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Abstract

Understanding the interplay between bright and dark exciton states is crucial for
deciphering the luminescence properties of low-dimensional materials. The origin of

the outstanding brightness of lead halide perovskites remains elusive. Here, we analyse
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temperature-dependent time-resolved photoluminescence to investigate the population
mixing between bright and dark exciton sublevels in individual CsPbBrs nanocrystals
in the intermediate confinement regime. We extract bright and dark exciton decay
rates, and show quantitatively that the decay dynamics can only be reproduced with
second-order phonon transitions. Furthermore, we find that any exciton sublevel order-
ing is compatible with the most likely population transfer mechanism. The remarkable
brightness of lead halide perovskite nanocrystals rather stems from a reduced asymme-
try between bright-to-dark and dark-to-bright conversion originating from the peculiar
second-order phonon-assisted transitions that freeze bright-dark conversion at low tem-
perature together with the very fast radiative recombination and favourable degeneracy

of the bright exciton state.
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Lead halide perovskites (LHPs) have attracted significant attention as radiation ab-
sorbers, in solar cells! and detectors,? and as light emitters, in light-emitting diodes®* and
lasers.” " In particular, low-dimensional all-inorganic LHPs have emerged in recent years as
new emitters with remarkable optoelectronic properties, all the while being easily synthesized
and processed.>®? In their nanocrystal (NC) form, LHPs appear as promising candidates
for quantum photonics applications as they exhibit a pure!? and fast!! emission of single
photons stable up to room temperature.'? Low temperature studies have further evidenced

13715 as well as emission of correlated pairs of photons due to

a long optical coherence time
an efficient biexciton-exciton cascade at low temperature,!'® further asserting the quantum
optical potential of these materials.

Nevertheless, some fundamental properties of LHP NCs remain to be understood. In

particular, the origin of the brightness of LHPs, which is at the heart of their potential,

is still debated. Taking into account the effect of a possible spatial inversion asymmetry



and the large spin-orbit coupling in these heavy materials, it has been postulated that the
Rashba effect may lead to a unique bright-dark exciton level order with a bright exciton
ground state. While this effect would only be expected for the larger NCs,'™ ! it was
proposed as a mechanism to explain the brightness of LHP NCs. However, Tamarat et al.
demonstrated experimentally that the ground state is dark in quantum confined hybrid and
all-inorganic perovskite NCs.'%20:21 For the prototypal CsPbBrs, a dark ground state was
only recently evidenced in bulk-like NCs,?? in contrast with the predictions involving the
Rashba effect. '8! In these studies on quantum confined NCs, an alternative explanation
for the brightness of LHPs was proposed which does not require a peculiar bright-dark level
inversion. It was rather suggested that bright-dark thermal population mixing was greatly
reduced in LHPs with vanishing first-order one-phonon transitions.

In this work, we analyse temperature-dependent time-resolved photoluminescence ex-
periments on individual CsPbBr; NCs in the intermediate confinement regime. We evi-
dence thermal population transfer between the bright and dark exciton states. Taking into
account both first- and second-order phonon-assisted population transfer mechanisms, we
model bright-dark population dynamics. We find that first-order transitions are incompat-
ible with our observations, and that two types of second-order processes can reproduce the
dynamics. Due to the large energy splittings in quantum confined CsPbBr; NCs, the most
probable mechanism is a second-order process where the energy difference between the two
phonon modes involved matches the bright-dark energy splitting. As a consequence, we
rationalise that the exciton sublevels ordering is irrelevant to the brightness of lead halide
perovskites which can readily be explained by a combination of favourable factors that lead
to a majority bright exciton recombination at all temperatures.

We studied the temperature-dependence of the steady-state and time-resolved photolu-
minescence from 4.5 up to ~100 K. As previously reported, 72> typical single NC spectra
consist in two or three main peaks attributed to the bright triplet exciton together with

Stokes-shifted peaks related to the charged exciton, the biexciton and their respective op-



tical phonon replica. Figure 1 shows the example of a NC with two bright exciton peaks.
With increasing temperature, emission lines exhibit a global blue-shift with an average slope
of 0.3meV K~! excluding any phase transition (see note SIIT A). This is similar to the slopes
determined in both hybrid?*?! and all-inorganic LHP NCs?% and slightly smaller than the
slope found in bulk CsPbBr;.2" This linear increase of emission energy with temperature is
at contrast with that observed for wurtzite and zinc-blende semiconductors where bandgaps
decrease with increasing temperature. This bandgap increase with temperature, which has
already been evidenced in lead-based semiconductors?® and LHPs, 23" points towards a pe-

culiar electron-phonon interaction.
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Figure 1: Single NC spectrum as a function of temperature displaying the emission of the
bright triplet exciton (Xg), optical phonon replica (LO), the charged exciton (X*) and the
biexciton (XX). Same data in (a) linear scale and (b) logarithmic scale with all spectra
horizontally centered at the lowest bright exciton zero phonon line.

Increasing temperature also leads to a broadening of the emission lines, the study of
which is challenging as the entire emission manifold is within a 50 meV bandwidth. Exciton

3132 and at

dephasing via Frohlich interaction was previously evidenced, both in ensembles
the single object level, 2?26 revealing an effective optical phonon mode energy close to a bulk
mode at 16 meV. In these studies, exciton dephasing related to acoustic phonons was found
to be negligible. In our measurements, the exciton linewidth shows a similar increase with

temperature with a low-temperature linewidth already on the order of 1 meV suggesting that

the influence of acoustic-phonon coupling is likely underestimated in the low-temperature
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linewidths. Indeed, resonant photoluminescence of single CsPbI; NCs' has revealed the role
of acoustic phonons in the exciton dephasing process with an overwhelming contribution of
acoustic phonons. Besides, as investigated theoretically in CsPbBry NCs, exciton-phonon
coupling is expected to be dominated by different optical phonon modes depending on the
NC size and surface passivation.® Detailed examination of the exciton linewidth broadening
and assignment to specific optical phonon modes thus remains elusive at this stage.
Further insight into the electronic structure of these NCs can be sought from the fast
decay times, contrasting with other conventional materials. At all temperatures, the time-
resolved PL of the bright exciton in single CsPbBry NCs is well fitted by a bi-exponential

decay with a short sub-100 ps decay time and a longer ns decay time. At 4.5 K, the emission
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Figure 2: Decay dynamics as a function of temperature. (a) Time-resolved photolumines-
cence of a single CsPbBr; NC at 8, 25 and 65 K. (b,c) Summary of decay dynamics measured
on several single NCs. (b) Long and short decay times and (c) long decay component frac-
tional intensity. Experimental data are obtained by fitting the transients at each temperature
by a bi-exponential decay and are fitted by the models described in the main text. Colour
codes for the fits are the same as in Figure 3: first-order in solid red, second-order sum
process in solid green and second-order difference process in dashed green.

of the bright triplet exciton happens mainly through the sub-100 ps decay channel (Figure 2
and Figure S10). As temperature is increased (Figure 2a and Figure S11b), PL decays display
a behaviour characteristic of bright-dark exciton thermal population mixing with the gradual
vanishing of the short-decay channel together with the emergence of a long decay component

that shortens, gains weight and becomes the dominant decay channel at higher temperatures



(T > TP ~ 45K). Examples of fitted decays are shown in Figure 2a and Figure S11b for
two individual NCs while the experimental results obtained on the whole set of NCs studied
are summarised in Figure 2b,c.

We model our experiments with a four level system comprised of: a ground state (G),
an excited state (E), one bright exciton state (B), accounting for the triplet, and one dark
(D) exciton state, with respective decay rates I's and I'p (Figure 3a). Considering that
the non-resonant excitation used in our experiments likely yields an equal population in the
bright triplet and dark singlet states, we set the fraction of the population in the bright state
after relaxation from the higher lying state (E) to a = 3/4 owing to its degeneracy. In our
experiments, we measure solely the bright triplet exciton decay which is proportional to the
bright exciton state population.

Within this model, bright-dark transitions, with rates 4, are modelled as thermally-
activated phonon-assisted processes. In other nanoemitters, such as II-VI NCs3*3% or carbon

36:37 phonon-driven transitions between bright and dark exciton states have been

nanotubes,
attributed to acoustic phonons whose energy matches the bright-dark splitting. The upward
and downward transition rates are then vy =N and v, =7, (1 + N), with N the Bose-
Einstein occupation factor and 7, the transition rate constant. For LHPs, although the same
model has been employed,3* 0 interpreting in terms of a single acoustic phonon mode does
not hold due to bright-dark energy splittings (2 5 meV) surpassing available acoustic phonon
energies ~ 1meV. Moreover, in the reference cubic perovskite structure, polar exciton-
acoustic phonon coupling is expected to be forbidden,*! while coupling via deformation
potentials is inhibited by lattice anharmonicity.*? Consequently, exciton-phonon interaction
is expected primarily via Frohlich interaction.

Here, we consider both one- and two-optical phonon transitions and investigate the bi-
exponential decay evolution with temperature. The decay dynamics can be calculated using

four parameters (I'g,'p, 70, App), where 7 is the transition rate constant and Apgp the

bright-dark energy splitting. Comparing the low- and high-temperature asymptotic limits



to our experimental results (see note SIIB2), we constrain I'g and I'p, leaving only two
adjustable parameters: v, and Agp. The decay dynamics are then simulated across sev-

L and

eral orders of magnitude in the (79, Agp) phase space, with 0.01ns™! < 7y < 100 ns™
0.01meV < App < 100meV, and several phonon-assisted mixing scenarios as well bright-
dark orderings are investigated.
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Figure 3: Phase space mapping of first- and second-order transitions. (a) Schematic of the
system comprised of a ground state (G), an excited state (E), a bright exciton state (B) and
a dark exciton state (D) and the coupling rates of the model. The three bright-dark thermal
population mixing schemes explored are detailed. (b,c) Characteristic temperature TP
resp. T?P in the phase subspace defined by the intersection of experimental requirements
for (b) first-order transitions and (c) second-order transitions respectively.

As detailed in note SIIC, we calculate the long-decay-time relative intensity in the low-
and high-temperature limits, I%8 and 7% K as well as the long decay time in the high

rel,long rel,long
temperature limit, TI})%%K , comparing them to our experimental results. For each quantity,
we constrain the phase-space to the (70, App) that yield dynamics consistent with our mea-
surements. As these criteria define the range within which all experimental decays are
observed, we finally take their intersection. For one-phonon transitions (Figure 3b), we

identify a limited region around 7y ~ 6ns~! and Agp ~ 3meV which satisfies these require-

ments. While this energy splitting Agp is close to the expected bright-dark splittings in



bulk CsPbBrj, %22 the characteristic thermal mixing temperature TP (defined as the tem-
perature at which the short and long component intensities are equal) is much lower than
observed, i.e. T!PM ~ 1545 K while TP ~ 4545 K. This is exemplified in Figure 2b,c where
the decay times dynamics can be reasonably well reproduced while the relative intensity of
the decay components dynamics cannot. This demonstrates that first-order phonon-assisted
mixing cannot be the dominant mechanism in our system. As an alternative, a second-order

process has been proposed for hybrid and all-inorganic perovskite NCs!6:20:21

where bright-
dark energy splittings, varying over an order of magnitude from ~ 0.3meV to ~ 3meV
depending on the size and actual composition, could be matched by the energy difference
between two optical phonons.

Following the same procedure as for first-order exciton-phonon coupling, we determine
the characteristic mixing temperature for second-order coupling and investigate the two types
of two-phonon processes sketched in Figure 3a. The two-phonon difference process, involving
phonon modes ¢ and j with energies hw;, resp. hw;, verifies h(w; — w;) = App with w; > w;
such that both the upward 44 = N, (V; + 1) and downward v, = N, (N; + 1) rates
model the simultaneous emission and absorption of phonons. On the other hand, the other
second-order process investigated, the sum process, verifies i(w; + w;) = Agp. The upward
rate 4 = 7N;N; thus results from the absorption of two phonons while the downward rate
results from the emission of two phonons v, = vy (1 + NN;) (1 + NN;).

Analysis of the phase spaces in Figure 3c reveals that both second-order mixing schemes
can reproduce the decay dynamics. Examples of simulated decay dynamics are shown in
Figure 2b,c together with the experimental data. We highlight that for both second-order
mixing models the actual phase spaces are much larger than shown in Figure 3c as the
energies of the two phonons can further be varied ensuring respectively A(wy — wy) = App
and A(w; + wy) = App. Here, we have assumed fw; = 3meV for the difference process,
matching the lowest optical phonon energy, and fuw; = fws = App/2 for the sum process.

Alternative possibilities explored in Figure S8 by varying the lowest phonon mode energy



yield similar phase spaces for both second-order mixing schemes. In all cases, a range of
{Agp, Yo} couples that verify the criteria extracted from experiments and yield T2Ph ~ TexP
is found (Figure 3c).

For comprehensiveness, we also considered the case of a bright state below the dark
state. In this case, only the difference process can reproduce the decay dynamics as it
is insensitive to the actual level ordering. This suggests that the actual level ordering is
not relevant to reproduce the decay dynamics. In contrast, the necessity of second-order
phonon-assisted processes for population mixing is crucial to reproduce the dynamics. Based
on theoretical predictions including the Rashba effect 19 and recent results,?? the scenario
of a bright ground state is ruled out for the weakly quantum-confined NCs investigated
here. Consequently, at this stage, with a dark ground state, the observed dynamics are
reproduced using second-order transitions regardless of the specific process, be it the sum or
the difference process.

Magneto-optical spectroscopy of bulk-like CsPbBr; NCs unveiled a conventional fine
structure with a dark state below the bright triplet and a bulk bright-dark energy splitting
close to 4meV.?? Without a Rashba effect induced level inversion, confinement is expected
to lead to an increase of bright-dark energy splittings reaching up to ~ 10meV for NCs
in the intermediate confinement regime.!81%43 Our magneto-optical spectroscopy on single
CsPbBry NCs in the intermediate confinement regime reveals a weak emergence of a dark sin-
glet state beneath the bright triplet. At the highest field strengths, we observe the emergence
of a peak below the bright triplet at ~ 12 and ~ 14 meV for the NC emitting at 2.42 and
2.48 eV respectively (see note SIIID and Figure S12). These bright-dark energy splittings
compare well with the recently determined scaling law for LHP NCs, falling within the range
of normalised splittings reported for CsPbl; NCs in a similar confinement regime.?? Unfortu-
nately temperature-dependent photoluminescence decay measurements were not conducted
on these two NCs, precluding the use of these energy splitting to model the dynamics and

derive a definite transition rate constant. Nonetheless, these results allow us to estimate



the transition rates based on our simulations and the general decay dynamics reported here.
Notably, for such large energy splittings, only the difference two-phonon process can account
for the observed dynamics with corresponding transition rates on the order of 10ns~! for an
energy splitting of ~ 13 meV. This aligns closely with a resonance of the two-phonon process
involving phonon modes E; = 6 meV and Fy = 19meV which were previously identified. 2425

Before investigating the impact of this peculiar bright-dark exciton thermal population
mixing, we revisit the decay dynamics briefly. In addition to the earlier discussed low-
temperature bright-dark dynamics, we note a remarkable onset of an increase of the long
decay time around 80K (Figure 2b). This contrasts with the usual activation of additional
non-radiative decay pathways with increasing temperature resulting in reduced decay times.
Lifetime increase with temperature has previously been reported in LHPs both in ensem-
bles3*# and at the single-object level,3** with a bright exciton decay time shorter at low
temperature than at room temperature and exhibiting a singular increase at intermediate
temperatures. This phenomenon cannot be solely attributed to the bright-dark thermal
population transfer as it yields monotonous variation of the decay time. This suggests the
involvement of another process at higher temperatures. Similar behaviour has been observed

46-49

in various weakly-confined systems and attributed to a loss of oscillator strength i.e. a

reduced exciton coherence volume induced by thermally activated phonon interactions. 474920
Interestingly, the threshold temperature for the lifetime increase observed in our experiments
(~ 80K) corresponds to a thermal energy of 6.9 meV close to the reported optical phonon
mode at 6.3meV,? ?® suggesting a significant influence of this optical phonon mode on the
thermally-induced loss of exciton coherence. Thus, since such coherence effects manifest
only in the radiative lifetime, the observed increase of the bright exciton decay time strongly
suggests a predominantly radiative recombination of the bright exciton.

We now compare the temperature-dependent transition rates to I'g and I'p to examine

the brightness of CsPbBr; NCs in the absence of a magnetic field. First, we investigate the

conversion efficiency, i.e. the fraction of a state population converting to the other exciton
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Conversion efficiency
Intensity ratio IB/ID

Figure 4: Bright-dark conversion efficiency and relative intensity. (a) Conversion efficiency
between bright and dark exciton in several materials. Transition rates for CsPbBr, are vy =
10ns™!, I's = 15ns™!, I'p = 0.12ns~! with phonon energies Epn1 = 6meV, Eypo = 19meV
and a = 0.75 while parameters for CdSe/ZnS and CdSe/CdS are extracted respectively
from®! and.?® (b) Intensity ratio between the bright and dark state emission in CsPbBr,
for several values of ng/np using the same parameters as in (a). The dashed line shows
Ig/Ip = 100 corresponding to the upper bound for a detectable dark exciton emission in our
experiments while the dashed region corresponds to an undetectable dark exciton emission.

state (Figure 4a and note SIIB3). The conversion efficiency from bright to dark exciton,
resp. dark to bright exciton levels, is defined as v, /(I's + ;). resp. v1/(I'p +74). In CdSe-
based NCs, bright excitons are efficiently converted into dark excitons at low temperatures
while dark-bright conversion is frozen. With increasing temperature, conversion from dark to
bright exciton becomes possible and even more efficient than bright-to-dark conversion from
a few Kelvin onwards. In contrast, for LHP NCs, both bright-dark and dark-bright exciton
conversions are frozen at low temperature (see note SIIB3). As temperature is increased,
both conversion efficiencies increase and dark-bright conversion becomes more efficient than
bright-dark conversion. As such, the asymmetry between dark-bright and bright-dark exciton
conversion is less pronounced in LHP NCs, which, coupled with the favourable degeneracy of
the bright state, results in a larger overall population in the bright exciton state (Figure 4b).

Secondly, we evaluate the relative intensity of bright and dark exciton emission (see
note SIIB4). For CdSe-based NCs, where the bright and dark exciton states have similar

quantum yields ng = np, bright exciton emission is expected to be significantly weaker than
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dark exciton emission at the lowest temperatures (Ig/Ip ~ 0.1) due to comparable g and I'g,
consistent with experimental observations.3%°! For LHP NCs however, as shown in Figure 4b,
bright exciton emission is expected to be stronger than dark exciton emission at the lowest
temperatures (Ig/Ip — 3ns/np). This asymptotical behaviour is independent of the actual
rates within the system and depends only on the relative quantum yields of the bright and
dark exciton states. Note that this holds true regardless of the actual exciton sublevels
ordering (see note SIIB4). The absence of dark state emission in intermediately confined
CsPbBry NCs, be it in this work or others,? 253952 thus gives direct information on the
relative quantum yields of the bright and dark exciton state. Considering our experimental
signal-to-noise ratio, we expect that intensity ratios Ig/Ip < 100 should have been detected.
The absence of dark state emission allows us to constrain the ratio of quantum yields ng /np.
As shown in Figure 4b, a ng/np = 10 ratio would result in observable dark exciton state
emission below 70 K, whereas with a ratio ng/np = 100 the dark exciton state would remain
unobserved at all temperatures. Numerically, we find that the quantum yields ratio of at
least 40 is necessary for the dark state emission to remain unobserved at all temperatures, i.e.
for Ig/Ip > 100 at all temperatures. Furthermore, considering the output from each state,
regardless of its radiative or non-radiative character, which is equivalent to setting ng = np
in Figure 4b, reveals that a majority of excitons recombine from the bright state. Thus,
regardless of the radiative or non-radiative character of the dark exciton recombination, the
emission of LHPs remains bright because a majority of excitons recombine from the bright
exciton state regardless of the temperature.

Through temperature-dependent and time-resolved PL measurements on single CsPbBr,
NCs in the intermediate confinement regime, we find that the bright exciton decay dy-
namics are driven by second-order bright/dark exciton thermal population transfer at low
temperature and suggest a dominant contribution of exciton-phonon dephasing at higher
temperature. We ruled out the ability of one-phonon transitions to reproduce the observed

decay dynamics and emphasised that while a one-phonon mixing model may reproduce the
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decay times evolution with temperature, it cannot concurrently reproduce that of the de-
cay components intensities. This is a remarkable feature of intermediately confined LHPs
where one-phonon bright-dark transitions are suppressed and bright-dark population mixing
is slowed down. Notably, we find here that two types of two-phonon processes, the sum- and
the difference-process, could reproduce the decay dynamics in single CsPbBry NCs with a
bright-dark energy splitting in the few meV range. However, for larger energy splittings, only
the difference process can reproduce the decay dynamics with a corresponding transition rate
constant on the order of 10ns™!. In addition, we find that the actual bright-dark ordering
has a marginal impact on the overall dynamics and brightness. Our study thus provides
direct insights into the distinct features of bright-dark dynamics in intermediately confined
CsPbBry NCs in which the emission happens mainly radiatively through the bright exciton.
This is attributed to (i) the weak efficiency of the bright-dark thermal population mixing
at low temperature, (i) favourable transition rates with a fast radiative recombination of
the bright exciton and a slow recombination of the dark exciton, and (iii) a degeneracy of

exciton levels favouring the bright state.
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SI. EXPERIMENTAL ASPECTS

A. Synthesis and characterisation
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FIG. S1. Synthesis characterisation. (a) Ensemble room-

temperature photoluminescence and absorption spectra. The
excitation energy is shown as Eexc. (b) Size-distribution his-
togram obtained from transmission electron microscopy.

Cesium lead bromide nanocrystals (CsPbBrs NCs)
were grown using a modified previously described
method [S1]. Hereafter, we highlight only the main dif-
ferences. The injection temperature is lowered to 180°C
to yield smaller NCs. After injection, the reaction was
stopped briefly in an ice water bath and then left at room
temperature. The solution is then purified by several
rounds of centrifugation and re-dispersion in hexane until
the obtained solution remains clear and stable. The solu-
tion is then filtered using a 20 nm membrane filter to re-
move any by-products of the synthesis that might remain
after the purification process. Transmission electron mi-
croscopy was performed on the synthesized NCs and re-

* Corresponding author: carole.diederichs@phys.ens.fr

vealed the presence of nearly cubic NCs (average aspect
ratio 0.8940.09) with a mean edge length of 7.7+ 1.2 nm
and sizes ranging from 4nm to 12nm. Detailed informa-
tion about the size, morphology and transmission elec-
tron microscopy images of the synthesised NCs can be
found in ref. [S2] under the label synthesis A.

B. Sample preparation

For single NC measurements, the solution was diluted
~ 2000x in a 2% solution of polystyrene in toluene. The
targeted concentration was achieved by multiple rounds
of dilution for accuracy /reproducibility. The solution was
then spin-coated on either a glass or a distributed Bragg
reflector (DBR) substrate to increase the collection effi-
ciency.

C. Optical characterisation

For single particle measurements, samples were
mounted on the cold finger of a continuous liquid-helium
flow cryostat cooled down to 4.5 K. All optical measure-
ments were performed with a home-built scanning micro-
PL setup. Excitation and detection of the PL emission
were realised with the same 50x long-working-distance
dry microscope objective with NA=0.65. NCs were ex-
cited either by a continuous diode laser at 457nm or a
pulsed fs frequency-doubled Ti:Sa laser (repetition rate:
80 MHz) tunable between 400nm and 520 nm. The PL
emission was dispersed with a diffraction grating and de-
tected with a charge-coupled-device (CCD) camera. For
time-resolved measurements, the PL emission was di-
rected via the second output of the monochromator to
two single-photon avalanche photodiodes (Micro Photon
Devices SPADs) with a nominal dark count rate of less
than 50 cts/s. The overall resolution of the time-resolved
setup is further discussed in the following. This setup
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FIG. S2. Additional experimental aspects at 4.5 K. (a) Representative excitation power density dependence of the integrated
emission intensity of a single NC under continuous wave (CW) and pulsed excitation. (b) PL intensity of a single NC under
CW excitation revealing the stability of the emission over the course of hours. Time intervals shown in red correspond to
the reoptimisation of the position of the excitation beam and focal, and the time interval highlighted in light blue shows a
continuous small decrease of the PL intensity due to the slight drift of the sample. (c) Raw coincidence counts of second-order
correlation measurements performed at 4.5 K showing photon antibunching at zero time delay. (d) PL time trace showing the

minimal spectral diffusion observed at our resolution.

layout enabled us to spectrally resolve the emission of
single CsPbBr3 NCs with both the CCD and APDs.

Despite the low excitation power density kept at all
times, charged exciton and biexciton emission is observed
on the majority of NCs. Fig. S2a shows a representative
power density dependence of the emission of a single NC
displayed as a function of the average number of exci-
tons generated respectively per lifetime and per pulse for
continuous and pulsed excitation, assuming an absorp-
tion cross section o ~ 4 x 1074 cm? for an excitation at
~ 450 nm [S3, S4]. We verify that the pulsed excitation
experiments are performed in the linear regime where
the number of excitons generated per pulse N is kept
below (N) ~ 0.1. The emission intensity is stable over
the course of hours (Fig. S2b) and no blinking is observed
even at the smallest time bins (zoom-in view of Fig. S2b).
Furthermore, only minimal spectral diffusion is observed
at our resolution (Fig. S2d). A second-order correlation
measurement performed on the bright exciton emission
under pulsed excitation is shown in Fig. S2c¢ and reveals
highly antibunched emission.

SII. DECAY DYNAMICS ANALYSIS

A. Time-resolved data analysis

As we are concerned with measuring decay times in

the order of 100 ps which is close to the nominal time-
resolution of the single-photon detection setup, special
attention needs to be given to the measurement of the
instrument response function (IRF). Indeed, the finite
width of the laser pulses as well as the physical and
electronic nature of the single-photon detection process
shape the temporal response of decay measurements.
The IRF therefore exhibits (Fig. S3) a characteristic
shape with a sharp and narrow peak and a lower ampli-
tude tail due to the diffusion of photocarriers generated
in neutral regions near the depletion layer [S5].

To properly account for this response, we measure the
IRF of our setup with a 5 nm step from 460 nm to 525 nm
using the scattering of the pulsed laser excitation ob-
tained by frequency-doubling a Ti:Sa laser (80 MHz with
~ 100 fs pulses). The laser pulse is highly attenuated us-
ing the same filter used during our experiments and the
count rate on the SPADs is kept similar to the single NC
emission count rate (well below 1 photon per pulse). In-
terestingly, we find that the shape of the IRF is highly
dependent on the detection wavelength even within this
small window. Fig. S3a shows the measured IRFs while
in Fig. S3b,c, we highlight the difference between the
IRF measured at 457 nm and 525 nm together with the
features of interest: tail/peak ratio, IRF width and char-
acteristic decay time of the tail. The tail/peak ratio and
IRF width show a similar decreasing trend with increas-
ing wavelength from 0.33 to 0.11 and ~ 75 ps to ~ 40 ps,
respectively. The characteristic decay time of the IRF
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FIG. S3. Instrument response function (IRF) of the time-correlated single-photon counting (TCSPC) setup. (a) IRF of the
TCSPC setup as a function of wavelength. (b,c) IRFs at (b) the excitation wavelength (457 nm) and (c) at the detection
wavelength (525 nm) together with the key features: IRF peak width, tail/peak ratio and IRF tail decay.

tail is found to be nearly constant across the entire de-
tection range at ~ 210ps. The characteristic IRF decay
time is very similar to the decay times previously re-
ported in the literature for single NC or ensembles at
low temperature [S6-S8], it is thus of utmost importance
to properly take into account this response when fitting
the time-resolved data.

To analyse the decay curves, we perform a reconvolu-
tion fit using a maximum likelihood estimator to fit the
decay curves with multi-exponential decays convoluted
to the IRF as:

t—1o

>+B (S1)

N
I@)::E:IRFQ)®f%exp(—

i=1 g
where the IRF is measured within 2.5nm of the decay
curve wavelength, the A; are the amplitudes of the ex-
ponential decays, tqg is the zero-delay time, 7; are the
exponential decay times and B is the correction for the
decay background. For temperature-dependent decay
measurements, decay curves are acquired as a function
of temperature and each curve is fitted as a convolu-
tion of the IRF closest to the emission wavelength and
a multi-exponential decay. This reconvolution technique
taking into account the appropriate IRF thus yields reli-
able amplitudes for each component of the decay which
cannot be obtained by fitting only the tail of decays
(shown in Fig. S4 in red). This allows us to monitor the
temperature-dependence of the multi-exponential decay
of single NCs via both the decay times and relative com-
ponent intensity.

To highlight the importance of the IRF, we show in
Fig. S4 a decay curve acquired at 523.5nm and several
fit attempts. The lines in green, light blue and red show
respectively the fit attempts using the IRF recorded at
the closest wavelength of 525nm, the IRF recorded at
485 nm, and, neglecting the IRF, only fitting the tail of

the decay curve. Each of these fits converges with resid-
uals that are evenly distributed around 0. As such, they
could all seem to be reasonable but physically they are
not. Each yields a different decay time shown in the
figure legend. Interestingly, the IRF tail has a great im-
pact on the decay time recovered from the fit procedure.
When neglecting the IRF in the fit procedure, the de-
cay time increases by a factor ~2 and becomes close to
the IRF tail decay time ~ 210ps. It is thus necessary,
in order to accurately measure such short decay times,
to take into account the IRF close to the emission wave-
length particularly in this range as the detectors response
can vary.

We further verify the absence of additional unresolved
decay times longer than the excitation laser repetition
rate. To do so, we check the background level of photo-
luminescence decay curves against the background level
obtained with no emitter, only due to the SPADs dark
counts, during the same acquisition time. Both back-
ground levels being the same, we can exclude unresolved
longer decay times.

B. Model

1.  Rate equations

The evolution of the system, shown in Fig. S5, is gov-
erned by rate equations that can be written in matrix
form as

P = AP

where P = {P,};<4 and A is the transition matrix given
by
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FIG. S4. Influence of the IRF on the recovered decay parameters. Comparison of decay times obtained using different fit
methods taking into account the IRF or not. (a,b) Full decay trace showing the raw data and fit without taking into account
the IRF. (a) Decay analysis with the IRF taken at 485nm together with the corresponding fit. (b) Decay analysis with the

IRF taken at 525 nm with the corresponding fit.
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At this point, the rate equations are general enough
to allow for the scenarios that we will explore, i.e. one-
and two-phonon transitions with two relative bright-dark
orderings: bright over dark and bright under dark. This
versatility is hidden in the transition rates vgp and ypp.

The solution of the matrix equation is given by:

N
P = E aiﬁie_‘r’ilt
=1

where «o; are constants derived from initial condi-
tions, I'; are the eigenvalues of A and #; the cor-
responding eigenvectors. At ¢ = 0, we have P =
(0,0,0,1), such that the «; are given by the solution of
> U; =P(t=0)=(0,0,0,1).

The total photoluminescence signal is given by

S(t) =3 mlipi = >; AgeITslt

where 7; is the quantum yield associated with state ¢ and
the amplitudes read 4; = >, njrjozﬁf]) where 17'§J) is the
j-th component of eigenvector ¢;. The sum 4 runs over
i=B,D,E.

In our experiments, we only acquire the PL of the
bright state given by Sp(t) = ngI'sps which in general
is a tri-exponential decay of the form

Ashorte_rsm’”t + Alonge_rlongt + Arisee—l"riset

where Ashort, Along > 0 and Arise < 0.
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FIG. S5. Schematic of the system comprised of a ground

state (G), an excited state (E), a bright exciton state (B) and
a dark exciton state (D) together with the rates involved in
the model.

In most cases, no rise time is observed (i.e. rise time
constant is very short and/or the amplitude A, is neg-
ligible) and the decays take the simpler form

T

Ashort67 short +A10ngefrlongt

Using the reconvolution technique we can extract the
values of the short and long decay times together with
their relative amplitudes. We define the fractional in-
tensity of the long component Ieljong that will be used
together with the decay times I'shory and I'iong for our
analysis.

Flong

Lol tong = <Al°“g) / (Z Ai/Fi> (S1)



2. Simulations

Transitions between exciton sublevels are modelled as
phonon-assisted mechanisms. Here, we consider both
first-order and second-order phonon-driven transitions
with the two possible level orderings: bright state above
or below the dark state. The corresponding bright-dark
transfer rates are given in the main text and summarised
in Table S1.

As equations are quite intricated and we have quite a
lot of parameters, we would like to rely on more than just
non-linear optimisation as it is often difficult to assess
the relative quality of fits solely based on residuals or
goodness of fit measurements with this high number of
parameters. In Table S1, the low- and high-temperature
limits of the short and long decay components are given
and used to constrain the model parameters I'g and I'p.

Let us emphasize that a is set to 0.75 to reflect the
exciton fine structure of our material consisting of a
bright triplet and a dark singlet. In fact, this param-
eter also controls the maximum decay-component rela-
tive intensity attainable under strong magnetic field, i.e.
Irel,long (B > AO/MBABDQ) — 1 — a. The set value of
a = 0.75 shows very good agreement with measurements
on ensembles of CsPbBr; NCs at magnetic fields up to
30 T where Ie11ong(30 T) ~ 0.25 [S9.

3. Conversion efficiency

In the case of a dark ground state, we can define the
conversion efficiency from bright to dark, resp. dark to
bright, exciton as 7, /(I's + 7v,), resp. 1/(I'p +7¢). In
Fig. S6 we show the conversion efficiencies from bright
to dark and dark to bright exciton for both CdSe-based
NCs and LHP NCs. For CdSe-ZnS NCs, the conversion
efficiency from bright to dark exciton is larger than 80%
at the lowest temperatures and increases with tempera-
ture. Similarly, for CdSe-CdS NCs, more than 35% of the
bright exciton population is converted to the dark state
at the lowest temperatures and 50% at ~ 26 K. Con-
versely, the conversion efficiency from dark to bright ex-
citon is zero at the lowest temperatures and reaches 50%
at 3K and 11 K respectively. This contrasts with LHPs,
where the conversion efficiency from bright to dark exci-
ton as well as dark to bright exciton are both zero at the
lowest temperatures. The dark to bright conversion effi-
ciency reaches 50% at 8, 13, 16 and 54 K, respectively for
FAPbBr3, CsPbls, FAPbI3 and CsPbBr3 and the bright
to dark conversion efficiency reaches 50% at 33, 37, 73
and 162K. This highlights the weak efficiency of the
bright /dark population conversion in LHP NCs which
stems from the second-order nature of the bright/dark
transitions in LHPs and more precisely from the vanish-
ing upward and downward transition rates at the lowest
temperatures coupled with favourable transition rates.
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FIG. S6. Conversion efficiencies between bright and dark ex-
citons in several materials. Dark-to-bright (solid) and bright-
to-dark (dashed) exciton conversion efficiency (a) for CdSe-
based NCs with one-phonon bright-dark population transfer
and (b) for LHP NCs with two-phonon bright-dark population
transfer. Transition rates used in this calculation for CsPbBrs
are yo = 10 nsfl, I's =15 nsfl, I'p = 0.12ns™ ! with phonon
energies Epn,1 = 6meV, Epn 2 = 19meV and a = 0.75 while
rates for other materials are extracted from refs. [S10-S13].

4. Integrated intensities

Within the system comprised of a dark and a bright
state, we can determine the total emitted intensity I; of a
state ¢ by integrating its population as I; = fooo Iipidt.
The stationary solution can instead be obtained by di-
rectly integrating the system of equations, from which
we obtain the following expressions for the integrated in-
tensities of the bright and dark states for a dark ground
state:

pe(0) (I'p + 1) +pp(0) 1t
(s +v) Tp +71) — 10
pp(0) (s +vy) +pe(0)Y,
Te+7) T +9) =10

Iz =nBl'B

Ip =npl'p

where pp(0) = @ and pp(0) = 1—a. The ratio of intensity
I /Ip therefore reads:

Is _ nl's pe(0) ' + 1) + Pp(0)nt
In npl'p pp(0) T's + 1) + pe(0)Yy

(52)

For one-phonon transitions and for the two-phonon
sum process, the ratio of intensities as 7' — 0 simplifies
to

I 1B a
In no (1—a)+7/T's (53)

2ph,sum

1ph

The low temperature intensity ratio Ig/Ip therefore de-
pends not only on a but also on vy /T'p.
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TABLE S1. Four scenarios arising from two relative orderings and two phonon-driven mixing schemes. *Since the relative
intensity of this component is less than a few % at the lowest temperatures this limit is not used as a constraint.

In the case of the two-phonon difference process, the
ratio of intensities as T" — 0 simplifies to

Is _nep(0) _ns_a (s4)

I Top -
D 2ph,Raman "ID PD (0) "ID a

where a = 0.75, such that regardless of the actual rates
involved in the system, the ratio of intensity between the
bright and dark states is given by 3ng /np. This is in stark
contrast with the case of one-phonon transitions and the
two-phonon sum process, where the ratio of intensities
depends on the actual rates involved in the system via
Y0/I's-

In the case of a bright ground state, the relative inten-
sity as T' — 0 reads:

IE
Ip

— IB

= T
1ph D

_mat+/Tp

m (1-a) (85)

2ph,sum

The intensity ratio depends not only on a but also on the
ratio Yo /FD .

For the second-order difference process, we find that
the low-temperature relative intensities do not depend
on the actual ordering of the exciton sublevels:

I

Is _meps(0) _ms_a
Ip

mpp(0) npl—a

(S6)

2ph,Raman

C. Simulation procedure

Here we detail the procedure used to obtain the char-
acteristic temperature 7T, in the phase sub-space where
all experimental requirements are met.

We calculate the long-decay-time intensity at in the
low- and high-temperature limits, Iroel}jong and Iﬂ(ggo}flg, as
well as the long decay time in the high-temperature limit
Tlgf)gK . For the sake of clarity, we restrict the phase sub-
space displayed to the one matching our experimental
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FIG. S7. Phase space mapping of first-order phonon tran-
sitions. (a) Schematic of the system comprised of a ground
state (G), an excited state (E), a bright exciton state (B) and
a dark exciton state (D) and the coupling rates of the model.
(b,c) Particular features of interest obtained from simulations
of the decays in the (70, Asp) space. (b) Intensity of the
long-decay component at 0 and 100K. (c) Long decay time
at 100 K. (d) Characteristic temperature 7.P" in the phase
subspace defined by the intersection of the (b) and (c) sub-
spaces. (e, f) Experimental decay dynamics with (e) the long
and short decay times and (f) the long decay component frac-
tional intensity together with a fit using parameters in (d).

results, i.e. we only show the region of phase space where
the long-decay-time relative intensity is lower than 0.1
at 0K and higher than 0.85 at 100K (Fig. S7b), and
where the long decay time is comprised between 150 ps
and 350 ps at 100K (Fig. S7c).

The phase subspace in Fig. S7d (same as Fig. 3b) is
then defined as the intersection of the three subspaces
related to the long decay fractional intensity at low and
high temperature (Fig. S7b) and to the long decay time



at high temperature (Fig. S7c). Applying the same pro-
cedure for the opposite fine structure ordering, with a
bright exciton below the dark exciton, yields an empty
intersection.
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FIG. S8. Additional phase space mapping of second-order
processes. (a) Sum-process with hiws = 9w such that fiws +
hws = Agp. (b) Difference-process with varying the lower
phonon energy F1 = 6 meV and E1 = 9meV.

For second-order transitions, the same procedure is ap-
plied to obtain Fig. 3c. This procedure was also applied
for the opposite fine structure ordering, with the bright
exciton state below the dark exciton state, for which we
find that only the two-phonon difference model yields a
non-empty intersection.

As discussed in the main text, for both second-order
processes the energy of one of the phonon modes can
further be varied while ensuring hw; + hws = App and
hws —hw; = Agp. Fig. S8 shows that the obtained phase
spaces are similar to the ones obtained in Fig. 3b,c. For
the second-order difference process, the obtained phase
space is slightly shifted towards larger vy as the lowest
phonon energy is increased from 3 to 6 and 9 meV, match-
ing the optical phonon modes observed as replica in the
spectrum.

SITI. ADDITIONAL DATA

A. Bandgap thermal dependence

In the investigated temperature range, the emis-
sion energy of single CsPbBr; NCs increases linearly
with temperature (Fig. S9a) with an average slope of
~ 0.3meV K~ (Fig. S9b), slightly smaller than the low
temperature slope measured on single bulk crystals [S14].
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FIG. S9. Temperature-dependence of the emission energy. (a)
Bright triplet emission energy as a function of temperature.
In red, we reproduced the dependence recorded on bulk single
crystals in ref. [S14]. (b) Emission energy dependence of the
slope of E(T) deduced from (a).

B. Decay time statistics

As discussed in the main text, the PL decay of single
CsPbBrj; NCs is bi-exponential at all temperatures with
a predominant sub-100ps decay channel at the lowest
temperatures. In Fig. S10, we show the distribution of
this short decay time at 4.5 K measured across ~ 35 NCs.
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FIG. S10. Short decay time statistics at 4.5 K.



C. Temperature-dependent photoluminescence

Fig. S11 shows an example of the full PL temperature-
dependence recorded with the steady-state PL in
Fig. S11a and the fitted time-resolved PL in Fig. S11b.
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FIG. S11. Temperature-dependent photoluminescence. (a)
Steady-state PL spectra as a function of temperature. (b)
Time-resolved PL as a function of temperature with bi-
exponential fits.

D. Dark exciton state

We performed magneto-optical spectroscopy on single
CsPbBr; NCs that reveals the emergence of a dark sin-
glet state below the bright triplet. Based on prior stud-
ies [S2, S6, S15, S16] and comparing finite field measure-
ments to zero-field measurements, we can safely identify
the trion and optical phonon replica. For Fig. S12a, at
zero field we can identify the three lowest energy optical
phonon replica. Based on the bright triplet emission en-
ergy, the trion emission is expected around ~ 30meV
and is not observed. At finite field, a weak additional

peak emerges below the bright triplet at ~ 14 meV, close
to an optical phonon replica, and is attributed to the
brightened dark singlet. For Fig. S12b, we observe the
weak emergence of two peaks below the bright triplet in
addition to previously identified optical phonon replica.
Based on the emission energy of the bright triplet, the
trion emission is around ~ 23meV and we find a peak
at ~ 21.5meV. It is therefore attributed to the trion
whose emission emerged after prolonged exposure to the
excitation laser. The second peak appears at finite mag-
netic field at ~ 12meV with a lower energy than the
previously identified low-energy optical phonon replica
and is attributed to the dark singlet.
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FIG. S12. Magneto-optical spectroscopy of individual
CsPbBr; NCs at 4.5K. (a) NC emitting at 2.48eV and (b)
NC emitting at 2.42eV.

In both cases, an additional peak appears at finite
magnetic field at a lower energy than the previously
identified low-energy optical phonon replica, with an en-
ergy splitting well above the bulk bright-dark splitting
of ~ 3.5meV [S16]. Using the recently determined scal-
ing law, we can compare our results to those obtained on
weakly confined CsPbIz NCs [S16]. Using E, = 2.342¢eV
and R, =33meV [S17], we find normalised ener-
gies (Ex — E;)/R, =2.36 and 4.2 with corresponding
bright-dark splittings Agp/ (R2/E,) = 27 and 30 which
fall within the range of values obtained for CsPbl; NCs
in a similar confinement regime and therefore provides
further support for these identifications.
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