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ABSTRACT: Achieving superradiance in solids is challenging due to fast
dephasing processes from inherent disorder and thermal fluctuations.
Perovskite quantum dots (QDs) are an exciting class of exciton emitters
with large oscillator strength and high quantum efficiency, making them
promising for solid-state superradiance. However, a thorough under-
standing of the competition between coherence and dephasing from
phonon scattering and energetic disorder is currently unavailable. Here,
we present an investigation of exciton coherence in perovskite QD solids
using temperature-dependent photoluminescence line width and lifetime
measurements. Our results demonstrate that excitons are coherently
delocalized over 3 QDs at 11 K in superlattices leading to superradiant
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emission. Scattering from optical phonons leads to the loss of coherence and exciton localization to a single QD at temperatures
above 100 K. At low temperatures, static disorder and defects limit exciton coherence. These results highlight the promise and

challenge in achieving coherence in perovskite QD solids.
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he realization of robust coherence in the solid state has

been a long-standing challenge for quantum materials
research. Superradiance, proposed by Dicke in 1954, describes
a macroscopically coherent state that arises from the excitation
of an ensemble of individual dipole emitters,” which is
characterized by an accelerated radiative decay rate propor-
tional to the number of emitters N. The realization of
superradiance in solid-state systems is challenging due to
inherent inhomogeneities and unavoidable fast dephasing
processes.”~* Recently, colloidal metal halide perovskite
quantum dots (QDs) have emerged as an exciting class of
quantum emitters due to their near-unity quantum yields, large
oscillator strengths, and long coherence times.> "3 Super-
fluorescence, a many-body superradiance in which the
transition dipole of many QDs self-lock into a macroscopic
dipole after being photoexcited, has been recently reported in
self-assembled perovskite QD superlattices (SLs).'*"

When inter-QD electronic coupling is larger than other
dephasing fluctuations, a symmetric delocalized state is
produced by the quantum superposition of all N possible
single QD excitations. This delocalized state is superradiant
because the transition dipole moment is enhanced by a factor
of N, which is known as single-photon superradiance and
difference from superfluorecence resulted from many-body
effects.'® Here, accelerated decay can be observed even if only
one QD is excited. Such superradiance has been demonstrated
in molecular aggregates with excitons delocalized over
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hundreds of molecules at low temperatures due to their strong
electronic coupling (up to 200 meV).'”~** Currently, a
thorough understanding of the interplay between disorder
and coherence in perovskite QD solids is lacking; such
understanding is crucial for harnessing superradiance resulting
from exciton delocalization to boost the performance of
optoelectronic devices and engineer new quantum light
sources. To address this question, we employed temperature-
dependent and time-resolved photoluminescence (PL) spec-
troscopy to quantify exciton delocalization. We show that
dipole coupling can outcompete disorder at low temperatures,
resulting in single-photon superradiant radiative decay with a
coherence number around 3 at 11 K for highly ordered SLs.
We employed highly ordered QD SLs with a small size
distribution and well-defined inter-QD distance to probe the
interplay between coherence and dephasing. Colloidal CsPbBr;
QDs, whose absorbance and PL spectra are shown in Figure la
(Figure S1 includes QD size distribution), were assembled into
close-packed, three-dimensional (3D) micrometer-sized SLs
on a silica substrate through slow evaporation (Figure $2).%
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Figure 1. Structural and optical characterization of the CsPbBr;QD SLs. (a) Absorbance and PL spectra of CsPbBry QDs in toluene. Inset:
schematic illustration of a CsPbBr; QD capped with oleylamine and oleic acid. (b) Low-resolution HAADF-STEM image of a single SL. (c) High-
resolution HAADF-STEM image of the same SL taken in the center showing ordered QD packing. (d) FFT of the high-resolution image. (e)
Schematic of the nearest-neighbor dipole coupling between excitons with transition dipole y oriented in the x, y, and z directions in a QD dimer.

To examine the ordering, high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
images were collected on two representative SLs (Figures 1b,c
and S3a,b). Cubic packing of QDs within the SL can be
observed (Figure 1c). Fast Fourier transforms (FFT) of STEM
images indicate long-range order within a given SL (Figures 1d
and S3c). For the SL shown in Figure 1b,c, a well-defined
spacing between the QDs (r) is apparent. The first set of
reflections occurs at 12 nm/c, a spacing that closely
corresponds to the length of a 9 nm QD combined with a 3
nm spacing due to capping ligands.”” In contrast, the SL shown
in Figure S3a exhibits much greater disorder in the FFT as
depicted in Figure S3c. A broad smear is observed from 10 to
14 nm/c, indicating substantial heterogeneity of r for the QD
packing in this SL.

Electronic Coupling. Figure le illustrates the electronic
coupling between excitons in CsPbBr; QDs due to dipole—
dipole interaction. This static dipole interaction is valid for
distances smaller than the emission wavelength. Radiative
coupling, which is important at distances longer than the
emission wavelength,24 is neglected here and merits further
investigation. For an isolated CsPbBr; QD, the lowest exciton
state is a bright triplet with transition dipoles oriented in the x,
y, and z directions."” The nearest-neighbor dipole—dipole
coupling is given by

K,u2
eR®

(1)

where y is the transition dipole, k is the orientation factor, € is
the dielectric constant, and R is the inter-QD distance. In
dimers, the lowest state lies 2V below the isolated QD
transition.”> In 3D SLs, exciton bands form due to periodic
boundary conditions.”® The lowest energy state at k = 0 (zero
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momentum, Brillouin zone center) is superradiant, which is the
quantum superposition of all N possible single QD excitations.
However, disorder can localize excitons by randomizing the
relative frequency and phases. This scatters the population
from the delocalized k = O state to localized states with finite
momentum, which leads to the destruction of coherence.'”

We performed PL and reflectance spectroscopy over a wide
temperature range (11—295 K) on multiple SLs grown on five
different substrates, denoted as A, B, C, D, and E (Figure S4),
to evaluate the degree of electronic coupling and disorder.
Results from these SLs were compared to a thin film of highly
dispersed QDs in a poly(methyl methacrylate) (PMMA)
matrix, with mostly isolated QDs and small clusters (Figure
SSa). The PL spectra for isolated QDs and the Al SL are
shown in Figures 2a and 2b, respectively (data for other SLs
are shown in Figure S6). The center peak position and line
width are compared for the isolated QDs and the Al SL in
Figure 2c,d (other SLs are presented in Figure S7). For the
isolated QDs, the PL and reflectance (Figure S8) peak position
red-shifts slightly as temperature decreases, which is mainly
attributed to the reduced bandgap due to the decreased lattice
constant at low temperatures.”” While the center peak position
for Al and isolated QDs is similar between 100 and 295 K, the
peak center of the SL further red-shifted from the isolated QDs
below 100 K, with a shift of ~19 meV at 11 K.

The red-shifted and narrower PL emission for the SLs at low
temperatures is an optical signature of superradiance, where
the collective excitonic states are shared by more than one QD.
The energy shift is proportional to the effective dipole coupling
strength V.*® As detailed in the Supporting Information, we
estimated V to be ~16 meV, which is on the same order as the
observed PL peak shift at 11 K and an order of magnitude
higher than CdSe QD SLs.”” Temperature-dependent
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Figure 2. Temperature-dependent PL and reflectance spectroscopy to elucidate dynamic and static disorder. Temperature-dependent PL spectra
acquired between 11 and 295 K for (a) isolated QDs and (b) the Al SL. (c) Temperature-dependent center peak position extracted from PL
spectra of isolated QDs and Al SL. (d) Temperature-dependent FWHM extracted from PL spectra of isolated QDs and Al SL. (e) Reflectance
spectra for the E1 SL collected at temperatures between 11 and 220 K. (f) Temperature-dependent energy shift for reflectance and PL shown for

E1 SL. (g) PL spectra of all SLs collected at 11 K.

reflectance spectra further confirm that red-shifted PL emission
originated from the delocalized superradiant state. For the SL,
we observed red-shifted exciton resonance with increased
oscillator strength at low temperatures, consistent with
superradiance (Figure 2e). In contrast, for isolated QDs,
exciton absorption does not change significantly as a function
of temperature (Figure S8). In addition, the energy gap
between absorption and PL peak is constant across all
temperatures in the SLs (Figure 2f), which validates that the
red-shifted emission at low temperatures does not result from
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other effects such as energy transfer from smaller to larger
QDs. The larger red-shift at lower temperatures can be
explained by how the transition dipole in isolated QDs
increases due to the exciton size increasing.’”’" Although the
A, C, D, and E SLs examined here have different sizes and
shapes (Figure S4), they have qualitatively similar behaviors.
Therefore, we conclude that photonic effects do not play an
important role.

Phonon Scattering. For both the SLs and isolated QDs,
the PL line width becomes narrower at lower temperatures,

https://doi.org/10.1021/acs.nanolett.2c02427
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Figure 3. Superradiance enhanced radiative rates in SLs. Temperature-dependent PL lifetimes of (a) isolated QDs and (b) coupled QDs in Al SL.
(c) Temperature-dependent relative PLQY for isolated QDs and Al SL. (d) Temperature-dependent radiative rates for isolated QDs and A1l SL.
(e) Schematic illustration of the superradiant state produced by the quantum superposition of N single QD excitations. N = 3 for the Al SL.

consistent with the reduced dynamic disorder from phonon
scattering.”” From Figure 2d, we observe that for isolated QDs,
the line width becomes constant below 100 K. In contrast, for
some SLs, the line width continues to narrow below 100 K
(data for A1l SL shown in Figure 2d, other SLs in Figure S7).
This can be explained by exchange narrowing, where narrower
line widths result from the averaging of inhomogeneities over
many QD sites due to excitation delocalization at low
temperatures.”’ Thus, the additional narrowing of the PL
line width at low temperatures also confirms that excitons are
delocalized over multiple QDs at low temperatures in some
SLs.

Both acoustic and optical phonon scattering could
contribute to the line width. We extracted the phonon
scattering strength by fitting the temperature-dependent PL
line width

1—XLO

FWHM:FO+FACT+m

)
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where Iy is the inhomogeneous line width due to static
disorder, I'yc (I'Lo) is the exciton longitudinal acoustic
(optical) phonon coupling strength, E;o is the energy of
optical phonons, kg is the Boltzmann distribution, and T is
temperature.””° We fixed E; to 16 meV corresponding to
Pb—Br bending motions based on a previous work.”” Fitting
parameters are listed in Table S1. The I' o values are similar
for all SLs (~40 meV), indicating similar electron—phonon
coupling strength. Overall, the coupling of optical phonons
dominates the temperature-dependent line width, and the
contribution from acoustic phonons is negligible, consistent
with previous reports.*®

Static Disorder. We use I'; as a measure of static disorder
from inhomogeneities, and Figure 2g compares the PL spectra
at 11 K. Static disorder has two main contributions: the size
distribution of individual QDs that leads to different exciton
energies and the inhomogeneities in the inter-QD distance
resulting in fluctuations of QD-to-QD coupling. As shown in
Figure 2g, all SLs have a narrower line width (17—3S meV)
compared to isolated QDs (60 meV). The narrower line width
indicates SLs have smaller static disorder, as expected from the

https://doi.org/10.1021/acs.nanolett.2c02427
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inhomogeneously broadened line shape and exciton localization.

selection of a subpopulation of QDs with a smaller size
distribution than the overall population through self-assembly.
There are also variations in the PL line width between SLs,
even when grown on the same substrate (e.g, C1, C2, and
C3). Al and E1 have the smallest FWHM (~18 meV), and Bl
has the broadest FWHM (35 meV). Further examination of
the PL spectra at 11 K in Figure 2g shows that some SLs have
lower energy shoulder peaks. These are most likely caused by
the existence of subdomains, composed of different sizes of
QDs, within individual SLs.'**’

Superradiance Enhanced Radiative Rate. The red-
shifted and narrower PL emission of the SLs compared to
isolated QDs at low temperature indicates that the exciton
coherence length could extend beyond one QD. To determine
the extent of delocalization, we compare the temperature-
dependent PL decay of isolated QDs and the Al SL in Figures
3a and 3b, respectively (Figure S9 includes other SLs’ PL
lifetimes). The averaged PL lifetime was determined by taking
the 1/e value of the dynamics curve. While the low-energy
shoulder corresponding to subdomains with larger QDs could
have slightly slower decay, energy transfer from smaller to
larger QDs does not affect the extracted PL lifetime
significantly (Figure S10), which could be explained by the
radiative decay being faster than or comparable to the energy
transfer time.”” As the PL decay contains contributions from
both radiative and nonradiative decay pathways, temperature-
dependent PL quantum yields (PLQYs) were calculated, as
shown in Figure 3c (calculation details are provided in the
Supporting Information). The 1/e lifetimes and PLQYs were
used to calculate the radiative rates. For isolated QDs, the

7815

absolute PLQY at 295 K was measured to be 92 + 5%. The
PLQYs at different temperatures and in the SLs were
determined relatively after correcting for temperature-depend-
ent absorption.*' The relative PLQYs of the isolated QDs and
A1 SL are shown in Figure 3c (other SLs’ PLQYs are included
in Figure S11). The calculated temperature-dependent
radiative rates for the isolated QDs and Al SL are compared
in Figure 3d (other SLs are shown in Figure S12). The
uncertainties in the PLQYs and, consequently, radiative rates
are largely due to heterogeneity (demonstrated in a PL
intensity map of a representative SL in Figure S13). At room
temperature, the PLQY values vary from SL to SL and are
consistently lower than that of the isolated QDs, likely due to
the increased probability of nonradiative energy transfer to
defect sites in the SLs.*”** At low temperatures, the radiative
rate in highly ordered SLs is enhanced by superradiance, which
can outcompete nonradiative pathways and lead to PLQY
close to 1.

Opverall, the radiative rate increases as temperature decreases,
as shown in Figure 3d for the Al SL and isolated QDs (other
SLs are included in Figure S12). Below 100 K, the radiative
lifetime in the Al SL becomes significantly shorter than the
isolated QDs. At 11 K, the radiative rate in the Al SL is 3.2
ns™' compared to 1.2 ns™" for the isolated QDs, which implies
that the coherence length extends beyond one QD. In other
words, superradiance is achieved when the transition dipole
moment from multiple QDs merge into a single, large dipole
(i.e., N > 1). We determined the average N by taking the ratio
of the SL and isolated QD’s radiative rates. On average, three
QDs are coherently coupled at 11 K in the Al SL. We note
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that the radiative rate for the isolated QDs also increases from
0.4 to 1.2 ns™! as the temperature decreases from 298 to 11 K
(Figure 3d). The enhanced radiative rate of isolated QDs at
low temperatures can be explained by the increased exciton
size, as phonon scattering is reduced.”””'

The superradiance observed here is different from previously
reported superfluorescence.'”'* For superfluorescence, many
QDs are excited, and a burst of intense emission appears only
above certain pump intensity thresholds after a time delay due
to the time necessary for dipoles to become aligned by an
external field.” N is dependent on how many QDs are excited
and is varied with pump intensity. Here, the accelerated PL
decay occurs at zero delay (also confirmed with a higher
temporal resolution of ~25 ps, Figure S14) and is independent
of pump intensity (Figure S15). We attribute this to single-
photon superradiance, © where the quantum superposition of
N single emitter excitations produces a symmetric superradiant
state (schematically shown in Figure 3e). Such superradiance
occurs even when the system interacts with one photon;
therefore, all but one of the QDs are in the ground state. At
high pump intensities, PL decay could become shorter due to
exciton—exciton annihilation.**

N shows a good correlation with the inverse of the PL line
width as shown in Figure 4a, which implies that phonon
scattering serves as the main mechanism for temperature-
dependent decoherence (Figure 4b). The temperature depend-
ence of N can be explained by exciton—phonon scattering
creating a nonuniform, temperature-dependent population
distribution of energy levels in momentum space k.'® At
lower temperatures, only the k = 0 state is populated which
corresponds to a coherence length extending over multiple
QDs. Exciton—phonon scattering transfers oscillator strength
from the k = 0 state to other momentum states at high
temperatures.'®** The spatial coherence length is restricted to
a single QD as temperature increases above 100 K. In addition
to phonon scattering, thermal averaging over superradiant and
subradiant states could also reduce the coherence length and
radiative rate at elevated temperatures.

Next, we discuss how static disorder and defects limit
superradiance. SLs with narrower line width and lower static
disorder showed faster radiative rates and a larger N (Figure
4c). The relationship between exciton localization and static
disorder is illustrated in Figure 4d. While SLs in samples A, C,
D, and E all display high radiative rates (1.5—3.2 ns™') and
relatively narrow FWHM (<25 meV) at 11 K, the radiative
rates of the B SLs are much lower (0.2—0.8 ns™") with broader
FWHM (33—36 meV), corresponding to N values smaller than
1 at 11 K N less than 1 indicates that the emission is
subradiant (i.e., the exciton is localized to a coherent spatial
extension smaller than the exciton in isolated QDs), which is
likely due to defect-induced localized states, for example, from
vacancies or dislocations in the lattices.*® Figure S16 shows
that over a broad temperature range, N for the B1 SL remains
near or less than 1, suggesting the emission is dominated by
localized excitons.

For C, D, and E SLs, the overall behavior is similar to the A
SLs but with lower N (1.5—2 at 11 K). Larger static disorder in
the C and D SLs can localize exciton wave functions by
introducing random phase shifts, resulting in a smaller N.
Another factor is defect-induced localized states, which are
likely to be more prevalent in C, D, and E SLs than in A SLs.
As shown in Figure S11, we observed a decrease in the relative
PLQY for the C, D, and E SLs when the temperature is below
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50 K. We did not observe this behavior in SL Al (Figure 2c).
This is likely due to some excitons being trapped in defect-
induced localized states that lie below the superradiant bright
state, which leads to a smaller N. We also compared results
from a spun-cast film to that of the Al SL (Figure S17). The
FWHM and experimental lifetime at low temperatures for the
spun-cast film fall between the isolated QDs and the SL due to
aggregation likely occurring in the spun-cast film (Figure
SSc,d). Exciton superradiance is not limited to SLs with long-
range order but should also be possible in thin films with short-
range order so long as electron coupling can outcompete
disorder. For example, red-shifted and increased exciton
absorption was observed recently at low temperatures in
perovskite QD thin films.*"*” Most recently, superfluorescence
has also been reported in thin films of quasi-two-dimensional
CsPbBr;.**

In conclusion, we reported the observation of superradiant
decay from a delocalized exciton state with a coherence
number of ~3 in SLs constructed from colloidal CsPbBr; QDs.
Ultimately, N is determined by the competition between
electronic coupling and disorder.”'® The large oscillator
strength leads to electronic coupling between QDs with
energies of ~16 meV. For the more ordered SLs, the electronic
coupling can outcompete both static and dynamic disorder at
low temperatures, leading to an average N of 3. It is not
surprising that QDs in highly inhomogeneous environments,
such as in the B SLs (static disorder >30 meV), would be
unable to establish superradiance, as the energetic disorder is
too great to allow the delocalization of excitons. These results
suggest that further enhancement of coherence length requires
increasing electronic coupling through tuning QD size and
ligand design as well as improving materials’ synthesis to
decrease static disorder. The homogeneous line width at low
temperatures for a single CsPbBr; QD has been reported to be
~80 peV,”” much smaller than the I'y at low temperature for
the SLs here; thus, there is significant room to further reduce
static disorder. For future studies, it will also be desirable to
directly correlate structural disorder to coherence by perform-
ing high-resolution TEM and temperature-dependent optical
spectroscopy measurements on the same SL.
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