Biexciton-Like Auger Blinking in Strongly Confined

CsPbBr; Perovskite Quantum Dots

Chenjia Mi', Matthew L. Atteberry’, Varun Mapara®, Lamia Hidayatova!, Gavin C. Gee',

Madalina Furis®, Wai Tak Yip!, Binbin Weng’, Yitong Dong"*

'Department of Chemistry and Biochemistry, The University of Oklahoma, Norman, OK 73019,

USA

’Homer L. Dodge Department of Physics and Astronomy, The University of Oklahoma, Norman,

OK 73019, USA

3School of Electrical & Computer Engineering, The University of Oklahoma, Norman, OK 73019,

USA

Keywords: Perovskite Quantum Dot, Blinking Suppression, Auger Recombination, Trapped

Exciton, Single-Photon Emission



ABSTRACT. Single perovskite quantum dots (QDs) are notorious for their poor stability. As a
result, surface defects will be generated and this will lead to trion formation that reduces
fluorescence intensity, setting barriers to exploring the intrinsic exciton dynamics and the
applications of perovskite QDs in single-photon sources. Here we demonstrate that strongly
confined CsPbBr3 perovskite QDs (SCPQDs) embedded in a matrix formed by
phenethylammonium bromide exhibit suppressed trion formation and remain photostable under
intense photoexcitation. The increased surface passivation and stability enables the study of multi-
exciton interactions in SCPQDs. We found that, in well-passivated SCPQDs, increasing excitation
rates leads to weak fluorescence intensity fluctuations accompanied by an unusual spectral
blueshift in the photoluminescence. We attribute this to a biexciton-like Auger interaction between
excitons and trapped excitons formed by surface lattice elastic distortions. This hypothesis is
corroborated by the unique repulsive biexciton interaction in SCPQDs. Our study provides insights
into the fundamental multi-exciton interactions in SCPQDs and will advance the development of

quantum light sources based on perovskite QDs.



Perovskite quantum dots (QDs) have emerged as promising single-photon emitter (SPE)
materials owning to their high photoluminescence (PL) quantum yields (QY) and fast radiative
emission rates.!® For SPEs based on single QDs, high photoexcitation rates increase the brightness
at a cost of single-photon purity due to multi-exciton generations.> ”-® Strongly confined perovskite
QDs (SCPQDs), whose physical sizes are smaller than the Bohr diameter of the exciton, can
effectively annihilate multi-exciton emissions through Auger processes®!!. However, SCPQDs are
notorious for their poor temporal PL stability, especially under intense photoexcitation.® This has
significantly curtailed the understanding of intrinsic exciton dynamics and many-body interactions

in perovskite QDs for its applications on SPEs.

Surfaces of perovskite QDs are susceptible to ligand losses and degradation, !> !*

particularly
when QDs are diluted and isolated from their colloidal phase for single-particle studies.'* The
resulting surface defects can promote trion formation in perovskite QDs, which subsequently
reduces the PL stability via fast trion Auger recombination.!> '® This is more pronounced in
SCPQDs due to enhanced Auger interaction and increased surface-to-volume ratio. Many efforts
have been made to increase the binding affinity of surface ligands to suppress surface degradation.
Zwitterionic ligands have enabled single perovskite QD studies at cryogenic temperatures.'” Bulky
lecithin ligands have been used to stabilize perovskite QDs from degradation and aggregation
when being diluted.'® Nevertheless, most single-particle studies on perovskite QDs are still limited
to large, weakly-confined nanocrystals (NCs).!>?° In perovskite NCs, the stochastic PL intensity
fluctuations (often referred to as blinking) between the exciton (ON) state and the trion (OFF) state

are still prominent.?!"® To date, the effect of multi-exciton dynamics on single-photon emissions

of SCPQDs remains elusive.



Here, we report an unconventional method to prepare single SCPQDs by embedding them
in a bromide salt matrix. The resulting single SCPQDs show significantly increased PLQY and
photostability. This approach enables us to investigate the intrinsic blinking dynamics of single
SCPQDs. We found that the single SCPQDs are essentially blinking-free under moderate
photoexcitation and remain stable even when the excitation rate increases (average number of
excitations, (N), up to 1.0). However, at high excitation rates, we observed PL intensity
fluctuations well above the OFF state threshold, accompanied by a PL spectral blueshift. By
analyzing decay dynamics of the single SCPQDs, we found that the PL lifetime only slightly
decreases, along with an emerging delayed emission. These observations cannot be explained by
the random exciton-trion switching found in large perovskite NCs.? Hence, we propose that these
fluctuations in the SCPQDs arise from a biexciton-like Auger recombination between a normal
exciton and a trapped exciton (TE), which is slower than trion Auger recombination. We present
a microscopic model based on the conventional trion flickering theory to explain our observations
and provide further supports on observed spectral blueshifts by demonstrating the unusual
repulsive biexciton interactions in SCPQDs. These findings provide insights for the understanding

of intrinsic exciton dynamics in SCPQDs and the development of room temperature SPEs.



Results and Discussion
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Figure 1. (a) STEM image and (b) absorption (orange) and PL (blue) spectra of colloidal
CsPbBr3 SCPQDs with a size of 4 nm. (c-d) Fluorescence images of the isolated single
SCPQDs (¢) embedded in PEABr matrix, and (d) without PEABr matrix.

CsPbBr3 SCPQDs with various sizes were synthesized using previously reported method with
modifications?* 2. The scanning transmission electron microscope (STEM) image of a 4 nm
SCPQD sample (Figure 1a) reveals high size and shape uniformity, minimizing selection bias in
single QD measurements. The mono-dispersity of the SCPQDs is also supported by large-scale
self-assemblies observed in a STEM image (Supporting Information, Figure S1). Figure 1b shows
the absorption and PL spectra of the SCPQD colloid. Due to the strong quantum confinement, the
PL peak of the SCPQD shifts to 471 nm compared to the 513 nm PL peak of CsPbBr3 NCs
(Supporting Information, Figure S2).

To prevent surface degradation during the single-particle sample preparation, the SCPQDs were
embedded in an organic ammonium bromide salt matrix. Phenethylammonium bromide (PEABT)

is selected for the most optimized single-particle photostability. Briefly, a diluted SCPQD solution



in octane was spin-cast onto a layer of wet PEABr solution in dimethylformamide on a glass
coverslip in a nitrogen glovebox. This method results in the SCPQDs being embedded in the
PEABr matrix (Supporting Information, Figure S3 — S5). The PL characteristics of the single-
particle samples were measured on a custom-built confocal fluorescence microscope. Figure 1c
shows a wide-field fluorescence image of single SCPQDs in PEABr matrix. Compared to the
SCPQDs without a matrix (Figure 1d), whose PL intensity is too low for reliable measurements,

the PEABr matrix enhanced the PLQY of the SCPQDs by ~ 100-fold.
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Figure 2. Time-dependent PL intensity (blinking) traces (left) and occurrence histograms
(right) of (a-b) a single CsPbBr3 SCPQD (PL peak centered at 471 nm, Figure 1) embedded
in PEABr matrix and (c-d) a large CsPbBr3 perovskite NC (PL peak centered at 513 nm,
Figure S2) dispersed in PMMA at (a)(c) moderate excitation rates and at (b)(d) increased
excitation rates (excitation laser: 405 nm, 4 MHz). The OFF state threshold is marked with
dotted lines, determined by the exciton and the trion lifetimes.

Both SCPQDs and CsPbBr3; NCs in PEABr matrix are essentially blinking-free (ON period >
99%) at moderate excitation rates, as shown in Figure 2a (and Supporting Information, Figure S6).

In contrast, when dispersed in poly(methyl methacrylate) (PMMA), CsPbBr; NCs exhibit



extensive fluorescence intermittency, even at a lower excitation rate ((N) = 0.04, Figure 2¢). Figure
2b shows the fluorescence intensity (blinking) trace of a SCPQD at an increased excitation rate
((N) = 0.25). The SCPQD exhibits low occurrence of a long-lasting OFF state and stays ON for
97% of the time (Figure 2b). In comparison, the large CsPbBr3 NC has a clear distribution of the
OFF state at similar excitation rates. It is worth mentioning that some SCPQDs still show finite
OFF state probabilities, presumably due to the imperfect surface passivation (Supporting
Information, Figure S7). The second-order correlation (g) plots show single-photon purity of
95% for the SCPQD and 85% for the large CsPbBr3; NC (Supporting Information, Figure S8). The
statistics of the durations of the ON and OFF states of the SCPQD are fitted to a power-law P(t)
« ¢ * (Supporting Information, Figure S9), which yield kox = 0.8, and korr = 1.9. The fast decay
of the OFF time probability distribution indicates that the SCPQD remain emissive for most of the
time.

Although the OFF state is suppressed in the SCPQDs protected by the PEABr matrix, a
fluorescence intensity fluctuation well above the OFF state was observed at an increased excitation
rate ((N) = 0.25). This can be better visualized in the occurrence histogram in Figure 2b. Such a
fluctuation has been observed in several SCPQDs with various sizes (Supporting Information,
Figure S10) at (N) = 0.10, but disappears after reducing the excitation rate to (N) = 0.02
(Supporting Information, Figure S11). In contrast, the large CsPbBrz NC in PMMA exhibits
fluctuations between the ON and OFF states even at low excitations rates. The PL intensity
fluctuation in large CsPbBr3 NCs has been interpreted as a random switching between exciton and
trion emissions. To verify the validity of the trion model and to distinguish the intensity fluctuation
in SCPQDs from the trion-induced blinking, we used a smaller bin size (1 ms) to plot the blinking

traces (Supporting Information, Figure S12).2° While the large CsPbBr3; exhibits binary blinking



behavior with manifest OFF states, similar to what is commonly seen in CdSe QDs (Supporting
Information, Figure S13), the intensity fluctuation behavior of the SCPQD persists. These findings

suggest that the PL intensity fluctuations in the SCPQD cannot be explained by the typical trion

model.?’
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Figure 3. Occurrence histograms of the PL intensity of (a) the SCPQD in PEABr and (c) the
large CsPbBr3 NC in PMMA, at (V) = 0.25. The color-coded intensity ranges are used to
extract intensity-dependent PL decay curves in (b) and (d), respectively. For clarity, the
decay curves extracted range A — C with bi-exponential fits are shown, along with
representative OFF state decay curves only fitted for the trion component (black). The decay
curves extracted from range D — E and fits are given in Figure S15.

To explore the new blinking behavior of the SCPQDs, we generated fluorescence lifetime-
intensity distribution (FLID) heatmaps by extracting the PL lifetime at each intensity level from
mono-exponential fits (Supporting Information, Figure S14). A non-linear correlation is observed
between the PL intensities and lifetimes, implying that an Auger mechanism is involved.?’
However, mono-exponential fits used in the FLID heatmaps cannot fully reveal the complex decay

dynamics. To further analyze the dynamics of the unusual emission intensity fluctuation in



SCPQDs, we extracted the PL decay dynamics at various PL intensity ranges, as color-coded in
the intensity histograms in Figure 3a and 3c. The extracted PL decay traces from all ON levels are
shown in Figure 3b and 3d and are fitted with bi-exponential decay functions. All time constants
(7) and pre-exponential factors (K) obtained from the fittings are summarized in Table 1. The decay
curves of the OFF states are extracted (range E in Figure 3a for the SCPQD, and the selected range
in Figure S15 for the CsPbBr3; NC), and only the fast component was shown to reflect the lifetime
of trions. The slow components with a time constant close to that of the normal excitons are
attributed to small fractions of exciton emissions inside the bins. The decay curves extracted from
range D and E are shown in Supporting Information, Figure S16.

Table 1. Time constants and fractions obtained from bi-exponential fittings in Figure 3.

Range SCPQD in PEABr CsPbBr3 NC in PMMA'
71 (K1) 72 (K2) 71 (K1) 72 (K2)
A 4.7 ns (86%) 13 ns (14%) - 10 ns (100%)
B 4.8 ns (91%) 15 ns (9%) 2.4 ns (35%) 10 ns (65%)
C 4.0 ns (89%) 13 ns (11%) 2.4 ns (57%) 10 ns (43%)
D 1.5 ns (83%) 6.0 ns (17%) 2.4 ns (74%) 10 ns (26%)
E 1.3 ns (100%) - 2.4 ns (34%)? 10 ns (6%)

! Global fitting is performed with shared time constants for the PL decays of the CsPbBr; NC in PMMA.

2 The PL decay curve possess an additional fast component of 0.5 ns (60%), which is attributed to the instrument
response function.

The PL decay curves extracted from range A to C of the SCPQD (Figures 3a and 3b) exhibit
nearly identical decay dynamics, with similar time constants and fractions for both the fast (~ 4.3
ns) and slow (~ 14 ns) components (Table 1). It is noticeable that the lifetime of the trion is 1.3 ns
(range E) and is much faster than the lifetime of the short decay components (4.0 — 4.7 ns) obtained
for range A-C. This indicates that there is little to no trion emission contributions in the majority

of the ON levels. In comparison, the PL decay curves of the CsPbBr; NC from range A to D in



Figure 3a contain two components with the same time constants but increasing contributions from
the fast component. The time constants of the fast (2.4 ns) and slow (10 ns) components agree well
with the decay lifetimes of trions and excitons, respectively.?> 2> 2832 These behaviors are
consistent with trion blinking model.*!

The different PL dynamics clearly indicate that intensity fluctuations in SCPQD are not induced
by trions. Interestingly, in Figure 3d and Table 1, the time constant of the fast decay component
(~ 4.3 ns) is slightly shorter than the radiative lifetime of excitons (6.4 ns, Figure 4c) but 3 times
longer than the lifetime of trions (1.3 ns), while the slow component possesses a longer lifetime
than that of the excitons. This is inconsistent with the conventional trion model, where a charged
QD can generate trions that undergo fast Auger non-radiative recombination. To fully explain our
observations, a non-charging model include multi-excitonic states need to be introduced. Trapped
excitons (TEs) — the electron-hole pair are localized and stabilized by the lattice polarons — have
been proposed in CsPbBr; perovskites.>>*® In our SCPQDs, given the softness of the surface

lattices and the strong exciton-surface interaction promoted by the size confinement, we propose

that exciton-surface lattice polarons can form, which lead to the TE formation.
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Figure 4. (a) Scheme of proposed biexciton-like Auger interaction between exciton and
trapped exciton (TE). When an exciton is generated in a QD, it will emit a photon (route 1)
or be trapped (route 2). (b) The QD that contains a TE can be excited again (route 3),
resulting in an exciton-TE pair. The exciton can emit a photon under the influence of the TE
(route 4). Alternatively, biexciton-like Auger recombination can happen in the exciton-TE
pair (route 5). Then the TE will be de-trapped, resulting in a recovered normal exciton (route
6) accompanied by delayed PL. (c¢) Blinking and PL decay trace at low excitation rate ({V) =
0.02), representing (a). (d) Blinking and PL decay trace at high excitation rate ((/V) = 0.25),
where intensity fluctuation and delayed PL can be observed, representing (b).

Here we present a microscopic model to explain the blinking behavior discovered in the SCPQD
(Figure 4). In the model, an exciton has a finite probability of forming a TE (route 2) before
emitting a photon (route 1), as shown in Figure 4a. The TE possesses a lower energy compared to
a normal exciton and a long lifetime, and thus is generally non-emissive. This is supported by the
observation of a weak, broad emission feature with a decay time of ~ 1 ps from SCPQDs in low-
temperature PL. measurements (Supporting Information, Figure S17). At high excitation rates,

another exciton can be created in the QD with a TE in it (route 3), generating an exciton-TE pair
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(Figure 4b). The exciton-TE pair is biexciton-like and can undergo Auger recombination (route 5).
However, due to the screening effect introduced by the surface lattice distortion, the Auger process
is slow. As a result, the exciton can still recombine radiatively under the influence of the TE (route
4). Since the Auger recombination is slow, the exciton emission is only slightly quenched. This is
in good agreement of the ~ 4.3 ns decay time found in Figure 3d. Additionally, an exciton can be
recovered via the exciton-TE Auger interaction (route 6) and then recombine radiatively, leading
to the delayed PL observed in Figures 3b and 4d.

Unlike the trion-induced intensity fluctuation, the PL intensity fluctuation induced by exciton-
TE pairs only happen at high excitation rates. As shown in Figures 4c and 4d, at a low excitation
rate ((N) = 0.02), a mono-exponential PL decay is observed (Figure 4c); when the excitation rate
increases ((N) = 0.25), the PL intensity starts to fluctuate above the OFF state threshold, and the
PL decay becomes bi-exponential (Figure 4d). This excitation rate dependence in the PL of single
SCPQDs has been reproducibly observed (Supporting Information, Figure S18). The excitation
rate dependent blinking behavior and decay dynamics are consistent with the emission
mechanisms depicted in Figures 4a and 4b. It is worth to note that since TE is not emissive and the
emissions in all three routes shown in Figure 4 come from single excitons, the single-photon purity

remains high in the SCPQD (~ 95%, Figure S8).
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Figure 5. (a) Excitation rate dependent single-particle PL spectra of a SCPQD, measured
continuously at excitation rates switching between (V) = 0.02 and 0.10. (b) The difference of
the PL spectra in (a). (c) Excitation rate dependent single-particle PL spectra of a CsPbBr3
NC in PMMA, measured continuously at excitation rates switching between (V) = 0.04 and
0.45. (d) The difference of the PL spectra in (c). The spectra at low excitation rates in 1, 3, 4
and 6 are fitted with Lorentzian function (solid curves). The shifted spectra at high excitation
rates deviates from Lorentzian due to mixed emission states, and the solid curves in 2 and 5
are smoothed spectra for visual guides. The vertical strokes mark the peak positions.

To gain more insights into the proposed biexciton-like Auger interaction between the exciton
and TE, we measured excitation rate dependent single-particle PL spectra. Figure 5a shows the
excitation rate dependent emission spectra of a SCPQD. Surprisingly, we observed a reversible
blueshift in the PL spectra with increased excitation rate ({(N) = 0.10). This spectral shift is better
visualized in the differential PL spectra shown in Figure 5b. In stark contrast, the PL spectra from
a large CsPbBr3 NC shows a slight and reversible redshift at an increased excitation rate (Figure
S5c-d). This spectral redshift is tentatively attributed to the increased contribution from the

attractive interaction in trions in large CsPbBrs; NCs.!®
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Figure 6. (a) Transient absorption spectra measured at various delay times. Exciton (E)
bleach, induced absorption (BX) and trapped exciton (TE) bleach features are observed. (b)
The decay dynamics of E (black), BX (blue) and TE (orange) extracted from the transient
absorption spectra. (c) Spectrally selected single SCPQD PL spectra measured at the
excitation rate of (V) = 1.0. (d) Spectral resolved second-order correlation statistics.

To verify our proposed model, it is necessary to assess the polarity of the biexciton interaction
in SCPQDs. While biexciton interactions in perovskite QDs have been intensively investigated,'*
40-43 most of the studies are limited to large perovskite NCs with weak quantum confinement due
to the challenges in the synthesis and passivation of the SCPQDs. Although attractive biexciton
interactions are frequently reported in perovskite NCs,?® *+%3 repulsive biexciton interactions have
also been discovered in perovskite QDs of different sizes.*® 4’ To confirm the polarity of the
biexciton interaction in our SCPQDs, we performed transient absorption measurements on a thin-
film sample. As shown in Figure 6a, an induced absorption peak appears at higher energy, which
shares the same dynamic as the exciton bleach recovery (Figure 6b). This observation aligns with

previously discovered TA features in similar SCPQDs* and is attributed to repulsive biexciton
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interactions.*’ Additionally, a new bleach peak emerges at the lower energy side of the band-edge
exciton bleach peak, which we attribute to the formation of TEs. The slow dynamics of TEs agree
well with the model proposed in Figure 4.

To further support the repulsive biexciton interaction in our SCPQDs, we also performed
spectral resolved second-order correlation measurements. As shown in Figure 6¢, emissions of a
SCPQD were spectrally selected using optical filters to build spectral resolved antibunching
statistics. A high excitation rate ({(N) = 1.0) was used on a slightly larger (~ 4.5 nm) SCPQD to
intentionally generate biexcitons. The g?(0) value extracted from the full spectral range is ~ 31%.
When higher energy emissions were selected, the corresponding g®(0) values increased to ~ 48%
(Figure 6d blue), showing that the biexciton emissions mainly reside on the high energy side of
the spectrum. Indeed, when lower energy emissions were selected, the corresponding g®(0) value
decreased to ~ 17% (Figure 6d red). The spectral resolved single-particle g analyses are
corroborated with power-dependent PL measurements of perovskite QD thin-films, which
revealed similar size-dependent spectral shifts (Supporting Information, Figure S19). The unusual
repulsive biexciton interaction discovered in our SCPQDs is consistent with the blueshift in the
single-particle spectra caused by the biexciton-like exciton-TE interaction.

Conclusion

In conclusion, our study has revealed that trion formation is significantly suppressed in SCPQDs
that are well-passivated in a PEABr matrix. Through the PL emission dynamic analyses, we have
shown that TE can form in SCPQDs and undergo slow Auger interaction with normal excitons.
This interaction leads to PL intensity fluctuations and spectral blueshifts in SCPQDs at increased
excitation rates. The proposed exciton-TE Auger interaction in SCPQDs is further supported by

the unusual repulsive biexciton interaction. These findings suggest that SCPQDs are promising to
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serve as non-blinking SPE materials. Furthermore, the understanding of new exciton dynamics in
SCPQDs can advance our knowledge of the emerging optical properties of perovskite QDs and

accelerate their adoption in quantum photonic applications.
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Methods
Materials

Core-shell CdSe/ZnS QDs with PL peak centered at 470 nm (> 80% PLQY) and 650 nm (~
100% QY) were purchased from NNCrystal. NaBr, PbBr> and ZnBr> were purchased from Sigma-
Aldrich; Cs2CO3 was purchased from Alfa-Aesar; Poly(methyl methacrylate) (PMMA, MW ~
550,000) was purchased from Beantown Chemical; Phenethylammonium bromide (PEABr),
isopropylammonium bromide (IPABr) and n-butylammonium bromide were purchased from
Greatcell Solar Materials. Oleylamine (OAm) and oleic acid (OA) were purchased from Sigma-
Aldrich; 1-Octadecene (ODE) was purchased from Thermo Fisher. Hexanes, anhydrous octane,
anhydrous toluene and anhydrous N, N-dimethylformamide (DMF) were purchase from Sigma-
Aldrich; Acetone and isopropanol were purchased from Fisher. All chemical materials were used
as received.
Colloidal CsPbBr; SCPQOD Synthesis

The CsPbBr; SCPQDs were synthesized using a reported method with modifications?*. Briefly,
300 mg of Cs2COs3 in a 25 mL 3-necked flask, 600 mg of PbBr;, and 1400 mg of ZnBr; in a 250
mL 3-necked flask were weighed in a glove box protected by nitrogen. To prepare the Cs oleate
precursor, 1.2 mL of OA, 3.2 mL of ODE were mixed with the Cs2CO3 followed by vacuum drying
at room temperature for over 30 min. The mixture was heated to 140 °C for 10 min and the
temperature was kept at 120 °C before use. In the flask containing PbBr; and ZnBr>, 14 mL OA,
14 mL OAm, and 25 mL ODE were added. The mixture was dried under vacuum at 150 °C for 17
min. Then the mixture was kept at different reaction temperatures ranging from 80 — 120 °C under
a nitrogen atmosphere for different sized SCPQDs. The reaction was triggered by injecting 2.5 mL

of Cs precursor into the mixture, maintained at the same temperature for 3 min and then quenched
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using an ice-water bath. Non-reacted solids were removed by centrifuging the mixture at 7800 rpm

for 10 min.

The reacted mixture that contains SCPQD colloids were centrifuged again after standing still for
at least 24 hours to remove unreacted precursors. To wash the SCPQD particles, ~ 50 mL of
acetone was added to the mixture followed by vigorously shaking. Upon formation of turbidity,
the mixture was centrifuged again to collect the particles as precipitants. The SCPQDs were re-

dispersed in octane for storage and further use.

Coverslip Cleaning

Coverslips were loaded on a PTFE rack and sonicated in the following solvents each for 40 min
at room temperature: 1. DI water with 0.1% (v/v) Triton-X 100; 2. DI water; 3. Acetone; 4.
Isopropanol. The coverslips were rinsed 6 times with DI water between step 1 and 2. After
sonication, the coverslips were dried in an oven for 10 min and then stored in a dust-free container.
Before sample preparation, the coverslips were conditioned using a UV-ozone cleaner for 30 min,
then sent into the glovebox.
Single-Particle Sample Preparation

CdSe/ZnS QD stock suspension was diluted by 4 orders of magnitude using anhydrous toluene
containing 0.4% (m/m) PMMA. 10 pL of the diluted II-VI QD suspension was spin-coated (5000
rpm, 1 min, dynamic) onto a pre-cleaned coverslip in a nitrogen glovebox. The coverslip was then
annealed at 70 °C for 2 min and encapsulated using optical adhesives.

Large CsPbBr; NCs were synthesized using previously reported methods.?® The resulting stock
colloid was diluted by 5 to 6 orders of magnitude using anhydrous toluene containing 1.0% (m/m)

PMMA. 150 pL of the diluted NC suspension was spin-cast at onto a pre-cleaned coverslip 5000
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rpm for 1 min in a nitrogen glovebox. The coverslip was then annealed at 70 °C for 2 min and
encapsulated using optical adhesives.

CsPbBr3 SCPQD colloid was diluted by 4 to 5 orders of magnitude using anhydrous octane
solution saturated with n-butylammonium bromide. To prepare SCPQD in PEABr matrix sample,
150 uL of PEABr DMF solution (250 mg/mL) was dropped onto a coverslip then spin-cast using
a two-step procedure: first at 1000 rpm for 10 s and then at 5000 rpm for 1 min. After 20 s of
spinning when the spin rate reaches 5000 rpm, 10 pL of the diluted SCPQD colloid was dropped
onto the coverslip. The sample coverslip was annealed at 70 °C for 2 min and then encapsulated
using optical adhesives. SCPQDs in other matrices (IPABr, NaBr-PEABr) were prepared similarly
(see Supporting Information, Figure S20 for the measured blinking traces).

Single-Particle PL Measurements

The emission dynamics of a single QD was measured using a custom-designed wide-
field/confocal microscope. The excitation light source was an LDH-D-C-405 laser head driven by
a Sepia PDL-828 driver from Picoquant, operating at either 4 MHz pulsed mode or continuous-
wave mode (unless otherwise specified). After being attenuated with neutral density filters, the
laser was reshaped and guided by a single mode fiber and sent through the epi-illuminating port
of Nikon Eclipse TE200 inverted microscope, reflected by a 425 nm long-pass dichroic mirror,
through a Nikon CFI Super Fluor 100X objective to the sample. The sample emission was collected
with the same objective and sent through the dichroic filter, a tube lens, a pair of slits in the X-Y
direction at the intermediate image plane (as confocal pinhole), a collimating lens, a set of filters
(a 405 nm notch filter, a 425 nm long-pass filter, and a selected bandpass filter), and then into the
detection systems. A scheme of the optical system can be found in Supporting Information, Figure

S21.
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The fluorescence images of QDs were obtained using an Andor iXon DV897 EMCCD. Spectra
of QDs were obtained using a spectrograph that contains an Andor Shamrock 5001 monochromator
and an Andor iXon Ultra897 EXF EMCCD. For photon counting, the emissions were split by a
non-polarizing 50:50 beam splitter, collected by two Hamamatsu C11202-100 single-photon
avalanche diodes (SPADs), and recorded with a Picoquant HydraHarp 400 module using time-
tagged time-resolved (TTTR) mode. Two Excelitas SPCM-AQRH-15-FC SPADs were also used
for earlier experiments. PL intensities were corrected with the wavelength dependent response
curves of the SPADs.

Transient Absorption Measurements

UV pump/white light probe transient absorption spectra were recorded every 250 fs for a time
window of 1 ns using a HELIOS transient absorption spectrometer from Ultrafast Systems. The
white light probe was generated using the 532 nm frequency doubled output of a 2 kHz
HYPERION Yb amplifier (also Ultrafast Systems) focused on a sapphire crystal inside the
HELIOS spectrometer. The 350 nm UV pump was provided by the tunable output of an Ultrafast

Systems Optical Parametric Amplifier (OPA) pumped by the same amplifier.

Low Temperature PL Measurements

The SCPQD colloid was spin-cast onto a sapphire substrate with PEABr matrix, similarly to the
single-particle samples, except concentrated stock colloid was used. The as-prepared sample was
then vacuum dried overnight and loaded into an ARS GMX-20-OM cryostat. The sample PL and
lifetime were then measured at room temperature and at 8 K. The sample temperature was
measured with a free-range probe stuck to the sapphire substrate. The excitation pulse was

provided by the same OPA in the transient absorption measurements, and focused to the sample
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with an achromatic lens. The PL signal is collected by the same lens for spectra and lifetime

measurements.

Data Processing

Data acquired from the time correlation module running at TTTR mode were processed as
follows. The data file was translated and processed using customized MATLAB codes from the
Picoquant demo code. The codes can be distributed upon request. The second-order correlation

(g?) of the PL signals from the two SPADs was obtained with previously reported methods®.

FLID heatmaps were generated by interrogating the photon arrival times, respecting to the
excitation pulses, of all the photon events at each counts level in the blinking trace. The photon
arrival times were then used to build histograms to generate PL decay curves. The decay curve of
each counts level was then corrected for baseline based on the average counts appeared in the time
range from -10% to -2% of the repetition time, respecting to the excitation pulse (defined as time

zero). The corrected curves were fit with a mono-exponential function to extract lifetimes.

ASSOCIATED CONTENT

Supporting Information.

The Supporting Information is free of charge at https://pubs.acs.org/doi/10.1021/XXXXXXX

Additional STEM images, fluorescence microscopy images, second-order correlation plots,
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