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Abstract: Metal halide perovskites have attracted considerable
attention in applications such as photovoltaic cells and light-emitting
diodes. The performance and durability of perovskite devices are
significantly dependent on the nature of structural defects, but the
underlying mechanisms of structure-related photochemical reactions
are not yet fully elucidated. This study demonstrates that the
photoluminescence (PL) from individual perovskite nanoparticles
(NPs) can be utilized to resolve the different trapping pathways of
the photogenerated charges, and hence, obtain a correlation
between the pathways. PL deactivation and activation were
observed and mainly attributed to nonradiative Auger recombination
by the trapped charges and the passivation of surface traps by
oxygen, respectively.  Single-particle  spectroelectrochemical
technique was further employed to explore the possible origin of the
effective charge trap states and the reversibility of redox events
under electrical bias. Consequently, this study unravels the complex
effects of the structural defects on the charge carrier dynamics in
perovskites.

Introduction

Organic lead halide perovskites MAPbX; (MA = CH3NH3", X =
CI, Br7, or I"), composed of methyl ammonium, lead, and halide
ions (Figure 1a), have attracted considerable attention for
photovoltaic applications!! and light-emitting devices® owing to
their strong light absorption,® high photoluminescence (PL)
quantum yield,”! long charge carrier diffusion lengths,® band-
like charge carrier transport,®! and photon recycling ability.[”]
Structural disorders or defects strongly affect these properties,
often leading to serious problems in the aforementioned
applications. One such effect is the anomalous hysteresis or
poor reproducibility in the current density—voltage (J-V)
characteristics of the perovskite solar cells.fl There is
considerable debate about its origin, and arguments include
charge trapping/detrapping, ion migration, and ferroelectric
switching.[®! A recent study suggests that the hysteresis behavior
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is due to the formation of iodide Frenkel defects caused by the
accumulation of excess electrons at iodide vacancy (V) sites
(i.e., VI* + 27 — V| in Kroger-Vink notation), rather than the
migration of the vacancy.'” Subsequently, the long-term
durability of the perovskite layer remains a concern because of
the intrinsic structural instability of the perovskite in ambient
air.'"1 Moreover, the degradation of the perovskite layer is
significantly driven by external factors such as heat,['? light,['3
moisture,[' oxygen,['® and electrical bias.[']

Since several types of defects play crucial roles in most of
these behaviors, and a further mechanistic understanding of the
defect-related carrier dynamics is necessary for improving the
performance and durability of the perovskite devices. However,
due to the inherent heterogeneities in the sample and the
accumulation of diffusing charge carriers at the interfaces
between the different domains in a polycrystal or closely packed
nanoparticles  (NPs),l'  cooperative or non-cooperative
responses of the charge carriers to a few traps cannot be readily
resolved by conventional bulk measurements only. In this
respect, isolated perovskite nanostructures that are not in
contact with others are preferable. For instance, our group
reported a significant intermittency and stepwise enhancement
of PL from single MAPbBr; NPs because of charge trapping by
only a few effective trap sites.["®

In this study, perovskite NPs were synthesized and the PL of
individual particles was observed by several single-particle
microscopy techniques. The MAPbBr; was selected because of
its better stability against moisture as compared with MAPbI3.['
For the cases where the PL intensity changed by more than one
order of magnitude during photoexcitation, the PL deactivation
and activation were found to be linked mainly to the nonradiative
Auger recombination by trapped charges and the passivation of
surface traps by oxygen, respectively. Furthermore, single-
particle spectroelectrochemistry measurements were performed
to explore the redox events and their reversibility in the
individual perovskite NPs under applied bias potential. Our
single-particle study reveals the complex effects of the trap sites
on the charge carrier dynamics in the perovskites.

Results and Discussion

Figure 1b shows the optical absorption and PL spectra of
MAPDbBr; NPs in diethyl ether. The absorption band is broad and
has an edge at around 530 nm. In the PL spectrum, an emission
maximum was seen at around 530 nm, which is typical of the PL
of MAPDbBr; NPs.['® From the transmission electron microscopy
images, it was confirmed that the synthesized MAPbBr; NPs had
a mean diameter of about 10 to several tens of nanometers.["®
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Figure 1. (a) Structure of MAPbBr3. (b) Optical absorption (blue) and PL (red)
spectra of MAPbBrs NPs in diethyl ether. The excitation wavelength for PL
measurement was 405 nm

To investigate the PL properties of the individual MAPbBr3
NPs, a colloidal solution of MAPbBr; was spin-coated on the
cover glass, and single-particle measurements were performed
using space- and time-resolved fluorescence microscope. Figure
2 depicts the typical single-particle PL of MAPbBr; observed
during 405-nm laser irradiation in ambient air. Figures 2a and b
show that the PL intensity from each NP is strong immediately
after light irradiation, but weakens significantly within a few
seconds (referred to as PL deactivation). In addition to the
decrease in the PL intensity, the PL decay lifetimes were
considerably shortened without any noticeable spectral peak
shift (Figures 2c and d). After continuous excitation for a few of
tens of seconds, the NPs start emitting again and regain their
initial intensity (referred to as PL activation). This gradual
increase indicates the light-induced passivation of the
nonradiative intrinsic defects, known as photoactivation or
photocuring.?® After the activation process has been completed,
the PL intensity remains constant, suggesting that atmospheric
moisture does not cause significant degradation of the samples.
PL activation is also accompanied by the gradual increase of the
average lifetime (<z>) of the PL decay (Figure 2e). Moreover, a
small blue shift (3 nm) with respect to the initial state, before PL
deactivation, was observed during PL activation (blue and red
spectra, Figure 2c). In a previous study, a gradual blue shift of
the PL peak during the illumination of single CdSe quantum dots
in air was ascribed to photooxidation of the surface.?!

These processes have been focused here to elucidate the
mechanism of the photochemical reactions. For the
characterization of PL deactivation, ty was defined as time until
the PL intensity decays to the minimum level and was analyzed
by single-exponential curve fitting for each particle (blue line in
Figure 2b). In the case of PL activation, the corresponding t, was
determined by the exponential growth fits of the early data points
obtained after PL deactivation (red line in Figure 2b).?? This is
because it takes long time to reach the maximum under weak
excitation conditions.
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Figure 2. (a) Single-particle PL images of MAPbBrs NPs observed during 405-
nm laser irradiation in ambient air. The scale bars are 2 ym. (b) The PL
intensity trajectory of the particle indicated by an arrow in panel (a). The blue
and red lines are the fitted curves (analytical procedures of characteristic times
(t+ and ta) are given in the main text). (c) Temporal changes of the PL spectra.
Normalized PL decay profiles observed for different particles during PL
deactivation (d) and activation (e). The decay profiles in (d) and (e) were fitted
by a single or double exponential function (green lines). The average lifetimes
(<z>) are given in the figure legend. No reliable lifetime could be obtained for
the profile at 2 s in panel (d) due to its low intensity.

To investigate the effect of light irradiation on {3 and t,, their
dependence on the excitation intensity in ambient air was
examined first. It is evident from Figures 3a and b that both PL
deactivation and activation are light-induced processes. The
wide range of {3 and {, values indicate the heterogeneous nature
of the sample. The t4 values decrease sharply while the f, values
decrease gradually with increasing excitation intensity. The
absence of any clear correlation between t4 and t,, as seen from
the single-particle analysis, suggests that the two processes
obey different mechanisms (Figure 3c).
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Figure 3. Dependences of ts (a) and ta (b) on the excitation intensity at the
cover glass surface. At least eight particles were analyzed for each excitation
intensity. (c) Correlation between fs and fa. The total number of analyzed
particles is 47.

Here, the possible mechanisms proposed for each process
are discussed and are illustrated in Figure 4. There are two
proposed mechanisms for PL deactivation. In the first
mechanism, light irradiation produces a number of new defects
that result in PL quenching through charge trapping, eventually
leading to the degradation of the perovskite structure (Figure
4a).? The other mechanism is based on the Auger
recombination in which an electron-hole pair recombines
nonradiatively by transferring its energy to a trapped charge
(Figure 4b).l'" This trap-assisted Auger recombination is
remarkably enhanced by decreasing size of NPs.?4

(@) PL deactivation (irreversible) (D) PL deactivation (reversible)
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Next, the two possible mechanisms for PL activation are
discussed. In the first mechanism, the photogenerated electrons
are trapped at the intrinsic bromide ion vacancies (Vg), and this
reaction promotes the vacancy-interstitial recombination by
electrostatic repulsion between trapped electrons (i.e., Vg') and
diffusing bromide ions (Figure 4c). This mechanism successfully
explained the gradient in the activated region in the MAPbI;
perovskite films.?%! In the second mechanism, the effective trap
sites such as the halide ion vacancies, halide ion interstitials,
and lead interstitials are deactivated by the interaction or
reaction with molecular oxygen under light irradiation (Figure
4d)_[20a, 26]

The mechanisms of PL deactivation/activation were clarified
by the reversibility tests. When light irradiation was stopped
before PL activation could occur, PL deactivation was repeated
several times despite slight differences in the {3 values among
the cycles (Figure 5a). If light irradiation produces permanent
defects in NPs, such repeatability is not expected because the
degradation is usually irreversible.””® Gottesman et al. reported
that the structural transformation led to a slow reversible PL
deactivation that required several hours for recovery in the
dark.?l This time scale is far more than those in the phenomena
observed in this study. Therefore, it is suggested that the PL
deactivation in the present system is caused by the Auger
recombination (Figure 4b) rather than mechanism of Figure 4a.
As shown in Figure 2, the NPs have very low PL yields and short
lifetimes during the PL deactivation in their dim states until their
neutrality is restored, or the trap states disappear. On the other
hand, when light irradiation was paused during the PL activation
and then restarted, the PL intensity continued to increase,
without any PL deactivation (Figure 5b). This continuity suggests
that PL activation originates form the irreversible structural
changes in NPs, and its mechanism is totally different from the
reversible deactivation mechanism.
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Figure 4. Possible mechanisms of PL deactivation (a, b) and activation (c, d).

The broken arrows indicate the nonradiative charge recombination.

Figure 5. (a) The repeatability of PL deactivation in air. (b) The continuity of
PL activation in air.

Very recently, Hong et al. reported similar PL behavior in
MAPDbI; microcrystals in the time scale of a few to tens of
seconds.?® They proposed that interstitial iodide () and lead
(Pbi) defects are responsible for the PL activation and
deactivation, respectively. However, the kind of reactions
involved in these processes are still unclear. To gain more
information on PL activation, the effect of oxygen molecules on
this process was examined.
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Figure 6a demonstrates that the PL from single NPs quickly
weakened in Ar atmosphere, similar to that observed in air, but
there was no activation even after prolonged exposure to
intense laser radiation. However, a gradual increase in the PL
intensity was clearly observed immediately after the sample was
exposed to air, thereby indicating the necessity of gaseous
oxygen for activation. The photogeneration of carriers, in the
absence of oxygen, is known to increase the densities of both
halide vacancies in the crystalline structure and neutral iodine in
the interstitial sites. This occurs due to the enhanced ion
conductivity within the perovskite, thereby leading to a more
defective lattice.” This concept, however, cannot explain the
current observation wherein the PL intensity increases again
upon combined exposure to light and air (Figure 6). It is thus
suggested that the trap sites disappear by surface reaction with
oxygen molecules, leading to the PL activation, and this is not
directly correlated with PL deactivation (Figure 3c), possibly due
to the different locations of the relevant defects. In line with this
observation, Anaya et al. reported that simultaneous exposure of
MAPDBr; films to light and gaseous oxygen resulted in the
formation of superoxide species.??? The density functional theory
(DFT) calculations further predicted that the adsorbed molecular
oxygen captures an electron to form superoxide species capable
of passivating surface V,.% This mechanism was also in good
agreement with the claim in a previous report from our group.['®l
Another possibility was put forward by Meggiolaro et al., who,
using hybrid DFT calculations including spin-orbit coupling,
suggested that oxygen effectively inactivates deep hole traps
associated with I; in MAPbIl; by forming moderately stable
oxidized products (i.e., 107, 10,7, and 1057).3"
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Figure 6. PL intensity trajectories of the same NP observed (a) in Ar ([O2] <
0.1 vol%) and (b) after exposing to air. After the PL deactivation, air was
introduced into the sample chamber.

Finally, single-particle spectroelectrochemical measurements
were carried out under a microscope with an electrochemical
analyzer in a standard three-electrode setup to characterize the
nature of the effective traps (Figure 7a). The indium tin oxide
(ITO)-coated cover glass was employed as the working
electrode, Pt was employed as the counter electrode, and Ag
wire in dichloromethane containing 0.1 M BusNPFs was used as
a pseudo-reference electrode. The NPs were immobilized on the
ITO surface, possibly via electrostatic interactions. When
negative bias was applied using cyclic voltammetry (-0.05 V —
-0.95 V — -0.05 V vs normal hydrogen electrode (NHE)), the
PL intensity sharply decreased at around -0.9 V vs NHE,
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followed by the recovery in intensity at a less negative voltage
(Figure 7b). A similar PL response was observed for other NPs
(Figure S1). The potentials at which quenching and recovery of
the PL occur are different among the particles and are -0.85 +
0.06 and -0.42 + 0.17 V vs NHE for the two processes,
respectively. The observed PL quenching is reasonably
explained by assuming that the electrochemically-injected
electrons in the trap state that are close to the bottom of the
conduction band (CB) (-0.84 V vs NHE for bulk MAPbBr;)E2
quench the excitons via Auger recombination. It is believed that
this state is related to the PL deactivation and possibly
originates from Vg, which is also supported by DFT
calculations.®® The mechanism of PL recovery is still obscure,
but is usually ascribed to the disappearance of excess electrons.

In contrast, when positive bias was applied (0.06 V — 1.26 V
— 0.06 V vs NHE), the PL intensity sharply decreased at around
0.89 V vs NHE and did not recover at higher voltages (Figures
7c and S1). This was due to the degradation of the perovskite
structure by the following oxidation reaction: CH3NH3PbBr; — e~
— PDbBry + CH3NH3* + 0.5Br,.B%! On the basis of the above
results, it is suggested that the photogenerated or
electrochemically-injected electrons are captured at the shallow
traps, most probably the Vg sites, just at the bottom of the CB.
These trapped electrons likely lead to the PL quenching via
nonradiative Auger recombination. The irreversible PL
quenching occurred at an applied potential of 0.85 + 0.15 V vs
NHE, suggesting that the deeply trapped holes, probably at
interstitial ion sites, will induce the degradation of the perovskite
structure if not scavenged quickly.
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Figure 7. (a) lllustration of the experimental setup for single-particle
spectroelectrochemistry. Dependence of the PL intensity on applied (b)
negative and (c) positive potential.
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Conclusions

In conclusion, significant changes in the PL properties of
MAPDbBr; NPs under light irradiation were observed using single-
particle PL spectroscopy. The PL deactivation and activation
were mainly due to the nonradiative Auger recombination by
trapped charges and passivation of surface traps by oxygen in
air, respectively. The single-particle spectroelectrochemical
studies revealed that the PL from single MAPbBr; NPs was
reversibly quenched by excess electrons in shallow traps near
the bottom of the CB, while the perovskite irreversibly degraded
under a potential of around 0.9 V vs NHE. Although a direct
relationship between the observed activation/deactivation and
device instability problems such as the J—V hysteresis is still not
evident, the findings and methodologies in this study provide
further insights into the photo(electro)chemistry of metal halide
perovskites.

Experimental Section

Colloidal MAPbBr3 NPs were synthesized without any capping reagents
and characterized according to a previous report from our group.['® In
brief, a precursor solution (equimolar concentrations MABr and PbBrz in
N,N-dimethylformamide) was added to diethyl ether under vigorous
stirring. Optical properties of the prepared MAPbBr3 NPs were studied
using a UV-visible spectrophotometer (V-770, JASCO) and a
fluorescence spectrophotometer (FP-8300, JASCO). The suspensions of
NPs were spin-coated on clean borosilicate cover glasses (Matsunami
Glass) or ITO-coated cover glasses (Matsunami Glass; 100 nm thickness,
10 Q cm™ surface resistivity) for observation under the fluorescence
microscope. The single-particle PL measurements were performed on a
home-built wide-field confocal microscope equipped with a Nikon Ti-E
inverted fluorescence microscope.'® 34 The PL images were recorded
using an electron-multiplying charge-coupled device camera (Evolve 512,
Roper Scientific) using Micro-Manager (https://www.micro-manager.org/).
The 405-nm continuous wave laser (OBIS 405LX, Coherent) or 405-nm
pulsed diode laser (PiLO40X, Advanced Laser Diode System, 45-ps
FWHM) was used to excite the samples. A dichroic mirror (Di02-R405,
Semrock) and a longpass filter (BLP01-458R, Semrock) were used to
filter the scattering from excitation light. For the spectroscopy, only the
emission that passed through a slit entered the imaging spectrograph
(MS3504i, SOL instruments) equipped with a CCD camera (DU416A-
LDC-DD, Andor). The data were analyzed using ImageJ
(http://rsb.info.nih.gov/ij/) and Origin 2018 (OriginLab). For time-resolved
PL measurements, the emitted photons were passed through a 100-ym
pinhole and then directed onto a single-photon avalanche diode (SPD-
050, Micro Photon Devices). The signals from the detector were sent to a
time-correlated single photon counting module (SPC-130EM, Becker &
Hickl) for further analysis. The instrument response function of the
system was around 100 ps. The multiexponential PL decay curves were
fitted using a nonlinear least squares method with a double exponential
function. The average lifetime <z> was then determined using the
equation <z> = (a17? + a2?)/(a1 = + az2z2), where rand a are the lifetime
and amplitude, respectively. To examine the influence of oxygen, the
sample was enclosed in a homemade sample chamber, and the oxygen
concentration inside the chamber was adjusted by an Ar gas purge. The
oxygen concentration inside the chamber was measured by an oxygen
analyzer (maxO2+, Maxtec). The relative humidity was controlled
between 40-50% using a dehumidifier. Single-particle electrochemical
measurements were carried out using an electrochemical analyzer
(model 608E, ALS) with a standard three-electrode configuration.®! The
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potentials were determined using the ferrocene/ferrocenium redox couple
(E12 = 0.70 V vs NHE in dichloromethane)®! as an internal standard and
NHE as the reference. All the experiments were conducted at room
temperature.
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