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ABSTRACT: Cesium lead halide perovskite quantum dots (PQDs)
have emerged as a promising new platform for lighting applications.
However, to date, light emitting diodes (LED) based on these
materials exhibit limited efficiencies. One hypothesized limiting factor
is fast nonradiative multiexciton Auger recombination. Using ultrafast
spectroscopic techniques, we investigate multicarrier interaction and
recombination mechanisms in cesium lead halide PQDs. By mapping
the dependence of the biexciton Auger lifetime and the biexciton
binding energy on nanomaterial size and composition, we find
unusually strong Coulomb interactions among multiexcitons in PQDs.
This results in weakly emissive biexcitons and trions, and accounts for low light emission efficiencies. We observe that, for
strong confinement, the biexciton lifetime depends linearly on the PQD volume. This dependence becomes sublinear in the
weak confinement regime as the PQD size increases beyond the Bohr radius. We demonstrate that Auger recombination is
faster in PQDs compared to CdSe nanoparticles having the same volume, suggesting a stronger Coulombic interaction in
the PQDs. We confirm this by demonstrating an increased biexciton binding energy, which reaches a maximum of about
100 meV, fully three times larger than in CdSe quantum dots. The biexciton shift can lead to low-threshold optical gain in
these materials. These findings also suggest that materials engineering to reduce Coulombic interaction in cesium lead
halide PQDs could improve prospects for high efficiency optoelectronic devices. Core−shell structures, in particular type-II
nanostructures, which are known to reduce the bandedge Coulomb interaction in CdSe/CdS, could beneficially be applied
to PQDs with the goal of increasing their potential in lighting applications.

KEYWORDS: perovskite, quantum dots, ultrafast dynamics, Auger recombination, multiexciton

The search for novel materials to serve as the platform
for optoelectronic devices has intensified in the past
decade. The goal is to find structures that will allow for

more efficient and environmentally friendly devices. In
particular, the search for sources of clean energy has stimulated
research on materials and architectures for next-generation
solar cells. On the same path, display technologies have
demanded higher efficiency LEDs with better color resolution.
In this context, hybrid and inorganic lead halide perovskites
have emerged as a promising new base material for
optoelectronics applications due to their outstanding photo-
physical and electronic transport properties.1−5

Following the results from bulk methylammonium lead
halide perovskite materials as the absorption layer in photo-
voltaic devices,1−4 the first synthesis of all-inorganic perovskite

nanocrystals was reported last year. The Cs-based perovskite
nanostructures reported by Protesescu et al. have shown
narrow photoluminescence (PL) spectra and high PL quantum
efficiency, and a bandgap that can be widely tuned upon the
substitution of the halide from Cl to Br and to I.6,7 These
results suggested that Cs-based perovskite nanocrystals could
be ideal for lighting applications such as the active layers in
LEDs. In fact, a low threshold for amplified spontaneous
emission has been recently reported for cesium lead halide
perovskite quantum dots, PQDs.8 Nevertheless, the first reports
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for PQD-based LEDs have shown poor performance, with
maximum external quantum efficiency, EQE, of about 0.1%.5,9

The low EQE for the PQD-based LEDs could be a result of
multiexciton interactions causing nonradiative decay due to
enhanced Auger recombination. In particular trion formation
could be an important effect that reduces the EQE in ligh-
emitting devices based on nanocrystals.
In a recent work, Makarov et al. reported on the multiexciton

interaction in PQDs showing properties distinct from Cd- and
Pb-based quantum dots.10 They showed that multiexciton
interactions in PQDs are about 1 order of magnitude stronger
than in Cd- and Pb-based nanostructures. Furthermore, the
universal volume-scaling of the biexciton Auger lifetime
previously observed for spherical nanoparticles of a number
of different compositions11,12 appears not to apply to PQDs.10

However, the results presented are limited to only few samples
(three sizes of CsPbBr3 and only one sample of CsPbI3 PQDs,
and another of mixed Br-I), and all of them with large sizes.
And, as hypothesized by these authors, the nonvolume scaling
of the biexciton lifetime may be explained by the fact that the
size of PQDs is comparable or larger than the exciton Bohr
radius: in other words, these nanoparticles are far from the
strong confinement regime.10 Conversely, CdSe QDs with
diameters as large as 9 nm follow the universal volume scaling,
even though their exciton Bohr radius is about 5.6 nm.13

Consequently, this hypothesis needs to be experimentally
verified. Furthermore, single particle spectroscopy at low
temperature performed by Raino ̀ et.al. demonstrated very fast
PL decay in nonblinking cesium−lead halide PQDs, and
emission intensity linearly dependent on the excitation power
even at high excitation densities, speculating that these
nanostructures are free from Auger recombination and that
multiexcitons are highly emissive.14 Meanwhile, single-particle
experiments at room temperature by Park et. al. have
demonstrated the presence of fast Auger recombination in
PQDs, with low biexciton emission quantum yield.15

To seek a clearer understanding of how the quantum
confinement influences the multiexciton interaction in this
particular class of quantum dots, we investigate, in the present
work, the multiexciton interaction in a series of PQDs having
various sizes that range from the weak to the strong
confinement regime for CsPbBr3 and CsPbI3 PQDs. We do
so by mapping not only their dynamics but also their spectral
signatures. In agreement with Makarov’s recent work,10 our
experimental results indicate a sublinear dependence of the
biexciton interaction, including its Auger lifetime, with the
volume for CsPbBr3 PQDs with dimensions beyond the Bohr
exciton radius (aB,Br ≅ 7 nm). We show that, for the CsPbI3 and
smaller CsPbBr3 PQD samples, the biexciton Auger lifetime
follows the same volume scaling (here represented by the
absorption cross section at 3.1 eV) observed for other colloidal
quantum dots, but, with a much higher Auger rate. For larger
PQDs (d > 7.0 nm), we observe strong composition
dependence for the Auger recombination, which becomes
slower for iodide PQDs as compared to bromide ones. Such
behavior may be explained by the difference in the confinement
regime for both compositions. The strong multiexciton
interaction in PQDs is also evidenced from the large biexciton
binding energy, which reaches a maximum of about 100 meV,
pointing to the promise for low-threshold amplified sponta-
neous emission in these nanomaterials, consistent with recent
report by Yakunin et al.8

RESULTS AND DISCUSSION
To map the size- and composition-dependence of multiexciton
interaction in these nanomaterials, we synthesized CsPbBr3
PQDs with bandgap energies varying from 2.44 eV (508 nm)
to 2.86 eV (434 nm), corresponding to more than 1 order of
magnitude change in volume (estimated length of the cubic
structure from 3.5 to 13.1 nm). For the CsPbI3 samples, the
range of sizes was more modest because very small nanocrystals
were unstable. For this case, samples with band gap varying
from 1.80 eV (690 nm) to 1.94 eV (640 nm) were synthesized,
corresponding to a change in volume by a factor of nearly 5.
For comparison, a CdPbBr1.5I1.5 PQDs sample was also
investigated in these studies. Figure 1 shows examples of the

linear absorption and photoluminescence spectra for some of
the investigated samples together with one TEM image. Other
examples of TEM images for the studied samples are shown in
Figure S1. For the investigated samples, the Stokes shift is
estimated to be about 80 meV, this value tends to increase to
nearly 100 meV for smaller nanoparticles.
To measure the multiexciton dynamics, we performed

ultrafast transient absorption experiments for which the
excitation was selected at 3.1 eV and the probe was selected
near the first absorption peak. For each sample, the pump
intensity was varied by more than 1 order of magnitude, from a
density of ⟨N⟩ ≅ 0.1 to ⟨N⟩ ≥ 5.0 photons absorbed per PQD.
Figure 2 shows an example of the measured transient
absorption for a CsPbI3 sample, for which a fast decay
component of about 100 ps emerges as the pump intensity
increases. In order to ascertain whether the 100 ps decay
component is from biexcitons, and rule out the influence of
trions, we have used Poisson statistics to analyze our results at
early times (before Auger recombination eliminates the
multiexcitons) and for long delays, when only single excitons
are left in the PQD. If we let the number of absorbed photons
per PQD, ⟨N⟩ = ⟨N⟩Photonsσ3.1eV (where ⟨N⟩Photons is the average
number of photons, per area, per excitation pulse and σ3.1eV is
the absorption cross section measured at 3.1 eV), follow
Poisson statistics, then once 500 ps have elapsed, due to Auger
recombination for multiple excitons, each excited PQD is
expected to be left with only one exciton (see SI for details).
From this starting point we then fit the long delay magnitude
(B, measured at 500 ps) as a function of the density of photons
per pulse by B = B0(1 − exp(−⟨N⟩Photonsσ3.1eV)), where B0 is the
B saturation magnitude. We also fit the magnitude of the fast

Figure 1. Examples of absorption and photoluminescence spectra
for CsPbX3 PQDs samples. The inset shows, as an example, one of
the TEM images for the CsPbBr3 PQDs sample.
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component which corresponds to an absorption bleach in the
PQDs with at least two excitons: A = A0(1 − exp-
(−⟨N⟩Photonsσ3.1eV)(1 + ⟨N⟩Photonsσ3.1eV)). When the fast
component originates exclusively from biexcitons, the Poisson
statistics described above should fit the excitation dependence
of A and B using the same value for σ3.1eV. The inset in Figure
2a shows both fittings for the early and late times, resulting in
σ3.1eV = (7.5 ± 0.8) × 10−15cm2.
To calculate σ3.1eV, we have also measured the pump

dependence of the transient photoluminescence using a time-
correlated single photon counting (TCSPC) system with
resolution of about 100 ps. For this experiment, excitation
was chosen at either 3.1 eV (for the bromide and some of the
iodide samples) or 2.3 eV (for most of the iodide samples) in
order to minimize the influence of possible photoionization.
The details are provided in full in Figure S3 in the SI.
Size Dependence of Auger Recombination. Figure 3a,b

shows the multiexciton dynamics for a series of CsPbBr3
(Figure 3a) and CsPbI3 (Figure 3b). In order to isolate the
contribution from the multiexcitons dynamics on the high
intensity scans, we subtract the single exciton contribution
obtained from the lowest intensity scan (typically, for
intensities such as ⟨N⟩ ≈ 0.1), for which multi photon
absorption, and the consequent multiexciton generation, is
negligible. From those results, we can see that for more than
90% of the signal the dynamics follow a monoexponential
decay, indicating that only a small fraction of the sample may
have trion formation. We conclude that the presence of trions
will influence the results by less than 10%. For some samples, at
high excitation flux (⟨N⟩ ≥ 5.0) we observe an increased
influence of a slower decay mechanism, which is suggestive of
further trion formation (see Figure S4 in the SI). In contrast to
our findings, Makarov et al. have found substantial trion
formation.10 In their experiments, the excitation was chosen at
3.6 eV, higher than the 3.1 eV used in this current work. For
lead chalcogenide quantum dots, it has been shown that the
higher the exciting photon energy, the higher the probability of

photoionization.16 Assuming that photoionization occurs as a
tunneling process as described in refs 16 and 17, we expect the
same trend to be true for PQDs, explaining the difference
observed in the dynamics. From Figure 3a,b, it can be seen that
the biexciton Auger recombination is faster for smaller PQDs.
To understand the size influence on the biexciton dynamics,

we compare the biexciton Auger lifetime for all samples as a
function of the nanoparticle cross section as shown in Figure 4.
We have found that the size distribution for some of the smaller
PQDs, as measured using TEM, was too large to obtain a
meaningful nanoparticle size, in view of limited-quality TEM
images acquired from these samples. Therefore, we chose to
use the absorption cross section at 3.1 eV (σ3.1eV) instead of the
volume measured by the TEM, as a measure of the
nanomaterial size. Because of size inhomogeneity and possibly
agglomeration of PQDs on the TEM grid, it is possible that the
average size of the PQDs observed in the TEM images does not
correspond to the average size of the samples probed using
transient absorption and transient PL experiments, as
previously observed in PbSe nanorods.18 For the samples
from which we were able to obtain high quality TEM images,
we observe a linear trend between volume and σ3.1eV (see
Figure S2). Consequently, plotting the biexciton Auger lifetime
as a function of σ3.1eV reflects its volume dependence. As can be
seen in Figure 4, the results obtained here agree with the
previously reported by Makarov et al., showing that for large
bromide PQDs, the biexciton decay depends sublinearly on the
PQD volume.10 Fitting the power dependence for the largest

Figure 2. Transient absorption measurement for CsPbI3 PQDs with
absorption at 670 nm (emission at 690 nm). The data show the fast
component emerging due to the Auger recombination of
biexcitons. The inset shows the dependence on the pump intensity
of the long delay amplitude (black squares) and of the fast
component amplitude (red circles) fit to the Poisson distribution to
the single exciton and biexciton population, respectively. ⟨N⟩Photons
is the number of photons per pulse per cm2 and ⟨N⟩ =
⟨N⟩Photonsσ3.1eV is the average number of photons absorbed per
PQD.

Figure 3. Biexciton dynamics for three samples of (a) CsPbBr3
PQDs and (b) CsPbI3 PQDs showing the size dependence of the
Auger recombination lifetime. To isolate the biexciton dynamics we
subtract the contribution from the single exciton obtained from the
lowest pump intensity scan, ⟨N⟩ ≤ 0.2.
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bromide PQDs, we obtain τXX ∝ V(0.38±0.04), which is close to a
linear dependence with the nanoparticle edge length. In fact, if
we consider only the very large samples, the biexciton Auger
lifetime appears to saturate at around 40−50 ps. This behavior
is distinct for spherical or for cubic nanoparticles; however, a
similar subvolumetric dependence of the Auger lifetime has
been previously observed in PbSe and CdSe nanorods.18,19 In
those cases, this behavior has been attributed to a bimolecular
Auger interaction, a two-body process in which each exciton is
formed in a different portion of the nanomaterial.19 The reason
for such behavior in PQDs could be the weak confinement
regime for nanomaterials in which the edge length d is larger
than the exciton Bohr radius. This hypothesis can be verified if
we consider only bromide PQDs with σ3.1eV ≤ 2 × 10−15 cm2.
In this case, the dependence with volume follows τXX ∝
V(0.93±0.06), approaching the linear dependence observed for
CdSe or PbSe quantum dots. It is interesting to point out that,
according to the fitting for volume vs σ3.1eV in Figure S2, σ3.1eV =
2 × 10−15 cm2 corresponds to CsPbBr3 PQDs with average
edge length of d ≅ 7.1 nm, which is close to the expected
exciton Bohr radius for CsPbBr3.

6 Iodide PQDs have a larger
exciton Bohr radius (aB,I ≅ 12 nm),6 and the strong
confinement regime can be achieved at larger PQDs sizes. In
fact, for most of the CsPbI3 measured samples, Auger lifetime
scales linearly with the cross section (volume). Only for the
sample with the largest iodide nanomaterials, the linear trend
appears not to be valid. Fitting only the data for the iodide
samples in Figure 4, we obtain τXX ∝ V(0.99±0.08).
From our data, it can be noted that for larger PQDs, there is

a dependence of the biexciton dynamics on nanomaterial
composition. We observe that the composition dependence of
τXX vanishes for small sizes and, to a good approximation, we
can fit the dependence of τXX on σ3.1eV with one single linear fit
for all iodide samples and all the bromide ones with σ3.1eV ≤ 2
× 10−15 cm2 (black line in Figure 4). Continuing our analysis,
considering the data from ref 10 for the iodide PQD, together
with the largest iodide sample measured here, we find that the
dependence of the τXX on the absorption cross section becomes

sublinear for nanomaterials with σ3.1eV ≈ 10 × 10−15 cm2. This
corresponds to an edge length of d ≅ 12.2 nm, which agrees
well with the exciton Bohr radius of iodide perovskites, aB,I ≅
12 nm.6 This reinforces that the sublinear behavior is the result
solely from the weak confinement regime. Finally, we have
measured one size of the mixed CdPbBr1.5I1.5 PQDs which
results in the same biexciton lifetime as was measured in ref 10.
This suggests that mixed halide PQDs also exhibit sublinear
dependence of the biexciton lifetime in the weak confinement
regime. Assuming the same volume dependence of τXX for the
mixed-halide PQDs as for the iodide and bromide, we find the
threshold for the sublinear dependence to be σ3.1eV ≈ 4 × 10−15

cm2. This corresponds to d ≅ 9.0 nm, which is close to the
expected exciton Bohr radius for the mixed halide PQDs of
aB,BrI ≅ 9.5 nm. However, at this point, this assumption is
merely speculative and more data would be necessary to verify
it. The change on size dependence for τXX observed for PQDs
when moving from strong to the weak confinement regime is
more pronounced than in other nanomaterials, such as CdSe
QDs, for which the universal volume-scaling is observed up to 9
nm diameters11 despite entering the weak confinement regime
(aB,CdSe ≅ 5.6 nm).
In accordance with what was previously observed,10 when

compared to CdSe or PbSe quantum dots, and comparing
similar volumes, we find that PQDs have a much stronger
multiexciton interaction, resulting in τXX about 1 order of
magnitude faster. When comparing the relation between σ3.1eV
and the volume for PQDs and CdSe QDs, it has been seen that
the cross section for CdSe is also nearly 1 order of magnitude
larger than for PQDs with the same volume. When comparing
the biexciton Auger lifetime for PQDs and CdSe as a function
of σ3.1eV, we find a surprisingly good agreement (gray dashed
line in Figure 4 represents the dependence for CdSe quantum
dots and it is taken from the best fit of the data from ref 20).
Consequently, the data show that, in the strong confinement
regime, the dependence of the Auger recombination on the
absorption cross section in PQDs is the same as in CdSe
quantum dots whose volume is about five times larger. In other
words, we suggest that, in cesium lead halide PQDs, differently
form other QDs structures, the excitons are generated in an
effective excitonic volume that is much smaller than their actual
volume.
The efficient Auger interaction observed in this class of

materials results in weakly emitting multiexcitons. In fact, taking
into account the PL lifetime measured for the bromide (from
about 4.6 to 6.3 ns) and for iodide (from 10 to 13 ns) PQDs,
we can estimate the biexciton PL quantum efficiency by

= τ
τ

QY QY4XX X
XX

PL
. From our ensemble measurements, we

obtain for all CsPbBr3 samples ≤ 0.02QY
QY

XX

X
, while for the

CsPbI3 samples ≤ 0.04QY
QY

XX

X
. These numbers are in agreement

with recent results from single particle spectroscopy which
indicated a maximum ratio between QYXX and QYX of about
6%, which is achieved for iodide samples.15 On the other hand,
our results contradict the recent low-temperature single particle
studies that suggests that multiexcitons are highly emissive in
bromide PQDs.14 The PL lifetime measured at low temperature
in ref 14 is close to the value obtained due to the presence of
ionized samples in our ensemble measurements for bromide
PQDs with similar average sizes.

Biexciton Binding Energy. On the basis of the strong
biexciton interaction observed in the dynamics, we further

Figure 4. Biexciton Auger lifetime as a function of the absorption
cross section at 3.1 eV for CsPbBr3, CsPbI3, and CsPbBr1.5I1.5
PQDs. The open symbols are data from ref 10. The full blue line is
the sublinear fit to the CsPbBr3data for samples with cross section
above σ3.1eV = 2 × 10−15 cm2. The dotted blue and red lines are
power dependence fit to the smallest CsPbBr3 and CsPbI3,
respectively, showing nearly linear dependence, which is shown
in the full black line. The dashed gray line is the biexciton lifetime
dependence with σ3.1eV for CdSe quantum dots.20,21
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investigated the strength of the multiexciton interaction in
PQDs by measuring the biexciton interaction energy, ΔXX. This
can be obtained in the multiexciton regime from the spectral
shift of the photoluminescence in time. We have collected the
temporal and spectrally resolved photoluminescence at low
excitation levels with only single excitons present, and at high
excitation levels (typically, ⟨N⟩ ≅ 2), to warrant the presence of
biexcitons. As shown in Figure 5a−d, we resolve the biexciton
shift, which emerges as a signal convolved with the system
response of about 100 ps. The size dependence of the biexciton
shift is evident when we compare Figure 5a−c for bromide
PQDs with different cross sections. To calculate ΔXX, we
decompose the zero delay PL signal on the contribution from
the biexciton and the single exciton extracted from the low
excitation density scan (Figure 5d), and from the long delay of
the high energy scan, as it is shown by the shaded area in Figure
5e. The summary of the measured biexciton binding energy for
several sizes is shown in Figure 5f. As the PQDs gets smaller,
ΔXX increases, approaching 100 meV for iodide and bromide
PQDs. This shift is about three times larger than the maximum
shift observed for CdSe QDs,21 confirming our results from the
time-resolved experiments that indicates strong Coulomb
interactions in PQDs. Our results suggest that ΔXX reaches
the maximum value for bromide PQDs when σ3.1eV ≅ 2 × 10−15

cm2. For smaller sizes, we observe a small reduction on the
biexciton shift. It is interesting to point out that the maximum
value for the biexciton binding energy for bromide PQDs is
achieved at similar sizes for which we observe the changing
from the weak to the strong confinement regime (Figure 4).
Similar trends have been observed for CdSe QDs21 and were
assigned to the repulsive Coulomb electron−electron and
hole−hole interactions, which increases in the smaller sizes.21

In the current work, the saturation of the biexciton binding
energy is reached at significantly larger sizes (∼7 nm for

bromide PQDs compared to ∼3 nm for CdSe21), reinforcing
that the Coulombic interaction in perovskites is stronger than
in CdSe QDs. Strong biexciton interaction, similar to the one
found in PQDs, has been previously observed from optical gain
experiments in organic−inorganic hybrid perovskite quantum-
wells.22 In fact, the large biexciton binding energy observed for
PQDs is expected to reduce the threshold for amplified
stimulated emission, as recently reported by Yakunin et al.8

Nanomaterial band engineering aiming to reduce Auger
recombination without reducing the binding energy, as shown
for CdSe/CdS core/shell heterostructures, if successfully
applied to PQDs, can make these nanostructures a promising
material for lasing applications, in particular, electrically
pumped QD-based lasers.
The three largest bromide PQDs samples shown in Figure 5f

have a clear trend of reducing the biexciton binding energy with
the increased cross section. It is interesting to note that the two
largest PQDs, which are on the weak confinement regime, have
similar biexciton shift, ΔXX = 40 meV. This value is close to the
biexciton binding energy measured for CsPbBr3 nanowires in
the weak confinement regime23 and it approaches the exciton
binding energy for bulk CsPbBr3.

6 However, it is still larger
than the biexciton binding energy expected for bulk CsPbBr3,
which is below 10 meV.23 Following the same trend, for the
iodide samples, we would expect that for those nanoparticles
the limit for the biexciton binding energy would be close to 20
meV, the expected bulk value for the exciton binding energy.
Indeed, the biexciton binding energy measured for the iodide
PQD in the weak confinement regime is 23 meV, close to the
expected value. A similar trend has been previously observed in
CdSe QDs in the weak confinement regime, where ΔXX would
approach the bulk exciton binding energy rather than the
biexciton binding energy.21

Figure 5. Temporally and spectrally resolved photoluminescence at high excitation density measured for three samples of CsPbBr3 PQDs (a,
b, and c). A scan at low excitation density for the same sample in (a) is shown in (d). The intensity in panels a, b, c, and d, is plotted in log-
scale. The biexciton binding is extracted from the difference between the high and low excitation density at the short delay spectra (∼100 ps)
as shown by the shaded area in (e). In (f), we show the size dependence of the biexciton binding energy for CsPbBr3 and CsPbI3 PQDs. The
biexciton binding energy data for CdSe is taken from ref 21 and plotted versus the cross section with the cross section calculated from ref 20.
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These results, all taken together, indicate that, in cesium lead
halide perovskites nanoparticles, the Coulomb interaction is
stronger than in other semiconductor nanostructures. This
could favor Coulomb assisted processes, in particular, impact
ionization, resulting in high-efficiency carrier multiplication
(CM).24−26 Nevertheless, recent results from Makarov et al.
have shown that no CM can be measured in PQDs for photon
energy below 2.65Eg, which is similar to the behavior already
observed in other nanomaterials.10 This suggests that CM is
not enhanced in PQDs despite the increased Coulomb
interaction at the band edge. The opposite behavior has been
observed in PbSe nanorods, for which the Auger recombination
is slower than PbSe quantum dots, but the CM efficiency is
enhanced compared to the spherical nanoparticles.18,27 This
behavior has been explained based on the interplay between the
bimolecular Auger behavior19 and on the predicted enhanced
Coulomb screening in nanorods at high energy levels.28 The
results observed for PQDs cannot be explained by those
arguments, suggesting the need for further experimental and
theoretical analysis to completely understand the peculiar
multiexciton interaction in PQDs. According to the model of
competing decay channels proposed by Stewart et al.,24

stronger Coulomb interaction should decrease the electron−
hole pair creation energy, and this will affect the CM slope more
than the threshold. Consequently, in order to determine
whether CM is influenced by strong Auger recombination in
PQDs, CM studies need to be performed at higher photon
energy, that is, for ℏω ≥ 3Eg.

CONCLUSIONS

In conclusion, this work describes how quantum confinement
influences the multiexciton interaction in cesium−lead halide
perovskite by investigating quantum dots with more than 1
order of magnitude variation in volume. When compared to
CdSe quantum dots, the biexciton Auger lifetime in PQDs is
nearly 1 order of magnitude faster than their CdSe counterparts
with similar volume.10 However, when compared in terms of
the absorption cross section, we find a surprisingly good
agreement on the biexciton lifetime for both materials at the
strong confinement regime. This suggests that, in PQDs, the
exciton and the biexciton experience an excitonic volume
smaller than the actual physical volume. Furthermore, we have
shown that the sublinear dependence of Auger lifetime with
volume is the result of the weak confinement regime and that
the linear dependence is reached as the nanoparticles are
smaller than the exciton Bohr radius. The strong multiexciton
interaction and its dependence on the PQD volume are also
observed in the biexciton binding energy, which reaches values
of about 100 meV, which is three times higher than the
maximum observed in CdSe quantum dots.21 The large
biexciton shift observed in PQDs could favor low-threshold
amplified stimulated emission at those wavelengths, turning
those materials interesting for lasing applications. On the other
hand, the fast Auger recombination results in poorly emissive
multiexcitons, which is detrimental to PQD-based lighting
devices such as LEDs. Further studies to better comprehend
the multiexciton interaction and to engineer novel perovskite
based heteronanostructures, such as type-II core−shell, with
controlled Auger recombination, are necessary in order to
pursue highly efficient optoelectronic devices based on PQDs.

METHODS
Sample Preparation. Samples investigated in this work were

synthesized following Protesescu et al.6 In brief, the reaction is carried
out in two steps: first, by solubilizing PbBr2 and/or PbI2 in oleic acid
and oleylamine, with 1-octadecene as a noncoordinating solvent;
second, the previously prepared cesium oleate solution is injected to
PbX2 mixture at temperatures between (140−200 °C) resulting in
perovskite quantum dots. For all spectroscopic measurements, the
samples were dispersed in hexane and loaded in sealed 1 mm
spectroscopy grade quartz cuvettes. For all samples, the concentrations
were adjusted to have an optical density at the first absorption peak of
about 0.2. Sample degradation during the optical experiments was
ruled out by measuring the absorption and PL before and after the
experiments. The samples investigated in this work have shown
imperceptible changes during the experiment, indicating that they
were stable over the duration of the experiments.
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