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Both semiconductor nanocrystals and organic molecules are important photofunctional materials for an array of applications. It is
interesting to examine the intermediate regime between these two families, which can be interpreted as the strong-confinement
limit of the nanocrystals or alternatively as the large-size limit of molecules. Here, we choose Cd;P, magic-size clusters (MSCs)
as a unique platform and apply time-resolved spectroscopy to investigate their spectral and dynamic properties. We find that
these small clusters display molecular-like vibronic progression on their absorption and emission spectra and a large Stokes shift,
which leads to well-separated transient absorption bleach and stimulated emission signals distinct from typical nanocrystals. On
the other hand, such small size MSCs can still accommodate biexciton states, and the strongly enhanced Coulombic interactions
lead to very fast dephasing of the biexciton resonance as well as rapid biexciton Auger annihilation (1.5 ps). Further,
temperature-dependent measurements provide evidence for the transformation of band-edge excitons to localized excitons, with
the localization likely driven by the softened lattice in these small-size clusters. These collective results demonstrate that
strongly-confined nanoclusters indeed bridge the gap between nanocrystals and molecules, and can be a unique library to search

for exotic excited state properties.
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1 Introduction

Semiconductor nanocrystals (NCs) are nanometer-scale
materials exhibiting a plethora of attractive optical and
electronic properties due to their quantum confinement effect
[1,2]. Enabled by these properties, NCs have broad appli-
cations ranging from solar-energy conversion and light-
emitting devices to biomedical diagnosis and therapeutics
[3—6]. The fundamental photophysics of primary quasi-par-
ticle excitations in these materials, such as carriers and ex-
citons, have also been well established and connected to their
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optoelectronic properties [1,7,8]. For example, strong car-
rier—carrier or exciton—exciton interactions are a typical
signature of quantum-confined NCs, resulting in rapid non-
radiative multicarrier or multiexciton Auger recombination
that has become a major hurdle to their many applications
mentioned above [9]. On the other hand, with the exception
of charge-separated or defect-dominated NCs [10] or NCs
featuring soft lattices [11], electron—phonon coupling is
usually weak in NCs due to their rigid inorganic lattices and
fully delocalized electron wavefunctions [12]. This is in di-
rect contrast to another class of important photofunctional
materials, molecules, for which strong vibronic coupling and
nonadiabatic dynamics are their common features.
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Nanoclusters with sizes typically smaller than 2 nm re-
present intermediate materials between NCs and small mo-
lecules [13]. Unlike NCs that inevitably show
heterogeneities in their size and/or shape in an ensemble,
these clusters often possess atomically-precise structures
strongly resembling molecules. Indeed, molecular-like dis-
crete electronic levels and strong vibronic coupling have
been identified for atomically-precise metal clusters [14,15].
Parallel to metal clusters, semiconductor clusters termed
magic-size clusters (MSCs) have also been developed [16—
18]. Many studies in the past decades have been devoted to
studying the formation and evolution of MSCs in colloidal
synthesis, such as to better understand and control the nu-
cleation and growth of colloidal NCs [19-23]. By contrast,
the spectral and dynamic properties of these MSCs remain
largely underexplored. A recent study found a large tem-
perature-dependent band gap shift in (CdSe);; MSCs [24],
revealing a strong interaction between excitons and phonons
in these materials.

Here, we present a comprehensive spectroscopic study on
II-V group Cd;P, MSCs. The bulk bandgap of Cd;P, is
0.55 eV, and therefore the Cd;P, MSCs with an optical gap at
450 nm (2.755 eV) is situated in the extremely strong con-
finement regime. Meanwhile, the visible optical gap allows
us to study their transient spectra and dynamic properties
using a suite of steady-state and time-resolved spectroscopic
tools, under varying pump-fluence or temperature condi-
tions. Unlike previous studies on metal clusters or doped
MSC:s focusing on the size-dependent evolution of electronic
properties [25,26], here, we find that Cd;P, MSCs simulta-
neously accommodate both NC and molecular behaviors. We
therefore provide evidence that strongly-confined MSCs
represent an intermediate state of matter between NCs and
molecules.

2 Results and discussion

2.1 Steady-state and transient spectra

We synthesized Cd;P, MSCs using a thermodynamically
driven method reported in the literature [27], with details
provided in the Supporting Information (SI). The transmis-
sion electron microscopy (TEM) image shows that these
MSCs have a diameter of ~2 nm (Figure S1), but this is just
an upper limit as we cannot exclude the aggregation of these
MSCs upon the deposition onto substrates and irradiated by
electron beams [28-30]. Further structural, elemental and
chemical characterizations of these MSCs can be found in
ref. [27]. The bulk Bohr diameter of Cd;P, is ~40 nm [31—
34], and therefore, these MSCs are indeed situated in the
limit of very strong quantum confinement, as their size is
much smaller than the natural length scale of the excitons in
Cd;P,.
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The room-temperature absorption and photoluminescence
(PL) spectra of as-synthesized Cd;P, MSCs dispersed in
hexane are presented in Figure 1a. The band edge absorption
peak located at ~450 nm (~2.755 eV) is fairly narrow, with a
full width at half maximum (FWHM) of ~15 nm (~0.1 eV),
and is almost completely isolated from the higher-energy
absorption features. Such a clean isolation of the lowest
absorption peak has been rarely observed in the absorption
spectra of typical colloidal NCs, but is typical for small
molecules. The room-temperature PL spectrum also shows a
sharp peak centered at ~458 nm (~2.707 eV), with a FWHM
nearly identical to that of the absorption peak. The large
Stokes shift (~47 meV) of the band-edge emission indicates
that the nuclei strongly are re-organized in the photoexcited
state. In addition, the absorption and PL peaks is symme-
trically broadened towards short and long wavelengths, re-
spectively. Such a mirror symmetry is reminiscent of the
vibronic progression observed for molecules.

We further carried out femtosecond transient absorption
(TA) measurements of Cd;P, MSCs at room temperature to
reveal their excited-state spectral properties; see supporting
information for experimental details. Figure 1b displays a
typical TA spectrum monitored at a pump-probe delay time
of 0.4 ps following a near-resonance excitation (440 nm)
with a pump fluence of ~11 pJ cm °. Detailed spectral evo-
lution will be discussed below; here we focus on the early-
time TA spectral shape. The TA spectrum consists of strong
bleach and red-side and blue-side photoinduced absorption
(PIA) features encompassing the bleach feature. Compared
with the ground-state spectra, we find that the bleach is red-
shifted from the ground-state absorption peak and can be
decomposed into an exciton bleach (XB) feature and a sti-
mulated emission (SE) feature. This is a clear distinction
from NCs for which a SE feature has been rarely observed in
the single-exciton regime due to (1) the similar energy of
single-exciton absorption and emission, and (2) the small
energy difference between ground-to-exciton and exciton-to-
biexciton transitions [9]. Thus, the simultaneous presence of
XB and SE features observed in Cd;P, MSCs strongly re-
sembles a molecular behavior.

For NCs, the PIA feature on the red-side of XB is typically
very weak and is attributed to the exciton-to-biexciton
transition being slightly red-shifted from the ground-to-ex-
citon transition, with the shift corresponding to the biexciton
binding energy [9] (see Figure S4 for representative data for
a sample of Cd;P, NCs). On the other hand, the blue-side
PIA of NCs is typically associated with the shift of higher-
energy exciton features. Herein, however, the absence of
high-energy excitons near the lowest exciton rules out this
possibility. Therefore, both red- and blue-side PIAs are as-
sociated with the lowest exciton transition. A straightforward
interpretation is a strong broadening of the excited-state
absorption (ESA) in the presence of an exciton. Because this
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Figure 1 Steady-state and transient spectra of Cd;P, MSCs. (a) UV-vis absorption (red solid line) and photoluminescence (PL; blue shaded curve) spectra
of Cd;P, MSCs dispersed in hexane at room temperature. The PL was collected with 350 nm excitation. (b) Transient absorption (TA) spectrum (purple
shaded curve) of Cd;P, MSCs monitored at a pump-probe delay time of 0.4 ps following 440 nm pump with a fluence of ~11 pJ cm 2. The exciton bleach
(XB), stimulated emission (SE) and exciton-to-biexciton (X—XX) absorption features obtained from spectral decomposition are also plotted. The fitted TA
(green solid line) represents the sum of the three decomposed spectra, which strongly resembles the measured TA spectrum (purple shaded curve) (color

online).

ESA is still centered around the exciton feature, we attribute
it to the exciton-to-biexciton transition. To obtain the spec-
trum of this transition, we perform a spectral fit to the ex-
perimental TA spectrum. We represent this transition using a
single Gaussian band, and we further scale the steady-state
absorption and PL peaks to obtain their contributions to the
XB and SE features, respectively, on the TA spectrum. By
adding the spectra of these three species together, we can fit
the experimental spectrum, with the scaling coefficients for
the absorption and PL peaks and the width (FWHM) of the
exciton-to-biexciton Gaussian band as fitting parameters.
The fitting spectrum closely resembles the experimental one,
although there are subtle features not being captured by this
simple spectral decomposition. Through this fit, we find that
the exciton-to-biexciton transition has a FWHM of 0.28 eV,
corresponding to a dephasing time of ~5 fs. Such rapid de-
phasing indicates strong Coulombic scattering between ex-
citons, which is induced by the extreme confinement in these
Cd;P, MSCs. Dephasing induced by exciton—exciton scat-
tering was previously found for a variety of low-dimensional
systems featuring strong Coulombic interactions, including
epitaxial quantum wells [35,36], semiconducting carbon
nanotubes [37,38] and more recently monolayer transition-
metal dichalcogenides [39-41]. However, scattering-induced
broadening in these materials was typically smaller than 10
meV even at their highest excitation densities. The much
stronger broadening observed here can be attributed to the
exceptionally high exciton densities accessible in our Cd;P,
MSCs. Assuming a spherical particle with a diameter of
2 nm (volume of 4.2x 107 cm3), putting two excitons into a
particle would result in an exciton density of ~5x 10 cm ™.

2.2 Exciton relaxation dynamics

TA measurements provide access to not only transient

spectra but also ultrafast evolution of photoexcited states of
Cd;P, MSCs. Figure 2a presents the group-delay-corrected
two-dimensional (2D) TA spectrum within 2 ns. We have
briefly analyzed the above TA spectrum at 0.4 ps; here, we
further investigate the full-spectral time evolution by glob-
ally fitting the data using a sequential kinetic model of re-
laxation (see supporting information for details). This model
allows us to extract relevant kinetic time constants and as-
sociated species spectra. The simulated 2D spectrum is
presented in Figure 2b, which is in quantitative agreement
with the experimental spectrum in Figure 2a. The high
quality of the global fit is also confirmed by the good match
between experimental and simulated TA spectrum at in-
dicated time or kinetic traces plotted at several representative
wavelengths (Figure S2). The extracted species spectra and
their corresponding dynamics are plotted in Figure 2¢ and
2d, respectively. We find that at least 4 species are required in
the simulation to reproduce the experimental 2D spectrum.
The first two species (S, and S,) have in general a similar
spectral shape, which has been assigned to a superposition of
an XB feature, a SE feature and a broadened exciton-to-
biexciton absorption feature. Based on this spectral shape
and pump-intensity-dependent experiments as presented
below, we assign S, to the single-excitons and S; to a mixed
population of single-excitons and biexcitons, and the 1.5 ps
lifetime of S, is related to biexciton Auger recombination
(see below). The close similarity between the spectra of S,
and S, suggests that the relative population of biexcitons
compared with excitons is small at this pump fluence.

S, (i.e., band-edge single-excitons) decays in 13 ps to form
S; whose bleach feature is considerably weaker in the red
regime than that of S,, indicating that the SE feature is absent
in S;. In addition, the broad exciton-to-biexciton absorption
is strongly suppressed for S;. These results suggest that S; is
no longer a band-edge exciton in Cd;P, MSCs and is tenta-
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Figure 2 Global analysis of the TA spectra of Cd;P, MSCs. (a, b) Experimental (a) and simulated (b) 2D TA spectra of Cd;P, MSCs following excitation at
440 nm of 11 puJ cm ” at room temperature. The simulation was based on a sequential decay kinetic model. (c, d) Normalized transient species spectra (c) and
their corresponding dynamics (d) obtained from global fit. There are four species S,, S,, S; and S, with corresponding lifetimes of 1.5 ps,13 ps,102 ps and
>3 ns, respectively. Note that the spectra in (c) are scaled by appropriate factors in order to better compare their spectral shapes. In (d), the femtosecond
fluorescence upconversion (FUC) kinetics of the band-edge emission at 460 nm is also plotted for comparison (open circles), which is consistent with the

decay of S, (color online).

tively assigned to a localized exciton species. Note here we
define the band-edge exciton as the one that is fully delo-
calized in the whole cluster with the exciton energy matching
the optical gap of this material, whereas the localized exciton
is a species that is located at a site either inside the cluster or
on the surface, and its energy is strongly renormalized due to
a large reorganization energy associated with the change in
the nuclear coordinates. This is further supported by our
time-resolved PL measurements of the Cd;P, MSCs con-
ducted using a femtosecond fluorescence upconversion
(FUC) setup with a sub-ps resolution (see supporting in-
formation for details). The FUC kinetics of the band-edge
emission at 460 nm at room temperature decays in 15.8 ps,
which is in very good agreement with the fitted TA decay of
S, (Figure 2d). The exact mechanism responsible for the
transformation of a band-edge exciton to a localized exciton
remains unclear, but we suspect that this could be triggered
by lattice distortion in these small-size MSCs (see below).
These localized excitons further decay in 102 ps to form S,
whose spectrum consists of a blueshifted bleach and a red-
side absorption. This derivative-like spectral shape suggests
that S, is likely related to a charge-separated species with a
carrier (either electron or hole) captured by surface traps

[42]. This charge-separated state is long-lived, with a life-
time exceeding 3 ns.

2.3 Biexciton Auger recombination

Pump-power-dependent TA measurements were performed
to further confirm the accommodation of biexcitons in the
Cd;P, MSCs and to observe their rapid Auger recombina-
tion. Figure 3a presents the TA spectra at ~0.4 ps following
440 nm excitation of varying pulse fluences. In the fluence
range of 11 to 150 uJ cm >, the overall signal amplitudes
increase with the fluences and then gradually approach sa-
turation (Figure 3a and Figure S3). However, the saturation
behavior is slightly different for the XB feature and the broad
exciton-to-biexciton absorption feature (Figure S3). As re-
vealed by comparing the TA spectra under 11 and
150 wJ em” in Figure 3b, the intensity of the exciton-to-
biexciton absorption relative to the XB is reduced at
150 wJ cm °, which is consistent with a higher occupancy of
biexcitons at higher fluences.

To analyze the population dynamics of the photoexcited
species, the whole TA signal in the observed spectral region
is integrated, and the resultant time-dependent integral in-
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Figure 3 Pump-fluence-dependent TA measurements of Cd;P, MSCs. (a) TA spectra at 0.4 ps following excitation at 440 nm of varying fluences from 11
to 151 Wl cm 2. (b) Comparison between the TA spectra at 11 and 151 pJ cm’ to reveal their distinct spectral shapes. (c) Time-dependent integrated TA signal
intensities (400—510 nm) at varying pump fluences (colored symbols) and their global fits (black solid lines) ones. Inset is an enlarged view of the dynamics
with the first 2 ps. (d) Replot of the fluence-dependent kinetic traces in (c) by normalizing them at their slow tails, which clearly reveals the rapid biexciton

Auger recombination with a time constant of 1.5 ps (color online).

tensities at varying pump fluences are presented in Figure 3c.
These kinetic traces can be globally fitted using the set of
time constants described in Figure 2d, but the relative am-
plitude of the biexcitons increases with the pump fluence
(inset of Figure 3c). To better visualize the biexciton com-
ponents, in Figure 3d, we also plot the fluence-dependent
kinetic traces by normalizing them at their slow tails. The
exceptionally rapid biexciton Auger recombination (rxx =
1.5 ps) is consistent with the extreme confinement of ex-
citons in the Cd;P, MSCs strongly enhancing Coulombic
interactions. In a previous study of Cd;P, NCs of 2.6 nm
diameter, 7xx was measured to be 3.6 ps [34]. Using a simple
volume-scaling law established for 7y, we can estimate a
diameter of 1.9 nm for the Cd;P, MSCs, which is roughly
consistent with the TEM image in Figure S1. However, we
note that this is only qualitative estimation, as it remains
unclear whether the typical scaling laws established in NCs
can be extrapolated to the extreme confinement regime of the
MSCs [43].

2.4 Temperature-dependent exciton localization and
trapping

To obtain further insights into the exciton localization and
trapping dynamics following biexciton Auger recombina-

tion, we performed temperature-dependent steady-state and
time-resolved PL measurements of Cd;P, MSCs. The MSCs
solution filled in an 1 mm cuvette were placed in a cryostat to
control the sample temperature. Figure 4a presents the
steady-state PL spectra at varying temperatures from 115 K
to 310 K. Decreasing temperature results in the blueshift,
narrowing and enhancement of the band-edge exciton
emission. Temperature-dependent steady-state absorption
and PL spectra display simultaneous blueshift and narrowing
behaviors, which are typical for semiconductor materials,
and the latter can be analyzed using the Varshni model
(Figure S5). Thus, in spite of their extremely small sizes,
MSCs still inherit some intrinsic band properties of their bulk
parents. In addition to the band-edge emission, decreasing
temperature results in the emergence and increasing of a
broadband emission in the range of ~500-800 nm (FWHM
~0.5 eV). As a result, while the Cd;P, MSCs show a pure
blue emission at room temperature, they emit white light at
115 K. Such a white-light emission was previously observed
in CdSe MSCs and small-size CdSe and CdS NCs [44-46].
The room-temperature PL quantum yield (QY) of our Cd;P,
MSCs was estimated to be ~7% using an integrating sphere
method, on the basis of which the PL QY of the whole
emission spectrum reaches ~41% at 115 K.

The reasons for the temperature dependence of the PL
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Figure 4 Temperature-dependent PL measurements of Cd;P, MSCs. (a) Steady-state PL spectra at varying temperatures from 115 K to 310 K under 375 nm
excitation. Insets show the optical images of the sample film at 115 K (white color) and 310 K (blue color). (b) FUC kinetics of the band-edge exciton PL
measured at varying temperatures from 290 K to 80 K (colored symbols) and their exponential fits (solid lines). (¢c) TCSPC kinetics of the broadband PL of
localized excitons measured at varying temperatures from 290 K to 80 K (colored symbols) and their exponential fits (solid lines). The bump on the 80 K
TCSPC curve is an artifact. (d) Plots of In(k), where £ is the temperature-dependent decay rate, as a function of the inverse of temperature (1/7) for band-edge
exciton PL (blue solid circle) and broadband PL (red solid circle) and their fits (solid lines). The activation energies are found to be 11.2 and 3.7 meV for the
decay of the band-edge exciton PL and broadband PL, respectively (color online).

spectra of Cd;P, MSCs can be uncovered by time-resolved
PL measurements. As plotted in Figure 4b, the band-edge
exciton PL dynamics measured by FUC shows a slower
decay with decreasing temperature. At 290 K, the PL life-
time is only 15.8 ps, consistent with the 13 ps lifetime of S,
revealed in TA measurements. Accounting for a PL QY of
7%, we estimate the room-temperature radiative lifetime of
band-edge excitons to be ~226 ps. At 80 K, the band-edge
PL lifetime is prolonged to 53.8 ps, which explains the en-
hancement of the band-edge PL at low temperatures. In
Figure 4d, we present the temperature-dependent decay rates
(k) of the band-edge PL using an Arrhenius-type plot, i.e,
In(k) as a function of the inverse of temperature (1/7). Fitting
the data reveals an activation energy (£, ) of 11.2 meV for
the decay of band-edge excitons into localized excitons.
These localized excitons are responsible for the broadband
emission observed in Figure 4a. We measured the decay
dynamics of this broadband emission at varying tempera-
tures using time-correlated single photon counting (TCSPC;
see supporting information). At 290 K, the decay curve is

mostly limited by the instrument response function of
~230 ps (Figure 4c), consistent with the 102 ps lifetime of S;
revealed in TA measurements. With decreasing temperature,
the decay is also gradually slowed down. By making an
Arrhenius-type analysis similar to that of the band-edge PL
(Figure 4d), we find an activation energy (£,,) of 3.7 meV
for the decay of the broadband emission associated with
localized excitons. On the basis of the estimated QY of 28%
for the broadband emission at 115 K and the corresponding
lifetime of 680 ps, the radiative lifetime of the localized
excitons is estimated to be ~2.4 ns at 115 K.

2.5 Discussion

The experiments and analysis above allow us to obtain a
complete picture of the excited-state dynamics in Cd;P,
MSCs, which is depicted in Figure 5. The ground state is
promoted by the photoexcitation to the single-exciton or
biexcitons states, depending upon the excitation power. The
biexcitons are annihilated to single-excitons within 1.5 ps
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Figure 5 Summary of excited-state dynamics in Cd;P, MSCs. The states
are plotted in terms of their energies (ordinate) and nuclear coordinates
(abscissa). GS stands for the ground state, and X and XX stand for single-
exciton and biexciton states, respectively. LX is a localized exciton state,
whereas TX is a trapped exciton. Straight arrows stand for optical transi-
tions and wavy arrows are nonradiative transitions. BE and LE stand for
band-edge emission and localized exciton emission, respectively. Relevant
time constants are indicated (color online).

through the Auger recombination. The nuclei coordinates of
the excitonic states are more considerably displaced than the
ground states, resulting in a band-edge emission with a fairly
large Stoke shift (~47 meV). The single-excitons are trans-
formed to localized excitons within 15.8 ps at room tem-
perature, with an activation barrier of ~11.2 meV. The
localized excitons have drastically displaced nuclei co-
ordinates compared with the ground state, thus giving rise to
very broad emission (FWHM ~500 meV) containing a large
number of vibronic progressions. These localized excitons
are further captured by trap states within 102 ps at room
temperature, with an activation barrier of ~3.7 meV, and
finally the trapped excitons decay back to ground states
mostly through the nonradiative recombination.

The localized excitons with the broadband emission and
slow radiative decay are reminiscent of self-trapped excitons
(STEs) observed in a wide variety of metal halide semi-
conductors [47-53]. The softness of these materials leads to
a strong distortion of their lattices upon the photoexcitation.
In principle, II-V semiconductors should have rigid crystal
lattices different from these soft materials. However, when
the sizes of NCs are reduced to those of MSCs, the crystal
structure could become highly dynamic, as has been pre-
dicted by theory [54-56]. For example, it has been observed
that the scanning TEM images of very small CdSe NCs
showed highly-disordered lattices, indicating the dynamic
disorder induced by electron beams [57]. Although electron
beams and photons interact with materials in different
fashions, the photoexcitation could in principle also cause
the strong lattice distortion in these MSCs. Previous studies
have also invoked such a mechanism to explain the broad-
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band emission observed in CdSe MSCs [45,58,59]. Never-
theless, we cannot exclude the possibility that localization
sites are situated on the surfaces of MSC, as in these small
MSC:s the surfaces could also become highly dynamic upon
photoexcitation to form exciton localization sites [49,58—62].
We note that, in spite of the strong electron—phonon inter-
action in these MSCs, we did not detect coherent phonon
beats on the TA kinetic traces (e.g., Figure 3c). It is likely
that the highly dynamic lattice results in broadly-distributed
and/or overdamped phonon modes. As to the final trap states
(S, revealed in TA), we tentatively associate them with
charge-separated species induced by surface trapping. The
major evidence is that they have a derivative-like TA spec-
trum (Figure 2c) that has been frequently observed in pre-
vious studies of charge transfer from photoexcited NCs [42].
Specifically, charge separation sets up an interfacial electric
field around a NC, and this field shifts the absorption spec-
trum of an exciton transition through the d.c. Stark effect
[63].

3 Conclusions

In conclusion, we have systematically investigated the op-
tical transition and associated excited state relaxation dy-
namics in colloidal Cd;P, MSCs by using a suite of time-
resolved spectroscopy tools. We find that due to the ex-
tremely strong quantum confinement effect, these MSCs
simultaneously display molecular and NC like properties of
optical responses. On one hand, the absorption and emission
spectra show vibronic-like progression, with a large Stokes
shift of ~47 meV. This leads to simultancous presence of
absorption bleach and stimulated emission on their TA
spectra, which is distinct from typical NCs or quantum dots
(QDs). On the other hand, similar to QDs, such very small
size MSCs still can accommodate biexciton states. Im-
portantly, the strongly enhanced Coulombic interactions lead
to very fast dephasing of the biexciton resonance (~5 fs) as
well as the rapid biexciton Auger annihilation (1.5 ps). Thus,
these MSCs provide an ideal model for studying many-body
interactions in the strong limit of three-dimensional con-
finement beyond strongly-confined QDs. Temperature-de-
pendent time-resolved PL studies allow us to further track
the evolution of band-edge single-excitons ensuing biexciton
annihilation and to identify the evidence for the lattice-in-
duced exciton localization. Such localized excitons give rise
to a broadband emission (FWHM ~500 meV) reminiscent of
self-trapped excitons observed in recent metal-halide mate-
rials featuring soft lattices. Thus, the extreme confinement in
MSCs seems also to have important consequence for lattice
dynamics and could significantly soften the originally rigid
lattices of their parent materials. These rich photophysical
properties revealed in MSCs can stimulate future searching
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of many exotic spectral and dynamic properties in the ex-
tremely strong confinement regime.
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