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Metal halide perovskites have ushered in a paradigm shift for optoelectronics, with the
potential to fabricate solar photovoltaics (PV) and light-emission devices which are both high-
performance and inexpensivelll. One unique feature is their remarkable tolerance to defects,
allowing thin films to be fabricated by relatively crude solution-processing methods whilst
still achieving high crystallinity!?l, strong absorption®® and long charge carrier diffusion
lengthst. Although recent mixed-cation, mixed-halide alloyed configurations have shown
enhanced stability and performance, methylammonium lead iodide (MAPDbI3) represents the
archetypical perovskite system for understanding material and optoelectronic behaviourfl.
Perovskite-based PV devices on small laboratory prototype scales have demonstrated power
conversion efficiencies (PCE) exceeding 22% 61, which is approaching those of established
thin-film technologies. Light-emitting diodes (LEDs) have shown external quantum
efficiencies between 8-12 % over several emission colours!”, and lasing properties have also

been demonstrated!®l.
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Nevertheless, despite impressive progress, the performance of these perovskite films are still
limited. For instance, the photoluminescence quantum efficiency (PLQE) of thin films
corresponding to high device performances are still far from unity, with typical measured
values on the order of ~1-10% at excitation intensities equivalent to solar illumination!. This
IS consistent with a sizeable density of sub-gap trap states that act as non-radiative
recombination centers but can be filled with charge carriers at higher intensitiesl% 1% 12,
These trap states are heterogeneously distributed on the microscale!*®! leading to a grain-to-
grain heterogeneity in optoelectronic properties such as photoluminescencel*!, photocurrent
and photovoltage™ 1. In order for a PV or LED to reach its theoretical performance limits,
recombination should be entirely radiative with all non-radiative recombination eliminated*],
A thorough understanding of what factors influence the non-radiative decay pathways (i.e.
what makes a ‘dark’ grain poorly luminescent), as well as elucidating ways to remove these
unwanted phenomena, will be critical in taking this technology towards commercialisation.

Recently, we and others demonstrated that light-soaking films could lead to reductions in trap
density and enhancements in luminescence properties™® *8-211. These enhancements correlated
with a photo-induced migration of iodide species away from the illuminated region,
suggesting that the traps are related to halide species and/or their corresponding vacancies(?2.
Tian et al.l**! and Galisteo-Lopez et al.[?®] recently reported that the photo-brightening effects
were further enhanced in the presence of oxygen. Other groups reported that exposure of the
films to moisture during preparation or through a post-treatment was crucial in obtaining
reasonable luminescence and device performance® 21 Our recent work showed that
particular combinations of wide-area light soaking with atmospheric exposure could lead to
remarkably high macroscopic internal PLQE values which approach 100 %2, These results
are consistent with recent reports on perovskite single crystals in which the surface
photoluminescence properties were shown to be modulated by the adsorption of oxygen and

water molecules®® 271, In other work, oxygen has been reported to be detrimental to the
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photoluminescence properties and also the device and material stability, particularly with
exposure over hours to days in the presence of light?® 2%, Likewise, moisture is known to be
detrimental to perovskite stability by acting on the highly hygroscopic organic cation (e.g.
methylammonium)&°. Finally, some reports have found that light exposure actually decreases
the PL of the film.[3¥ Many of these results are conflicting and the community has not yet
reached a consensus on the impact that light, in conjunction with each specific environment,
has on the optoelectronic properties. It will be particularly crucial to understand these
phenomena on the microscale level, a length scale in which we see substantial local
luminescence losses that must be eliminated.

In this work, we explore the impact of light-soaking individual MAPDIz grains in
polycrystalline films while immersing them with different atmospheric treatments. We use in-
situ micro-photoluminescence (PL) measurements to show that the response of each grain to
continuous illumination depends sensitively on both the atmospheric environment and the
nature of the specific grain, i.e. whether it shows good (bright grain) or poor (dark grain)
luminescence properties. We find that both bright and dark grains show a small decrease in
emission intensity under illumination over time in dry nitrogen. If they are instead illuminated
in the presence of oxygen or moisture, the emission from the more defect-rich dark grain rises
substantially while the emission from the less-defective bright grain is constant. For the
synergistic combination of illumination during exposure to both air and humidity, the
properties of the dark grains approach those of the bright grains, leading to extremely stable
and highly luminescent grains. We explain our results using density functional theory
calculations to compute the adsorption energies of each molecule on the perovskite surfaces.
We find that oxygen molecules bind particularly strongly to iodide vacancies which, in the
presence of photo-excited electrons, leads to passivation of the carrier trap states that arise
from these vacancies. Our work resolves the seemingly conflicting literature to date and

reveals the strong influence of atmospheric molecules on the perovskite emission properties.
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High quality thin films (~250 nm thickness) of MAPbIs perovskite were deposited on cover
slip glass by spin-coating a lead-acetate-based precursor solution containing a
hypophosporous acid additive, followed by annealing of the films (see Methods)P?, A
confocal PL map of the resulting film measured under dry nitrogen is shown in Figure 1la,
clearly showing the grain-to-grain heterogeneity in emission. In a nitrogen atmosphere, we
light-soak the grains highlighted with the circles in Figure 1la over 5 minutes (total photon
dose of ~150 J/cm? for all measurements herein), and we show the PL count rate over time
under illumination in Figure 1b for a bright grain (blue circle in a) and in Figure 1c for a dark
grain (pink circle in a). Under dry nitrogen, both bright and dark grains show an initial drop in
emission over several minutes that eventually stabilises at a lower PL level and slowly rises
over longer periods. There is a negligible change in local lifetime for these grains light-soaked
in dry nitrogen (see Supporting Information (SI), Figure S1). When the sample is now
exposed in-situ to humidified nitrogen (~45% relative humidity), we see strikingly different
behavior. The bright grain now shows a rise over time under illumination, while the baseline
level of the dark grain increases in the presence of moisture (~2x the initial value) and also
continues to rise over time under illumination. We show the local PL decays of the same
grains in Figure 1d and e. The lifetime of the bright grain (Figure 1d) increases after exposure
to humidified nitrogen but does not substantially change after additional light soaking. The
dark grain (Figure 1e) has a very short initial lifetime, which is increased upon exposure to
humidity and further increased with light soaking, with the final lifetime approaching that of
the bright grain. The net effect of light soaking in humidity is that the dark and bright grains
reach similar intensities and lifetimes. We note that the increase in both local PL lifetime and

local PL intensity is consistent with reduced non-radiative recombination in that local areal*3l.
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Figure 1. Microscale photoluminescence properties in dry and humid nitrogen. (a)
Confocal PL map of a MAPbIz perovskite film in dry nitrogen normalised to the maximum
intensity. (b, ¢) Monitoring the PL intensity (emission count rate) over time under
illumination from (b) a bright grain (blue circle in a) and (c) a dark grain (pink circle in a)
under dry nitrogen and under humidified (~45% relative humidity) nitrogen. The PL intensity
for each trace over time is given relative to the starting value for the bright grain in nitrogen,
which is normalised to 1. (d, e) PL decays from the same (d) bright and (e) dark grains under
dry nitrogen, and before and after light soaking in humidified nitrogen. Samples were
photoexcited with a 405 nm laser with a repetition rate of 0.5 MHz and a fluence of ~1
nJ/em?/pulse (~500 mW/cm?), and this same laser was used for local light-soaking (total

photon dose of ~150 J/cm?).

In Figure 2, we show the same measurements but now performed in the presence of oxygen
molecules (compressed air) instead of pure nitrogen. In the case of dry air, we now find that
bright grain exhibits stable PL over time (Figure 2b), while the dark grain, which likely has a
higher defect density than the bright grain, shows significant PL enhancement under
illumination and eventually reaches the same intensity as the bright grain (Figure 2c). This is
also reflected in the larger increase in the PL lifetime following the illumination dose for the
dark grain (Figure 2e) than for the bright grain (Figure 2d). Upon introducing water molecules

to the system (~45% relative humidity), we see an initial baseline increase (i.e. before any
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light-soaking) in the emission intensity for both bright (Figure 2b) and dark (Figure 2¢) grains.
By contrast, we note that a baseline increase in the dark in dry air conditions is only observed
when the samples are stored in compressed air for periods of hours (Figure S2), suggesting
that the impact of oxygen molecules in the dark is much more slowly acting than water
molecules in the dark. The emission from both bright and dark grains in humid air then slowly
rises over time under illumination, again with a greater relative increase for the dark grain
than the bright grain. The local PL lifetimes for the bright grain (Figure 2f) increase upon
humidity exposure but then do not substantially increase further under illumination, while the
dark grain (Figure 2g) shows an additional increase after illumination. These collective
observations highlight that the presence of molecules such as oxygen or moisture is vital for
substantial net PL enhancement of grains under illumination, and that the presence of both
oxygen and moisture under light are synergistic!?tl. In contrast, illumination in a nitrogen
environment without any other atmospheric (oxygen or humidity) exposure during processing
or as a post-treatment leads to net decreases in emission (cf. Figure 1). We note that the PL
intensity drops even more substantially and continually under light in vacuo (i.e. in the
absence of any atmospheric molecules, Figure S3). We also note here that these enhancements
are seen after just brief exposure to oxygen, humidity and light (on order 10 minutes), but
longer term exposure to oxygen, humidity and light (on order of hours to days) leads to
degradation[?® 2 2°1 '\We also reiterate that such significant enhancements require illumination
of either local grains or many grains, highlighting the key role of light in these brightening

processes!t8 211,
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Figure 2. Microscale photoluminescence properties in dry and humid air. (a) Confocal
PL map of a MAPbIz perovskite film in dry air normalised to the maximum intensity. (b, c)
Monitoring the emission (PL count rate) over time under illumination from (b) a bright grain
(blue circle in a) and (c) dark grain (pink circle in a) under dry air and under humidified
(~45% relative humidity) air. The PL intensity for each trace over time is given relative to the
starting value for the bright grain in air, which is normalised to 1. (d, €) PL decays from the
same (d) bright and (e) dark grains under dry air before and after the light-soaking. (f, g) PL
decays from the same (f) bright and (g) dark grains under dry air, humidified air, and after the
light-soaking in humidified air. Samples were photoexcited with a 405 nm laser with a
repetition rate of 0.5 MHz and a fluence of ~1 pJ/cm?/pulse (~500 mW/cm?), and this same

laser was used for local light-soaking (total photon dose of ~150 J/cm?).
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In Figure 3a, we show the confocal PL map of the same sample as in Figure 2a but now after
exposure to humid air (45 % relative humidity) for 60 minutes and then returning to dry air,
revealing an increase in the baseline PL intensity and more uniform emission distribution
compared to before the humidity exposurel?® 2°1, Remarkably, we find that individual grains
now show exceptional PL stability after this exposure, regardless of whether they were dark
or bright or previously illuminated or not (Figure 3b; grain highlighted by green circle was not
previously light-soaked). This can be compared to the PL of the same grains before the
humidity exposure in which the darker grains in particular exhibit slow transient rises under
illumination (Figure 3b inset and Figure S4). By contrast, this same PL stability is not
observed when the humidity exposure is performed in nitrogen rather than air (Fig. 3c and d).
This suggests that the combination of both air and humidity is essential for attaining
exceptional grain luminescence stability, where the introduction of humidity in general leads
to less reversible effects/?!l. We note that the absolute emission intensity is also increased if
exposed to light during the humidity exposure (cf. Fig. 1 and 2). We also note that the grains
are not always stable while light-soaking in humid air conditions, though after drying the

system even these grains retain excellent stability (Figure S5).
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Figure 3. Local grain emission stability after humidity exposure. (a) Confocal PL map of
a MAPDI3 perovskite film in dry air following exposure to humid air for 60 minutes,
normalised to the same intensity value as Fig. 2a to allow direct comparison. (b) Monitoring
the emission intensity (count rate) from various bright and dark grains denoted in (a) over
time under illumination, normalised to the intensity of the same grain as in Fig. 2b. Inset:
emission from the same grains under continuous illumination before the exposure to humidity.
(c) Confocal PL map of a MAPbIs perovskite film in dry nitrogen following exposure to
humid nitrogen for 60 minutes, normalised to the same intensity value as Fig. la. (d)
Monitoring the emission intensity (count rate) from various bright and dark grains denoted in
(c) over time under illumination, normalised to the intensity of the same grain as in Fig. 1b.
Samples were photoexcited with a 405 nm laser with a repetition rate of 0.5 MHz and a

fluence of ~1 pJ/cm?/pulse (=500 mW/cm?), and this same laser was used for local light-

soaking (total photon dose of ~150 J/cm?).
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In order to understand these PL observations at the atomic scale we performed density
functional theory (DFT) calculations involving the adsorption of N2, O> and H2O molecules
onto the (110) and (001) surfaces of MAPbIs. Previous studies on MAPDI3z surfaces have
examined the (001) and (110) surface structures®* *3 with recent atomic-scale structural and
simulation studies on molecular interactions at perovskite halide surfaces®® *71. Ab initio
simulation work of Zhang and Sit!®® considered the role of excess electrons and oxygen in the
degradation of MAPbIs with the creation of superoxide species which react with the (110)
surface to form Pb-O bonds. However, there is currently no report of a systematic comparison
of the adsorption energetics and surface electronic structures for Oz, N> and H.O on MAPbI3
surfaces.

To simulate the effect of illuminated and dark conditions we allowed each surface to have
three charge states: positively charged, negatively charged and neutral (dark conditions, no
photoexcitation). Since it is well known that the surface regions of MAPbIs can contain high
numbers of iodine vacanciest®!, we have considered both defect-free (Pbl.-terminated) and
iodine-vacancy-rich surface terminations. We note that the absolute halide vacancy
concentration will be higher in the illuminated case due to photo-induced halide migration
away from the illuminated surfacel*l.

We summarise the molecular adsorption energies for N2, O2 and H>O onto an iodine vacancy
on a Pbl-terminated (110) surface of MAPDI; (see Table S1 for adsorption energies for
binding to Pb?* on the Pbl,-terminated surface and Table S2 for the (001) configuration). The
adsorption energy is relative to the reference situation of infinite separation between the
surface and molecule; a negative value indicates a favourable interaction. Three general
features are readily apparent from this data. First, the adsorption energies for nitrogen are
around —0.15eV and suggest physisorption, in which the interaction with the surface is

relatively weak (absolute value typically less than 0.3 eV)Bl: here we find that there is no
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significant bond formation between the N2 molecule and perovskite surface. Second,
adsorption of H.O is slightly more favourable, with adsorption energies in the range of —
0.46eV to —0.66eV, in good agreement with other computational work!®" and suggesting
weak chemisorption including hydrogen bonding. Finally, we find strong adsorption energies
(absolute value > 1.3 eV) for O, on surfaces where excess electrons are available, such as
negatively charged surfaces or those with neutral iodine vacancies. O2 adsorption onto iodine
vacancies where electrons are available is the most favourable (- 3.94 eV). This suggests
strong chemisorption of O2 at MAPbI3 surfaces in which Oz acts as an electron scavenger; this
is associated with a favourable electron transfer process at the perovskite surface to form
superoxide (O27) species. Indeed, a lengthening of the O> bond is found, which is indicative of
superoxide (O2") formation. Although there are currently no experimental energies for direct
comparison, the magnitude of our values are highly consistent with data found for the

physisorption and chemisorption of simple molecules on solid surfaces“?l.

Table 1. Adsorption energies of N2, H.O and O> molecules onto iodine vacancies on a Pbl»-
terminated (110) surface of MAPDI3, with the vacancy in three possible charge states due to
photoexcitation. See Table S1 for adsorption energies for binding to Pb?" on the Pbl.-

terminated surface and Table S2 for the (001) configuration

Adsorbate | Surface site | Charge State | Adsorption energy (eV)
Vv, -1 —-0.12
N2 \A 0 -0.14
\A +1 -0.15
V, -1 —0.66
H-,0 A 0 -0.46
\A +1 -0.54
V, -1 -3.94
02 A 0 —2.48
\A +1 —0.72

11 11
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Given these adsorption energy results, we then calculated the surface band structure to
examine the effect of adsorption on the electronic structure, and these results are summarised
for the (110) configuration in Figure 4 (see Figures S6-S9 for all (110) results and Figures
S10-15 for the (001) results). We define trap states as electronic states with energies greater
than KT (~25 meV) below the Fermi level, which can act to effectively localize charge*!! and
trap the carriers, leading to non-radiative decay pathways™™ 2. Previous computational work
on defects in MAPDI3E* 42 have found that the iodine vacancy induces electron and hole
trapping levels inside the bandgap region.

For the defect-free surface in the dark there are few trap states near the bottom of the
conduction band (Fig. 4a). For a surface containing a high concentration of iodide vacancies
and with excess electrons (Fig. 4b) our calculations indicate trap states at the bottom of the
conduction band, evidenced by their occupancy in the presence of excess electrons and the
shift of the Fermi level (red line) into the conduction band. When N2 or H-O is adsorbed there
is very little change in the surface band structure (Figs. 4c,d). In contrast, when O3 is adsorbed
there is a large reduction in the number of trap states, which shift down to the top of the
valence band (Fig. 4e), indicative of chemisorption. In recent work? we have shown that this
is due to the O2becoming reduced to a superoxide ion (O27), which is of a similar size to the
iodide ion; this species effectively replaces the vacant site, thus restoring the full octahedral

coordination of Pb.

(a) defect-free, neutral (b) +V/ Ad+V +N d)+V/ + H,0 (e)+V{ +0,
I (c) 1 2 (d) 1 2 I

12 12
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Figure 4: Surface atomic and electronic structures. Schematic of the local atomic-scale
configurations of the surface termination layer (top row) and calculated band structures
(bottom row) for the (110) surface of MAPbIs. (a) Pristine uncharged surface, (b) negatively-
charged iodine vacancy into which the following molecules are adsorbed; (c) N2, (d) H2O and
(e) O.. Key: purple - iodine, grey - lead, blue - nitrogen, red - oxygen, white - hydrogen. We
note that our calculations explicitly included excess electrons; hence the Fermi level (red line)

is above any trap states because those states are filled. See Fig. S6-S9 for other configurations.

These results suggest that adsorption and reduction of O, can effectively remove the trap
states introduced by excess electrons and vacancies on the surface and in the bulk. The
process will be rate-limited by two general factors: (i) illumination that causes photo-induced
migration of iodide ions down the illumination profilel*®! leading to a gradient of additional
iodide vacancies decreasing in density from the surface into the bulk, and (ii) diffusion of O
onto these surface and bulk iodide vacancies and the capture of an electron on these sites .
Both of these factors may be responsible for the relatively slow PL rises observed in O>
environments even in very low oxygen concentrations™®. In particular, the dark grains are
expected to have a larger starting density of vacancies than the bright grains, and are perhaps
more susceptible to photo-induced vacancy generation; this would lead to lower initial PL
levels but larger relative enhancements for the dark grains than the bright grains.

By contrast, the calculations suggest that H>O adsorption does not cause any significant
change in the surface electronic structure and unlikely to be responsible for the rapid baseline
PL rise seen in the experiments in humid conditions. We conclude that the rapid baseline PL
increases upon H>O exposure for grains in both dark and light conditions is not due to an
adsorption “defect-healing” process similar to that seen for O2. Instead, we suggest that H,O
converts the surface region into a hydrate phase. Leguy et al.[**l have shown that this process

of hydrate formation occurs very rapidly. The surface trap states would then be removed by

13 13



ADVANCED
Submitted to MATE RIAI.S

such a conversion reaction, in which a very thin layer of the surface converts to an amorphous
shell (of Pblz or PbO)*®l. This shell eliminates the surface vacancies and explains the less
reversible nature of the effects after exposure to humidity, particular humid air (cf. Fig. 3)[?4.
We note that there is a very slow rise on top of the rapid baseline rise in humid conditions
(Fig 1. b,c), which may be due to residual trace oxygen in the humidity source or the action of
hydroxide ions in filling positively-charged iodine vacancies.

For the case of N, the calculations suggest that it has little effect upon the surface electronic
structure and the photoluminescence, due to it being unable to undergo either redox activity
(like O2) or promote conversion reactions (like H20). Nevertheless, the presence of adsorbed
nitrogen molecules still gives more favourable conditions for luminescence than in vacuo in
which the PL drops continually over time under illumination (cf. Fig. S3).

Finally, we note that the adsorption energies and density of states data for the (110) surface
are very similar to the (001) surface (Fig. S10-S15 and Table S2). It has been reported that
the crystal facets of MAPbI; can display different photovoltaic properties™. 1The data
presented here suggest that the effectiveness of the treatment by atmospheric molecules will
depend upon the intrinsic concentration of trap states present at a given facet. Finally, we note
that here we are comparing in-situ the luminescence of local grains in different environmental
conditions under identical excitation conditions (e.g. pulse fluence, wavelength, repetition
rate). Future work will be required to explore the potentially large impact of these excitation
parameters on the relative luminescence rise or decay in each atmosphere, as well as to
investigate whether the enhancements in the presence of atmospheric molecules and light can
be maximised if selectively light-soaking defective grains or when light-soaking the entire
film.

In conclusion, we have used confocal photoluminescence measurements to show that the PL
properties of MAPDI3 perovskite grains under continual illumination depend sensitively on the

type of grain (bright or dark) and type of adsorbed molecules. We find that dark grains show
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substantial enhancements under illumination in the presence of oxygen and/or water
molecules, while bright grains show less of an effect. In nitrogen conditions, illumination
leads to a net drop in PL over time, and this is further exaggerated in the absence of any
molecules (in vacuo). We perform DFT calculations to show that oxygen, in the presence of
photo-excited carriers, binds very strongly to iodide vacancies and reduces to superoxide.
This removes the sub-gap electron trap states associated with the iodide vacancies, re-
generating a band structure similar to the pristine case. We propose that moisture forms a thin
passivating shell on the surfaces of the grains, in turn also eliminating the vacancies by
converting the surfaces to benign amorphous species. In the absence of passivating molecules,
continual illumination generates defects unabatedly. Our work provides a microscale view to
resolve the seemingly conflicting literature in the field relating to the beneficiall*® 19 2123, 26]
and detrimental®! effects of light-soaking on the optoelectronic properties of perovskite films,
and also provides crucial insights into the elimination of non-radiative decay in these exciting
semiconductors.. The work also suggests that future work should include searching for other
molecules that could have similar passivating effects to O2 and H20 but do not lead to longer-

term degradation of the films.

Experimental Section

Photoluminescence Measurements. Confocal photoluminescence (PL) maps were acquired
using a custom-built time-correlated single photon counting (TCSPC) confocal microscope
(Nikon Eclipse Ti-E) setup with a 100X oil objective (Nikon CFI PlanApo Lambda, 1.45 NA).
The samples were measured in the custom-built flow chamber with the desired gas and/or
humidity level, where ultra-high-purity dry gases (Airgas) were used and then controllably
humidified. The cover slip samples were photo-excited through the glass-side using a 405 nm
laser head (LDH-P-C-405, PicoQuant GmbH) with pulse duration of <90 ps, fluence of ~1

nJ/cm?/pulse, and a repetition rate of 0.5 MHz. The PL from the sample was collected by the
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same objective and the resulting collimated beam passes through a long-pass filter with a cut-
off at 416 nm (Semrock Inc., BLP01-405R-25) to remove any residual scattered or reflected
excitation light. A single photon detecting avalanche photodiode (APD) (MPD PDM Series
50 mm) was used for the detection. Light soaking was achieved by directing the diffraction-
limited pulsed laser spot onto a grain and collecting the emission for a period of time. The
sample was scanned using a piezoelectric scanning stage. The measurements were acquired
using the commercial software SymphoTime 64 (PicoQuant GmbH).

In-vacuo measurements were acquired with the sample in a cryostat (Janis ST-100) at a
pressure of <10 mbar. The samples was photo-excited with a 532-nm CW laser at intensities
approximately equivalent to the photon fluxes of ~2 sun irradiation (~150 mW/cm2). The PL
was collected using fiber-coupled collecting optics and the emission detected using an Ocean

Optics USB4000 fiber-coupled spectrometer.

Ab initio calculations. Density functional theory calculations were performed using the
numeric atom-centred basis set all-electron code FHI-AIMSH6: 471 Light basis sets were used
with tier 2 basis functions for C, N, H and O. Electronic exchange and correlation were
modelled with the semi-local PBE exchange-correlation functional®®l. A gamma point offset
grid at a density of 0.04 A was used for k-point sampling. For the treatment of spin orbit
coupling we used an atomic zeroth-order regular approximationl“! (ZORA). Van der Waals
forces were accounted for by applying a Tkatchenko-Sheffler electrodynamic screening
schemel*l. Molecules were adsorbed onto an 8 layer surface slab of tetragonal MAPbIs
containing 96 atoms with a vacuum gap of 20A. Charged surfaces were compensated using
the virtual crystal approximation®®. Structures were relaxed with convergence criteria of 10
eV/A for forces, 107 electrons for the electron density and 107 eV for the total energy.

Supporting Information
Supporting Information is available online from the Wiley Online Library or from the author.
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The Impact of Atmosphere on the Local Luminescence Properties of Metal Halide
Perovskite Grains

Metal halide perovskites are an exciting class of materials for low-cost optoelectronics but
their performance remains limited by non-radiative losses. Here, the authors show how the
surface adsorption of different atmospheric molecules to different types of grains in
perovskite can have a profound impact on the local luminescence of that grain under continual
illumination depending on whether the grain has few (bright grain) or many (dark grain)
defects. They show that oxygen molecules bind particularly strongly to iodide vacancies
which, in the presence of photo-excited electrons, leads to passivation of the carrier trap states
that arise from these vacancies.
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