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The brightness of an emitter is ultimately described by Fermi’s golden rule, with a
radiative rate proportional toits oscillator strength times the local density of
photonic states. As the oscillator strength is an intrinsic material property, the quest

for ever brighter emission has relied on the local density of photonic states engineering,
using dielectric or plasmonic resonators** By contrast, amuch less explored avenue
isto boost the oscillator strength, and hence the emission rate, using a collective
behaviour termed superradiance. Recently, it was proposed® that the latter can be
realized using the giant oscillator-strength transitions of a weakly confined excitonin
aquantum well when its coherent motion extends over many unit cells. Here we
demonstrate single-photon superradiance in perovskite quantum dots with a sub-100
picosecond radiative decay time, almost as short as the reported exciton coherence
time*. The characteristic dependence of radiative rates on the size, composition and
temperature of the quantum dot suggests the formation of giant transition dipoles,
as confirmed by effective-mass calculations. The results aid in the development of
ultrabright, coherent quantum light sources and attest that quantum effects, for
example, single-photon emission, persist in nanoparticles ten times larger than the

exciton Bohr radius.

Research on CsPbX; (X =Cl, Br,I) lead-halide perovskite quantum dots
(QDs) hasbeenintense since their first colloidal synthesis in 2015°. The
CsPbX;QDs are appealing because of facile yet precise control over QD
size, shape and composition, as well as spectrally narrow photolumi-
nescence with near-unity quantumyield, facilitated by a defect-tolerant
electronicstructure. Perovskite-QD-based optoelectronic devices with
unprecedented performance include LEDs with external quantum
efficiencies above 20% (refs. 6,7), lasers with wide spectral tunability®’
and photodetectors with record-high responsivity'. Parallel to the
development of classical light-emitting devices, CsPbX; QDs are also
explored as sources of quantumlight, capable of delivering either single
photons*"™ or bunched (temporally correlated) multi-photon bun-
dles™. However, despite the widespread use of CsPbX; QDs in photonic
applications, exciton recombination in these nanomaterials remains
poorly understood. Forinstance, the strong temperature dependence
of the exciton radiative rate, with an acceleration by more than two
orders of magnitudes on cooling from room temperature to cryogenic
temperature, remains unanswered.

Emitters with high radiative rates are highly sought after in sev-
eral classical and quantum light applications'¢, as a rapid radiative
decay can (1) boost the material gain in laser devices; (2) increase
the brightness—that is, the number of generated photons per unit
time—oflight-emitting devices, including single-photon sources; and
(3) enable the realization of coherent single-photon sources delivering

indistinguishable single photons*Y. In general, photon emission in
semiconductors results from spontaneous radiative recombination
of excitons induced by zero-point fluctuations of the vacuum mode
ofthe electromagnetic field. This leads to an excited state with afinite
lifetime, described by Fermi’s golden rule, which states that the transi-
tionrateis proportional to the product of the modulus squared of the
matrix elementdescribing the optical transition and the local density
of photonic states (LDOS) at the emitting energy.

The efforts to increase radiative decay rates have mostly focused
on exploiting plasmonic or dielectric microcavities, thus enhancing
the LDOS using the so-called Purcell effect’. Inarecent effort? exploit-
ing InGaAs QDs in one-dimensional optical microcavities, radiative
lifetimes down to about 48 ps were obtained with more than 97.5%
indistinguishability.

Alternatively, strongly enhanced emission rates can be accom-
plished by collective behaviourin aprocess called superradiance, pro-
posed by Dickein1954 for adense atom cloud™® and recently reported
insemiconductor systems**'*?°, When the emitters in the medium are
strongly coupled using the vacuum modes of the electromagnetic
field, coherent excitation resultsin an ensemble of phase-locked emit-
ters that behaves as a giant dipole with an oscillator strength scaling
with N, the number of correlated emitters'®?, This giant dipole then
radiates spontaneously with a higher rate («<N) and much stronger
peak intensity (<N?) than an ensemble of incoherent emitters.
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Fig.1|Schematic of the excitonic SPSinsolid-state quantum emitters.

a, SPSoriginates from the coherent coupling of individual excitations (small
arrows), generatingagiantdipole (large arrow); ideally, the coherent coupling
spansaregion much larger than the exciton Bohr diameter. b, The formation of
giantdipoles, while geometrically clamped for small QDs, canbe achievedin
large QDs and leads to anaccelerated radiative decay (with alifetime Ts,perradiant)
because of theincreased exciton centre-of-mass coherent volume. ¢, Schematic
showing the photoluminescence decay without superradiance (with lifetime
T,.¢, characteristic of QDs in the strong quantum confinement; grey line) and
withsuperradiance (with areduced lifetime Tg,perragian Feachable for QDs in the
very weak confinementregime; greenline).

Superradiance can also emerge when only one photonis storedinan
ensemble of coupled emitters?. This so-called single-photon super-
radiance (SPS) has become a subject of recent interest® and offers
potential applications for quantum control of spontaneous emission
and ultrafast readout.

SPS can even occur in a single semiconductor QD, referred to as
excitonic SPS, as shown in Fig. 1: in QDs larger than the exciton Bohr
diameter, superradiant states can be formed because of effective
exciton wavefunction delocalization over a region much larger than
the Bohr diameter. Consequently, all the unit cells in the coherence
volume cooperatively respond to an excitation, behaving like a giant
transition dipole with enhanced oscillator strength. The emission
thereby features an accelerated radiative decay with the maximum
rate enhancement scaling with the number of unit cellsinvolvedin the
exciton coherence volume?*%, It is also important to recognize that
there is a formal correspondence between the collective emission of
anexcitonintheintermediate or weak confinement regimes, in which
the motion of the electron and the hole are correlated, and the N-atom
single-photon Dicke state® (Supplementary Information section II).In
an experimental realization of SPS, the exciton delocalization could
be geometrically limited by the spatial extent of the QD, by the differ-
ent Bohr radii in different compounds, and eventually hampered by
the exciton-phonon coupling that prevents efficient exciton wave-
function delocalization onincreasing the crystal temperature. So far,
accelerated radiative decays have been demonstrated in CuCl micro-
crystallites®?¢, CdS microcrystallites”, CdSe nanoplatelets®®* and
molecularJ-aggregates®. However, single-photon emission through
excitonic SPS was only recently achieved in weakly confined GaAs
QDs, defined by random local thickness variations within a quantum
well?, reaching a radiative lifetime of about 90 ps. Using the envelope
function formalism, the latter work established the first connection
between the photophysics of anexcitoninthe weakly confined regime
and Dicke’s superradiance and provided a theoretical estimate of the
size-dependent transition strength.
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In this work, we show that the light emission process in CsPbX;
(X =Br, Br/Cl) perovskite QDs at low temperature is governed by exci-
tonic SPS, evidenced by the characteristic size-, composition-, and
temperature-dependent radiative lifetime. We obtain sub-100 ps radia-
tive lifetimes in large QDs with edge lengths of more than three times
the Bohr diameter. Despite their weak confinement, these large QDs
are efficient emitters of single photons, as attested by second-order
correlation measurements. Our findings provide an opportunity for
anorder of magnitude brighter quantum light sources based oninex-
pensive, solution-processable and wavelength-tunable all-inorganic
perovskite QDs.

Size-dependent exciton lifetime

AsshowninFig.1, excitonic SPS canbe achieved by exploring QDs with
increasing sizes. SPS should manifest itself in decreasing radiative
lifetimes with increasing QD sizes, as more unit cells can contribute
to the collective emission and, hence, increase the exciton coherent
volume. We, therefore, recorded the photoluminescence of more
than200 single CsPbBr; QDs at cryogenic temperature (4 K), obtained
from five different QD batches with mean QD sizes ranging from
7 nmto 23 nm (Extended Data Fig. 1). Considering the Bohr diameter
of approximately 7 nm in CsPbBr; (ref. 5), the probed QD size range
extends from an intermediate to a very weak quantum confinement
regime. Figure 2a shows representative photoluminescence spectra
from single CsPbBr, QDs of the above-mentioned samples exhibiting
a confinement-induced increase in exciton energy with decreasing
QDsize. Figure 2b shows the corresponding mean value and standard
deviation of the single-QD exciton energy for each batch, showing a
very good agreement with the size-dependent energies predicted by
avariational effective-mass/intermediate-confinement model that
includes band non-parabolicity corrections (details in Supplemen-
tary Informationsectionll). In theintermediate-confinement regime,
the correlated electron-hole motion of the exciton in conjunction
with the overall exciton centre-of-mass delocalization enhances the
radiative'* and non-radiative decay rates* beyond those expected
within asimple strong confinement approximation. In Supplementary
Information section Il and Supplementary Fig. 3, we show that these
effects are captured by the variational method, reproducing the effects
of correlation found using all-order many-body approaches within
the intermediate-confinement size regime calculated for the same
parameter set’.,

For each of the probed single QDs, a time-resolved photolumines-
cence (TRPL) trace was recorded at the exciton emission peak energy.
Figure2cshows that the excited-state lifetime (defined usingal/einten-
sity decrease) of a representative 23 nm QD (150 ps) is considerably
shorter than that of a representative 7 nm QD (570 ps). For each of
the QD batches, Fig. 2d shows the mean single-QD lifetime as a func-
tion of the mean exciton energy. Amonotonous decrease in the mean
single-QD lifetime from 540 + 100 psto 170 + 50 psis observed for mean
QDsizes from 7 nmto 23 nm. The error bars (standard deviation) rep-
resent the QD-to-QD variations within the sample (see Extended Data
Fig. 2 for the lifetimes of all studied individual QDs). Contrary to II-VI
and IlI-V compounds, in which the radiative process is largely depend-
entonthe dark-bright excitoninteraction®, the observed photolumi-
nescence decay in this work reflects a bright exciton recombination
process because of the highly suppressed relaxation to the dark state
at cryogenic temperatures and at zero magnetic field**.

The speed-up of the decay with increasing CsPbBr, QD size at cryo-
genic temperature is also opposite to the respective trend at room
temperature®, at which thermal mixing of band-edge states with
higher-energy exciton states whose radiative decay is parity-forbidden
(for example, transitions from s-like confined states in one band to
p-like confined states in the other band) causes slower radiative decay
in larger CsPbBr, QDs™.
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Fig.2|Size-dependent excitonlifetime at 4 K. a, Representative
photoluminescence (PL) spectra of single CsPbBr, perovskite QDs with
differentsizes. b, Size-dependent mean exciton photoluminescence
band-edge emissionat 4 K; vertical and horizontal error bars represent the
standard deviation of the QD edge length and exciton energy, respectively. The
greysolid lineis asizing curve obtained by using an effective-mass model for
intermediate confinement. ¢, TRPL decay of two single QDs in the weak- to
intermediate-confinementregime (QD size of 7 nm; blue dots) and weak
confinement regime (QD size of 23 nm; vermillion dots), respectively. The solid

Our observation of accelerated radiative decay at cryogenic tem-
peratures can be explained by the enhanced oscillator strength in
larger QDs because of exciton wavefunction delocalization. To test
this hypothesis, we developed an effective-mass model that cap-
tures the exciton wavefunction delocalization and the resulting
enhancement of the oscillator strength for larger QDs (Extended
DataFig.3aand Supplementary Information section IlI). Aremaining
uncertainty is the magnitude of the Kane energy, £, whichisnot a
directly measurable parameter. Its value has been estimated from
the reduced effective mass of the exciton®, yielding estimates of the
Kane energy between 16 eV and 28 eV (refs. 37,38), or from the hole
Landé g-factor®**°, yielding estimates between 10 eV (for a spin-orbit
split-off parameter 4 =1.5 eV; ref. 37) and 16 eV (for 4 = 0.8 eV; ref. 31)
(see Supplementary Information section IIB,C for details). To account
for the presently large uncertainty in the value of the Kane energy,
we calculated the size-dependent radiative lifetime for arange of E,,
values (Fig. 2d). Regardless of the value of £, the exciton lifetime
consistently reduces with increasing QD size, qualitatively captur-
ing the experimental trend in single-QD lifetimes®****., The scenarios
with E,between 16 eV and 20 eV yield the best overall agreement
with the experimental results across the entire size range. Overall,
the shortened lifetime with increasing QD size is consistent with
exciton wavefunction delocalizationin larger QDs, a typical feature
ofthe superradiant excitonic system (for details, see Supplementary
Information section IIB,C).
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grey linesindicate single-exponential decays with inferred time constants
(defined as1/eintensity decrease) of 570 psand 150 ps, for the 7 nmand 23 nm
QD, respectively. d, Size-dependent mean exciton lifetime as a function of the
exciton energy, acquired at 4 K (coloured circles); vertical and horizontal
error barsrepresent the standard deviation of lifetime and exciton energy,
respectively. Thelines show the result of theoretical calculations, performed at
0 Kand assuming various values for the Kane energy (E,) shown as dashed and
solidlinesasindicatedinthelegend. More details concerning the theoretical
model arereportedin Supplementary Information.

Temperature-dependent exciton lifetime

Another key tuning parameter with a potentially profound effect on
the superradiant decay is the base crystal temperature. To this aim, we
studied the temperature-dependent steady-state and time-resolved
photoluminescence properties of asingle CsPbBr, QD (about 23 nm).
Figure 3ashows the photoluminescence spectrum ofasingle QD from
4 Kupto 90K, exhibiting a continuous blue shift and photolumines-
cencelinebroadening withincreasing temperature because of lattice
expansion and exciton-phonon coupling, respectively. Exciton ener-
gies and linewidth (full-width at half-maximum (FWHM)), determined
by Lorentzian fitting, are shown in Fig. 3b. The FWHM increases from
aninstrument-limited value of 1.2 meV at 4 Kto10.5meV at 90 Kas a
result of the strong exciton—-phonon coupling in the relatively soft
perovskite compounds*.

Figure 3¢ shows the TRPL decay traces of a single QD at 4 K and
90 K, with corresponding lifetimes of 100 ps and 1 ns, respectively.
As shown in Fig. 3d, the lifetime consistently increases from 100 ps
at4 Kto1nsat90 K. This temperature-induced deceleration of the
radiative decay in a perovskite QD is in contrast to the respective
acceleration of the radiative decay generally observed in traditional
(non-perovskite) QDs. Although the latter speed-up originates from
athermal mixing effect in the strong confinement regime®, a distinct
mechanism must be at play in CsPbBr; QDs. Specifically, an Arrhenius
fittothe corresponding temperature-dependent decay ratereturns an
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Fig.3| Temperature-dependent exciton lifetime. a, Photoluminescence
spectrafromasingle 23-nm CsPbBr; QD as afunction of temperature.

b, Linewidth and exciton peak energy as a function of temperature, extracted
fromthespectrainaby performingsingle-Lorentzian fitting. With increasing
temperature, the exciton photoluminescence emission energy blue shiftsand
the photoluminescencelinewidthincreases, asaresult of exciton-phonon

activationenergy of £,=9 + 1 meV (Fig. 3d, inset), which is well within
the broad phonon density of states in perovskite QDs*, suggesting an
importantrole of phonons for the lifetime lengthening. At cryogenic
temperatures, the entire oscillator strength is accumulated in the
lowest-energy bright exciton state (superradiant state). By increasing
the temperature, exciton-phonon coupling and the resulting disorder
increase, such that the exciton population is transferred from the
superradiant state to dark or less bright excited exciton states. As
the radiative decay time is directly related to the oscillator strength
of the state whose polarization has a constant phase across the QD,
correspondingto the k = O transition (k, quasi-momentum), disorder-
and phonon-induced exciton scattering processes thus quench the
excitonicsuperradiant decay®. This peculiar temperature behaviour
isadistinctive feature of superradiant systems and has beenreported
in, forinstance, CuClmicrocrystallites®?¢, CdS microcrystallites” and
molecular J-aggregates®. This is further confirmed by the thermally
induced wavefunction localization and dephasing obtained by ab initio
molecular dynamics (AIMD) calculations (Extended Data Figs. 3b-g
and 4, Supplementary Information section Ill and Supplementary
Videos1land 2).

Composition-dependent exciton lifetime

Apart from QD size and temperature, there are other parameters
relevant for the acceleration of the radiative decay by excitonic SPS,
for example, the Bohr diameter. As pointed out in ref. 3, a stronger
enhancement of the oscillator strength in relation to the extent of
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coupling.c, TRPLdecay at4 K (blue markers) and 90 K (red markers). Solid
blacklines indicate single-exponential decays with time constants of100 ps at
4Kand1 nsat90K.d, Lifetime as afunction of temperature (colour coding
identicalto thatinb).Inset: the corresponding radiative decay rate (/;,q) asa
function of temperature fitted by an Arrhenius function (grey solid line). a.u.,
arbitrary units.

wavefunction delocalization could be obtained in a material with a
smaller Bohr radius, such as CsPb(Br/Cl),, enabling relatively larger
excitondelocalization for a given QD size’. Consequently, we explore
weakly confined 30 nm CsPbBr; QDs and CsPb(Br/Cl), QDs, the lat-
ter being obtained by halide exchange from their 30 nm CsPbBr;
counterpart (for details, see Supplementary Information). Halide
exchange induces ablue shift of the exciton photoluminescence from
2.335 eVforthe pure bromideto about 2.502 eV for the mixed chloride-
bromide QD (Fig. 4a).

InFig.4b, representative decay traces of CsPbBr; QDs and CsPb(Br/
Cl); QDs establish the increased decay rate obtained through halide
exchange. Whereas the mean lifetime is 180 + 40 ps for CsPbBr; QDs,
similarly sized CsPb(Br/Cl), QDs feature amean lifetime 0f120 + 20 ps
(Fig. 4c). Compared with the 23 nm CsPbBr; QDs discussed in Fig. 2,
the lifetime is only weakly accelerated in these slightly larger 30-nm
CsPbBr;QDs. This suggests that for CsPbBr;, the QDs already reached a
sizeregime for whichthe coherence volumeis no longer limited by the
QDsize but more probably by the exciton-phonon coupling at this finite
temperature (4 K). By contrast, afurtherincreased wavefunction delo-
calizationis obtained by composition tuning from CsPbBr; to CsPb(Br/
Cl); with30-nm QDs, as inferred from the notably shortened lifetimes
inthe mixed-halide QDs. The observed enhancement of the decay rate
after thereduction of the Bohr radius through halide exchange further
corroborates the observation of excitonic SPS. Around 30% of QDs
feature a sub-100 ps lifetime with the fastest lifetime down to 80 ps,
making perovskite QDs one of the fastest cavity-free single-photon
solid-state emitters studied so far.
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Discussion

Size-, temperature-, and composition-dependent single-QD photolu-
minescence lifetime measurements comprise compelling experimental
evidence for the proposed excitonic SPS mechanism. To assign the
observed decay rate enhancement to excitonic SPS, we need to addi-
tionally (1) confirm that the speed-up can be attributed to an enhance-
ment of the radiative decay rate and (2) address the single-quantum
nature of the emitting species, that is, single-photon emission. To
verify that the decay rate can be attributed to radiative decay, we first
studied the fluence-dependent photoluminescence lifetime of sin-
gle CsPbX; QDs. As shown in Extended Data Fig. 5, the photolumines-
cence lifetime is fluence-independent over two orders of magnitude
(0.3-10.3 pJ cm™), suggesting that the short lifetime is not dominated
by fluence-dependent non-radiative recombination mechanisms, for
example, Auger non-radiative processes**, Second, to exclude influ-
ences fromother possible non-radiative recombination, for example,
charge-carrier trapping, we probe the photoluminescence quantum
yield (PLQY) at various temperatures. As shownin Extended DataFig. 6,
the projected PLQY at4 Kreaches more than 90%, inline with previously
reported data*", confirming that the speed-up of the exciton decay is
dominated by accelerated radiative recombination. This near-unity
PLQY reaffirms that the radiative decay is from the bright state with
negligible influence from dark excitons.

Next, we demonstrate that the large QDs are quantum emitters with
discrete energy levels. In solid-state quantum emitters, the blockade
mechanismresponsible for the generation of on-demand ssingle photons
is associated with the discretization of the energy levels and the Pauli
exclusion mechanism, resultingin an effective two-level systemwitha
saturable absorption. These large QDs are becoming more bulk-like and
therefore could arguably behave as classical rather than quantum light
sources, thus contradicting the suggested SPS mechanism. Therefore,
we calculated the size-dependent energy for the S-to-S and P-to-P transi-
tions (Extended DataFig.7). For thelargest 30-nm QDs we explored, the
energy difference between the S-to-S and P-to-P transitions stillamounts
toabout 5 meV, thatis, muchlarger thanthe thermalenergy at4 K, sug-
gesting that we are still studying quantum emitters with discrete energy
levels rather than a bulk material with a continuous density of states.

Then, we explain the optical properties of band-edge excitons, spec-
trally identifying excitons and biexcitons in weakly confined QDs. At
high excitation fluence (0.85 pJ cm ), the photoluminescence spectrum
acquired with high spectral resolution (0.3 meV) features several emis-
sionpeak manifolds that are assigned to the fine structure of excitonand
biexciton, at high and low emission energies, respectively (Fig. 5a, dark
solid line). To confirm this attribution, we measured the polarization
ofexcitonand biexciton fine structures. As shownin Fig. 5a, exciton (X)

over many different single QDs showing anet decreasein theradiative lifetime
in CsPb(Br/Cl); QDs (blue points) compared with CsPbBr; QDs (red points). For
CsPb(Br/Cl); QDs, aminimum lifetime of 80 ps was achieved.

and biexciton (XX) triplets were observed with afine structure splitting
(Agrs = ((Ey— E) + (E; - E»))/2) of around 1.06 meV for both species. The
triplet sublevels are denoted as H, V and O, respectively, representing
theirindividual polarization orientation. Figure 5b shows the spectrally
and polarization-resolved detection of each sublevel for both the biexci-
ton (transitions [XX) to [X)) and exciton (transitions [X) to|G)), showing a
mirror-symmetric correlationin intensities of the sublevels with respect
tothelinear polarizer angles. This can further be shown by the integrated
intensity of each sublevel of the exciton and biexciton triplet, plotted
asafunction of the polarizer angle in Fig. 5c. Each sublevel possesses a
linear polarization profile, attested by the agreement with asin®function
(fitted grey line), with crossed polarization orientations, in agreement
with previous findings™****¢, Moreover, the total energy and polariza-
tion preserves for each set of biexciton-exciton peaks asaresult of the
two-photon cascade decay from the biexciton state (with zero angular
momentum) through the exciton state to the ground state**™*5, All these
experiments show that radiative speed-up canbe achieved inaquantum
system with discrete energy levels in all dimensions.

Next, we show the quantum nature of the emitted photon stream by
recording the photon statistics using second-order correlation (g(1))
measurementsinaHanbury-Brown and Twiss (HBT) set-up (Fig. 5d,e).
Without spectralfiltering, no anti-bunched emission was observed, that
is, g?(r=0) ~1, suggesting near-Poissonian photon statistics. Because
g@(t=0)scales with the ratio of biexciton to exciton quantumyields®,
thisindicates the presence of efficient radiative biexciton recombina-
tion, acharacteristic of these large QDs"****° readily inferred from the
strong biexciton peaks (Fig. 5a, black line). The experimental findings
are corroborated by Monte Carlo simulations (see Extended Data Fig. 8
and discussionin Supplementary Information section V). Introducing
atunable long-pass filter in the detection path suppresses the biexci-
ton peaks (Fig. 5a, red line). Figure 5e shows the corresponding g®(),
exhibiting astrongly anti-bunched peak at zero-time delay and hence
confirming single-photon emission from the exciton recombination of
weekly confined QDs. The observation of anti-bunchingin the long-pass
filtered emission further confirms our assignment of these red-shifted
peaks (14 meV below the exciton; see Extended Data Fig. 7b) to the
biexciton emission. By addressing the biexciton binding energies and
thesingle-photon emission from exciton recombinationin the weakly
confined QDs, we confirm that these large QDs still behave as aquantum
emitter, for which we established that their radiative lifetime exhibits
dependencies characteristic of excitonic SPS.

Conclusion

Exploiting the fine control over exciton QD sizesin highly engineerable
colloidal perovskite QDs, we report the observation of excitonic SPSin
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Fig.5|Single-photon emissionfroma30-nm CsPbBr,QD. a, Single-QD
photoluminescence spectrumwith (red) and without (black) a tunable long-pass
filter rejecting biexciton emission. In the unfiltered spectrum, for each the
exciton (X) and biexciton (XX), three sublevels are well resolved, denoted as V,
Hand O, respectively, with an average fine-structure splitting of1.06 meV.

b, Polarization-resolved photoluminescence spectra of biexciton and exciton,
respectively. ¢, Intensity of the biexciton (left) and exciton sublevels (right) as a
function of polarization angle, extracted by performing three-Lorentzian

ascalableandintegrable material platform. Experimentally, we provide
acomprehensive and robust picture of this cooperative process based
on size-, composition-, and temperature-dependent radiative rates,
corroborated by advanced k - p/effective mass theory calculations and
AIMD simulations. Photoluminescence from weakly confined single
CsPbX;QDs shows asize-dependent acceleration of the exciton radiative
decay, withradiative lifetimes approaching the reported exciton coher-
encetimes. These newly developed bright and coherent quantum light
sources are bare nano probes (embedded neither in optical microcavities
norindielectric matrices) that could be further engineered and usedin
quantumimaging applications. Furthermore, therich features observed
inthose previously unexplored weakly confined excitons, such as strong
electron-hole correlations thatare at the heart of the currentdiscovery,
are goingto be transformative in diverse fields of applications.
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Time delay (ns)

fittingonthespectrainb. Thegrey lines show asin?fitto the respective linearly
polarized dipolesin the observation plane. A low signal-to-noise ratio for the
XX-O state precludes a precise assignment of its polarization characteristics.
d,Second-orderintensity correlationg?(r) acquired without spectral filtering.
e, Second-order intensity correlation g (r) acquired after filtering out biexciton
emission. A strong anti-bunchingg®(0) < 0.5is observed, attesting to single-
photon emission from exciton recombination.
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Methods

Synthesis

The 7-13 nm QDs were synthesized following the method reported
inref. 51. The 16-30 nm QDs were synthesized following the method
reportedinref. 52. More details and samples characterization are pro-
vided in Supplementary Information.

Sample preparation

For single-QD spectroscopy measurement. The preparation con-
sisted of two main steps: dilution and spin coating. For QDs with the
size of 7-16 nm, dispersed in toluene, the dispersion of QDs with a
concentration of about1 mg ml™”was diluted by a factor of 100 in tolu-
ene (ACROS, 99.85% extra dry over molecular sieves). The solution
was further diluted by another factor of 100 in a 3-mass% solution of
polystyrene (ALDRICH, average M,, = 280,000) in toluene. The final
solution (50 pl) was spin-coated onto an intrinsic crystalline Si wafer
with a 3-pum-thick thermal-oxide layer at 50 revolutions per second
for60s.

For QDs with the size 0f 23-30 nm, dispersed in the mixture (1:1)
of toluene (ACROS, 99.85% extra dry over molecular sieves) and
1,2-dichlorobenzene (ALDRICH, anhydrous, 99%), the dispersion of
QDswithaconcentration of about1 mg ml™was diluted by afactor 80
in mixture (1:1) of toluene and 1,2-dichlorobenzene. The solution was
further diluted by another factor of 100 in a 3-mass% solution of poly-
styrene (ALDRICH, average M,, = 280,000) in toluene. The final solution
(50 pl) was spin-coated onto anintrinsic crystalline Si wafer with a
3-um-thick thermal-oxide layer at 50 revolutions per second for 60 s.

For PLQY measurements. The colloidal dispersion (0.1 ml) was
drop-casted on a glass substrate for absolute PLQY measurement
through Quantaurus QY (C11347-11, Hamamatsu) at room temperature
and liquid nitrogen temperature (77 K).

The colloidal dispersion (0.1 ml) was drop-casted ona crystalline Si
wafer witha3-pm-thick thermal-oxide layer for relative PLQY measure-
ment through our p-PL set-up.

All the above-mentioned sample preparations were finished in a

glove box under an N, atmosphere.
Optical characterization. For single-QD spectroscopy, a custom-
built p-PL set-up was used. The samples were mounted on xyz nano-
positioning stages inside an evacuated liquid-helium closed-loop
cryostat (Montana Instruments) and cooled down to a targeted tem-
perature of 4 K. Single QDs were excited using a fibre-coupled exci-
tation laser, which is focused (1/e diameter = 2.4 pm) on the sample
by a microscope objective (NA = 0.8,100x). Typical power densities
used to excite single QDs were 0.36-5.7 ) cm ™. The emitted light was
collected by the same objective and passed through a dichroic mirror
(long-pass, cut-on wavelength 450 nm long-pass filter at 450 nm). A
monochromator coupled toan EMCCD (Princeton Instruments, 0.5-m,
1sbinning time) was used for spectra measurements. A single APD
(MPD, time resolution of 50 ps) mounted after the monochromator,
which accepts photons only from the exciton photoluminescence, was
used tomeasure TRPL traces. AHBT set-up witha50/50 beam splitter,
two APDs and a TCSPC Module (PicoQuant) was used for second-order
correlation (g?(r)) measurements. For g®(r) measurements, QDs were
excited with an excitation fluence of around 0.85 pJ cm™. To filter out
the biexciton emission, we used a tunable short pass filter (Semrock,
F35-559, cut-on wavelength was tunable between 496 nm and 565 nm).
Photoluminescence spectracanbe measured withagrating of 300 lines
per mm, blaze at 500 nm, giving around 1 meV spectral resolution or
with high spectral resolution (approximately 0.3 meV) by using agrat-
ing with 1,800 lines per mm and blaze at 500 nm. Polarization-resolved
spectra were measured under 1.5 pJ cm™ excitation, with a grating of
1,800 lines per mm, blaze at 500 nm and a linear polarizer in the col-
lection path with the rotatable axis.

AIMD simulations. Density functional theory simulations were per-
formed based on previously reported geometry optimized CsPbBr,
and CsPbBr,/CsCaBr; QD models* in vacuum (at least 1 nm on each
side). Electronic structure calculations and molecular dynamics
simulations were performed in CP2K (ref. 53) using the Quickstep mod-
ule with Gaussian and plane waves featuring a plane-wave cutoff of
300 Ry (ref. 54). We used DZVP-MOLOPT basis sets, Goedecker-Teter—
Hutter pseudopotentials®~’ and Perdew-Burker-Enzerhof exchange-
correlation functionals®®,

Molecular dynamics simulations were performed within the NVT
ensemble using a canonical sampling through velocity rescaling ther-
mostat® with a time constant of 15 fs at the respective temperatures
orinthe NVE ensemble after thermal equilibration. Molecular dynam-
ics trajectories of length 20 ps were simulated with 1fs or 10 fs
timesteps and at least the first 6 ps were considered as equilibration.
After equilibration, we quantified the localization of the highest occu-
pied molecular orbital (HOMO) wavefunction every 0.1 ps using the
cubefiles. Theinverse participationratio (IPR) of the associated prob-
ability density p(r) = |W(r)|> was obtained from

Jo(n)?dr

IPR= 5
([p(r)dr)

)

and then time-averaged along the trajectory. Simultaneously,
root-mean-squared displacement of the centre of mass of the
HOMO density from the QD centre of mass was obtained and then
time-averaged.

Time-dependent dephasing functions D(t, T) were obtained from
the optical response formalism®°

D(t, T)=e¢¢D ()]
whereg(¢, T) is the lineshape function
1 rt 7

gt 1= ?jo dg [ @, 1) 3)

which is obtained from C(1,, T) = (AE, om0 (T, T)AE omo(0, 7)), the
autocorrelation function of the HOMO energy fluctuation
AEomo(To, T) =Eomo(Ta T) — <Enomo(Ta, T)), where (...) denotes time-
averaging. More details are provided in Supplementary Information
section .

Simulation of photon statistics. Monte Carlo simulations of (multi-)
exciton emission and of the HBT experiments were performed in
Python using the pycorrelate package (https://github.com/trite-
mio/pycorrelate). Excitations were randomly created in the QD
with a Poissonian exciton number distribution characterized by its
mean number of excitations {(N). Exciton and multiexciton quantum
yields were set to 1because of the high PLQY of the samples and weak
confinement of large QDs. The generated stream of 0-4 photons
(higher excitations negligible) was then analysed in an HBT experi-
ment using a Monte Carlo approach yielding the arrival times on
the two detectors. To obtain the second-order correlation function
g?(1), we applied the pcorrelate function of the pycorrelate package
to the simulated photon arrival times. Note that the exclusion of
noise and losses would further weaken the anti-bunching because
of their Poissonian nature. More details are givenin Supplementary
Information section IV.

Data availability
The datasets generated during and/or analysed during this study are
available in a repository at the ETH Library (https://doi.org/10.3929/
ethz-b-000646273).


https://github.com/tritemio/pycorrelate
https://github.com/tritemio/pycorrelate
https://doi.org/10.3929/ethz-b-000646273
https://doi.org/10.3929/ethz-b-000646273

51.  Krieg, F. etal. Colloidal CsPbX; (X = CL, Br, I) nanocrystals 2.0: zwitterionic capping ligands
for improved durability and stability. ACS Energy Lett. 3, 641-646 (2018).

52. Bera, S., Behera, R. K. & Pradhan, N. a-Halo ketone for polyhedral perovskite nanocrystals:
Evolutions, shape conversions, ligand chemistry, and self-assembly. J. Am. Chem. Soc.
142, 20865-20874 (2020).

53. Kihne, T. D. et al. CP2K: an electronic structure and molecular dynamics software
package - Quickstep: efficient and accurate electronic structure calculations. J. Chem.
Phys. 152, 194103 (2020).

54. VandeVondele, J. et al. Quickstep: fast and accurate density functional calculations using
a mixed Gaussian and plane waves approach. Comput. Phys. Commun. 167, 103-128
(2005).

55. Goedecker, S., Teter, M. & Hutter, J. Separable dual-space Gaussian pseudopotentials.
Phys. Rev. B 54,1703-1710 (1996).

56. Hartwigsen, C., Goedecker, S. & Hutter, J. Relativistic separable dual-space Gaussian
pseudopotentials from H to Rn. Phys. Rev. B 58, 3641-3662 (1998).

57.  Krack, M. Pseudopotentials for H to Kr optimized for gradient-corrected
exchange-correlation functionals. Theor. Chem. Acc. 114, 145-152 (2005).

58. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient approximation made simple.
Phys. Rev. Lett. 77, 3865-3868 (1996).

59. Bussi, G., Donadio, D. & Parrinello, M. Canonical sampling through velocity rescaling.

J. Chem. Phys. 126, 014101 (2007).
60. Mukamel, S. Principles of Nonlinear Optical Spectroscopy (Oxford Univ. Press, 1995).

Acknowledgements We thank M. A. Becker, F. Krieg and N. Yazdani for their discussions. C.Z.,
M.1.B., T.S. and G.R. acknowledge funding from the Swiss National Science Foundation (grant
no. 200021192308, Q-Light - Engineered Quantum Light Sources with Nanocrystal Assemblies).
This project was also partially funded by the Horizon 2020 programme of the European Union,
through an FET Open research and innovation action under the grant agreement no. 899141
(PoLLoC), by the Air Force Office of Scientific Research and the Office of Naval Research under
award no. FA8655-21-1-7013 and by the Swiss National Science Foundation (grant no. 188404,
Novel Inorganic Light Emitters: Synthesis, Spectroscopy and Applications). Part of this work
was authored by the Alliance for Sustainable Energy, LLC, the manager and operator of the

National Renewable Energy Laboratory for DOE under contract no. DE-AC36-08G028308. The
views expressed in the article do not necessarily represent the views of the DOE or the US
Government. Calculations of the exciton level structure, radiative decay and connection to the
theory of superradiance using the k- p/effective mass theory were supported as part of the
Center for Hybrid Organic-Inorganic Semiconductors for Energy (CHOISE), an Energy Frontier
Research Center funded by the Office of Basic Energy Sciences, Office of Science in the US
Department of Energy. A.L.E. acknowledges the support of the Office of Naval Research. P.C.S.
thanks the Department of Applied Physics and Materials Science at the California Institute of
Technology for hosting him as a guest.

Author contributions C.Z. performed single QD spectroscopy under the supervision of
G.R. S.C.B. and L.G.F. performed the AIMD calculations. A.M., D.N.D. and M.I.B. synthesized
colloidal QDs and performed the structural characterization. R.F.M. and T.S. performed
ultrafast time-resolved photoluminescence studies in support of single QD spectroscopy.
P.C.S. performed k - p/effective mass theory calculations. A.L.E. contributed to the analytical
modelling of the temperature dependence of the lifetime. C.Z., S.C.B., PC.S. and G.R. wrote
the paper with the contribution of all co-authors. MV.K. and G.R. conceived the project and
supervised the work. All authors discussed the results and commented on the paper.

Funding Open access funding provided by Swiss Federal Institute of Technology Zurich.
Competing interests The authors declare no competing interests.

Additional information

Supplementary information The online version contains supplementary material available at
https://doi.org/10.1038/s41586-023-07001-8.

Correspondence and requests for materials should be addressed to Peter C. Sercel,
Maksym V. Kovalenko or Gabriele Raino.

Peer review information Nature thanks Juan Ignacio Climente and the other, anonymous,
reviewer(s) for their contribution to the peer review of this work.

Reprints and permissions information is available at http://www.nature.com/reprints.


https://doi.org/10.1038/s41586-023-07001-8
http://www.nature.com/reprints

17

Edge length (nm)

Sjuang

23+2nm

(w2}
™

Gz

7+1nm

N\ jeo

Edge length (nm)

9+1nm

8

Article

o o o o o
-

Sjuang

36

33
Edge length (nm)

30 £3 nm

_

Edge length (nm)

f, The TEM images and corresponding size distribution of the samples with mean edge

13+2nm
Edge length (nm)

Extended DataFig.1|Size characterization of the studied samples. a
lengths of ca.7nm, 9nm,13nm,16 nm, 23 nm, and 30 nm, respectively.



700

600

500

‘2 400

ps
w
o
o
1

Lifetime

N

o

o
1

100

T
2.36

T
2.38 2.40 242 2.44
Energy (eV)

Extended DataFig.2|Size-dependent exciton lifetime. Characteristic
size-dependentexciton lifetime asa function of the exciton energy, for various
single QDs (circles) and their mean value per QD batch (diamonds), respectively.
Errorbarsarestandard deviations. Theoretical curve (dashedline) is from

calculationwith £,=17 eV.



Article

a 5.4 nm
o -} B
S N N ?,. ‘
82 S W S O
DT /00 G o 0B @
T eleWs g¥a g
A AR AT
NV ook Ay
;’7*(, 3
5 P EINODAODo «-
g P X b nd s T
o LI LI ey T o
RPE 718 - 7 S S gl
RVANE ok AP a2 92 il WS
X g P RWOE ., Rh )
wavefunction delocalization with quantum dot size
b ¢ 1e-5 d
3K 150 K 2.00 1.5 ==NVT 61 = vt
175 & NVE & NVE
141 51
1.50 .
D' e - - 5 134 _ 4] 4
= = = = 3 125 & <
w@nud e g L = 3
- = 4 100 & o112 » 3
HOWSI» ewellen ® z
- = =S 075 O 1.1 5
’ L . 7
0.50 1.0 1
14
0.25
vz yz 0.9
0 10 50 100 150 10 50 100 150
Temperature (K) Temperature (K)
e f g
200 +
1.0+ 1.09 -4.6 °
>
0.8 0.8 - S 4] 150 1
06 0.6 o 5 10| =
= 8 ps < 100 1
2 04 2 044 o
0.2 02l | 150K 50 7
- [ J
0.0 T T T .-.-.':,:';;'-: 0.0 4 T T T T 0 T T T
0 100 200 300 400 500 0 100 200 300 400 500 0 50 100 150
Time (fs) Time (fs) Temperature (K)

Extended DataFig.3|Atomisticinsightinto electronic wavefunction
delocalization and dephasing in CsPbBr, quantum dots via abinitio
molecular dynamics at the DFT level of theory. a, The HOMO wavefunction
delocalizesacrossthe quantum dotandincreasesinsize asthe quantumdot
diameterincreases from1.8 nmto 5.4 nm.b, Representative snapshot of the
HOMO density at 3K (left) and 150 K (right) projected onto the y-z plane.
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thermally induced dynamic spatial fluctuations. Error barsindicate 95%
confidenceintervals. e-g, Phonon-induced electronic dephasingin CsPbBr;
QDs: the dephasing function D(t) related to the HOMO at (e) 3K and (f) 150 K,
respectively,is obtained from the temporal fluctuations of the HOMO energy
(seeinsets). g, The extracted pure-dephasing time t,strongly decreases with
increasing temperature.
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Extended DataFig. 4| Atomisticinsightinto electronic wavefunction
delocalizationin core/shell CsPbBr,/CsCaBr; quantumdotsviaabinitio
molecular dynamics at the DFT level of theory. a, The LUMO density localizes
onthesurface (edgesand corners) in models without surface passivation.

b, Cross-section of acore/shell CsPbBr,/CsCaBr; model revealingthe 2.4 nm
CsPbBr;core with asingle layer of CsCaPbsshell. ¢, LUMO (left)and HOMO
(right) wavefunctions of the core/shell model. Both states are fully delocalized
acrossthe core dueto electronic passivation by the shell. d, Representative
snapshot ofthe LUMO density at 3K (left) and 150 K (right) projected onto
they-zplane. e, Time-averaged inverse participationratio (IPR; degree of
localization) of the LUMO density at 3and 150 K, revealing thermally induced

localization. Error barsindicate 95% confidence intervals. f, Time-averaged
root-mean-squared displacement (RMSD) of the LUMO density center from
the QD centerat3and 150K, showing thermally induced dynamic spatial
fluctuations. Error barsindicate 95% confidence intervals. g-i, Phonon-induced
LUMO dephasingin CsPbBr; QDs: the dephasing function D(t) related to the
LUMO at (g) 3K and (h) 150K, respectively, is obtained from the temporal
fluctuations of the LUMO energy (seeinsets). i, The extracted pure-dephasing
time T,strongly decreases withincreasing temperature. j-1, Phonon-induced
band gap dephasing in CsPbBr; QDs, analyzed analogously to the LUMO results
in(g)-(i).
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Extended DataFig. 5|Fluence-dependentexciton lifetime. TRPL decay ofa discernable smalllifetime elongation under stronglaserillumination is
30 nm CsPbBr; (a) and CsPb(Br/Cl), (b) QD at different excitation fluences, attributed toalocal heating effectinduced by the laser spot.
respectively. The exciton lifetime is essentially fluence-independent. The
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Extended DataFig. 6| Temperature-dependent PLQY oflarge (30 nm) and
small (7 nm) CsPbBr;QDs. a,c, Evolution of the PLQY of an ensemble of 30 nm
and 7nm CsPbBr; QDs, respectively. The absolute PLQY was measured at 77K
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and projected to lower temperatures via therelative PLintensity ratio. Both
samples show over 90% PLQY at4 K.b,d, The PLspectraat4 Kand 77 K for the

two studied samples.
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Extended DataFig.7 | Excitonic optical transitionsin CsPbBr; QDs.
a, Predicted size dependent energy for the S-to-S (SS, black line) and P-to-P
(PP, redline) transitions. For the large 30 nm QD, the energy difference between

SSand PPamountsto ca.S5meV,i.e., muchlarger thanthethermalenergyat4K.
b, PLspectrum for large 30 nm QDs showing a sizeable biexciton binding
energyontheorderofca.14 meV.
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Extended DataFig. 8| Monte Carlo simulations of the photon statistics of
exciton (X) and biexciton (XX) emission. a, Relative intensity of Xand XX for a
mean number of excitons per pulse of <N>=0.1and 100% photoluminescence
quantumyield (PLQY) for both X and multiexcitons. b, Simulated g® of aphoton
stream following the photon statistics fromaattesting the absence of anti-
bunchingbehaviour. ¢,d Analogous simulation of photon statistics and g for
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<N>=1and100% PLQY for both X and multiexcitons approximately recovering
theintensity ratio and weak antibunching observed in our experiments.
e,fAnalogous simulation of photon statistics and g for <N>=1and 0% PLQY for
multiexcitons, attesting that simulations recover the anti-bunching that was
observed after filtering out the biexciton emission.
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