
can be observed for the MAPDbI; surface after irradiation. The
close-up images reveal that after irradiation some grains
remain with similar size and shape (~ 100 nm) but others seem
to break up into many smaller ones with different crystalline
order and grouped in specific regions.

The Raman spectra of the perovskite MAPbI; films were
obtained for both the irradiated and non-irradiated materials.
The Raman shifts are significantly different for both films, as
can be observed in Fig. 2. Both spectra were obtained using a
very low intensity laser (P < 25 W cm™?) in order to minimize
degradation effects due to the local heating by the Raman
laser.26,28,30

The as-prepared film measured under environmental con-
ditions shows a Raman spectrum that is similar to the pre-
viously reported literature.® Contrarily, the irradiated film
shows bands at 143, 284 and 337 cm ™' that have not been
reported previously for MAPbI; films with low power density
measurements.”® The Raman shifts obtained for the irradiated
samples are, however, very similar to previously reported PbO
films. The band at 143 cm ' can be assigned to the A,
vibrational mode, resulting from the motion of the lead atoms
parallel to the c-axis in a PbO structure.’” PbO formation could
account for the surface grain reconstruction observed in the
SEM images. It is unfathomable that the oxide may be caused
exclusively by proton irradiation since there is no oxygen atom
within the MAPbI; chemical formula. Evidently, it cannot
simply be an irradiation defect but it must be coupled to
exposure of the irradiated material to an oxygen source.

The formation of PbO from methylammonium lead iodide
films has been described in recent work in degradation
induced by light.***® In particular, the reports that suggest
the mechanisms of oxide formation by means of extensive first-
principles calculations propose that excess photogenerated
electrons in MAPDI; react with ambient molecular O, to create
the highly reactive superoxide ion (O, ). As opposed to mole-
cular oxygen, the superoxide ion has a relatively higher bonding
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Fig.1 SEM images for MAPbls films as-prepared (a and c) and after irradiation (b and d).

energy to the MAPbI; surface, both to the Pb-I terminated and
the MAI terminated (001) surfaces. Ouyang et al. and Zhang
et al. suggest that physisorption is rapidly followed by chemi-
sorption, whereas the physisorbed O, will not form a chemical
bond.***> Chemisorption by formation of a Pb-O bond occurs
either by replacing an iodine atom that volatizes as I,, or by
displacing two hydrogen atoms from the methylammonium
that consequently form H,O leaving behind the Pb-O bond.
In this work, under normal experimental conditions, we do
not observe PbO formation by photodegradation since the

92 143
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Fig. 2 Raman spectra of irradiated (red) and non-irradiated (black) MAPbl3
thin films.
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non-irradiated sample (that underwent the same experimental
conditions as the irradiated sample) presents a Raman spec-
trum corresponding to neat perovskite samples as reported
previously. Contrarily, the proton irradiated samples show
extensive lead oxide formation. In this case, we propose that
the superoxide ion is formed by the interaction of excess
electrons promoted in the perovskite film by the 10 MeV proton
radiation. At this energy, protons are 10° times more likely to
interact with the electron cloud than with the structural
nucleus, thus causing a density of high energy and highly
reactive electrons. The resulting highly reactive surface reduces
atmospheric oxygen to form superoxide ions that later physi-
sorb and chemisorb to the perovskite surface. The proposed
reaction mechanism is as follows:

MAPDI; + 10 MeV radiation — MAPDI; (e")* (1)

MAPDI; (e”)* + O, - MAPbI; + O,~ — MAPbI;: O,~
(physisorbed) 2)

MAPDI;: O, (physisorbed) — MAI + PbO +1, (3)

It is not clear whether oxygen incorporation occurs inside
the irradiation chamber or after the sample is extracted and
exposed to ambient air. Even though the oxygen concentration

This journal is © The Royal Society of Chemistry 2020
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in a vacuum chamber is very low, it could be enough to react
with the highly reactive excess electrons on the MAPbI; surface.

Superoxide formation must occur faster than the MAPbI;
(e7)* decay rate to the ground state. Further studies to evaluate
the lifetime of the perovskite excited state after irradiation
should be carried out by time resolved experiments coupled
to the particle accelerator experimental line in order to deter-
mine the relevance of the oxygen concentration to the mecha-
nism second step. However, we believe it is unlikely that the
MAPDI; (e”)* state would live long enough before the chamber
can be opened safely after irradiation (2-3 hours).

The Raman spectrogram for PbO films has been thoroughly
studied in previous work by Wiechert et al.>' In that report, the
a- and B-PbO polymorphs present specific intensity ratios for
the 284 and 335 nm signal. For ratios 1(284)/1(335) > 1, the
predominant phase is the orthorrombic f-PbO phase, while
the a-phase is predominant when the ratio is inversed. Both
the tetragonal o-PbO and the orthorrombic f-PbO phases can
be observed for the irradiated samples in different regions of
the sample, with ratios varying from 1.46 to 0.84 for Fig. 3, top
and bottom, respectively.

A simple method to confirm that the PbO polymorph
formation is originated by the convolution of the proton
irradiation and later exposure to atmospheric oxygen is by
encapsulating the surface with PMMA. PMMA is transparent
to radiation due to the very small thickness and it efficiently
protects the surface from atmospheric oxygen. Fig. 4 shows the
Raman spectra for both irradiated MAPbI; samples with and
without PMMA encapsulation. The unprotected surface shows
the typical PbO Raman shift at 140 cm ™" as observed in Fig. 2.
Contrarily, the encapsulated sample does not present signifi-
cant oxidation into PbO as the Raman spectra do not present
the corresponding PbO shifts. We propose that the excited
electron cloud caused by irradiation will recombine and rever-
sibly relax to the ground state if no oxidative compound meets
the interface. It must be mentioned that the Raman spectrum
for the encapsulated sample does not exactly match the neat
perovskite spectra presented in Fig. 2 but instead it is similar to

I. Normalized

T T T T T T
50 100 150 200 250 300 350 400
Raman Shift (cm™)

Fig. 3 Raman spectra for irradiated MAPbIs films in different regions of
the film sample.
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Fig. 4 Raman spectra of irradiated MAPbIs thin films encapsulated with
PMMA and without encapsulation.

the spectrum of barely degraded perovskite film by Raman laser
local heating.>®*° The presence of the PMMA top layer
demands to use a more intense laser in order to achieve a
significant signal. If extremely low power is used, no signal is
observed, and therefore we increased the power intensity dur-
ing the measurement until a good enough signal-to-noise ratio
was achieved, causing some perovskite degradation by the
Raman laser as reported elsewhere in the literature.”®*® The
Raman degradation spectra for our perovskite films were
measured and presented in the ESLf no PbO shifts are
observed when the film is degraded by the Raman laser with
time or by increasing the laser intensity. It can be positively
affirmed that proton irradiation does not provoke any perma-
nent defects in the perovskite semiconductor material as
opposed to other inorganic semiconductors applied to solar
cells like Si, CIGS, III-V, etc. This result is in agreement with
published literature demonstrating the radiation hardness of
perovskite solar cells,’”'® where the electronic excitation by
irradiation may not provoke oxidation of the adjacent layers
(TiO, and spiro-OMeTAD, typically) and the film quickly relaxes
to its ground state.

The presence of the different atomic elements in the film
was evaluated by EDAXS. Table 1 shows the representative
sample elements and the percentual difference between the
non-irradiated and the irradiated sample, unencapsulated. We
observe a clear reduction of the atomic % of Pb and I due to an
increase of the O percent for the irradiated samples vs. the as-
prepared films. Additionally, the MAPbI; stoichiometric 3:1
iodine to lead ratio is observed, suggesting that the perovskite

Table1 Atomic percent of representative elements for the irradiated and
non-irradiated samples as observed by EDAXS

Non-irradiated MAPbI; Irradiated MAPDbI;

Element Atomic % Atomic % % Difference
O 19.36 22.48 +16.12
Si 14.64 14.97 +2.25
1 5.96 5.30 —11.07
Pb 1.94 1.76 —9.28

Mater. Adv., 2020, 1,2068-2073 | 2071
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Fig. 5 Grazing angle X-ray diffraction patterns for the fresh and irradiated
perovskite film.

crystal still remains as the majority material. A silicon signal
is also present as it is part of the glass substrate material (SiO,).
It could be argued that an increase of the oxygen signal would
correspond to substrate exposure upon irradiation by for-
mation of holes and craters; however, the Si amount is almost
constant for both samples while the oxygen increase is signifi-
cant for the irradiated samples. The SEM images presented in
Fig. 1 also show no apparent substrate exposure.

Further evaluation of the irradiated material was observed
by XRD and photoluminescence spectroscopy (PL). The grazing
angle X-ray diffraction pattern does not show an appreciable
difference for both irradiated and non-irradiated films. The
diffractograms are presented in Fig. 5 and show the typical
tetragonal MAPbI; phase. There are no observable PbI, or PbO
features from degradation/oxidation either by humidity or by
irradiation. The PL emission signal of the MAPDI; film also
remains mostly unaffected after irradiation (see the ESIt).

The absence of a PbO signal in the X-ray diffraction pattern
for the irradiated sample seems to confirm that the bulk
perovskite remains unaffected and PbO is only formed as a
thin top surface layer that cannot be detected by the DRX
technique. As the superoxide reacts with the surface perovskite,
it forms a coating film that prevents further reaction from
happening as the O, ions can no longer access the deeper
MAPDI; layer. This passivation effect has been reported earlier
for the photodegradation mechanism®* and it is then plausible
that in our experiment only a thin top layer of PbO is obtained.
During the Raman measurement, the top PbO film may likely
absorb the normal incident laser beam, shielding not only the
laser from reaching the bottom bulk perovskite but also pre-
venting its weak signal response from being observed.

4 Conclusions

Hybrid organo-lead halide perovskite solar cells reportedly
show excellent properties under irradiation for space applica-
tions. We investigated the effect of proton irradiation on
MAPDI; films by Raman measurements and confirmed the
perovskite hardness to radiation. The irradiated samples do
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not present any new signal in the Raman spectra that could be
assigned to a non-reversible chemical change or defect for-
mation. Conversely, when the films are exposed to an ambient
atmosphere after irradiation, the Raman signal reveals the
formation of PbO. The incorporation of oxygen into the per-
ovskite structure is assumed to follow the same mechanism as
photooxidation: the excited electron cloud caused by collisions
of high energy protons promotes superoxide formation, which
readily oxidizes the MAPDI; top surface into PbO. The oxide
formation results in a thin top layer that passivates the bulk
perovskite and prevents further oxidation. The presence of
superficial oxide on the irradiated film exposed to an ambient
atmosphere was confirmed by EDAXS, whereas the GI-XRD
measurement does not reveal any PbO signal, and only the
crystallographic planes from the neat perovskite can be
observed. These observations are consistent with the presence
of a top thin PbO layer: a very weak Raman signal from the
perovskite (screened by the PbO layer), a strong PbO Raman
signal and an X-ray diffractogram showing only the bulk halide
perovskite. We can further conclude that the MAPbI; material
is inert to high energy proton irradiation as long as it does not
come in contact with an oxidizing substance; this is relevant in
terms of designing the device architecture when it is subjected
to irradiation so that the perovskite layer is not only isolated
from atmospheric oxygen but is also in contact with layers that
will not promote an oxidized interface. In this regard, a study of
the radiation effect of devices under different hole transporting
materials (HTMs) is underway in order to evaluate the MAPDbI,/
HTM interface for possible oxidation under irradiation.
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