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ABSTRACT: The hot phonon bottleneck has been under intense investigation in perovskites. In the case of
perovskite nanocrystals, there may be hot phonon bottlenecks as well as quantum phonon bottlenecks. While they
are widely assumed to exist, evidence is growing for the breaking of potential phonon bottlenecks of both forms.
Here, we perform state-resolved pump/probe spectroscopy (SRPP) and time-resolved photoluminescence
spectroscopy (t-PL) to unravel hot exciton relaxation dynamics in model systems of bulk-like 15 nm nanocrystals
of CsPbBr3 and FAPbBr3, with FA being formamidinium. The SRPP data can be misinterpreted to reveal a phonon
bottleneck even at low exciton concentrations, where there should be none. We circumvent that spectroscopic
problem with a state-resolved method that reveals an order of magnitude faster cooling and breaking of the quantum
phonon bottleneck that might be expected in nanocrystals. Since the prior pump/probe methods of analysis are
shown to be ambiguous, we perform t-PL experiments to unambiguously confirm the existence of hot phonon
bottlenecks as well. The t-PL experiments reveal there is no hot phonon bottleneck in these perovskite nanocrystals.
Ab initio molecular dynamics simulations reproduce experiments by inclusion of efficient Auger processes. This
experimental and theoretical work reveals insight on hot exciton dynamics, how they are precisely measured, and
ultimately how they may be exploited in these materials.
KEYWORDS: perovskite, nanocrystal, quantum dot, phonon bottleneck, hot phonon bottleneck, carrier cooling

INTRODUCTION
Metal halide perovskite nanocrystals (PNCs) have been shown
to possess promising optoelectronic properties for the use in
devices such as high performance solar panels and light
emitting diodes.1−4 Thus, an understanding of the fundamental
behavior of photoexcited carriers is crucial for the production
of efficient devices.5,6 Importantly, the carrier dynamics in
PNCs, have been shown to exhibit liquid-like behavior due to
their dynamic, ionic lattices.7−10 This liquid-like behavior
results in polaron formation and protection of charge carriers
from trapping.7,11−14 The protection from trapping plays a

particularly important role for hot carriers, which could be
used in hot-carrier solar cells, in order to break the Shockley−
Queisser limit.6,15
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The simple but fundamental question arises of the time
scales and pathways of carrier or exciton relaxation or
thermalization. The subject remains controversial for a number
of reasons. Many studies on PNCs, both strongly and weakly
confined, have shown that relaxation occurs on time scales of
multiple picoseconds at high excitation densities.13,16−19 The
same results are observed in perovskite films; the result is
general to perovskites. These slow cooling rate constants have
been attributed to an initially fast redistribution of energy,
through coupling to the longitudinal optical (LO) phonon,
followed by a slower process due to total occupation of this
phonon mode, a phenomenon known as the “hot phonon
bottleneck”.16−20 Further to this, the Auger heating processes
have also been identified as a mechanism for extending hot
carrier lifetimes.17,21 The point is that one expects to see hot
carriers on the 10 ps time scale at high densities.
Though many studies have suggested the observation of the

hot phonon bottleneck and slow cooling in PNCs; others have
found much faster cooling rate constants on the order of 100s
of femtoseconds in the quantum dot (QD) versions of the
PNC.22−25 In QD PNCs, the fast relaxation is attributed to
processes usually associated with the electronic structure of
quantum confined systems for which a “quantum phonon
bottleneck” becomes relevant. In quantum confined systems
such as quantum dots (QD), there are Auger energy transfer
and multiphonon emission, rather than the expected bulk
mechanisms, thereby breaking the quantum phonon bottle-
neck.24,26 Furthermore, for strongly confined PNCs at low
excitation densities, the observed fast carrier cooling rate
constants and breaking of the quantum phonon bottleneck
have been attributed to nonadiabatic coupling to surface
ligands, similar to that of holes in CdSe.27,28 A wide variety of
results have emerged regarding the basic process of hot carrier
thermalization in semiconductor perovskites. Hence the
fundamental question of time scales and pathways of hot
carrier relaxation in the model system of bulk PNC remains
controversial. The basic questions remain ambiguous as to
whether there is a hot phonon bottleneck under high carried
densities and whether the quantum phonon bottleneck is
relevant for bulk systems.
Here, we perform a suite of ultrafast spectroscopies to

unambiguously unravel the presence and relevance of both hot
phonon bottlenecks and quantum phonon bottlenecks. Both
processes are generally evaluated using one-dimensional
Transient Absorption (TA) Spectroscopy, with an arbitrary
pump energy of 3.1 eV for technical expedience. In this work,
we exploit state-resolved pump/probe (SRPP) with 50 fs time
resolution, state-resolved time-resolved photoluminescence (t-
PL) measurements with 3 ps time resolution. A simple TA
analysis of two classes of PNC reveal slow electron
thermalization, on the 1−10 ps time scale, even at low carrier
density. In order to better unravel the TA signals, SRPP
spectroscopy revealed that there is a breaking of the quantum
phonon bottleneck at low carrier density. These experiments
suggest that TA spectroscopy provides an ambiguous measure
of carrier thermalization, especially at high carrier density
where the optical nonlinearities are still poorly understood. In
order to provide a direct measure of relaxation from an
energetic state to the fully relaxed state, we perform time t-PL
measurements over orders of magnitude in carrier density. The
t-PL measurements confirm the SRPP measurements that
there is a breaking of the quantum phonon bottleneck at low
density. They reveal that there is also a breaking of the hot

phonon bottleneck at high carrier density. The breaking of
both forms of phonon bottleneck are argued to arise from
Auger processes. Ab initio calculations with inclusion of Auger
processes reproduces well the experimental results, confirming
previously unobserved Auger processes in bulk perovskite
nanocrystals.

RESULTS AND DISCUSSION
Figure 1a shows the linear absorption spectra for CsPbBr3 (red
line) and FAPbBr3 (blue line) as well as the pump pulse

spectra for band edge (2.40 eV green, 2.47 eV teal) and
continuum (3.1 eV, blue) excitation pulses. The broad, weak
peak found at the band edge for both samples is indicative of
the weakly confined nature of excitons in PNCs of these sizes
(Cs, 18 nm; Fa, 17 nm) where the Bohr diameter is typically 7
nm.1 Figure 1b shows the TA spectra for Cs (left) and FA
(right) PNCs over the first 20 ps after excitation at 3.1 eV.
These TA spectra both exhibit a broad, high energy tail to the
band edge bleach. This broad feature is assumed to be
characteristic of state-filling by hot carriers.16−19,21,29,30 Thus,
the time dependence of this tail can in principle be used to

Figure 1. Linear absorption spectra and analysis of electron
cooling Boltzmann fitting suggest slow carrier thermalization at
low carrier densities. a) Linear absorption spectra of Bulk CsPbBr3
(red) and FaPbBr3 bulk NCs. Cs: 18 nm. Fa: 17 nm. Spectra for
the energetic state-resolved exciting pulses are shown for both
band edge (Cs, Teal; FA, Green) and continuum excitation. b)
Transient absorption spectra of CsPbBr3 (left) and FAPbBr3
(right), excited at 3.1 eV, over a 20 ps time period. The cartoon
shows electron cooling through the continuum to the band edge as
indicated by the relaxation of the high energy tails in the spectra.
c) Electron temperature obtained from fitting to a Boltzmann
distribution for CsPbBr3 (red) and FAPbBr3 (blue). Black lines
show a fit to a biexponential decay. Cartoons show the unit cell of
CsPbBr3 (left) and FAPbBr3 (right). The carrier density is ⟨N⟩ =
0.5 per NC, corresponding to a density of 1.5 × 1017 cm−3.
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determine the rate constants of thermalization upon establish-
ment of a quasi-equilibrium after the first 100 fs. Following the
literature and as discussed in the Supporting Information, it is
assumed that the tail takes the form of a Fermi−Dirac
distribution, approximated to a Maxwell−Boltzmann distribu-
tion due to the large amount of excess energy supplied by the
pump pulse. The results of this analysis are shown in Figure 1c
for Cs (red) and Fa (blue) with the corresponding
biexponential fits shown in black (full details in the Supporting
Information). Both PNCs show a carrier thermalization time
scale on the order of 10 ps, consistent with previous literature
values using this method.17−19,21,25,31,32 However, this method
creates an initial value problem by exciting to the continuum
directly; the carrier response is monitored for both the electron
and hole, and the rate constant of thermalization is determined
for a multitude of states and processes all convolved.
An overview of the SRPP data for both Cs (top row) and FA

PNCs (bottom row) is shown in Figure 2. As noted in the
Supporting Information and our other works, SRPP is merely
performing two TA experiments with different pump photon
energies. Importantly, these experiments are done simulta-
neously to minimize errors due to potential instrumental or
sample instabilities. Hence the subtraction is done in real
laboratory time. With band edge excitation (Figure 2b), a rapid
shift in the band edge bleach position is apparent for both
PNCs. This feature is completely masked upon excitation at
3.1 eV (Figure 2a,c), due to the temporal broadening from hot
carriers�the initial state is not well-defined. Other features are
apparent upon 3.1 eV excitation, such as a broad short-lived,
photoinduced absorption (PIA) observed at lower energies
compared to the band edge bleach. For the 3.1 eV pumped
initial state, one sees complex spectral dynamics on the
hundreds of femtoseconds time scale, especially to the red of
the band edge bleach. Pumping directly into the band edge
reveals qualitatively different signals. The double differential
ΔΔOD reveals the spectral effect of the excess energy at early
time. The information within the ΔΔOD signal will be
discussed in further detail below.
The dynamics at two key probe energies for each sample are

shown in Figure 3. Focusing initially at the band edge bleach,
upon 3.1 eV excitation (blue laser spectrum in Figure1), an
attenuated bleach response is observed in both types of PNC,
building up over the first picosecond after excitation. With

band edge excitation (green laser spectra in Figure 1), an
instrument response limited bleach is observed with a fast
recovery after the first 200 fs. The difference spectra are
ΔΔOD in which the band edge pump signal is subtracted from
the 3.1 eV pump signal to directly reveal hot carrier processes
as discussed below.
To separate electronically state-to-state transitions and to

disentangle carrier specific dynamics, an energetic or initial
state-resolved method is required, along with suitable time−
frequency resolution. Here, the energetic or quantum state (in
the case of quantum dots) is controlled through subtraction of
the pump−probe signal with band edge excitation from that
obtained at 3.1 eV or other photon energies. Carrier specificity

Figure 2. Energy-resolved pump/probe experiments are performed with different amounts of excess energy to compare hot carrier effects
and are done simultaneously to enable careful comparison. a) Transient absorption spectrum of bulk CsPbBr3 NCs with 3.1 eV excitation
revealing complex dynamics within the first 1 ps. Color bar is shown for all panels. b) Transient absorption spectrum of bulk-like CsPbBr3
NCs with band edge excitation. c) Transient absorption double difference spectrum (ΔΔOD) of CsPbBr3. The differences are taken from
spectra acquired simultaneously. d, e, f) The same as a), b), c) but for FAPbBr3 NCs. The carrier density is ⟨N⟩ = 0.5 per NC, corresponding
to a density of 1.5 × 1017 cm−3.

Figure 3. Time dependent survival probabilities of both electrons
and holes are reflected by the ΔΔOD transients, probed at the
band edge bleach (electrons) and the excited state absorption
subresonant to the band edge (holes). a) ΔΔOD transient,
representing the survival probability of electrons, in CsPbBr3
(light red), fit to a varying rate constant model (dark red) and
how these rate constants vary (purple line). The transients are
probed at the peak of the band edge bleach as discussed in the text.
Cartoon shows electron cooling. b) The same as a) but for
FAPbBr3. c,d) ΔΔOD transient, representing hole survival
probabilities, in CsPbBr3 (c, red) and FAPbBr3 (d, blue). Darker
lines are a biexponential fit as a guide to the eye. Transients are
probed at lower energy than the band edge signal as discussed in
the text. Cartoons in c,d) show initial electron cooling through
Auger heating (c), followed by hole cooling (d). The carrier
density is ⟨N⟩ = 0.5 per NC, corresponding to a density of 1.5 ×
1017 cm−3.
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in terms of electron vs hole dynamics is obtained by changing
the energy at which the pump−probe (or TA) signal is
monitored. Electron dynamics are reflected through monitor-
ing of the band edge bleach signal, whereas hole dynamics are
reflected in the PIA signal.28,33,34 This method, yielding a
ΔΔOD transient, directly follows the difference between
carriers with excess energy (hot carriers) versus those that have
already completed cooled (band edge carriers). Importantly
the combination of time and initially pumped state enable
measurement of dynamics with 10 fs precision, thereby making
this analysis possible. These transients would also be less
meaningful were they to be done in series as separate
experiments. As discussed above and in the Supporting
Information, these experiments are done simultaneously. The
resulting difference transient represents the time dependent
survival probability of hot carriers, specific to either electrons
or holes, based upon the probe photon energy as we have
discussed in detail for CdSe quantum dots.
The ΔΔOD transients for electron thermalization in Cs and

FA PNCs are shown in Figure 3a,b. In both cases, the electron
relaxes rapidly over a time scale of ∼400 fs, qualitatively faster
than the rate constant extracted from the tail fitting method.

Notably, by the first picosecond, there is almost no difference
in carriers excited to the continuum and the band edge. The
time scales upon which this process occurs are an order of
magnitude faster than those extracted from the tail fitting
method shown in Figure 1, indicating the absence of a
quantum phonon bottleneck in these materials which might
show quantum confinement effects, whether due to static
structure or due to structural dynamics. This observation of a
breaking of the expected phonon bottleneck raises the question
of the mechanism given these are bulk NC. But unlike prior
NC such as CdSe which are covalent, these PNC are ionic and
undergo complex structural dynamics akin to a glass.
In order to glean further insight into the mechanism, we

present both fitting and modeling, as discussed in detail in the
Supporting Information. Qualitatively, these data take a
biexponential form, with an initially fast time scale of ∼400
fs (1/e), followed by a slower time scale of ∼1 ps. However, on
fitting with this model, large deviations are found in the
residuals, making this model unsuitable. Moreover, this model
is nonphysical even if it were to accurately reproduce the data.
There is no reason for the excited state population to undergo

Figure 4. SRPP spectra under high fluence conditions with band edge pumping (left) and 3.1 eV pumping (right). The yellow curves are to
guide the eye. Here, ⟨N⟩ = 5, corresponding to a density of 1.5 × 1018 cm−3. t-PL spectra at low and high fluence, with energy-resolved
pumping in order to directly test slow relaxation at high density. a) t-PL spectrum at low fluence with 3.1 eV pumping. Here, ⟨N⟩ = 0.015,
corresponding to a density of 4.5 × 10−15 cm−3. b) t-PL spectrum at high fluence with 3.1 eV pumping. Here, ⟨N⟩ = 7.4, corresponding to a
density of 2.2 × 1018 cm−3. c) t-PL spectrum at low fluence with 2.6 eV pumping. Here, ⟨N⟩ = 0.017, corresponding to a density of 5.1 × 1015
cm−3. d) t-PL spectrum at high fluence with 2.6 eV pumping. Here, ⟨N⟩ = 4.2, corresponding to a density of 1.3 × 10−18 cm−3.
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nonexponential dynamics if simple kinetics were to hold, as in
the case of CdSe quantum dots.
Relaxation from the continuum occurs through a complex

set of channels, including occupation of phonon modes and
Auger processes, following quantum dynamics. Here a simple
model is proposed to describe these complex processes; the
initial relaxation of the electron occurs through a dense
manifold of states in the continuum, which becomes sparser as
the electron approaches the band edge. Full details of this
model can be found in the Supporting Information. It is noted
that other models have been proposed in the literature.35,36

This quantum dynamic model returns the qualitative
nonexponential behavior of the experimental data, in both
cases, an initially fast rate constant, decaying rapidly over ∼400
fs, the time scale of polaron formation, followed by a slower
rate constant after this time. More important than the quality
of the fit is that the quantum dynamical model rationalizes the
observations in terms of theory that can be tested.
Comparing Cs to FA, cooling occurs more rapidly for the

inorganic cation, inconsistent with previous, cation dependent,
studies.25,32,37−40 This relates to the different hole cooling rate
constants observed for the different cations. Here, we propose
that the previous observations of slow cooling of electrons in
PNCs are instead the late time cooling of the holes. Thus, the
faster rate constants observed for organic cations versus
inorganic relate instead to their hole cooling rate constants.
These results which suggest the cation has little effect on the
exciton dynamics is on the other hand, consistent with the idea

that the octahedral cages are more important to the structural
dynamics which give rise to the carrier dynamics.
Further evidence of quantum effects arising during the

course of the relaxation process can be seen in the hole
dynamics shown in Figure 3c,d. The idea is that the initially
absorbing state is bulk-like or weakly quantum confined but
dynamically evolves into a more strongly confined system
which supports quantum dot physics. With this idea of
examining the carrier cooling dynamics for quantum confine-
ment effects, the aim spectroscopically is to see if there is some
electron-to-hole type of energy transfer process that might be
resolvable by a buildup in a hole signal. In both cases, a rise
time of ∼200 fs is observed, followed by a slower cooling
process on the 1 ps time scale. The growth observed is a
signature of electron−hole energy transfer through intraband
Auger relaxation as is seen in traditional II−VI semiconducting
NCs such as CdSe, followed by a phonon mediated cooling
process.28,41,42 Different from CdSe and other semiconducting
nanocrystals, PNCs show a delay before the onset of hole
heating through Auger processes, beginning roughly 200 fs
after photoexcitation due to these quantum confinement
induced cooling paths arising in time due to the complex glassy
structural dynamics in PNC.
In order to evaluate the hot phonon bottleneck that is more

commonly discussed in perovskites than the quantum phonon
bottleneck, we perform experiments at high carrier concen-
tration as well. In the case of both bottlenecks, they are
different in physics but were supported by early experiments

Figure 5. Comparison of electron cooling for single (SE) and double (DE) electron excitations in a) CsPbBr3 and b) FAPbBr3. DEs are
slightly faster than SEs because DEs have more channels for energy relaxation. The canonically averaged DOS is included for each system,
together with a structure cell. Charge densities of the band edge and excitation orbitals are shown in Figure S5. Comparison of electron SE
and hole cooling (HC) for c) CsPbBr3 and d) FAPbBr3. The simulated time scales agree with the experimental results, Figure 3.
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and rationalized in terms of bulk semiconductor physics. Both
have been implicated to be of importance in NC based
photovoltaics by aiming to find slow carrier cooling.
Figure 4 shows the SRPP data and t-PL data with both band

edge pumping and 3.1 eV pumping at high excitation densities
in which hot phonon bottlenecks are expected to arise in
perovskites. In the low density case ⟨N⟩ = 0.5, whereas in the
high density cases ⟨N⟩ = 5, corresponding to a density of 1.5 ×
1018 cm−3. The SRPP measurements at high fluence indeed
reveal dynamics on the 1−10 ps time scale. The same time
scale dynamics are seen with direct band edge pumping into
cold carriers with no excess energy. If the 1−10 ps dynamics in
TA measurements are due to hot carrier cooling, then why is
there the same cooling process when there is no excess energy
and the carriers are fully cold? These experiments reveal that
there are complexities in the nonlinear spectroscopy of
perovskite NC which need to be better understood and are
currently obfuscating critical evaluation of the hot phonon
bottleneck.
In order to directly measure the presence of hot carriers at

high concentration, we perform t-PL measurements with 3 ps
time resolution and selective pumping into both the band edge
and at 3.1 eV. At low carrier concentrations of ⟨N⟩ < 1, there is
no hot PL observed at either pump photon energy. At high
carrier concentrations of ⟨N⟩ ∼ >5, once again there is no hot
PL observed. Since the time resolution of the t-PL is 3 ps, the
10 ps dynamics in TA experiments should be easily visible.
With this time resolution, even 1 ps hot PL should be
observable, albeit within the instrument response function. The
complete absence of hot PL at 3.1 eV pump at high carrier
density is conclusive proof that there is no hot phonon
bottleneck in these bulk perovskite NC.
In order to rationalize these experimental results at the

atomistic level, we perform ab initio quantum dynamics
calculations, as detailed in the Supporting Information. We
investigate the impact of Auger and electron-vibrational
relaxation processes on the electron cooling in CsPbBr3 and
FAPbBr3. The modeled systems are composed of 2 × 2 × 3
supercells containing 12 formula units of APbBr3 (A = Cs or
FA) as shown in the insets of Figure 5. The density of states
(DOS) of both systems is asymmetric, with the valence band
(VB) rising faster than the conduction band (CB). This
indicates that the pump energy is distributed unevenly between
electrons and holes, with electrons gaining more energy than
holes because there are more hole states close to the band
edge. Subsequently, the energy is transferred from electrons to
holes via the Auger mechanism. The higher VB DOS also
indicates that energy spacings are smaller in the VB than in the
CB, and hence, the nonadiabatic coupling (NAC) is stronger
for holes than for electrons, as shown in Figure S8. The
stronger NAC results in faster hole-vibrational relaxation than
electron-vibrational relaxation, as established previ-
ously.37,43−46 Finally, the DOS is slightly higher in CsPbBr3
than in FAPbBr3, in particular in the VB. The higher VB DOS
provides a larger density of hole states, accelerating Auger
energy transfer from electrons to holes in CsPbBr3 relative to
FAPbBr3.
Figure 5a,b presents relaxation of electrons in CsPbBr3 and

FAPbBr3, following either a single excitation (SE) or a double
excitation (DE). Two representative initial conditions are
chosen in each case. Auger energy transfer from electrons to
holes, and electron-vibrational relaxation takes place simulta-
neously. However, the Auger mechanism dominates, resulting

in sub-100 fs relaxation time scales. The relaxation is faster in
CsPbBr3 than in FAPbBr3 because of the higher VB DOS in
the former. The calculated time scales agree with the
experimental data, Figure 3a,b, and are somewhat faster,
because the simulated systems are small due to computational
limitations, the charges are close to each other, and the
Coulomb interactions are enhanced. The relaxation of
electrons purely due to coupling to phonons occurs on a
much longer, picosecond time scale, as established in the
earlier calculations.37,43−46 Figure 5a,b shows relaxation of
electrons following a double excitation (DE) as well. The
relaxation is also dominated by energy transfer to holes rather
than by the electron-vibrational mechanism. Notably, the
relaxation of electrons following a DE proceeds on the same
time scale and even slightly faster than the relaxation following
a SE, and no phonon bottleneck is observed. The DE leads to a
slightly faster relaxation than the SE because of a larger number
of relaxation pathways available with two excited electrons.
Finally, Figure 5c,d presents hole cooling (HC) due to
coupling to phonons. The HC takes several hundred
femtoseconds and is slightly faster in CsPbBr3 than in FAPbBr3
due to a higher VB DOS and stronger NAC, Figure S8. This is
in agreement with the experimental results, Figure 3c,d, and
the prior quantum dynamics calculations.37,43−46

CONCLUSIONS
In summary, state-resolved pump/probe spectroscopy and
time-resolved PL were performed on two classes of bulk-like
perovskite nanocrystals which reveal qualitatively different
behavior from the past decade of literature. The pump/probe
spectroscopy at low exciton concentration reveals a breaking of
the quantum phonon bottleneck via electron to hole energy
transfer that is missed in generic transient absorption analysis.
The pump/probe spectroscopy at high exciton concentration
can be interpreted as revealing a hot phonon bottleneck, but
the signals were misinterpreted in the past. Even pumping with
zero excess energy gives the illusion of a hot exciton
bottleneck. Hence t-PL experiments were performed to
unambiguously resolve the time scale of energy dissipation.
The t-PL measurements conclusively show that there is no hot
phonon bottleneck in these bulk perovskite NCs. The
ambiguities in transient absorptive experiments vs the clarity
of transient emissive experiments has also recently been
revealed by photoelectron spectroscopy by Chergui.47,48

Finally, ab initio molecular dynamics rationalizes the
experimental observation in light of efficient Auger processes.
These experiments provide an accurate view of hot exciton
processes in perovskites which can be exploited to advance
their use in optoelectronic devices which are related to hot
exciton thermalization processes.

EXPERIMENT
The state-resolved pump/probe (SRPP) measurements reported here
are performed wherein two pumped energy states are simultaneously
measured to minimize errors due to sample evolving or photo-
products or instrumental drift. The instrument response function
(IRF) of 50 fs is consistent across all analyzed energies, with all
spectra and transients collected simultaneously for both pump
energies. Energetic state-resolved pumping is employed. Samples of
CsPbBr3 and FAPbBr3 are dispersed in toluene and flowed at 298 K
through a 1 mm quartz flow cell using a peristaltic pump. Pump
fluences remained constant at 75 nJ/pulse for all pump energies. A
pump fluence of 75 nJ/pulse was selected in both cases in order to
remain in the regime where the average excitation per NC is 0.5 for
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low fluence measurements. High fluence measurements were
performed with ⟨N⟩ = 5. Time-resolved photoluminescence (t-PL)
spectroscopy was performed using an optically triggered streak camera
with a 3 ps IRF, and energy-resolved pumping. The t-PL
measurements were conducted from N ∼ 0.01 to 7. The exciton
density of ⟨N⟩ = 1 per NC corresponds to a density of 2 × 1017 cm−3.
Full details of all spectroscopies and materials synthesis and
characterization can be found in the Supporting Information.
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