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Organic—inorganic metal halide perovskites have been emerging as potential candidates for lightweight
photovoltaic applications in space. However, fundamental physics concerning the effect of atmosphere
on the radiative and nonradiative recombination in perovskites remains far from well understood. Here,
we investigate the creation and annihilation of nonradiative recombination centers in individual
We find that the
photoluminescence (PL) of individual perovskite crystals can be quenched upon exposure from air to

CH3NHzPbls  perovskite crystals by controlling the atmospheric conditions.

vacuum, while the subsequent PL enhancement in air shows a pressure dependence. Further analysis
attributes the PL decline in vacuum to the activation of nonradiative trap sites, which is likely due to the
lattice distortion caused by the variation of local strain on perovskites. With a gradual increase of the air
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Accepted 10th October 2022 pressure, the light-assisted chemisorption of oxygen on perovskite will passivate these nonradiative trap
sites while simultaneously restoring the lattice imperfection, leading to PL enhancement. The present

DOI: 10.1039/d2na00541g findings suggest that placing the perovskite in an environment with moderate oxygen content can

Thas article 15 hcensed under a Creative Commeons Attnibution-NonCommercial 3.0 Unported Licence.

(c<)

rsc.li/nanoscale-advances

1. Introduction

Organic-inorganic hybrid perovskites (OHPs) have attracted
extensive attention for photovoltaic and optoelectronic appli-
cations by virtue of their versatile optoelectronic properties, for
instance, high photoluminescence (PL) quantum yields, long
carrier diffusion length, and remarkable carrier mobility.
Moreover, the good solution processability, low fabrication
costs, and possibility of fabricating on large-scale flexible
substrates open up promising applications, such as lightweight
photovoltaic devices performing under space conditions.
Although previous studies have shown the possibility of oper-
ating perovskite solar cells in space extreme environments,**
very important challenges remain in maintaining the long-term
operational stability of the devices, which is critical for practical
applications. It is widely accepted that the surrounding atmo-
sphere plays a significant role in the optoelectronic properties
of perovskite materials and, thus, the performance loss of the
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protect the material from photophysical losses that can be pronounced under inert conditions.

devices. To systematically compare the results regarding the
stability of perovskite-based solar cells, an experimental
procedure based on the International Summit on Organic
Photovoltaic Stability (ISOS) was proposed,* which suggested
using inert atmospheres or vacuum as a standard operation
condition. However, the effects of these inert conditions on the
properties of perovskites have not yet been fully understood.
Recently, a number of studies have revealed that atmo-
spheric conditions have considerable impact on the photo-
physical properties of OHPs and device performance. The most
commonly reported observation was the drastic, and sometimes
transient, enhancement of the PL quantum yields (PLQYs) of
perovskite materials under light exposure in air or oxygen,>™®
which was assigned to the annihilation of the defect (trap)
states in perovskites.” Considering that higher PLQYs imply
a reduction of nonradiative pathways and, thus, long-lived and
long-transported charge carriers in perovskites, this observation
indicates that a controlled exposure of perovskite to an oxygen-
containing environment could lead to improved device perfor-
mance. However, almost contradictory results have been also
reported, which argued that the presence of oxygen could
induce the degradation of perovskite materials.’®"* This degra-
dation is often accompanied by the increase of defect (trap)
states which will perturb charge transportation and induce
nonradiative recombination, resulting in optical instability of
OHPs. A similar contradiction appeared in the study of
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perovskite materials under inert conditions. It has been re-
ported that vacuum exposure can induce degradation of the
perovskite materials."»*® The degradation mechanism often
involves the irreversible decomposition of perovskites which
leads to the formation of lead salt."*** In contrast, a reversible
PL response has also been found both in OHP crystals* and in
all inorganic perovskite crystals'” during vacuum-air exchange,
which was attributed to the annihilation of nonradiative
recombination states on the surface of the single crystals due to
the physisorption of oxygen. However, despite such impressive
efforts, the fundamental mechanisms behind the atmosphere-
induced photophysics of perovskites remain largely unex-
plored. Therefore, investigating the interaction between OHPs
and different atmospheric conditions, especially during the
exchange of ambient and inert conditions, is crucial for
fundamental research and technological applications of
perovskite.

An investigation on individual perovskite crystals of several
nanometers to a sub-micrometer scale would provide detailed
information beyond the ensemble averaging picture obtained
from bulk and film, making them an ideal platform to study the
intrinsic properties of the perovskite materials."® There is no
doubt that different macroscopic operation conditions, partic-
ularly a different surrounding ambience, can greatly influence
the microscopic behavior of the materials. PL from perovskites
at the single-particle level often possesses large fluctuations
under the influence of the variation of atmospheric conditions.
Therefore, analysis of the evolution of PL properties can be
a powerful tool to characterize the effect of atmospheric
conditions on radiative decay or degradation in perovskites™>*
and to give insights into their microscopic origins® that are
otherwise convoluted in the ensemble averaging.

In this work, we investigate the atmospheric condition-
dependent PL properties of individual CH3NH3PbI; (in brief,
MAPDI;) crystals by using single-particle PL spectroscopy. It is
found that the PL intensity of individual MAPbI; crystals dimin-
ishes when changing the surroundings from ambient air to
vacuum and does not recover when exposed back to air immedi-
ately. However, when the air pressure is gradually raised from
vacuum to one atmosphere, the PL can be significantly enhanced,
eventually reaching a level of about 3 times higher than the initial
PL intensity. Based on the comprehensive optical and X-ray
diffraction (XRD) characterization, we attribute the deceased PL
under vacuum condition to the increased density of nonradiative
recombination centers which is likely associated with the lattice
distortions due to variation of the local strain. We propose that the
chemisorption of oxygen to perovskite would passivate the non-
radiative recombination centers with the participation of light,
resulting in PL enhancement. The results indicate that a moderate
pressure of oxygen in combination with light exposure assists in
improving the performance of OHP materials.

2. Results and discussion
2.1. Morphology and optical properties of MAPbI; crystals

Individual MAPDI; crystals, with their morphology depicted in
Fig. 1, were synthesized following the procedure reported
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Fig. 1 (a) Scanning electron micrograph of the MAPbls perovskite

crystals. (b) Size histogram extracted from the analysis of over 200
MAPbIs perovskite crystals, showing near-circular crystals with an
average diameter of 247 + 72 nm. The inset shows the height of an
individual MAPbIs crystal characterized by AFM. (c) X-ray diffraction
pattern of bulk MAPbIs perovskite crystals. (d) Typical PL spectrum of
an individual MAPbIs perovskite crystal.

previously (also see Experimental methods).”® The scanning
electron microscopy (SEM) image shows particles with a near-
circular morphology and gives the corresponding size histo-
gram with an average size of around 247 nm (Fig. 1b). The
height of the crystals was measured using atomic force
microscopy (AFM), which gives an average value of 14.2 nm
(Fig. S17). The XRD patterns were clearly resolved for 26 = 10-
60° with peaks at 14.1°(110), 28.4°(220), and 43.2°(330), con-
firming the tetragonal crystalline phase of the crystals with good
purity and crystallinity (Fig. 1c). Fig. 1d shows the PL spectrum
of the MAPDI; crystal in ambient air excited by a pulsed laser
(485 nm, repetition rate 2.5 MHz, average power 1.5 pW). All
measured MAPDI; crystals show identical spectra properties
with an emission peak at 760 nm.

2.2. Atmospheric condition-dependent PL of individual
MAPDI; crystals

The atmospheric condition-dependent photophysical proper-
ties of individual MAPbI; crystals were measured by using the
experimental setup illustrated in Fig. S2.1 We first analyzed the
evolution of the PL properties of the crystals as the environ-
mental conditions exchanged between ambient air and low
vacuum. To do so, a freshly prepared sample with individual
MAPDI; crystals synthesized under ambient conditions was
transferred into a chamber. The air pressure in the chamber
was controlled to simulate the low vacuum and varied atmo-
spheric conditions (Fig. 2a). First, the PL properties were
acquired in ambient air. The chamber was then evacuated to
a low-pressure level (0.2 torr) to simulate the vacuum condition
and was subsequently refilled with air to ambient pressure.
Fig. 2b shows the evolution of the PL spectra of a typical
MAPDI; crystal attained at three distinct phases, namely, under
ambient air (740 torr), vacuum (0.2 torr), and refilled ambient
air (740 torr). The initial PL state of the perovskite crystal
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(@) Schematic diagram of the measurement flow of the experiment: the perovskite sample prepared in ambient air is subsequently

transferred into a chamber in which the sample is exposed sequentially to ambient air, vacuum, and then back to ambient air. (b) PL spectra of an
individual MAPbIs crystal upon exposure to ambient air, vacuum, and refilled air. The inset shows the corresponding PL imaging of the crystal in
different conditions. (c) Evolution of the PL intensity of the individual crystal on exposure to ambient air, vacuum, and refilled air.

showed a relatively high PL intensity (red solid line). When the
chamber was evacuated to the low-vacuum condition, the PL
intensity decreased clearly (green solid line). Surprisingly, we
found a further decrease in PL with the instantaneous refilling
of air to ambient pressure (purple solid line). It can be found
that the peak position of the PL spectra remains unchanged
during the air-vacuum-air exchange, implying that the PL
emission under varied atmospheric conditions originates from
the same transition mechanism. Fig. 2¢ illustrates the evolution
of the corresponding PL trajectories as the change of the
atmospheric condition. The PL intensity is found to decrease by
50% when the chamber is evacuated to 0.2 torr. With the
refilling of air, the PL intensity further decreases by 98% of its
initial intensity. We also noticed that the decrease of the PL
intensity occurs without the participation of light. Specifically,
the sample was kept in darkness when the chamber was pum-
ped down to the vacuum condition or refilled with air. When the
laser is turned on, the diminished PL intensity is immediately
achieved and stabilized at a low level. Furthermore, we found
that PL cannot recover when keeping the perovskite in darkness
for a long time under ambient conditions (Fig. S37).

The PL decrease observed under vacuum demonstrates the
negative effect of the inert conditions on the photophysical
properties of perovskite materials. However, whether this
negative effect is reversible or irreversible needs to be further
studied, which is crucial to explore the underlying mechanism.
Generally, the irreversible effect of the vacuum condition has
been found to be accompanied by the decomposition of MAPbI;
and the generation of new products, such as Pbl,, which will be
further degraded into Pb® and I,”.'>** To clarify this issue, we
performed an XRD measurement to compare the crystallo-
graphic information of the pristine perovskite crystals and that
treated with evacuation. By comparing the XRD pattern, neither
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a shift of the peak position nor the creation of new peaks is
found, as depicted in Fig. 1c. This essentially rules out the clear
decomposition of the perovskite under the vacuum condition.
Such a conclusion can be further supported by the unchanged
PL spectra of the crystals during the process (Fig. 2b). Therefore,
considering the fact that no obvious sign of sample degradation
was found in the perovskite upon vacuum exposure, the irre-
versibility of PL when exposed to ambient air seems beyond
comprehension, which invokes a distinguished mechanism
from the permanent degradation of the materials.

In order to provide detailed insight into the underlying
mechanisms, we monitored the changes of the photophysics of
individual perovskite crystals by gradually increasing the air
pressure in the chamber. Fig. 3a shows a typical evolution of the
PL intensity of an individual crystal exposed to varied air pres-
sures from vacuum to around 740 torr. The PL intensity of the
crystal was measured for 1 min at an interval of 2 min with an
increase of the air pressure every 50 torr. In contrast to the PL
obtained by immediately returning to ambient air pressure
(Fig. 2c), the PLQY of the crystals in this process shows an
increase with the step-by-step increase of the air pressure
(Fig. 3a). The PL eventually reached a value even higher than the
initial PL intensity measured in ambient air before evacuation.
We statisticize the results obtained from an ensemble of indi-
vidual crystals (Fig. 3c). The change of the averaged PL intensity
shows a similar trend to that of the individual ones, which
implies a common underlying mechanism responsible for the
PL fluctuation. We simultaneously measured the PL spectra of
the perovskite crystal. Fig. 3b shows the PL spectra of the
perovskite crystal corresponding to various air pressure, where
it is obvious that the emission peak is located at 760 nm and
does not change through the treatment. We also investigated
the PL decay dynamics in the perovskite crystals under various

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3

(a) Evolution of the PL intensity of an individual MAPbIz crystal upon air—-vacuum-—air exchange. The refilling of air is controlled with an

interval of 50 torr for each step and the PL is monitored for 1 min at each pressure. (b) Evolution of the PL spectrum of the crystal. (c) Statistical
result of the normalized PL response of an ensemble of individual crystals as a function of air pressure. The data of each crystalis normalized to its
maximum PL intensity, respectively. The median and mean value are shown by the line dividing the boxes and the solid black rhombus symbols,
respectively. (d) PL decay dynamics of an individual MAPblz crystal under ambient air (red), vacuum (green), and refilled air at ambient pressure
(purple). The inset shows the averaged lifetime of the crystal as a function of air pressure.

air pressure. At an excitation power density of 1.21 kW cm >

(485 nm pulsed laser with a 2.5 MHz repetition rate), the PL
decay time of the crystal shows biexponential behavior. Expo-
sure of the crystal from air to vacuum shows an increase in the
averaged PL lifetime, while it decreases gradually with the
refilling of air (inset in Fig. 3d). These experimental observa-
tions demonstrate a reversible PL dynamic upon exposure to
gradually increasing air pressure surrounding the perovskite
crystals with the assistance of light illumination, in stark
contrast to the unrecovered PL in Fig. 2 when the crystals were
exposed back immediately to air with ambient pressure. As
a control experiment, we studied the PL response of individual
perovskite crystals by increasing the pressure stepwise in dark
and measuring the PL when the atmospheric pressure is
reached. We found that the PL of the crystals did not recover to
its original level (Fig. S47), which means that the increase of air
pressure alone cannot activate the PL of the crystal. We also
studied the PL response of the perovskite crystals which were
exposed to ambient pressure immediately after evacuation and
measured the PL several times with a 1 min acquisition time at
an interval of 2 min. However, under the sequential illumina-
tion of light at ambient air pressure, the PL of the crystals did
not show a significant increase (Fig. 4). Instead, we found
a slight blue shift in the PL spectra. This indicates that light
illumination alone was also inadequate to induce the PL acti-
vation in individual MAPbI; perovskite crystals that were treated
with evacuation.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Evolution of the PL from an individual MAPbIls crystal
exposed to ambient air, vacuum, and back to ambient air immediately.
The green triangle demonstrates the PL of the crystal measured
sequentially with an acquisition time of 1 min for each point. The inset
shows the normalized PL spectra of the crystal. (b) Statistic of the PL
intensity fluctuation for an ensemble of individual crystals. The
numbers from 1 to 13 represent sequential measurements under the
same pressure (740 torr).
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Fig.5 PL response of an ensemble of individual MAPbI5 crystals upon
exposure to (a) air—N,—air exchange, and (b) O,—N,-0O, exchange.
The solid lines show the PL fluctuation averaged over 20 crystals. The
solid circles show the statistical results of the PL intensity averaged
over each 30 s for the crystals.

Given that the interaction of individual perovskite crystals
with step increased air facilitates the PL enhancement, it is
natural to explore which gas molecule plays a significant role
and how. Thus, we performed a control experiment to study the
influence of the main components in air. Fig. 5a shows the
evolution of the PL trajectory of an ensemble of individual
crystals when changing the atmospheric condition from air to
pure nitrogen (N,) and back to air. It can be seen that the PL can
be quenched upon N, exposure. However, different from the PL
response upon air-vacuum-air exchange, the PL of the crystals
shows a reversible and very fast recovery upon exchange from N,
to air. Considering that the exchange of the atmospheric
condition from air to pure N, has a net result of removing O,,
the infiltration of N, is believed to activate the nonradiative
recombination centers which were passivated by O,. This can
also be confirmed by analyzing the evolution of the PL of the
crystals upon exchange of pure O, and pure N, (Fig. 5b), indi-
cating that O, dominates the PL enhancement effect observed
in our experiment.

2.3.
radiative and nonradiative recombination

Mechanistic insights into atmosphere-dependent

Before giving a reasonable explanation of the atmosphere-
dependent photophysics, it is critical to discuss the origin of
the PL in MAPbI; crystals. A widely accepted mechanism is the
band-to-band recombination of free electrons and holes or the
strongly bound exciton recombination.***® To clarify this issue,
we performed a power-dependent PL measurement of individual
MAPDI; crystals. The corresponding PL intensity shows a power-
law dependence on the excitation power (Fig. S51), indicating an
excitonic recombination nature in MAPbI;.?” Defects formed due
to structural non-periodicity or crystalline imperfections in
perovskite would provide localized electronic states at the energy
levels different from the band level, at which the photo-generated
electrons or holes will get trapped.*” The trapped charge carriers
can be lost though nonradiative recombination, which, thus,
decreases the PLQY of the perovskite. As such, we propose that
the variation of the nonradiative recombination centres in
perovskite due to the influence of the surrounding environment
may account for the fluctuation of the PL properties.

On the contrary, the annihilation of the nonradiative
recombination centers requires the cooperative interaction of
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both the light illumination and the air condition. This
assumption can be confirmed by the light-assisted recovery of
the PL shown in Fig. 3. When the chamber is refilled with air to
the ambient pressure in darkness and then the laser is switched
on, the PL cannot be recovered (Fig. S3 and S47). It can be seen
that the activation of the PL requires the illumination of the
sample, as shown in Fig. 3a. This observation highlights the
important role of light in the passivation effect of the atmo-
sphere on perovskite materials.>”** However, the overexposure
of perovskite crystals to light is detrimental to the photophysics
of the perovskite crystals. Fig. S67 shows the results obtained
using the same procedure as that in Fig. 3 but with a prolonged
illumination of 5 min during acquisition. The PL of the crystals
shows an initial increase and a further decrease with the
refilling of air step-by-step. This means that prolonged exposure
to light and air would induce excess nonradiative recombina-
tion centers which further quench the PL of perovskite crystals.

Furthermore, it should be noted that the significant PL
recovery can only be found with the gradual increase of the air
pressure (Fig. 3), in stark contrast with that measured on the
crystals which were exposed to ambient air immediately and
illuminated with the same time frame (1 min for each point)
(Fig. 4). The dependence of PL recovery on the air pressure
indicates that the passivation of nonradiative recombination
centers in the crystals studied in this experiment cannot be
simply attributed to the physisorption of the gas molecule on
the crystal surface that has been supposed to explain the
instantaneous recovery of the PL of perovskite materials in
air.’*" Instead, the cooperation effect of light and air pressure
indicates a more likely role of the structure or a photochemical
process. Previous reports have documented the correlation of
pressure-induced structural evolutions with changes in the
optical properties of perovskites, both under high hydrostatic
pressure*** and under low atmospheric pressure,*-** inspiring
the efforts to improve the performance of perovskites through
structural engineering.**>**> One of the central goals of these
efforts is to release the residual local strain that inherently
exists in the solution-processed halide perovskite films. It has
been proposed that the local lattice strain in perovskite provides
a driving force for defect formation which is directly associated
with the creation of nonradiative recombination.?*® Therefore,
tailoring the local lattice strain would be a useful strategy to
improve the PL properties and stability of perovskites.’” Given
the hybrid nature and soft lattice of OHPs, their structural
changes are susceptible to external driving forces, such as
pressure and light. We can, thus, propose that the pressure-
dependent PL response observed in our work can be somehow
associated with the variation of the local strain in perovskite
crystals in which the lattice distortion plays an important role in
the activation of nonradiative recombination centers.

Based on these observations, we propose a possible reaction
scheme for the creation and annihilation process of trap states
in perovskite under the influence of atmospheric conditions
(Fig. 6). Here, we attribute the significant PL quenching in
vacuum to the activation of nonradiative defects in individual
MAPDI; crystals due to the removal of air in the surroundings,
which induces the formation of both deep trap states in the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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dynamics in individual MAPDbIz crystals under air, vacuum, and refilling
air. Straight and curly lines present radiative and nonradiative recom-
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are activated, resulting in an increased nonradiative recombination
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near the band edge. Nonradiative recombination centers can be
passivated with the refilling of air in combination with light illumination,
altering both the radiative and nonradiative rate of the crystal.

Refilling Air

mid-gap and shallow traps near the band edge. We propose that
the former dominates the nonradiative decay rate (k,,) of the
perovskite while the latter mainly influences the radiative decay
rate (k;). For a simple scheme, the PLQY (®) and PL lifetime ()
of the perovskite crystals can be related to the radiative and
nonradiative rate by the well-known phenomenological
expressions: @ = k/(k; + knr) = 1/(1 + kni/k;) and © = 1/(k; + kyy)-
With the activation of trap sites, the increase in the nonradiative
decay rate will certainly lead to a decreased PLQY, which is in
agreement with a previous report.*® However, we hypothesize
that the atmospheric condition also plays a significant role in
inducing the fluctuation of the radiative rate due to the
involvement of shallow traps. Such an influence is reminiscent
of the “delayed” PL kinetics induced by trapping and detrap-
ping of carriers between the shallow traps and the emissive
state,>** resulting in long-lived PL decay components and
a decreased radiative rate with the increase of trap density.
Support for this speculation comes from the variation of decay
kinetics of individual MAPbI; crystals during the air-vacuum-
air exchange. As shown in Fig. 3d, the extended PL lifetime in
vacuum can be a direct manifestation of the reduction of the
radiative decay rate k, in vacuum compared to that in air. Also
considering the fluctuation of the nonradiative decay rate k,,,
this can only happen if the decrease in &, is larger than the
increase in k,, in the crystal. This implies relatively lower
formation energies for shallow traps than for deep traps, which
is consistent with the arguments in the literature.”»*> With
a gradual increase of the air pressure, the O, exposure under
light illumination will passivate the nonradiative trap sites,
leading to enhanced @ and decreased , respectively, due to the
accelerated &, and suppressed k. The above observations are in
accordance with the point of view which argues that a longer PL
lifetime (such as the case in vacuum) does not necessarily mean
an improved performance of the perovskite materials; the PLQY
should also be well considered.*

The unambiguous clarification of the nature of these non-
radiative trap sites that can be activated and deactivated by
atmospheric conditions remains a daunting task, however,
potential candidates are valid based on our observations and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the literature. Typically, the shallow traps will involve a rela-
tively small energy difference away from the band edge, corre-
sponding to low formation energies.** These shallow traps have
been widely reported to be halide-ion-related vacancies or
interstitials, such as V; and I;.?**>** Due to their low formation
energies, the activation and passivation of these shallow traps
can be very sensitive to external stimuli such as light and elec-
trical bias,*»** where photo-induced or bias-induced ion
migration has been reported to play an important role. The deep
traps responsible for the nonradiative recombination in
perovskite showed a complex nature, such as Frenkel defects
(complexes consisting of a vacancy and an interstitial, e.g., V;'/
I, )*® or donor-acceptor pairs.***® Furthermore, it is interesting
to note that photo-induced hot carriers can be easily captured
by shallow traps.*” However, the trapped carriers have a high
probability of detrapping, which is not believed to influence the
nonradiative recombination dynamics. In contrast, cold carriers
mainly interact with deep traps.” Unfortunately, it is impos-
sible for us to investigate the role of the traps in influencing the
radiative and nonradiative recombination of hot and cold
carriers in this work, because there would be an ultrafast cool-
ing process for hot carriers,* which is beyond the scope of our
experiment.

The passivation of these trap sites has been repeatedly
proven in the literature to be associated with light-induced ion
migration, especially in the presence of O,, which accounts for
the PL enhancement in perovskites.>*"*’ It has been found that
light irradiation can promote the passivation of Frenkel defects
in polycrystalline MAPbI;, thus restoring a more perfect crys-
talline environment.”® Furthermore, it has been proposed that
upon light illumination, MAPbI; can undergo a relaxation of
local lattice strain due to lattice expansion, leading to improved
PL properties.”® However, in our case, the light-induced PL
activation observed showed a strong dependence on the air
pressure level. This means that it is only the cooperation of light
and pressure that results in the lattice restoration and defect
annihilation. The passivation effect of light and oxygen also
highlights the role of the photochemical reaction in the trap
curing process. This is in agreement with the literature
regarding the photoinduced PL enhancement of perovskite,
which argues that chemisorption of O, on perovskite leads to
the formation of passivating superoxide species.**>* Despite
this, the creation of the trap sites in vacuum requires a more
complex explanation. We speculate that the exchange of the
atmospheric condition from air to vacuum induces a variation
of the local strain on the crystal lattice. The resulting local
distortion leads to a more defective lattice and, thus, a dimin-
ished PL intensity. To do so, the local lattice distortion should
have the possibility of generating ion migration channels inside
perovskites, which is consistent with the argument of Yuan
et al.>® The gradual refilling of air could facilitate the light-
induced annihilation of the trap sites formed in vacuum with
a concomitant slow lattice restoration. But if the crystals are
exposed immediately to ambient air pressure or the illumina-
tion is maintained for a longer time (Fig. 4 and S6f), the
passivation effect may have to compete with the photo-
degradation of the perovskite, which inhibits the PL activation.
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3. Conclusion

In summary, we performed PL measurements on individual
MAPDI; crystals in controlled atmospheric conditions to unveil
the role of the environment in radiative and nonradiative
recombination dynamics in perovskites. We showed that PL can
be quenched upon exposure of individual perovskite crystals to
vacuum due to the activation of nonradiative recombination
centers, while the cooperation of light and air in moderate
pressure facilitates the passivation of these trap sites, resulting
in PL recovery. On the basis of in situ PL spectra and PL lifetime
characterization of the crystals under exchanged atmospheric
conditions and previous well-established facts, we propose that
the creation of nonradiative recombination centers likely orig-
inated from vacuum-induced slight lattice distortion in the
perovskite crystals. The air pressure-dependent PL enhance-
ment supports the hypothesis that the photoinduced formation
of superoxide species is capable of passivating nonradiative
recombination centers accompanied by lattice restoration.
Therefore, it seems crucial to ensure that MAPbI; perovskite,
when incorporated into photovoltaic devices, should be exposed
under an appropriate atmospheric condition to improve its
performance. Understanding the effect of atmospheric condi-
tions on the photophysical properties of individual perovskite
crystals not only helps to reveal the fundamental mechanism
regarding the long-term stability of perovskite materials, but
also provides suggestions for the preparation of perovskite-
based devices.

4. Experimental methods

4.1. Preparation of individual perovskite crystals

The perovskite solution was prepared by first mixing the
powders of methylammonium iodide (159 mg, Sigma-Aldrich,
catalogue no. 793493-5G) and lead iodide (461 mg, Sigma-
Aldrich, catalogue no. 211168-50G). Then, the mixed powders
were added into 1.25 mL gamma butyrolactone (GBL, Sigma-
Aldrich, catalogue no. B0767). The obtained mixture was dis-
solved and stirred at 60 °C for 2 h at 500 rpm. To prepare
individual perovskite crystals, the precursor solution was
diluted to 0.05%, 20 pL was drop cast onto a glass coverslip, and
then annealed at 80 °C for 20 min under ambient conditions.

4.2. Optical characterization

A home-build laser scanning confocal microscope was used to
take microscope images, PL spectra, and PL lifetimes of
perovskite crystals. A schematic view of the experimental setup
can be found in Fig. S2.1 Briefly, the sample was sealed in
a vacuum cell of a cryostat (Montana Instrument), in which the
vacuum degree can be controlled by a vacuum pump. A 485 nm
diode laser with pulse repetition rate of 2.5 MHz was used to
excite the sample through an objective lens (Attocube, NA =
0.82) mounted in the vacuum cell. The PL of the sample was
detected point by point using a single-photon detector and
analyzed by a single photon counting module (TCSPC, Pico-
Quant, HydraHarp 400). To achieve the PL spectra of the
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perovskite crystals, the PL was separated to a spectrograph
(Andor, SR-303i-A) and detected by an electron-multiplying
charge-coupled devices (EMCCD, Andor, DU971P-BV).

4.3. Morphology and size characterization

SEM images were taken using a microscope (Hitachi, SU8010)
with energy-dispersive X-ray spectroscopy (EDS). The size and
morphology of the individual perovskite crystals were charac-
terized with SEM at an accelerating voltage of 3 kV. AFM
(Nanosurf, C3000) was used to measure the height of the indi-
vidual crystals.

4.4. X-ray diffraction measurements

XRD measurements were performed using an X-ray diffrac-
tometer (Rigaku, MiniFlex600) (Cu Ko radiation) with a high-
speed 1D array detector D/tex Ultra2. The sample was scanned
with a step size of 0.001° and a scan speed of 5.0° min~".
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