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Superradiance Emission and Its Thermal Decoherence in

Lead Halide Perovskites Superlattices
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Andrés F. Gualdrén-Reyes, Isaac Sudrez, Vladimir S. Chirvony, lvdn Mora-Serd,
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Self-assembled nanocrystals (NCs) into superlattices (SLs)

are alternative materials to polycrystalline films and single crystals, which can
behave very differently from their constituents, especially when they interact
coherently with each other. This work concentrates on the Superradiance

(SR) emission observed in SLs formed by CsPbBr; and CsPbBrl, NCs. Micro-
Photoluminescence spectra and transients in the temperature range 4-100 K
are measured in SLs to extract information about the SR states and uncoupled
domains of NCs. For CsPbBr; SLs with mostly homogeneous SR lines
(linewidth 1-5 meV), this work measures lifetimes as short as 160 ps, 10 times
lower than the value measured in a thin film made with the same NCs, which
is due to domains of near identical NCs formed by 1000 to 40 000 NCs coupled
by dipole—dipole interaction. The thermal decoherence of the SR exciton state
is evident above 25 K due to its coupling with an effective phonon energy of
~8 meV. These findings are an important step toward understanding the SR
emission enhancement factor and the thermal dephasing process in perovskite

after, Bonifacio and Lugiato classified it into
two distinct forms:?l Dicke Superradiance
(SR) and Superfluorescence (SF). When a
system of N atoms interacts (N > 1), a typi-
cal many-body phenomena known as “Co-
operative emission” arises, and the inten-
sity of the emission is proportional to N?
at the limit of T = 0 K. SR is a typical case
of cooperative emission from a “correlated”
state with an extended electric dipole.l?l The
SR is then caused by an extended dipole’s
emission, and the phenomenon can be de-
scribed in purely classical terms. SR has
been reported in a variety of structures and
systems, particularly aggregates and crys-
tals of conjugated organic molecules,?! di-
amond nitrogen vacancy centers,[* and epi-
taxial quantum dots.>® J-aggregates!’~13]

SLs.

1. Introduction

Coherent spontaneous emission is a fundamentally interesting
topic in quantum optics. It has received a lot of attention since
Dicke’s seminal work.[!] Dicke predicted the cooperative emis-
sion from a dense excited two-level system of gaseous atoms or
molecules in the absence of a laser cavity in 1954,[!] and shortly

are molecular aggregates with a narrow ab-

sorption line that is shifted® to a longer

wavelength in comparison to the monomer
absorption line and a narrow nearly resonant fluorescence line.
These systems are very attractive, as it can be understood as a
kind of mirrorless laser,[**] fully operated with a phase matched
macroscopic mode.

For the sake of manipulation, control and scalability, it is very
important the development of such photon sources by means
of mesoscopic emitters, and hence artificial quantum nanos-
tructures represent very promising alternatives under recent
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analysis. Lead halide perovskites are highly efficient optoelec-
tronic materials, with high optical absorption coefficient, which
are considered as great low-cost alternatives for high effi-
cient photovoltaic devices.['] Nowadays, perovskite Nanocrystals
(NCs) with usual cubic shape, are receiving a lot of attention in
the field of LEDs!'®l and displays,!'”! due to the very narrow emis-
sion atroom temperature, limited by the homogeneous linewidth
of single NCs."82% One of nature’s most powerful tools for devel-
oping innovative functional materials is self-organization, which
minimizes the need of complex procedures for manipulating in-
dividual building blocks. Controlled evaporation of the solvent at
room temperature can be used to self-assemble cubic perovskite
NCs on hydrophobic glass substrates, forming cuboidal superlat-
tices (SLs). The transformation from disordered NCs dispersed
in liquid to an ordered SL is set to continue during the drying
stage. Due to the electrical and magnetic interactions between the
NCs, these superstructures have shown SR emission (in some
cases also SF),217% which is identified by its bright, red-shifted
emission compared to non-correlated emission from NCs in sus-
pension or standard films prepared by spin-coating or other solu-
tion processing methods. Although the origin of this red-shifted
emission from SLs still is under debate,[?>*] these works open
the door to the manipulation and control of a large number of
coherent photon bundles or bursts. However, up to date, the SR
emission from perovskites SLs have been limited to cryogenic
temperatures,[21:22262836-38] which represents an important ob-
stacle to develop any practical device performance for future ap-
plications. To this concern it is also crucial the study and analysis
of the temperature decoherence processes affecting the emission
of 3D perovskite SLs.

In the present work we have investigated the optical emission
of self-assembled SLs of cubic-shaped CsPbBr; and CsPbBrl,
NCs forming cuboidal/parallelepiped SLs with edge sizes of sev-
eral microns. In the case of SLs made of high quality (relatively
low size dispersion) and sufficiently large NCs (>8 nm), we were
able to measure by means of micro-photoluminescence (u-PL)
very narrow SR emission lines (1-5 meV) characterized by an
enhancement factor up to 10, which is probed by the strong re-
duction of their lifetime with respect to standard films of NCs
and also by their intensity in comparison to background emis-
sion of uncoupled NCs. We associate these SR lines to ordered
subdomains with NCs of similar size inside the laser excitation
volume (~10° NCs) of the micrometric SLs (5 x 108 NCs), which
are formed by 1000 to 40 000 NCs coupled by dipole-dipole in-
teraction. SR emission was also investigated in SLs formed by
smaller NCs (<7 nm) and mixed anion CsPbBrl, NCs, with
broader lines and smaller enhancement factors, due to the effect
of larger inhomogeneities in the assemblies promoted by simul-
taneous changes in edge size, and compositional fluctuations at
every NC in the case of alloyed NCs. Thermal decoherence of SR
was analyzed with spectral and transient p-PL measurements as
a function of temperature, resulting in a low activation energy
within the radiative emission range (0-100 K), which can be as-
sociated with the dephasing of the SR exciton state by the cou-
pling with low energy phonons (possibly an average between op-
tical and folded acoustic ones). The quenching of the SR state
observed above 25 K is translated into an increase in the pop-
ulation of localized excitons at higher energy NC states (mostly
uncoupled); Above 70-80 K the exciton recombination dynamics
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in SLs begins to be similar to that observed in thin films, with an
average lifetime increasing with temperature (>2 ns) and domi-
nated by the trapping-detrapping dynamics of carriers in shallow
levels.[*] The analysis of intrinsic and extrinsic factors related to
SR decoherence is a key point for future designs in advanced
optoelectronic applications, such as the engineering of NOON
quantum states!*’! or N photon bundles,!*!! which have been re-
cent areas of study for the development of novel light-based quan-
tum technologies.[*?]

2. Results

We synthesized colloidal NCs of cesium LHPs (CsPbBr;,
CsPbBrl,), which can be prepared with a low dispersion of size
and are characterized by their weak quantum confinement ef-
fects, which contribute to narrow-band emission at room tem-
perature (see our previous work on CsPbBr, single NCs!').
SLs of NCs are formed by solvent drying-induced spontaneous
assembly, 323~ (see Experimental Section). Individual cuboidal
SLs are formed during the self-assembly process, each contain-
ing ~10% NCs whose morphology can be nicely observed under
the optical microscope (Figure 1a). These CsPbBr; NCs have an
average size of #6-7 nm (see Figure S1, Supporting Information,
for PL-PLE spectra of these NCs in solution at room temperature
and PL spectra for different temperatures measured in a film).
The estimation of the SL height was made by using a mechanical
profilometer, after the metallization of the SL sample by deposit-
ing a 10 nm thick gold layer using thermal evaporation (see the
aspect at the optical microscope in the image of Figure 1b), in or-
der to minimize the contamination of the profilometer tip with
the organic ligands. The histograms for lateral size and height
measured in these SLs after preparation are shown in Figure 1c,d,
respectively. According to these histograms, we obtain that the av-
erage lateral size of SLs is #10 um and their corresponding aver-
age height ~2.4 um, hence the SLs grow as square parallelepipeds
with an aspect ratio 0.25 (i.e., four times smaller in the vertical
direction).

We also measured type A SL samples by 6—26 X-Ray Diffrac-
tion in comparison to a film prepared by dipping into the same
concentrated solution used for the fabrication of the SL, as
summarized in Figure S2, Supporting Information. In the film
we appreciate very well the peak at ~20 = 30.5°, which is a
clear signature of the CsPbB; material (cubic or with tetrago-
nal/orthorhombic deformation) and some contributions at ~15°
and 21-22°. In the case of SLs, we clearly observe a preferential
orientation of the nanocubes, because only observed diffractions
of (001), in the region of 26 ~15°, and (002) at 26 = 30.5°. In
the two available samples we measure a double peak structure
observed at 20 = 14.7-15.3° for SC1 and 20 = 14.33-14.95° for
SC2, which can be attributed to the superlattice effect, similar to
reported results in Ref. [24]. Of course, these SLs are not perfect,
and a certain size dispersion is expected, as deeply studied by F.
Krieg et al.[??] In this sense, within the excitation volume limited
by our confocal microscope, it can be found one or several do-
mains (see illustration in Figure le) with a given average size,
eventually leading to superradiance, as demonstrated below.

In type A SLs we have carried out u-PL and p-PL transients (u-
TRPL) by using the cryogenic confocal microscope setup shown
in Figure 1f. In this setup, samples are held in the cold finger of a
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Figure 1. Optical microscope images of type A SLs used in the present work a) before and b) after metallization with gold in order to estimate the average
lateral size (optical microscope) and height (profilometer), as represented in (c,d) with the corresponding histograms. e) Schematic picture regarding the
light excitation/collection of a finite region of a CsPbBr; SL (bigger than the laser spot size) containing some ordered and disordered/inhomogeneous

domains. f) Confocal microscopy setup for u-PL and pu-TRPL measurements.

vibration-free closed-cycle He cryostat with the possibility to tune
temperature between 4 and 300 K. A long working distance 50x
microscope objective with a numerical aperture of NA = 0.42 is
mounted outside the cryostat to deliver the excitation laser (a dou-
bled fs-pulsed laser Ti:sapphire at 405 nm) to the sample and col-
lect and send the emitted light to the spectrometer/spectrograph
system (more information can be found in the Experimental
Section).

In Figure 2 we show the p-PL spectra of four characteristic
type A SLs (c-f), typically with lateral size in the range 5-10 um,
as compared to the ensemble PL spectrum of a film prepared
with the same NCs (Figure 2a) and the p-PL spectrum of back-
ground NCs in between SLs (Figure 2b). The p-PL for single SL1
(Figure 2c) is the most repeated spectrum (similar shape) in sam-
ples made of type A SLs, and it shows a dominant low energy and
narrower line at ~2.379 eV and two higher energy contributions
at 2.406 and 2.447 eV. For SL2 we have a similar situation, but an
intermediate contribution cannot be deconvoluted from those at
2.38 and 2.436 eV (we will present more data below, when we
describe the temperature dependent u-PL of this SL2). In SL3
and SL4 we only observe two main and broader contributions at
2.435-2.479 eV and 2.446-2.504 eV, respectively. In contrast, the
PL of the thin film (Figure 2a), which is representative of the NC
size distribution, is peaked at 2.422 eV at 27 K (with a broad and
weaker shoulder at higher energies), which is consistent with an
average size of NCs within the fork of 6-7 nm.[**8] More striking
is the fact that background NCs exhibit a single p-PL line peaked
at ~2.48 eV (Figure 2b), which will be consistent with smaller
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NC sizes in the range 5-6 nm.[*’] Therefore, which is the reason
to observe two or more emission contributions within the range
2.38-2.52 eV of p-PL spectra of SLs (Figure 2c—f), as compared to
the observed near single-band PL spectra measured in the film
and background NCs (Figure 2a,b)?

Possibly, the self-assembling process directing the SL growth
could be filtering different average NC size assemblies in a given
SL. We find different possible consequences affecting the PL
spectra: i) Multiple contribution from SL domains of NCs of dif-
ferent average sizes; ii) the effect of the background NCs emis-
sion (Figure 2b), which is centered at a peak energy (2.480 eV)
appreciably higher (60 meV) than that of the average size distri-
bution (i.e., the film in Figure 2a). One would say that the smallest
NCs of the distribution will be mainly forming part of the back-
ground and some superlattices (type SL3-4 in Figure 2e,f).

Two emission contributions are typically observed in SLs pre-
pared with CsPbB; NCs synthesized with oleic acid and oley-
lamine (OA/OAM) ligands, see for example Ref.[22] and others
therein. In contrast, in Ref.[49] the authors obtained SLs in the
order of 3—4 microns of lateral size exhibiting mainly a single
emission line (eventually with a visible shoulder on its low energy
side) redshifted by ~#20 meV with respect to the PL peak energy
measured in a PMMA-nanocrystal nanocomposite (as a defini-
tion of the characteristic emission energy of the NC size distri-
bution); the authors attributed such redshifted emission line to a
SR state formed by dipole-dipole coupling.

As a first working hypothesis, let us attribute the lowest en-
ergy and narrower emission line (namely LEC, from “Low Energy
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Figure 2. (a) Ensemble-PL measured (with a spectrofluorometer Edinburgh FLS1000) at 27 K in a film prepared by dipping the substrate in the same
solution of CsPbB; NCs used for the fabrication of type A SLs. b—f) u-PL spectra registered in the background of NCs (as a thin film in between SLs) (b)

and several selected type A SLs: SL1 (c), SL2 (d), SL3 (e) and SL4 (f).

Contribution”) observed in our type A SLs to the superradiance
exciton state due to some long range coupling mechanism be-
tween NCs, to be further addressed in the Discussion section, for
example due to dipole-dipole coupling, where the optical dipole
corresponds to the excitonic transition, and the expected redshift
due to this coupling was estimated to be ~16 meV for NCs with
edge length of 8.2 nm.[*] If such a coupling mechanism exists,
one would find an increase of the redshift energy for LEC by re-
ducing the size of the NCs, which would influence the coupling
energy from two sides, the increase of the optical dipole and the
increase of dipole-dipole interaction due to a reduction in the SL
period (the distance between exciton dipoles). In fact, this seems
to be the case, because we can estimate an energy <30 meV for
the SLs with the lowest energy contribution at #2.38 eV and the
next high energy contribution (namely HEC) at ~2.41 eV (do-
main with uncoupled NCs within the same excitation volume
and partially quenched due to the formation of the SR extended
state), whereas the redshift would increase to 44 and 58 meV for
SL3 and SL4, respectively, because the average sizes for HECs
at 2.479 and 2.506 eV are clearly associated to smaller size (un-
coupled) NCs. Of course, further investigations will be addressed
in the future to deepen into the study of the size filtering effect
in the self-assembling process of SLs with different sizes and its
influence in their emission at single level.

Next experiments will be addressed in type B SLs, where big-
ger NCs were used, in the range 6-9.5 nm, approximately, as
shown in Figure S3a, Supporting Information. These NCs were
used to prepare the type B SLs, as also a dense film whose charac-
teristic micro-PL spectrum (black curve) is shown in Figure S3b,
Supporting Information, together with the frequency histograms
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(grey-green bars) of micro-PL peak energies measured in 100
single CsPbBr; NCs measured in a low-density film (well sep-
arated NCs). Clearly, the micro-PL peak energies measured for
the single NCs spread over practically the entire PL of the dense
film, 2.30-2.40 eV, with the most probable value similar to that
observed for the film that takes place at ~2.35 eV, which is
consistent with an average size in the range 8-9 nm (see for
examplel>®l). Moreover, similarly to previous samples, a relatively
large inhomogeneity is present in film samples, because the
Full Width at Half Maximum (FWHM) of the PL spectrum in
Figure S3b, Supporting Information, is #54 meV, whose origin
is clearly the micro-PL peak energy dispersion measured in dif-
ferent single NCs at 4 K, all of them related to the NC size distri-
bution (Figure S3a, Supporting Information).

From a rough estimation of the total confinement energy for
electrons and holes, E_, in a NC with edge length L (see Figure S4,
Supporting Information and details on the calculation), the ob-
served FWHM, if due to size fluctuations, 6L, can be estimated
from the expression %M; given that %< ~ 18 meV nm™
(26 meV nm~') around L = 9 nm for m* = 0.15 m, (0.1 m,), hence
8L would be as large as 2-3 nm, in the same order of the mea-
sured size dispersion in Figure S3a, Supporting Information. At
the same time, some of the HEC bands observed in the micro-
PL spectra shown in Figure 3a, corresponding to different type B
SLs in the overall size range 5-10 um (see the optical microscope
image of these SLs in Figure 3b), exhibit similar or even larger
FWHM values (see p-PL spectra of SLs ii-v) than that for the film.
Moreover, as noted above for type A SLs, we observe several HEC
contributions at different peak energies within the excitation vol-
ume of other type B SLs (see p-PL spectra of SLs i-iii-vi). Again,
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Figure 3. a) Characteristic u-PL spectra for six different isolated SLs of CsPbBr; NCs in a type B sample at 4 K under excitation with a continuous wave
laser diode at 405 nm. b) Optical microscope image of type B SLs where several of them in the range of 5-10 um of lateral size where characterized. c)
Color-coded power-dependent PL emission of CsPbBr; SLs by increasing excitation power from 25 nW (faded green) to 1uW (black) with the same laser
at 405 nm. d) Power dependence of the PL intensity integrated over the spectral emission range of the LEC and narrow peak (P1) and the dominating
HEC emission band centered at around 2.365 eV (P2) for one of the type B SLs (the one in panel iv in (a)).

as we noted for type A SLs, the HEC emission in p-PL spectra of
different type B SLs are not single Gaussian bands and several
contributions can be deconvoluted, hence representing several
SL domains (inside the excitation volume) with slightly different
average NC edge size.

More important in type B SLs is the observation of very narrow
(1-5 meV) LEC peaks at energies in the range 2.305 to 2.325 eV, as
can be observed in Figure S5, Supporting Information, for most
measured type B SL and summarized in the histograms shown in
Figure S6, Supporting Information. In some of them we observe
only one LEC peak (see p-PL spectra of SLs i-iii-iv-vi in Figure 3a)
and in others two or more peaks (see p-PL spectra of SLs ii-v in
Figure 3a) and, moreover, the relative intensity of these peaks
with respect to the HEC-bands varies for different SLs. The latter
observation is making us more confident in our working hypoth-
esis, in the sense that the intensity of these narrow LEC peaks
could be related to the number of correlated NCs involved in the
superradiance exciton state, as will be further developed in the
Discussion section.

Adv. Optical Mater. 2023, 11, 2202497 2202497 (5 of 14)

An experiment that can complete this picture is the power de-
pendence found for the p-PL spectra measured in the SLs, whose
evolution is shown in Figure 3c for SL-iv in the range from 25 nW
(faded green curve) to 1 uW (black curve). The linear fits in the
log-log plot of Figure 3d for the dependencies of the integrated
LEC narrow peak P, (~2.315 eV) and HEC P, band (x2.365 eV)
reveal the slopes (exponents of the corresponding power laws)
mp, = 1.07 + 0.01 and m;, = 0.84 + 0.05, respectively. The less
than unity slope for the HEC-P, band would imply some dy-
namics related to filling shallow traps in CsPbBr; NCs (see our
previous work,>!l for example). In the absence of luminescence
quenching, we can use the ratio my, /m;, = 1.28 to evidence the
power recombination dynamics of the LEC peak. In fact, the slope
relative magnitude that is power dependent, is further enhanced
by using a pulsed laser diode (at 450 nm) that we used for the
power dependent p-PL in a SL where we observed (Figure S7a,
Supporting Information) two LEC narrow lines, P; and P, (be-
low 2.32 eV), and HEC at 2.38 eV in this case we obtain the ra-
tios mp, /mp; = 1.35 and my, /m;; = 1.25 for the observed power
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Figure 4. a—c) p-PL spectra and b—d) transients for two characteristic type B SLs under very low power excitation (65 nW) with a ps-pulsed laser diode
at 450 nm. These fits were also incorporated in the histogram of Figure S6, Supporting Information. The lifetimes in b—d were deconvoluted by using
the experimental time response in Figure S10, Supporting Information (FWHM = 310 ps).

dependencies in the log-log plot (Figure S7b, Supporting Infor-
mation), which clearly corroborate the deviation from the linear
evolution of LEC narrow lines in type B SLs and hence another el-
ementin favor of their interpretation as SR exciton states. The ex-
istence of a substructure in our LEC emission (P1 and P2 peaks)
was already noted in Ref.[28] as an unresolved emission line and
associated with domains of coupled NCs. Note here that in the
low excitation power regime we are obtaining in most of the SLs
very narrow LEC, as highlighted above (see also most of type B
SL spectra in Figure S5, Supporting Information). However, the
total FWHM of P, and P, peaks increases linearly with the excita-
tion power reaching a value of 15 meV at 2 uW and saturating at
16 meV above this power (see Figure S7c and Table S1, Support-
ing Information). In Ref. [28], the reported linewidth for the low
energy emission line was 15 meV under an excitation fluence
>500 n] cm~2, which is equivalent to our largest pu-PL linewidth
measured here under the highest excitation power condition (see
Figure 2d).

The existence of different NC domains exhibiting SR emission
in restricted low energy intervals inside type B SLs would be pos-
sible, because of the decreasing value of % by increasing the NC
edge size emitting at lower energies. Most of these LEC emit-
ting states are located in the interval 2.305-2.325 eV (Figure S5a,
Supporting Information), but we can also locate others where
the LEC is observed above that interval, particularly 2.336 and
2.349 eV, as observed in Figure S8, Supporting Information. For
these two SLs the energy distance to the first HEC state is 27
and 33 meV, above the values for the other type B SLs with lower
energy LEC peaks, which are mostly dispersed in the range 17—
27 meV. These energy distances, related to the dipole-dipole cou-
pling energy, are consistent with the smaller values expected in
type B SLs, because formed with bigger NCs in average, as com-
pared to previous results in type A SLs (where we found energy
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distances of 30-60 meV), These findings will be further devel-
oped below in the Discussion section.

Interestingly, the decay times measured in SLs, both at LEC
and HEC peak energies, are significantly shorter than the val-
ues measured in thin films of CsPbBr; NCs, where we measure
values in the range 1.8-1.9 ns below 100 K (see Figure S9, Sup-
porting Information), very close to values found for similar films
in literature.l*®52] In type B SLs we measure lifetimes as low as
0.16-0.21 ns at LEC peak energies and 0.3-0.5 ns for HEC peak
energies under very low excitation powers, as shown in Figure 4.
In type A SLs the lifetimes measured for both LEC and HEC are
also very similar, but in the range 0.4-0.5 ns, as will be described
below in Figure 5.

Therefore, if we compare those LEC lifetimes with the exciton
recombination time in the thin film (where a random distribu-
tion of NCs with different sizes is expected), the radiative rate for
these exciton states is accelerated by around a factor 4 and 10 in
type A and B SLs, respectively. This important reduction of the
lifetime is another feature which is compatible, but not conclu-
sive, with the identification of SR emission.[**) The longer LEC
lifetime in type A SLs can be due to its more important inhomo-
geneous character (linewidths in the range 20-30 meV, because
(;—ELC is greater than its value for type B SLs). The fact that the HEC

lifetimes in SLs were also short (0.3-0.5 ns in both type A and B
SLs and different peak energies) will deserve further explanation
in the Discussion section.

Finally, we have considered a third type of SLs (C), this time
made by alloyed CsPbBrI, NCs, whose emission spectra is also
exhibiting inhomogeneously broadened LEC lines at ~1.997-
2.019-2.028 eV for SL-C1-2-3 with FWHMs in the range 25—
35 meV and HEC bands from 2.05 to 2.13 eV, as shown in
Figure S11, Supporting Information. Let us consider this type C
SLs as a further illustration of a strong inhomogeneous nature
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Figure 5. u-PL spectra of a) CsPbBr; type A and b) CsPbBrl, type C SLs as a function of temperature in the ranges 4-100 and 4-150 K, respectively.
Temperature dependence of the deconvoluted LEC and HEC peak energies in c) type A and d) type C SLs. u-TRPL spectra in the same SLs at e,f) 4 K
and g,h) 25 K. In type A SLs, the transients plotted as dark-green for LEC and light-green for HEC were fitted at 4 K with 7, ¢ (4 K) = 0.54 ns and 7¢c
(4 K) = 0.44 ns, whereas at 25 K 7 ¢ (25 K): 7, = 0.68 ns, 7, = 5.52 ns and 74t (25 K): 77 = 0.42 ns, 7, = 5.08 ns, with 405 nm pulsed fs laser. Similarly,
in type C SLs, the transients plotted as dark brown for LEC and orange for HEC were fitted with 7 g (4 K): 7, = 0.65 ns, 7, =6.03 ns and 74 (4 K): 77 =
0.72 ns, 7, = 4.02 ns, whereas at 25 K 7 ¢ (25 K): 73 = 1.75 ns, 7, = 10.97 ns and 7gc (25 K): 7, = 0.62 ns, 7, = 8.51 ns, with 450 nm ps pulsed laser.

of the LEC emission, in the same order of that observed in type
A SILs, in this case due only to fluctuations in the NC edge
length, but now for type C SLs suffering additionally of composi-
tional fluctuations (Br-I content within each NC). Both inhomo-
geneities makes more difficult the study of these SLs, but also
interesting, because of the observation of several “enhanced” ul-
tranarrow lines within the LEC emission region (see SL-C1 in
Figures S11 and S12, Supporting Information), which would be
ascribed here to single NCs. Until now, the only study consider-
ing SLs made of alloyed perovskite NCs was studying photoin-
duced changes in the alloy composition of NCs.[?4]

The last important experiment considered in the present work
to support the nature of the LEC emission as superradiance, and
its origin, is temperature dependent u-PL/u-TRPL of CsPbBr,
type A and CsPbBrl, type C SLs in the diapasons of 4-100 K and
4-150 K, respectively, as shown in Figure 5. The temperature evo-
lution of p-PL is shown in Figure 5a,b, from which we can extract
the displacement of the peak energy of LEC and HEC emission
contributions as a function of temperature (Figure 5c,d). Repre-
sentative u-TRPL spectra at 4 and 25 K are included in Figure 5e,f
and Figure 5g,h, respec.

For the investigated type A SL (Figure 5c) we fitted and
followed with temperature a LEC Lorentzian line at 2.38 eV
(LEC: dark green solid circles) and two HEC Gaussian bands at
~1.435 eV (HEC;: green solid squares) and 2.51 eV (HEC,: green
hollow triangles). As we indicated above (when describing p-PL
spectra measured in different type A SLs, Figure 2), we cannot
resolve any lower energy HEC emission as in other single SLs,
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but we observe a sigmoidal behavior for this HEC, band where
its peak energy strongly reduces with increasing T in the region
4-30 K, surely produced by an internal recombination dynamics
between HEC, and lower energy states. It should be stressed
here such a fast variation observed in a very narrow T-diapason.
Above 40 K, the deconvoluted HEC, peak energy is following
approximately the same variation as that observed in the film
(orange solid circles in Figure 5c¢); similarly, HEC, peak energy
increases with T above 30 K. In type A SLs we can observe well
resolved the LEC line until 25-30 K (see Figure 5a) where its peak
energy varies fast (dark green solid circles in Figure 5c), whereas
above 30 K it is observed as a shoulder. Contrarily, in the case
of the type C SLs the LEC is observed well resolved up to near
125 K and its peak energy is blue shifting faster than HEC
(it varies like in a thin film of alloyed NCs, see Figure S13,
Supporting Information), possibly because of a certain internal
recombination dynamics due to both compositional and edge
size fluctuations; note that the ultranarrow peaks disappear above
50 K.

Considering the p-TRPL curves at 4-25 K in Figure 5e-g,f~h
for type A and C SLs it is clear that increasing the temperature
slows the decays observed for both LEC and HEC (see the fitting
values listed in the figure caption), being this slowing more se-
vere in the p-PL transients of LEC (SR) states than in the case of
HEC emission. In the case of the alloyed (CsPbBrl,) type C SLs,
the transients of HEC slow down more dramatically by increas-
ing the temperature to 25 K, even if LEC emission is visible even
above 100 K.
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3. Discussion

In this section we focus on the evaluation and analysis of four
main SR effects: 1) the nature of LEC emission as a SR phe-
nomenon and its origin, 2) the SR energy shift, 3) the SR en-
hancement factor and correlation length as a function of the
number of coupled NCs, N, and 4) the decoherence of the SR
exciton state by increasing temperature, possibly due to the cou-
pling of the SR exciton state to phonons.

In previous section, we gave several results supporting the SR
nature of the LEC emission in SLs measured at T = 4 K: i) nar-
row LEC line at the lowest side of the SL emission, especially in
type B SLs, where the NC size distribution involves nanocubes
larger than 9 nm, hence with a very weak confinement leading
to small confinement energy dispersion, ii) an increase of the
energy difference between the LEC and the first HEC emission
peak, which is correlated with the increase in the LEC (or HEC)
peak energy (i.e., related to SL domains with smaller NCs and, at
the same time, with reducing NC-NC distance), and iii) a strong
reduction of the measured lifetime at LEC peak energies over that
measured in NCs of a thin film (moreover, the LEC lifetime can
be even smaller than those measured in HEC at higher energies,
mostly in the case of more homogeneous type B SLs). Further-
more, we observe a clear and fast decoherence of the SR emission
by increasing temperature (within the radiative range of the NC
emission), as further developed below. These featuring proper-
ties, together with complementary results reported in literature,
where superradiance was claimed in Ref.[49] and superfluores-
cence was demonstrated at that low energy states under higher
pulsed excitation powers, 28] make us confident in the SR nature
(delocalized exciton state throughout several NCs of the total en-
semble) for the LEC emission in perovskite SLs.

Next point is the origin of such SR emission and its com-
patibility with the observed energy redshift for the SR line. We
contemplate two possibilities: electronic and dipole-dipole cou-
pling, as the more reliable ones. The electronic coupling inside
our perovskite SLs based on NCs capped with OAM/OA ligands,
even if not completely disregarded, would lead to very low red-
shifts/minibands, <3 meV if the average distance between NCs
with 7 nm of edge size was ~1 nm, as estimated in Supp. Info
(see our comment regarding the calculation of confinement en-
ergies for Figure S4, Supporting Information). This value can be
taken as an upper limit, given that OAM/OA ligands can intro-
duce inter-NC distances larger than 2 nm and miniband width or
the shift in transition energies will decrease exponentially with
the barrier thickness.

The dipole-dipole coupling is a long-range interaction that was
used to explain the formation of J-aggregates in molecules, which
would lead to an important redshift with respect to the optical
transition energy in isolated molecules.?’-*! In our case the
J-aggregate would correspond to domains formed by a certain
number of coupled NCs inside the SL. The coupling energy was
recently estimated to be ~16 meV by considering the (strong) op-
tical dipole in NCs with 8.2 nm of edge size and 12 nm for the
distance between NCs, center-to-center.[*’! Therefore, long range
dipole-dipole interaction is a serious candidate for the origin of
the SR exciton states in perovskite SLs. Furthermore, the dipole-
dipole interaction can also help to understand other observed fea-
tures in the emission spectra of our SLs, because it is at the core
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of exciton energy transfer between NCs. This process consists in
the nonradiative quenching of an exciton located in a certain NC
to transfer its energy to a neighbor NC, provided their distance
is sufficiently short, with a Forster-like transfer rate; such exciton
transport would lead to a redshift to low energies of the whole in-
homogeneous PL band representative of the NC ensemble (see
the theoretical work by Lee et al.>3]).

In our SLs we have observed two main emission features,
namely LEC and HEC ones, sometimes well resolved. However,
in other cases we observe several HEC resolved lines/shoulders.
This makes possible the existence of several domains exhibiting
SR emission at different energies, but clearly only the lowest en-
ergy one will be dominating and eventually separated over a back-
ground (i.e., an inhomogeneous distribution) of uncoupled NCs
(whose size/energy dispersion and distance does not allow such
coupling). If we represent in a single plot the energy difference
between the first HEC emission band and the LEC peak energy,
SE, as a function of E; ., in most of the measured type A and
B SLs we find a certain correlation, as shown in Figure 6a. This
correlation, given that E| ;. contains the carrier confinement en-
ergy, means that dipole-dipole interaction between NCs increases
by reducing their size (producing an increase of their optical
dipole moment) and distance between them (producing an in-
crease of their dipolar interaction). Particularly, we find 6E, the
dipolar coupling energy, to be ~22 + 5 meV (Figure 6a) for type
B SLs, where the most probable E; - =~ 2.315 eV (Figure 6a and
Figure S6a, Supporting Information), and increases to the range
0f 40-60 meV in most of type A SLs. The dispersion is very high,
possibly due to the strong dependence of §E ~ R~ (R the distance
between NCs), but these results are encouraging to undertake fu-
ture studies in different kinds of perovskite SLs.

At this point we can try to compare some of our experimental
results with the theoretical model proposed recently by F. Mattioti
et al.>*l by using the function described in this paper to fit our
data:

r_,_ _ANT 1)
Y NE + NE,

where the left side of the equation is the SR enhancement factor
defined by the radiative rates for SR and NCs, I" and 7, respec-
tively. In the right side of the equation, A, B, and N, are fitting
parameters, corresponding to the saturation of the enhancement
factor, the exponent for N (number of NCs in the SR state), and its
saturating value, respectively. Following this work, it is interest-
ing to note here that the enhancement factor of the SR state is not
increasing proportionally to N, because it is necessary to take into
account the thermal decoherence introduced by lattice vibrations
ata finite temperature and the inhomogeneous broadening of the
SR transition originated by the structural disorder in the SL.

The most appropriate procedure to extract the enhancement
factor in Equation (1) would be based on transient u-PL mea-
surements at the different peak energies of interest. However,
it would be necessary to have an experimental system with suffi-
ciently short temporal response. In our case, as described above,
we can deconvolute lifetimes larger than 50 ps and hence the
measured values for SR lines, in the range 160-210 ps for type
B SLs (Figure 4b-d), has an appreciable error. In any case, if we
compare these rates (4.8-6.3 ns™!) with the inverse of the lifetime
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Figure 6. a) Energy difference between the first HEC emission band and the LEC peak energy, SE, as a function of E, ¢ for type A and B SLs. b) Schematic
picture representing the light excitation/collection spot within a CsPbBr; SL. SR enhancement factor as a c) function of N and d) the normalized
correlation length in the SL (with disorder) under low excitation power (=50 n\W) at 4 K.

measured in films of uncoupled ensembles of our NCs (1/1.9 =
0.53 ns7!), we would estimate an enhancement factor 5 —1lin

the range of 8-11. Here we also propose to estimate the exper-
imental enhancement by a very simple and faster method: the
ratio between the integrated intensity of the SR line and that of
the HEC emission in the same energy range, both quantities ex-
tracted from the fittings made for the p-PL spectra registered un-
der low excitation power (see Figure S14, Supporting Informa-
tion) for twenty different SLs at 4 K. This method can be suffi-
ciently precise if the SR line is mostly homogeneous, as occur
for type B SLs under very low excitation powers (see the effect
of power on the enhancement factor in Figure S14a, Supporting
Information). It is worth to note that we obtain with this method
an enhancement factor similar to that obtained from the ratio of
experimental lifetimes in two of the SLs.

Next step is the evaluation of the number of NCs within
the laser excitation volume inside the SL (see illustration in
Figure 6b) by considering several approximations. If the LEC
emission is due to the SR state, then the SR/HEC photon emis-
sion rate would scale as N?/N = N,['*37] where N is the number of
single emitters (NCs). For type B SLs, the SR emission was very
localized in energy (1-5 meV) at around the most probable value
2.315 eV, and in space, being a domain with size much smaller
than the wavelength of light. Therefore, we can roughly estimate
the number of NCs producing the SR emission in the SL as the
ratio between the integrated intensity of the narrow SR line (Igg)
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and the expected total emitted PL power (Pp,) if all the light in
the spot was produced by HEC emission. Here we consider that
our excitation spot overlaps with our collection spot. Next, we in-
clude all the experimental efficiency factors that need to be taken
into account to use the final measured SR Intensity (Ig;_y,) in the
CCD: the finite numerical aperture (1,), efficiency of the fiber
coupling (7). efficiency of the monochromator grating (1¢,.),
efficiency of the CCD (1¢cp). Finally, we also take into account the
sample absorption and the measured quantum yield (1 at low T)
of the sample. Following these approximations, the estimation of
the number of NCs active in our spot size giving rise to the SR
emission can be expressed as:

ISR ISR—M (2)

2
narlQY'INAnFiberrlcmtnCCDP exc.

where we considered the absorbed power in the SL from the in-
cident excitation power

Pabs. =P

exc. (1-e") = Pexc. My (3)
where p is the intrinsic absorption coefficient for CsPbBr; NCs
which we got from the Ref. [55] considering the excitation wave-
length. In equation 2 we combined P, #, with the remaining
parameters. In any case, our estimation of N should be con-

sidered as a rough evaluation, as we do not have any direct
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measurement of the number of coupled NCs inside the excita-
tion volume participating in the SR emission.
Now we can represent the experimental l; — 1 as a function of

the estimated N with equation (2) for the 20 measured SLs (green
solid circles in Figure 6¢). Red and black continuous lines in
Figure 6D, stand for the curves obtained from Equation (1) repre-
senting the model prediction in Ref. [54] for NCs with edge sizes
of 5 and 9 nm, respectively. The best fit to our experimental data
(green dashed line in Figure 6¢) results in A = 18, B = 1.07 and
NB_ . = 40000. This fit is consistent with a NC size in the range
between 5 and 9 nm, which are compatible with our measured
NC size distribution (see Figure S3a, Supporting Information).
The total number of NCs contributing to the PL emission in
the collection spot of our confocal setup (Figure 6b), the spot
size defined using the lateral resolution of the confocal config-
uration (d,, = O.4Ni). Considering our PL emission 4 = 530 nm
and numerical aperture (NA) = 0.42, our spot size will be d =
505 nm (r = (d/2) & 250 nm), and if we consider the average
nanocube size ~8 nm, we can estimate roughly the total num-
ber of nanocrystals by dividing the spot volume to the volume of
a single nanocube (N, = %) In this estimation to calcu-

late the spot volume the helght (hSL) of the SLs was considered in
the range 1.25-2.4 pym, that is, whose lateral size ranged 5-10 pm
(see Figure 1d). The value of N,y is #12-23 times higher than
the saturation value of NCs (% ~ 12 — 23) contributing to the

SR emission. Therefore, most of the NCs in the excitation volume
are uncoupled and forming part of the HEC emission.

Since we suggest that the mechanism responsible for the for-
mation of SR emission in our SLs is the same as in the case of the
molecular J-aggregates, we can evaluate the delocalization (corre-
lation) length L of a SR state based on ]. Knoester’s model(!%! by
the comparison of the linewidths extracted from LEC and HEC
emission lines. Figure 6d shows the SR emission enhancement
factor as a function of the normalized correlation length (L) in
relative units for six different SLs (with different enhancement
factors). According to this figure, it is obvious that the enhance-
ment factor increases when the correlation length increases, and
a relative increase of about 20 times in the correlation length is
associated with an increase of nearly one order of magnitude in
the enhancement factor.

The mathematical explanation for the narrowing of the linear
absorption spectrum of J-aggregates and its relation to the corre-
lation length can be given by taking into account the probability
distribution of each exciton energy to first order in the molec-
ular disorder.>®! Each aggregate consists of a linear chain of N
equidistant nonpolar two-level absorbers with parallel transition
dipoles of magnitude p. The electronic states of an aggregate are
described by the Frenkel exciton Hamiltonian.[’]

N N-1
=n)y (wy+d,) BB, +nY V(BB +B B) @
n=1 n=1

Here B, and B; denotes the Pauli annihilation and creation oper-
ators for an excitation on molecule n, respectively, and (w, + d,,) is
the transition frequency of molecule n, where w, is the average
transition frequency and d, is a static random offset which de-
scribes diagonal disorder. Finally, V is the nearest-neighbor inter-
action, which is negative for J-aggregates. V is assumed to be ho-
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mogeneous; interactions between different aggregates that could
be present in the excitation volume are neglected. Considering
the following Gaussian joint distribution for the molecular fre-
quency offsets of a single aggregate:

N
= 1 1
PN (d,,....dy) = ———— xexp(-= ¥ Aldd
() (27)"/?/det (A) ( Zn,;l o )
(5)

where A7l denotes the nm element of the inverse of the covari-
ance matrix A, = (d,d,) = a} exp(—|n—m|/L), also, a, and L
give the amplitude and correlation length of the molecular disor-
der (L in units of the lattice constant), where more mathematical
details can be found in ref. [10]. Note that a, equals the standard
deviation of the Gaussian marginal distribution for the frequency
offset of a single molecule. This procedure predicts a narrow-
ing of the local (molecular) disorder if the molecular transition
frequencies on each aggregate are entirely uncorrelated to each
other:

N 1—ﬁ 3 1/2

¥ 1+ﬁa0[2(N+1)

(©)

where f = exp(— 1/L) indicates the degree of correlation between
the transition frequencies of molecules within a single chain (J-
aggregate), and g, is the standard deviation of a Gaussian dis-
tribution. This expression is valid for g <« 1, where N is the
number of molecules per aggregate. Therefore, by increasing the
number of molecules in the aggregate the narrowing should be
more important. In equation (6) o and a, can be extracted directly
from the linewidths of LEC (SR) peaks (especially narrow in the
case of type B SLs) and HEC (uncoupled NCs) broad bands inside
the excitation volume of the p-PL spectra, respectively. Moreover,
we use in equation (6) the N value deduced above from Equa-
tion (2). The consequence of equation (6) is the relationship be-
tween the SR and HEC linewidths and the correlation length,
which is demonstrated in our SLs following our estimation of
N (Figure 6d).

Next, we analyze in more detail the temperature evolution of
SR and HEC spectra (Figure 5). By increasing the temperature,
in addition to the bandgap variation (Figure 5c,d), the coherent
dipole-dipole coupling of NCs should be lost, as predicted in Ref.
[54]. The increase in temperature causes an important reduction
of the SR emission intensity in both type A (CsPbBr;) and C
(CsPbBrl,) SLs, as observed in the Arrhenius plots of Figure 7a,b
(black and brown solid circles). This intensity reduction is in close
correspondence with the slowdown of the PL transients (increase
of lifetimes), as discussed below, and it should contain the ori-
gin of the thermal decoherence mechanism. For type B CsPbBr,
SLs, the p-PL measurements were performed several weeks later
and an important aging effect was observed, even if the samples
were conserved in vacuum (and darkness). Now the LEC peak
energy is shifted to 2.30 eV and the line is particularly broad as
compared to fresh SLs (see Figure S15, Supporting Information),
hence we cannot exclude the presence of bulk microcrystals (by
coalescence of NCs with time) in these aged type B SLs, as re-
cently reported in.[?*] In spite of this aging effect, the temperature
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Figure 7. Arrhenius plots of the integrated emission intensity of LEC and HEC for a) CsPbBr; and b) CsPbBrl, SLs; the LEC intensity variation was
fitted with activation energies of 8 and 22 meV (48 in the whole temperature range) for CsPbBr; and CsPbBrl, SLs, respectively. ¢) Schematic picture
illustrating the HEC states related to an inhomogeneous ensemble of NCs and the SR state formed from a small domain of this ensemble. Temperature
evolution of LEC and HEC d) linewidths and e) lifetimes; orange solid circles stand for the FWHM of emission spectrum and lifetime measured in a thin

film made with the same NCs used for obtaining type A SLs.

behavior (Figure S16, Supporting Information) is not far from
that observed in fresh SLs shown in Figures 5 and 7a,b.

In the case of the type A CsPbBr; SL the experimental Ar-
rhenius plot in Figure 7a can be fitted with an activation energy
E, = 8 + 1 meV. This activation energy should be ascribed to
the thermal decoherence of the dipole-dipole interaction, whose
origin can be due to exciton-phonon interaction, as suggested in
Ref. [49]. A direct ionization of the SR exciton state into the NC
ensemble (see illustration in Figure 7c) would not be reliable,
because E, is smaller than SE (>30 meV for type A SLs, after
Figure 6a). It is worth to note here that the estimation of the
dipole-dipole interaction in Ref. [54] yielded much smaller val-
ues. In our experimental estimations for 6E and that estimated
in Ref.[49] (20 meV, as obtained from the peak energy of the PL
measured in the SL and that of a polymer-NC nanocomposite),
the exciton-phonon interaction is the most reliable decoherence
mechanism with temperature. In fact, the SR line exhibits a
strong broadening with temperature above 20 K (black solid
circles in Figure 7d) that can be easily fitted with the phonon
occupation function (see our previous work on single NCs[*?):
Ton

ho,

g =T + 7)

ph
e —1

Adv. Optical Mater. 2023, 11, 2202497 2202497 (11 O‘F14)

The fitting (black continuous line in Figure 7d) was done with
an effective phonon energy fw,, ~ 8 meV (with high estima-
tion error, ~#4 meV) and an exciton-phonon coupling constant
of ys}‘l‘ ~ 28 meV. In the film (introduced in Figure 7d as orange
solid circles for comparison purposes) the best fit gives a higher
phonon value, close to the LO one (16 meV), and similar exciton-
phonon coupling constant, as also in Ref. [49]. A lower effective
phonon energy is possible due to the folding effect in the acoustic
phonon dispersion curve due to the SL periodicity. This phonon
energy is compatible with the activation energy obtained for the
SR intensity reduction (8 meV), hence the strong coupling of the
SR-exciton state with phonons should be the most reliable mech-
anism of the strong SR thermal decoherence in the range 4-70 K,
approximately.

Above 25 K, the thermal decoherence of the SR exciton state
(intensity decreases, linewidth and lifetime increase) is being
transformed into excitons localized in the ensemble of uncou-
pled NCs (inside the excitation volume) and hence feeding the
HEC states, provided that radiative recombination dominates in
the SL system. In fact, an increase of intensity is observed for both
HEC emission bands up to 60-70 K, well correlated with the ob-
served intensity decrease of SR. Above 60-70 K, HEC emission
also begins to decrease, which is ascribed to the participation of
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trapping-detrapping mechanism in CsPbBr; NCs (see our previ-
ous work in this field®)) and the activation of some nonradiative
recombination channel: see the decrease of intensity observed
in thin films above 100 K (Figure S9b, Supporting Information).
This is also the case in the type C CsPbBrl, SL, where the inten-
sity for both LEC and HEC emission lines decrease. The activa-
tion of nonradiative recombination channels above 25 K possibly
influences the thermal decoherence of the SR exciton state above
that temperature (its main lifetime passes from 0.65 ns at 4 K to
1.75 ns at 25 K, see Figure 5f-h). This is possibly the reason why
we deduce a slope as large as 22 meV until 75 K (48 meV if we con-
sider the total temperature range, 4-150 K) for the temperature
variation of the LEC line (Figure 7b). The added effect of com-
position and edge size fluctuations in the ensemble of NCs can
contribute to the faster thermal decoherence observed in these
SLs as compared to those made of CsPbBr; NCs.

Finally, let us to add some more interesting features related
to the temperature evolution of the emission in CsPbBr, SLs, at
least in the temperature range 4-70 K where the excitonic recom-
bination in the SL is predominantly radiative (region squared in
Figure 7e):

i) (4-20 K) the SR exciton state of this SL maintains a strong co-
herence, which is characterized with short lifetimes ~0.45—
0.7 ns.

ii) (25-50 K) the linewidth of the SR line increases and its inten-
sity decreases due to the exciton-phonon interaction respon-
sible of the SR thermal decoherence. The lifetime increases
up to 0.9-1.1 ns.

iii) from 4 to 60 K the fast decay measured in HEC states varies
slightly in the range 0.45 to 0.65, approximately, and above
80 K abruptly increases until values very similar to those
measured in the film (orange solid circles in Figure 7e).

The last result is particularly interesting, because it means that
Forster exciton-energy transport is still taking place until the SR
is totally quenched at 80-90 K. Above this temperature, the exci-
ton recombination dynamics in the SL does not differ from that of
a thin film. It should be notice that D. D. Blach et al. did a similar
observation for the lifetime measured in the whole SL emission
band of their perovskite SLs above 75 K.[*9)

4. Conclusion

To summarize, the investigation of the self-assembly of cubic-
shaped CsPbBr; and CsPbBrl, NCs into cuboidal superlattices
was carried out and superradiance emission of NCs in certain SL
domains was studied in three types of SLs by means of confocal
PL microscopy. In the case of CsPbBr; SLs we have measured
very narrow (1-5 meV) emission lines on the low energy side of
their p-PL spectra (LEC lines), which can be considered near ho-
mogeneous, and characterized by lifetimes as short as 160 ps.
The enhancement factor estimated from the integrated intensity
of these LEC lines (divided by the emission background of un-
coupled NCs in the same emission region) can reach values as
high as 10, similar to the value estimated from the ratio of life-
times measured in a film and that of the LEC, which are associ-
ated to domains of nearly identical NCs (at least in their emission
energy) formed by 1000 to 40 000 NCs within the micrometric
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SLs, as estimated in our work. Therefore, the nature of the LEC
line is consistent with a SR exciton state whose origin is due to
the coupling of optical dipoles in perovskite NCs, as in molec-
ular J-aggregates; this origin is consistent with our estimate of
the correlation length for these SL domains with correlated NCs.
The coherence of the SR exciton state has been studied in the
temperature region dominated by a radiative recombination dy-
namics (from 4 to 70-80 K, in the studied SL). The importance of
thermal decoherence for the SR state is observed above 25 K and
due to its coupling with an effective phonon energy of ~8 meV.
The emission of high energy states in the SL spectra are also char-
acterized by short lifetimes, because of Forster transfer of energy
(from small to large NCs of the distribution or from high to low
emission energies) in the SL. These findings are encouraging to
undertake future studies in SLs based on NCs with different av-
erage edge size, perovskite composition, SL period and total size.
Particularly, u-PL studies in a statistically representative number
of SLs will be needed to extract the correct information about the
formation of the SR exciton state in the different SL systems and
evaluate their limitations for using them in different applications
(photonics, exciton transport, quantum technologies, etc.).

5. Experimental Section

Synthesis of Colloidal Solution: CsPbBr; NCs were synthesized using
the hot-injection approach reported by Kovalenko and colleagues,*3] with
some modifications[*®] All of the reactants were utilized just as they were
received, with no extra purification. In brief, Cs-oleate solution was pre-
pared by mixing 0.41 g of Cs,CO; (Sigma-Aldrich, 99.9%), 1.25 mL of
oleic acid (OA, Sigma-Aldrich, 90%), and 20 mL of 1-octadecene (1-ODE,
Sigma-Aldrich, 90%) were loaded together into a 50 mL three-neck flask
at 120 °C under vacuum for 1 h under constant stirring. Then, the mixture
was N,-purged and heated at 150 °C to reach the complete dissolution of
Cs,CO;. The solution was stored under N,, keeping the temperature at
100 °C to prevent Cs-oleate oxidation. For the synthesis of CsPbBr; and
CsPbBrl, PNCs, 1.0 g of PbBr, (ABCR, 99.999%), and the correspond-
ing PbBr,/Pbl, mixture, were mixed with 50 mL of 1-ODE into a 100 mL
three-neck flask. The mixture was degassed and heated at the same time at
120 °Cfor 1h under constant stirring. Then, a mixture of 5 mL each of both
pretreated (130 °C) OA and oleylamine (OLA, Sigma-Aldrich, 98%) were
separately added to the flask under N,, and the mixture was quickly heated
at 170 °C. Simultaneously, 4 mL of Cs-oleate solution was injected into the
mixture quickly and then, the reaction was quenched to immerse the mix-
ture into an ice bath for 5 s. In order to perform the isolation process of
PNCs, the colloidal solutions were centrifugated at 4700 rpm for 10 min.
Then, PNCs pellets were separated after discarding the supernatant and
redispersed in toluene to concentrate the PNCs at 100 mg mL™".

Growing 3D Superlattices: CsPbBr; and CsPbBrl, NC SLs were grown
on glass substrates, which was preliminary cleaned by following the pro-
cedure reported in ref.[57] before the self-assembly process. In a standard
assembly procedure, the substrate was put into a Teflon well and 10 pul of
colloidal solution in toluene were dropped onto the substrate. The well
was subsequently capped with a glass plate, and the toluene was permit-
ted to gently evaporate. After the full evaporation of the toluene, 3D SLs of
CsPbBr; and CsPbBrl, NCs were grown. Individual SLs typically had lat-
eral dimensions between 1 and 10 um, with some of them arranged into
clusters of several SLs and others staying separated from one another in
distance to make it possible for PL measurements to be done on a single
superlattice.

Optical Spectroscopy and Confocal Optical Microscopy:  All low temper-
ature measurements were taken using a standard micro-PL setup, with
the samples held in the cold-finger of a vibration-free closed-cycle cryostat
(AttoDRY800 from Attocube AG). The sample was excited using a con-
tinuous wave (pulsed) excitation laser at a wavelength of 4 = 405 nm

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

B5USD17 SUOWILLIOD dAIER.1D) 3|qe!(dde au Ag pauseob s sapie YO ‘Bsn JOS3|N1 10y Ar1q1T BUIUO AB]IA UO (SUORIPUOD-PLR-SLURILIY"AB| 1M AseIq 1 U1 |UO//SARU) SUORIPUOD Pue SWB L 34} 835 “[£202/60/TT] U0 Akiq1TauluO AoIM AUNERD 80 SLEISBAIUN SBARS 8Q 1010SU0D Aq /617202202 WOPe/Z00T OT/I0P/L0d™A3| 1M Aelq1puljuo//Sdiy o) papeoiumod ‘ST ‘€202 ‘T.0TS6TZ



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

(450 nm), returning spectral (time resolved) PL measurements. More-
over, the alignment of the collection and excitation spots was done sep-
arately for CsPbBr; and CsPbBrl, NCs by single-mode fiber-coupled con-
tinuous wave lasers at wavelengths of 1 = 532 and 660 nm, respectively.
In both excitation and detection, single mode optical fibers will serve as
confocal pinholes. Excitation and detection were carried out using a 50x
long-working distance microscope objective with a numerical aperture of
NA = 0.42 that was positioned outside the cryostat. The emission from
the sample was long-pass filtered, dispersed by a double 0.3 m focal length
grating spectrograph (Acton SP-300i from Princeton Instruments) and de-
tected with a cooled Si CCD camera (Newton EMCCD from ANDOR) for
recording PL spectral and with a SPAD detector (from Micro Photon De-
vices) connected to a time correlated single photon counting electronic
board (TCC900 from Edinburgh Instruments) for time resolved PL mea-
surements.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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