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ABSTRACT: Colloidal lead halide perovskite quantum dots, due to their optical versatility
and facile solution processability, have been recently recognized as components of various
optoelectronic devices. Detailed understanding of their exciton recombination dynamics at
the single-particle level is necessary for utilizing their full potential. We conducted
spectroscopic studies of the excitons and biexciton dynamics in single CsPbBr3 perovskite
quantum dots. It was found that while the rates of radiative recombination remain essentially
constant, the overall relaxation process is dominated by nonradiative recombination of single
excitons and biexcitons. The radiative lifetime scaling is determined to be ∼1.0 for single
exciton and ∼4.4 for biexcitons. A linear dependence of fluorescence lifetime vs intensity
distribution agrees well with the prediction of the model of multiple recombination centers.
The blinking mechanism of CsPbBr3 quantum dots is addressed by considering the trion
states under higher excitation powers.

Lead halide perovskites are currently considered for a wide
range of applications such as solar cells, light-emitting

devices, and lasers because of their attractive optical and
electronic properties combined with low cost and solution
processability.1−7 Among them, high-quality all-inorganic
CsPbX3 (X are Cl, Br, and/or I anions) perovskite quantum
dots (QDs) have been fabricated via colloidal synthesis
methods and exhibit useful optical properties such as high
photoluminescence (PL), quantum yields (QYs), and tunable
bandgaps covering entire visible spectrum.8−10 Both efficient
light-emitting devices and low-threshold lasing for all-inorganic
perovskite QDs have been demonstrated recently.11,12 In
addition to the applications in conventional optoelectronic
devices, perovskite QDs can be employed as single photon
sources that might play a pivotal role in future quantum optical
technologies.13−15

As perovskite QDs have a “soft” and predominantly ionic
lattice, their optical and electronic properties are highly
tolerant to structural defects and surface states.16,17 However,
for quite a number of cases, PLQYs of perovskite QDs still
require improvements, as PLQYs are normally reported in the
range of 50−95% in the green−red region and down to 10−
20% in the blue.17−19 The PLQY is determined by the
competition between radiative and nonradiative recombination
dynamics of photoexcited excitons.20 The investigation of

exciton recombination dynamics is of primary importance for
diverse device applications because their efficiency and
operating lifetime depend strongly on the nonradiative
recombination process. In addition, blinking and irreversible
photodegradation occur in perovskite QDs.13,21−23 Blinking of
CsPbX3 perovskite QDs has been attributed to charging and
discharging processes.24 When the QD is charged to form a
trion state, nonradiative Auger recombination of trion would
compete with radiative recombination, resulting in a lower
PLQY. The trion states are easier to be formed under higher
excitation powers;13 the lifetimes of trion states for perovskite
QDs have been reported to be vastly different, such as ∼410
ps, ∼6 ns, and ∼33 ns.14,15 Blinking has also been considered
to be due to the activation and deactivation of multiple
recombination centers (MRCs) in perovskite QDs.21 MRCs
refer to the short-lived traps (e.g., shallow traps) in
perovskites;25 their activation and deactivation modulate the
nonradiative recombination rates and thus cause PL intensity
jumps within a continuous distribution of emission states.25−29

Systematic studies of the radiative and nonradiative recombi-
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nation dynamics under different excitation powers to
distinguish the different blinking mechanisms are highly
necessary for utilizing the full potential of perovskite QDs in
optoelectronic devices.
To understand the exciton recombination dynamics, it is

also useful to investigate biexciton states of single perovskite
QDs. A biexciton state can be created by absorbing two
photons above QD’s band gap or a single photon with higher
energy that is greater than twice of the band gap.30 The
biexciton states can relax either radiatively or through the
nonradiative Auger process.30−32 For traditional core−shell
CdSe-based QDs, the radiative lifetime scaling between
biexciton states and single exciton states has been reported
as approximately 4,20,33,34 while the nonradiative Auger lifetime
mainly depends on the shell thickness, crystal structure, and
local nanoenvironment.31,35,36 For CsPbX3 perovskite QDs,
their crystal and electronic structures are different from CdSe
QDs,37 and the radiative lifetime scaling for biexciton states
still need to be determined. Besides, the biexciton QYs of
CsPbX3 perovskite QDs have been reported to be either quite
low (∼0.06)13,14,24 or very high (>0.3),38 meaning that
systematic studies of the radiative and nonradiative recombi-
nation dynamics of biexcitons in single perovskite QDs are
necessary.
In this study, we addressed in detail the radiative and

nonradiative recombination dynamics of both single excitons
and biexcitons in single CsPbBr3 perovskite QDs under
different excitation powers by using time-tagged, time-resolved,
and time-correlated single-photon counting (TTTR-TCSPC).
This technique provides ultimate flexibility in the data
analysis,39−42 to extract information about recombination
dynamics of excitons from their PL trajectories, decays, and
second-order correlation function (g(2)) curves: the radiative/
nonradiative rates, the PLQYs, the radiative lifetime scaling,
and fluorescence lifetime intensity distributions (FLIDs) for
the single excitons and biexcitons are obtained. On the basis of
this information, we gained insights into the radiative and
nonradiative recombination dynamics of single excitons and
biexcitons, as well as blinking mechanisms of CsPbBr3
perovskite QDs.
CsPbBr3 perovskite QDs used in this work were synthesized

by wet-chemical method, as presented in the Supporting
Information (SI). Figure 1a shows the absorption and PL
spectra of the QDs dispersed in toluene; the PL spectrum is
centered at 515 nm with a full width at half-maximum of 20
nm. The solution PLQY has been measured to be over 50% at
room temperature. Figure 1b shows the size histogram of the
QDs with an average size (edge length of the cubic-shaped
nanoparticles) of ∼10 nm and a reasonable monodispersity,
which was obtained from the transmission electron microscopy
(TEM) images such as presented in the inset of Figure 1b, as
well as in SI, Figure S1.
For the single-dot measurements, CsPbBr3 perovskite QD

solution in toluene has been mixed with polystyrene (1 wt %)
and spin-coated onto a glass coverslip at a rotational speed of
3000 rpm. The QD areal density was kept below 0.1 μm−2 to
allow us to observe single particles with a confocal microscope,
such as shown in Figure 1c. It is worth noting that aggregates
were also observed alongside with the single QDs; therefore,
the latter had to be distinguished during the confocal scanning
imaging process by a fast recognition method demonstrated in
previous literature.42 In addition, the g(2) as well as the time-
gated g(2) as a more intuitive method43 has been used to

confirm that the investigated QDs are indeed single, isolated
nanoparticles, as will be presented later. Using a home-built
confocal fluorescence microscope setup (ref 44, see SI), the
QDs in the polystyrene matrix deposited on the glass substrate
were excited at 485 nm using a pulsed laser (90 ps pulse width,
10 MHz repetition rate). The emission from QDs was divided
into two beams by using a beam splitter cube and detected
using a pair of single-photon avalanche diode detectors and
recorded using a TTTR-TCSPC data acquisition card with a
temporal resolution of 16 ps. In the case of the pulsed
excitation, the pump fluence ⟨N⟩ was evaluated as ⟨N⟩ = jexcσ,
where jexc is the per-pulse photon fluence and σ is the QD
absorption cross section.15,18,24 Detailed experimental methods
for the determination of ⟨N⟩ and σ are provided in the SI; the
distribution of σ for the CsPbBr3 perovskite QDs is shown in
Figure 1d. The average value of σ is 1.5 × 10−14 cm2, which is
consistent with the previous works.15,18

Figure 2a presents a typical PL intensity trajectory for single
perovskite QDs obtained at ⟨N⟩ = 0.02 for the time frames
from 0 to 100 s and from 310 to 345 s (see SI, Figure S2, for
the whole PL trajectory from 0 to 450 s). The lifetime
trajectory from 0 to 100 s in Figure 2a is obtained by
monoexponential fitting of the PL decay curves which are
extracted from photon streams at 0.5 s intervals. The lifetime
values from 310 to 345 s in Figure 2a are obtained by fitting
the PL decay curves of each intensity level with mono-
exponential functions. The corresponding g(2) curve with a low
g2(0) value is shown in Figure 2b, indicating that the observed
PL originates from a single QD. Figure 2c shows two typical
PL decay curves obtained from two different PL regions
marked in respective colors on Figure 2a. They were fitted by
monoexponential functions with 4.5 ns (decay 1) and 8.9 ns
(decay 2).

Figure 1. (a) Absorption and PL spectra of CsPbBr3 QDs dispersed
in toluene. Insets: photographs of the resultant solution under room
and UV light. (b) Size histogram of CsPbBr3 perovskite QDs. Inset:
high-resolution transmission electron microscopy image. (c) Confocal
scanning PL image of CsPbBr3 perovskite QDs deposited on a glass
substrate. (d) Histogram of the absorption cross sections (σ) of
CsPbBr3 perovskite QDs.
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The corresponding FLID map obtained by monoexponential
fitting of each time bin of 100 ms for the whole PL trajectory is
shown in Figure 2d. The PL intensities approximately linearly
correlated with lifetimes, which can be explained in the
framework of the MRC model.26−28 In this model, there are
several nonradiative MRCs distributed in a QD.25 The
activation and deactivation of these MRCs modulate the
nonradiative recombination rate knr,X and thus cause multiple
emission states in the PL intensity trajectory. The knr,X is
determined by the number of activated MRCs; when more
MRCs are activated simultaneously, the knr,X becomes higher,
and the PL intensity as well as the lifetime would be further
reduced. The MRC model can be used to explain the blinking
phenomena, such as the linear correlation between the PL
intensity and the lifetime as well as the low PLQYs of the off
states, while these cannot be explained with the mechanisms
involving Auger recombination (see SI for discussion).45

The PL trajectory from 310 to 345 s given in Figure 2a
shows various intensity levels, which may be due to an increase
in the number of nonradiative activated centers after the
photoexcitation for 300 s (see the evolution of PL trajectory in
Figure S2).21,46,47 We define the maximal intensity level of the
PL trajectory as the bright state, and all other lower intensity
levels as the dim states (with various activated centers,
according to MRC model). The PL decay curves from bright
and dim states can be fitted with monoexponential functions.
The bright state has the maximal PL lifetime, while the
lifetimes of dim states reduce with PL intensities. The PL
intensity level is proportional to the PLQY, and the PLQY at
the highest intensity level is assumed to be unity.32 Then, the
PLQYs at other intensity levels can be calculated by QX/QX

max =
IX/IXmax, where QX and IX are the PLQY and intensity of dim
states, respectively. By normalizing PLQYs and lifetimes with
the maximal PLQY and lifetime, respectively, we plot τX/τXmax

as a function of QX/QX
max as shown in Figure 2e, which can be

fitted by a linear function with a slope of 1.01 ± 0.07. The
slope of ∼1.0 represents the radiative lifetime scaling of single
exciton (see SI, Figure S3, for statistical results). The value of

∼1.0 is far away from the radiative lifetime scaling between
single exciton state and trion state, because the scaling of the
trion state is equal to ∼2.0 which is a signature of exciton−
trion blinking in the charging model.20,28,34 On the basis of the
PLQYs and lifetimes, the kr,X and knr,X at various intensity levels
can be calculated with QX = kr,X/(kr,X + knr,X), as shown in
Figure 2f. We derived kr,X as 1.2 × 108 s−1, while knr,X changes
with QX/QX

max and can be represented by

= × −−k k Q( 1)nr,X r,X X
1

(1)

As the knr,X is an inverse proportional function of QX/QX
max, it

will dominate the PLQY of excitons and the change of knr,X
results in the various PL intensity levels.28 Thus, the observed
linear dependence between the PL intensity and lifetime as
shown in Figure 2e agrees well with the prediction of the MRC
model.
Although trion states have been observed spectroscopically

at cryogenic temperatures,19,24,37 as well as by the femtosecond
transient absorption at room temperature in previous
works,15,18 those results still could not unambiguously confirm
the existence of trion states in CsPbBr3 perovskite QDs. As the
trion states are easier to be formed under higher excitation
powers,13,14 for the data we show in Figure 3a, the excitation
power is increased to ⟨N⟩ = 0.2, and the blinking in the PL
intensity trajectory becomes more frequent than that at ⟨N⟩ =
0.02. In Figure 3e, the PL intensity trajectory at ⟨N⟩ = 2
further evolves to bright−dim dual-state blinking, also called
flickering (see the PL blinking with different time bins in SI,
Figures S4 and S5). The corresponding g(2) curves as well as
the time-gated g(2) curve are shown in parts b and f of Figure 3,
respectively. The time-gated g(2) curve with a low g2(0) value
indicates that PL photons originate from a single QD (for the
method of time-gated g(2) analysis to recognize single QDs, see
SI). In Figure 3c,g, we plot PL decay traces obtained from
three different PL regions marked in respective colors in Figure
3a,e, respectively. At ⟨N⟩ = 0.2, as shown in Figure 3c, all three
decay traces can still be fitted by monoexponential functions

Figure 2. (a) PL intensity (black line) and lifetime (red line) trajectories for a single CsPbBr3 QD, measured at ⟨N⟩ = 0.02 with time bin of 20 ms.
(b) Corresponding second-order correlation function (g(2)) of the single QD. (c) PL decay traces obtained from the PL regions marked by
respective colors in (a). (d) Corresponding fluorescence lifetime-intensity distribution (FLID) in color scale; color changing from blue to red
corresponds to increasing probability of occurrence of a given state in intensity-lifetime space. (e) PL lifetime plotted as a function of PLQYs
derived from the PL trajectory of 310−345 s in (a), giving linear dependence with a slope of 1.01 ± 0.07. (f) Radiative and nonradiative rates of
each PL intensity level as a function of the PLQY derived from the PL trajectory of 310−345 s in (a).
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with 9.8 ns (decay 1), 4.1 ns (decay 2), and 1.7 ns (decay 3),
respectively, which agrees with the prediction of the MRC
model. At ⟨N⟩ = 2 as shown in Figure 3g, all three PL decay
traces can only be fitted by three-exponential functions (see
the SI, Table S2, for the fitted results). For the decay trace of
middle PL intensity region, it is found that the amplitude
weight for one of the lifetimes (1.7 ns) is increased, which may

mean more trion states in QD at higher excitation powers.
Later on, in this article we will show that 1.7 ns is the lifetime
of the trion state. In Figure 3d, the FLID map is presented
from the analysis of intensity and lifetime data given in Figure
3a. It appears that FLID deviates slightly from the linear
dependence, which may imply there are new recombination
processes occur in perovskite QDs, such as trion states
inducing Auger process.
We further investigated the radiative and nonradiative

recombination dynamics of biexcitons. Under the weak
excitation, the ratio of biexciton QYs (QXX) to single exciton
QYs (QX) can be obtained as31,32

≈Q Q g/ (0)XX X
(2)

(2)

By using first-photon analysis15,20,36,42 (see SI), the biexciton
lifetime (τXX) can be obtained by fitting the decay trace with a
monoexponential function as shown in Figure 4a. By
measuring ∼120 single QDs at ⟨N⟩ = 0.2, the distribution of
τXX/τX as a function of QXX/QX is shown in Figure 4b. When
denoting the ratio between the radiative decay rates of
biexcitons and single excitons as β, eq 2 can be rewritten as

β τ τ= ×Q Q/ /XX X XX X (3)

where β can be considered as the radiative lifetime scaling
between single excitons and biexcitons. For the case of CdSe-
based QDs, the value of β has been reported to be 4.0
according to the standard statistical scaling of radiative
rates20,31,33 but can also deviate from this value depending
on the shell thickness for the core−shell particles.35 We
determined β value for the CsPbBr3 perovskite QDs as 4.4 ±
1.5. The deviation of β from 4.0 may originate from specific
size and shape of CsPbBr3 QDs, as the size- and shape-
dependent electronic structures of QDs dominate the radiative
lifetimes of single excitons and biexcitons.37,48

The radiative and nonradiative Auger rates of biexcitons can
be calculated by kr, XX = QXX × kXX and knr, XX = (1 − QXX) ×
kXX, respectively.

31,36 The QXX can be easily obtained from g(2)

measurements with QX of ∼50%, and the kXX is the reciprocal
of τXX. The kr,XX and knr,XX values as a function of QXX/QX for
∼120 QDs are plotted in Figure 4c. We have found that kr,XX
remains almost similar for all the studied perovskite QDs with
slightly different sizes, averaging at ∼3 × 108 s−1. knr,XX changes
with QXX/QX and can be represented by

= × −−k k Q( 1)nr,XX r,XX XX
1

(4)

Figure 3. (a) PL intensity (black line) and lifetime (red line)
trajectories for a single CsPbBr3 QD measured at a higher excitation
power of ⟨N⟩ = 0.2. (b) Corresponding g(2) curve. (c) PL decay traces
obtained from the PL regions marked by corresponding colors in (a).
(d) Representation of FLID in the color scale obtained from the
analysis of intensity and lifetime in (a). (e) PL intensity (black line)
trajectory for a single CsPbBr3 QD measured at ⟨N⟩ = 2. (f)
Corresponding g(2) curves. The blue and red curves are results of the
original g(2) analysis and time-gated g(2) analysis with a threshold of
3.9 ns, respectively. (g) PL decay traces obtained by collecting
emission in regions marked by corresponding colors in (e).

Figure 4. (a) Representative biexciton decay trace for a single CsPbBr3 QD extracted from the two-channel TCSPC data. (b) Ratio of biexciton
and single exciton lifetimes as a function of the ratio of their PLQYs derived from g(2)(0). (c) Radiative and nonradiative Auger rates of biexciton
states as a function of the ratio of PLQYs of biexciton and single exciton states.
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As knr,XX dominates QXX, the values of knr,XX changing in the
range of 1 × 109 to 4 × 109 s−1 (Figure 4c) leads to the
changing QXX. For the CdSe-based core−shell QDs, knr,XX can
be influenced by the band gap energy, shape of the confining
potential, carriers’ wave function overlap, and their character-
istic confinement width, which relates to the core size and shell
thickness of QDs.49 It has been reported that knr,XX of
perovskite QDs show a shallower volume dependence than the
CdSe-based QDs.50 However, the all-inorganic CsPbBr3
perovskite QDs have a more pronounced volume-dependent
knr,XX than other perovskite QDs,18,50 eventually due to the
surface defect densities being greater or having a larger impact
on Auger rate.51 Therefore, the values of knr,XX vary from dot to
dot, which may be caused by the inhomogeneous size and
shape of QDs as well as the heterogeneous surface defect
density distribution. It also leads to the inhomogeneous QXX as
observed here as well as reported in other studies.13,14,24,38

From the data of biexciton dynamics obtained above, we can
deduce the lifetime of trions. Because the effective masses of
electron and hole are nearly identical for CsPbBr3 QDs,

37 the
rates of negative and positive trions are similar. The radiative
rate of trions can be estimated as kr,X* = 2kr,X, where 2 is the
radiative lifetime scaling between the trion and single exciton
states.20,33,34 The nonradiative rate of trions can be estimated
as knr,X* = knr,XX/β.

20,33 On the basis of these, the trion lifetime
is estimated at 1.6 ns, which is close to the lifetime of 1.7 ns
derived from the PL decay traces mentioned above. The trion
lifetimes are dominated by the nonradiative Auger rates of
trion states and may vary depending on perovskite QDs’ sizes,
compositions, and surface defect densities.50 Therefore, the
diversity of trion lifetimes reported in previous works13−15 may
be due to the different compositions and sizes and the
heterogeneous surface defect densities.
Under higher excitation powers, biexciton state is easier to

be created in a single QD after simultaneous absorption of two
photons, and then one of the charge carriers in biexciton can
be ejected out of the QD after receiving the biexciton Auger
recombination energy,30 so there are more trion states to be
formed in CsPbBr3 perovskite QDs. It has also been reported
that the increase in the excitation power leads to increased
fraction of time that the individual perovskite QD spends in
the trion states.13 The formation and annihilation of trion
states are considered as the charging and discharging processes.
On the basis of the above discussion, for CsPbBr3 perovskite
QDs, we conclude that the strong blinking (flickering) under
higher excitation powers should be the result of the joint action
of the activation and deactivation of MRCs and the charging
and discharging processes.
A summary table of photophysical parameters for single

CsPbBr3 QDs obtained in this work is presented in SI, Table
S2. From results of this work, the surface trap states are found
to play a crucial role in the PLQYs, the blinking behavior, and
the excitons and biexciton dynamics of the CsPbBr3 QDs. It
has been previously reported that through proper ligand
passivation of surface, the PLQYs could be raised close to
∼100%, and the trion generation under weak photoexcitation
could be suppressed.52−54 We note that a linear dependence of
FLID has been previously observed for CsPbI3 QDs,21

indicating that the MRC model can be suitable too to describe
their blinking dynamics (see SI for related comments).
In summary, we have investigated the excitons and biexciton

dynamics in single CsPbBr3 perovskite QDs by using TTTR-
TCSPC technique. The radiative/nonradiative rates, the

PLQYs, the radiative lifetime scaling, and the FLIDs for single
exciton and biexcitons have been obtained. The data show that
while the rates of radiative recombination remain essentially
constant, the overall relaxation process is dominated by
nonradiative recombination of single excitons and biexcitons.
The radiative lifetime scaling of single excitons has been
determined to be ∼1.0 according to the relationship of PL
lifetimes and QYs. The radiative lifetime scaling of biexcitons
has been estimated to be ∼4.4. The linear dependence of FLID
indicates that the activation and deactivation of MRCs
dominate the blinking under lower excitation powers. Under
higher excitation powers, the blinking originates from joint
action of the activation and deactivation of MRCs and the
charging and discharging processes. Proper surface passivation
techniques have been used to suppress the PL blinking and
improve the PLQYs of perovskite QDs.
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