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We find significant differences between degradation and healing at
the surface or in the bulk for each of the different APbBrz single
crystals (A = CHzNHz*, methylammonium (MA); HC(NH,),", forma-
midinium (FA); and cesium, Cs*). Using 1- and 2-photon microscopy
and photobleaching we conclude that kinetics dominate the surface
and thermodynamics the bulk stability. Fluorescence-lifetime imaging
microscopy, as well as results from several other methods, relate the
(damaged) state of the halide perovskite (HaP) after photobleaching to
its modified optical and electronic properties. The A cation type
strongly influences both the kinetics and the thermodynamics of
recovery and degradation: FA heals best the bulk material with faster
self-healing; Cs* protects the surface best, being the least volatile of
the A cations and possibly through O-passivation; MA passivates
defects via methylamine from photo-dissociation, which binds to
Pb?*. DFT simulations provide insight into the passivating role of
MA, and also indicate the importance of the Br;~ defect as well as
predicts its stability. The occurrence and rate of self-healing are
suggested to explain the low effective defect density in the HaPs
and through this, their excellent performance. These results rationa-
lize the use of mixed A-cation materials for optimizing both solar cell
stability and overall performance of HaP-based devices, and provide a
basis for designing new HaP variants.
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The pursuit of stability in halide perovskites:
the monovalent cation and the key for surface
and bulk self-healingf
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New concepts

Studying photo-damage in and on halide perovskites, HaPs, we show
how, after being damaged, the material heals much more readily in
confined chemical environments than if products of the damage can
escape, or can further react with the ambient. This finding is especially
important because current encapsulation strategies of HaP-based devices
do not take this into account and use materials that can react with
damage products, thus interfering with self-healing. Building on our
earlier discovery of HaP self-healing, we now define the reactions and
conditions necessary for the process. We show and explain differences
between the monovalent methylammonium, formamidinium and cesium
cations for damaging and self-healing in-bulk and on-surface of these
perovskites. This work underlines the relevance of the dynamic nature of
HaPs, materials in a steady-state of damage and repair, determined by
both the kinetics and thermodynamics of the critical reactions identified
here. On this basis, we can now explain the contribution of each
monovalent cation to the overall stability and quality of mixed cation
perovskites in record efficiency solar cells. Finally we show that the
materials’ self-healing is crucial for the properties of devices because
self-healing is critical in determining the low defect densities of the HaPs.

1 Introduction
1.1 Background

Halide Perovskites (HaPs) continue to have significant impact
on the field of solar cells, thanks to their very low cost, ease of
production, and competitive efficiencies that are comparable, if
not superior, to those of established photovoltaic (PV) tech-
nologies.” In the wake of these PV results, other applications,
such as light-emission, radiation detection, and electronics are
explored.*” Despite all these efforts, a critical issue hangs as a
sword of Damocles over the entire field: stability. Various
approaches for delaying or avoiding device degradation, due
to external influences such as heat, light, or chemicals, have
been tested.® Encapsulation of the solar cell and perovskite
passivation through long alkylamine molecules,’ as well as use of
2D variants of HaPs,'®"" show promise for avoiding degradation;
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still, the need for decades of stable operation (at least for use in
solar cells) under realistic conditions makes the question of the
intrinsic stability of the materials themselves crucial. Hereafter we
use the term “intrinsic stability” for the stability of the material,
irrespective of external (ambient, light, temperature) influence.
This can be tested by stressing the material to different extents;
intrinsically unstable (or metastable) materials will degrade
already with low intensity stresses.

Degradation pathways have been identified for the thermal
and photo-decomposition of methylammonium (MA) lead
halides using mass spectroscopy'> and STA-FTIR (simultaneous
thermal analysis (STA) and Fourier Transform-Infrared (FT-IR)
Spectroscopy)."® The pathways that were identified involve the
release of methylamine, hydrogen halides, halomethanes,
ammonia, and halogens and likely cause loss of photo-conversion
efficiency. However, such mechanistic analysis is lacking for
formamidinium (FA) and cesium (Cs) lead halides, which are
critical building blocks of the currently most-efficient halide
perovskite solar cells.>** Furthermore, an important question
then follows: are decomposition mechanisms connected to an
intrinsic material instability or are there ways to avoid or
eliminate them, or heal the damage? For example, mechanisms
involving the attack of the material by external chemicals are
strongly inhibited by encapsulation and do not affect the intrinsic
material stability. However, if there are readily accessible degrada-
tion pathways that do not involve external chemicals, HaPs would
be practically unusable for long-term operation, unless...the
material can self-heal. To address this question, we focus our
study on the perovskites themselves. While studies on complete
cells are the most relevant ones for applications, using multi-
component samples makes determining the limits of stability of
the HaP material, the one irreplaceable element of a perovskite
solar cell, very difficult and practically impossible.

1.2 Approach

We assess the fundamental differences between the stability of
the bulk (chemically inaccessible) and surface (chemically rela-
tively accessible) of HaP single crystals (SL.1, ESI{), by monitoring
healing from strong, supra-band-gap illumination-induced
damage (SL.2 and SI.3, ESIt), focusing on the critical role of A
cations in HaP stability.

1.3 Summary of findings

(1) There are very significant differences between self-healing of
perovskites'>'® in the bulk and that at surfaces, with major
effects on the perceived stability of the material.
(2) Upon illumination the optoelectronic properties of the
materials change differently at the surface and in the bulk,
including whether and how they revert to the original state after
photo-damage, as shown through confocal, and fluorescence
lifetime imaging microscopy (FLIM).

To pinpoint the chemical origin of these variations,

e We analyze the effect of photodamage at the surface and in
the near-surface region.

e We use density functional theory (DFT) simulations to
rationalize, at a molecular level, the A cation effect. In particular,
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we discuss how the self-healing directly controls the defect density in
the HaPs.

We conclude that.

(3) the thermodynamically-determined stability and defect
density in the bulk are the relevant quantities for solar energy
applications.

(4) Surface degradation is more pronounced than bulk
degradation, due to kinetic effects (material loss), which can
be hindered with tailored encapsulation and judicious electron
transporting layer (ETL) and hole transporting layer (HTL)."”

(5) We identify and explain the mechanisms involved in the
self-healing, an obvious step towards optimizing self-healing.
This result constitutes a major step beyond the conclusion of
our earlier work, i.e., that bromide perovskite can self-heal.™

Thus, our results also go well beyond earlier suggested,
deduced, or assumed self-healing,'®* and pave a way to reach
long-term stable halide perovskite solar cells rationally, ie.,
beyond doing so primarily empirically.

2 Results: PL effects of surface and
bulk self-healing
2.1 Time dependence of photoluminescence (PL) intensity

2.1.1 Methodology. The PL of HaPs after photodamage is
assessed using an experiment that is, essentially, one of
fluorescence recovery after photobleaching (FRAP), which is
of common use in biological experiments involving fluoro-
phores (see ESI,T SI.2 and SI.3). For the bulk, we use a protocol
described elsewhere.'® For the surface, we use a variant of the
same method to assess the (near)surface damage and recovery
of the APbBr; single crystals (see ESLt SI.3 for the procedure).
Clearly, photodamage can be performed at different intensities
of light. It is important to assess damages that are effectively
inflicted by the sun during normal operation of a solar cell. We
therefore evaluated the amount of energy that our procedure
releases in the system taking into account the dwell time of
each bleaching cycles (8 pus and 9.97 ps for 1P and 2P respec-
tively). We tuned the power of the lasers to release an amount of
energy equivalent to the one that the sun releases in seconds.
For a detailed description of the energy absorbed by the
material refer to SI.4 and SI.5 (ESIt). We also assessed the
variations of temperature (SI.6, ESIT) expected in the material
due to the laser illumination, used to cause damage. Based on the
known values of absorption coefficients,”® of photo-generated
carrier diffusion length (which can reach micrometers®), heat
conductivity,”® and heat capacity,”® we derive a temperature varia-
tion of <1 K, ie., below the ambient temperature control during
the experiment, and too small to lead to heat-induced damage.

For the sake of discussion, we can ask if self-healing of
damage due to larger (than 1 K) temperature changes will
occur. Because the halide perovskite chemistry is relatively
simple (see Section 5 of this article), there is only a limited
number of possible degradation products and, actually, all
form whatever the origin of the damage. Even if the ratios of
the amount of these will differ between light- and heat-induced
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damage, self-healing will occur, whatever the origin of the
damage. Since damage can heal completely (cf next paragraph)
we deduce that each decomposition product will be part of the
healing process, irrespective of the decomposition pathway that it
originates from. The exception to this discussion is the case of
PbBr,, which photolyzes®*® to Pb°® and Br,, while thermally it
does not decompose (rather, it evaporates). For the latter it was
argued that temperature is critical for long-term PCE stability.>**°

2.1.2 Overview of PL intensity changes. In Fig. 1, we report
the background-normalized PL just after bleaching (solid lines)
and after recovery (dashed lines) as a function of the laser power
(LP), given as a percentage of the full LP, which is 880 pW for 1P at
488 nm and 771 mW for 2P at 800 nm. For all samples, the most
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striking feature is that we detect a sharp, sample-dependent
threshold for damage in the 1P-surface experiment, but not in
the 2P-bulk one. In the latter, the effects of photo-bleaching are
more gradual (note that for 2P (1P) bleaching, the deposited
energies grow quadratically (linearly), with the % of LP).

2.1.3 Photodamage on the surface. At the surface, MAPbBr;
crystals appear to be the most resistant to photo-damage: with
1P-surface excitation, the LP needs to reach 60% of its maximal
value whereas for FA and Cs 45-50% suffices. However, once
damaged, the MA material heals only slightly (PL recovers 15%
of its original value), in contrast to FA and Cs based samples,
which show partial to almost complete healing after 12 h. For
1-LP >80% the Cs HaP surface even shows increased PL
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Fig. 1 Background-normalized PL intensity of (a and b) MA, (c and d) FA, and (e and f) Cs lead tribromide perovskite samples, at time zero, t = 0, i.e,
immediately after bleaching) (—) and after 12 h of recovery, t = 12 h (- - -) for the 1P (left) and 2P (right) experiments. The laser power (LP) is expressed in %,
with 100% (1P) being 880 pW and (2P) 771 mW. For Cs, we see in the 1P experiment a large PL increase exceeding the initial level at >80% LP as marked by
the gray shading. This corresponds to a new, blue-shifted phase discussed in the text.
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intensity compared to the pre-bleaching and background PL.
Surface behavior can be influenced, usually negatively, by pre-
existing surface defects that are known to influence the chemical
reactivity and the stability of HaPs.>>° Detecting and measuring
the surface defect effects on self-healing, even if not yet possible
today, will constitute a major step in stabilizing polycrystalline
thin HaP films.

2.1.4 Photodamage in the bulk. Analyzing the damage by
2P-bulk excitation, we see that the increase in damage always
gradually increases with 2P-LP. Self-healing is more effective
with an organic A cation (Fig. 1b and d) than with Cs (Fig. 1f).
In particular, MA is subject to two processes after photo-
bleaching: (1) for low to medium LP (with energies equivalent
to 30-50 seconds of normal sun irradiation) the process
increases the PL compared to the pre-bleaching and back-
ground PL; (2) for high LP (50-80 seconds of sun irradiation)
the process decreases PL intensity. After bleaching, the
system reverts to the original state for both processes.
Process (1) requires recovery times of ~30 s while process
(2) requires several minutes. FA and Cs samples show a
single process similar to process (2) of MA. After the bleach-
ing, FA heals completely and very rapidly (<30 s). For low
2P-LP the healing is so rapid that the PL is already partially
recovered within the time that elapses between the end of the
2P excitation and the PL measurement of the first data-point
(5 seconds). Cs HaP, however, is healed on much longer
timescales (>12 h).

2.1.5 Damage time scale: transient vs. steady-state. We
stress that even though our results are valid for a mechanism
that takes place after a short pulse of irradiation, they are
critical also for long-term operation, because the mechanism is
always present in the material, meaning these damage and
healing processes are continuous! As long as the time scale of
healing is short enough to prevent damage accumulation, self-
healing can influence the material properties, also for extremely
long times of exposure to the damage-causing factor. Compar-
able examples are Si:Li, used in commercial radiation detectors,
and CIGS, used in commercial solar cells.*!

2.2 PL spectroscopy

PL spectroscopy can indicate modification of material compo-
sition and/or structure that is damage/healing-induced, beyond
changes in PL intensity.

2.2.1 Methodology. Fig. 2a shows PL emission spectra
recorded for the three samples, after bleaching through 2P excita-
tion (for experimental settings see SIL.3, ESIt). Bleaching was
performed at the surface, with the exception of MA with medium
intensity that was bleached slightly inside (~2.5 pm) the crystal.
The spectra were recorded using 2P excitation at/near the surface
because of three reasons: (1) using 2P excitation, all collected PL
reaches the detector, thus avoiding any filtering which would be
necessary to eliminate the 1P exciting light. The collected spectra
are then more reliable than for a 1P measurement; (2) 2P excitation
in the (semi)bulk is the only way to modify MA to its transient,
more PL intense, state. Note that focusing the 2P light precisely at
the surface requires extreme attention as slight inclination of the

This journal is © The Royal Society of Chemistry 2021
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sample can shift the behavior from surface-like to bulk-like; (3)
spectra from the bulk (~110 um) are modified by self-absorption
effects. Photons emitted from the bulk pass through the material,
which absorbs more efficiently the higher energy photons. As a
result, the PL peak from the bulk is blue-filtered and any true blue-
shift due to chemical or structural variations is masked. Focusing
on the surface with a 2-photon excitation, we excite the carriers in a
volume that reaches deeper into the material (~ 1.5 pm) than what
one would obtain with 1P excitation (~0.2 um). As we discussed
earlier, the excited carriers diffuse, therefore a slight larger volume
emits PL after 2P excitation on the surface. As the diffusion length
of the carriers is larger than the focus of the objective through
which PL is collected, this effect should not modify the recorded
spectra significantly.

2.2.2 Photodamage-induced spectral shifts. Analyzing Fig. 2a,
we find that neither the more luminescent nor the less
luminescent form of MAPbBr; shows a detectable PL peak
shift (Fig. 2a-MA). Similarly, there is no significant shift of
the FAPbBr; PL peak (note that absolute PL values are
reported in Fig. 2). In the same way, CsPbBr; shows no
change in the PL emission spectrum as a result of reversible
bleaching (‘medium’ in the figure). However, it does show a
6 nm blue shift for areas which exhibit increased PL intensity
after bleaching with the highest LP (Fig. 2a, Cs-High).

2.2.3 Chemical implications. The blue shift after the photo-
bleaching of CsPbBr; on the surface can be attributed either to
the formation of lead (hydro)oxide®*** or carbonate®**” or to the
oxygen-related sequestration of Pb>" from the crystal lattice,
leaving a Cs-rich material. In the latter case, the blue shift can
arise from a contribution by Cs,PbBr,, known to emit at shorter
wavelength (500 nm) than CsPbBr; (530 nm).*® A Pb-deficient
perovskite composition, which would agree with our PL emis-
sion data, has been reported,’” showing how variations in
composition blue-shift the PL peak. For completeness, we report
that spectra recorded completely in the bulk do not show any
peak shift either for the three materials.

2.3 PL lifetime imaging (fluorescence lifetime imaging
microscopy, FLIM)

The absence of spectral shifts in the perovskite emission leaves
the possibility that bleaching influences the material through
thermal or photo-induced trap formation. To explore this, we
map the PL lifetime of the perovskite crystals both at the surface
and in the bulk.

2.3.1 Expected effect of the traps. Bleaching-created traps
should decrease the lifetime of the photo-generated carriers
and decrease PL lifetime. Decreasing the lifetime also decreases
the PL intensity, specifically through thermal or photo-induced
trap formation. To explore this, we map the PL lifetime of the
perovskite crystals both at the surface and in the bulk.

Bleaching-created traps should decrease the lifetime of the
photo-generated carriers and decrease PL lifetime. Decreasing
the lifetime also decreases the PL intensity. Specifically, in a
trap-assisted recombination regime (indicated by exponential
decay of the instantaneous PL intensity over time), the integrated
PL intensity between pulses decreases if the lifetime decreases.

Mater. Horiz., 2021, 8,1570-1586 | 1573
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Fig. 2 (a) Normalized PL spectra (the value of 1 is set for strongest PL after the bleaching cycle) from the surfaces of MA-, FA- and Cs-PbBrs. —:
strongest bleaching. ...: medium bleach. - - -: background (at 20 pm lateral distance from the ~8 pm diameter bleached area). The arrows in the spectra
of the Cs samples emphasize the blue shift of the PL peak for the high LP bleach (blue arrow), with respect to the PL peaks of the background or medium
LP bleach (green arrow). The spectra are normalized to the maximum PL value of each experiment. Medium bleach in the MA case is recorded from
slightly (1 um) inside the single crystal. In all other cases it is recorded on the surface. (b) (Mirrored) images of the PL intensities (grayscale) and of PL
lifetimes (color-coded — right-most legend) for the same areas/regions of the MA and Cs samples on the surface and in the bulk, just after (<1 s) medium
and strong bleaching. (c) As (b) for only the MA sample and only in the bulk, showing the time evolution of the PL (grayscale) and PL lifetime after
bleaching, at medium LP (top) and high LP (bottom). Each step corresponds to a delay of 2.5 minutes. As in (b) the PL and lifetime images are mirrored to

facilitate comparison between them.

In Fig. 2b we relate the PL intensities (top) and FLIM (bottom)
measurements of the MA and Cs samples just after medium LP
(30 seconds of solar illumination) and high LP (100-200 seconds
of solar illumination) bleaching on the surface and in the bulk
(110 um). When discussing PL intensities we consider the PL

1574 | Mater. Horiz., 2021, 8,1570-1586

“increased”/“decreased” if it is more/less intense than the back-
ground respectively.

The PL decay is found to be bi-exponential (details of the
fitting are given in SI.7, ESI}). Following SI.7 (ESIt), the fastest
decay is due to carrier trapping and the slowest to detrapping.

This journal is © The Royal Society of Chemistry 2021
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We focus on the slowest decay because it is the kinetically
limiting process. Additional information on the shorter lifetime
results/processes is reported in SI.7 (ESIY).

2.3.2 Results: FA. Data for the FA samples are not reported
because the lifetime of the photogenerated carriers is of the
order of the time delay between the laser pulses (12.5 ns), or
longer, which does not allow a proper fit of the decay.

2.3.3 Results: MA, effect of bleaching on the lifetime.
Fig. 2b-MA-Surface shows that the PL intensity decreases (darker
semi-circle, top half) at the surface for both medium and high
LP. This decrease is not accompanied by any clear variation in
the PL lifetime between the exposed (inside the dotted circle)
and non-exposed (outside the circle) volumes.

Fig. 2b-MA-Bulk shows an increase of lifetime for medium
LP compared to the pre-bleaching and background lifetime
(Fig. 2b-MA-Bulk, top), where the PL increases, along with a
decrease of the lifetime for high LP (Fig. 2b-MA-Bulk, bottom),
where the PL intensity decreases. Note that the lifetime of the
carriers emitted from unbleached parts of the material (back-
ground of image Fig. 2b-MA-Bulk) changes between the surface
(~6.5 ns) and the bulk (~5 ns).

2.3.4 Causes: MA, effect of bleaching on the lifetime.
Before discussing the effect of the bleaching, we briefly note
2 possible causes for the different values of the PL lifetime
between the surface and the bulk:

(1) Solvent molecules (y-ButyroLactone (GBL), DiMethylForma-
mide (DMF) and/or DiMethyl SulfOxide (DMSO)) that can interact
strongly*® with the Pb>" ions are incorporated into the HaP crystals
as defects and can act as recombination centers, thus reducing the
lifetime. Mass spectroscopy shows that GBL, DMF and/or DMSO
molecules are present in the single crystals (¢f SL8, ESIt). Ref. 39
shows tail states in high-resolution photoemission spectroscopy, if
DMSO is used in HaP film preparation. The assumption in this
explanation is that solvent molecules are readily removed from the
surface by evaporation, but remain trapped in the bulk.

(2) The density of shallow defects at/near the surface that can
trap (minority) carriers is high enough so that less carriers actually
recombine per unit time, increasing the measured carrier lifetime;
the trapped carriers will eventually de-trap and recombine via
band-to-band transitions. Such effects are known for other bulk
semiconductors.*’

(Dis)proving these hypotheses needs work that is beyond the
scope of the present study.

For what concerns the effect of photobleaching, we interpret
the observations showed in Fig. 2b-MA-Surface as a ‘““shadowing”
effect due to a non-emitting material formed on the surface. This
material blocks the PL originating from the MAPbBr; lying below
it. In addition, the microscope assesses the material up to a
depth of ~1 um, even if focused on the surface. If complete
degradation happens at or very close to the surface (within
~100 nm), the overall PL also decreases because the amount
of emitting material decreases. Because the degraded material
does not emit light, the photons emitted from deeper in the
crystal will be the result of the recombination of carriers, with
the lifetime typical for the undamaged material. Importantly,
this result supports the observation that simply monitoring the

This journal is © The Royal Society of Chemistry 2021
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lifetime is not sufficient for determining the quality of a material,
a conclusion that we drew also earlier, based on other data.*!

As to the bulk, what is observed in Fig. 2b-MA-Bulk follows what
is expected from a decrease/increase of trap density which both
increase/decrease the PL intensity and PL lifetime. The chemical
origins of this effect cannot be simply extrapolated from these
observations and constitute the subject of a subsequent section.

2.3.5 Results: Cs, effect of bleaching on the lifetime. For
the Cs sample we observe a reduction of PL lifetime of the
background from ~ 10 ns at the surface to ~7 ns in the bulk.
Bleaching always causes a reduction of the lifetime. For com-
pleteness, we also report the observed values of lifetime for the
more photo-luminescent, blue-shifted material obtained by
bleaching the Cs sample at the surface with high LP. Fig. 2b-
Cs-Surface-High LP shows a reduction of the PL lifetime from
8-10 ns in the unbleached crystal to ~5.5 ns.

2.3.6 Causes: Cs, effect of bleaching on the lifetime. To
explain the difference in PL lifetime between the surface and
bulk in the Cs crystal, the solvent-related cause (option (1)
above) seems even more probable. CsPbBr; crystals are grown
in a DMSO solution and DMSO-Pb*" complexes are known to
form in solution and to crystallize in the presence of inorganic
anions.*” Also, DMSO is found in Cs-containing crystals by
mass spectroscopy (see SL.8, ESIt).

The effect of the bleaching follows what is expected at the
surface for medium LP and in the bulk (Fig. 2b-Cs), i.e., bleaching
reduces the lifetime. The PL intensity decreases because a larger
number of carriers recombine through faster, non-radiative, pro-
cesses. At the same time, the high LP Cs-Surface data show an
opposite trend with an increase of PL intensity despite a reduction
in lifetime compared to the pre-bleaching state. This is probably
due to the fact that the blue-shifted material has a higher PL
quantum efficiency than the background PL of the perovskite.

2.3.7 Results: evolution of the PL lifetime during healing.
As lifetime is proportional to the defect density in single defect
models, simple PL can be used to follow the trap density over
time. Given that we find that the PL self-healing decay is
exponential, we can infer that a single (migrating) species is
critical for the process. In Fig. 2¢ we compare PL and FLIM
images of the MA sample at different times after photo-
bleaching in the bulk, showing similar lifetime and PL intensity
changes during the healing process. In Section 4 we provide
data that suggest that the species may be a (complex) bromine
interstitial (high-LP) or methylamine-associated (medium-LP).

2.4 Interim conclusions

We showed that in nearly all cases changes in PL intensity
directly relate to PL lifetime changes. This suggests that both
have a common cause, which could be a change of defect
density. However, we found that equivalent laser irradiation
treatments affect the MA-, FA-, and Cs-perovskites differently.
Moreover, we showed in Section 2.1 that the A cation influences
self-healing of the perovskites (¢f. Fig. 1). This indicates that the
A cation is key in determining the stability of the perovskite.
This conclusion points to a chemical basis for the differences,
given the lack of a direct effect of the A cation on the electronic
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structure of the material.*>** We proceed to study these differ-
ences and try to understand their chemical origins, analyzing
the surface experimentally (Section 3) and the bulk through
DFT simulation (Section 4).

3 Results: characterization of surface
damage

We used atomic force microscopy (AFM), scanning electron
microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS),
and X-ray photoelectron spectroscopy (XPS) to characterize the
(near-)surface damage and to investigate changes of morphol-
ogy and composition after the bleaching cycles.

3.1 AFM

Fig. 2b-MA-surface-high LP shows that MA samples exhibit a
slightly more luminescent halo up to several pm from the
strongly bleached area. Because no bleaching was performed
in that region and the heat of the bleaching does not significantly
increase the temperature in and around the bleached material
(¢f SL.6, ESIT), the modification of the PL has to originate from
chemicals released upon bleaching of the surface. Fig. 3(a) shows
AFM images of a sample surface after 100 consecutive bleaching
cycles (at high LP) taken in an area, equivalent to the one showing
a halo in Fig. 2b-MA-Surface-High LP. We used 100 cycles to
increase the effect of the halo formation sufficiently, to allow
measuring the bleaching effect up to one day after bleaching.
Because the time delay between bleach cycles is 10 seconds, they
can be viewed as separate events that inflict cumulative damage
(see SL6, ESIt for details). In this way the amount of material,
released from the bleached spot, increases with consequent
stronger effect on the region around that spot.

AFM imaging reveals the formation of small, possibly HaP
particles (as the PL spectrum, not shown, remains that of
MAPDBr;). We suggest this is formed by the decomposition
products, resulting from surface photochemical vaporization by
the laser, that fall back on the sample (horizontally placed -
laser is incident from the top) after cooling. However, we
cannot be certain of their composition because the PL spec-
trum can originate from the underlying crystal. The AFM
images in Fig. 3a were obtained 0.5 h (i) and 1 day (ii) after
the 100 bleaching cycles of the area, around which a halo
appeared. Increasing the number of bleaching cycles assists
in locating the spot optically (Fig. S7, ESIT) and allows imaging
of the halo area that formed away from the bleached area
(details in SI.11, ESIt). Comparing Fig. 3a(i) and (ii), we infer
that the material connecting the different particles, seen in (i),
evaporates with time and is probably a viscous liquid, as
suggested by its flattened shape and the issues with direct
AFM imaging very near the bleached area (see SI.11, ESIT). We
attribute the presence of this liquid to re-absorbed CH;NH, and
NH;, known to dissolve into the MAPbBr; to form a viscous
phase.*® The other products of decomposition (HBr, CH3Br) do
not interact with the solid and would not form such a phase.
Because the vapor pressure of NH; at 25 °C (~10 bar)*® is
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higher than that of CH;NH, (~2 bar),*” which is consistent
with their boiling points (NH;: —33.3 °C;*® CH3NH,: 6 °C*?), we
expect CH;NH, to dominate absorption after vaporization. This
argument can explain why we do not find any PL halo around
bleached areas on FA and Cs samples: their decomposition
products cannot form such a liquid with the corresponding HaP.

3.2 SEM

Fig. 3b shows SEM images of the surfaces of MA, FA and Cs
after 100 bleaching cycles. As in the case of Fig. 3a, the
repetition of the bleaching increases the amount of damage
(molecules lost) but does not change it qualitatively, because
the 10 sec time between the bleaching cycles is longer than the
time that any change in carrier concentration or temperature
persists (c¢f. detailed calculation in SI.6 ESI,T that shows AT <
1 K during the illumination). Fig. 3b-MA shows SEM images of
the surface of the MA crystal. Two modes were used: the SE2
detector detects secondary electrons from the (near)surface,
which makes it sensitive to surface morphology. The higher
surface sensitivity of the In-Lens electron detector makes its
signal also sensitive to the electrical potential of the surface,
and, thus, reflect the work function.>®>' Clearly the surface,
where the material was bleached (with ~870 uW laser power),
is strongly affected by the treatment.

The MA sample formed structures inside the bleached area.
As noted above, some signs of the presumed liquid CH;NH,-
rich phase are also detected by SEM outside the bleached zone
(Fig. 3b-MA). However, because SEM is performed in vacuum,
the phase that we proposed above as being the cause of the
nanoparticles that were observed in the AFM images (Fig. 3a)
and of the halo in Fig. 2b-MA-Surface-High LP, evaporates. The
InLens image shows an increased signal relative to the back-
ground, indicating, as reported earlier,"**>' a decrease in
work function. This can be explained by the formation of
electron-rich Pb® (work function of 4.0 eV,> compared to 4.7
to 5.1 eV for the HaP single crystals) over electron-poorer PbBr,
(work function®® of 6.0 eV). The FA sample (Fig. 3b-FA), even if
less stable for a single, defect-inducing bleaching cycle, seems
to be more resistant to multiple cycles of bleaching/laser
ablation, as seen from the SE2-morphology image. The Cs
sample appears to be as affected by the strong laser pulses as
the MA one, with an evident change in morphology. Noticeably,
for the Cs sample the In-Lens image shows a very strong
increase of the signal in the bleached area, indicating a more
substantial decrease of the work function than for the MA and
FA samples. At the same time, the area around the bleach
shows a decrease of signal, corresponding to a work function
increase.

3.3 EDS, XPS

To explain the above observations, we examined the surface
through EDS and XPS, searching for variation in composition
that can explain the above-mentioned observations. EDS analysis
shows that photobleaching of the MA sample increases the
Pb:Br ratio in the bleached area by a factor of 1.4 compared
to the bulk. The signal from a pure PbBr, crystal would increase
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(a) AFM images of MAPDbBr3 single crystal surface 30 min (i) and 24 hours (ii) after 100 cycles of 1P bleaching with a laser power of 880 uW (LP).

The AFM image is taken 20-30 pm from the bleached area (see Fig. S6, ESIt), because the AFM tip could not make contact closer to the damaged area.
The images show nanoparticles formed on the crystal surface and a semi-liquid phase between the particles that evaporates with time (compare top and
bottom AFM images). (b) SEM images of MAPbBr3, FAPbBr3 and CsPbBrs single crystals after 100 cycles of 1P bleaching with LP. The images were taken
with the SE2 detector to show the morphology and with the InLens detector to map variations in work function (whiter for lower, darker for higher work
function). The images are mirrored to facilitate comparison between them. For (a) and (b) 100 bleaching cycles were used to increase the amount of
damage performed quantitatively. Qualitatively, though, there is no difference as the time delay between each cycle of 10 seconds is longer than any
temperature or carrier concentration decay timescale. As is calculated in detail in the ESIt (SI.6), the temperature rise will be less than 1 K.

the Pb:Br signal ratio by a 1.5 factor. At first glance, one could
conclude that PbBr, is formed. However, it has to be taken into
account that the EDS signal is collected down to a depth of ~0.5 pm
and that the real Pb:Br ratio on the surface is likely much
higher. This supports the hint of Pb° formation as concluded in
the preceding paragraph. On the other hand, no difference in
composition, within the sensitivity of EDS, is found between the
background and the halo-area around the bleached area. EDS
analysis of FA samples, on the other hand, showed only a factor
of 1.15 increase in Pb: Br ratio. This is also consistent with Pb’
formation, although this does not exclude possible PbBr, forma-
tion. Cs samples show no change in the Cs:Pb:Br ratio but a
Pb:O ratio of 1.4:1 is found, indicating additional oxygen (see
SI.13, ESIt - no O is found in the background by EDS).

This journal is © The Royal Society of Chemistry 2021

The XPS analysis (see SI.14, ESIT for Experimental details) of a
Cs sample, treated in the same way over a much larger (few mm?)
area, did not show the presence of any Pb oxide, as the Pb
spectrum did not differ from that of a non-treated one. XPS
revealed, instead, a ~15% increase of the Cs:Pb ratio on the
surface. Since any sample is contaminated by oxygen and carbon
and XPS cannot differentiate between traces of O coming from
perovskite oxidation or from contamination, it is not possible to
exploit it to determine O surface concentration. Nevertheless, as
the depth analyzed by XPS is 1-2 orders of magnitude smaller
than the EDS one, the two results are not contradictory. From the
comparison of XPS and EDS, we conclude that Cs enrichment is
limited to the surface region. The presence of oxygen is probably
an indication of the formation of either lead or cesium oxides or,
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lead bromates. The formation of cesium oxides can explain the
InLens-work function image of Fig. 3b-Cs, because Cs oxides are
known low work-function (~1 €V) materials.*>** We note that
neither lead oxide nor lead bromate are stable in acid environ-
ment. MAPbBr; and FAPbBr; are reactive towards oxides due to
the acidity of the A" cation and would transform to PbBr,. PbBr,
could then eventually transform to Pb® under illumination,””® a
photoreaction known also for Pbl,.>® The possible formation of
lead oxides or bromates would deplete the lead content of the
original perovskite, leaving a Cs-rich volume that, as reported
previously,*® has a stronger and blue-shifted photoluminescence.

3.4 Support from TGA-MS

Using Mass Spectroscopy (MS - see SI.6, ESIt) we analyzed the
decomposition products that are released from MAPbBr;,
FAPbBr; and mixed FA-CsPbBr; single crystals between
320 °C and 360 °C (during ThermoGravimetric Analysis, TGA).
We could detect HBr and CH;Br from the decomposition of
MAPDbBTr3;, implying formation of both CH3;NH, and NH; (not
MS-detectable in our TG-MS because of their low molecular
weight). FAPbBr; decomposed to HBr and triazine. No Br,
formation was detected from any of these crystals. Therefore,
we conclude that their thermal material degradation stops at
PbBr,. However, PbBr, is known to photolyze readily, which
means that photobleaching will lead to Pb°® and Br, formation.
Unfortunately, illumination of the sample was not possible in
those MS systems, that were suitable for our samples and
available to us.

4 Chemistry of self-healing in the bulk

In Section 2 of this article, we reported that the A cation
strongly modifies both degradation and recovery of the three
APDBr; perovskites. This effect, at least in the bulk, should be
explainable on the base of chemical instability of the species
formed after photobleaching. One would indeed expect more
stable species to heal slower than more unstable ones.

Experimental identification of the chemical origin of such
differences in the bulk is not possible given the low amount of
defects that the bleaching produces (the material can be
considered the same on a macroscopic level). No optical
method (the bulk is not accessible otherwise) can indeed
identify defects in traces (the effects on the PL intensity that
we noticed are most probably produced by under ppb defect
density). Because of the difficulty to use experimental methods
to get insight into the defect chemistry and physics, we turned
to state-of-the-art density functional theory (DFT) to assess the
plausibility of pertinent chemical scenarios and to help under-
stand the observed phenomena. Specifically, we focus on
deformations caused in the minimum energy structure of the
pristine material by introducing a defect, as well as on the
degree of charge localization around the defect. For computa-
tional details, see SI.9 (ESIf).
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4.1 DFT of bromide interstitials: general considerations

The A cation is known to have a minimal direct effect on the HaP
electronic structure.**** However, it does influence the structure
of the perovskite by changing the cell size and the symmetry,
thereby indirectly affecting the defect chemistry of the material.
Depending on the A cation, a similar defect can cause varying
levels of distortion to the crystal, which can determine whether
the defect will have long-term (meta)stability. The more distorted
the structure, the less likely it is that the defect will persist,
barring kinetic stabilization.

A growing consensus points to halogen related defects, most
notably interstitials, as possible traps and/or charge recombina-
tion centers in HaPs.”®™° For this reason, we focus our efforts on
interstitial bromide defects in all three systems. In the point
defect model, an interstitial defect can have different charge
states, depending on the energy of its charge transition level
relative to the Fermi level of the material. Specifically, a Br
interstitial defect can be either positively charged (Br;'), neutral
(Br;®), or negatively charged (Br;”). Experimentally, HaPs are
commonly found to be slightly p-type,®>®* i.e., with a Fermi level
that is closer to the level of the valence band maximum (VBM)
than the conduction band minimum (CBM) and lower than the
defect level. This suggests that a positively charged defect is the
most probable one.

4.2 Br;': geometry in the three APbBr; HaPs

Using DFT, we calculated the minimum energy structure of a Br
interstitial in each of its possible charge states, in all three
systems. The Br;' structures are presented in Fig. 4a-c. For
completeness, all other calculated minimum energy structures
are reported in SL.8 (ESI). In all three systems, the Br;" defect
produced a similar structure: the Br;" relaxed to a position
between two neighboring lattice Br anions, connecting two
octahedral cages to create a rigid, linear Br;~ structure with
Br-Br distances of 0.255-0.259 nm. Br;~ anions are known
constituents of solids, e.g. CsBr;,®> and other organic cation
equivalents® or ionic liquids®* (e.g., MaBr; and FABr;).'> Linear
polyhalide anion species generated by interstitial Br have also
been observed experimentally in some crystal structures, e.g.
KCI,%>°¢ KBr,*>° RbBr,*” and CsBr.°®

We find that the room temperature (RT) orthorhombic CsPbBr;
structure remains almost undistorted around the defect, whereas
the RT cubic MAPbBr; and FAPbBr; structures are strongly
perturbed. In particular, in MAPbBr; and FAPbBrj;, one of the
bromine atoms has to shift strongly off the axis formed by the
two Pb ions to which it is bound, in order to bind to the Br
interstitial ion (see the displacement (4) of the topmost Br
atoms, marked in purple in Fig. 4b and c (red arrows)). As a
consequence, the interstitial Br atom and the second structural
Br atom are pushed downwards and away from the latter’s
equilibrium position. While for MAPbBr; the MA" orientations
remain relatively unchanged, in the case of FA" the presence of
a Br interstitial defect causes a strong modification of the equili-
brium positions of the nearby FA" ions (see ions indicated
by light blue arrows, Fig. 4c). In addition, reaching converged
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Fig. 4 Minimum energy structures of (a) orthorhombic CsPbBrs, (b) cubic MAPbBr3, and (c) cubic FAPbBrs, containing a Br;* defect, as well as minimum
energy structures of MAPbBrs; containing (d) Vmagr. (€) Vi, and (f) Vmennz. Bri* defects are marked in purple and vacancies are marked by dashed circles.
Cs atoms are marked in green, Pb atoms in dark grey, and Br atoms in brown. The red arrow indicates the displacement of the Br atoms from the Br—Pb—Br
axis. The light blue arrows indicate the FA™ ions most affected by the defect. Yellow contours in (d)-(f) represent the partial charge density associated with

the defect eigenvalue.

minimum energy geometries for the Br interstitial in FAPbBr; is
much more difficult than in MAPbBr; and CsPbBr;. This,
coupled to the large structural distortions in the FAPbBr; system,
indirectly indicates the improbability of a stable Br interstitial in
that material. We can speculate that FA", by way of its natural
vibration, will “push” Br;" out towards the next nearby equili-
brium Br position (in the octahedral cage), with consequent
displacement of the already-present Br ion that becomes an
interstitial defect in the next unit cell. This process will repeat
until the interstitial recombines with a vacancy or is otherwise
annihilated.

4.3 Br;': relation between geometry and stability

Our DFT calculations suggest that the self-healing in the bulk of
the APbBr; could be inversely related to the amount and localiza-
tion of the deformation introduced by the Br interstitial.®> The
stability of a Br interstitial defect is lowest for FAPbBr;, whereas in
CsPbBr; the defect can exhibit long term metastability. It is
important to note that it has recently become clear that the
perovskite structure is not static, but rather is subject to large,
anharmonic, polar fluctuations.”®””> Moreover, these fluctua-
tions may affect the defect energy landscape.” Clearly, the

This journal is © The Royal Society of Chemistry 2021

static, relaxed structure can only represent an average picture.
Because the static FA'-containing structure is already greatly
distorted even in the absence of dynamic effects, much more
so than the Cs'-containing one, it is reasonable to assume that
these differences carry over to the dynamic, room temperature
systems.

4.4 The role of methylamine

In Section 2 we noted that MAPbBr; exhibits increased PL
brightness upon photo-bleaching in the bulk, whereas the
two other bromide perovskites do not. This necessitates further
examination of the consequences of an MA-related defect, also
in the view that all reported cases of light soaking in HaPs
contain MA in the composition (see ref. 74 for a recent review
on the subject). Free methylamine possibly forms in the bulk
after dissociation of the methylammonium to methylamine
and HBr. We therefore look into three neutral defect complexes
involving methylamine and bromine: (1) an MABr vacancy,
Vamaer (2) an HBr vacancy, Vygr; (3) @ methylamine vacancy,
VMent2-

In Fig. 4d, we show the structure and charge density associated
with Vg In this case, the charge density is localized along the
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Pb-Vg,~Pb axis. For the Vi, (Fig. 4e), the charge density spreads
two dimensionally, while for the Vyenn, (Fig. 4f) the defect
induces a smaller effect with an almost unchanged geometry
and a rather delocalized charge density in all three dimensions.
This indicates a negligible effect on the electronic structure and
a very low likelihood of trap formation. We stress that for the
Vigr, We report a direct bond between the lone pair of the N atom
of methylamine and the nearest Pb atom. When removing HBr
(as well as MABr), two Pb-Br bonds are broken, creating a defect
level in the gap. The additional electron density, due to the lone
pair on the N atom in CH;NH,, partially screens the defect,
making Vyg;, less harmful than Vyg,. However, Vyg: and Vyeng,
are not the thermodynamically favored structures. According to
our calculations, the reaction:

Vupr + VMenn, < VMasr

results in a 1.9 eV reduction in energy, indicating that the
methylamine is likely to migrate back to recombine with the
HBr “left behind”, thereby restoring the MABr vacancy. This
explains why the more luminescent state, formed under photo-
bleaching and comprised of Vyg, and Vyenn,, reverts to the
original state, Vyagr, With time. Notably, such kinetics should
strongly depend on the migration speed of protons, which
should also depend on the H,O concentration in the perovskite

structure.””®
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5 General discussion: pulling it all
together

The presented data show the differences in degradation and
self-healing between surface and bulk and between MAPDbBTr;,
FAPDbBr;, and CsPbBr;. These variations can be crucial in deter-
mining the stability of HaP materials and HaP-based devices.

To understand the atomistic processes that lead to the
reported results we consider:

e how the A cation influences self-healing on both the
surface and in the bulk of HaPs;

e how the A cation influences the defect density in the HaPs;

e how “proper” encapsulation has to take into account all
processes we have identified, rather than being limited to
preventing H,O and O, penetration in the HaP-based device.

5.1 Surface and bulk stability: the role of the A cation

In Fig. 5 and in Table 1 we summarize all the information on
APbBr; perovskites after photo-bleaching, provided by the
current study. Closed circles represent degradation followed by
self-healing processes. Red circles describe Bryrelated ones and
green circles describe methylamine-related processes. Thicker lines
correspond to faster processes. Arrows pointing vertically represent
material exchange with the environment. Bulk and surface pro-
cesses are separated by the dotted line, showing that self-healing
dominates in the bulk and material loss dominates at the surface.

Surface

PbBr, + hv — Pb%+Br,

Surface

HIN\Ner/\jN/NH? . NH3
T HBr

T _NH,

NN H;C

]

%
CsO + PbOy

%

Fig. 5 Scheme of the chemical processes involved in the degradation and healing of APbBrz perovskites on the surface and in the bulk. Information from
the literature is contained in orange rectangles. Surface phenomena are reported in the upper row and bulk ones in the row below, under the dashed line.
The thickness of the arrows (for the degradation on the surface and the self-healing in the bulk) corresponds qualitatively to the speed of the
corresponding process. The symbols indicate observables, analyzed in the main text, and consistent with the indicated processes: § DFT; # 2P PL Lifetime
and intensity; & 1P PL Intensity and AFM; * InLens SEM, EDS and work function increase; 8 TGA-MS. On MAPbBrz and FAPbBrz PbO will not be because it
reacts with CHzNH3", H,NCHNH,™ to give CHzNH,, HNCHNH, and H,O.
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Table 1 Summary of the damage and self-healing and additional phenomena reported in this work for the APbBrs perovskites

Cation Location Damage Healing Phenomenon Supported by
MA Surface Threshold Minimal Halo - MA condensation, Pb/Br increase AFM - SEM, EDS
Bulk Progressive Fast Increase/decrease in PL DFT
FA Surface Threshold Partial Pb/Br increase EDS
Bulk Progressive Very fast Decrease in PL DFT
Cs Surface Threshold Semi-complete O-containing product(s), Cs/Pb increase EDS, XPS
Bulk Progressive Slow Decrease in PL DFT

Each of the indicated processes is consistent by results from
experiments and computations, as indicated by symbols.

5.1.1 FA HaP. Analyzing the results for the FA HaP (left
column in Fig. 5), we see how FA heals completely and rapidly
(thick red curved line) in the bulk, while showing mostly
irreversible damage at the surface. DFT results (Section 4.2)
show how, due to steric effects, FA" ions around the Br;" are
displaced from their equilibrium position in the defect-free
structure. It is reasonable to think that the found configuration
is then energetically unfavorable. The system will try to revert to
its defect-free form, explaining the complete self-healing in the
bulk. At the same time, surface results show that, once damaged,
FA becomes more stable than MA. Unlike methylammonium,
formamidinium does not decompose to an amine - acid couple,
but decomposes to higher boiling point organic (aromatic)
molecules Z.e. triazine (this work) or sym-triazine:”””®

FAPDBr; + hv < FABr + PbBr, (a)

FABr < (sym)-triazine + other decom. products  (b)

5.1.2 MA HaP. Examining the effects of the MA cation on
the 2P bulk processes (center column in Fig. 5), we observed
two opposing transient phenomena (cf. Fig. 1b): one increases
the PL at medium LP (indicated by the green arrow), and
another one decreases the PL, as in the FA and Cs samples. The
first effect is ascribed to passivation by methylamine (Section 4.3),
generated by decomposition of methylammonium. The second
effect is ascribed to the chemistry of the Br;~ species in the form
of the interstitial Br defect (Br;'), suggested by DFT (Sections 4.1
and 4.2).

Considering now the surface process, the MA perovskite
decomposition proceeds, as indicated by our MS results and

the AFM results, as follows:'**?
MAPDbBr; + hv <> MABTr + PbBr, (¢)
MABr <> CH;NH,! + HBr1 (d1)
MABr <> CH,Br + NH; 1 (d2)

Above, we argued that CH;NH, from reaction (d1) re-condenses
on the crystal surface (Sections 3.1 and 3.2), eventually re-evapo-
rating over long times. It was shown'? that CH;NH, can be
formed from MAPDBr; (films) under 1 sun illumination consis-
tently to our detection of HBr. After degradation, it is probable
that if the system is not in vacuum, at least some CH3;NH, is
reabsorbed at the surface, yielding its known beneficial effect on
the material.*>”° This phenomenon can explain at least part of

This journal is © The Royal Society of Chemistry 2021

the reported improvement of the MAPbBr; properties after a
short illumination period (light-soaking), reported in the
literature.?**"

In the bulk material, the products of reaction (d1) can be
absorbed by the crystal without forming a gas: methylamine, as
discussed above (Section 4.3), can penetrate the crystal struc-
ture, HBr can dissociate into H', which can penetrate into the
structure due to its small size, while Br~ can be accepted as part
of an interstitial defect. CH;Br, however, is a hydrophobic
molecule that does not readily react either with the perovskite
or with NH;. Its formation would build up extremely high
pressure inside the crystal. This reasoning rationalizes that
reaction (d2) is inhibited in the bulk by the law of mass action.
However, in contact with an organic HTL, ETL or encapsulating
polymer, CH;Br will be readily absorbed, pushing the reaction
to the right and leading to irreversible decomposition, even if
the device is encapsulated.

5.1.3 Comparing MAPbBr; and FAPbBr;. Reaction (c), invol-
ving MAPbBr3;, needs more energy to be pushed to the right by
light (damage threshold 60% of LP, full line Fig. 1a) than reaction
(a) involving FAPbBr; (threshold 45% LP, full line Fig. 1c). Further
MABr decomposition (d1) and (d2) needs less energy than that of
FABr (b) (¢f Fig. 1a and c, full lines). After the initial decom-
position (b), the (sym)-triazine that formed does not leave the
bleaching site as easily as CH;NH,, HBr, CH;Br and NHj;, the
MABr decomposition products (d1) and (d2), as it is has a higher
boiling point and lower vapor pressure than those molecules.
Therefore, (sym)-triazine pushes the equilibrium of the decom-
position reaction to the left. The result is that reaction (b) is less
likely to happen, more products of equation (a) remain and
some self-healing happens at the surface to a greater extent than
what is the case for its MA equivalent.

5.1.4 Cs HaP. The situation is different for the CsPbBr;
sample (right column in Fig. 5). From the DFT computations
(Sections 4.1 and 4.2) we learn that in the bulk the formation of
a Br;~ defect is not energetically expensive, as it does not
significantly impact the crystal structure. This result explains,
at least partially, why self-healing of the Cs HaP in the bulk is slow
and the material’s recovery is slower than that of its analogs with
organic A cation. At the surface, CsPbBr; has a greater ability to
rearrange its structure as movements of atoms on the surface are
less sterically hindered. Because of this, the migration of the
products of decomposition (excluding the oxides) is easier than in
the bulk once the decomposition happens. Notably, at the surface
(Fig. 1e) the minimum light intensity at which the Cs sample is
damaged is lower than for the MA one. Thus, intrinsically,
CsPbBr; is less stable than the MA analogue. The LP threshold
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of damage (¢f Fig. 1a, ¢ and e full lines) can be viewed as a proxy
for the activation energy of the decomposition reaction. We can
then conclude that the activation energy for Cs decomposition on
the surface is less than that for MA decomposition and similar to
that for FA decomposition. Still, its stability in normal use can be
attributed to its better (less problematic) self-healing properties at
the surface (¢f dashed lines in Fig. 1e with dashed lines in Fig. 1a
and c).

Interestingly, only for CsPbBr; do we find formation of a
non-healable form with more intense PL inside the bleached
area in the 1P-surface experiment at high LP (Fig. le, 2a and
3b). This result is explained by the reaction of CsPbBr; with
oxygen, as shown by EDS, which indicates formation of an
O-containing product. XPS shows formation of a Cs-rich surface
(Section 3). This decomposition pathway creates a PL increase
only if the surface of the material is exposed to O, (which is the
case under our experimental conditions) and to light. Still, this
strong bleaching-induced modification of the surface does not
improve the PL lifetime, despite increasing its intensity
(Fig. 2b-Cs-High LP).

Overall, surface decomposition of CsPbBrj, even if starting
at lower energies than in the MA case, is less impactful than for
FA and MA, probably because only a small amount of volatiles is
actually created and most of the material can re-form (and,
likely, quicker than in the bulk, as steric constraints are relaxed).

5.1.5 Br,(g) formation. The SEM-inLens and EDS results on
MAPDBr; and FAPbBr; perovskites gave strong hints for the
formation of metallic Pb° on the surface. Pb® formation implies
Br, loss from the material. Unfortunately, we could not perform
MS during bleaching for technical reasons/instrumental limita-
tions. Br, formation upon MAPbBr; and FAPbBr; illumination
is expected from the known photo-decomposition (photolysis)
of PbBr, to Pb® and Br,,””*® similar to Pbl, decomposition,>
and from analogy with FAPbI; or MAPbI; perovskites, which
were shown to release I, upon illumination.">®* Also, Pb° and
consequent Br, loss was identified by other groups after
e-beam®® or X-ray.?! It is reasonable to think that, with time,
Pb° will react with the slightly acidic MA*/FA" cations forming
H,, methylamine/formamidine and PbBr,. Pb® could then have
a limited timespan on the surface of the perovskite if no new
light-damage is induced.

5.1.6 Comprehensive view. By integrating the data and their
evaluations for the three HaPs that we studied, we can consider
the case of mixed A cation perovskites MA,FA,Cs;_,_,PbBr;: Cs
helps to stabilize the surface of the material, as CsPbBr; cannot
decompose further under normal cell working conditions and in
the absence of reactive ambient (e.g. H,O). Under optimal working
conditions, the Cs, MA and FA HaPs should, after exposure to
sunlight, start to achieve a state where most of the surface is
Cs-rich, some methylamine is released and able to migrate into
the bulk to heal defects, and the formamidinium grants the
long-term stability thanks to its superior bulk self-healing pro-
perties. We can speculate that at steady state (of illumination),
the A cation distribution does not remain uniform and evolves
towards a Cs-enriched stabilized surface and an FA-enriched self-
healing-promoting bulk. In the future, this model can be tested
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by, e.g., ToF-SIMS experiments of films or crystals, exposed to
light for long times. Such experiments are planned.

Summarizing, each A cation influences the chemistry and
self-healing of the perovskite differently. When the A cations
are mixed, each of them can synergistically contribute to the
overall stability and performance of the material. This synergism
is in addition to configurational entropy gains of the system, due
to lack of order in A cation distribution.

5.2 Importance of self-healing for bulk defect density

The FA" cation plays here the role of keeping the defect density
low. As the defect density is crucial for HaP-based solar cells, we
can understand why FA' is the most abundant cation in
MA,FA,Cs;_,_,PbBr; based solar cells.

At equilibrium, a material’s self-healing kinetics are con-
nected to its defect density.®® For every defect, we consider that
the defect density is determined by the equilibrium between
formation and destruction (by healing) of the defect:

Kformation

—— defect (e)

kself‘hea]ing

APbBI‘3

For any defect, the equilibrium defect density [defect] is:

kformalion

(f)[defect] = Kq - [HaP] = - [HaP]

kself—healing
where [HaP] is the concentration of the perovskite, which is
effectively constant for any relevant [defect]. From this we
deduce that the [defect] is inversely proportional to the self-
healing kinetic constant. We can then expect FAPbBr; to have
the lowest defect density, as its self-healing kinetics are fastest.
The effect is particularly relevant during solar illumination. In this
case, loss of efficiency is commonly attributed to the formation of
defects that are continuously created by illumination.'®*® The self-
healing process continuously repairs (i.e. eliminates) the defects,
dictating a steady-state defect density that normally will be higher
than the equilibrium one. The faster the recovery kinetics, the
closer the steady-state defect density is to the equilibrium one as
dictated by thermodynamics. Therefore, self-healing protects the
material from damage, enhancing its chemical stability and
decreasing the steady state density of performance-damaging
defects.

5.3 Relation between self-healing and encapsulation

For self-healing to take place, any material loss has to be
avoided to minimize the occurrence of reactions like (a) and
(c). For this reason, it is now necessary to redefine what
“proper” encapsulation is in the case of HaPs. There are many
reports on how classical encapsulation significantly improves
the stability of halide perovskite solar cells. This is not surprising,
as the most obvious effect of encapsulation is protecting the
material(s) against chemical attacks (ie. H,O, O,) from the
ambient. However, this is not all that encapsulation should do.

5.3.1 The new role of encapsulation. It is well-known that
electronic devices need to be protected against the environment
for especially reactions with O, and H,O. This holds even more
so for photovoltaic cells, nearly all of which are employed

This journal is © The Royal Society of Chemistry 2021
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outside and meant to last for decades. HaP-based PV is no
exception and this was realized esp. for iodide-based perovs-
kites (cf, for example, ref. 87), where also the importance
of containing decomposition products was stressed (cf, e.g,
ref. 88).

The critical new insight from our study is that besides
protecting from external chemical attack, and containing
decomposition products, which will by the mass-action law,
increase the probability of re-composition, this will allow self-
healing to occur also at and near the surface. This insight
shows that proper encapsulation can act beyond protection and
containment by conveying also to the surface of the HaP (and
its interfaces in devices) dynamic stabilization.

The self-healing that we demonstrated to occur in bulk
perovskites requires any decomposition product to be readily
available, to enable reversal of the decomposition reaction. This
condition is clearly not fulfilled at a surface that is open to the
ambient, with the consequence that self-healing will be limited.
In most reported studies, the ‘“escape” ways for decomposi-
tion products in HaP-based solar cells are not controlled. For
example, an iodine (or bromine) molecule forming at the
surface of a solar cell may well find its way between grain
boundaries or through the larger than molecular spaces
between the perovskite layer and the HTL (or in the porous, if
not completely filled ETL as in case of mesoporous TiO,).
Eventually the molecule can get away from the HaP surface
and, for example, accumulate in open spaces. In such case,
even if the product of the decomposition has not reacted with
the ETL or HTL, but ends up spatially far from the decomposi-
tion site, it may not be available for self-healing.

5.3.2 Relevance for organic HTL. The problem of material
loss in other layers of the solar cell is particularly important for
HTL materials. Most HTLs used today are not resistant to acids
(HBr, HI), bases (methylamine, formamidine), organic mole-
cules (CH;l, CH;Br), the types of organic solvents used during
HaP preparation, and/or halogens (Br,, I,), each of which may
be formed/released by halide perovskite degradation. Most organic
HTL materials, such as spiro-OMeTAD,*® poly-thiophenes® (P3HT,
PTB7, etc.) and poly-triarylamine PTAA, will eventually absorb or
react with some or all decomposition products. With few excep-
tions, such as PCBM®" (phenyl-C61-butyric acid methyl ester),
ETLs are inorganic oxides, which will mostly be more stable than
organic ones.

The above issues point to one reason why hybrid 3D-2D
perovskites can have enhanced stability and optoelectronic
properties. The organic layers of these perovskites can prevent
escape of any 3D decomposition products. Such an effect would
be in addition to passivation of defects on the surfaces of the
3D perovskites, by adding the 2D layers as well as increased
hydrophobicity to keep water away.

6 Conclusions

We compared and contrasted experimentally bulk and surface
damage of APbBr; halide perovskites and evaluated the results

This journal is © The Royal Society of Chemistry 2021
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using thermodynamic, kinetic, chemical, and physical consid-
erations. We demonstrated how the intrinsic stability of the
perovskites, linked to thermodynamics, is significantly greater
than their kinetic stability, thanks to self-healing. We performed
PL, FLIM, AFM, EDS and XPS measurements, and DFT simula-
tions to analyze and explain the differences in the damage that
can be inflicted by a strong laser beam, and the self-healing
processes for the three different A cation perovskites.

FA provides superior healing properties in the bulk of the
material and reduces the bulk defect density because of the
instability of the Br;" defect (in a Br; complex) in its structure,
differently from what happens in MA and Cs. When photo-
excited in the bulk, MA decomposes to methylamine and HBr
(eqn (c) and (d1)). Methylamine can migrate and passivate
defects while H' remains at the site of the MA" ion without
serious effect on the local electronic properties. This causes an
increase of PL (and probably in photo-conversion) efficiency,
increasing solar cell performance. Finally, Cs" helps to stabilize
the surface of the material.

In terms of fundamental understanding, our results lead us
to hypothesize about the question of why HaPs have such good
optoelectronic, and particularly PV properties, expressed by
(a) relatively long charge carrier lifetimes and diffusions
lengths. These qualities can be traced to (b) low densities of
electronically and optically active defects, i.e., those that affect
measurable properties. As (a) will be qualitatively inversely
proportional to (b), if the defects are subject to self-healing,
their density will be small. Taken to the extreme, self-healing
becomes the fundamental cause for the excellent opto-
electronic properties of the HaPs, because all derive from the
self-healing. Even if self-healing is not the sole cause, it likely is
a major reason for the HaPs’ excellent properties.

We stress how from our results we can infer that fulfilling
the conditions for self-healing is necessary for long-lasting
stability of devices made with HaP materials. In particular,
apart from perfect encapsulation, the ETL and HTL have to be
chemically unreactive towards the decomposition products of
the perovskites in order to create “bulk-like” conditions for the
HaP part of the interfaces. In the most stable devices that were
reported, such an effect was likely an unintended consequence,
in-depth analysis of which can help deciding on device archi-
tectures for commercialization.
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