

View

Online


Export
Citation

RESEARCH ARTICLE |  MAY 03 2024

Size-dependent photoluminescence blinking mechanisms
and volume scaling of biexciton Auger recombination in
single CsPbI3 perovskite quantum dots 
Special Collection: Light-matter Interaction at the Nano and Molecular Scale

Changgang Yang  ; Guofeng Zhang   ; Yunan Gao  ; Bin Li  ; Xue Han  ; Jialu Li  ; Mi Zhang  ;
Zhihao Chen  ; Yixin Wei; Ruiyun Chen  ; Chengbing Qin  ; Jianyong Hu  ; Zhichun Yang  ;
Ganying Zeng  ; Liantuan Xiao   ; Suotang Jia

J. Chem. Phys. 160, 174505 (2024)
https://doi.org/10.1063/5.0199389

 06 M
ay 2024 12:53:47

https://pubs.aip.org/aip/jcp/article/160/17/174505/3288006/Size-dependent-photoluminescence-blinking
https://pubs.aip.org/aip/jcp/article/160/17/174505/3288006/Size-dependent-photoluminescence-blinking?pdfCoverIconEvent=cite
https://pubs.aip.org/jcp/collection/16168/Light-matter-Interaction-at-the-Nano-and-Molecular
javascript:;
https://orcid.org/0000-0003-1063-8975
javascript:;
https://orcid.org/0000-0002-9030-0431
javascript:;
https://orcid.org/0000-0002-3131-7559
javascript:;
https://orcid.org/0000-0002-5817-6792
javascript:;
https://orcid.org/0009-0004-8264-9846
javascript:;
https://orcid.org/0000-0001-8788-4571
javascript:;
https://orcid.org/0009-0005-6243-2698
javascript:;
https://orcid.org/0009-0000-1770-5398
javascript:;
javascript:;
https://orcid.org/0000-0002-0037-856X
javascript:;
https://orcid.org/0000-0002-6822-5113
javascript:;
https://orcid.org/0009-0004-2245-3307
javascript:;
https://orcid.org/0000-0002-1613-5984
javascript:;
https://orcid.org/0000-0002-7397-5007
javascript:;
https://orcid.org/0000-0002-0104-8634
javascript:;
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0199389&domain=pdf&date_stamp=2024-05-03
https://doi.org/10.1063/5.0199389
https://servedbyadbutler.com/redirect.spark?MID=176720&plid=2372063&setID=592934&channelID=0&CID=872267&banID=521836446&PID=0&textadID=0&tc=1&scheduleID=2290748&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&matches=%5B%22inurl%3A%5C%2Fjcp%22%5D&mt=1715000027114108&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fjcp%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0199389%2F19920159%2F174505_1_5.0199389.pdf&hc=b42be58de03fd16e554784dce5b99bf7b7dca51d&location=


The Journal
of Chemical Physics ARTICLE pubs.aip.org/aip/jcp

Size-dependent photoluminescence blinking
mechanisms and volume scaling of biexciton
Auger recombination in single CsPbI3 perovskite
quantum dots

Cite as: J. Chem. Phys. 160, 174505 (2024); doi: 10.1063/5.0199389
Submitted: 22 January 2024 • Accepted: 18 April 2024 •
Published Online: 3 May 2024

Changgang Yang,1 ,2 Guofeng Zhang,1 ,2,a) Yunan Gao,2 ,3 Bin Li,1 ,2 Xue Han,1 ,2 Jialu Li,1 ,2

Mi Zhang,1 ,2 Zhihao Chen,1 ,2 Yixin Wei,1 ,2 Ruiyun Chen,1 ,2 Chengbing Qin,1 ,2 Jianyong Hu,1 ,2

Zhichun Yang,1 ,2 Ganying Zeng,1 ,2 Liantuan Xiao,1 ,2,a) and Suotang Jia1 ,2

AFFILIATIONS
1 State Key Laboratory of Quantum Optics and Quantum Optics Devices, Institute of Laser Spectroscopy, Shanxi University,
Taiyuan, Shanxi 030006, China

2Collaborative Innovation Center of Extreme Optics, Shanxi University, Taiyuan, Shanxi 030006, China
3State Key Laboratory for Mesoscopic Physics and Frontiers Science Center for Nano-optoelectronics, School of Physics,
Peking University, Beijing 100871, China

Note: This paper is part of the JCP Special Topic on Light-matter Interaction at the Nano and Molecular Scale.
a)Authors to whom correspondence should be addressed: guofeng.zhang@sxu.edu.cn and xlt@sxu.edu.cn

ABSTRACT
Determining the correlation between the size of a single quantum dot (QD) and its photoluminescence (PL) properties is a challenging
task. In the study, we determine the size of each QD by measuring its absorption cross section, which allows for accurate investigation of
size-dependent PL blinking mechanisms and volume scaling of the biexciton Auger recombination at the single-particle level. A significant
correlation between the blinking mechanism and QD size is observed under low excitation conditions. When the QD size is smaller than their
Bohr diameter, single CsPbI3 perovskite QDs tend to exhibit BC-blinking, whereas they tend to exhibit Auger-blinking when the QD size
exceeds their Bohr diameter. In addition, by extracting bright-state photons from the PL intensity trajectories, the effects of QD charging and
surface defects on the biexcitons are effectively reduced. This allows for a more accurate measurement of the volume scaling of biexciton Auger
recombination in weakly confined CsPbI3 perovskite QDs at the single-dot level, revealing a superlinear volume scaling (τXX,Auger ∝ σ1.96).

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0199389

I. INTRODUCTION
Inexpensive and straightforward colloidal techniques can be

used to efficiently obtain high-quality all-inorganic CsPbX3 per-
ovskite quantum dots (QDs).1 The CsPbX3 perovskite QDs may
contain Cl−, Br−, I−, or mixed halide systems Cl−/Br− and Br−/I−.
They possess valuable optical properties, such as bright photolu-
minescence (PL), tunable bandgaps that cover the entire visible
spectrum, and excellent PL quantum yields (QYs).2–4 The CsPbX3
perovskite QDs have great potential for use in optoelectronic
applications. Previous studies have shown that CsPbX3 perovskite
QDs can be used for low-threshold lasing and highly effective

light-emitting devices.5,6 These QDs also have potential for use in
quantum light sources, which could be important for future quan-
tum communication and precision measurements.7,8 The size of
perovskite QDs is a crucial factor affecting their PL properties and
applications.9,10 The characterization of QD size is typically achieved
through electron microscopy, while the PL properties of single QDs
are measured using optical methods based on confocal microscopy.
However, correlating the size of the same QD with its PL properties
in two different experimental setups presents a significant challenge.

PL blinking is a phenomenon commonly observed in colloidal
QDs during single-QD investigations.11–16 It refers to the irregular
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switching of PL intensity between bright (on) and dim (off) states
while under constant excitation, which affects the QD emission
and associated applications. Previous studies have identified two
main blinking mechanisms for colloidal QDs: Auger-blinking and
band-edge carrier (BC)-blinking.17–23 Due to the neutralization and
photoionization of QDs, Auger-blinking trajectories exhibit dis-
tinct bright and dim states. The charging model of Auger-blinking
suggests that the bright and dim states result from the radia-
tive recombination of neutral exciton and charged (trion) states,
respectively.12,13,24 Although the radiative rate of the trion state is
twice that of the neutral exciton state, the nonradiative Auger recom-
bination of the trion state effectively quenches PL. Auger-blinking
requires long-lived traps capable of capturing photoexcited carri-
ers for long periods of time until a second exciton is produced to
form the trion state.13,25 Auger-blinking with different radiative and
nonradiative rates results in a nonlinear correlation between PL life-
time and intensity.13,18 BC-blinking differs from Auger-blinking in
that it exhibits various emission states with different nonradiative
rates, while its radiative rate remains constant.26,27 According to the
multiple recombination centers (MRCs) model of BC-blinking, var-
ious emission states originate from the activation and deactivation
of a set of nonradiative recombination centers.27 These nonradiative
recombination centers are short-lived traps for band-edge carriers.
When BC-blinking occurs with varying nonradiative rates and a
fixed radiative rate, a linear correlation between PL lifetime and
intensity is observed.

Based on the two blinking mechanisms mentioned above, PL
blinking is primarily caused by the trapping and de-trapping of
carriers by the short- or long-lived traps. Both short-lived and
long-lived traps in perovskite QDs are believed to arise from the
surface defects. The short-lived traps have faster trapping and de-
trapping rates, while the long-lived traps have slower trapping and
de-trapping rates. The trapping and de-trapping rates are deter-
mined by the degree of overlap between the wave functions of the
excitons and the surface defects.28 The size of the QDs directly
affects this overlap, which in turn has a critical impact on PL
blinking. The blinking behaviors of various perovskite (MAPbBr3,
FAPbBr3, CsPbBr3, and CsPbI3) QDs of different sizes have been
investigated, including strongly (QD size is smaller than their Bohr
diameter), moderately (close to their Bohr diameter), and weakly
(larger than their Bohr diameter) confined QDs in the size range
of 2–20 nm.8,9,20–22,26,29–32 However, it is worth noting that both
BC- and Auger-blinking have been observed in perovskite QDs
with weak to intermediate quantum confinement,21,22,29,30 as well
as in those with strong quantum confinement.8,26,31 It should be
noted that colloidal QD samples typically have a wide size dis-
tribution. In addition, higher excitation conditions result in the
occurrence of Auger-blinking.22,26,28 To determine if there is a
correlation between the size of a QD and its blinking mecha-
nism, correlation measurements must be taken under low excitation
conditions.

Nonradiative Auger recombination not only causes Auger-
blinking but also dominates multiexciton recombination.33,34 The
Auger recombination rate of multiexciton is known to decrease as
the volume of QDs increases.35 This is due to two reasons. First,
the Auger effect is mediated by reduced carrier–carrier Coulomb
interactions in larger-volume QDs. Second, there is a tightening of
the momentum conservation requirements that becomes apparent

at larger sizes. An accurate investigation of the volume scaling of
biexciton Auger recombination (the correlation between the Auger
recombination rate of biexciton and QD volume) is important for
both fundamental physics and applications, as multiexciton effects
exhibit a nonlinear dependence on the number of excitons and
are usually dominated by biexciton contributions. Previous studies
have investigated the volume scaling of biexciton Auger recombi-
nation for CsPbBr3, CsPbI3, and MAPbBr3 perovskite QDs.9,36–42

It has been found that perovskite QDs exhibit varying volume scal-
ing under different quantum confinements. For strong confinement,
the biexciton lifetime shows a linear dependence on the perovskite
QD volume (τXX,Auger ∝ V1.0),36,38,42 which is similar to the depen-
dence observed for conventional Cd- and Pb-based QDs.43,44 In the
weak confinement regime, the dependence becomes sublinear as the
perovskite QD size increases beyond the Bohr diameter (τXX,Auger

∝ V0.38∼0.5).9,36,38,39 This sublinear volume scaling has been
attributed to a bimolecular Auger interaction.45 The interaction is a
two-body process where each exciton is formed in a different part
of the nanomaterial. However, Huang et al. reported a superlin-
ear volume scaling of biexciton Auger recombination lifetime for
large CsPbBr3 nanocrystals [τXX,Auger ∝ Vα (α > 1)] and provided
an interpretation using a nonlocal interaction model.40,41 Studies on
ensembles of weakly confined perovskite QDs have given inconsis-
tent results, suggesting the need to investigate their volume scaling
at the single-QD level.

In this study, we investigate the size-dependent blinking mech-
anisms and volume scaling of biexciton Auger recombination in
single CsPbI3 perovskite QDs. While it is not feasible to mea-
sure the size of a single QD using optical methods, its absorption
cross section can be measured by single-QD spectroscopy. The
absorption cross section is directly proportional to the QD volume,
σ ∝ V ,38,46 and can, therefore, be used to represent the QD size.
The fluorescence lifetime intensity distribution (FLID) maps and
the ratio of radiative rates were analyzed to determine the PL blink-
ing mechanisms of single CsPbI3 perovskite QDs of different sizes.
A significant correlation between the blinking mechanism and QD
size was observed for the first time under low excitation conditions.
Furthermore, we obtained the volume scaling of biexciton Auger
lifetimes of single CsPbI3 perovskite QDs with weak confinement
by measuring their biexciton lifetimes and QYs. Our results show
a superlinear increase in Auger recombination lifetime with QD
volume, i.e., τXX,Auger ∝ V1.96.

II. RESULTS AND DISCUSSION
To investigate the size-dependent PL blinking mechanisms

and volume scaling of biexciton Auger recombination for single
perovskite QDs, we synthesized a high-quality sample of CsPbI3 per-
ovskite QDs with a wide size distribution using the hot injection
method by appropriately slowing down the injection rate of the Cs-
precursor solution (refer to the supplementary material for details).
The PL spectrum of the CsPbI3 perovskite QDs is centered at 655 nm
with a full width at the half maximum of 46 nm, as shown in Fig. 1(a).
The PL QY of the QD sample exceeds 85%. The transmission elec-
tron microscopy (TEM) image of the QDs is displayed in the inset
of Fig. 1(b). The histogram of QD sizes indicates a size distribution
ranging from 6 to 16 nm [Fig. 1(b)].
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FIG. 1. (a) Absorption and photoluminescence (PL) spectra of CsPbI3 perovskite
quantum dots (QDs) dispersed in hexane. Insets: photographs of the resulting
solution under room temperature and UV light. (b) Size histogram of CsPbI3 per-
ovskite QDs. Inset: transmission electron microscopy (TEM) image. (c) Typical PL
saturation curve for a single CsPbI3 perovskite QD. (d) Histogram of the absorption
cross sections of CsPbI3 perovskite QDs.

The size of single QDs can be represented by their absorption
cross section since the absorption cross section is proportional to
the QD volume.38,46 By recording the PL intensity of a single QD
at different excitation powers (Fig. S1), the PL saturation curve of
the single QD can be obtained. The absorption cross section (σ) can
then be determined by fitting the PL saturation curve with the equa-
tion I ∝ 1 − e−σj,25,46,47 where j represents the excitation photon flux.
The excitation photon flux can be calculated using j = P/FE, where
P is the laser power density, F is the laser repetition rate, and E is
the laser photon energy. To improve the accuracy of the absorp-
tion cross section, the contribution of multi-exciton photons to the
saturation curve is eliminated.48 Figure 1(c) displays a typical PL sat-
uration curve for single CsPbI3 perovskite QDs, which is fitted to
determine the absorption cross section of 1.60 × 10−13 cm2. Approx-
imately 80 CsPbI3 perovskite QDs of varying sizes were analyzed
for their absorption cross section values. The histogram of absorp-
tion cross section values is presented in Fig. 1(d), indicating a wide
distribution.

The size-dependent blinking mechanisms of single CsPbI3 per-
ovskite QDs are first investigated. Time-tagged, time-resolved, and
time-correlated single-photon counting (TTTR-TCSPC) is used to
record photon arrival times and laser synchronized pulses for each
QD. The resulting data are used to construct PL intensity traces,
decay curves, second-order correlation function curves [g(2) (τ)],
and FLID maps for single QDs. Subsequently, the saturation curve
of each QD is measured to determine its absorption cross section.
Typical PL blinking trajectories for a relatively small-sized CsPbI3
perovskite QD and a relatively large-sized CsPbI3 perovskite QD are
shown in Figs. 2(a) and 2(b), respectively. The values of absorption
cross section for the two QDs were determined to be 1.61 × 10−13

and 5.11× 10−13 cm2, respectively. To eliminate the impact of excita-
tion power on PL blinking, we used a low excitation condition ⟨N⟩ of

FIG. 2. (a) and (b) Typical PL blinking trajectories of a relatively small-sized CsPbI3
perovskite single QD (σ = 1.61 × 10−13 cm2) and a relatively large-sized CsPbI3
perovskite single QD (σ = 5.11 × 10−13 cm2). (c) and (d) Corresponding fluo-
rescence intensity-lifetime distribution (FLID) maps. The white dotted lines in the
FLID maps are the simulated lines using Eqs. (1) and (2), respectively. The lin-
ear FLID map indicates the BC-blinking, and the nonlinear FLID map indicates the
Auger-blinking.

∼0.1 for measuring all QDs. Here, ⟨N⟩ represents the average num-
ber of photons absorbed per QD per pulse and can be determined
by ⟨N⟩ = jσ.26,48 The PL blinking trajectory of the small-sized CsPbI3
perovskite QD displays fluctuations between a series of continuously
distributed emission states. On the other hand, the PL blinking tra-
jectory of the large-sized CsPbI3 perovskite QD can be approximated
as “binary blinking,”49 where the PL intensity alternates between a
bright state and a dim state.

Figures 2(c) and 2(d) present the corresponding FLID maps,
which can effectively identify blinking mechanisms.12,13 The lifetime
values in the FLID maps are obtained by averaging the arrival time of
each bin’s PL photons.12,18 The FLID map of the small-sized CsPbI3
perovskite QD exhibits an approximately linear correlation between
PL intensity (I) and lifetime (τ) [Fig. 2(c)]. This correlation can be
accurately simulated by Eq. (1),13 as shown by the white dotted line
in Fig. 2(c),

I ∝ QY = kr

kr + knr(t) = τkr = τ
τr

, (1)

where QY and kr represent the PL QY and radiation recombina-
tion rate of single CsPbI3 perovskite QDs, respectively. The good
simulation indicates that the blinking mechanism of the QD is
BC-blinking.

Compared to the FLID map of the small-sized CsPbI3 per-
ovskite QD, the FLID map of the large-sized CsPbI3 perovskite
QD exhibits a non-linear distribution [see Fig. 2(d)]. The FLID
map displays dim and bright states with PL intensities of 10.3
Kcounts/s (I2, red cycle) and 75.1 Kcounts/s (I1, black cycle), respec-
tively. The corresponding lifetime values are 2.7 ns (τ2) and 39.7 ns
(τ1), respectively. Therefore, the ratio of radiative rates between
the dim and bright states (β = I2τ1/I1τ2) is ∼2, indicating that the
dim and bright states correspond to the trion and single exciton
states, respectively.13,15 This is because the trion state has two recom-
bination channels for two electrons (holes) and one hole (electron),
so its radiative rate is twice that of the single exciton state.50 The
presence of the trion state may imply that the observed PL blinking
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in Fig. 2(b) is Auger-blinking. The FLID map of Auger-blinking can
be simulated using Eq. (2),13,18 as shown by the white dotted line in
Fig. 2(d),

I = I1I2(τ2 − τ1)
I2(τ2 − τ) + I1(−τ1 + τ) . (2)

The good simulation indicates that Eq. (2) can effectively repro-
duce the curved FLID map, suggesting that the observed PL blinking
in the large-sized CsPbI3 perovskite QD is Auger-blinking.

To investigate the size-dependent blinking mechanisms in sin-
gle CsPbI3 perovskite QDs, we analyzed the PL blinking mechanisms
of ∼80 QDs with absorption cross section ranging from 0.5 × 10−13

to 9.3 × 10−13 cm2, and the histograms are shown in Fig. 3(a). The
blue and red histograms correspond to BC-blinking and Auger-
blinking, respectively. The histograms show that single CsPbI3 per-
ovskite QDs exhibit mainly BC-blinking when their absorption cross
section is smaller than 2 × 10−13 cm2, and Auger-blinking when the
absorption cross section is larger than 3 × 10−13 cm2. We speculate
that the Bohr diameter of CsPbI3 perovskite QDs may be a criti-
cal value for both blinking mechanisms. Thus, the absorption cross
section value for CsPbI3 perovskite QDs with the size of their Bohr
diameter (12 nm34–37) should fall within the range of 2 × 10−13 to
3 × 10−13 cm2. To verify this, we investigate the correlation between
the absorption cross section and the peak of the emission spectra
of the single CsPbI3 perovskite QDs. Previous research has shown
that the peak of the PL spectrum of CsPbI3 perovskite QDs with a
size close to the Bohr diameter is located at 680 nm.51 Therefore,
the absorption cross section value corresponding to the CsPbI3 per-
ovskite QDs with the size of a Bohr diameter can be inferred from
the correlation between the absorption cross section and the peak of
the emission spectra.

Figure 3(b) shows two typical PL spectra of single CsPbI3 per-
ovskite QDs with absorption cross section values of 1.30 × 10−13

and 6.85 × 10−13 cm2, respectively. The peak position of each QD’s
PL emission spectrum was obtained through Lorentz fitting. The
absorption cross section values of 1.30 × 10−13 and 6.85 × 10−13 cm2

correspond to PL spectral peaks at 673 and 685 nm, respectively. We
obtained the PL spectral peak positions of single CsPbI3 perovskite

QDs as a function of absorption cross sections by measuring ∼40
QDs, as shown in Fig. 3(c). The distribution of PL spectral peak posi-
tions can be fitted using a power function (y ∝ σ−2), as indicated
by the red curve in Fig. 3(c). Based on the fitting result, the single
CsPbI3 perovskite QDs with the PL emission peak of 680 nm cor-
respond to an absorption cross section value of 2.60 × 10−13 cm2.
This suggests that the absorption cross section value of CsPbI3 per-
ovskite QD with the size of its Bohr diameter is ∼2.60 × 10−13 cm2.
The absorption cross section value of 2.60 × 10−13 cm2, correspond-
ing to the Bohr diameter of CsPbI3 perovskite QDs, falls within the
range of 2 × 10−13 and 3 × 10−13 cm2, as indicated by the dotted
line in Fig. 3(a). This suggests that the Bohr diameter is the criti-
cal value for both blinking mechanisms, as expected. The reason for
this correlation should be easy to comprehend. Perovskite QDs do
not have a shell layer, and their size can directly affect the capture of
carriers by the surface defects.28 Small-sized perovskite QDs, with a
size smaller than the Bohr diameter of their bulk material, have exci-
tons with wave functions that significantly overlap with those of the
surface defects, leading to fast trapping and de-trapping of carriers.
As a result, the surface defects behave as short-lived traps, and PL
blinking exhibits BC-blinking. Perovskite QDs larger than the Bohr
diameter have exciton wave functions with less overlap with those of
the surface defects. This leads to slower trapping and de-trapping of
carriers. As a result, the surface states behave as long-lived traps, and
PL blinking exhibits Auger-blinking. Therefore, the size of the QDs
determines the overlap of wave functions between excitons and the
surface states, which is correlated with the blinking mechanisms.

Here, we analyze the possible reasons why such a clear corre-
lation between QD size and the blinking mechanism has not been
observed in previous studies. One possible explanation is that pre-
vious studies did not measure the correlation between the blinking
behavior of each QD and its size. Instead, they used the average
size to express the QD size, whereas the QD samples typically have
a wide size distribution. When the size distribution of a QD sam-
ple covers its Bohr diameter, both BC blinking and Auger blinking
were observed in the same QD sample, resulting in an insignificant
correlation between the QD size and the blinking mechanism. Fur-
thermore, higher excitation conditions may result in the occurrence
of Auger blinking in small-sized QDs. Recent research has shown

FIG. 3. (a) Histograms of size-dependent blinking mechanisms for single CsPbI3 perovskite QDs. The size of the QDs is represented by the absorption cross section. Single
QDs mainly exhibit BC-blinking when the absorption cross section of single QDs is smaller than 2 × 10−13 cm2, and Auger-blinking when the absorption cross section is
larger than 3 × 10−13 cm2. (b) Typical PL spectra of single CsPbI3 perovskite QDs with absorption cross section values of 1.30 × 10−13 cm2 (blue) and 6.85 × 10−13 cm2

(red), respectively. The green curves represent Lorentz’s fits. (c) PL spectral peak positions of single CsPbI3 perovskite QDs as a function of absorption cross sections and
fitted with the function∝σ−2.
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FIG. 4. (a) and (b) Typical PL decay curves for the small- and large-sized CsPbI3
perovskite QDs extracted from the bright state PL regions marked in the PL inten-
sity trajectories of Figs. 2(a) and 2(b). The PL decay curves of the small- and
large-sized CsPbI3 perovskite QDs can be fitted by a single exponential and a
biexponential function, respectively, as shown by the purple solid lines. The insets
are zoomed in views. The solid gray lines are the instrument response function of
the system. (c) and (d) Corresponding second-order correlation function [g(2) (τ)]
curves for the small- and large-sized CsPbI3 perovskite QDs, respectively. The
gray curves on the lower panels are the time-gated g(2)(τ) curves.

that the blinking type in small-sized QDs changes from BC blink-
ing to Auger blinking as the laser fluence increases.28 This suggests
that both small- and large-sized QDs exhibit Auger blinking under
higher excitation conditions, which weakens the correlation between
QD size and the blinking mechanism. In addition, poor preparation
of QD samples also results in BC blinking in large-sized QDs. All
these factors may contribute to a weak correlation between QD size
and the blinking mechanism.

In addition to the PL blinking, we investigated the volume
scaling of biexciton Auger recombination of perovskite QDs with
different sizes by analyzing their PL decay curves and g(2) (τ) curves.
Figures 4(a) and 4(b) show the PL decay curves extracted from the
bright-state PL regions marked in the PL intensity trajectories of
Figs. 2(a) and 2(b). The extraction of the bright-state PL regions
can effectively reduce the effects of charged and trap states on the
biexcitons, thus enabling more accurate biexciton information to be
obtained.52 The PL decay curve of the small-sized CsPbI3 perovskite
QD can be fitted by a single exponential function, indicating that
these bright-state photons are almost exclusively due to single exci-
ton emission.53 In contrast, the PL decay curve of the large-sized
CsPbI3 perovskite QD exhibits an extremely fast decay component
(0.85 ns), as shown in the inset of Fig. 4(b). The fast decay com-
ponent in the bright-state is attributed to the recombination of
biexcitons, similar to the case of the well-studied CdSe/CdS and
CdSe/ZnS core/shell QDs.48,49,53 The comparison of the PL decay
curves of the small- and large-sized CsPbI3 perovskite QDs indicates
more biexciton emission in the latter. Large-sized QDs can effec-
tively reduce the carrier–carrier Coulomb interactions and, thus,
attenuate the nonradiative Auger recombination.10,33,35,39 There-
fore, relatively strong biexciton emission can be observed in the
large-sized CsPbI3 perovskite QDs.

Furthermore, we investigate the effect of size on the biexciton
QY using the g(2) (τ) method.54 Under weak excitation (⟨N⟩ < 0.3),
the biexciton QY of a single QD is approximately equal to the g(2) (0)
value.54 The g(2) (0) value can be determined from the ratio of the
central peak area and the side peak area of the g(2) (τ) curve. The g(2)

(τ) curves of bright-state PL regions for the small- and large-sized
CsPbI3 perovskite QDs are shown in Figs. 4(c) and 4(d), respec-
tively. The g(2) (0) value of 0.09 for the large-sized CsPbI3 perovskite
QD is significantly larger than that of the small-sized CsPbI3 per-
ovskite QD (0.02), indicating that large-sized perovskite QDs have a
higher biexciton QY. Note that the g(2) (0) values here are more accu-
rately obtained by subtracting the g(2) (0) values of the time-gated
g(2) (τ) curves [gray curves in Figs. 4(c) and 4(d)] from the g(2) (0)
values of the original g(2) (τ) curves, eliminating the contribution of
background photons in g(2) (0) values [for the method of construct-
ing the time-gated g(2) (τ) curves, see the previous work22,55]. The
biexciton QYs of about 70 single CsPbI3 perovskite QDs of differ-
ent sizes were obtained by this method. The biexciton QYs of single
CsPbI3 perovskite QD as a function of absorption cross sections are
shown in Fig. 5(a). The biexciton QY of single CsPbI3 perovskite
QDs increases almost linearly from 0.01 to 0.18 as the absorption
cross section increases from 0.56 × 10−13 to 9.34 × 10−13 cm2, which
is consistent with the recent report for single CsPbBr3 perovskite

FIG. 5. (a) Biexciton QYs as a function of absorption cross sections for sin-
gle CsPbI3 perovskite QDs. (b) Typical PL decay curve of biexciton for single
large-sized CsPbI3 perovskite QDs. The purple solid line represents the single
exponential function fit. The gray solid line is the system instrument response
function. (c) Biexciton lifetimes as a function of absorption cross sections for
weakly confined CsPbI3 perovskite QDs (σ > 2.6 × 10−13 cm2). (d) Biexciton
Auger lifetimes as a function of absorption cross sections for weakly confined
CsPbI3 perovskite QDs. The biexciton Auger lifetime exhibits a dependence on
absorption cross section that can be described by superlinear volume scaling
τXX ,Auger ∝ V1.96.
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QDs.56 It is worth noting that the biexciton QY of single CsPbI3 per-
ovskite QDs is smaller than that of single CsPbBr3 perovskite QDs.
This is due to the fact that the Bohr diameter of CsPbI3 (12 nm) is
larger than that of CsPbBr3 (7 nm).10 At the same particle size, the
CsPbI3 QDs have stronger confinement, resulting in a smaller biex-
citon QY. In addition, from the PL decay and g(2) (τ) curves, we can
see that the small-sized CsPbI3 perovskite QDs have very few biex-
citon photons, and it is difficult to obtain their biexciton lifetimes.
Therefore, we only investigate the biexciton Auger recombination in
the weakly confined CsPbI3 perovskite QDs (σ > 2.6 × 10−13 cm2).

For CsPbI3 perovskite QDs with weak confinement, the biex-
citon decay curves of bright-states in their PL trajectories can be
obtained using first-photon analysis. Figure 5(b) shows a typical
biexciton decay curve extracted from the bright-state PL region
of the PL intensity trajectory in Fig. 2(b). The biexciton lifetime
of 0.83 ns was determined by fitting the decay curve with a sin-
gle exponential function, which closely matches the result obtained
from the biexponential function fitting in Fig. 4(b). The biexci-
ton lifetimes of ∼28 weakly confined CsPbI3 perovskite QDs (with
σ > 2.6 × 10−13 cm2) were obtained by using first-photon analysis.
Figure 5(c) shows the biexciton lifetimes as a function of absorption
cross sections, which exhibit a superlinear characteristic. By com-
bining the biexciton QY and the lifetime of each QD, it is possible to
calculate the biexciton Auger lifetime using the following equation:

τXX,A = τXX

1 −QYXX
, (3)

where τXX and QYXX are the biexciton lifetime and QY, respectively.
The biexciton Auger lifetimes of ∼28 single CsPbI3 perovskite

QDs as a function of absorption cross sections are shown in Fig. 5(d),
which was fitted to obtain the volume scaling of the biexciton Auger
lifetime (τXX,Auger ∝ σ1.96). The absorption cross section σ is propor-
tional to the QD volume V , thus τXX,Auger ∝ V1.96. The results are
consistent with Huang et al.’s recent report that the biexciton Auger
lifetime in weakly confined perovskite nanocrystals increases super-
linearly with volume,40 which is attributed to nonlocal effects.40,41 It
is worth noting that both our results and those of Huang et al. devi-
ate from the sublinear results found in earlier research.9,36,38 Here,
we briefly analyze the possible causes of the deviations. Compared to
the sublinear volume scaling, the superlinear volume scaling implies
longer biexciton Auger lifetimes, and hence longer biexciton life-
times and larger biexciton QYs [see Eq. (3)]. We note that early
studies were conducted at the ensemble level, and the ensemble mea-
surements do not easily eliminate the effects of QD charging and
surface defects on biexcitons. QD charging and surface defects can
introduce nonradiative recombination, thereby reducing biexciton
lifetimes and QYs.22,25 Therefore, the biexciton Auger lifetimes pre-
viously measured for QD ensembles may be smaller. However, in
our single-QD study, we extracted biexciton lifetimes and QYs from
the bright states in PL intensity trajectories. This approach effec-
tively reduces the effects of QD charging and surface defects on the
biexciton lifetimes and QYs, resulting in longer biexciton Auger life-
times. Furthermore, Huang et al. used high-quality, large perovskite
nanocrystals in their study.40 The PL intensity trajectories of these
nanocrystals showed minimal blinking behavior, indicating a low
presence of QD charging and surface defects. Therefore, longer biex-
citon Auger lifetimes were observed, resulting in superlinear volume

scaling. In addition, different dielectric environments, such as liq-
uid or solid interfaces, where the QDs are located can also affect the
biexciton lifetimes.48,57

Here, we use the ratio of the radiative lifetimes of single excitons
to those of biexcitons to verify the accuracy of the biexciton Auger
lifetimes obtained above. As the single exciton QY in the bright state
of the PL intensity trajectory is typically considered to be unity,52

the radiative lifetime of a single exciton is equal to the single exci-
ton lifetime. According to the biexciton lifetimes and QYs shown
in Figs. 5(a) and 5(c), the biexciton radiative lifetimes can be calcu-
lated by τXX,r = τXX/QYXX . The average ratio of the single exciton
radiative lifetime to the biexciton radiative lifetime for single CsPbI3
perovskite QDs is calculated to be 4.3 ± 0.8, which is close to the the-
oretical value of 4.25,58,59 This indicates that the obtained biexciton
Auger lifetimes are accurate.

III. CONCLUSION
The size-dependent blinking mechanisms and volume scaling

of biexciton Auger recombination in CsPbI3 perovskite QDs have
been investigated using single QD spectroscopy. Correlated mea-
surements of the size of the same QD and its PL properties are
achieved by measuring the QD absorption cross section to deter-
mine the size. The results showed a clear correlation between QD
size and blinking mechanism under low excitation conditions. When
the size of CsPbI3 perovskite QDs is smaller than their Bohr dia-
meter, they tend to exhibit BC-blinking. Conversely, if the size
exceeds their Bohr diameter, they tend to exhibit Auger-blinking. In
addition, by extracting the bright-state photons from the PL inten-
sity trajectories, the biexciton lifetimes and QYs have been accurately
measured. The volume scaling of biexciton Auger recombination
of weakly confined CsPbI3 perovskite QDs at the single-dot level
was obtained, revealing a superlinear characteristic. Determining the
size-dependent properties of perovskite QDs can provide valuable
guidance for selecting the optimal particle size in various perovskite
QD applications, ultimately enhancing their overall performance.
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