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ABSTRACT: In terms of sustainable use, halide perovskite (HaP)
semiconductors have a strong advantage over most other classes of
materials for (opto)electronics, as they can self-heal (SH) from
photodamage. While there is considerable literature on SH in
devices, where it may not be clear exactly where damage and SH
occur, there is much less on the HaP material itself. Here we
perform “fluorescence recovery after photobleaching” (FRAP)
measurements to study SH on polycrystalline thin films for which
encapsulation is critical to achieving complete and fast self-
healing. We compare SH in three photoactive APbI; perovskite
films by varying the A-site cation ranging from (relatively) small
inorganic Cs through medium-sized MA to large FA (the last two
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are organic cations). While the A cation is often considered

electronically relatively inactive, it significantly affects both SH kinetics and the threshold for photodamage. The SH kinetics
are markedly faster for y-CsPbl; and a-FAPbI; than for MAPDI;. Furthermore, y-CsPbl; exhibits an intricate interplay
between photoinduced darkening and brightening. We suggest possible explanations for the observed differences in SH
behavior. This study’s results are essential for identifying absorber materials that can regain intrinsic, insolation-induced
photodamage-linked efliciency loss during its rest cycles, thus enabling applications such as autonomously sustainable

electronics.
T he APbX; Pb halide perovskites (HaPs), with A being
a monovalent cation and X a halide anion, are
attractive materials for inexpensive yet very efficient
thin polycrystalline film solar cells," light-emitting diodes,”*
and radiation™® and particle detectors.” However, doubts
about the stability of the devices and even of the materials
themselves overshadows their outstanding performance
because, under certain conditions, HaPs degrade during
exposure to intense radiation and humid conditions.*” To
date, most studies on stability have been done on complete
devices with a multicomponent architecture, where it is likely
that changes occur at interfaces and in the non-HaP parts of
the devices.'” Therefore, it is challenging to extract the extent
and kinetics of HaP material degradation by itself. Such is also
the case when self-healing (SH) in the absorber material is
proposed to explain device recovery from damage.''~"
Earlier, we studied the recovery from photodamage in
unencapsulated, high-bandgap bromide-'*"” and iodide-
based'®'” HaP single crystals by confocal fluorescence
microscopy. We achieved this by using sub-bandgap two-
photon (2P) confocal illumination, which allows excitation
well into the crystal interior. Thus, we could follow changes in
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band-to-band photoluminescence (PL) as a reporter for
recovery of damage inflicted by such excitation. We also
studied recovery kinetics near and at the surface of such
crystals, damaged with direct above-bandgap excitation, using
one-photon (1P) confocal microscopy.'” The latter study was
done without (transparent) encapsulation, so reactions with
the ambient environment and the escape of volatile
degradation products were possible. Such an approach for
SH is not well-suited for the air-sensitive thin, polycrystalline
films that lie at the heart of photovoltaic and LED devices.
Therefore, we now report on the SH Kkinetics of
encapsulated Pb iodide-based polycrystalline thin films using
photoluminescence (PL), i.e., fluorescence recovery after
photobleaching (FRAP) with supra-bandgap (i.e, 1P)
excitation. Being able to perform such an experiment
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Scheme 1. (a) Encapsulation Scheme of Polycrystalline Thin HaP film for Self-Healing Measurements Using FRAP and (b)
(right) Photograph of Encapsulated Sample and (left) Illumination Geometry
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significantly broadens the scope of studying SH after
photodamage via PL kinetics, which hitherto relied on single
crystals.'” Notably, SH of mechanical damage due to externally
applied mechanical stress was studied first with polycrystalline
films*® and then with single crystals.”’

We compare three APbI; iodide perovskites to explore how
the nature of the A cation, from the relatively small inorganic
Cs through medium-sized MA to larger FA (where the last two
are organic cations), affects PL recovery. The three APbI,
compounds are the room-temperature tetragonal f-phase of
MAPDI; (referred to as MAPI), the high-temperature (HT)
photoactive either cubic or trigonal a-FAPbI; (FAPI),”>** and
the low-temperature (LT) photoactive orthorhombic y-CsPbl,
(CsPI) phases.”® We chose iodide-based Pb perovskites
because their electronic transport properties generally surpass
those of the bromides or chlorides. Also, their absorption
thresholds are close to the optimum for maximum solar
photovoltaic (PV) conversion efficiency, explaining the strong
interest in using them in PV cells. At the same time, though,
iodides are the least stable Pb halide perovskites; thus, SH is
even more critical for them than for other HaPs.

The encapsulation (Scheme 1, detailed in section 1.3 in the
Supporting Information) used in this study not only protects
the films from reacting with moisture and O, from the ambient
environment but also assists in self-healing by restricting the
escape of gaseous degradation products from the film, thus
facilitating re-formation of the original material. Here, we used
PIB (poly isobutylene), a gas-impermeable rubber, with very
low O, and H,O-vapor transmission rate and has been widely
used in HaP encapsulation for outdoor stability studies.”*°
We preferred using the nonpolar aliphatic PIB polymer instead
of other widely used polar polymers such as PMMA, PVA, and
PEG. The reason is that the latter are not only known to
passivate the HaP surfaces but also tend to absorb/react/
interact with the HaP photodamage products. In addition, PIB
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also does not interact electronically with the HaP. By studying
the SH behavior of the thin films by photon excitation through
the perovskite—glass interface (see Scheme 1b) any possible
effect of polymer/HaP interactions is further minimized.

PIB-encapsulated MAPI films could be kept outside in an
ambient environment for more than one year (did not change
color). Encapsulated FAPI films (normally stable at >150 °C)
could be kept in an ambient environment for more than half a
year without color change. In an ambient environment
unencapsulated CsPI turns yellow within 1 h, but with
encapsulation it does so only after several days. Thus, this
encapsulation allows us to compare the SH of black
photoactive phases even at room temperature. We note that
for unencapsulated samples in air the phase transformation
from the black photoactive to the yellow photoinactive phase
occurs within short time intervals.”” Figure S1 shows the
transition from a photoactive to a photoinactive phase, which
is 2—3 days for FAPI; and 1h for CsPl; in our case. Thus, a
very significant finding of this study is that by encapsulating the
HaP films, these compositions show sufficient self-healing
capabilities to render them stable during hours of non-
concentrated sunlight exposure, with recovery during night
time or operation as an LED; possibly, this feature enables
their use as radiation/particle beam detector materials.

Before the photodamage and healing experiment, the
polycrystalline thin films were characterized by powder X-ray
diffraction to confirm phase purity. The detailed XRD
measurement results appear in Figures S3—SS5 in the
Supporting Information. The films were between 0.3 and 0.5
pm thick, which means that they absorb well above 90% of the
incident supra-bandgap illumination.

Comparison of Photodamage Thresholds. We com-
pare, via PL, the FRAP response of encapsulated polycrystal-
line thin films of MAPI, FAPI, and CsPI to intense laser
illumination, using 1P confocal microscopy. The method is
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detailed in section 3 in the Supporting Information and
summarized below.

The sample is illuminated with a supra-bandgap continuous
laser (488 nm or, where expressly noted, 405 nm), and the
optimal laser power for imaging via PL is determined. After
obtaining this reference image, the sample is, within a few
seconds, exposed to laser powers that are up to 50—70X higher
than that used for the imaging. The laser power is increased
until a significant (few %) change from the initial PL intensity
is seen, a change interpreted as “damage”. In this way, localized
photodamage is inflicted on several regions of interest (ROIs,
cf. Figure 2) of the thin film from its surface inward. In this
part of the experiments, we use a preprogrammed pattern of a
combination of rectangular and circular ROIs (Figure S2 and
Figure 2) where each of these is exposed to a different laser
power; the corresponding power densities are given in Table
S1. Subsequently, the change in PL intensity toward its value
before damage is monitored over time as a proxy for SH.

For the 488 nm laser the pixel dwell time is 7.2 us,
corresponding to a deposited energy density of ~0.5 J/cm?” at
the threshold (section S in the Supporting Information). The
absorbed energy density corresponds to several tens of seconds
of sunlight. The power density at the damage threshold is
equivalent to about 1 million suns (applied for ~7 us). This
strong, short illumination creates new chemical species (i.e.,
defects) of the same types as those created by very weak
continuous illumination, consistent with the results shown in
Figure 1. That figure shows a roughly linear dependence of PL

1.6
Photo-brightening
2
2
g 1.2 1
£
T | ssssanaaseasssssssssssangsseess deecccccccessaaas
o
T
@ 0.8 0.4x10% Wicm?2
E Imaging power density
2
0.4.ceee Ref (No damage)
-MAPI
e FAPI
oot——¢esh —

T
0 2 4 6 8 10 12
Power density (x10* W/cm?)

14 16

Figure 1. Photoluminescence (PL) intensity as a function of 488
nm laser power densities used to cause photodamage (measured as
change in PL intensity), immediately (~3 s) after photodamage.
The PL intensity is normalized to that before photodamage. The
baseline PL signal (before photodamage; horizontal dotted line)
and any further PL imaging were obtained with 0.4 X 10* W/cm?
power density for all three materials. The maximum power density
of 1.55 X 10° W/cm? used here gave ~80—90% PL loss for all
three materials. The vertical dotted line shows the MAPI damage
threshold to which those of the other two materials are compared
(in the text). The data are averaged over five experiments per
sample for two samples.

loss (i.e., defect formation) on increase in laser power density
for FAPI and MAPI (the more complex behavior of CsPI is
discussed later). Such a dependence implies that the inflicted
photodamage correlates with the number of defects created by
the laser, according to its power density, beyond the damage
threshold. Exceptions arise when illumination increases the
temperature to allow overcoming thermal activation energies
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for irreversible processes or excites charges to densities that
induce Auger recombination. Such conditions are not reached
in our process (see section 4 in the Supporting Information for
the calculation of the temperature increase (<1 °C)).

The dependence of the extent of photodamage on the
illumination power (i.e., photodamage threshold) for the three
studied materials is presented in Figure 1. Here the
photodamage threshold corresponds to the laser intensity
that created enough defects to be still observed after the end of
the bleaching procedure of the whole ROI (it takes 3 s to
complete an illumination cycle). We kept the exposure time
constant and studied the effect of laser power density on the
extent of degradation for each sample.

Comparing photodamage thresholds, we find small differ-
ences between the materials: for MAPI, damage starts from an
illumination power density of ~1.0 X 10° W/cm?, for FAPI
already at ~0.8 X 10° W/cm?, and for CsPI only from 1.1 X
10° W/cm?, a power density at which MAPI already shows
10—30% and FAPI 40—80% PL loss. However, since
photobrightening occurs in CsPI and is followed immediately
by a steep drop in PL intensity, the damage threshold is
probably at lower laser intensity than that at which the PL
peaks. The similar photodamage thresholds for CsPI and
MAPI cannot be due to local transient heating because the
thermal stability of CsPI is much higher than that of MAPL
We also checked the uniformity of the photodamage threshold
by measuring at several spots on the same sample and on
different samples of the same material. While the distribution
of the extent of photodamage at a given power density is very
narrow for MAPI and CsPJ, it is somewhat larger for FAPI
(Figure S6).

AFM experiments to look for pit formation by laser ablation
on the MAPI samples showed no pits up to much higher laser
intensities, where PL loss was 90% or more (section 7, Scheme
S1 showing the different encapsulation used for the AFM
measurements, and Figure S7 in the Supporting Information).
The pit formation at very high laser intensities implies
complete structural damage, while we assume that at lower
damage levels, the main damage is caused by at least local ion
displacement (not limited to halide ions but including MA and
possibly even Pb ions).

The photobrightening that occurs in CsPI following
irradiation (Figures 1—3) does not change the position of
the PL spectrum, thus indicating the retention of an intact y-
CsPI phase (Figure S8a). This photobrightening in the
material lasts at least several months as long as the samples
are not exposed to ambient air. y-CsPI nanocrystal films were
previously found to undergo reversible photobrightening if
exposed to light in ambient air. This effect was attributed to
surface states caused by humidity, passivated by illumination;
apparently, this photobrightening was not reversible under an
inert atmosphere.”

Fluorescence lifetime imaging on the brightened areas, using
a ps pulsed laser, showed lifetimes in the ns range (Figure
S8b). The fluorescence lifetime of the nonbrightened regions
was ~0.6 ns (average of 4 spots), whereas, for brightened
areas, it was ~0.9 ns (average of 5 spots), depending on the
power density. This increase in the lifetime of emission from a
photobrightened area is consistent with a reduction in
nonradiative recombination.”**”

While for CsPI photobrightening occurred within the
exposed ROIs, in some but not all FAPI films, we found PL
enhancement at the periphery of ROIs, at higher power
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Figure 2. PL images of recovery from photodamage on encapsulated polycrystalline films of MAPI (left column), FAPI (middle column),
and CsPI (right column); the experimental conditions are described in section 3 in the Supporting Information. The incident laser power
density increases from left to right and from top to bottom. The three images in the top row show confocal images of the films (a, d, and g)
before photodamage, i.e., at t < 0. The middle row contains images (b, e, and h) just after photodamage, i.e., at t = 0. The last row (c, f,and i)
shows the PL images of the healed surfaces after 9 h for MAPI (c), 3 h for FAPI (g), and 1.5 h for CsPI (k). In (b), the top ROI shows
anomalously greater damage than the subsequent ROI at the lower left; this is likely due to heterogeneities in the film (at either of these two
ROIs). In any case, also the anomalous top right ROI is healed completely after 9 h. The black horizontal lines shown in (b), (c), (e), (f),
(h), (i) are due to an artifact in the programmed pattern used for damaging but, as can be seen, did not influence the measurements of the

ROIs.

densities ((1.1—1.5) X 10° W/cm?; Figure S9 gives an example
for photobrightening in a FAPI film). This finding indicates
that photodamage to, and SH dynamics in, the film has both a
temporal and a spatial component. We will analyze and discuss
this phenomenon in a future publication.

Possible Origins of Different Photodamage Thresh-
olds. The fact that FAPI has a lower damage threshold than
MAPI might seem surprising since, apart from phase change
issues, FAPI is usually considered to be more stable. A possible
reason for the reduced photostability of FAPI is that FA" is
bulkier than MA™ or Cs*, which leads to increased tilting of the
Pbl octahedra and lattice distortion.””*" As noted, we work
with a metastable phase of FAPbI, (the photoactive a-phase);
0-FAPDI;, which is photoinactive, is the stable phase at room
temperature. One can surmise that light will create defects
more readily in a metastable phase than in a thermodynami-
cally stable phase, assuming no significant differences in kinetic
barriers to defect formation.

Comparison of Self-Healing Kinetics. We consider ROIs
of the three types of films that show, within each type, similar
changes from the predamage PL intensity (low, high, and near-
complete damage). We then compare their PL recovery as a
function of time (Figure 2) over up to 9 h (Figure 3). To
check the reproducibility of PL recovery kinetics, we have
performed the measurement in two different setups, using
different approaches to photodamage and the measurement of
their recovery. The results (see Figures S10—S12) show that
PL recovery/SH kinetics are similar in the two setups: ie.,
similar to that shown in Figure 2.
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Notably, both FAPbI; and CsPbl; form thermodynamically
stable, yellow, photoinactive d-phases at RT. To confirm the
re-formation of the original, thermodynamically less stable,
photoactive phases, we collected the PL emission spectra
during the entire time period (Figures S13—S15; the spectra
for MAPI are given, for comparison, in Figure S13). No change
in the spectra was observed, indicating that re-formation after
damage leads to the same phases as the initially prepared and
photodamaged phases.

Results of the SH experiments on all three materials are
shown in Figures 2 and 3. In Figure 2, the first (Figures 2a—c),
second (Figures 2d—f), and third (Figures 2g—i) columns of
the microscope images show SH results on MAPI, FAPI, and
CsPI, respectively. In each column, the topmost image shows
the PL image of the undamaged film. The second image shows
the PL immediately after photodamage (where each of the
ROIs was illuminated at an excitation power that increased
from left to right and top to bottom). The third image is the
PL image after recovery. Figure 3 presents agglomerated data
in graphical form on the emission recovery dynamics from
circular ROIs within the images, showing a comparison of the
SH kinetics for the three different materials for three different
degrees of damage.

The previously noted photobrightening of CsPI is clear from
Figure 2h,i, as well as from Figure 3. This photobrightening
means that in Figure 3, where intensities are normalized to
those before damage, there are data for CsPI above the
normalized value of 1, which is not the case for MAPI and
FAPL
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Figure 3. The self-healing kinetics of several damaged ROIs for each of the three types of films for three different degrees of photodamage, as
indicated in the figure legends. PL intensities were normalized to that of the adjacent, undamaged area. Each data point shows the average
PL intensity of a given ROI at the time, indicated on the x axis. PL signals were collected at wavelengths >700 nm. Numbers indicated by
arrows in each figure represent the fraction of remaining PL at ROIs at ¢ = 0 after exposure to the different laser power densities: low, ~0.95
X 10° W/cm? (FA) and ~1.2 X 10° W/cm? (MA, Cs); high, ~1.2 X 10° W/cm? (FA), 1.3 X 10° W/cm? (Cs), and 1.4 X 10° W/cm® (MA);
nearly complete, 1.55 X 10° W/cm?. The time difference between t < 0 and ¢ = 0 is about 3 s, i.e., it took ~3 s after photodamage to record
the first imaging PL (@ 0.04 X 10° W/cm?); after that, healing was recorded at intervals of 15 min.

With this in mind, we can see that CsPI and FAPI initially
exhibit similar SH kinetics. At the same time, FAPI also shows
a small component of slower SH at longer times in the case of
nearly complete damage (Figure 3c). The kinetics, in that case,
have an apparent biexponential shape (fast initial increase and
much slower later increase), which suggests two different SH
mechanisms. The most dominant feature, however, is the
striking difference between SH kinetics in FAPI and CsPI
compared to that of MAPI. MAPI heals much more slowly
and, at nearly complete damage, does not even fully recover
after over 9 h (Figure 3c). A secondary effect is that after
almost complete photodamage, initially, FAPI recovers even
faster than CsPI. Still, the roles reverse after the first half hour
(Figure 3c).

The obtained trend of healing kinetics in this study can be
compared with that found in a previous 1P study'~ on and near
the (ambient-exposed) surfaces of Pb bromide perovskite
single crystals using 488 nm laser excitation. In that study, the
extent of healing 12 h after very strong photodamage was
CsPbBr; > FAPbBr; > MAPbBr; (Figure 1 in ref 17). Near the
surface of single crystals, only CsPbBr; nearly completely
recovered, whereas FAPbBr; recovered partially and MAPbBr,
only weakly. We can understand these differences by
considering that the single-crystal surfaces were not encapsu-
lated; thus, volatile degradation products (especially from
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MAPDBr;) could escape, and surface reactions with the
ambient environment could occur. However, in the present
case of encapsulated films, FAPI and CsPI show complete
healing even from spots that lost nearly 95—98% of their PL.

Notably, for CsPbBr; crystals, which exhibited near-
complete healing at/near the crystal surface, a blue shift of
the PL occurs (Figure 2a in ref 16). However, for the
encapsulated films studied here, no significant change in the
PL emission spectrum was observed (Figure $8a), as is also the
case for healed volumes inside MAPbBr; single crystals.'”

To compare the kinetics of the SH of the iodide perovskites
with the bromide perovskites discussed above, we plotted the
bromide data from ref 17 in the same form as that used in the
present report, i.e., the normalized intensity of the PL vs time
for different extents of initial damage (Figure S16). In general
the bromides SH faster than the iodides, but it is clear that MA
shows the slowest SH behavior for both halides. While for the
bromides, Cs SH is much faster than that of FA, these two
cations show similar overall rates for the iodides (within the
complication of the CsPbl; photobrightening).

We can also compare the iodide SH rates with those
occurring inside the bulk, rather than at and near the surface,
of these bromide single crystals, by measuring with two-photon
(2P) excitation'®'” as shown in Figure S17. In the case of 2P
experiments on the bromides we do not have enough data to
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cover all the different extents of damage, used in the present
report. Therefore, for the 2P experiments we show the SH
rates of the three APbBr; crystals in two sets of plots—one
showing SH over a short time and the other, for the same
experiments, over a longer time. In this way the plots convey
the results, notwithstanding the very large difference in SH
rates between the CsPbBr; crystals and the other two APbBr;
crystals. We note that we cannot measure rates for MAPbBr;
for medium or highly damaged samples, because of the strong
photobrightening that occurs under these conditions. How-
ever, it is clear that in contrast to the iodide results and the 1P
results on the bromides, SH inside FAPbBr; is much faster
than that inside CsPbBr;. The difference between the surface
and bulk measurements on the bromides for these two cations
can be due to surface oxidation of Cs at high laser intensities or
by loss of FA in the 1P measurements, as the crystals were not
encapsulated.

Further, slightly changing the composition of halide
perovskites can substantially change their optoelectronic
properties. This is because these have a nonlinear dependence
on the defect density in the material and the composition/
chemical potential of the relevant chemical species (for
example, 1,). This is not the case for the reactions of
degradation and self-healing, which, to a first approximation,
will depend linearly on the concentrations of the involved
species. In particular, self-healing involves re-establishing a
system’s equilibrium that was disturbed by the strong
illumination. These reactions, and specifically their kinetic
constants, are independent of the optoelectronic state of the
perovskite. Therefore, the information obtained in this report
applies also to samples that do not have the same initial/
equilibrium defect density (and optoelectronic properties), as
can be the case if samples are prepared by different researchers
(derived in section 8 in the Supporting Information).

Origin of Differences in Self-Healing Kinetics. Below
we suggest several possible causes for the effect of the A cation
on SH kinetics. However, there is likely more than one single
cause involved in these kinetics. Also, the different causes are
not necessarily independent; they are often interrelated.

Self-healing in lead halide perovskites is likely connected to
the shallow energetic landscape of the material and the strong
dynamic nature of the (Pb—X) matrix,”>*® which is also
expressed by significant anharmonicity of the lattice
vibrations.”* Among possible thin films, chemical causes for
the differences in SH kinetics between the three HaPs we
studied here; a likely one is differences in lattice distortion due
to the different A cation size relative to the Pb-I
sublattice.”””" The tolerance factors (TFs) of FAPI (TF =
1.0) and CsPI (TF = 0.81) lie at the two outer borders of the
range in which the ideal perovskite structure forms, with MAPI
in between (TF = 0.89).” Our results show that the HaPs with
distorted perovskite matrices, CsPI and FAPIL>>*® heal more
quickly than MAPI with a less distorted matrix.

Another possible cause could be the difference in hydrogen
bonding among the three HaPs. CsPI has no H-bonding
capability. While FAPI can form up to four H-bonds compared
to MAPI’s three, the results of recent computational theory
were that MAPI exhibits stronger overall H-bonding than
FAPI, possibly because of the larger dipole on MA™ than that
on FA".”” This expected order of H-bonding strength (MA >
FA > Cs) anticorrelates with what we find for SH kinetics.
Thus, if H-bonding strength would dominate the ability of SH,
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such anticorrelation would imply that the weaker the H-
bonding, the faster the SH.

The possibility that differences in A cation diffusion play a
role might seem low, given that the low diffusion coefficients
deduced (from NMR experiments) for MA* in MAPI are
<107 c¢m?/s.>® While we have not found values for Cs* or
FA* diffusion coefficients in the literature, in a theoretical
study, Pazoki et al. calculated migration energy barriers for the
A cations in MAPI, FAPI], and CsPI and found they decreased
in the order MA > FA ~ Cs.”” This could explain our results
(that FAPI and CsPI heal much more quickly than MAPI), if
we make the assumption that diffusion of the A cation is the
rate-determining step in the SH. This assumption is not
unreasonable, given the time scale mostly seen for SH
(minutes to hours), while, if halide diffusion were rate-
determining, SH would be expected to be faster.

Diffusion coefficients for halides in any one HaP vary over
orders of magnitude in the literature.”’ Many factors can affect
halide diffusion in HaPs, such as halide vacancy concentration,
illumination, the presence of water, and resulting proton
diffusion, which might be confused with halide diffusion in
some measurements.’’ The most studied HaP is MAPI, and
for this compound, the best order of magnitude estimate for
iodide diffusion is 1072=107" cm® s™* (for dry MAPI in the
dark; cf. Table 2 in ref 31). Computational theory gave for
CsPI a value of ~107'3 cm? s™..*' We have only been able to
find indirect measurements for I” diffusion in FAPI Diffusion
coefficients of 3 X 1073 c¢m? s™' for FAPI, an order of
magnitude smaller than that for MAPI, were deduced from
impedance measurements.'’ While they interpreted these
values as probable diffusion coeflicients of FA™ or MAY, it
seems much more likely that they represent I" diffusion. The
reasons are that the values agree with those expected for halide
diffusion and because they are much higher than those
expected for A cation diffusion. A theoretical study predicted
activation energies of diffusion of I” vacancies in MAPI and
FAPI, which showed comparable values for both HaPs (slightly
higher for FAPI).*” As noted already, another theoretical
study”” gave energy barriers for iodide migration decreasing as
MA > FA > Cs, meaning that iodide diffusion is expected to be
fastest in Cs and slowest in MA. The bottom line is that there
is not much information in the literature that makes it possible
to compare iodide diffusion between the three A cation
perovskites, and what there is, is conflicting. No less important,
in the absence of a microscopic mechanism for SH (e.g., is an
ion displaced but remains close to its origin or does it move
relatively far away), it is not clear if faster ion diffusion is
beneficial or detrimental to SH, although it seems obvious that
some jon diffusion is necessary.

The dipole moments of A-site cations in CsPI, FAPI, and
MAPI are 0.00, 0.21, and 2.29 D, respectively;43 thus, there is
an anticorrelation between these dipole moments and the SH
kinetics. We have already referred to the theoretical study of ref
39 where the interaction of the A cation’s dipole moment with
halide vacancies for MAPI, for FAPI, and for CsPI was
considered and used to calculate both iodide vacancy
formation energies (MA < FA < Cs—the large difference
between FA and Cs suggests no correlation with our results)
and activation energies of iodide migration, as already noted.
Naturally, as is the case with lattice distortion, the A cation
dipole moment can have more than one effect on HaP stability
(e.g, there might be dipole—dipole interactions between
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neighboring MA cations that will be negligible or absent for FA
and Cs).

Photodecomposition was analyzed in a comparative mass
spectrometry study of the three iodides, APbl; (A = MA, FA,
and Cs), also considered here.** The results show significant
differences in photodamage products between these HaPs. A
similar conclusion came from our one-photon confocal study
of single crystals of the corresponding bromides, with a slightly
different product distribution for the FA HaP.'” (Note that
thermal and photodecomposition need not yield the same
products, as reaction pathways may well differ.).

Cs as such obviously does not decompose and, with
encapsulation, also does not readily react with the ambient
environment. Thus, few decomposition pathways apart from
the well-known photolysis of Pbl, are left.

MA quite readily decomposes, forming mainly methylamine
and HL.** In the present experiments, MAPI shows incomplete
recovery even after a week of continuous SH measurement,
suggesting some irreversible product(s) formation.

The thermal decomposition of FAPI is known to be
significantly slower than for MAPL*** with (the unstable)
formamidine, HI, and, ultimately, triazine as products. Also,
the mass spectrometry results** showed a significantly lower
emission of organic species in FAPI than in MAPI photo-
decomposition, which fits with the lower volatility of FA* and
faster recovery of FAPI than MAPI; it also agrees with our
earlier results on bromides.'”

Our results (Figure 1) show that FAPI is photodamaged,
under the conditions of our experiments, slightly more readily
(at lower laser power) than MAPL. We need to remember,
though, that our samples are encapsulated in contrast to the
case for thermal decomposition studies (where FA-HaPs will
be more stable than MA-HaPs). We find a qualitative
anticorrelation between our measured photostability and the
SH kinetics of the three different iodide perovskites. Still, based
on all the data available, there is no apparent link between
these two properties.

We find that different A cations affect photodamage and self-
healing in the type of polycrystalline thin films of Pb iodide
perovskites used in device studies, conditions that are
approximated by encapsulating the films. CsPI and FAPI
healed much more quickly than MAPI and recovered close to
completely even after what seemed catastrophic damage from
the photoluminescence intensity (90—95% PL intensity
decrease). CsPI showed, especially from 30 min after the
photodamage, faster SH than FAPI Differences in lattice
distortion (octahedral tilting) in the A cations’ dipole moments
or the ability to form H-bonds can be correlated (inversely for
the last two causes) with the observed SH kinetics. Thus, these
factors could be involved in the variations in SH that we find.
The anticorrelation between the speed of SH and either the
dipole moment strength or H-bonding ability could be
understood in terms of minimizing the depth of the energy
landscape features, which will facilitate recovery from photo-
damage by recombination of damage products. Naturally, an
additional factor can be differences in degradation pathways
that are open to the different HaPs due to the different A
cations in them.

Our results explain the success of the mixed cation halide
perovskite compositions in terms of device stability.
Compositions with mostly Cs and FA prevail, as any damage
during their use in solar cells will heal rapidly, and even severe
damage can heal overnight. More generally, the faster the SH
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kinetics, the better the material for autonomous sustainable
electronics. The chances for complete recovery from damage
increase with a decrease in the time needed for SH.
Considering the slightly faster initial SH of FAPI than of
CsPI after severe damage (Figure 3c) but subsequent faster SH
rate of CsPI, such differences in SH with time may also be an
essential parameter for devices. For example, for PV cells, faster
initial SH may be important during daylight illumination,
where it limits the steady-state density of defects. At night, the
greater extent of SH over longer times is likely to be more
critical.
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