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Metal halide perovskites are exceptional candidates for inexpensive yet high-performing

optoelectronic devices. Nevertheless, polycrystalline perovskite films are still limited by non-
radiative losses due to charge carrier trap states that can be affected by illumination. Here, we use
in-situ rTHuminescence measurements to elucidate the impact of light-soaking individual

methylamng ead iodide grains in high-quality polycrystalline films while immersing them with

different at ic environments. We show that the emission from each grain depends

sensitively on bot

(bright ga ’ or poor (dark grain) luminescence properties. We find that the dark grains show
substantiahmission while the bright grain emission is steady when illuminated in the

presence o@and/or water molecules. We explain our results using density functional theory

the environment and the nature of the specific grain, i.e. whether it shows good

calculation§, whiclreveal strong adsorption energies of the molecules to the perovskite surfaces.

We find that oxygen molecules bind particularly strongly to surface iodide vacancies which, in the
presence mxcited electrons, leads to efficient passivation of the carrier trap states that arise
a

from these es. Our work reveals unique insight into the nature of non-radiative decay and the
impact of Sric passivation on the microscale properties of perovskite films.

-

Metal hali kites have ushered in a paradigm shift for optoelectronics, with the potential to
r

fabricate s ovoltaics (PV) and light-emission devices which are both high-performance and

inexpen

3 ne unique feature is their remarkable tolerance to defects, allowing thin films to be

(2

fabrica vely crude solution-processing methods whilst still achieving high crystallinity*”,

[4]

strong absorption® and long charge carrier diffusion lengths!. Although recent mixed-cation,

mixed-hali&ed configurations have shown enhanced stability and performance,

methylamlead iodide (MAPDbI;) represents the archetypical perovskite system for
understandi erial and optoelectronic behaviour™. Perovskite-based PV devices on small
Iaboratge scales have demonstrated power conversion efficiencies (PCE) exceeding 22%
6l whichv:ﬁching those of established thin-film technologies. Light-emitting diodes (LEDs)

]

have sho al quantum efficiencies between 8-12 % over several emission colours”, and

lasing pr have also been demonstrated™.

This article is protected by copyright. All rights reserved.
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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 Mrmances are still far from unity, with typical measured values on the order of ~1-
10% at ex nsities equivalent to solar illumination. This is consistent with a sizeable
density%f iﬁaap states that act as non-radiative recombination centers but can be filled with
charge carriers ag higher intensities!® ** ™. These trap states are heterogeneously distributed on the
microscale ng to a grain-to-grain heterogeneity in optoelectronic properties such as
photolumiflesgencB™”, photocurrent and photovoltage™ . In order for a PV or LED to reach its
theoretical ance limits, recombination should be entirely radiative with all non-radiative

;inatedm]. A thorough understanding of what factors influence the non-radiative

recombina

decay pathWways (i.e. what makes a ‘dark’ grain poorly luminescent), as well as elucidating ways to

remove tmwanted phenomena, will be critical in taking this technology towards
commerciallSation”

Recently, we thers demonstrated that light-soaking films could lead to reductions in trap
density and enhancements in luminescence properties™ *®2Y. These enhancements correlated with
a photo—inSced migration of iodide species away from the illuminated region, suggesting that the
traps are to halide species and/or their corresponding vacancies®?. Tian et al.*¥ and

| [23]

Galisteo-Lo recently reported that the photo-brightening effects were further enhanced

in the pre‘nce of oxygen. Other groups reported that exposure of the films to moisture during

preparaMbugh a post-treatment was crucial in obtaining reasonable luminescence and

device pertormaim’ I Our recent work showed that particular combinations of wide-area light

soaking with at pheric exposure could lead to remarkably high macroscopic internal PLQE values

which 40 %2, These results are consistent with recent reports on perovskite single
This article is protected by copyright. All rights reserved.
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crystals in which the surface photoluminescence properties were shown to be modulated by the

[26, 27]

adsorption of oxygen and water molecules . In other work, oxygen has been reported to be

t

detriment the photoluminescence properties and also the device and material stability,
particularl ure over hours to days in the presence of light® ?°. Likewise, moisture is
known E) etrimental to perovskite stability by acting on the highly hygroscopic organic cation

(e.g. methyl nium)®%. Finally, some reports have found that light exposure actually decreases

the PLof t ] Many of these results are conflicting and the community has not yet reached a

consensus fonfthefimpact that light, in conjunction with each specific environment, has on the

SCI

optoelectr erties. It will be particularly crucial to understand these phenomena on the

U

microscale »'a length scale in which we see substantial local luminescence losses that must be

eliminated

N

In this worK, % plore the impact of light-soaking individual MAPbI; grains in polycrystalline films

a

while them with different atmospheric treatments. We wuse in-situ micro-

photolumines (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. \Sether it shows good (bright grain) or poor (dark grain) luminescence properties. We find

that both b d dark grains show a small decrease in emission intensity under illumination over

O

time in dry en. If they are instead illuminated in the presence of oxygen or moisture, the

emission fi@m the more defect-rich dark grain rises substantially while the emission from the less-

4

defecti in is constant. For the synergistic combination of illumination during exposure to

{

both air and humigity, the properties of the dark grains approach those of the bright grains, leading

U

to extremely stable and highly luminescent grains. We explain our results using density functional

theory ns to compute the adsorption energies of each molecule on the perovskite surfaces.

A
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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.t ork resolves the seemingly conflicting literature to date and reveals the strong
influence ic molecules on the perovskite emission properties.
I I

High qualit§ithin films (~250 nm thickness) of MAPbI; perovskite were deposited on cover slip glass

g

by spin-codfhg a Y@ad-acetate-based precursor solution containing a hypophosporous acid additive,

G

)[32]

followed by angealing of the films (see Methods)”“. A confocal PL map of the resulting film

S

measured r nitrogen is shown in Figure 13, clearly showing the grain-to-grain heterogeneity

in emission. In a nltrogen atmosphere, we light-soak the grains highlighted with the circles in Figure

Ul

la over 5 total photon dose of ~150 J/cm? for all measurements herein), and we show the

N

PL count r time under illumination in Figure 1b for a bright grain (blue circle in a) and in

Figure 1c f@r grain (pink circle in a). Under dry nitrogen, both bright and dark grains show an

d

initial d ion over several minutes that eventually stabilises at a lower PL level and slowly

rises over lon riods. 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
humidifiedSitrogen (~45% relative humidity), we see strikingly different behavior. The bright grain
now showﬂer time under illumination, while the baseline level of the dark grain increases in

the presen oisture (~2x the initial value) and also continues to rise over time under

iIIuminatio! We show the local PL decays of the same grains in Figure 1d and e. The lifetime of the
bright gM 1d) increases after exposure to humidified nitrogen but does not substantially
change aft@nal light soaking. The dark grain (Figure 1e) has a very short initial lifetime, which
is increased up xposure to humidity and further increased with light soaking, with the final

lifetim hing that of the bright grain. The net effect of light soaking in humidity is that the

This article is protected by copyright. All rights reserved.

55555555554555



ADVANCED
sumiedo. /MATERLIALS

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

(33] H
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Figure 1. Microscale photoluminescence properties in dry and humid nitrogen. (a) Confocal PL map

of a MAPDI kite film in dry nitrogen normalised to the maximum intensity. (b, c) Monitoring

a

the PL inte ission count rate) over time under illumination from (b) a bright grain (blue circle

rk grain (pink circle in a) under dry nitrogen and under humidified (~45% relative

in a) an

M

The PL intensity for each trace over time is given relative to the starting value for

humidi

the bright grain in nitrogen, which is normalised to 1. (d, e) PL decays from the same (d) bright and
(e) dark g er dry nitrogen, and before and after light soaking in humidified nitrogen.

Samples w pexcited with a 405 nm laser with a repetition rate of 0.5 MHz and a fluence of ~1

Or

w/cm?/pul mW/cm?), and this same laser was used for local light-soaking (total photon dose

of ~150

uth

In Figure 2 ow the same measurements but now performed in the presence of oxygen

molecules ssed air) instead of pure nitrogen. In the case of dry air, we now find that bright

A

This article is protected by copyright. All rights reserved.
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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
reachesmtensity as the bright grain (Figure 2c). This is also reflected in the larger increase
in the PL | wing the illumination dose for the dark grain (Figure 2e) than for the bright
grain (F%uimpon introducing water molecules to the system (~45% relative humidity), we see
an initial b@ncrease (i.e. before any light-soaking) in the emission intensity for both bright

(Figure 2b) k (Figure 2c) grains. By contrast, we note that a baseline increase in the dark in

dry air corw only observed when the samples are stored in compressed air for periods of
hours (Fig uggesting that the impact of oxygen molecules in the dark is much more slowly
acting tha olecules in the dark. The emission from both bright and dark grains in humid air
then slowls rises over time under illumination, again with a greater relative increase for the dark
grain than ht grain. The local PL lifetimes for the bright grain (Figure 2f) increase upon
humidity expos but then do not substantially increase further under illumination, while the dark
grain (Figu shows an additional increase after illumination. These collective observations
highligEresence 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

L

under light are synergisticm]. In contrast, illumination in a nitrogen environment without any other

atmosphe @ n or humidity) exposure during processing or as a post-treatment leads to net
decreases j n (cf. Figure 1). We note that the PL intensity drops even more substantially and
continuﬁht in vacuo (i.e. in the absence of any atmospheric molecules, Figure S3). We
also note these enhancements are seen after just brief exposure to oxygen, humidity and
light (on oﬁninutes), but longer term exposure to oxygen, humidity and light (on order of
hours t eads to degradation®®”?® ! We also reiterate that such significant enhancements

This article is protected by copyright. All rights reserved.
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require illumination of either local grains or many grains, highlighting the key role of light in these

(18, 21]

brightening processes
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Figure 2. Mi le photoluminescence properties in dry and humid air. (a) Confocal PL map of a
MAPbI; p film in dry air normalised to the maximum intensity. (b, c) Monitoring the
emissioﬂrate) over time under illumination from (b) a bright grain (blue circle in a) and (c)
dark grain pink cigele in a) under dry air and under humidified (~45% relative humidity) air. The PL
intensity f race over time is given relative to the starting value for the bright grain in air,
which is n d to 1. (d, e) PL decays from the same (d) bright and (e) dark grains under dry air

before @ the light-soaking. (f, g) PL decays from the same (f) bright and (g) dark grains under

This article is protected by copyright. All rights reserved.
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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 uJ/cmz/puIse (~*500 mW/cm?),

t

P

and this saMe laser was used for local light-soaking (total photon dose of ~150 J/cm?).

[l

In Figure 3& ow the confocal PL map of the same sample as in Figure 2a but now after
exposure hu air (45 % relative humidity) for 60 minutes and then returning to dry air,

revealing e in the baseline PL intensity and more uniform emission distribution compared

SC

[21, 25]

to before the humidity exposure . Remarkably, we find that individual grains now show

exceptiona ility after this exposure, regardless of whether they were dark or bright or

U

previously iffluminated or not (Figure 3b; grain highlighted by green circle was not previously light-

N

soaked). This compared to the PL of the same grains before the humidity exposure in which

the darkerNgra particular exhibit slow transient rises under illumination (Figure 3b inset and

a

Figure contrast, this same PL stability is not observed when the humidity exposure is

perfor itrogen rather than air (Fig. 3c and d). This suggests that the combination of both air

M

and humidity is essential for attaining exceptional grain luminescence stability, where the

[21]

introducti idity in general leads to less reversible effects'”. We note that the absolute

emission i  also increased if exposed to light during the humidity exposure (cf. Fig. 1 and 2).

or

We also n the grains are not always stable while light-soaking in humid air conditions,

though the system even these grains retain excellent stability (Figure S5).

Auth

This article is protected by copyright. All rights reserved.
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Figure n emission stability after humidity exposure. (a) Confocal PL map of a MAPbI;

perovskit dry air following exposure to humid air for 60 minutes, normalised to the same

M

intensity value as Fig. 2a to allow direct comparison. (b) Monitoring the emission intensity (count

[

rate) from right and dark grains denoted in (a) over time under illumination, normalised to

the intensi @ same grain as in Fig. 2b. Inset: emission from the same grains under continuous

O

illumination before the exposure to humidity. (c) Confocal PL map of a MAPbI; perovskite film in dry

1

nitroge exposure to humid nitrogen for 60 minutes, normalised to the same intensity

{

value as "d) Monitoring the emission intensity (count rate) from various bright and dark

grains denoted in f&) over time under illumination, normalised to the intensity of the same grain as

Ll

in Fig. 1b. Sa were photoexcited with a 405 nm laser with a repetition rate of 0.5 MHz and a

A
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fluence of ~1 uJ/cmz/puIse (~500 mW/cm?), and this same laser was used for local light-soaking

(total photon dose of ~150 J/cm?).

Q.

In ordemtopumelenstand these PL observations at the atomic scale we performed density functional
theory (DF%tions involving the adsorption of N,, O, and H,0 molecules onto the (110) and

(001) surfages of MAPbI;. Previous studies on MAPbI; surfaces have examined the (001) and (110)

C

surface strw4' 31 with recent atomic-scale structural and simulation studies on molecular

interactions_at_perovskite halide surfaces®™ *). Ab initio simulation work of Zhang and Sit"®
consideredj of excess electrons and oxygen in the degradation of MAPbI; with the creation

of supero>ge species which react with the (110) surface to form Pb-O bonds. However, there is

currently no of a systematic comparison of the adsorption energetics and surface electronic
structures and H,0 on MAPbI; surfaces.

To simulate ect of illuminated and dark conditions we allowed each surface to have three
charge sitively charged, negatively charged and neutral (dark conditions, no

photoexcitsion). Since it is well known that the surface regions of MAPbI; can contain high numbers

of iodine va ies® we have considered both defect-free (Pbl,-terminated) and iodine-vacancy-
rich surfac@

tions. We note that the absolute halide vacancy concentration will be higher in

the iIIuminSeE case due to photo-induced halide migration away from the illuminated surface!*®..

We surﬂH molecular adsorption energies for N,, O, and H,0 onto an iodine vacancy on a

Pbl,-terminated (50) surface of MAPbI; (see Table S1 for adsorption energies for binding to Pb** on

the Pbl,-termi surface and Table S2 for the (001) configuration). The adsorption energy is

relative reference situation of infinite separation between the surface and molecule; a
This article is protected by copyright. All rights reserved.
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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 whicMction with the surface is relatively weak (absolute value typically less than 0.3
eV)[39]; he hat there is no significant bond formation between the N, molecule and
perovskﬂe —iurace.Second, adsorption of H,0 is slightly more favourable, with adsorption energies
in the range, of 5==0.46eV to —0.66eV, in good agreement with other computational work®” and
suggesting emisorption including hydrogen bonding. Finally, we find strong adsorption
energies (%alue > 1.3 eV) for O, on surfaces where excess electrons are available, such as
negatively surfaces or those with neutral iodine vacancies. O, adsorption onto iodine
vacancies lectrons are available is the most favourable (- 3.94 eV). This suggests strong
chemisorption of O, at MAPbI; surfaces in which O, acts as an electron scavenger; this is associated
with a favmelectron transfer process at the perovskite surface to form superoxide (0,)
species. Ind€ed®@ lengthening of the O, bond is found, which is indicative of superoxide (O,)
formation. h there are currently no experimental energies for direct comparison, the
magnit values are highly consistent with data found for the physisorption and

chemisorption of simple molecules on solid surfaces™’.

Table ﬁn energies of N,, H,O0 and O, molecules onto iodine vacancies on a Pbl,-
termin urface of MAPbI;, with the vacancy in three possible charge states due to
photoexcit&ion. See Table S1 for adsorption energies for binding to Pb** on the Pbl,-terminated

surface and Table 82 for the (001) configuration

storbate Surface site | Charge State | Adsorption energy (eV)

This article is protected by copyright. All rights reserved.
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\A -1 -0.12

N> v 0 ~0.14

§ A +1 -0.15
- VI’ -1 —0.66
H.0 v 0 ~0.46

VI° +1 -0.54

VI’ -1 -3.94

0 \% 0 -2.48

A +1 -0.72

Given thesmion energy results, we then calculated the surface band structure to examine the

effect orption on the electronic structure, and these results are summarised for the (110)

configu Figure 4 (see Figures S6-S9 for all (110) results and Figures S10-15 for the (001)

M

results). We define trap states as electronic states with energies greater than kT (~25 meV) below

I

the Fermi ich can act to effectively localize charge™ and trap the carriers, leading to non-

radiative d @ ways[g' 2 previous computational work on defects in MAPbI3E* % have found

that the iodi ncy induces electron and hole trapping levels inside the bandgap region.

For the defect-freggsurface in the dark there are few trap states near the bottom of the conduction

th

band (Fig. a surface containing a high concentration of iodide vacancies and with excess

electrons

u

our calculations indicate trap states at the bottom of the conduction band,

eviden eir occupancy in the presence of excess electrons and the shift of the Fermi level

A

This article is protected by copyright. All rights reserved.
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(red line) into the conduction band. When N, or H,0 is adsorbed there is very little change in the
surface band structure (Figs. 4c,d). In contrast, when O, is adsorbed there is a large reduction in the
numberﬁtes, which shift down to the top of the valence band (Fig. 4e), indicative of
chemisorp nt work® we have shown that this is due to the 0O, becoming reduced to a

superom‘deﬁ!!on > ), which is of a similar size to the iodide ion; this species effectively replaces the

vacant site, thusgestoring the full octahedral coordination of Pb.

>

e}

(a) defect-free, neutral (d)+V[ + H,0 (g) =V + 0,

Figure 2 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 0) surface of MAPDbI;. (a) Pristine uncharged surface, (b) negatively-charged iodine

vacancy in m the following molecules are adsorbed; (c) N,, (d) H,O and (e) O,. Key: purple -
iodine,ﬁ 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 statejd. See Fig. S6-5S9 for other configurations.

This article is protected by copyright. All rights reserved.
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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

t

P

rate-limited by two general factors: (i) illumination that causes photo-induced migration of iodide
ions down tion profile“sl leading to a gradient of additional iodide vacancies decreasing

in densfy om the surface into the bulk, and (ii) diffusion of O, onto these surface and bulk iodide

vacancies angd the capture of an electron on these sites . Both of these factors may be responsible

Cl3

for the r slow PL rises observed in O, environments even in very low oxygen

concentrationsy . Nn particular, the dark grains are expected to have a larger starting density of

o

vacancies bright grains, and are perhaps more susceptible to photo-induced vacancy

U

generation? ould lead to lower initial PL levels but larger relative enhancements for the dark

grains thanthe bright grains.

)

By contrasff t culations suggest that H,0 adsorption does not cause any significant change in

(O

the sur ic structure and unlikely to be responsible for the rapid baseline PL rise seen in

the experime humid conditions. We conclude that the rapid baseline PL increases upon H,0
exposure for grains in both dark and light conditions is not due to an adsorption “defect-healing”
process sir!lar to that seen for O,. Instead, we suggest that H,0 converts the surface region into a
hydrate ph y et al.* have shown that this process of hydrate formation occurs very rapidly.
The surface ates would then be removed by such a conversion reaction, in which a very thin
layer of t! surface converts to an amorphous shell (of Pbl, or PbO)™!. This shell eliminates the

surface Mnd explains the less reversible nature of the effects after exposure to humidity,

particular humli 5 (cf. Fig. 3)®. We note that there is a very slow rise on top of the rapid baseline
rise in humid cogditions (Fig 1. b,c), which may be due to residual trace oxygen in the humidity
source tion of hydroxide ions in filling positively-charged iodine vacancies.

This article is protected by copyright. All rights reserved.

151515151515151515154151515



ADVANCED
sumiedo. /MATERLIALS

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
0,) or mnversion reactions (like H,0). Nevertheless, the presence of adsorbed nitrogen
molecules ore favourable conditions for luminescence than in vacuo in which the PL

drops co-nt!ua”y over time under illumination (cf. Fig. S3).

Finally, we fffote that the adsorption energies and density of states data for the (110) surface are very

similar to th surface (Fig. $10-S15 and Table S2). It has been reported that the crystal facets

oC

of MAPbDI; igplay different photovoltaic properties'™. 'The data presented here suggest that the

effectiveness of fhe treatment by atmospheric molecules will depend upon the intrinsic

Ul

concentrati p states present at a given facet. Finally, we note that here we are comparing in-

N

situ the lu ce of local grains in different environmental conditions under identical excitation

conditionsffe.d se fluence, wavelength, repetition rate). Future work will be required to explore

d

e impact of these excitation parameters on the relative luminescence rise or

sphere, 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 Iight!oaking the entire film.

In conclushave used confocal photoluminescence measurements to show that the PL
properties I; perovskite grains under continual illumination depend sensitively on the type
of grai ark) and type of adsorbed molecules. We find that dark grains show substantial
enhancem*ts under illumination in the presence of oxygen and/or water molecules, while bright

grains show less ;an effect. In nitrogen conditions, illumination leads to a net drop in PL over time,

and this is r exaggerated in the absence of any molecules (in vacuo). We perform DFT

calculations that oxygen, in the presence of photo-excited carriers, binds very strongly to
This article is protected by copyright. All rights reserved.
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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
proposemure forms a thin passivating shell on the surfaces of the grains, in turn also
eliminatin jes by converting the surfaces to benign amorphous species. In the absence of
passivafng!wles, continual illumination generates defects unabatedly. Our work provides a

19, 21, 23, 26]

microscale vi' w 5 resolve the seemingly conflicting literature in the field relating to the beneficial™®
r

a mental® effects of light-soaking on the optoelectronic properties of perovskite
films, and wides crucial insights into the elimination of non-radiative decay in these exciting
semicondu he work also suggests that future work should include searching for other
molecules Id have similar passivating effects to O, and H,0 but do not lead to longer-term

degradatio@ of the films.

(O

Experi ection
Photol Measurements. Confocal photoluminescence (PL) maps were acquired using a

custom-built time-correlated single photon counting (TCSPC) confocal microscope (Nikon Eclipse Ti-

E) setup wih( oil objective (Nikon CFI PlanApo Lambda, 1.45 NA). The samples were measured

in the custlow chamber with the desired gas and/or humidity level, where ultra-high-purity

dry gases ere used and then controllably humidified. The cover slip samples were photo-
excited glass-side using a 405 nm laser head (LDH-P-C-405, PicoQuant GmbH) with pulse

duration o' <90 Esi fluence of ~1 uJ/cmZ/puIse, and a repetition rate of 0.5 MHz. The PL from the

sample w d by the same objective and the resulting collimated beam passes through a

Iong—paqh a cut-off at 416 nm (Semrock Inc., BLPO1-405R-25) to remove any residual

This article is protected by copyright. All rights reserved.
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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
diffracti#’dpulsed laser spot onto a grain and collecting the emission for a period of time. The
sample wa sing a piezoelectric scanning stage. The measurements were acquired using

the com-me!mware SymphoTime 64 (PicoQuant GmbH).

In-vacuo suréments were acquired with the sample in a cryostat (Janis ST-100) at a pressure of

<10™ mbar. T amples was photo-excited with a 532-nm CW laser at intensities approximately

S

equivalent hoton fluxes of ~2 sun irradiation (~150 mW/cm2). The PL was collected using

fiber-coupled coll&ting optics and the emission detected using an Ocean Optics USB4000 fiber-

Ll

coupled sp er.

all

Ab initio calculdtions. Density functional theory calculations were performed using the numeric
atom-centre set all-electron code FHI-AIMS®® "), Light basis sets were used with tier 2 basis

functio

\H

and O. Electronic exchange and correlation were modelled with the semi-local

PBE exchange-correlation functional®®. A gamma point offset grid at a density of 0.04 A™ was used

[

for k-point ling. For the treatment of spin orbit coupling we used an atomic zeroth-order

O

regular a ion”® (ZORA). Van der Waals forces were accounted for by applying a

[49]

Tkatchenk effler electrodynamic screening scheme™". Molecules were adsorbed onto an 8 layer

i

o

surface slalp of tetgagonal MAPbI; containing 96 atoms with a vacuum gap of 20A. Charged surfaces

{

I

were com using the virtual crystal approximation[so. Structures were relaxed with

U

convergen ia of 10™ eV/A for forces, 10° electrons for the electron density and 107 eV for

the tot

A
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I I
The Impadglt of Atmosphere on the Local Luminescence Properties of Metal Halide Perovskite

O

Metal halide:pe;vskites 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

Grains

adsorption itféfent atmospheric molecules to different types of grains in perovskite can have a
profound i the local luminescence of that grain under continual illumination depending on
whether tRe grain has few (bright grain) or many (dark grain) defects. They show that oxygen
molecules gﬁcularly strongly to iodide vacancies which, in the presence of photo-excited
electrons, massivation of the carrier trap states that arise from these vacancies.
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