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ABSTRACT: The decay of excited states via radiative and nonradiative paths is well understood in molecules and bulk
semiconductors but less so in nanocrystals. Here, we perform time-resolved photoluminescence (t-PL) experiments on CsPbBr;,
metal-halide perovskite nanocrystals, with a time resolution of 3 ps, sufficient to observe the decay of both excitons and biexcitons as
a function of temperature. The striking result is that the radiative rate constant of the single exciton increases at low temperatures
with an exponential functional form, suggesting quantum coherent effects with dephasing at high temperatures. The opposing
directions of the radiative and nonradiative decay rate constants enable enhanced brightening of PL from excitons to biexcitons due
to quantum effects, promoting a faster approach to the quantum theoretical limits of light emission. Ab initio quantum dynamics
simulations reproduce the experimental observations of radiation controlled by quantum spatial coherence enhanced at low

temperatures.
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A ubiquitous process in the study of excited states includes
the various pathways for radiative and nonradiative decay.
From molecules to bulk semiconductors, these processes have
been well studied. In molecules, one has pictures from
quantum dynamics described by radiationless transitions,
more recently discussed in terms of nonadiabatic dynamics.'
In bulk semiconductors, one has complementary pictures such
as Shockley or Auger processes.” In modern quantum
materials,>* one aims to understand and implement novel
excitonic physics to develop quantum dot lasers,” high
brightness light emitting diodes,® and nonclassical sources of
single and entangled photons enabled by quantum coherence
in time or space.7’8

Nanoscale materials offer the possibility of interpolating
between molecular and bulk limits, not just in size but in terms
of electronic structure and function toward the applications
noted above. Quantum dots (QD), often made of semi-
conductor nanocrystals (NC), represent a model system for
materials in this intermediary regime.” Semiconductor perov-
skite NC (P NC) are less well-studied, a new nanoscale
material with remarkable performance in devices from
photovoltaics to light-emitting diodes.'”'" This performance
is thought to arise from their remarkable physics of defect
tolerance'”'” arising from liquid/solid duality as a phonon
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glass/electron crystal.'*™"® In the case of excited state decay,
these P NC have been shown to support remarkable light
emissive properties such as quantum yields approaching 90% at
room temperature.'”"" Not all metal-halide perovskite (MHP)
NC exhibit such high quantum yields, often closer to 50%, with
some size dependence that has not yet been solved.'”*" The
MHP NC we explored were synthesized from a variation of the
original Kovalenko method and had room temperature
quantum yields closer to 50%.'®*'7*® Perhaps the more
remarkable observation is of faster decay at low temgperature
rather than slower, as in most (i.e., classical) cases.”*’ This
initial observation has been rationalized in terms of quantum
coherent delocalization giving rise to a giant oscillator strength
effect.””~* This effect has been discussed in MHP NC and
also in CdSe nanoplatelets,”** which have very different
physics, thereby suggesting the generality of the effect. There is
a lack of observations and insight into the emission of P NC
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Figure 1. Overview of the relationship between excitonic structure, classical nonradiative process, and ideas of quantum delocalization in materials
enabling efficient light emission. (a) Overview of exciton (X)/biexciton (XX) structure and charge carrier interactions. The energy of the biexciton
is double the single exciton minus the biexciton binding energy (Dyx), represented by a spectroscopic mean due to their being a manifold of
transitions. (b) A simple two-level diagram of excitonic nonradiative recombination misses important information: the temperature dependence of
the rate constant. (c) How the temperature dependence of the nonradiative rate constant for X would have an Arrhenius functional form. (d)
Schematic illustration of Auger recombination, the path by which XX recombines nonradiatively to X. The temperature dependence of Auger
recombination in nanocrystals is not well established. (e) Schematic of an exciton in a nanocrystal showing the length scales involved, from the 15
nm nanocrystal, to the 7 nm Polaron and Bohr lengths, to the idea of thermally induced dephasing of spatial coherence of excitons.

from both excitons and biexcitons. An ability to fully resolve
the temperature dependence of the emission kinetics, from
excitons to biexcitons, is required in time.

Here, we report on time-resolved photoluminescence (t-PL)
spectroscopy of weakly confined (15 nm) CsPbBr; P NC, at
high excitation density to support multiexcitons, with a time
resolution of 3 ps, sufficient to resolve the 30 ps kinetics that
was previously missed in all prior experiments. In addition to a
qualitative leap forward in time resolution, we present data
spanning 300—25000 giving insight into radiative and
nonradiative decay mechanisms. We establish these decay
mechanisms for excitons (X) and biexcitons (XX). The
nonradiative rate constants get slower at lower temperatures,
and the radiative rate constants get faster at higher temper-
atures, for both X and XX. This temperature dependence gives
rise to bright PL from X and significantly XX. The radiative
decay rate constants have an exponential functional form
consistent with thermal fluctuations causing quantum local-
ization. Low temperatures enable quantum coherent spatial
delocalization, and the giant oscillator strength effect arises for
both X and XX. Notably, the radiative decay constant for XX is
identical to that of X at 300 K, but it is twice that of X at 25 K.
This observation further suggests low-temperature delocaliza-
tion, which gives rise to a more strongly correlated XX, having
a faster radiative rate constant. This acceleration of radiative
rate constants at low temperatures is unique to perovskite NC
so far, and it does not arise in model QD NC systems such as
CdSe or molecular systems such as laser dyes. Hence, these
radiative effects are not trivially due to some excitonic fine
structure at low temperatures, whether usual or anomalous,
and are proposed to arise from the unique structural dynamics
of perovskites. The temperature dependence of the non-
radiative rate constants reveals a unimolecular Arrhenius
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functional form for X, and a bimolecular activated functional
form for XX. Ab initio molecular dynamics (AIMD)
simulations are performed to rationalize the experiment. The
simulations are consistent with the experimental observations
on radiative decay and suggest quantum coherent delocaliza-
tion enabled at low temperatures by freezing out thermal
fluctuations.

Figure 1 presents an overview of the salient electronic
structure and the resultant kinetic processes. The main idea in
QD is that they support confined excitons (X) with a resultant
fine structure, as shown in Figure la. Unlike molecules and
bulk semiconductors, QD also support strongly bound
excitonic complexes such as a biexciton (XX).>*¢ The
biexciton is lower in energy than twice the exciton energy by
a binding energy, <Ayx>, which must be averaged over the
manifold of states as indicated by the bracket.

As discussed in the QD literature, several differences exist
between X and XX. One of the main differences is in
nonradiative recombination. Nonradiative recombination in
molecular or excitonic systems is typically represented as a
level diagram with increasing density of vibrational states on
the ground electronic state that are isoenergetic with the
excited state. Hence, the nonradiative rate constant will be
temperature dependent and slow in time, Figure 1b. But in this
simple level diagram, the temperature dependence of non-
radiative decay is not explicit. Thus, for a more detailed
picture, a configuration coordinate diagram is needed which
captures the temperature dependence of nonradiative decay,
Figure lc. This diagram allows one to anticipate an Arrhenius
functional form for nonradiative decay of X in QD or S, in
molecules.

In the case of XX, one has Auger recombination

2,35,36 _ 1.
processes, which have enhanced rate constants due to

https://doi.org/10.1021/acs.nanolett.3c03180
Nano Lett. 2024, 24, 61-66


https://pubs.acs.org/doi/10.1021/acs.nanolett.3c03180?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c03180?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c03180?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c03180?fig=fig1&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c03180?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

100
Time (ps)

Time (ns)

100

Time (ps)

Time (ns)

0
0% 0 sk
3 \,\ 300K
< ™, IRF
%] { 1
o I ‘
g e
= W@
-1
10 0 100 200
Time (ps)
0
10 no 25K
3 { 300K
< { IRF
> \
wn \
j \
2
£ \
-1 \\
10 0 1 2
Time (ns)

Figure 2. Time-resolved photoluminescence (t-PL) of CsPbBr; nanocrystals with a <N> = 3.3 or f = 1.0 X 10'® cm™. Data are shown at two
temperatures and two time scales to present an overview. t-PL spectra on the 200 ps time scale at (a) 300 K and (b) 25 K. There are clearly spectral
dynamics on the time scale of 30 ps that were previously unresolved. (c) Spectral integration yields kinetic transients with improved signal-to-noise
ratio. The transients are biexponential. Cooling the sample from 300 to 25 K causes the fast component to get slower (decay of XX) and the slow
component to get faster (decay of X). t-PL spectra on the 2 ns time scale at (d) 300 K and (e) 25 K. (f) Spectrally integrated kinetic transients at

both temperatures. The ns time window misses much of the kinetics.

quantum confinement, Figure 1d. In the case of Auger
recombination, its size dependence is well-known for the
QD, but the temperature dependence remains less well
explored. There are two experimental measurements, one
using single dot PL*” and the other using transient absorption
spectroscopy.”® In the case of P NC, the low-temperature
acceleration of the radiative rate constant has been rationalized
in terms of a longer coherence length enabling a giant oscillator
strength.”” This effect of temperature influencing spatial
decoherence of the wave function is illustrated in Figure le
relative to the 15 nm edge length of these CsPbBr; P NC. The
Bohr length is 7 nm, as is the polaron diameter. The polaron
causes lattice distortions about the exciton, as schematically
illustrated. The critical question is the length scale of the
coherent wave function relative to the localization from the
polaron or the physical NC itself.

To explore the effects of temperature on the radiative and
nonradiative rate constants for X and XX to unravel possible
quantum coherent effects, we perform time-resolved photo-
luminescence (t-PL) spectroscopy on 15 nm CsPbBr3 NC
with a streak camera detector that has an instrument response
function of 3 ps, suitable for seeing the fastest PL processes
obscured in other experiments with slower detectors. Figure 2
shows the time-resolved photoluminescence (t-PL) of CsPbBr,
nanocrystals with a <N> = 3.3 or f= 1.0 X 10'® cm ™. The data
are shown at two temperatures, 25 and 300 K, and on two time
windows, 200 ps and 2 ns. The presence of multiexcitons
(MX) is clear from the fast component, a standard signature of
MX recombination in QD and NC.>>*” A spectrally resolved
analysis further reveals the details of MX formation and its
energetics. See the Supporting Information (SI) for more
information about the spectroscopy. Here, we focus on the
spectrally integrated kinetic transients. The kinetic transients
are shown in Figure 2¢ and f. The main observation is that the
fast component gets slower at low temperatures and the slow
component gets faster at low temperatures. See the SI for fit
parameters of experimental decay constants as a function of
temperature.
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The complete temperature dependence of the t-PL kinetics
is shown in Figure 3. The radiative and nonradiative rate
constants are obtained from the measured decay constants and
the quantum yields. See the SI for details. Figure 3a shows the
temperature dependence of the nonradiative decay of X, as it is
the simplest to understand. The nonradiative rate constants for
X have Arrhenius temperature dependence with an activation
energy of 3.6 meV and A = 1.9 ns'. Figure 3b shows the
nonradiative rate constant for XX, which follows a temperature
dependence consistent with bimolecular kinetics. This non-
Arrhenius dependence for XX nonradiative rate constants has
E,=0.54meVand A = 13 ns™! K™, T with C = 0.28. In both
cases, the nonradiative processes follow classical, thermally
activated kinetics.

In stark contrast, the radiative rate constants have a
temperature dependence in the opposite direction, Figure 3c.
The rate constant for X increases at low temperatures with an
exponential functional form. The magnitude of the amount is
5.5X from 300 to 25 K. This exponential functional form of
temperature dependence is immediately reminiscent of the
dephasing of temporal coherences due to temperature, but in
this case, one has spatial coherence. The qualitative form of the
increase is consistent with the giant oscillator strength effect, in
which the excitonic volume increases at low temperatures. This
volume increase should result in a specific temperature
dependence on the radiative rate constants. The rate constant
for XX is precisely the same at 300 K and twice at 25 K. This
observation is consistent with more significant spatial
coherence and stronger excitonic correlations, giving rise to
faster decay of XX. The exact numbers are not the focus of this
work and will be discussed elsewhere.

To focus on the quantum advantage enabled by quantum
delocalization of excitonic spatial coherence at low temper-
atures, we plot the PL branching ratio in Figure 3d as 1 — k./
k.. The behaviors of X and XX are shown relative to the
classical response. The classical response corresponds to a
standard molecular emitter with an Arrhenius temperature
dependence for nonradiative decay and no temperature
dependence for radiative decay. In the classical case, one

https://doi.org/10.1021/acs.nanolett.3c03180
Nano Lett. 2024, 24, 61-66


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c03180/suppl_file/nl3c03180_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c03180/suppl_file/nl3c03180_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c03180/suppl_file/nl3c03180_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c03180?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c03180?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c03180?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c03180?fig=fig2&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c03180?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

05! ¢° 4214,
© ¥
~ 0.0 Aexp(z2) ~41 ATexp(z2)
1 1
%—0.5 %40
&£ £ N
£-1.0 <39
15 3.8
a) b) — 5
0.01 0.02 0.03 0.04 0.01 0.02 0.03 0.04
a5 1/T (1/K) /T (1/K)
' ka=2ks o X Loa),
20 ° XX 0.8-
Tw 1.5 Aexp(—CT) .g 0.6-
c &
+ 1.0 0.4
E —
05( | k(25K _ .« 0.2: ——
kx(300K) ~ > —
0.0 <) Ko = kx <N 0.0- —— classical
0 100 200 300 0 100 200 300

Temperature (K) Temperature (K)

Figure 3. Temperature dependence of the rate constants for radiative
and nonradiative recombination suggests mechanisms. Conventional
classical behavior is seen for nonradiative recombination. In contrast,
quantum coherent behavior is seen for radiative recombination. (a)
The nonradiative rate constant for X is well fit to a classical Arrhenius
model. The nonradiative rate constants for X have Arrhenius
temperature dependence with an activation energy of 3.6 meV and
A = 19 ns”". (b) The nonradiative rate constant for XX follows a
temperature dependence consistent with bimolecular kinetics. This
non-Arrhenius dependence for XX nonradiative rate constants has E,
=0.54meV and A = '3 ns™! K€, with C = 0.28. (c) The radiative rate
constants follow the opposite temperature dependence and increase at
low temperatures, with an exponential functional form that suggests
thermal dephasing of quantum coherence. The ratio of these rate
constants goes from 1 to 2, over this temperature range. The
enhancement of this ratio at low temperatures suggests stronger
biexcitonic correlations at low temperatures. (d) The branching ratio
shows a temperature dependence for X and XX, in which lower
temperatures enable approaching the theoretical limits faster than vial
classical light emission.

interpolates with steep temperature dependence from near
zero to near one. In the case of these quantum coherence-
enabled emitters, the temperature dependence of X is much
shallower, and XX is shallower still. This shallowness to the
temperature dependence enables these quantum emitters to
get brighter and faster with respect to temperature.

To provide an atomistic interpretation of the experimental
results, we perform ab initio electronic structure and quantum
dynamics calculations, as detailed in the SI. The calculations
match the experimental trends, Figure 4, rationalizing the
observed temperature dependencies. The radiative decay rates
of both X and XX decrease as temperature increases, Figure 4a
and b, because of the thermal-induced disorder that partially
localizes electrons and holes, Figure S9. The enhanced atomic
fluctuations, as shown in Table S1, perturb the symmetry of
the crystal lattice, reduce electron—hole overlap, and decrease
the transition dipole moments at higher temperatures. The
temperature dependence of the radiative rate is stronger for X
and XX because the radiative decay of XX is determined by the
vector sum of transition dipole moments of the two excitons.
The orientations of the transition dipole moments are
randomized at higher temperatures, and the XX coherence
time decreases, Table S2. This fact suggests that the quantum
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Figure 4. AIMD calculations reproduce the experiment. Comparison
of the calculated and experimental (a, b) radiative and (c, d)
nonradiative decay rates of (a, c) single (X) and (b, d) double (XX)
excitons. The calculations match the experimental trends well. The
decrease of the radiative rates with increasing temperature arises due
to the partial localization of electrons and holes induced by thermal
structural disorder, Figure S9. The XX radiative rate shows a stronger
dependence on temperature than the X radiative rate because it
involves XX coherence that decays faster at higher temperatures,
Table S2. The nonradiative X rate exhibits the Arrhenius functional
form because it depends on vibrational kinetic energy. The leveling of
the nonradiative XX rate at low temperatures is due to nuclear
quantum effects, which are more important for XX than X, Figure
S10.

coherence-enabled emitters (XX) exhibit enhanced brightness
and faster decay due to their distinctive temperature-depend-
ent behavior. The finding aligns with previous studies on
quantum coherence effects on excitonic dynamics,*”*’
indicating the potential of utilizing quantum coherence for
improved optoelectronic applications. The nonradiative decay
rates increase with temperature because the process involves
coupling to vibrational motions that are enhanced at higher
temperatures, Figure 4c and d. The XX nonradiative decay rate
flattens at the low temperatures due to nuclear quantum
effects, which play a more important role for XX than X. The
strongest contribution to the X nonradiative decay arises from
a20 cm™ frequency vibration, corresponding to 30 K, with the
influence spectrum decaying rapidly by 100 cm™, Figure S10.
In comparison, the electron-vibrational coupling spectrum for
XX exhibits signals with similar intensities from 20 to 170
cm™, rationalizing the observed difference in the temperature
dependence of the nonradiative decay rates for X and XX,
Figure 3.

These experiments and simulations reveal that semi-
conductor perovskites’ unique, defect-tolerant lattice enables
their nanocrystals to possess large amplitude quantum
coherent effects in their light emission. Spatial delocalization
of the excitons at low temperatures enables an accelerated
approach toward the theoretical limit for the light emission
quantum efficiency. These effects could be useful in sources of
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single and entangled photons as well as high-brightness light
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