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ABSTRACT: A common signature of nearly all nanoscale
emitters is fluorescence intermittency, which is a rapid
switching between “on”-states exhibiting a high photon
emission rate and “off”’-states with a much lower rate. One
consequence of fluorescence intermittency occurring on time
scales longer than the exciton decay time is the so-called
delayed photon emission, manifested by a long radiative decay
component. Besides their dominant fast radiative decay, fully
inorganic cesium lead halide perovskite quantum dots exhibit a
long fluorescence decay component at cryogenic temperatures
that is often attributed to the decay of the dark exciton. Here, we show that its origin is delayed photon emission by
investigating temporal variations in fluorescence intensity and concomitant decay times found in single CsPbBr; perovskite
quantum dots. We attribute the different intensity levels of the intensity trace to a rapid switching between a high-intensity
exciton state and an Auger-reduced low-intensity trion state that occurs when the excitation is sufficiently strong. Surprisingly,
we observe that the exponent of this power-law-dependent delayed emission is correlated with the emission intensity, which
cannot be explained with existing charge carrier trapping models. Our analysis reveals that the long decay component is mainly
governed by delayed emission, which is present in both the exciton and trion state. The absence of a fine structure in trions
clarifies the vanishing role of the dark exciton state for the long decay component. Our findings are essential for the
development of a complete photophysical model that captures all observed features of fluorescence variations in colloidal
nanocrystals.
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ince the reproducible synthesis of colloidally stable

nanocrystals, improvements of their emission properties

in terms of stability and efficiency has been the major
thrust."”> A mechanism that reduces the emission efficiency of
colloidal nanocrystals is their tendency to randomly switch from
a highly emissive state to a state with strongly reduced or no
emission.”~® It can take up to several minutes for the nanocrystal
to revert to a highly emissive state, which consequently reduces
their overall brightness. In the past, a connection between the
emission intensity and the photoluminescence decay time was
established,” and two different types of blinking have been
reported: one in which lower intensity levels correlate with
shorter photoluminescence lifetimes (A-type) and a second type
where the intensity is not correlated with the photolumines-
cence lifetime (B-type).” In the blinking model for quantum
dots proposed by Efros and Rosen,” a charge carrier is ejected
from the quantum dot and trapped in an acceptor-like state.
When the trapped charge carrier returns to the quantum dot, it
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forms again an exciton that subsequently decays by emitting a
photon. Photon emission that occurs due to the recovery of a
trapped charge carrier on a nanosecond to microsecond time
scale appears as the so-called delayed photon emission, which
follows a power-law distribution in the histogram of delay
10,11

Recently, a novel type of semiconductor nanocrystal, namely
fully inorganic lead halide perovskite nanocrystals,'” was
introduced that possesses outstanding optical properties.
Several reports on blinking-free emission of single perovskite
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Figure 1. Photoluminescence emission properties of CsPbBr; nanocrystals with a size of 6 nm. (a) Photoluminescence spectrum of an ensemble
of CsPbBr; nanocrystals at 5§ K. The fwhm of the Gaussian fit (red line) is 65 meV. The inset shows a TEM image of CsPbBr; NCs. (b)
Normalized photoluminescence decay measured over 5 orders of magnitude. The decay trace is stitched together from three different
measurements, recorded with different time bins and excited with different repetition rates of 10 MHz, 250 kHz, and 32 kHz for the dark,
medium, and light gray decay traces, respectively. The decay trace up to 1 ns is fitted with a single-exponential decay (red curve). We fit the
decay from 1 to 100 ns with a power-law-dependent fit (green line).
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Figure 2. Emission states of a single CsPbBr; quantum dot. (a) Time-dependent spectral series of a single CsPbBr; nanocrystal at § K, excited
with 0.2 uJ cm™? and recorded with 1 s integration time. The emission is subject to spectral diffusion. (b) Spectrally integrated intensity of the
recorded spectra in (a). (c, d) Photoluminescence spectrum taken from (a) with a high intensity (c), showing an exciton emission peak with fine
structure splitting, and a low intensity spectrum (d), showing a trion emission spectrum. Blue and green arrows in (a) and (b) indicate where the
high- and low-intensity spectra were taken from, respectively. The emission peaks are fitted with a Lorentzian function (red, green, yellow, and
light blue solid line). Inset: Zoom-in to the exciton emission peak with indicated energetic fine structure splitting.

quantum dots with photostability over minutes have been
reported,'™'” even though these nanocrystals do not contain a
passivating shell. Compared to highly engineered core—shell
nanocrystals of metal chalcogenides, some perovskite compo-
sitions show strongly reduced blinking events (see also
Supporting Information S1). Contrary to these findings, other
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reports show that some perovskite nanocrystals are subject to

. . 20—-22
fluorescence intermittency,

and the corresponding delayed
emission has been reported.”””*°

In this work, we investigate the fluorescence intermittency
(also known as blinking) and the connected delayed
fluorescence of single CsPbBry perovskite quantum dots at
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Figure 3. Fluorescence intermittency of a single CsPbBr; quantum dot. (a) Intensity trace of the emission intensity from an individual CsPbBr,
quantum dot at cryogenic temperatures with a bin size of 50 ms, revealing strong fluorescence intermittency. The gray horizontal line represents
the averaged intensity of the background luminescence. (b) Segment of the intensity trace from (a) binned with 10 ms. Gray- and red-shaded
areas represent the intensity ranges used to construct the photoluminescence decay in (c) and the probability distribution in (d). (c)
Photoluminescence decay trace of two different intensity levels indicated in (b). The initial exponential decay times are different for the high-
and low-intensity levels, known as A-type blinking behavior. In addition, the second decay components that follow a power-law decay show
different exponents ax . (d) Probability distribution of the duration of high (gray) and low (red) intensity periods of the intensity trace in (a),
binned with 10 ms. Solid lines represent fits with a truncated power-law function.

cryogenic temperatures. We find that blinking is related to a
random switching between a highly emissive exciton state and a
trion state with reduced emission intensity, representing A-type
blinking behavior. Furthermore, we discovered that both exciton
and trion states, which are clearly resolved at cryogenic
temperatures, possess a long decay component that follows a
power-law distribution. This slow component in the photo-
luminescence decay of perovskite nanocrystals has been
interpreted so far as being the decay of the dark exciton
state.”* ">’ However, this contradicts the power-law dependence
of the long decay component, since the decay from an excited
state would result in an exponential decay with a fixed decay
time. Furthermore, the long decay component of the trion state
cannot be explained with the recombination of a dark exciton
since the trion state does not possess a fine structure. Hence, we
attribute the long decay component to delayed exciton emission,
which has been observed in many quantum dot systems.'”'"*°
We present a microscopic model based on existing charging
models to explain the experimental observations and supply
turther validation by dynamical Monte Carlo simulations. These
findings provide important insights for the microscopic
understanding of fluorescence intermittency, which is crucial
for the development of highly efficient bright quantum emitters.

RESULTS AND DISCUSSION

We start with investigating an ensemble of CsPbBr; quantum
dots with a lateral size of 6.2 = 0.4 nm (see Supporting
Information S2), as depicted in the inset of Figure la. The
ensemble emission at 5 K peaks at 2.37 eV and shows a rather
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broad full-width at half-maximum of 65 meV, compared to
CsPbBr; nanocrystals of larger size, where the full-width at half-
maximum is around 10 meV."* For larger crystals, which are in
the so-called intermediate or weak confinement regime, the
emission energy is much less affected by size variations than for
smaller nanocrystals. Hence, it is expected that the smaller 6 nm
nanocrystals exhibit a larger inhomogeneous broadening. They
are on the verge of strong confinement, with an exciton Bohr
diameter of 7 nm.”" In Figure b, the photoluminescence decay
of an ensemble of CsPbBr; nanocrystals is shown over S orders
of magnitude in delay time. Up to 1 ns, the photoluminescence
decay follows an exponential decay with a typical exciton decay
time of 448 + 6 ps, which is in good agreement with previously
reported data.'” However, after 1 ns, the emitted photo-
luminescence clearly deviates from an exponential decay and can
be described with a power-law dependence with an exponent of
—0.75 + 0.03. To discern the origin of the long component in
more detail, we investigated single perovskite nanocrystals at 5
K. Despite that CsPbBr,Cl and CsPbBr; QDs display reduced
blinking at cryogenic temperatures, '* we focus our investigation
on QDs that exhibit photoluminescence blinking, which could
return important specifics of the exciton and charge complex
dynamics. Here, we provide an in-depth analysis for a
representative CsPbBr; quantum dot exhibiting fluorescence
intermittency that can be used to gain further insight into the
decay mechanisms of excitons and trions. Measurements on
additional quantum dots exhibit similar blinking behavior (see
Supporting Information S3 and S4). Consecutive photo-
luminescence emission spectra of a single CsPbBr; quantum
dot are shown in Figure 2a. In this time-dependent spectral
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Figure 4. Intensity-dependent photoluminescence decay. (a) Photoluminescence decays for five different emission intensity ranges as specified
in (b). Solid lines are best fits (exponential decay and power-law dependence) to the data. (b) Intensity histogram of the intensity trace in Figure
3a exhibiting two intensity peaks. The intensity ranges used to build intensity-dependent photoluminescence decay traces in (a) are visualized
by the color-coded shaded background in the plot. (c) Decay time of the exponential fit and absolute exponent of the power-law fit obtained

from (a) as a function of the emission intensity.

series, we observe a fine structure splitting of the high-energy
exciton emission. The exciton emission peaks are subject to
spectral diffusion, which is evidence that we are measuring a
single nanocrystal.’”” Here, we excite the single nanocrystal at a
repetition rate of 40 MHz with an excitation fluence of 0.2 uJ
cm™?, which is sufficiently strong to observe significant temporal
fluorescence variations. In Figure 2b, we plot the spectrally
integrated intensity of each spectrum as a function of time, and
we observe that the intensity occasionally drops for individual
spectra. In Figure 2c and d, we show spectra with high (blue)
and low (green) intensity, respectively (indicated by the blue
and green arrows in a and b). The blue high-intensity spectrum
shows a single exciton-emission spectrum from a quantum dot
emitting at 2.397 eV subject to an exciton fine structure with
three emission peaks and an energetic splitting of A| = 1.1 meV
and A, = 0.8 meV between the low and intermediate energy
peaks and the intermediate and high energy peaks, respectively
(see inset). The Lorentzian fit reveals full- widths at half-maxima
0f 585,439, and 561 eV for the three peaks, in the order of their
increasing emission energy. Due to the small amplitude of the
middle-energy peak, mainly the high- and low-energy emission
peaks are visible. The green low-intensity spectrum, however,
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shows an emission peak that is red-shifted by roughly 20 meV
with a strongly reduced maximum intensity, a full-width at half-
maximum of 1.2 meV, and no visible fine structure. Hence, we
attribute this emission peak to trion emission. When the
intensity of the exciton emission drops, we observe a trion
emission peak (Figure 2a). The intensity of the trion emission is
strongly reduced due to Auger recombination that typically
quenches the photoluminescent emission of semiconductor
nanocrystals. However, trion emission is not completely
quenched but reduced to approximately 40%, calculated from
the ratio of the peak areas It/ Ig, o implying that the Auger
rate A% of the trion state is comparable with its radiative
decay rate ™1, . By correlating Figure 2a and b, we observe
that the intensity levels are slightly affected by spectral diffusion,
probably due to some external charges that redistribute local
electric fields.”> Such fields might also change the Auger
recombination rate and even the trapping and detrapping rate,
thereby affecting the overall emission intensity.

To investigate the fluorescence intermittency periods in more
detail, we employ time-tagged time-resolved (TTTR) measure-
ments of the same quantum dot. Figure 3a shows an intensity—
time trace of the same single quantum dot and the same
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Figure S. Monte Carlo simulation: (a) Extended trapping model with corresponding rates. (b) Normalized simulated time trace over 10 s with
10 ms bins. (c) Simulated exciton and trion decays. Both decay traces show a single-exponential decay followed by power-law decay. (d)

Extracted decays, binned according to the intensity ranges.

excitation conditions as in Figure 2. The intensity—time trace
was recorded for S min and is shown with a bin size of 50 ms,
exhibiting clear signs of fluorescence intermittency. In “off’-
periods, the intensity drops to roughly 30—40% of the “on”-
periods, being in good agreement with the intensity ratio Ir,,/
Ityeiton Of the exciton and trion emission spectrum. The averaged
background intensity is displayed as a gray horizontal bar in the
intensity—time trace (see Supporting Information SS). For the
following evaluation of the TTTR measurement, we used a bin
size of 10 ms. For example, we plotted the intensity—time trace
over a time scale of 10 s (highlighted as the green-shaded area in
Figure 3a) with a bin size of 10 ms in Figure 3b. Here too, we
observe a rapid switching between high-intensity and low-
intensity levels. We evaluate the intensity level for every bin of
the 30000 bins in the intensity—time trace and sort them
according to their intensity. The red- and gray-shaded areas
indicate the intensity ranges used for the following analysis. In
Figure 3¢, we plot the normalized photoluminescence decay
after the excitation pulse in a log—log plot for the high- and low-
intensity range in gray and red, respectively. In both cases, we
observe an initial single-exponential decay followed by a power-
law decay, similar to the findings at the ensemble level in Figure
1b. The initial fast decay of the high- and low-intensity ranges
resembles the exciton and trion decay times, being 7y =398 + §
ps and 7 = 261 + 6 ps, in good agreement with reported
values."”'” Additionally, both photoluminescence-decay curves
exhibit a long decay component, fitted well by a power law (I(t)
= t*) with exponents of ay = —0.5 £ 0.1 and oy = —0.8 0.1 for
the high-intensity (exciton) and low-intensity (trion) emission
states, respectively. The long decay component for the low-
intensity trion state cannot originate from a dark state since a
trion state does not possess fine structure. Furthermore, this
observation can also not be explained with existing models of
delayed fluorescence as discussed below. In Figure 3d, we show
the probability distribution of the duration of high- (gray) and
low-intensity (red) periods of the intensity—time trace in Figure
3a with a bin size of 10 ms. Both distributions follow a truncated
power-law distribution and are fitted with the function
~t%e(7%) using the weight function w; = 1/y, We find
exponents aj,,, = —1.0 £ 0.1 and ayg, = —0.7 £ 0.1 and cutoff
times tM8" = 0.11 + 0.02 s and t°"= 049 + 0.19 s. These
exponents Qg uign slightly deviate from the exponents of the
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long decay components, which were observed in other quantum
dot systems.'”"!

To analyze the intensity-dependent photoluminescence decay
from Figure 3¢ in more detail, we define five intensity ranges and
plot the resulting photoluminescence decay and the respective
fits in Figure 4a. The intensity histogram is shown in Figure 4b,
where the color-coded intensity levels from Figure 4a are shown
shaded in the background. As expected, the intensity histogram
reveals two clearly distinct intensity levels that we attributed to
the exciton and trion emission that can be well approximated by
two Gaussian distributions. The decay time of the exponential fit
of the initial decay and the absolute value of the exponent of the
power-law fit to the long decay component are summarized in
Figure 4c. The fit parameters of the highest three intensity
ranges are constant, and we obtain a decay time of ~400 ps and
an exponent in the range of —0.5 to —0.6. However, this trend
changes at low-intensity levels, where a decrease of decay time
can be seen due to the A-type blinking behavior. Similarly, the
exponent of the power-law-dependent long decay component
changes to —0.8, and it appears that both the initial and the long
decay component are correlated.

This is a clear indication for delayed fluorescence from a trion
state. It is inconsistent with existing models of delayed
fluorescence. To fully explain this observation, one needs to
extend the fundamental charging model’ and include the
existence of multiexcitons as proposed by Ye et al.”* (see Figure
Sa). In the charging model, one charge carrier is trapped in an
acceptor-like state. This process can happen via either an Auger
ionization event of a doubly excited quantum dot, thermal
excitation, or resonant tunneling of one of the charge carriers to
the charge-separated state. The remaining charge carrier in the
quantum dot together with subsequent electron—hole pairs
undergoes fast Auger-like nonradiative relaxation to the ground
state, thus transferring the quantum dot to an “off”-state in which
fewer or no photons are emitted.” As shown in Figure Sa, a
detrapping process of the trapped charge carrier re-establishes a
single-exciton state, whose recombination leads to the emission
of a delayed photon. The power-law statistics of the delayed
fluorescence is explained by the power-law statistics of the
occurrence of detrapping rates.'’ In our measurements we
observe emission from a trion state with reduced intensity due to
Auger recombination. However, it is possible that an additional
charge carrier of this trion is trapped in a second charge-
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separated state, as we show in our extended charging model in
Figure Sa. If two electrons or two holes are trapped, a subsequent
detrapping process can lead to delayed fluorescence of the trion
state. Clearly, this model can be further extended to include also
multiexcitons. For simplicity, we only include biexcitons in this
model and assume that both trapped charge carriers are the
same. Using the standard kinetic Monte Carlo method, the
blinking time trace and the fluorescence decay traces of the
exciton and the trion (see Figure Sb,c) can be modeled. We
simulate pulsed excitation and select the parameters according
to our measurement results (see Supporting Information $6 and
S7). In Figure Sb we plot the normalized simulated time trace
over 10 s with a bin size of 10 ms. Our simulation also results in
two intensity levels, and we can furthermore plot the simulated
exciton and trion decay time where we observe quantitative
agreement between our model and the experiments (see
Supporting Information S7). Here, the exciton and trion decay
also possess a fast exponential decay and a long decay
component that follows a power law. This is the result of the
power-law distributed detrapping rates, where fast detrapping
rates have a much higher probability compared to the slow ones.
If this is not the case, the quantum dot would be mainly in the
“off-state. However, the actual distribution is unknown and
could deviate from a power-law distribution with one exponent.
Depending on the trapping and detrapping rates of the quantum
dot, this model moreover naturally explains the occurrence of
two or three intensity levels, as it is sometimes observed in
experiment (see Supporting Information $8).%

CONCLUSIONS

In conclusion, we have observed delayed fluorescence from
single cesium lead halide perovskite nanocrystals and ensembles
thereof. The delayed emission gives rise to a long decay
component in single-photon time-resolved measurements,
following a power-law distribution with typical exponents in
the range from —0.5 to —1.0. Investigating the blinking
dynamics of single CsPbBr; nanocrystals, we could assign low-
intensity emission states to dim emission of trions and high-
intensity emission states to mainly excitonic emission. In time-
tagged time-resolved measurements, we studied the blinking
characteristics and observed a fast switching between high-
intensity (“on”) states and low-intensity states. Plotting the
photoluminescence decay time of the distinct intensity levels
reveals that not only the high-intensity emission (mainly
excitonic emission) comprises a long decay component but
also the low-intensity emission, as mainly identified as trion
emission. This implies that there is a similar trapping mechanism
for the trion state, as has been identified for the exciton state.
The delayed emission follows in both cases a power-law
distribution. The absolute value of the exponent of the low-
intensity emission is always higher compared to the exponent of
the high-intensity emission. For a better understanding, we use a
standard Monte Carlo approach and an extended charging
model to emulate the dynamics of single perovskite quantum
dots, showing good quantitative agreement. The reason why
CsPbBr,Cl nanocrystals do not show fluorescence intermittency
is probably due to slow Auger rates and the shorter time scales of
charge release/detrapping events compared to CsPbBr; and
CsPbl; nanocrystals. Our result confirms that the dark exciton
state is not responsible for the long decay component, providing
further important input for photophysical models of the
extraordinary optoelectronic properties of cesium lead halide
nanocrystals.
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METHODS

Synthesis. Preparation of CsDOPA 0.144 M in toluene: Cs,CO;
(200 mg, 0.61 mmol), toluene (7.5 mL), and diisoctylphosphinic acid
(DOPA, 1.0 mL) were stirred at about 100 °C until the solution became
clear. Synthesis of CsPbBr; nanocrystals: PbBr, (36 mg, 0.10 mmol),
ZnBr, (95 mg, 0.42 mmol), dihexadecyldimethylammonium bromide
(DHDMARB, 44 mg, 0.08 mmol), trioctylphosphine (TOP, 3 mL), and
toluene (3 mL) were stirred under inert conditions at about 100 °C in a
2S5 mL flask until a clear solution was formed. The temperature was
adjusted to 60 °C. At this temperature, 0.4 mL of the CsDOPA
precursor was swiftly injected. After 15 s, the reaction was quenched
with an ice bath. Washing of the nanocrystals: Ethyl acetate (18 mL)
was added to the crude solution. The mixture was centrifuged for S min
at 12.1 krpm. The formed supernatant was discarded and the precipitate
was dispersed in cyclohexane or hexane (6 mL). The solution was
filtered with a syringe filter (0.45S um pore size).

Sample Preparation. The quantum-dot solution was diluted 200
times, and 20 uL of the diluted solution was added to 1 mL of 3 wt%
SEBS (styrene—ethylene—butylene—styrene, a thermoplastic elasto-
mer) in anhydrous toluene. The solution was spin-coated on a silicon
substrate with a 3 um thick layer of thermally oxidized SiO,.
Beforehand, the substrate was thoroughly cleaned using acetone and
isopropanol. To get rid of any remaining organics, the substrate was
additionally cleaned using an oxygen plasma at 600 W for S min. For
ensemble measurements, the quantum-dot solution was added to a 3 wt
% solution of SEBS in anhydrous toluene and spin-coated onto a glass
substrate.

Optical Characterization. For the ensemble measurements, the
sample was cooled to S Kin an exchange-gas cryostat and excited with a
fiber-coupled excitation laser at a photon energy of 3.06 eV with pulses
of 50 ps duration at different repetition rates (see caption of Figure 1b).
The emission was collected with an 80 mm focal length lens and long-
pass filtered. The recorded photoluminescence was dispersed by a
grating with 300 lines per mm in a 500 mm spectrograph and detected
by a cooled, back-illuminated CCD camera. For single-nanocrystal
measurements, the sample was mounted on an xyz nanopositioning
stage inside an evacuated liquid-helium coldfinger cryostat and cooled
to 5 K. Single nanocrystals were excited with the same fiber-coupled
excitation laser system as for the ensemble measurements. A long-
working-distance 100X microscope objective with a numerical aperture
of 0.7 was used for both excitation and detection, leading to a Gaussian
excitation spot with a 1/ ¢* diameter of 1.4 um. After collection, the
emission was sent through narrow band-pass filters and dispersed in a
750 mm monochromator by an 1800 lines per mm grating and detected
with a back-illuminated, cooled EMCCD camera.

Fluorescence Decay Fit. The normalized decay functions
obtained in time-resolved single-photon counting measurements are
fitted as follows: First we fit the exponential decay using a least-squares
Levenberg—Marquardt algorithm with the fit function y(x) = A
exp(—x/7). Here, A is the amplitude and 7 the 1/e-decay time. Then to
fit the power-law-dependent long-decay component, we fit the
logarithm of the measured decay on a logarithmic x-scale with a linear
function, y(x) = mx + b, using again a least-squares Levenberg—
Marquardt algorithm. To display the deviation from the exponential fit
and to highlight the different power-law exponents, the fit curves have
been extended over the fitting range in Figures 1b, 3¢, 4a, and Sc¢,d.
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