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ABSTRACT: Excellent optoelectronic properties make organometallic halide perovskites (OHPs) promising materials for solar
photovoltaics and light-emitting devices, however, degradation
under various atmospheric conditions severely restricts their
potential. To realize stable OHP nanocrystals (NCs) and ﬁlms
resistant to adverse environmental eﬀects, it is imperative to
characterize defects created by interactions with surrounding gases
and their inﬂuence on carrier recombination. Here, we investigate
temporal instability of photoluminescence (PL) spectra of
individual methylammonium lead bromide (MAPbBr3) nanoplatelets (NPs) under sequential changes of the ambience. In
contrast to studies on PL intermittency (blinking) of OHP NCs,
spectral trajectories allow us to monitor ﬂuctuations in both PL
intensity and transition energy of each NPs in diﬀerent atmospheres, as well as obtain diversity in nature of active traps under each
environmental condition. Analyses of single-NP spectral trajectories in air, Ar, and O2 under varied moisture contents reveal that
exposure to light in dry inert conditions induce deep nonradiative traps in OHP crystals. In contrast, O2 and moisture mediates
eﬃcient radiative recombination via relatively deep and shallow defects, respectively. While the PL features of NPs do switch
reversibly between Ar and O2 (or moist Ar), interaction with moist oxygen under illumination leads to rapid irreversible spectral
changes culminating in permanent material degradation. Interestingly, however, removal of moisture from inert (Ar) environments
often restores PL spectral features to those observed under dry conditions. This demonstrates that neither oxygen nor moisture
individually aﬀects the optical properties of OHP materials as adversely as a combination of the two, which should therefore be
avoided to enhance the stability of OHP-based devices.

■

INTRODUCTION
Organometal (hybrid) halide perovskites (OHPs) has attracted
signiﬁcant attention as light harvesting materials for solar
photovoltaic (PV)1,2 and other optoelectronic (OE) applications such as light-emitting diodes (LEDs)3,4 and tunable
lasers5,6 because of their high absorptivity, photoluminescence
(PL) quantum yield (QY) as well as remarkable charge
mobility.7,8 However, photogenerated carrier (electron/hole)
trapping in interband defect (trap) states often perturbs charge
transportation and initiates nonradiative recombination (NRR)
of excitons which adversely aﬀect energy conversion eﬃciency
of PV/OE devices.9 Importantly, density of such defects
increases with environment induced degradation of the “soft”
OHPs crystals, 10−22 presumably triggered by trapped
charges.23 Thus, OHP based PSCs or LEDs require delicate
control over trap-mediated carrier dynamics in the material,
which may be achieved upon understanding the causes for
OHP’s optical instability under various ambient conditions.
© XXXX American Chemical Society

This has initiated several studies on the eﬀect of oxygen (O2)
and moisture (H2O) on photoluminescence characteristics of
various OHP materials.11−19
Recent reports have revealed that methylammonium (MA)
lead halide (MAPbX3, X = Br, I) based thin ﬁlms (TFs)
undergo oxidative photodegradation in the presence of dry
oxygen.11−14 On the contrary, signiﬁcant PL enhancement in
similar OHP microcrystals (MCs) has been observed upon
photo-excitation in oxygen atmosphere, which is interpreted as
environmental passivation of defects present therein.24,25
Interestingly, these contrasting observations are explained via
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OHP NCs/TFs45−47,10,29,42,51−54 have revealed that environmental/chemical passivation of NR defects, or the creation of
radiative traps in defect rich grains,10,55 can lead to intense
emission Stokes shifted from the band-edge. Interestingly,
spectral diﬀusion of single OHP NCs suggest the existence of
radiative traps in aerial environments, however, there is
variation among NCs on the extent of defect-induced spectral
shifts.56 Moreover, emission spectra of individual NCs of allinorganic perovskites (CsPbX3; X = Br, I) have shown several
interesting phenomena, such as continuous, irreversible blue
shift in transition energies (EPL) because of photo-oxidation of
NCs under ambient conditions.46,47 Therefore, to obtain clues
on activation/deactivation processes and nature as well as
energetics of defects, a systematic investigation is warranted on
the PL spectral characteristics of individual OHP NCs upon
change in the surrounding environment, which may additionally allow evaluation of (ir)reversible material degradation.47
In this work, we investigate environment dependent PL
intermittency and spectral characteristics of individual
MAPbBr3 nanoplatelets (NPs) which have been recently
demonstrated to exhibit superior crystallinity, reduced NR
dynamics, higher exciton binding energy, and carrier mobility,
especially desirable in active layers for PV/OE applications.57−59 Here, we performed PL spectroscopic measurements on same layered NPs under sequential (and reversible)
changes in diﬀerent atmospheric constituents such as air, O2,
and argon (Ar). Further, we investigated the eﬀect of humidity
(H2O) on both blinking and transition energies under each
environmental condition. Importantly, to avoid complicacies in
inference because of heterogeneity in emission properties,48 we
studied a large number of individual NPs which allowed us to
understand the nonuniformity in emission processes as well as
probe how the majority intermittency/spectral characteristic of
the ensemble changes with varied atmospheric conditions. On
the basis of our single-particle PL spectral measurement and
existing literature data, we propose a viable mechanism for
atmosphere-induced carrier recombination and material
instability of layered MAPbBr3 NPs.

interaction of OHPs with the photogenerated superoxides
under moisture-free O2 atmosphere, which can either
increase12,13 or passivate24−28 the trap (defect) states. Moisture
(H2O) in the surroundings also severely aﬀects the optical and
electronic properties of OHPs, and prolonged exposure to high
relative humidity (RH) is known to permanently degrade
perovskite materials.10,11,19−22 In contrast, limited exposure to
moisture can passivate surface traps which enhances the
photoemission.26,28,29 Intriguingly, exposure to higher relative
humidity (RH ∼ 85−90%) does not always completely
degrade OHP crystals; for MAPbBr3 ﬁlms, a signiﬁcant
proportion of PL intensity (IPL) reappears after lowering the
RH to 15−20%.30 Such reversibility of optoelectronic
behaviors likely owes to dynamic adsorption/desorption of
moisture at the surface of OHP lattice.10,11 Further, initial PL
enhancement of OHP-TFs and subsequent gradual decline
upon prolonged illumination has been explained via initial light
and O2/H2O-induced trap-passivation, which is surpassed at
longer times by parallel NR trap-generation due to material
degradation.31,32 However, it is still unclear whether O2/H2O
independently interacts in multiple ways to create or remove
crystal defects and how a combination of these two
atmospheric constituents aﬀects the photophysical properties
of OHP materials. Such information provides insight on
atmosphere induced degradation of OHPs and thus, it is
crucial to investigate the nature of active photoinduced traps
under speciﬁc environmental conditions.
In this context, probing PL intermittency (“blinking”) of
OHP nanocrystals (NCs),33−35 microcrystalline rods,36,37 and
ﬁlms34,38−40 becomes relevant to study the nature of defect
states under diﬀerent environments.14 While PL intermittency
for OHP NCs has been related to surface defects involved in
carrier recombination pathways,14,33−35 similar to that for
conventional inorganic NCs,41 blinking/ﬂickering of microcrystalline disks/thin-ﬁlms36,38,39 is attributed to transient
mobile defects which act as strong quenchers.36,40 More
importantly, diﬀerent blinking characteristic as well as gradual
change in PL intensity over slower time scales (second to
minute) has been ascribed to generation or passivation of
various (deep/shallow) trap states during degradation or
curing of the material in the presence of light9,42−44 and
atmospheric conditions.10,14,30,33,35 Thereby, nature of the
defects involved in the emission cycle have often been related
to the emissivity of the crystals.14,33,34,45−47 However, PL
intermittency and emissivity of OHP NCs from diﬀerent
systems are found to be contrasting under the similar
atmospheric conditions suggesting the diﬀerent nature of
active defects.14,33 Moreover, like inorganic quantum dots,48
OHP NCs of similar composition and morphology can also
exhibit heterogeneous blinking characteristics in the ensemble
under identical measurement conditions which likely owes to
diverse origin and distribution of defects in the crystals.49,50
Therefore, it is necessary to investigate the same NC as well as
the large population of individual OHP crystals under
sequential environments in order to reliably correlate their
PL characteristics, which has rarely been attempted.33
In addition to intermittency, PL spectroscopy and lifetime
measurements have been performed to probe the nature of
traps involved in OHP NCs45−47 or TFs29,51−53 under the
inﬂuence of oxygen or moisture.29 Previous studies show that
moisture can deactivate shallow defects in MAPbX3 (X = Br, I)
TFs,10,29 while calculations suggest that oxygen can passivate
deep traps.27 Further, spectroscopic and/or lifetime data on

■

MATERIALS AND METHODS
Synthesis of MAPbBr3 Nanoplatelets. Dodecylamineoleic acid capped single MAPbBr3 nanoplatelets (∼50−60 nm
edge length) were prepared following a previously developed
procedure by Roy et al.60 In brief, PbBr2 (0.18 mmol) was
loaded into a 100 mL three-neck round-bottom ﬂask with 5
mL of 1-octadecene (ODE) and heated to 120 °C with
continuous stirring under N2 atmosphere. PbBr2 becomes
completely dissolved by the addition of oleic acid (OA, 0.7
mL) and dodecylamine (0.3 mL) under continuous N2 ﬂow.
The temperature of the reaction mixture was maintained at
120 °C with continuous stirring for 1 h, which further
decreased to 60 °C followed by the rapid addition of 0.17 mL
methylamine (MA) solution (2 M) in tetrahydrofuran along
with 0.7 mL of OA, which yielded instantaneous formation of
the MAPbBr3 NPs. The perovskite NPs were separated by
centrifugation for 10 min at 8000 rpm and dried in the
desiccator.
Characterization. X-ray diﬀraction (XRD) of MAPbBr3
NPs was performed using an Xpert PANAlytic X-ray
diﬀractometer with Cu Kα radiation (λ = 1.5406 Å) with an
operating voltage and current of 40 kV and 30 mA,
respectively. The XRD pattern (Figure S1a) indicates the
pure cubic phase of MAPbBr3 NPs with space group Pm3̅m
B
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without exposing the NPs to light. All data were collected at
295 K. Single NP emission spectra are ﬁtted with single
Gaussian function to obtain relevant spectral parameters.

(JCPDS 252415). Calculated lattice parameters of the crystals
are a = 5.97 Å, b = 5.92 Å, c = 6.03 Å. The morphological study
of the NPs has been performed using a ﬁeld emission gun
transmission electron microscope (FEG-TEM) and selected
area electron diﬀraction patterns (SAED) obtained with JEOL
JEM 2100F instrument at an accelerating voltage of 200 kV.
This reveals layered type of structure of MAPbBr3 NPs (Figure
S1b) having 50 to 60 nm edge to edge length, analogous to
Ruddlesden−Popper phase which consists of 2D perovskitelike slabs interleaved with cations. General formula for this
kind of perovskite is (R−NH3)2(CH3NH3)n−1PbnBr3n+1, where
R is dodecylammonium cations and n is the number of
continuous octahedra which are stacked together in the
perovskite structure, for example, in our case n ≥ 5. The set of
rings in the SAED pattern (inset, Figure S1b), corresponding
to the (300), (210), and (200) planes of MAPbBr3, conﬁrms
polycrystalline nature of the NPs. Bulk absorption spectra of
MAPbBr3 NPs suspended in dry toluene was acquired using
PerkinElmer Lambda 950 UV−vis spectrometer, which shows
the absorption peak at 526 nm (Figure S1c). We calculate the
bandgap of bulk NPs at 2.2 eV (Figure S1d) from the
absorption spectra using Tauc’s method.61 Ensemble photoluminescence (PL) measurement of the bulk MAPbBr3 NPs is
performed using Horiba Fluoromax 4 instrument with 440 nm
excitation with 2 nm slit width. PL measurement shows a sharp
emission peak at 528 nm (∼2.35 eV) and ∼95 meV full width
at half maxima of the emission spectra (Figure S1c). The
emission quantum yield of the MAPbBr3 NPs investigated here
has been evaluated to be ∼0.4.60
Single-Particle PL Spectroscopy. Thin ﬁlm of MAPbBr3
NPs was prepared via spin coating (2000 rpm for 1 min) a
dilute (∼nM) solution in dry toluene (spectroscopic grade,
Sigma-Aldrich), on a freshly cleaned glass coverslip (25 mm ×
25 mm). The wide-ﬁeld epiﬂuorescence microscopy of
spatially segregated NPs was performed by exciting a large
area (∼40 μm diameter) of the TF with 405 nm continuous
wave (cw) laser (100 μW, power density ∼8 W cm−2) using an
oil immersion objective lens (1.49 NA, 60×, Nikon ApoTIRF,
oil). The PL from the single NPs were passed through the
same objective lens followed by 457 nm long-pass dichroic
ﬁlter and detected using an interline CMOS camera
(Hamamatsu orca ﬂash 4.0 v3). Single NPs spectroscopy was
performed by placing a variable, vertical slit in the emission
pathway for spatial selection of emitters, accompanied by a
transmission grating (70 grooves/mm). The detailed description of the experimental setup can be found elsewhere.62
Blinking movies (16 bit images) are collected at 100 Hz while
single emitter spectroscopy is performed at 10 Hz (frames/
sec) acquisition rate. Because of the instrumental limitations
for long time data collection, we acquired 100 s data which is
consistent for all samples. Each movie containing few tens of
single emitters is analyzed after background ﬂattening using
ImageJ software. PL intermittency and spectroscopy of
individual MAPbBr3 NPs were performed under varying local
environments such as Argon (Ar) and O2 in both dry and
carefully monitored humid conditions in addition to moist
(RH ∼ 55%) ambient environment (Air). A glass chamber
with humidity sensor, containing an inlet and outlet, was
attached to the microscope stage to attain desired local
atmosphere. Dry gases (Ar or O2) were purged into the
chamber through the inlet either directly or through water to
achieve dry or humid environment. Each of the corresponding
dry gases were purged for 30 min before measurements,

■

RESULTS AND DISCUSSION
Optical Instability Characteristics of OHP NPs under
Various Environments. Because of extremely high PL
intensity observed in the ensemble emission spectra (Figure
S1c), spatially segregated layered NPs of MAPbBr3 could be
readily imaged with high contrast (Figure 1a, inset), although

Figure 1. (a−d) Diverse PL intermittency and emissivity characteristics of various individual MAPbBr3 NPs (1a, inset) under identical
experimental conditions: (a) BB, (b) qTSB, (c) BBB, and (d) MSB.
(e) Relative frequency of PL intermittency characteristics (a−d)
under three diﬀerent environments. The number of MAPbBr3 NPs’
PL intensity trajectories investigated: 221 (moist air), 504 (dry Ar),
and 604 (dry O2).

there is considerable heterogeneity in the brightness of
diﬀerent NPs (Figure 1a,b). Subsequently, we collected
emission (movies) over 100 s duration for many individual
MAPbBr3 NPs under diﬀerent ambient conditions, which
allowed us to compare the rudimentary diﬀerences of optical
instability features in moist air, dry O2, and dry Ar. We ﬁnd
that the NPs undergo signiﬁcant temporal ﬂuctuations of
emissivity in terms of (i) gradual changes in emission intensity
such as photobleaching or photobrightening and/or (ii) abrupt
C

https://doi.org/10.1021/acs.jpcc.1c02207
J. Phys. Chem. C XXXX, XXX, XXX−XXX

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

blinking or ﬂickering between two (“On”/bright and “Oﬀ”/
dark) or more intensity levels, apart from (iii) wide variation in
the maximum PL intensity over a course of time. Several
characteristic of PL intensity trajectories under ambient
conditions (air) are shown in Figure 1a−d. As opposed to
the prior reports,14,33 our data clearly reveal that the nature of
PL ﬂuctuations as well as emission yields vary considerably for
diﬀerent individual NPs in the ensemble under a speciﬁc
environmental condition. On the basis of these aspects, we
classiﬁed the blinking propensity of single NPs into four
dominant categories (Figure 1a−d), namely (i) “Bleaching
with blinking” (BB) (high initial intensity), (ii) “Quasi twostate blinking” (qTSB) (low to moderate intensity; emissivity
of this class of NCs with higher occurrence of the long Oﬀintervals (On-intervals) are designated “Mostly Oﬀ” (“Mostly
On”) type emitters), (iii) “Photobrightening and bleaching
with blinking” (BBB) (moderate to high intensity, also see
Figure S2a), and (iv) “Multistate blinking” (MSB) (low to
moderate intensity). Although not discussed further, it is worth
mentioning that we identiﬁed few rare events (∼2%) of bright
NPs only under dry O2 environments which show continuous
photobrightening accompanied by blinking (Figure S2b).
Our measurements on several hundreds of MAPbBr3 NPs
show that these four optical instability characteristics are
ubiquitous irrespective of all the environments studied.
However, their relative proportions and dominant behaviors
change remarkably when the environmental constituents in the
surroundings are altered (Figure 1e and Table S1). Out of 221
NPs investigated in (moist) air, an overwhelming majority of
emitters exhibit either BB (∼57%) or BBB (∼28%) type
blinking (Figure 1a,c) and seldom do we ﬁnd qTSB or MSB
intermittency. However, in subsequent inert atmosphere (dry
Ar), we ﬁnd signiﬁcant lowering of PL intensity for the vast
majority of NPs, and the dominance (60%) of qTSB (Figure
1b) along with a smaller proportion (∼20%) of MSB (Figure
1d) behaviors. On the other hand, in dry O2 environment
(after Ar) there is a considerable enhancement of the initial
emission intensity for most of the NPs (∼75% of 605
emitters), which undergo slow time scale photobleaching
accompanied by blinking (BB). However, nearly a quarter of
total NPs investigated in dry O2 do exhibit diverse
intermittency behaviors (qTSB, BBB, and MSB) in almost
equal proportions.
The contrasting behaviors (i.e., dominant qTSB or BB) for
most NPs (Table S1) in the absence and presence of inert
(argon) environment (qTSB) suggests that slow temporal
decay of PL along with abrupt intermittency with short Oﬀtime durations, is a consequence of interactions of the crystals
with oxygen. Further, in moist air/dry O2, we often observe the
feature of either abrupt or gradual enhancement of PL intensity
(BBB) up to a critical time (τc) followed by a decay in PL, in
which τc varies from milliseconds to several tens of seconds for
diﬀerent NPs. Thus, surrounding O2 and/or H2O can cause
passivation of certain nonradiative (NR) defects leading to
initial PL enhancement, however, a competing process of
activation of other NR traps due to environmental degradation
or photoexcitation is simultaneously operational and becomes
dominant after τc. We note that such initial enhancement and
subsequent diminishing of PL emissivity has been observed in
nonblinking bulk OHP crystals and ﬁlms as well.31,32
While the exact reason remains unclear, the large variation of
τc from one NP to the other may be related to the initial
density of defects (or traps) present in each crystal prior to the
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photoexcitation, which can severely aﬀect oxygen or moisture
induced trap-passivation or activation processes. Further,
increase in proportions of BB type intermittency in dry O2
atmosphere (Table S1) with respect to moist air (RH ∼ 55%)
indicates that higher vapor pressure of oxygen assists in
degradation of the NPs from the initial exposure of light. This
inference is supported by lower density of emitters found
under dry O2 environments, following initial measurements in
moist air and argon (Figure S3). It is also relevant to note that
the majority of MAPbBr3 NPs are considerably more
photostable in the presence of dry Ar due to lack of
involvement of oxygen/moisture in assisting photodegradation.
However, there is a signiﬁcant lowering of the emission
intensity along with rarely emissive qTSB (Mostly Oﬀ)
characteristics under inert condition, consistent with prior
reports.28,33,42,63 This behavior likely owes to activation of
deep traps under photoirradiation, which enhances alternate
NR recombination channels thereby signiﬁcantly lowering the
emissivity.
It is relevant to note that the NPs are encapsulated by
organic ligands (dodecylamine), which form the ﬁrst point of
interaction of gaseous molecules. It is possible, however, that
the density and/or distribution of ligands around various
MAPbBr3 NPs are quite diverse, and therefore the eﬀective
barrier faced by gas molecules surrounding the NPs can vary.
We speculate that local uncovered (or sparsely covered)
surface of NPs may act as interaction zones with gases, and
these regions can generate/passivate speciﬁc traps which
inﬂuence optical properties. Thus, the density or the nature of
defects/traps that are formed/removed by an atmospheric
constituent is likely to diﬀer from one NP to another, which
may result in a wide variety of blinking characteristics observed
in our measurements.
While the above measurements provide an overall idea about
the emissive behaviors of MAPbBr3 NPs in diverse environmental conditions, issues such as reversibility cannot be
deciphered conclusively. Further, because of signiﬁcantly
reduced emission spots in moderate to high humidity, it is
challenging to perform statistical analysis of PL intermittency
upon progressive change of the environmental moisture
content. Therefore, it is imperative to monitor the PL
intermittency and emissivity characteristics of individual NPs
upon sequential change of surrounding atmospheric constituents, which provides insights into role of oxygen and moisture
on each OHP particle’s optical instability.
Eﬀect of Environmental Constituents on PL Intermittency of Individual OHP NPs. We use three
representative NPs (NP-1 to NP-3) which have similar initial
PL intensity and comparable intermittency characteristics in
air, to portray the eﬀect of atmospheric constituents on PL
characteristics. First, we investigated sequentially collected PL
intermittency of NP-1 (Figure 2a) under humid air, followed
by exposure to dry Ar, and eventually under dry oxygen
atmosphere. Consistent with our previous observations (Figure
1e and Figure S3, Table S1), we ﬁnd that the emissivity of NP1 is remarkably decreased in inert environment (qTSB) as
compared to moist air (BB), while high PL intensity is restored
under subsequent exposure to dry O2 (Figure 2a, Figure S4a).
Further, under Ar, blinking involves predominantly Oﬀ-states
with intermittent short-duration On bursts, which is in stark
contrast to aerobic environment where the emitters remain
mostly in the On or bright state. This particular NP, like most
others in the ensemble, was also found to undergo a complete
D
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Figure 2. (a) PL intensity trajectories of NP-1 under moist air (green), followed by dry Ar (blue), and dry O2 (red). (b) PL intensity trajectories of
NP-2 in air (green), followed by dry Ar (blue), and moist Ar. (c) PL intensity trajectories of NP-3 in air (green), followed by dry Ar (blue), neat O2
(red), and moist O2. Individual NPs undergo irreversible degradation under high humidity (RH > 50%) which is further augmented in the presence
of oxygen. Traces collected in moisture environments are shown using lighter shade.

irreversible degradation of vast majority of MAPbBr3 NPs at
higher moisture levels.
Next, we probed the inﬂuence of varied amounts of moisture
in oxygen, on the PL characteristics of individual
MAPbBr3NPs. Figure 2c depicts intermittency characteristics
of NP-3 with increasing moisture content (RH ∼ 5−50%) in
oxygen subsequent to initial exposure to air and dry Ar. NP-3
also follows the same trend (BB → qTSB → BBB) as in NP-1
(Figure 2a) under sequential exposure to Air, dry Ar, and dry
O2 (Figure 2c). At RH of ∼40% NP-3 undergoes blinking
along with bleaching similar to that observed for NP-2 in moist
Ar (Figure 2b, RH 40%), however, there is a clear
enhancement in photobleaching rate in the presence of dry
oxygen. Further increase of the RH to ∼50% signiﬁcantly
lowers the initial emission intensity (Figure 2c, Figure S4c)
and rapidly photodegrades the emitter. We subsequently
exposed the same NP-3 to even higher moisture (RH ∼ 60%),
where the emitter remained nonemissive, similar to the
behaviors of overwhelming majority of NPs in the ensemble.
Upon reversal to dry O2 or inert (Ar) environments, most of
these NPs (which have been exposed to high humidity and
oxygen) do not show any enhancement of PL emission,
indicating irreversible degradation of the crystals. Therefore,
exposure to higher moisture in any environment is more likely
to irreversibly and adversely aﬀect the optical property of
MAPbBr3 NPs. Although their eﬀects are similar, we refrain
from concluding that either oxygen or moisture is more
detrimental toward MAPbBr3 NPs, as their extent of
degradation can be rather diverse in both of these environments and likely depends on the initial defect density in each
NP (Figures S6 and S7).
Importantly, under dry O2 and/or moisture, individual NPs
exhibits almost 10-fold increase in the (initial) PL intensity as
compared to prior exposure to (dry) Ar, however, their

loss of emissivity upon further exposure to dry Ar (and dry
O2), which suggests irreversible material degradation in the
presence of high vapor pressure of O2 in combination with
light exposure. Moreover, to investigate whether light-induced
trap-ﬁlling (in air) aﬀects the emissivity, we monitored the PL
of NPs under alternating dry Ar and dry O2 environments
without prior illumination under ambience. We found that
intermittency characteristics of NPs is identical (Figure S5i,ii)
in the respective environments (dry Ar or O2) which implies
that atmospheric inﬂuence dominates signiﬁcantly over
photoinduced trap-ﬁlling processes.
To probe the role of moisture, we investigated PL
intermittency of individual NPs under inert and varied
humid atmospheres, in the sequence Air−Ar(dry)−Ar(RH
∼40−50%)−Ar(dry), shown using the representative
MAPbBr3 NP-2 (Figure 2b, Figure S4b). In agreement with
previous results, NP-2 undergoes BBB characteristic in moist
air while intermittency subsequently changes to qTSB with
much lower intensity under dry Ar (Figure 2b, Figure S4b).
Further, we ﬁnd that moderate humidity (RH ∼ 40%)
enhances the average PL intensity of NP-2 for up to ∼36 s
(τc), which gradually decays over long time while undergoing
frequent blinking (BBB). With increasing moisture in Ar, there
is a progressive decrease of the maximum intensity up to RH of
∼50% where blinking ceases to occur and the emission
stabilizes. It is relevant to note that, in contrast to dry Ar,
moisture (in Ar) typically transforms NPs to Mostly On type
emissivity (Figure 2b). Moreover, we noticed that similar to
NP-2, most of the NPs irreversibly bleaches (Figure S6) at
higher moisture level (≥RH ∼ 60%) and does not reappear
even upon reversing to dry Ar environments. Therefore, while
low amount of moisture can passivate certain NR traps in
oxygen-free (inert) environments, there is complete and
E
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Figure 3. (a) PL spectral trajectories of NP-4 under Air followed by Ar and (b) the corresponding time averaged emission spectra in the two
environments. (c) Spectral trajectories of NP-5 in Ar followed by O2, Ar, and O2 environments, and (d) the corresponding sequential changes in
the time averaged emission spectra. (e) Bivariate plot and frequency distributions of EPL and IPL constructed from the spectral analyses of 80
MAPbBr3 NPs in sequentially varied environmental conditions (Air, green circles; Ar, blue squares; O2, red triangles). The mean values and
standard deviations of EPL and IPL in each environment are depicted using circles and line segments, respectively.

intermittency characteristics switch from being Mostly Oﬀ to
Mostly On (Figures S6 and S7). This suggests both water and
oxygen molecules in the environments aﬀect the emission
process of NPs in a similar fashion, often involving
simultaneous passivation and activation of certain traps.
Further, it is relevant to mention that the inﬂuence of moisture
is more dramatic (within few minutes) in comparison to dry
oxygen, where longer exposure is required to observe the same
eﬀects. However, it is still unclear whether oxygen and water

interaction is selective toward similar nature (deep/shallow) of
the defect states. So, to unravel or infer on the energetics of
involved defects, we next investigated how emission spectra
from individual NPs are altered under speciﬁc and sequential
atmospheric conditions.
Spectral Instability of Individual OHP NPs under
Varying Environmental Conditions. While blinking indicates active trap mediated NR recombination channels, it
does not provide information on energetics of the emissive
F
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Figure 4. (a) PL emission spectra of NP-6 under Ar environments with increasing moisture (sequence: RH of 5%, 40%, 50%, 60% and 5%) along
with Gaussian ﬁts from which IPL and λPL were extracted. (b) The corresponding change in λPL (squares) and IPL (triangle) of NP-6 between dry
and moist Ar. (c) PL emission spectra of NP-7 under O2 environments with increasing moisture (sequence: RH of 5%, 40%, 50%, and 60%) along
with Gaussian ﬁts from which IPL and λPL were extracted. (d) The corresponding change in λPL (squares) and IPL (triangles) of NP-7 between dry
and moist O2. Initially, none of the NPs were exposed to light in air and the time points of measurements are depicted in (c,d). Vertical dotted lines
(black) in (a,c) represents initial λPL positions.

undergo signiﬁcant blue shift compared to that observed
initially in Ar (Figure 3c,d). While the exact reason remains
unclear, such spectral bluing can arise from partial degradation
of the MAPbBr3 NPs upon interim exposure to oxygen and
light.46,47,64
To obtain time-averaged behaviors of a larger population of
NPs, we collected the emission spectra of random particles
under each of the aforesaid conditions. Subsequent emission
spectral analyses of ∼80 such NPs in each environment yielded
distributions of parameters such as transition energies,
emission intensities and line widths (Figure 3e and Figures
S9 and S10). The eﬀect of the environmental constituents on
the mean values of PL peak positions (Figure 3e) is consistent
with that observed for individual NCs (Figure 3a,c); there is a
slight blue shift (∼15 meV) from air (2.38 eV) to Ar (2.394
eV), however, the average EPL undergoes dramatic red shift
(∼80 meV) from Ar to dry O2 (2.313 eV). The bivariate plot
of intensity maxima against transition energy for all these NPs
(Figure 3e) reveals a signiﬁcant reduction in the emission yield
in inert environment, consistent with our blinking data (Figure
2). Relatively low spectral blue shifts upon introduction of Ar
suggest that in air, carriers can recombine via shallow radiative
traps, which are not accessible under inert environments. It is
reported that photoinduced deep NR traps can be formed
under inert (N2) surroundings28,33,42,63 or evacuated conditions28,31 and are likely to be responsible for signiﬁcant
quenching of PL in argon. The reversible and prominent
emission enhancement and red shift (Figure 3c,d, Figure S8)
further suggests that dry O2 can passivate NR traps formed in
Ar,27 thereby initiating radiative recombination (RR) processes
from relatively deeper trap levels. In addition, upon switching
from moist air to dry oxygen (Figure S11) results in a nominal

states, and how it varies in the presence of diﬀerent
environmental constituents. Here, we investigate the PL
spectra as a function of time for individual MAPbBr3 emitters
(NP-4) under Air−Ar(dry) atmospheric sequence. The
spectral time-trajectory of one such typical emitter (NP-4) is
depicted in Figure 3a, which undergoes qTSB under dry Ar.
The corresponding time-averaged emission proﬁle of NP-4
along with single-Gaussian ﬁts (Figure 3b) reveal a slight blue
shift of transition energy (∼15 meV) in Ar along with an ∼4fold lowering of intensity as compared to humid air (also see
Figure S8a,b).
Next, we monitored the eﬀect of (moisture-free) O2 and Ar
on the emission spectral dynamics of individual NPs under
alternating sequence of these gases without prior exposure to
light (in air). Figure 3c shows the changes in spectral
trajectories for an OHP crystal (NP-5) upon switching back
and forth between Ar and O2 surroundings. For NP-5, the
time-averaged PL spectra exhibit prominent yet reversible
change in both emission intensity (∼8−10 times) and
transition energies (Figure 3d), and the extent of energetic
changes can be as high as ∼135 meV (Figure S8c,d). We note
that after O2 purge, most single NPs become so weakly
emissive that it is challenging to detect these on further
exposure to Ar. However, upon reintroduction of O 2
environment, NPs exhibit signiﬁcantly enhanced PL (compared to Ar) and their spectral peaks revert back close to their
respective positions in O2 (Figure 3c,d and Figure S8c,d). This
suggests that while the NPs are not completely degraded, more
NR defects are created upon progressive exposure to oxygen.
Intriguingly, for the few NPs (such as NP-5) from which
emission spectra could be collected during second exposure to
Ar (after O2), the PL peak positions (λPL) are often found to
G
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Figure 5. Schematic depiction of proposed carrier recombination pathways in MAPbBr3 NPs under (a) Ar, (b) O2, and (c) moist O2 or Ar. Dashed
curly and straight lines represent NR recombination and radiative recombination, respectively, while the eﬃciencies are qualitatively depicted using
line-thickness. In dry Ar (a), NR deep traps eﬃciently trap the carriers resulting in low emissivity from the band-edge (hv1). In dry O2 (b) or in
H2O (c), NR defects are passivated, while alternate shallow trap-mediated eﬃcient emissive channels (hv2 and hv3) are operational. Generation of
shallow NR traps due to photoexcitation in O2/H2O10,11,31 likely leads to Mostly On blinking characteristics in these environments.

trap levels. We note that prolonged exposure to RH of 50% or
beyond leads to complete quenching of PL for the vast
majority of NPs (Figure S13), and we were unable to collect
emission spectra even after removal of moisture in the
environment by purging dry O2 for 30 min. This suggests
moist oxygen environment severely augments material
degradation as well as optical instability of MAPbBr3 NPs.
Origins of Environment-Induced Optical Instability of
OHP NPs. Depending on certain speciﬁc interactions with
atmospheric constituents in the presence of light, there can be
variations in the optoelectronic behaviors among diﬀerent NPs
which remain obscured in ensemble measurements on
TFs.10,27,31,63 In agreement with previous reports,33,42,63 we
attribute signiﬁcant quenching in IPL under inert environment
to the NR defects in the OHP NCs because of photoassisted
ion mobility, which induces formation of deep midband energy
states. Long-lived trapping of carriers in such NR defect states
in dry Ar atmosphere renders low emission intensity via band
edge, along with Mostly Oﬀ intermittency characteristics
(Figure 5a). Under O2/H2O-free surroundings, most of the
NPs are likely to remain chemically unchanged over
illumination time scales, and thus qTSB behaviors are
prevalent without severe photobleaching or photocuring
eﬀects. Emission intensity of majority of the NPs exhibits
signiﬁcantly enhanced IPL along with Mostly On type blinking
in the presence of electron coordinating atmospheric
constituents such as O2/H2O molecules, which are known to
passivate NR defects.14,24,33,35 However, prolonged exposure to
O2 and/or H2O in the presence of light severely degrades the
MAPbBr3 NPs rendering progressive rise in defect density, a
hallmark of which is optical instability along with progressive
decrease in the PL intensity. Further, considerable occurrence
of BBB type intermittency in dry/moist aerobic conditions
suggests that environmental activation and passivation of
certain traps can be simultaneously operational which severely
inﬂuence emissivity of individual emitters.
Our single-particle spectroscopic measurements on
MAPbBr3 NPs show that nature of the trap-mediated emission
is selective toward diﬀerent environmental constituents which
has rarely been explored via theoretical27 and experimental10,55
investigations on OHP TFs. Enormous enhancement in IPL
along with large (∼80 meV) red shift of average EPL in dry O2
with respect to dry Ar indicates that oxygen passivates deep
NR defects formed in Ar, while carriers are preferentially
channelized through alternate traps where RR is facilitated

red shift (10−25 meV), indicating a reduced possibility of deep
NR trap formation in moist air (as compared to Ar).
Subsequently, we investigated individual MAPbBr3 NPs
under varying moisture levels in Ar and in O2 environments
(without prior excitation in air) which allowed us to
understand how water molecules in the surroundings interact
with certain defects under photo illumination. As most emitters
irreversibly degraded at high moistures (RH ∼ 60%), we were
unable to collect statistical data on moisture dependent
spectral characteristics. For few of these NPs which did
survive prolonged moisture exposure, such as NP-6 (in Ar) and
NP-7 (in O2), we were able to quantify the changes in spectral
features under varied moisture contents as shown in Figure 4.
For NP-6, we ﬁnd that the introduction of moisture in Ar leads
to enormous (>100 times) intensity enhancement, along with
∼12−20 meV red shift in the transition energy (Figure 4a,b
and Figure S12). These results illustrate that although Ar and
light introduce deep NR traps, interaction of the NPs with
moisture (in Ar) assists carriers to recombine via shallower
radiative traps. We noticed that IPL of NPs decreases
dramatically within minutes of exposure to RH ∼ 60%, and
most NPs are undetectable at higher RH. Interestingly, upon
removal of moisture by purging dry Ar, both EPL and IPL of
several NPs are found to revert back to that obtained initially
in Ar (Figure 4b and Figure S12). This demonstrates the
reversibility of formation/annihilation of radiative traps
induced by physisorption of H2O, for limited exposure up to
certain amount of moisture (RH of 50%). Thus, exposure to
low moisture in inert environments increases IPL, while higher
moisture (RH > 60%) most often irreversibly degrades
MAPbBr3 NPs.
The situation slightly changes for increasing moisture in
oxygen environments. Figure 4c,d (also see Figure S13) shows
the spectral characteristics of a representative NP in dry O2
with increasing moisture, without prior illumination in air. As
compared to O2, NP-7 undergoes a 10-fold enhancement of IPL
in low moisture (RH ∼ 40%) along with a blue shift of ∼15−
25 meV. However, further increase of moisture leads to
decrease in IPL close to that in O2, while EPL remains
unchanged. This indicates shallow trap mediated RR is
initiated by interaction of water molecules with the NPs
even in the presence of high vapor pressure of oxygen.
Therefore, we speculate that shallow trap-assisted emission in
air (Figure 3a,b) owes to the moisture present in air, whereas
our data indicated neat O2 initiates RR from relatively deeper
H
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environment. We speculate that (ir)reversibility between
radiative and nonradiative defect mediated emission likely
depends on extent of adsorption or percolation of O2/H2O
through the NP surface.
We propose that O2 along with H2O in the environment
provides the most detrimental condition toward optical and
material stability of OHPs, which is an important factor to
consider while developing perovskite based optoelectronic
devices (solar cells/LEDs). On the other hand, to minimize
the eﬀects of oxygen and moisture, introduction of inert gases
around active materials may also have adverse eﬀects on the
optoelectronic properties because of the generation of
nonradiative deep traps, which can signiﬁcantly reduce the
radiative eﬃciency and perhaps, hinder carrier transport as
well. Hopefully, this work provides some clues to unambiguously decipher the nature of environmental interactions with
OHPs as well as their degradation mechanisms.

(Figure 5b). A very similar process is likely operational in the
presence of moisture (in Ar), albeit a lower red shift (∼15−20
meV) in EPL suggests eﬃcient recombination through relatively
shallow trap-assisted radiative channels (Figure 5c). Perhaps,
interaction of oxygen/moisture with NPs leads to transient
weakly bound species27 or a negatively charged layer,31 which
removes certain NR traps14,24,33,35 while creating few highly
radiative traps,10,55 thereby playing a major role to determine
the nature of PL intermittency.
Despite similar eﬀects based on the time scales of
photobleaching, we ﬁnd that interaction of MAPbBr3 NPs
with water vapor is more pronounced as compared to even
neat oxygen. This likely is because of the larger scope of
hydrogen bonding in H2O as compared to molecular oxygen.
Our spectral measurements under Ar(dry)−Ar(moist)−Ar(dry) alternating environments show that the adverse eﬀects of
water as well as nature of traps involved in the emission
process can often be reversed to a certain extent. We relate this
phenomenon with low crystallinity as well as formation of
hydrated MAPbBr3 crystals at higher humidity level, consistent
with recent in situ structural studies which show that
crystallinity is (partially) restored when moisture content in
the environment is lowered.65 Thus, optical quality of OHP
NPs and reversibility in moisture interaction is likely
dependent on the amount of adsorbed/desorbed H2O
molecules on the NP surface, while neat O2 treatment always
leads to irreversible degradation of these OHP NPs. We
emphasize here that the eﬀect of O2 and/or H2O on optical
instability and reversibility of IPL and EPL can also vary among
NPs in the ensemble, perhaps depending on initial defect
density of individual crystals. We surmise that the density and
nature of defects on the NP surface are determined by a
combination of factors such as surface coverage of capping
ligands and interacting gas molecules. Depending on their
nature, certain traps in each platelet likely act as the seeding
points for other photogenerated defects which can initiate
material degradation.
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