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1. Introduction

Lead halide perovskite quantum dots 
(QDs) received considerable attention 
in recent years, because of their unique 
optoelectronic properties such as high 
photoluminescence (PL) quantum 
yields (QYs), large absorption coeffi-
cient, fast exciton generation and slow 
exciton recombination, and high toler-
ance to structural defects and surface 
states.[1,2] Their application prospects 
include photovoltaics, light-emitting 
diodes, lasers, photodetectors, and 
single-photon sources.[3–12] Despite 
these advantages, PL blinking occurs in 
perovskite QDs, compromising the per-
formance of PL-based applications.[13–15] 
PL blinking refers to the intensity 
intermittency between bright (on) and 
dim/dark (off) states with time.[16–18] 
Non-radiative Auger recombination 
and surface trap-induced non-radiative 

recombination are the two models for explaining this phe-
nomenon. The previous reports attributed nonradiative 
Auger recombination as the major cause of the PL blinking 
behavior of perovskite QDs.[19] In this model, PL blinking 
originates from the charging and discharging processes 
in the QDs. The radiative recombination of excitons domi-
nates the bright emission state of the QD. Once the QD is 
ionized, a charged state is formed in the QD. The charged 
state can initiate efficient nonradiative Auger recombination 
process, thereby quenching the PL emission via passing the 
exciton energy to a third carrier (either electron or hole).[20,21] 
The QD switches between the neutral and charged states, 
causing PL blinking. This type of blinking is termed as 
Auger-blinking. On the other aspect, surface trap-induced 
nonradiative recombination was believed to play a major 
part in the PL blinking of perovskite QDs.[3,22,23] Although 
the optical and electronic properties of perovskites materials 
are highly tolerant to structural defects and surface states,[2] 
there are also shallow surface traps in the perovskite QDs, 
also called multiple recombination centers (MRCs),[24] which 
provide nonradiative channels for band-edge carriers.[23,25] 

Lead halide perovskite quantum dots (QDs) are promising materials for 
next-generation photoelectric devices because of their low preparation costs 
and excellent optoelectronic properties. In this study, the blinking mecha-
nisms and the intrinsic quantum-confined Stark effect (IQCSE) in single 
organic–inorganic hybrid CH3NH3PbBr3 perovskite QDs using single-dot 
photoluminescence (PL) spectroscopy is investigated. The PL quantum 
yield-recombination rates distribution map allows the identification of dif-
ferent PL blinking mechanisms and their respective contributions to the PL 
emission behavior. A strong correlation between the excitation power and 
the blinking mechanisms is reported. Most single QDs exhibit band-edge 
carrier blinking under a low excitation photon fluence. While under a high 
excitation photon fluence, different proportions of Auger-blinking emerge in 
their PL intensity trajectories. In particular, significant IQCSEs in the QDs 
that exhibit more pronounced Auger-blinking are observed. Based on these 
findings, an Auger-induced IQCSE model to explain the observed IQCSE 
phenomena is observed.
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The random activation and deactivation of MRCs cause a 
constantly changing nonradiative recombination rate and 
hence cause PL blinking. This type of blinking is known 
as band-edge carrier (BC)-blinking.[26] The coexistence of 
Auger- and BC-blinking in single perovskite QDs have also 
been reported.[25,27] The fluorescence lifetime-intensity distri-
bution (FLID) and the scaling of radiative rates are regarded 
as common and effective experimental methods applied for 
investigating the PL blinking mechanisms in QDs.[23,25,28] 
However, when two types of blinking coexist in one QD, it 
becomes challenging to determine the blinking mechanisms 
and their respective contributions to the PL emission.

Besides blinking, perovskite QDs exhibit spectral diffusion 
with random changes in their emission spectra over time,[29,30] 
which is another challenge for the QD-based applications. 
The spectral diffusion is due to energetic shifts induced 
by intrinsic quantum-confined Stark effect (IQCSE).[31,32] 
The IQCSE refers to the change of the energy band struc-
ture of QDs under the action of a local electric field around 
the QDs,[33] of which a discrete hopping of surface charges 
generates the local electric field.[34–36] The surface charges 
hopping between different surface-trap sites or fluctuating 
within the ligand layer result in the spectral shifting in 
time.[32,37] At room temperature, the spectral diffusion results 
in broadening in the ensemble emission spectrum, compro-
mising the color-purity of optoelectronic devices. Investigation 
of the origin of IQCSE helps to understand and suppress the 
spectral broadening behavior. However, the IQCSE is often 
obscured in ensemble measurements at room temperature. 
Both the IQCSE and the blinking mechanisms involve the 
extra charges, nevertheless, their potential connection lacks 
experimental investigation so far.

Most of the previous reports on PL blinking and IQCSE 
focused on inorganic CsPbX3 (X = Cl, Br, I)[3,19,22,23] and CdSe-
based QDs,[31,32,38,39] respectively. Compared with those QDs, 
organic–inorganic hybrid perovskite QDs have many unique 
properties, including a significantly longer carrier lifetime,[40] 
enhanced two-photon absorption properties,[41] and a slower 
bi-exciton Auger recombination rate.[42] These properties make 
the hybrid perovskite QD an ideal candidate in high-quality 
optoelectronic devices. Investigating the blinking mecha-
nisms and the IQCSE of organic–inorganic perovskite QDs at 
the single-particle level can provide a deeper understanding 
of their fundamental properties and functionalities, and it is, 
therefore, essential for unleashing the materials’ full application 
potentials.

In this study, we investigated the blinking mechanisms 
and the IQCSE in single CH3NH3PbBr3 perovskite QDs by 
employing time-tagged, time-resolved, and time-correlated 
single-photon counting (TTTR-TCSPC) technique.[43,44] 
This technique effectively extracts the information of the 
blinking mechanisms and the IQCSE from the PL intensity 
trajectories, decay curves, second-order correlation function 
(g(2)) curves, and FLID maps. Also, the PLQY-recombination 
rate distribution (PQRD) map is developed to effectively 
distinguish the blinking mechanisms in single perovskite 
QDs. The single-dot PL spectroscopy at room temperature 
reveals the origin of IQCSE to correlate with the Auger 
processes.

2. Results and Discussion

2.1. Optical Properties of Single CH3NH3PbBr3 QDs

The preparation of CH3NH3PbBr3 perovskite QDs was based 
on the emulsion synthesis method,[45] which results in mono-
disperse QDs with tunable sizes. The QDs have a diameter of 
3.2 ± 0.8 nm, measured from the transmission electron micros-
copy (TEM) image (Figure  1a). The absorption and PL emis-
sion spectra of the QDs in toluene are presented in Figure 1b. 
The PL spectrum centers at 472  nm with a full width at half-
maximum of 20  nm. By covering the QDs with a protective 
polymer layer, the QDs are stable enough to achieve repeatable 
single-dot measurements. The confocal scanning PL image in 
Figure 1c shows that the QDs have a uniform dispersion on the 
glass substrate. The color change in the PL image from blue to 
red indicates an increase in the PL intensity. It is worth men-
tioning that aggregates appeared alongside the single QDs in 
this image as well, and a fast recognition method has been 
used to distinguish single QD from aggregates during meas-
urement, as demonstrated in our previous report.[43,46] The 
average number of photons absorbed per QD per pulse, <N>, 
was determined as <N>  = jexc σ, where jexc is the per-pulse 
photon fluence, and σ is the QD absorption cross-section.[47] 
The average σ is 9 × 10−16 cm2, as shown in Figure  1d, which 
is in good agreement with the previous reports.[47,48] Detailed 
experimental methods for the determination of <N> and σ are 
provided in Supporting Information.

2.2. Blinking Mechanisms of Single QDs

We investigated the blinking mechanisms of single 
CH3NH3PbBr3 perovskite QDs using the single-dot PL spec-
troscopy at two different excitation conditions: (1) a low excita-
tion photon of fluence of <N> = 0.04; and (2) a high excitation 
photon fluence of <N> = 0.24. Figure 2a presents a typical PL 
intensity trajectory obtained under the low excitation fluence. 
The corresponding PL intensity histogram is shown on the 
right panel. Under this excitation condition, the PL trajectories 
of the most single QDs show a stable bright-state, accompa-
nied by rare PL blinking events. The corresponding FLID map 
is obtained by mono-exponential fitting of each time bin of 
10 ms for the PL trajectory (Figure 2d). The FLID, as an experi-
mental data analysis method, is a distribution map obtained 
by combining PL lifetime and intensity to reveal the blinking 
mechanisms of QDs through different distribution characteris-
tics.[23,25,26] However, this FLID is challenging to distinguish the 
blinking mechanisms of the QD due to the small probability of 
occurrence of gray and dim states in FLID. Therefore, here we 
combine it with the scaling of radiative rates to determine the 
blinking mechanisms. Figure 2g presents two typical PL decay 
curves obtained from bright- and dim-state PL regions (I1 = 79 
counts/10 ms, I2 = 21 counts/10 ms, and the background noise 
is 1 count /10 ms) marked in respective colors on intensity his-
tograms of Figure 2a. They are fitted well by single-exponential 
functions with lifetimes of 14.85 ns (τ1) and 3.94 ns (τ2), respec-
tively. Here, we normalize the PLQY by setting that of the 
highest intensity level (Qmax) in the PL intensity time trace as 
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a unity,[49] so the normalized PLQY of other intensity levels can 
be expressed as Q = I/Imax. By combining Q = kr/(kr + knr) = krτ, 
the scaling of radiative rates of the dim state (kr2) and the bright 
state (kr1) can be calculated as
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The scaling of 0.97 is close to 1.0, which is evidence of BC-
blinking.[26] We found that ≈92% of QDs show BC-blinking 
under the low excitation of <N>  = 0.04. The remaining cases 
(≈8%) are found to deviate from the BC-blinking.

As the excitation increases to <N>  = 0.24, the blinking 
behavior of the same QD is obviously intensified, showing 
more frequent PL intensity intermittencies in Figure  2b. The 
corresponding PL intensity histogram in the right panel dis-
plays an obvious two-state distribution. The corresponding 
FLID map partly deviates from a linear dependence (Figure 2e), 
implying that the blinking behavior deviates from the BC-
blinking under the high-power excitation.[23] Fitting PL decay 
curves in Figure 2h, the scaling of radiative rates are calculated 
to be 1.35 (see Supporting Information), significantly above that 
of BC-blinking. The scaling value is also notably smaller than 

that for the Auger-blinking between trion and exciton states, 
which is 2.[26,50] The curvature of the FLID and the deviations of 
the scaling indicate that Auger-blinking also occurs in addition 
to the BC-blinking in the QD under the high-power excitation. 
≈38% of single QDs are this case at <N> = 0.24. The remaining 
QDs (≈62%) seem to still be BC-blinking, for example, the QD 
possesses the nearly linear FLID and the radiative rates scaling 
of 0.97 (see Supporting Information for details), as shown in 
Figure 2c,f,i. Nonetheless, just from the FLID and the scaling 
of radiative rates, we could not determine the exact proportion 
of the blinking mechanisms.

2.3. The Method of PLQY-Recombination Rate Distribution 
(PQRD) Map

Here, we propose the use of PQRD map to determine the 
origin of PL blinking and to distinguish possibly different 
blinking mechanisms with a reliable assessment on their 
proportions. The PQRD map is obtained by calculating the 
recombination rates (k, kr, or knr) as a function of the normal-
ized PLQY (Q/Qmax) (see Supporting Information for details). 
Figure 3a,b show typical FLID maps of a pure BC-blinking QD 
and a mixture of BC- and Auger-blinking QD respectively. Their 

Figure 1.  a) TEM image and size distribution of CH3NH3PbBr3 perovskite QDs. b) Absorption and PL spectra of CH3NH3PbBr3 QDs dispersed in 
toluene. c) Confocal scanning PL image of CH3NH3PbBr3 perovskite QDs deposited on a glass substrate. d) Histogram of the absorption cross-sections 
(σ) of single CH3NH3PbBr3 perovskite QDs.
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Figure 3.  a) Linear FLID map showing a pure BC-blinking. b) Typical FLID map showing a mixture of BC-blinking and Auger-blinking. The BC-blinking 
and Auger-blinking are indicated by the red dotted line and the white curve. c,d) Corresponding PL quantum yield (QY)-radiative recombination rate 
(kr) distribution (PQRD) maps for single QDs ina, b). e,f) Corresponding PQRD maps of nonradiative recombination rate (knr) for single QDs in a, b). 
Color changing from blue to red shows a decrease in the proportion of BC-blinking in the PQRD maps.

Figure 2.  a) A typical PL intensity time trajectory for single CH3NH3PbBr3 QDs at <N> = 0.04. Corresponding PL intensity histogram on the right panel. 
b) PL intensity trajectory for the same QD in a) obtained by the excitation of <N> = 0.24. c) Typical PL intensity trajectories for some other single QDs 
at <N> = 0.24. d–f) Corresponding FLID maps of the single QDs; color changing from blue to red shows an increase in the probability of occurrence 
of a given state in intensity-lifetime space. g–i) Corresponding PL decay curves obtained from bright- and dim-state PL regions marked in respective 
colors on PL intensity histograms of a–c), respectively.

Small 2020, 2005435



2005435  (5 of 8)

www.advancedsciencenews.com

© 2020 Wiley-VCH GmbH

www.small-journal.com

corresponding PQRD maps of kr are presented in Figure 3c,d, 
and the corresponding PQRD maps of knr are presented in 
Figure 3e,f. The BC-blinking and the Auger-blinking are related 
to surface trap-induced nonradiative recombination and nonra-
diative Auger recombination, respectively. Here the proportion 
of BC-blinking (x) is defined by the ratio of the surface trap-
induced non-radiative recombination rate to the total non-radia-
tive recombination rate, while the proportion of Auger-blinking 
(1−x) is defined by the ratio of Auger-induced non-radiative 
recombination rate to the total non-radiative recombination 
rate. The color scale from blue to red in the PQRD maps 
represents that the proportion of BC-blinking decreases while 
that of Auger-blinking increases. For the pure BC-blinking in 
Figure  3a, the kr remains constant (Figure  3c), while the knr 
changes constantly with Q/Qmax because of the stochastic acti-
vation and deactivation of MRCs (Figure 3e).

Because of the absence of pure Auger-blinking in the QDs in 
our experiments, we present the PQRD maps for pure Auger-
blinking in a single CdSe-based QD as an example reference 
in Figure S1. By comparing them, we can clearly see two types 
of blinking behaviors are different in their the PQRD maps. 
Actually, the PQRD maps can clearly separate the contribu-
tions of BC- and Auger-blinking in the mixed blinking behavior, 
as shown in Figure  3d,f. The blue areas originate from BC-
blinking, while the red areas originate from Auger-blinking. 
In Figure  3d, kr in BC-blinking remains constant, while kr in 
Auger-blinking gradually increases from 0.1 to 0.2 with the 
decreasing Q/Qmax, because the radiative rate of the trion state 
is twice that of a neutral state.[26,51] In Figure  3f, knr in BC-
blinking changes gradually with the increasing Q/Qmax, while 
the knr in Auger-blinking changes rapidly when the trion state 
starts dominating QD emission.

We find that the PL blinking in Figure  2c is induced by 
blended mechanisms of BC-blinking and a small portion of 
Auger-blinking rather than pure BC-blinking (Figure S2, Sup-
porting Information), which is difficult to be uncovered by the 
methods of the FLID and the scaling of radiative rates. We note 
that almost all CH3NH3PbBr3 perovskite QDs in this study 
show a blended blinking mechanism under the excitation of 
<N> = 0.24, where ≈62% of QDs show a weak Auger-dependent 
blinking behavior, and the remaining ≈38% QDs show a more 
pronounced Auger-blinking. When the excitation power is fur-
ther increased, the proportions of Auger-blinking in the PL 
intensity trajectories will increase. However, most perovskite 
QDs will be quenched quickly under very high excitation condi-
tions. The Auger-blinking is due to the ionization and neutrali-
zation of QDs, and can be suppressed by suppressing the QDs’ 
ionization. The possible factors affecting the QDs’ ionization 
include the composition, size, and temperature of the QDs, the 
band offset between the QDs and the surrounding matrix, as 
well as the laser excitation intensity.[52] According to the exact 
origin of PL blinking, proper strategies can be used to effectively 
suppress the PL blinking of perovskite QDs.[53,54] The suppres-
sion of PL blinking is beneficial to the PL-based applications, 
such as light-emitting devices, low-threshold lasing, single-
photon sources. In addition, the PQRD maps can well reveal the 
exciton dynamics of single QDs, such as the evolutions of radia-
tive and non-radiative recombination rates with PL intensity.

2.4. Intrinsic Quantum-Confined Stark Effect (IQCSE)

Interestingly, the IQCSE is also found in the QDs that show 
more pronounced Auger-blinking, as shown in Figure  4. 

Figure 4.  a) A typical PL intensity trajectory for single CH3NH3PbBr3 QDs obtained at <N> = 0.24. Red line indicates on-state with a normal PL intensity 
while green line shows on-state with a slightly decreased PL intensity. b) PL decay curves obtained from the PL regions marked by respective colors in 
(a). c) Corresponding g(2) curve of the single QD. d) Corresponding FLID map. The red arrow represents the changes in the PL intensity and lifetime 
under the action of IQCSE. e) Corresponding PQRD maps of total recombination rate.
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A typical PL intensity trajectory from 45 to 55 s for single 
perovskite QDs is obtained at <N>  = 0.24 (Figure  4a), which 
is extracted from the PL trajectory in Figure S3, Supporting 
Information. Note that the bright-state has several PL-intensity 
levels, and the PL intensity switches repeatedly between these 
levels. The red and green lines indicate two different inten-
sity levels of the bright state (I1  = 634 counts/10  ms, I2  = 570 
counts/10  ms). Figure  4b shows the corresponding PL decay 
curves for the two PL intensity levels with respective colors. 
The decay curves are well-fitted by bi-exponential functions 
of 1

/
2

/1 2+τ τ− −A e A et t  with 8.80 and 0.22  ns for I1, and 9.72 and 
0.32 ns for I2. The PL lifetime increases slightly from 8.80 ns to 
9.72 ns as the PL intensity decreases from I1 (634 counts/10 ms) 
to I2 (570 counts/10  ms). We attribute this unusual phenom-
enon to IQCSE, which has also been previously reported for 
single CdSe-based QDs.[39] Therein, 8.80 ns is attributed to the 
single exciton lifetime (Figure S4, Supporting Information). By 
combining single exciton lifetime (τX) and g(2) curve (Figure 4c), 
the lifetime of 0.22  ns satisfies g(2)(0) ≈ QXX/QX  = β  × τXX/τX 
with β ≈ 4.0.[23,55] Therefore, the lifetime of 0.22 ns can be attrib-
uted to the lifetime of biexciton. We attribute the prolonged life-
times (9.72 and 0.32 ns) to IQCSE-modified single exciton and 
bi-exciton lifetimes. Therefore, the reduced PL intensity and the 
corresponding prolonged lifetime can confirm the presence of 
IQCSE in single CH3NH3PbBr3 QDs.

The Auger process is correlated with the observed IQCSE in 
the QDs. The corresponding FLID map is given in Figure 4d. 
The red arrow indicates that the on-state PL intensity decrease 
from 680 to 490 counts/10 ms, while the corresponding PL life-
time increase from 8.3 to 11.5 ns due to the IQCSE. Figure 4e 
shows the corresponding PQRD maps of the total recombina-
tion rate for the whole PL trajectory. The red area with a large 
proportion indicates that Auger-blinking plays a major role in 
this QD. For QDs with pure BC-blinking in Figure 4a, however, 
we cannot find any sign of IQCSE. Therefore, our observations 

reveal a strong correlation between the Auger process and 
IQCSE in the perovskite QDs. We propose that the surface 
charges, which induced the IQCSE, should originate from or be 
associated with the Auger process.

Hereafter, we propose an Auger-induced IQCSE model to 
explain the observed IQCSE and its evolvement, as depicted 
schematically in Figure 5. There are six exciton states, including 
normal (IQCSE-modified) bi-excitons, trions, and single exci-
tons, where the IQCSE is induced by a negative charge for 
instance. When a bi-exciton state is generated under the 
photon excitation (Figure  5a), the non-radiative Auger recom-
bination process, acting as a dominant decay channel for the 
biexciton state, transfers the bi-exciton recombination energy 
to one of the two extra charge carriers, instead of emitting a 
photon.[56] The extra carrier could be ejected out of the QD 
after receiving the bi-exciton recombination energy, forming 
a trion state inside the QD under the constant photon excita-
tion (Figure 5b).[57] The similar process happens not only from 
bi-exciton state to the trion state, but also from the trion state 
to the single exciton state, as indicated by the black arrows. In 
other cases, the extra carrier that receives the bi-exciton recom-
bination energy is likely to be captured by surface states,[31] as 
indicated by the red arrows between Figure 5a,e, and then the 
surface charge induces the IQCSE (the similar process also 
happens from Figure 5b,f). In this case, the energy band struc-
ture of QDs is distorted due to the surface charge, resulting in a 
reduced overlap of the electron and hole wave functions, which 
ultimately results in a decreased PL intensity and a prolonged 
PL lifetime. When the surface electron tunnels back to the QD, 
it recombines with a confined hole[58,59] and eliminates the 
IQCSE, as indicated by the blue arrows in Figure 5.

Due to the larger dipole moment of the organic cation 
CH3NH3

+ (2.3 D)[60,61] than that of Cs+, the CH3NH3PbBr3 
QDs are more sensitive to the external electric field. This has 
enabled the potential applications of the quantum-confined 

Figure 5.  Schematic of the generation and elimination of IQCSE. a–c) biexciton, trion, and single exciton states. d–f) IQCSE-modified biexciton, trion, 
and single exciton states. The red and blue arrows show Auger-induced generation and elimination of IQCSE, respectively. The black arrows show that 
Auger process makes no contribution to the IQCSE.
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Stark effect in field-controlled electro-optic modulators, sen-
sors, electro-absorption modulators.[60,62,63] Nevertheless, the 
CH3NH3PbBr3 QDs have a more considerable spectral diffusion 
due to the larger IQCSE, which hinders the related applica-
tions. Our research reveals that IQCSE is related to the Auger 
recombination process. Hence, we can conclude that spectral 
diffusion can be effectively suppressed by suppressing the Auger 
process of the QDs. It is worth mentioning that the suppression 
of spectral broadening in the ensemble level has been recently 
demonstrated in Auger process-inhibited CdSe/CdS QDs.[64] 
Proper post-synthetic surface treatments and doping techniques 
have also been used to effectively suppress the Auger recombina-
tion of perovskite QDs.[53,54] In addition, reducing the IQCSE can 
improve the measurement accuracy of the quantum-confined 
Stark effect-based devices including field-controlled electro-optic 
modulators, sensors, electro-absorption modulators.

3. Conclusion

In conclusion, we developed and demonstrated the PQRD 
method in investigation of the blinking mechanisms and the 
IQCSE in single organic-inorganic hybrid CH3NH3PbBr3 
perovskite QDs. The PQRD maps reveal the evolutions of radia-
tive and nonradiative recombination rates with PL intensity and 
to determine PL blinking mechanisms as well as their respec-
tive contributions. The results show that most single QDs 
exhibit BC-blinking under a low excitation photon fluence, and 
different proportions of Auger-blinking participate in their PL 
intensity trajectories under a higher excitation photon fluence. 
A significant IQCSE has been revealed in single CH3NH3PbBr3 
QDs, which is strongly related to the Auger recombination pro-
cess. The Auger-induced IQCSE model is proposed to depict 
the generation and elimination of IQCSE schematically. These 
investigations contribute to the rational design of perovskite 
QDs for applications.

4. Experimental Section
Materials: Methylamine hydrobromide (CH3NH3Br, >98.0%(N)(T)), 

lead bromide (PbBr2, 99.0%), N,N-dimethylformamide (DMF, 99.8%), 
oleic acid (≥99.0%, GC), n-octylamine (99%), and acetonitrile (≥99.9%) 
were purchased from Aladdin. Polystyrene and toluene (≥99.5%) were 
purchased from Sigma-Aldrich. They were used as received without 
further purification.

CH3NH3PbBr3 Perovskite QDs Synthesis and Characterization: The 
CH3NH3PbBr3 QDs were synthesized as follows. Solution A and 
solution B, acting as the “aqueous phase”, were obtained by 0.16 mmol 
CH3NH3Br dissolved in 0.3 mL DMF, 0.2 mmol PbBr2 dissolved in 0.5 mL 
DMF, respectively. Solution C, acting as the “oil phase”, was the mixture 
of 10 mL toluene, 0.5 mL oleic acid, and 20 µL n-octylamine. Then the 
solution A and the solution B were added dropwise into solution C to 
form an emulsion. Afterward, 8 mL acetonitrile was used as a demulsifier 
and added dropwise into the emulsion to initiate a demulsion process. 
By centrifugation at 6000  rpm for 5  min, polar solvents and excess 
reactants were discarded as supernatant. Then the precipitates were 
redissolved into 3 mL toluene. After another centrifugation at 5000 rpm 
for 5 min, larger-sized side-products were precipitated out of the system, 
and CH3NH3PbBr3 QDs in toluene were obtained for further analysis. 
For single QD measurements, the toluene solution of QDs was mixed 
with 1 wt.% polystyrene solution to isolate and protect the particles. The 

mixture was then spin-coated onto clean glass coverslips with a rotation 
speed of 3000 rpm for 1 min.

The diameter of QDs was measured from the TEM image using a 
JEM-2100 microscope. The absorption and PL emission spectra of the 
QDs in toluene were measured on a PerkinElmer Lambda 950 UV–VIS–
NIR spectrometer and a Cary Eclipse Fluorescence Spectrophotometer, 
respectively.

Single-Dot PL Spectroscopic Measurements: A home-made confocal 
fluorescence imaging microscope was applied to collect the PL photons 
of single QDs. A 436 nm pulsed laser (EXW-12, NKT, 50–100 ps, 10 MHz 
repetition rate) was used to excite the QD samples. An oil immersion 
objective (Olympus, 100×, 1.3 NA) was used not only to focus a laser 
beam onto the QDs sample but also to collect PL simultaneously. The 
PL, which passes through a dichroic mirror (Semrock) and a high-pass 
filter (Semrock), was focused on a 100  µm pinhole to reject photons 
which were out of focus. Then a 50/50 beam-splitter cube was used 
to split the PL photons into two beams, which were finally detected 
by a pair of single-photon avalanche diode detectors (SPCM-AQR-15, 
PerkinElmer) and recorded by a TTTR-TCSPC data acquisition card 
(HydraHarp 400, PicoQuant) with a temporal resolution of 16  ps. All 
measurements were performed at room temperature. The resolution of 
the confocal imaging microscope was limited to about 300 nm laterally, 
due to the diffraction limit of light. Therefore, the confocal images of 
perovskite QDs (Figure  1c) were much larger than their TEM images 
(Figure 1a).
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