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Photoluminescence fluctuations in single
perovskite nanocrystals: structural, environmental
and ligand effect

Hawi N. Nyiera and Jing Zhao = *

Perovskite nanocrystals (PNCs) show great promise for optoelectronic devices; yet at the single-particle
level, they are susceptible to photoluminescence (PL) fluctuations. Single-particle studies provide key
insights into the photophysical processes responsible for these fluctuations. This review discusses both
intrinsic factors, such as size and surface defects, and extrinsic factors, including moisture and oxygen,
that contribute to PL instability in PNCs. We also highlight recent advancements in surface passivation
techniques that effectively reduce or suppress the PL fluctuations, thereby enhancing the stability and
optical performance of PNCs. Ultimately, understanding and mitigating PL fluctuations are essential for

rsc.li/nanoscale

Introduction

Perovskite nanocrystals (PNCs) have the chemical formula
ABX;, where A represents an inorganic or organic cation (ie.,
Cs*, CH;NH*" (MA"), CH(NH,)*" (FA")), B is a metal cation (i.e.,
Pb**, Sn**, Zn®"), and X is a halide anion (i.e., CI", Br~, I").
They have attracted significant attention due to their remark-
able properties, including narrow emission line widths, high
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improving the stability and efficiency of PNC-based devices.

photoluminescence (PL) quantum yields, and size- and compo-
sition-dependent tunable band gaps.'” These characteristics
make them promising candidates for light-emitting diodes,
lasers, and photovoltaic applications.®*® Nonetheless, similar
to traditional II-VI, III-V, and IV-VI semiconductors, at the
single-particle level, PNCs exhibit PL fluctuations, where the
emission intensity varies among high (ON), intermediate
(gray), and low (OFF) levels over time under continuous photo-
excitation. The lowering in PL intensity occurs when the photo-
generated excitons (electron-hole pairs) undergo non-radiative
recombination after excitation such as trapping at a defect site,
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resulting in a temporary loss of PL emission. When non-radia-
tive processes are not activated, radiative recombination can
resume, resulting in the recovery of PL intensity.
Fundamentally, these PL fluctuation properties reflect the
inherent structural properties of the single emitters and their
microenvironment. Specifically, for semiconductor NCs, they
are related to their crystal structures, defects, and surfaces.

PNCs offer greater defect tolerance compared to conven-
tional semiconductor NCs such as CdSe and GaAs, primarily
due to the higher formation energy of ion misplacement in the
perovskite structure.*”'”° As a result, the formation of inter-
stitial and anti-site point defects is less likely, which reduces
the possibility of creating deep traps (energy levels within the
band gap). Nevertheless, due to their ionic nature, PNCs are
not entirely free of defects and are susceptible to structural
instability."®*" Ion migration in the PNCs can create vacancies
and cause the detachment of weakly bound surface ligands,
which affects the stability of the PNCs. These vacancies then
act as electron traps, increasing the rate of nonradiative
recombination.’®?*?* Additionally, the oleylamine (OLA) and
oleic acid (OA) ligands commonly used during PNC synthesis
dynamically bind to and dissociate from the NC surface.>*°
The dynamic binding results in an unpassivated NC surface,
giving rise to surface defects that act as traps and facilitate
nonradiative recombination.?*>® Thus, although PNCs are less
prone to deep trap formation due to their defect tolerance
property, their ionic nature and dynamic surface chemistry
contribute to PL fluctuations in these materials.

Photoluminescence fluctuation models

Different PL intensity fluctuation patterns have been observed
in PNCs, known as “blinking” and “flickering”, shown in
Fig. 1a and b, respectively. PL intensity “blinking” is character-
ized by abrupt switching between “ON” and “OFF” states,
whereas “flickering” involves gradual intensity fluctuations
between multiple intensity states. In addition, fluorescence
lifetime intensity distribution (FLID) diagrams have been
reported for PNCs. FLID diagrams are two-dimensional plots
where the PL intensity and lifetime are determined and
plotted, for each time bin (typically tens of milliseconds) of
the PL data. These diagrams show the relationship between
the PL intensity and PL lifetimes (Fig. 1c—e) and can be related
to the different PL fluctuation models. Both the PL intensity
time traces and FLIDs vary across the PNCs even when syn-
thesized in the same batch. To date, several models have been
proposed to explain the cause of PL fluctuations. Auger recom-
bination has been shown to cause PL fluctuations in many
kinds of semiconductor NCs (Fig. 1f).>’*° This phenomenon
occurs due to the charging and discharging of PNCs, influ-
enced by deep traps. These deep traps capture the electrons or
holes generated after excitation, leaving behind an extra
charge. When a new exciton forms, the NC enters a charged
state (also known as a “trion”). In this trion state, the exciton
can recombine radiatively; or more likely, the exciton under-
goes a non-radiative Auger-like process, which often has a
much higher rate than the rate of radiative recombination, by
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Fig. 1 Representative PL intensity traces showing (a) blinking and (b)
flickering in FAPbBr; NCs. Reproduced from ref. 39 with permission
from American Chemical Society, copyright 2017. (c—e) FLID diagrams
of three FAPbBr; NCs. Reproduced from ref. 36 with permission from
American Chemical Society, copyright 2017, and ref. 39 with permission
from Scientific Reports, copyright 2020. (f—h) Schematic illustrations of
the PL fluctuation models: (f) Auger recombination; (g) hot carrier (HC)
trapping; and (h) non-radiative band-edge exciton recombination via
multiple recombination centers. Where "Ex” represents excitation, “Rad”
represents radiative recombination, and “NR" represents nonradiative
recombination.

transferring energy to the additional charge (Fig. 1f).
Compared to the high PL intensity states, the low intensity
states caused by the Auger process are characterized by shorter
PL lifetimes, as shown by the FLID in Fig. 1¢.>"** In the pres-
ence of shallow traps, hot carrier (HC) trapping and non-
radiative band-edge carrier (NBC) recombination are proposed
to cause PL fluctuations.>® HC trapping occurs before the hot
carrier relaxes to the band edge, where the hot charge carrier
(e.g an excited electron) rapidly relaxes through a nonradiative
recombination pathway via the traps near the band-edge,
before another exciton is generated (Fig. 1g). This type of non-
radiative recombination leads to a decrease in PL intensity but
is not accompanied by a significant change in PL lifetime.** 3¢
However, the origin of these traps remains unknown. NBC
recombination, on the other hand, is proposed to occur
through the activation and deactivation of multiple recombina-
tion centers. This may result from the emptying and filling of
surface trap states, potentially caused by the dynamic binding
of surface ligands. The shallow and short-lived traps capture
charge carriers from the band-edge as they relax, resulting in
nonradiative recombination (Fig. 1h). As a result, the PL inten-
sity fluctuates gradually due to competition between a fixed

This journal is © The Royal Society of Chemistry 2025
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radiative rate and varying nonradiative rates in the NCs. The
PL fluctuation pattern resulting from NBC recombination is
characterized by gradual changes over time, known as flicker-
ing, with a gray state occurring more frequently than the ON
state (Fig. 1b).>*2* Although FLID diagrams are presented to
support the proposed models, more work is needed to clearly
explain them, particularly given the complexity when analyzing
flickering (as discussed later). Among the few studies that have
reported flickering in PNCs, the corresponding FLID diagram
typically shows a positive correlation between PL intensity and
lifetime (Fig. 1e).>’*° While the proposed models described
and shown in Fig. 1f-h represent possible recombination path-
ways responsible for the observed PL fluctuations in PNCs, it is
important to note that a single PNC may exhibit PL fluctu-
ations caused by a combination of these processes rather than
by just one.

While PL fluctuations have been observed in PNCs, further
research is needed to fully understand the mechanisms
causing the fluctuations in single PNCs. PL fluctuations are
more complex in PNCs, exhibiting flickering (Fig. 1b) - a be-
havior not commonly observed in traditional semiconductor
NCs. Additionally, the ionic nature of perovskites makes them
sensitive to environmental factors such as oxygen, moisture,
high temperatures, and light, which can lead to irreversible
phase transformations and decomposition during data acqui-
sition, thereby limiting their experimental durations and com-
plicating data collection and analysis.”"**** Despite these
challenges, single PNC studies are sensitive to the variations
between individual NCs and allow for the analysis of quench-
ing, recombination, trapping, and the impact of external
stimuli on exciton dynamics without being averaged by the
ensemble. They provide a better understanding of how the
various surface defects affect PNCs, which is of great impor-
tance to improve the durability and performance of PNC-based
applications. This understanding can also give rise to more
efficient strategies for material design, surface passivation,
and device optimization. The following sections of this review
will discuss recent advancements in single-particle PL studies
of PNCs and examine the factors that affect their PL fluctu-
ations (illustrated in Fig. 2). It also includes the authors’ per-
spective on future work in this research area.

Role of polymer matrices during data collection

As previously mentioned, PNCs are highly sensitive to moisture
and oxygen. Over time, this sensitivity worsens their optical
properties and can lead to the ultimate decomposition of the
PNCs, significantly affecting data collection. To overcome this
problem, researchers have found that dispersing PNCs in a
protective polymer matrix can prevent decomposition and
extend the duration of data collection. Raino et al. showed that
the choice of polymer matrix plays a crucial role in this
process.*”> The polymer used must be soluble in the same
apolar solvents as the PNCs and have low autofluorescence.
Among the four polymers tested with inorganic CsPbBr; NCs,
i.e. poly(methyl methacrylate) (PMMA), cyclo-olefin copolymer
(TOPAS), styrene-ethylene-butylene-styrene block copolymer

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Summary of factors influencing PL fluctuations in PNCs.

(SEBS), and polystyrene, polystyrene displayed the best per-
formance by ensuring stable PL emission and suppressing PL
blueshift caused by decomposition of the PNCs (Fig. 3a). This
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Fig. 3 (a) Two-dimensional PL spectral maps of CsPbBr; NCs without
polymer protection and embedded in PMMA and polystyrene.
Reproduced from ref. 43 with permission from American Chemical
Society, Copyright 2019. (b) PL intensity traces of single MAPbls; NCs in
air, argon, PMMA, and displaying a long-lived OFF state in air.
Reproduced from ref. 44 with permission from Angewandte Chemie
International Edition, Copyright 2019. (c) PL spectra evolution of single
MAPDbBrz; NCs without polymer protection and with OSTE film coating,
under laser exposure for 15 and 30 minutes, respectively. Reproduced
from ref. 45 with permission from American Chemical Society,
Copyright 2019.
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is primarily due to its hydrophobic nature, with the aromatic
rings in polystyrene showing a stronger interaction with the
hydrophobic ligand shell of the CsPbBr; NCs.** Although the
results suggested that PMMA may not be an ideal polymer
matrix for PNCs, Chouhan et al. demonstrated that PMMA
effectively maintained stable PL emission of organic-inorganic
MAPbI; NCs (Fig. 3b).** Additional work has been conducted
on tailoring polymer matrices to improve ligand-polymer
interactions. For example, an oxygen-scavenging thiol-based
polymer, off-stoichiometry thiol-ene (OSTE), was utilized to
prevent photodegradation of MAPbX; NCs caused by oxygen.*?
As shown in Fig. 3c, the OSTE polymer encapsulates the NCs,
providing a protective layer that prevents PL blueshift caused
by decomposition of the NCs.*>** While polymer matrices
offer significant benefits in stabilizing PNCs and extending
data collection time, the choice of polymer is critical and must
be tailored to the specific type of NC to effectively prevent
decomposition and maintain optical performance.

Influence of excitation wavelength and intensity

Extrinsic factors, such as the excitation wavelength and inten-
sity, have been shown to influence the PL fluctuations of
PNCs. In a study by Gibson et al., PL intensity traces of single
CsPbBr; NCs were collected at varying excitation intensities.*®
The traces were then analyzed by using an intensity threshold
to define the “ON” (bright) and “OFF” (dark) states, and the
durations (z;) for which the PL intensity remains in the ON
and OFF states were then determined. By analyzing the prob-
ability distributions of the ON and OFF times, valuable infor-
mation about the state-to-state kinetics can be obtained.
Gibson et al. showed that in CsPbBr; NCs, the ON-state times
can be fitted with a truncated power law, P(z;) oc 7, “e /%,
where the truncation time z., is the duration at which the
power law behavior of the ON-state transitions to exponential
decay.*® The ON-state truncation time becomes shorter as the
excitation intensity increases from 2.5 to 17.7 W cm™? until
saturation (Fig. 4a). Unlike the ON-state, the OFF-state did not
show a truncation time dependence on the excitation intensity.
Similar results were reported for organic-inorganic FAPbBr;
and CH3;NH;PbBr; NCs.*”*® In addition to their dependence
on excitation intensity, the durations of the ON and OFF states
have also been studied at different excitation wavelengths.
Since the distribution of OFF times represents the recovery
from low to high intensity states, the power-law behavior in
the OFF times provides insights into the trapping and de-trap-
ping dynamics of charge carriers within NCs.*>*° Singha et al.
investigated the ON and OFF distributions of FaPbBr; NCs
excited at 400 nm and 440 nm, with power densities ranging
from 1.4 to 4 W em™? (Fig. 4b).** The results show that accord-
ing to the truncated power law, an increase in excitation power
density leads to a longer OFF-state duration for both 400 nm
and 440 nm excitation. The key difference is that the OFF-state
durations differ more significantly at 440 nm than at 400 nm,
indicating a stronger dependence on the excitation power at
higher wavelengths. This suggests that, at longer excitation
wavelengths, the competition between HC trapping and Auger
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Fig. 4 (a) ON-state probability distributions of CsPbBr; NCs showing
truncation at earlier times with increasing excitation intensity.
Reproduced from ref. 46 with permission from American Chemical
Society, Copyright 2018. (b) ON and OFF-state duration events extracted
from PL intensity traces at different excitation wavelengths and intensi-
ties. Reproduced from ref. 33 with permission from the Journal of
Chemical Physics, Copyright 2024. (c) PL fluctuation trajectories of a
relatively small-sized CsPbls NC (¢ = 1.61 x 107** cm?) and a relatively
large-sized CsPblz NC (s = 5.11 x 107 cm?), along with the corres-
ponding FLID diagrams. Reproduced from ref. 37 with permission from
the Journal of Chemical Physics, Copyright 2024.

processes becomes more pronounced. This is due to the fact
that at longer excitation wavelengths, the excitation energy is
closer to the band edge, which reduces the likelihood of car-
riers being trapped in deep traps. This results in faster de-trap-
ping rates and slower trapping rates.>® This phenomenon was
also observed by Mandal et al., where the ON fraction (the per-
centage of time the NC spends in the ON state) of CsPbBr;
NCs increases as the excitation wavelength increases from 405
to 453 and then to 488 nm.>" This change is attributed to an
increase in the ratio of carrier de-trapping rate to trapping rate
at longer excitation wavelengths.

This journal is © The Royal Society of Chemistry 2025
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Dependence on size

The optical properties of PNCs depend not only on their com-
position but also on their size. In a recent study, Yang et al.
determined the absorption cross section of single CsPbl; NCs
by recording the PL intensity of individual NCs at varying exci-
tation powers to generate a PL saturation curve.”” The curve
was then fit using the equation, I « 1 — e~%, where o is the
absorption cross section and j is the excitation photon flux cal-
culated from the laser power, repetition rate, and photon
energy. They observed different PL fluctuation patterns at low
excitation powers for CsPbl; NCs with an absorption cross
section of 1.61 x 107" em™ and 5.11 x 10~"* cm®. The smaller
NCs exhibit a series of continuously distributed emission
states, and were considered to be “flickering” by the authors;
while the larger NCs exhibited distinct binary ON and OFF
emission states (Fig. 4c). Moreover, the PL intensity and life-
time show a linear correlation in smaller NCs and a non-linear
correlation in larger NCs. Smaller NCs differ from larger ones
primarily in the degree of overlap between their exciton wave
functions and the electronic states associated with surface
defects. In smaller NCs with sizes smaller than their exciton
Bohr diameter, there is significant overlap between the two,
which leads to fast trapping and de-trapping of carriers, result-
ing in NBC recombination via multiple recombination centers.
In contrast, there is less overlap in larger NCs with sizes
greater than the exciton Bohr diameter; therefore, trapping
and de-trapping of carriers become slower and less efficient.
This suggests that Auger recombination is primarily respon-
sible for PL fluctuations in larger-sized CsPbl; NCs.>” The
influence of size in quantum-confined PNCs has also been
studied. Paul et al. studied CsPbBr; NCs with three sizes, 3.80,
4.80, and 5.90 nm.””* These different-sized NCs exhibit similar
PL intensity traces. However, the FLID diagrams reveal that in
smaller CsPbBr; NCs, the high PL intensity states are associ-
ated with long lifetimes, while the low intensity states display
either short or long lifetimes, corresponding to short- and
long-lived carrier traps, respectively. In contrast, the larger size
NCs showed mostly high-intensity-long-lifetime features.
Smaller NCs also exhibit a lower ON-state fraction, indicating a
higher carrier trapping rate and suggesting that de-trapping is
more difficult in smaller NCs compared to larger ones.>?
Similar results were reported in phenethylammonium
bromide-treated CsPbBr; NCs with sizes ranging from 3.6 to
14 nm.”>® Overall, the size of PNCs plays a critical role in deter-
mining their charge carrier dynamics and PL fluctuations.
Among the different-sized PNCs studied so far, smaller NCs
exhibit higher trapping rates and more complex PL emission
patterns, such as flickering, while larger NCs primarily display
distinct ON and OFF states.

Effects of external stimuli

Due to their ionic nature, PNCs are highly sensitive to changes
in the external stimuli such as oxygen, moisture, heat, and
light, which can lead to irreversible phase transitions and
decomposition. In particular, elevated temperatures can accel-

This journal is © The Royal Society of Chemistry 2025
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erate ion migration, promoting the formation of non-radiative
recombination centers, while humidity can facilitate displace-
ment of surface ligands due to phase transformations
affecting the stability of PNCs.*>*****> To investigate this
effect, Hong et al. monitored the PL intensity of individual
CsPbBr; NCs under various conditions, including nitrogen
gas, dry air, oxygen, and moisture.”® When the CsPbBr; NCs
were exposed to a cycle of dry air, dry air + H,O, and then dry
air again, an increase in the PL fluctuation intensity was
observed in the presence of H,O (Fig. 5a). Specifically, the PL
intensity increased at a humidity level of 40%. The increase in
the PL intensity and the reduced OFF durations were attribu-
ted to the adsorption of H,O molecules on the PNC surface,
which lowers the energetic barrier of midgap halide vacancies.
These vacancies act as carrier traps; by lowering their energy
barrier, H,O adsorption promotes their transition from an
active state, where they capture charge carriers and cause non-
radiative recombination, to a passive state, where they no
longer trap charge carriers and allow radiative recombination
to occur. It is worth noting that when the humidity was raised
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Fig. 5 (a) PL intensity trace of single CsPbBr; NC monitored under
alternating exposure to dry air, air + H,O, and dry air atmosphere. (b) PL
intensity trace of single CsPbBr; NC monitored under alternating
exposure to air, oxygen, and air atmosphere. Reproduced from ref. 56
with permission from American Chemical Society, Copyright 2022. (c)
Normalized temperature-dependent PL intensity traces and corres-
ponding intensity histograms with logarithmic vertical axis. Reproduced
from ref. 59 with permission from Nature Communications, Copyright
2019.
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to 60%, a decrease in PL intensity, followed by complete
quenching, was observed, attributed to the effect of aggregated
water, which is known to induce PNC decomposition. This
study also showed that pure oxygen causes strong PL quench-
ing of the PNCs (Fig. 5b). This is due to the interaction of
oxygen with surface defects and traps, which accelerates the
degradation of the NCs.’® In a study by Yuan et al., the effect
of moisture on the PL of single CsPbl; PNCs in the presence of
light was monitored.””> An increase in the PL intensity of
CsPbl; NCs was observed when exposed to moisture, as pre-
viously observed and explained.’® However, under continuous
excitation, it was found that the CsPbl; NCs lost PL emission
within 5-10 min, indicating that light accelerates the degra-
dation process. Additionally, a blue shift was observed in the
PL spectra of the CsPbl; NCs when exposed to either moisture
or continuous laser excitation, indicating a decrease in the size
of the NCs due to decomposition.*> While the aforementioned
studies focus on quantum-confined PNCs, similar degradation
behavior in the presence of moisture and oxygen has been
observed in MAPbI; single crystals, approximately 800 nm in
size, which also exhibit PL fluctuations.®’

Temperature-dependent PL properties have been observed
in CdSe-based NCs and also in PNCs.**"® The PL quantum
yield of organo-metal PNCs has been shown to increase at
lower temperatures, indicating reduced nonradiative recombi-
nation. Gerhard et al. studied the temperature-dependent PL
properties of single MAPbI; NCs and observed a progressive
reduction in PL intensity fluctuation upon cooling from 300 K
to 77 K (Fig. 5¢), with the most pronounced reduction occur-
ring below 200 K.*° This reduction in PL fluctuation is attribu-
ted to the nonradiative channels switching from an active to a
passive state at lower temperatures. This switching is driven by
thermal barriers in the range of 0.2-0.8 eV. At lower tempera-
tures, ion migration is less likely to occur due to the high acti-
vation barrier, which leads to reduced PL fluctuation and
increased PL intensity. At higher temperatures, ions can easily
overcome the activation barrier, leading to ion migration. This
migration generates defects such as vacancies or interstitials,
which act as traps, resulting in increased non-radiative recom-
bination.” Similarly, Raino et al. showed that at low tempera-
tures of 6 K, CsPb(Cl/Br;) shows good photostability without
surface passivation.®® In general, the sensitivity of PNCs to
environmental factors such as humidity, oxygen, and tempera-
ture significantly impacts their PL behavior and stability.
Understanding these effects, such as moisture-induced PL
enhancement/quenching and oxygen-induced quenching, pro-
vides valuable insights into the degradation mechanisms of
PNCs and highlights the importance of environmental control
for optimizing their optical performance.

Achieving PL fluctuation suppression through surface
passivation

Although the atomistic nature of the surface states in PNCs is
often unknown, several studies have shown that surface treat-
ment can significantly improve the optical properties of PNCs,
primarily by reducing surface defects caused by vacancies and
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desorption of surface ligands, which create vulnerable sites for
moisture and oxygen to react with the PNCs.* The strategies
include encapsulation with an inorganic shell,®®* surface
treatment through the addition of excess halide salts or pseu-
dohalogens to passivate any vacancies,?*3*%*"% and using
alternative ligands that have a stronger binding affinity to the
NC surface.*®*%%”

One effective method of surface passivation is through shell
growth. The shell can serve as a protective barrier against
environmental factors, such as oxygen and moisture, and
improve the optical properties of NCs.>'” Guo et al. demon-
strate improved PL properties of Cs,PbBrs NCs through the
encapsulation using alumina. The alumina-coated Cs,PbBrg
NCs show reduced PL intensity fluctuation and improved stabi-
lity due to the passivation of surface defects. Additionally,
delayed emission was observed, resulting from charge trap-
ping, storage, and subsequent recovery to the emissive mani-
fold.°® Tang et al. encapsulated CsPbBr; NCs with CdS to
reduce the occurrence of nonradiative Auger recombination.®>
The CsPbBr;/CdS core/shell NCs exhibited an average ON frac-
tion larger than 99% with little to no grey states, indicating
reduced deep-trap formation due to the CdS shell.

In addition to shell growth, passivation of surface states
can also be achieved through filling the halide vacancies
caused by ion migration or the loss of capping ligands.?*°®
The halide vacancies formed on the NC surface act as electron
traps, increasing the non-radiative rate. Surface passivation
can be achieved through the addition of halide salts. Park
et al. investigated the PL fluctuation properties of CsPbBr; NCs
modified with ZnBr,. The modified NCs exhibited a low
charge trapping rate compared to pristine CsPbBr; NCs. The
excess bromide increased the surface Br~ ratio and resulted in
improved surface capping and suppressed PL fluctuation.®?
Similar observations have been made by Chouhan et al. by
adding MABr and MAI during data collection to suppress PL
intensity fluctuations of single MAPbX; NCs (Fig. 6a).>® In
addition to halide salts, pseudohalogens, which resemble the
chemistry of true halogens, can be used to passivate halide
vacancies.>®?? Yarita et al. observed the impact of sodium thio-
cyanate (NaSCN) on the PL fluctuation of single FaPbBr; NCs.
Of the two types of PL fluctuation patterns observed, blinking
and flickering, flickering behavior was completely suppressed
while blinking remained unchanged (Fig. 6b), suggesting that
surface states or the surrounding environment play an impor-
tant role in the origin of flickering as opposed to charging/dis-
charging of the NCs.*”

Due to the dynamic binding of oleylamine (OLA) and oleic
acid (OA) ligands that are commonly used in the synthesis of
PNCs, the resulting NC surface is prone to disorder and defect
formation. Proton transfer is required to transform OA and
OLA into their ionic forms, which act as capping ligands for
PNCs. While the oleate anion binds strongly to surface lead
cations, the oleylammonium cation interacts weakly with
surface halides, resulting in a dynamic equilibrium that pro-
motes ligand desorption and leads to an unpassivated
surface.®®”® To mitigate this issue, alternative ligands with a

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 (a) PL intensity trajectories showing fluctuation suppression of MAPbIz NCs (i) before and (ii) after treatment with a MAI solution. Reproduced

from ref. 23 with permission from American Chemical Society, Copyright 2021. (b) Time-integrated PL intensity for the low PL intensity region
plotted for untreated and sodium thiocyanate (NaSCN) treated single FAPbBr; NCs. Reproduced from ref. 39 with permission from American
Chemical Society, Copyright 2017. (c) Distribution of the ON percentages for oleic acid/oleylamine (red) and lecithin (blue) capped CsPbBrs NCs.
Reproduced from ref. 66 with permission from American Chemical Society, Copyright 2024.

stronger binding affinity to the NC surface have been
employed. Recent studies have explored amine-free synthesis
routes, Praneeth et al. demonstrated that replacing oleylamine
with trioctylphosphine as a capping ligand in the synthesis of
CsPbBr; NCs resulted in amine-free PNCs exhibiting stable,
non-blinking PL with no long-lived OFF states.”" This is attrib-
uted to reduced nonradiative recombination due to more
efficient surface passivation by trioctylphosphine compared to
oleylamine. Gallagher et al. investigated how changes in ligand
equilibrium affect the PL properties of lecithin-capped
CsPbBr; NCs compared to those capped with OA/OLA
ligands.®® Lecithin-capped NCs exhibited more stable PL emis-
sion, spending on average 68% of the time in the ON state
compared to 30% for OA/OLA capped NCs, and showed a
higher probability of staying in the ON state (Fig. 6¢). This
enhanced stability is attributed to the stronger binding affinity
of lecithin to the CsPbBr; NC surface, which better preserves
surface integrity. In contrast, OA/OLA ligands are more weakly
bound and tend to detach during the dilution process used to
prepare single-particle samples, leading to surface degradation
and less stable emission.®® Comparable results were reported
by Kuang et al.,, who found that the density of trap states
increases as the surface ligands of CsPbBr; NCs decrease.”
Similarly, alkylthiols such as ethanethiol have also been uti-
lized as an alternative capping ligand for CsPbBr; NCs. Seth
et al. observed both blinking and flickering PL fluctuation
behaviors in single CsPbBr; NCs. Treating these NCs with
ethanethiol converts the flickering of some NCs to blinking,
but no change was observed for the blinking ones. The
reduction of flickering is attributed to the passivation of unco-
ordinated lead atoms on the NC surface, which serve as

This journal is © The Royal Society of Chemistry 2025

shallow electron traps.*® These findings highlight the signifi-
cant impact of surface treatment and passivation strategies on
the optical properties and stability of PNCs. By employing
methods such as shell growth, halide salt addition, and
alternative ligands, suppressed PL fluctuations and enhanced
stability can be achieved.

Conclusions and future perspectives

In summary, single-particle studies have greatly improved our
understanding of the stability and degradation mechanisms in
PNCs, particularly with regard to photoinduced degradation
and ion migration. By monitoring the optical behavior of indi-
vidual NCs, these studies have provided valuable insights into
how external factors like light exposure, temperature, and
moisture contribute to the degradation process. Photoinduced
degradation, often marked by PL quenching and spectral
shifts, has been shown to reduce the photostability of PNCs
over time. Ion migration, driven by factors such as temperature
and humidity, exacerbates this issue by creating surface
defects, which in turn lead to non-radiative recombination and
PL fluctuations. These studies also highlight potential solu-
tions, such as surface passivation through encapsulation or
ligand modification, which can mitigate the impact of these
degradation processes and improve the stability of PNCs.
Single PNC studies deepen our understanding of fundamental
degradation pathways, thereby enabling the development of
more stable and efficient PNC-based materials for a wide range
of optoelectronic applications.
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Experimental challenges arise when considering the impact
of environmental factors, such as moisture and oxygen, on the
measurements of single PNCs. Although various strategies
have been developed to improve the stability of PNCs for single
particle studies, there is still a clear demand for methods to
achieve long-term stability of PNCs in air or aqueous environ-
ments under photoexcitation, enabling their applications in
single particle tracking in biological systems. Additionally, low
laser power is typically required for long acquisition times in
single PNC studies to reduce photodegradation. However, this
results in a lower PL signal, reducing the signal-to-noise ratio
and photon counts, which can make it difficult challenging to
distinguish between different intensity states, a difficulty
further compounded by “flickering”. “Flickering” is character-
ized by continuous variation of PL intensity over time but has
not been clearly defined to date. This qualitative description of
PL intensity “flickering” makes it harder to identify distinct
intensity states and to understand the mechanism causing
this behavior.*® To address this, statistical methods such as
change point analysis have been attempted.****°%”* However,
caution is needed when applying these methods, as the quality
of the data can heavily influence the results. Customized stat-
istical analysis tools have also been developed in analyzing
single PNCs. For example, Gallagher et al. integrated unsuper-
vised clustering with change point analysis to classify CsPbBr;
NCs based on the number of discrete intensity levels in their
PL intensity traces.®® This approach also enabled the classifi-
cation of ON and OFF states. Simulated PL traces were used
for validating the custom change point analysis package,
which demonstrated that the method can reliably resolve up to
five distinct intensity states. This shows that the method could
be confidently used to analyze experimental PL fluctuation
data of single PNCs. Beyond statistical analysis tools, machine
learning tools have also been developed to track fluorescence
trajectories in single molecules.”* The algorithm automatically
segments and clusters data without prior assumptions, identi-
fying patterns in complex datasets. Such tools can be utilized
in the analysis of PNCs given their complex nature. While stat-
istical methods and machine learning offer promising tools
for resolving intensity states of single PNCs, their effectiveness
is limited by data quality, amount of data, and low PL signal
level, which can lead to underestimation of the number of
intensity states or intensity state changes being missed or
wrongly identified.”® Purely data-driven machine learning or
statistical approaches may lack the interpretability of physical
processes in PNCs, while physics-informed models offer
mechanistic insights into the exciton lifecycles in PNCs. Thus,
integrating these approaches with physics-informed models
will be essential to connect single-particle data with funda-
mental charge carrier dynamics in PNCs.”

In addition to the challenge of analyzing PL intensity fluc-
tuations, the FLID diagrams observed in single PNCs vary from
NC-to-NC, even if they exhibit similar PL intensity fluctuations.
Fig. 7a and b are examples of FLIDs for “blinking” and “flicker-
ing” PNCs and they differ significantly from the ones in
Fig. 1c-e.*® Thus, a deeper understanding of the origins of
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shallow versus deep traps, particularly in relation to surface
chemistry and defect types, is crucial for advancing mechanis-
tic insights. Shallow traps are often associated with processes
such as dynamic ligand binding or the presence of uncoordi-
nated lead atoms, are believed to cause “flickering”. In con-
trast, deep traps, which may arise from intrinsic lattice defects
such as vacancies or interstitials, are more likely to cause dis-
tinct OFF states, characteristic of “blinking”. Surface chem-
istry, including the presence of moisture, oxygen, and dynamic
ligand passivation, can influence the formation of both
shallow and deep traps, which can affect the observed PL fluc-
tuation patterns. For example, a halide vacancy that would act
as a deep trap in an unpassivated PNC may not lead to trap
formation in the presence of strongly binding ligands such as
sulfonic or phosphonic acids.”®”” A hybrid approach that con-
siders both the influence of surface-induced shallow traps and
intrinsic deep traps may provide a more comprehensive under-
standing of PL fluctuations in PNCs. To recognize the connec-
tions between PL intensity trajectories and FLIDs, advanced
statistical methods and computational approaches could be
considered and developed.

Ever since single-particle PL fluctuations were observed in
single semiconductor NCs, the mechanistic understanding of
these phenomena has always been of great interest. Although
several models have been proposed to explain PL intermittency
in PNCs (Fig. 1f-h), the nature of the traps (such as deep vs.
shallow) is still unknown, especially at the atomistic scale.
Using correlated multi-modal measurements (e.g., combining
PL with electron microscopy), it is possible to link PL emission
behavior to structural dynamics at the single-particle level.
However, such measurements require complicated and expen-
sive instrumentation and special technical skills. Moreover,
the changes in the structure of PNCs upon exposure to elec-
tron beams cannot be ignored. Alternatively, atomic-level com-
putations may provide useful information about the defects in
PNCs and how they influence the electronic band structures. It
remains a challenge to correlate these properties with exciton
dynamics in single PNCs. While single-particle studies provide
valuable insights that are not detectable at the ensemble level,
combining them with ensemble measurements offers
additional benefits.”®”® For instance, Yarita et al. employed

This journal is © The Royal Society of Chemistry 2025
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femtosecond transient-absorption spectroscopy, time-resolved
PL spectroscopy to study PNCs at the ensemble level, and
second-order photon correlation spectroscopy on individual
CsPbBr; NCs.”® This approach allowed them to gain a deeper
understanding of the behaviors of excitons, charged excitons,
and biexcitons. Future studies may integrate single-particle
and ensemble measurements to gain a more comprehensive
understanding of the optical properties of PNCs. Moving
beyond isolated conditions, it is highly valuable to probe PNCs
in device-like conditions or working devices (e.g., LEDs or
solar cells) to obtain the exciton dynamics of PNCs in
operando.
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