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Surface defect-induced photoluminescence blinking and photodarkening are
ubiquitous in lead halide perovskite quantum dots. Despite efforts to stabilize
the surface by chemically engineering ligand binding moieties, blinking
accompanied by photodegradation still poses barriers to implementing per-
ovskite quantum dots in quantum emitters. To date, ligand tail engineering in
the solid state has rarely been explored for perovskite quantum dots. We posit
that attractive intermolecular interactions between low-steric ligand tails, such
as -1t stacking, can promote the formation of a nearly epitaxial ligand layer
that significantly reduces the quantum dot surface energy. Here, we show that
single CsPbBr; quantum dots covered by stacked phenethylammonium
ligands exhibit nearly non-blinking single photon emission with high purity (-
98%) and extraordinary photostability (12 hours continuous operation and
saturated excitations), allowing the determination of size-dependent exciton
radiative rates and emission line widths of CsPbBr; quantum dots at the single

particle level.

Photonic-based quantum networks have the potential to para-
digmatically change information sciences'. One essential element for
photonic quantum networks is the quantum light source. CsPbX;
(X=Cl, Br, I) perovskite quantum dots (QDs) are promising light-
emitting materials because of their high photoluminescence (PL)
quantum yield (QY), and facile syntheses®™*. Advances in the precise
synthetic control over the size, shape, and composition®” of these
perovskite QDs have catalyzed the development of highly efficient
LEDs*, lasers”, and quantum light sources?”. Recently, single
CsPbX3; QDs were intensively studied to demonstrate their single
photon emissions™ with high brightness” and photocoherence®.
However, research on exciton dynamics in single CsPbX; QDs to date
has mainly focused on weakly confined nanocrystals because size-
confined CsPbX; QDs generally exhibit poor photostability. Particu-
larly, perovskite QDs show severe PL intermittency (often referred to
as blinking) and photodegradation when their sizes are smaller than
their exciton Bohr diameters”"®. This convolutes their exciton

properties with defect-related dynamics and QD structural
changes?. Therefore, improving the photostability of perovskite
QDs is vital to reliable experimental studies of size-dependent struc-
tural-optical relationships in perovskites, including exciton PL lifetime,
exciton-lattice coupling, and many-body interactions. This knowledge
is crucial in consolidating our current theoretical models of band-edge
excitons in perovskites?* and guiding the design of high-fidelity QD-
based quantum light emitters.

The insufficient photostability of small CsPbX; QDs relates to their
labile surface lattices and strong quantum confinement. Since the scale
of exciton-surface lattice interactions is inversely proportional to the
volume of the QD, the optical properties of small CsPbX3 QDs are more
prone to surface defects. Existing surface defects can create centers
for nonradiative recombination or trap photogenerated charge car-
riers from excitons and leave the QD charged. Subsequently gener-
ated excitons in this charged QD will form trions that can undergo fast
nonradiative Auger recombination and turn the PL of the QD OFF*. In
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addition, photo-illumination can create additional defect states* and
induce surface ligand detachment” on perovskite QDs. The defect-
induced QD photoionization, nonradiative recombination, and pho-
tochemical surface changes are all associated with blinking and
structural degradations in perovskite QDs'®*%%,

To improve the photostability of CsPbX; QDs, their surface
defects need to be well passivated, and their surface lattices need to be
stabilized. While coating a wide-bandgap semiconductor shell can
suppress blinking and photodarkening in 11-VI QDs, such as CdSe*, a
well-established shelling protocol for highly ionic CsPbX3; QDs has yet
to be discovered. Instead of shelling, a nearly epitaxial ligand coverage
is required for a defect-free and stable QD surface. Unfortunately,
traditional ligands on CsPbX3; QDs are under adverse solubilization
equilibrium and thus only deliver sufficient surface coverage in con-
centrated QD colloids®™*. Consequently, when the colloidal QDs are
diluted to ensure low QD density for single-particle studies, the ligands
will be stripped along with ions comprising the QD surface, creating
surface defects. Ligands with engineered binding moieties to enhance
surface affinities have been developed to mitigate QD surface disin-
tegrations. For example, charge-neutral Zwitter-ionic molecules were
applied to weakly confined CsPbBr; QDs to mitigate the ionic
metathesis during QD dilution® . Additionally, surface treatments
using didodecyldimethylammonium bromide (DDABr) or phosphonic
acids can passivate exposed Pb cations and thus improve the PLQY of
CsPbBr; QDs>**. Nevertheless, small-sized CsPbX; QDs immobilized in
the solid state still suffer from blinking and photodarkening*, sug-
gesting that their surfaces are still unstable under photoexcitation.
While tolerated by weakly confined perovskite QDs, under-passivated
surfaces or photogenerated defects can be detrimental to strongly
confined QDs (Supplementary Note 1 and Supplementary Fig. 1)°.

The cause of incomplete and unstable defect passivation lies
within the intermolecular interaction in bulky ligands that cohered on
QD surfaces in the solid state®. These ligands contain long hydro-
carbon tails required to impart sufficient miscibility of ionic QDs with
non-polar solvents. Furthermore, designer ligands often adopt bran-
ched or multiple hydrocarbon ligand tails to entropically promote the
colloidal stability of QDs***°. However, the effect of ligand tails when
QDs are immobilized in the solid state has rarely been considered. The
steric repulsion of bulky tails can negatively affect surface stability in
the solid state. For example, DDA, a well-established ligand for col-
loidal CsPbBr; QDs, has two long-chain tails. But fully passivating the
(100) facet of CsPbBr; using DDA would require an aliphatic chain
density of -5.7 chains:-nm?, exceeding that of the crystalline aliphatic
chain density (4.9 chains-nm™)*., Therefore, bulky aliphatic ligand tails
stabilizing QDs in solution are unlikely to accommodate complete and
stable surface passivation of single CsPbBr; QDs in the solid state.

Reducing the steric hindrance of ligands can promote ligand
access to QD surfaces. Since halide vacancies on the QD surface are
proven optical traps®, excess small ligand molecules containing
halides can repair the QD surface and improve the PLQY. Previously,
we aimed to supply excess ammonium bromides using small-sized
ligands to enhance the PLQY of single CsPbBr; QDs**. By immersing the
n-butylammonium bromide (NBABr) treated QDs in a small amount of
saturated phenethylammonium bromide (PEABTr) solution followed by
heating, surface halide vacancies on the CsPbBr3; QDs were efficiently
filled, resulting in QDs with suppressed trion-induced blinking. This
allowed us to discover a biexciton-like Auger blinking mechanism in
strongly confined QDs at increased excitation intensity. However, the
QD PL intensity still fluctuates, and the resistance to photodarkening
was not demonstrated. This suggests that simply reducing the ligand
steric effect is inadequate. Instead, we posit that the attractive inter-
ligand-tail interaction is a critical yet missing factor toward non-
blinking and photostable perovskite QDs.

In this work, we focus on studying the impact of ligand tail
stacking on the photostability of CsPbBr;/l; QDs in the solid state.

Using density function theory (DFT) calculations and a combination of
low-frequency Raman and single QD PL spectroscopies, we demon-
strate that attractive -t interaction between PEA ligand tails can
significantly reduce the QD surface energy in the solid state and the
degree of ligand tail stacking is critical to achieving nearly non-blinking
and photostable QDs. Ligands on strongly confined CsPbBr3/l3; QD
surfaces with long-chain tails are thoroughly exchanged with PEA using
a solution-engineering method that promotes ligand tail stacking. Our
single QDs exhibit nearly non-blinking PL emissions with high single
photon purities (-98%). Furthermore, the stabilized surface lattices
endow QDs with unprecedented photostability: they remain nearly
blinking-free and photodarkening-free during 12 h of continuous laser
irradiation and can sustain excitations at saturation intensities. These
advantages enable the determination of size-dependent exciton
radiative rates and emission linewidths of CsPbBr; QDs at the single-
particle level.

Results

Impact of quantum dot ligand tails in the solid state

To understand the effect of the ligand tails on the surface ligand
coverage of perovskite QDs in the solid state, we used DFT to estimate
the surface energies of a DDA (truncated to reduce computation cost)
passivated and a PEA passivated 2 x 2 x 1 CsPbBr; slabs (Fig. 1a, b) as a
function of surface ligand coverages (Supplementary Notes 2, 3 and
Supplementary Figs. 2-6). Considering that the bulky ligand tails in
DDA will lose conformational freedom during solidification, the
intramolecular entropy reduction can significantly increase the surface
energy (Supplementary Note 4). As shown in Fig. 1c, the lowest surface
energy of the CsPbBr; slab was achieved when 7 of the 8 Cs” sites were
filled by DDAs, while adding an additional DDA would increase the
surface energy. This suggests that the ligand-to-ligand interactions can
destabilize the surface passivation (Supplementary Note 5), which is in
good agreement with previous studies®. To better visualize the effect
of intermolecular interactions, we investigated the differential in sur-
face energy regarding the numbers of surface ligands (Fig. 1c, d)
representing the energy gain/loss of binding the Nth (N=1-8) ligand
onto the surface. It is seen that after the fourth DDA (50% surface
coverage), additional DDA bindings were less energetically favored,
and the eighth DDA binding was energetically forbidden. Therefore,
complete surface passivation with bulky, entropic ligand tails can
destabilize QD surfaces in the solid state.

This problem can be solved by reducing the size of ligand tails and
functionalizing them with moieties featuring attractive intermolecular
interactions. To assess the effect of such tail groups, we replaced
truncated DDA cations with PEA cations, a small ligand that feature
attractive intermolecular -t stacking (Fig. 1b). First, the surface free
energy reached the minimum when the surface is fully covered by PEAs
(Fig. 1d). In addition, shorter ligand tails reduced the entropy penalty,
and the surface free energy was much lower than that of the DDA-
covered surface. Furthermore, the differential surface free energy of
the PEA-covered QD slab indicated that increasing PEA coverage would
always be favored. This suggests that the intermolecular -t interac-
tion between PEA cations can drive the near-epitaxial surface passi-
vation of the QD surface and significantly reduce the QD surface
energy, minimizing the probability of defect formations.

Our ligand design was then tested using strongly confined
CsPbBr; QDs synthesized following a previously reported method with
modifications (Methods)’. The QDs have a cubical shape and expose
mostly the (100) facets (Fig. 1e and Supplementary Figs. 7, 8, PLQYs of
the colloidal QDs are provided in Supplementary Table 1) passivated
by oleylammonium ligands (the original ligands). PEAs attached on
other facets such as (110) and (111) are unlikely to stack very well due to
the larger distances between binding sites. We first investigated the -
Tt interaction between the bound PEA ligands using nuclear magnetic
resonance (NMR) Overhauser effect spectroscopy (NOESY) for
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Fig. 1| Free energies of ligand-covered CsPbBr; QD surfaces and intermolecular
interactions of PEA ligands. a, b Slabs of CsPbBr; fully passivated with a DDA
(truncated) and b PEA used in DFT calculations. The shaded circles in a indicate the
intermolecular steric repulsions, while the dashed arrows in b indicate the inter-
molecular -t stacking interactions. ¢, d Calculated surface free energies (solid
marks) and differential free energies (hollow marks) as a function of the numbers of
surface-bound c truncated DDA and d PEA ligands. AG represents free energy. The
shadings indicate the ligand density. e STEM image of a strongly confined CsPbBr3;
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QD exhibiting cuboidal shape, exposing mostly the (100) facets. The scale bar
represents a length of 2 nm. f Expanded region of the solution NOESY spectrum
shows QDs ligand-exchanged with mixed ligands containing PEABr and MPEABT,
measured at 60 °C. § represents chemical shift. The intermolecular (red, blue and
purple) and intramolecular (gray) proton nOe correlations between PEA moieties
on the QD surface are colored in both the schemes and the spectrum. The peak
(partially unshown) marked by X is the chloroform solvent residue. The full spec-
trum is provided in Supplementary Fig. 11.

partially PEA-exchanged QD colloids. To prepare such QD colloids, a
small amount of saturated PEABr N,N-dimethylformamide (DMF)
solution was added into the QD colloids followed by purification
(Methods). The '"H NMR spectra showed that both PEA and oley-
lammonium cations were bound to the QDs (Supplementary Figs. 9,
10). The incomplete exchange was expected due to the limited solu-
bility of PEABr in non-polar organic solvents. NOESY was used to
monitor the coupling of protons on the surface-bound PEA phenyl
rings. To distinguish the nOe signals contributed by intermolecular
-1t stacking from the intramolecular coupling, half of the PEAs used
for the ligand exchange were labeled by a methyl group on the para
position of their phenyl rings (MPEA). Figure 1f shows the expanded
region of the NOESY spectrum of the ligand-exchanged CsPbBr; QD
colloids (full spectrum in Supplementary Fig. 11). Strong cross-peaks at
7.09, 7.13, and 7.32 ppm arose from the intermolecular correlations
between the para-, meta-, and ortho-protons on the PEA phenyl rings
and the para-methyl protons on the MPEA, respectively. This verifies
the strong tendency of m-m stacking between the phenyl rings in
surface-bound PEA ligands.

An approach to address the incomplete surface ligand exchange
using solubility-incompatible ligands is solid-state ligand exchange, in
which QDs capped by original ligands were exposed to a small volume
of polar solutions containing shorter ligands**. However, QDs in a
densely packed thin film typically used in the solid-state exchange
cannot be optically resolved. To make QD samples for single-particle
studies, we modified the solid-state ligand exchange by employing the
solvent-engineering method**°. Briefly, diluted CsPbBr; QDs were
dripped onto a supersaturated PEABr solution in DMF on a spinning
substrate (details in Methods). The QD solution acts as the anti-solvent

to facilitate the removal of the host solvent (DMF) and to initialize the
crystallization of PEA ligands with QDs. QD dilution helps the detach-
ment of original ligands, and the low QD concentration also increases
the PEA-to-QD ratio, which is critical for thorough ligand exchange*’.
As reported in our previous study*’, the high bromide concentration
can facilitate the repair of anion vacancies on the QD surface and
support the intrinsic electronic structure of CsPbBrs, increasing the
PLQY***". After the exchange, the sample was carefully annealed in a
nitrogen glovebox to assist intermolecular stacking (Methods). It is
worth mentioning that the QD morphology and solution-engineering
ligand exchange parameters, such as QD dripping time and spin-
coating parameters, are important in achieving PEA stacking (details
discussed later). After the exchange, the PEA-covered QDs were dis-
persed in a crystalized matrix formed by excess PEABr molecules, as
demonstrated in X-ray diffraction patterns (Supplementary Fig. 12).
The NMR spectra of digested PEA-exchanged QDs show no signal from
original ligands, suggesting high efficiency of the solution-engineering
ligand exchange approach (Supplementary Fig. 13). Also, QDs in the
PEABr matrix retained their cubical shape, suggesting the structural
integrity of QDs is preserved during the solution-engineering ligand
exchange (Supplementary Figs. 7, 8).

Blinking behaviors of single CsPbBr;/I; quantum dots

We then studied the blinking behaviors of single CsPbBr; QDs
(-4.5nm) passivated by PEA through the solution-engineering ligand
exchange (Fig. 2a, b). The same QDs were also ligand-exchanged to
DDA in the colloidal phase and dispersed in a polymer matrix using a
reported method” for comparison (Fig. 2¢, d). It is worth noting that
applying our solution-engineering ligand exchange method using DDA
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Fig. 2 | Nearly non-blinking strongly confined single CsPbBr; and CsPbl; QDs.
a-f PL blinking traces and intensity distribution histograms of a-d two ~4.5 nm
CsPbBr; QDs and e, fa -7.0 nm CsPbl; QD, respectively. a and e show QDs covered
by PEA and measured for 10 min. b, f show zoomed-in views of the blinking traces
with a 1 min window indicated by the shaded areas in a and e, respectively. The
intensity distribution histograms of a, b, e, f are shot-noise limited with a Q para-
meter of 0.3 and 0.6 for b and f, respectively. The distributions are fitted by Pois-
sonian functions (dashed curves). ¢ Shows a QD covered by DDA and dispersed in
polystyrene, measured for 5 min. d Shows a zoomed-in view of the blinking traces
with a I-min window indicated by the shaded area in (c). All blinking traces were
built using a bin time of 10 ms. The unit kcps represents kilo-counts per second.
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g Time-resolved PL spectra of a PEA-covered CsPbBr; QD. No PL intensity fluc-
tuation or spectral diffusion are detected. h Second-order correlation (g?) function
of the QD in b fitted (dashed curve) to yield a g®(0) value of 1.3%. Inset is a zoomed-
in view of the g function near zero delay time. All QDs were excited by a 405 nm
laser with cw mode with an intensity of 42 W cm™ for CsPbBr; and 20 W cm™ for
CsPbls. i, j Probability distribution of the ON (red)/OFF (blue) durations obtained
from the blinking trace of i a single ~5.5 nm CsPbBr3; QD continuously measured
over 10 h and j blinking traces of 60 individual CsPbBr; QDs measured over
60-300s, fitted to a power-law distribution (dashed lines). kon/orr represents the
corresponding power-law exponents extracted from the fits.

will compromise the integrity of QDs (Supplementary Fig. 14). Typi-
cally, the PL OFF state intensity threshold was determined by the QY of
trions, which was usually smaller than 20% of the maximum PL inten-
sity for CsPbBr; QDs***?, and the PL emissions with intensities above
the OFF threshold were all considered the ON state. However, PL from
this so-called ON state cannot properly represent pure excitonic
emissions, since the frequent PL intensity fluctuation in CsPbBr; QDs*,
together with photodarkening, can convolute the PL from dimmer
emissive states (e.g., gray states) with the PL from the excitonic
state’®”". To better quantify the ON state fraction, the ON/OFF state

threshold was raised to 50% of the maximum PL intensity in this work.
As shown in Fig. 2¢, d, the DDA-covered CsPbBr; QD exhibited severe
PL blinking and experienced photodarkening after only 120 s of exci-
tation. For measurements with a duration of 300 and 60 s, the DDA-
covered QD exhibits a 16.5 and 55.4% ON time fraction, respectively.
Despite the aggressive threshold, the PEA-covered QD remained
mainly in the ON state without photodarkening over 10 min (Fig. 2a).
Figure 2b shows a blinking trace in a 60 s time window. Specifically, the
QD exhibited an ON time fraction of 94.2% over 10 min and 98.6% over
60 s, much higher than that of the DDA-covered QD.
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single 4.3 nm CsPbBr; QDs covered by PEA (red) and PEA + NBA (3:1 mass ratio,
purple). The blinking traces were built using a bin time of 10 ms. The unit kcps
represents kilo-counts per second.

To better analyse the PL intensity trajectories of our PEA-covered
CsPbBr; QD, we also used the Mandel Q parameter to quantify the
deviation of the PL intensity distribution from shot-noise limited
Poisson statistics (Supplementary Note 6)°% The PL intensity dis-
tribution of a nearly blinking-free QD should simultaneously have a
high ON time fraction and a close-to-zero Q parameter. In Fig. 2d, DDA-
covered QDs exhibited a broad and asymmetric PL intensity distribu-
tion histogram with a Q parameter of 7.3. In stark contrast, the PEA-
covered QD exhibited a narrow PL intensity distribution with a Q
parameter of 0.3. The ON time fraction and Mandel Q parameter of the
PEA-covered QD remained consistent when a shorter bin time was
used (Supplementary Fig. 15). These suggest that the PL emissions
from the PEA-covered QD were dominated by exciton radiative
recombination and were not influenced by stochastic QD charging or
environmental charge redistributions. Our PEA passivation can also be
applied to CsPbl; QDs by replacing PEABr with PEAI. The resulting QD
exhibits a 94.9% ON time fraction with a Q parameter as small as 0.6
(Fig. 2e, f, PL spectrum and second-order correlation function in
Supplementary Fig. 16).

Another consequence of charging-induced PL blinking is spectral
diffusion and drifting, frequently reported in long-chain ligands cov-
ered by CsPbBr; QDs'*. Such PL energy jumping and shifting are
detrimental to the performance of QDs as quantum emitters. Our PEA-
covered QD shows a spectrally stable PL. As shown in Fig. 2g, no
spectral diffusion/jumping over 2.5 meV induced by QD charging was
detected (the spectral diffusion detection is limited by the instrument
energy and time resolution, 2.5 meV and 1), consistent with the nearly
non-blinking behavior. In comparison, the DDA-covered QD showed
clear spectral diffusion/jumping in the first 10 s of the measurement
(Supplementary Fig. 17). The high single photon purity of the PEA-
covered QDs with a g®(0) value of 0.013 for the CsPbBr; QD (Fig. 2h)
was also expected, given their strong size confinement'”". These are
among the lowest g®(0) values reported for perovskite QDs (Supple-
mentary Tables 2, 3).

This significantly improved single QD optical performance was
echoed by the ON and OFF durations extracted from the blinking trace
of a PEA-covered QD measured for 10 hours (Fig. 2i). The probability
distributions for the duration (¢) of the ON and OFF events, Pon/orr,
were fitted to a power-law distribution P o ¢ *ovore | where Konjorr
were set as the power-law exponents that describe the statistics of the
ON/OFF events. A smaller korr (a steeper slope in the log-log plot)
means long-duration OFF events were less likely to happen. In typical

QDs, both kon and kogr values are -1.5°. Our QDs showed an average
kon of 2.0 and kqpf value of 1.2, comparable to one of the best non-
blinking core-shell 1I-VI and IlI-V QDs reported®®**. Additionally, sta-
tistics of ON and OFF durations from blinking traces of 60 PEA-covered
CsPbBr; QDs were built (Fig. 2j). The high kon and low kopr suggest that
most CsPbBr; QDs covered by PEA are almost defect-free, implying the
high-effectiveness of the PEA solid-state passivation.

Effect of ligand tail -it stacking on quantum dot blinking

The attractive -1t stacking is critical to achieving the nearly non-
blinking QDs. QDs covered by ligands with only low-steric tails but
without -1t stacking effects, such as iso-propylammonium (IPA) bro-
mide, still showed a relatively low average ON time fraction of 83%
(extracted from measurements of 67 IPA-covered QDs, Supplementary
Fig. 18), implying the existence of surface defects due to incomplete
passivation in IPA-covered QDs. Additionally, the QDs in our previous
study*? using PEABr to fill surface bromide vacancies without ligand tail
engineering exhibited a 78% ON time fraction (using the ON/OFF
threshold in this work) under moderate excitation, similar to that of
IPA-covered QDs. The Q parameter of 8.9 was also much higher than
that of our nearly non-blinking QDs covered by stacked PEA. This
suggests that ligand tail engineering is critical to achieving nearly non-
blinking behaviors in QDs.

To further understand the effect of m-1t stacking on QD blinking
behaviors, we have deliberately introduced NBA during the PEA
solution-engineering ligand exchange (Methods and Supplementary
Note 1). The intercalation of alkane chains will interfere with the aro-
matic stacking and reduce the intermolecular stacking effect in the
molecular crystal matrix. The extent of PEA stacking and its impact on
QDs are characterized using ultra-low frequency micro-Raman spec-
troscopic measurements at 77 K (Fig. 3a). The vibrational modes of
PEABTr crystal below 160 cm™ are cataloged as intermolecular lattice
vibrations of molecular crystals mixed with intramolecular modes™’.
The peaks attributed to PEA (groups I and IV) are significantly red-
shifted when NBA is added, suggesting more spaced or disordered -t
stacking among PEAs. In contrast, the same groups of Raman peaks in
the QD-in-PEA sample exhibit only minor shifts compared to the
pristine PEABTr crystalline thin film (with a high degree of T-1t stacking,
Supplementary Note 2). The disturbed m-mt stacking in the PEA + NBA
matrix is also corroborated by the linear absorption spectrum, mani-
fested as a series of blue-shifted absorption peaks (Supplementary
Fig. 19). In fact, the PEA ligand tail stacking is also very sensitive to QD
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surface morphology and solution-engineering parameters and would
not be achieved if the exchange process were not specifically opti-
mized. This is supported by the blue-shifted and broadened absorp-
tion features of the PEA-QD sample reproduced using different spin-
coating parameters and dripping times reported in our previous study
(Supplementary Fig. 20).

The ligand tail stacking of PEA can potentially influence the QD
lattices. Raman peaks from QDs are marked in group Il between 40 and
70 cm™ and group Il between 70 and 90 cm™, corresponding to the
Pb-Br bond bending modes and the octahedral distortions in
perovskite’®*°, While peaks in group Il from the QD-in-molecular
crystals are convoluted with lattice vibrations of PEA molecular crys-
tals, the peak at -82 cm™ is distinct from the Raman modes of PEA. We
tentatively attribute this peak to perovskite octahedral vibrations
rigidified by the anchoring effects of stacked PEA ligands®®*. The
corresponding QD blinking traces (Fig. 3b) clearly show that QDs are
nearly non-blinking when covered by PEA ligands and start to blink
when NBA interferes with the PEA stacking (additional blinking traces
in Supplementary Fig. 21).

Photostability of quantum dots covered by stacking ligands
Similar to PL blinking, rapid photodegradation of CsPbBr; QDs has
been a long-standing obstacle to investigating their excitonic proper-
ties at the single-particle level. Strongly confined CsPbBr; QDs are
reported to experience spectral blue-shifting due to size-shrinking
within a short time of laser excitation*****, According to the DFT
modeling, the QD surface can be significantly stabilized by stacking
PEA ligands, which would manifest as resistance to photodegradation.
Indeed, the single strongly confined CsPbBr; QD showed no size-
shrinking-induced blue-shifting during 30 min of laser irradiation
(Fig. 4a, b), and the PL spectra before and after the operation were
nearly identical (Fig. 4c).

CsPbBr; QDs are notoriously prone to photodarkening. This
occurs when photodegradation happens or light irradiation creates
new surface defects on QDs and intensifies their PL blinking. Figure 4d,
e show a strongly confined PEA-covered CsPbBr; QD that remains
nearly non-blinking throughout a continuous photoexcitation of 10 h
(additional blinking traces in Supplementary Fig. 22). Such continuous
operation was also performed at an ensemble level. When a collection
of isolated QDs were illuminated at the same time, their PL intensity
stayed constant over the entire course of the measurement (>10h,
Fig. 4f). Notably, the PEA-covered QD remained nearly non-blinking
with a 98% ON time fraction beyond 12 hours of continuous operation
(Fig. 4g, h). In comparison, the PL intensity of QDs covered by DDA
dispersed in polystyrene decreased since the first minute of laser
exposure. Many QDs became nearly photobleached after ~-10 min
(Fig. 4f). QDs covered by IPAs, while showing improved photostability
compared to DDA, experienced severe photodarkening (PL intensity
dropped to 50% of the initial value) after ~10 min (Fig. 4f). QDs covered
by PEAs prepared following the methods in our previous report*,
possessing inadequate ligand m-m stacking, also resulted in similar
photodarkening behavior compared to those covered by IPAs (Sup-
plementary Fig. 20). This further demonstrated the importance of
attractive intermolecular interaction in ligands for solid-state QD
passivation. Additionally, PEA-covered CsPbl; QD exhibits ~7h of
stable, nearly non-blinking continuous single photon emissions (Sup-
plementary Fig. 23).

The photostability of single QDs under high excitation rates is
critical to maximize the performance of SPEs. We also tested the
stacked PEA-covered single QDs at high excitation intensities. As
shown in Fig. 4i-1, PEA-covered CsPbBr; QDs remained nearly non-
blinking when the excitation density (average number of excitons
created per laser pulse, denoted as (N), see Supplementary Note 7) was
close to saturation ((N) ~1). More blinking traces for QDs (including
CsPblz) under high excitation rates (pulsed and cw excitation) are

shown in Supplementary Fig. 24. In particular, CsPbBr; QD maintains >
90% ON time fraction over 15min under oversaturated excitation
densities ((N) =2.0, Supplementary Fig. 25). The extraordinary pho-
tostability results in a maximum overall single QD photon emission
rate (20 MHz for CsPbBr;, ~40 MHz for CsPbl;) approaching the
physical limit (limited by the exciton lifetime, Supplementary Note 8).

In addition, PEA-covered QDs stayed nearly blinking-free for
about a month of storage at ambient conditions (Supplementary
Fig. 26). To the best of our knowledge, this is comparable to some of
the most photostable non-blinking CdSe QDs with CdS shells®. Single
QD samples without encapsulation also show stable PL spectra without
significant changes in PL intensity after 24 h of exposure to the ambi-
ent environment (Supplementary Fig. 27). However, due to the
hygroscopic nature of PEABr salts, single QD without encapsulation
slightly blinks after 1h of continuous operation and 24 h of ambient
exposure (Supplementary Fig. 27).

Photoluminescence performance of CsPbBr;/I; quantum dots
We then explored our ligand design on single CsPbBrs/I; QDs with
various sizes. The extent of quantum confinement in QDs increases
with decreasing size, making the QDs more sensitive to surface
defects. Rarely can a surface passivation method work effectively for
QDs with different sizes. Figures 5a-f show blinking traces of four
single CsPbBr; QDs and two single CsPbl; QDs covered by PEA with
their sizes determined by their PL peak positions (Fig. 5g, h) using
empirical sizing curves®. All QDs are nearly blinking-free with >94% ON
time fractions and shot-noise-limited PL intensity distributions, sug-
gesting that PEA epitaxially passivated the QD surfaces. Fluorescence
lifetime-intensity distribution (FLID) plots of the CsPbBr; QDs show
minimum PL intensity and lifetime fluctuations (Supplementary
Fig. 28, additional single QD measurements are shown in Supple-
mentary Fig. 29). Notably, weakly confined CsPbBr; QDs can also
benefit from the surface PEA coverage: a single CsPbBr; QD with the
size of 9 nm was nearly blinking-free and maintained a 94.1% ON time
fraction over 30 minutes; no detectable spectral diffusion nor size-
shrinking were detected during 1hour of laser irradiation (Supple-
mentary Fig. 30). We have also built statistics of PL properties
extracted from 81 single CsPbBr; QD measurements, suggesting the
overall effectiveness of our PEA passivation strategy (Supplemen-
tary Fig. 31).

Our QDs were then examined to study their biexciton dynamics
(Fig. 5i, j). The fast biexciton Auger recombination of strongly confined
CsPbBr; QDs is also echoed by a low average g?(0) value of 0.054
(Supplementary Fig. 31). We note that the variations of g®(0) values of
nearly non-blinking QDs are smaller than QDs exhibiting PL intensity
fluctuations (Supplementary Fig. 32)°. The larger g®(0) value varia-
tions in blinking QDs can be partially attributed to the attenuated
single exciton emissions from other nonradiative channels (Supple-
mentary Note 9). Our nearly non-blinking QDs are thus particularly
useful for studying the biexciton recombination mechanisms since
their g?(0) values can better represent the biexciton emission QY®.

Size-dependent exciton properties at the single-dot level
Size-dependent exciton properties are fundamentally important for
unraveling the PL emission mechanism and exciton-lattice interaction
in QDs. Experimental determination of PL properties in single QDs
excludes the interferences of ensemble inhomogeneity. However,
blinking and photodarkening can change exciton dynamics and PL line
shapes. The nearly non-blinking CsPbBr; QDs with significantly
improved photostability are, therefore, ideal for studying the intrinsic
effects of quantum confinement on excitons®**’.

Exciton recombination dynamics were then studied using our
single CsPbBr; QDs. They show mono-exponential PL intensity decay
(Fig. 6a) due to the absence of dimmer emissive states. We extracted
the PL lifetimes from 81 QDs with sizes ranging from 3.6 to 14 nm
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Fig. 4 | Spectral stability and resistance to photodarkening of PEA-covered
CsPbBr; QDs. a, b Time-resolved PL spectra of a single CsPbBr; QD (~4.1 nm)

a before and b after 30 min of continuous laser excitations (cw mode, 42W cm™).
c Integrated PL spectra from (a, b). The superimposed spectra showed no spectral
shifting over 30 min of excitation. d Representative PL blinking trace segments
extracted at different times of a single PEA-covered QD (-5.5 nm) continuously
measured over 10 h (10 W cm™). e The PL intensity distribution histogram extracted
from the last segment in d, showing the QD remained nearly non-blinking during
the measurement. f Normalized PL intensity of a collection of PEA-covered CsPbBr;
QDs (red) under 10 h of continuous laser excitation. In contrast, DDA-covered QDs

(blue) and IPA-covered QDs (purple) were significantly photodarkened (50% of the
initial PL intensity) in the first 3 min and 10 min of operation, respectively. g PL
blinking trace and h, intensity distribution histogram of a single PEA-covered QD in
f after 12 h of continuous operation. i-l PL blinking traces and PL intensity dis-
tribution histograms for two PEA-covered CsPbBr; QDs (i, j 5.5nm and k, I, 13 nm),
under intense laser excitation (i, k, pulsed mode, 2 MHz repetition rate, j, I, cw,
excitation densities are noted in the figures), exhibiting very high count rates and
>90% ON time fraction. All blinking traces were built using a bin time of 10 ms. The
unit kcps represents kilo-counts per second, and the unit Mcps represents mega-
counts per second.
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Fig. 5 | Nearly non-blinking PEA-covered CsPbBr; and CsPbl; QDs with
various sizes. a-f Single QD PL blinking traces and intensity distribution histo-
grams of a-d four PEA-covered CsPbBr3; QDs and e-f two PEA-covered CsPbl; QDs
with different sizes (405 nm pulsed laser excitation, 10 ms bin time). The intensity
distribution histograms of all QDs are shot-noise limited (Poisson fits are

superimposed, and Q parameters are provided). The unit kcps represents kilo-
counts per second. g, h The corresponding PL spectra for the QDs.

i, j Representative second-order correlation (g?) plots of PEA-covered CsPbBr; and
CsPbl; QDs, obtained under 5 and 2 MHz pulsed excitation, showing a g?(0) value
of 2.1 and 1.4%, respectively.

(Fig. 6b). Interestingly, the size-radiative rate correlation appears not
monotonic: the exciton radiative rate increases with reducing sizes and
then decreases when the QDs are smaller than 4.5 nm. This is tenta-
tively attributed to the combined effect of bandgap increasing and
dark exciton state mixing on the apparent radiative recombination rate
when QD size decreases (Supplementary Note 10). When QDs experi-
ence quantum confinement, the radiative rate scales with the
increasing optical bandgap due to the increasing exciton oscillator
strength®®7°, When QD sizes decrease further, strong exchange inter-
action increases the energy gap between exciton fine structures
comprising an optically active bright state and an optically dark state®.
At room temperature, the PL lifetime measurement reflects radiative
recombination from the thermally equilibrated bright state and
ground dark state. A larger splitting between the bright and dark states
will decrease the population of the bright states and thus result in a
lower apparent recombination rate® %, Non-monotonic size-radiative

rate correlations are also observed in monodispersed colloids (Sup-
plementary Fig. 33)”". However, only limited efforts have been made on
the syntheses and characterizations of very small perovskite QDs, and
the understanding of the size-radiative rate correlation requires more
detailed experiments in the future.

Not only do our PEA-covered QDs reveal the exciton radiative
rates, but they also exhibit intrinsic PL linewidths to help understand
the size-dependence on exciton-lattice interaction in QDs. We dis-
covered that the PL spectra were asymmetric for all CsPbBr; QDs even
without spectral diffusion and shifting (Fig. 6¢). We employed two
Voigt functions with a common peak position to fit the single QD PL
spectra. The half-width half-maximums (HWHMs) of both functions
were extracted for 81 nearly non-blinking QDs (Fig. 6d). In the weakly
confined region, our QDs showed similar or narrower PL peaks com-
pared to reported values from other literature (Supplementary
Fig. 34). With decreasing QD size, the PL linewidths increase
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monotonically, which agreed well with previous studies’”. However,
the low-energy tail of the PL experienced a stronger dependence on
the QD size compared to the high-energy part.

The low-energy tail in the PL spectrum of CsPbBr; QD ensembles
was frequently observed but rarely studied. Bright band tail states were
proposed to explain the asymmetric PL”. However, this would imply
the existence of multiple dimmer emissive states compared to the
exciton state and was inconsistent with the mono-exponential PL
decay observed in our nearly non-blinking QDs. Asymmetric PL spectra
have also been discovered in CsPbBr; polycrystalline films and have
been attributed to the Cs' relocation’. However, this effect should not
be evident at room temperature. The strong size-dependence of the
low-energy tail infers that the surface lattices of the QDs may induce PL
asymmetry. Thus, the intrinsic PL asymmetry can be related to the
optical phonon sideband” or momentarily trapped exciton-polarons
formed by exciton-surface lattice interactions, which were also found
in 2D perovskite nanoplates’. This is supported by the spectrally
independent PL decay dynamics of PEA-covered CsPbBr; QDs (Sup-
plementary Fig. 35). Our study suggests that even for defect-free QDs,
the size can still substantially affect exciton-lattice interactions.

In conclusion, we have demonstrated that intermolecular inter-
actions can significantly impact the surface ligand coverage of indivi-
dual CsPbBr; QDs in solid states. Although bulky long-chain ligand tails
can entropically improve the colloidal stability of perovskite QDs,
steric repulsion can lead to uncovered surface sites and ion loss.
Considering the packing effect of the ligand tail in the solid state, we
employed a low-steric ligand, PEA, with attractive intermolecular
interactions on QDs, which was confirmed by the 2D NOSEY experi-
ment. We demonstrated that the PEA-covered CsPbBr; and CsPbl; QDs
were nearly non-blinking, with an average ON time fraction >90% and
single photon emission purity reaching ~98%. Correlation between QD
blinking behaviors and low-frequency Raman modes of PEA ligands in
the solid state suggests that a high degree of m-t stacking between PEA
ligands is critical to obtaining nearly blinking-free perovskite QDs.
Furthermore, the QDs showed extraordinary photostability and
remained nearly non-blinking after 12 h of continuous operation. Our
PEA-covered CsPbBr; QDs enabled the determination of size-
dependent excitonic properties without the interference of stochas-
tic charging or photodegradation. The exciton radiative recombina-
tion rates and PL line shapes were measured as a function of QD size,
providing insights into intrinsic exciton dynamics and exciton-lattice
interaction in CsPbBr; QDs. Our study can benefit future fundamental
studies on perovskite QDs at the single-particle level and potentially
realize stable perovskite QD-based quantum emitters.

Methods
CsPbBr;/I; quantum dot syntheses
To prepare the Cs-precursor, 900 mg Cs,COs, 3.6 mL oleic acid (OA),
and 9.6 mL 1-octadecnece (ODE) were added into a 100 mL flask. The
mixture was vacuumed on a Schlenk line for 15 min while stirring. The
mixture was then heated to 150 °C under vacuum until it turned clear.
When the pressure reached ~1Pa, the flask was filled with N,. The
temperature of the Cs-precursor was maintained at 120 °C for use.
The Pb-precursor was prepared by adding 600 mg PbBr,, 1400 mg
ZnBr,, and 200 pL hydrobromic acid (48% w/w aq.) in a 250 mL flask.
Then 14 mL OA, 14 mL oleylamine (OAm), and 40 mL ODE were added
into the flask. The mixture was stirred vigorously for -3 min and then
vacuumed on a Schlenk line. The flask was then heated to 150 °C under
vacuum until all solids were dissolved. The flask was then filled with N,,
and the solution temperature was adjusted to 80-150 °C according to
the targeted size of the QDs. When the desired temperature for the Pb-
precursor was reached, 4.5-5.0 mL of Cs-precursor solution (at ~120 °C)
was injected into the Pb-precursor. The temperature of the solution was
kept constant for 15-30 min. Controlling the Cs-precursor amount and
reaction time favors the production of cubical-shaped QDs”. The crude

product was then cooled to room temperature and transferred to cen-
trifuge tubes for purification.

The crude product was first centrifuged at 7197 x g for 5 min. The
precipitate was discarded. The supernatant was transferred to new
centrifuge tubes, to which a 1:1 volume of acetone was added carefully
and then shaken vigorously until the mixture turned turbid. This fast
mixing was observed to help preserve the PLQY of the purified CsPbBr;
QDs. The mixture was shaken until it became turbid. QDs were col-
lected by centrifuging the mixture at 7197 x g for 5 min and discarding
the supernatant. The precipitated QDs were redispersed in 5 mL hex-
anes to yield a stock CsPbBr; QD colloid. This stock colloid was further
purified one to two times by reprecipitation with a 3:1 volume ratio of
methyl acetate and redispersion with hexanes.

Larger strongly confined CsPbBr3; QDs (6-7 nm) were synthesized
with modified recipes: the amount of ZnBr, was increased to
2,000 mg, the reaction temperature was increased up to 200 °C and
the reaction time was reduced to 1 min. Weakly confined CsPbBr; QDs
(8-14 nm) were synthesized using previously reported methods with
modifications’. In brief, a Pb-precursor solution was prepared by
mixing containing 690 mg PbBr,, 5 mL OA, 5 mL OAm, and 50 mL ODE
in a 250 mL flask. The mixture was degassed and heated to 150-200 °C
until a clear solution was formed. 1.15 mL of the Cs-precursor solution
(described above, at ~120 °C) was swiftly injected into the Pb-precursor
solution at 150-200 °C (for different targeted QD sizes) under the N,
atmosphere. The reaction was quenched with an ice bath at 5s after
injection. The crude product was centrifuged at 7197 x g for 5 min, and
the supernatant was decanted. The precipitate was redispersed in
hexanes, and the resulting QD colloid was further purified one to two
times by reprecipitation described above.

Strongly confined CsPbl; QDs were synthesized using a similar
method as the CsPbBr; QDs with quantities of chemicals being tuned.
Specifically, 125 mg Cs,COj3, 0.45 mL OA, and 4.45 mL ODE were used to
prepare the Cs-precursor using the same procedure described above. To
prepare the Pb-precursor, 120 mg Pbl,, 250- 500 mg Znl, (for different
targeted QD sizes), 2.5 mL OA, 2.5 mL OAm, and 5 mL ODE were mixed in
a 25 mL flask, vacuumed on a Schlenk line, heated to 150 °C and main-
tained for 10 min until all solids were dissolved. Then the flask was filled
with nitrogen and heated to 180 °C. About 0.4 mL of the Cs-precursor
was swiftly injected into the reaction flask and allowed to react for 40 s.
The reaction was then quenched to 50 °C with a water bath (to reduce
the generation of the yellow phase CsPbls). The crude mixture was then
purified by precipitation with a 3:1 volume ratio of methyl acetate and
redispersion with hexanes. Further centrifugation (16,100xg) may be
needed to remove the yellow phase CsPbls.

Solution ligand exchange of CsPbBr; quantum dots

About 404 mg PEABr (or 202 mg PEABr +216 mg MPEABr) was dis-
solved in 1 mL DMF and filtered through a PTFE syringe filter (VWR,
0.22-um pore size). About 2 mL CsPbBr3; QD stock colloids (<100 pM)
were reprecipitated two to three times with 10 mL methyl acetate and
redissolved in 2 mL toluene or chloroform each time. To the purified
CsPbBr; QD colloids, 40 pL of the PEABr DMF solution was added and
vortexed for -5s. Then the mixture was centrifuged at 7197 x g for
1min, and the supernatant was carefully transferred to a new cen-
trifuge tube. To the supernatant, 10 mL of methyl acetate was used to
reprecipitate the QDs. This procedure was repeated to promote ligand
exchange. After two to three times of ligand exchange, the precipitate
QDs were vacuum-dried for 20 min and then redissolved in 0.8 mL
anhydrous CDCl; for NMR measurements.

Nuclear magnetic resonance measurements

The 'H and NOESY NMR spectra were recorded on a VNMRS 500 MHz
spectrometer at 25°C and 60 °C equipped with a triple-resonance z-
axis pulsed field gradient 5-mm probe. Typical parameters for
acquiring 'H NMR spectra were as follows: 8012.8 Hz spectral width,

Nature Communications | (2025)16:204


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-55619-7

a QD Size (nm)
17 7.1 4.8 3.8
0 5 2 0.4 T T T T
L .2nm
%‘10 \‘\\\ 8.6nm| __
§ \, ‘\\\ 2 0.3F
£ 1 071 B \\\ \\\ g
— y © LY T~
o \ \\ L7 pave .
o \\ " QQ:J 0.2} L’ ~.
ﬂ"’ D) N \\\ E ,/ S
'{—_U 1 0 N \\ \\J .{_U d
£ \\\ E 0.1
CZD .I 0-3 | \\
1 1 1 1 \\ 1 0 1 1 1 1
0 10 20 30 40 50 24 25 2.6 2.7
Time (ns) PL Peak Energy (eV)
c d QD Size (nm)
17 7.1 4.8 3.8
I 100 T T T
4.8 nm O Low Energy
2 1k 13nm i O High Energy
M 1
= N\ =
< Ml W %.)
— "] \ 1S 601
= f/ 1 s @
f'/
& Fioy < 40 &b
© £/ 1\ @&
£ 4 \ " 20
o vy Iy i
P i | \§\
0 1 1 1 M 1 1 1 1
-180 -120 -60 0 60 120 24 25 2.6 2.7
Energy (meV) PL Peak Energy (eV)

Fig. 6 | Size-dependent exciton properties of CsPbBr; QDs. a Representative
time-resolved PL intensity traces of two single PEA-covered CsPbBr; QDs, exhibit-
ing mono-exponential decay (dashed curves). b Statistics of exciton radiative
recombination rates of 81 nearly non-blinking QDs with different sizes. A dashed
curve is a visual guide. ¢ PL spectra of two single PEA-covered CsPbBr; QDs
(intensity-normalized and peak position-shifted to zero for comparison). Dashed

curves are fits, each using two Voigt functions that share a common peak position
for the asymmetric spectra. d PL linewidths (half-width half-maximum, HWHM, in
the unit of milli-electron volt, meV) extracted from the high energy side and the low
energy side of PL spectra for 81 nearly non-blinking QDs. Dashed lines are visual
guides. The standard deviations are generally smaller than indicated by the size of
the markers in (b, d).

5.0's acquisition time, 4.5 ps (45°) pulse width, 1s relaxation time, and
16 transients. The parameters for the NOESY were as follows: 5506.6 Hz
spectral width in both dimensions (F1 and F2), 0.25 s acquisition time,
11.8 ps (90°) pulse width, 1.5 s relaxation time, 500 ms mixing time, 64
transients, with 512 increments along F1 dimension, each in phase-
sensitive mode. The free induction decays (FIDs) were zero-filled to
give a 2k x 2k data matrix, and a Gaussian function was applied in both
dimensions (F1 and F2) prior to Fourier transformation. The FIDs of the
'H and NOESY NMR spectra were processed using MNOVA. The 'H
NMR chemical shifts are assigned relative to the residual proton peaks
of CDCl; at 7.26 ppm.

Solution-engineering ligand exchange

Glass coverslips (25 mm x 25 mm x 0.17 mm) were cleaned by soni-
cating in triton-X detergent solution, DI water, acetone, and
2-propanol sequentially (40 min each), and then dried. Before use,
the coverslips were cleaned with a UV-ozone cleaner for 40 min and
transferred to a nitrogen glovebox. In the glovebox, 200 mg PEABr
was dissolved in 1 mL of anhydrous DMF and filtered through a PTFE
syringe filter (VWR, 0.22 um pore size). The stock QD colloid was
diluted using anhydrous octane to -200 pM. For the solution-
engineering ligand exchange, 150 pL of the PEABr solution was spin-
coated on a clean coverslip at 4000 rpm. After -35s (-15 s for larger

QDs), 10 pL of the dilute CsPbBr3 QD colloid was swiftly dripped on
the coverslip while spinning. The extent of PEA stacking on QDs
appears sensitive to the spin rate and QD dripping time, which were
optimized in this work. Detailed QD size-dependent solution-engi-
neering parameters are provided in Supplementary Fig. 36. The
coverslip was then annealed on a hot plate at 50- 70°C for
30-120s. Then, the sample coverslip was covered by a glass slide.
The gaps between the coverslip and the glass slide were sealed
using UV-curing optical adhesives (Thorlabs NOA61). Other
solution-engineering ligand-exchanged QDs, such as IPA-covered
QDs and PEA-covered CsPbl; QDs, were prepared using similar
protocols.

QD samples for linear absorption spectroscopy were prepared
using the same spin-coating protocol on clean sapphire substrates (®
9 mm x 0.2 mm, c-axis, double-side polished). QD samples used for
Raman spectroscopy and XRD were spin-coated on clean silicon sub-
strates (10 mm x 10 mm x 0.5 mm, 100 facet polished) following the
protocol above. Note that the concentration of the ligand (PEABT, etc.)
solution used for solution-engineering ligand exchange was
~400 mg mL™, and the QD concentration was also increased to ~20 pM.
The pristine molecular crystal samples and native-ligand QD samples
were prepared by spin-coating corresponding ligand solutions directly
onto proper substrates at 1000 rpm for 60 s. All these samples were
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annealed/dried on a hot plate at 50-70 °C for 30-120s, and then
stored in sealed plastic tubes filled with dry nitrogen.

DDA-covered QDs were prepared following a reported
method". In brief, the solution ligand exchange was performed by
adding 100 pL 0.01 M DDABEr toluene solution to 1 mL of stock QD
colloid and stirring for 1 h. Then, the QD colloid was diluted using a
toluene solution of 0.1% (w/w) of polystyrene (average M.W.
260,000) to ~200 pM. Then 150 pL of the dilute solution was spin-
coated on a clean coverslip at 3000 rpm for 60 s. The sample cov-
erslip was then dried on a hot plate at 50 °C, and then encapsulated
using UV adhesives following the same protocol used for PEA-
covered QDs.

Single-dot spectroscopic measurements

The single QD sample was mounted onto a nano-positioner (Milles
Griot Nanomax, with 3-axis manual and close-loop piezoelectric
actuators) in a customized wide-field/confocal fluorescence micro-
scope system (Supplementary Fig. 37). A 405nm diode laser was
used to excite the sample (Picoquant LDH-D-C-405, driven by a
Picoquant Sepia PDL828 module) in either pulsed mode with a
repetition rate of 2-5MHz or cw mode. The laser was attenuated
using a series of neutral density (ND) filters (Thorlabs) and sent into
the objective lens (Olympus UPLXAPO100XO, 100x magnification,
NA =1.45) through a single-mode optical fiber (Thorlabs P1-305A-FC-1
with a collimator). The estimated focused laser beam diameter is
~475 nm. The excitation fluence was set to 0.4-30 pJ cm™ for QDs
with different sizes. For example, exciting a 4.3 nm CsPbBr; QD to
(Ny=0.2 requires an excitation power density of ~27.4 W cm™ (or a
fluence of 13.7 p) cm™) using a 2 MHz repetition rate. The single QD
sample was imaged using an EMCCD camera (Andor iXon Ultra 897)
under wide-field mode. The QD of interest was moved to the center
of the laser beam focus spot for spectroscopy measurements under
confocal mode. PL emissions of a single QD was collected using the
same objective and sent through a set of optical filters (a 405nm
notch filter, a 425 nm long-pass filter and optional bandpass filters).
The QD PL spectra was measured using a spectrograph (Andor
Shamrock 500i equipped with an Andor iXon Ultra 897 EMCCD). The
time-tagged, time-resolved single photon counting (to generate the
blinking traces, the time-resolved PL decay, and the second-order
photon correlation) were recorded using two single-photon ava-
lanche diodes (Hamamatsu Cl11202-100) connected to a time-
correlator (Picoquant HydraHarp 400) in a Hanbury Brown and
Twiss configuration. The g®(0) values were corrected using a pre-
viously reported method®. In brief, the background level was esti-
mated from the PL decay traces, and its ratio to the total photon
counts (usually 2.0%) was subtracted from the raw g®(0) value. All
measurements were performed at room temperature.

Low-temperature, low-frequency Raman spectroscopy

Raman measurements were performed using a confocal Raman spec-
trometer (LabRAM HR Evolution, Horiba) equipped with a tempera-
ture control stage. The scattered Raman photons were dispersed using
a 600 g cm™ grating and collected by the spectrometer with a 633 nm
laser, utilizing x10 and x50/VIS lenses. The laser power was regulated
by an ND filter (10-25%) to avoid damaging the QD. For low-frequency
Raman spectra, the instrument was equipped with an ultra-low fre-
quency (ULF) module, allowing the acquisition of Raman signals in the
spectral region below 200 cm™.

Density function theory modeling

The binding energy of ligands on the surface of CsPbBr; was calculated
using DFT. The surface of the nanocrystal was modeled as a 2x2x1
(100) CsPbBrj slab. Details on the computational methodology can be
found in Supplementary Note 2.

Data availability
The processed spectroscopic data are available at Figshare under
accession codehttps://doi.org/10.6084/m9.figshare.27115519.
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