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Fig. 1. Three types of photoluminescence (PL) blinking: (a) PL intensity trace of Auger-blinking*?

ity distribution (FLID) map of Auger-blinking/*?

blinking??; (e) PL intensity trace of hot-carrier (HC) blinking
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Fig. 2. Positive trion state and negative trion state: (a) PL intensity trace of a typical single quantum dot (QD). Bright state, gray

state, and dark state represent the neutral exciton state, negative trion state, and positive trion state, respectively. (b) PL decay

curves of bright state, gray state, and dark state. (c) Corresponding second-order correlation function (¢®) curve. (d) Schematic

diagram of the formation of positive and negative trion states
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Fig. 3. Effect of the shell structure of QDs on positive and negative trion states: (a), (d) PL intensity traces and corresponding his-
tograms of CdSegsy/8CdS and CdSeg3,/4CdS single QDs. The blue and red shaded regions correspond to positive and negative trion
states, respectively. (b), (e) PL decay curves of positive and negative trion states of two kinds of single QDs. (¢), (f) Quantum yield
and Auger rate of the positive trions versus those of negative trions of two kinds of single QDs/3?
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Fig. 5. Intrinsic quantum-confined Stark effect of single CH3;NH3PbBrs perovskite QDs: (a) PL intensity trace of a typical single

QD. Red and green lines represent PL intensities of neutral and surface-charged states, respectively. (b) PL decay curves of the PL

areas marked by red and green lines. (c) Corresponding ¢ curve. (d) Corresponding FLID map. (e) Corresponding distribution of

PL quantum yield versus total recombination rate 7.
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Fig. 6. (a) PL intensity traces and corresponding histograms of a single CdSe/CdS QD under various excitation conditions. (b) Cor-
responding FLID in color scale. “B” and “D” represent bright states and dim states, respectively. (¢) Charging and discharging
rates versus (N) with a fixed laser repetition frequency ( f), where (IN) is the average number of photons absorbed per QD per

pulse. (d) Charging and discharging rates versus fat a given (IN)[?4.
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Fig. 7. (a), (b) Typical PL trajectories for single QDs with sharp interface potential (QD1) and a single QD with smooth interface
potential (QD2). The right panels show the corresponding PL intensity histograms. The PL blinking of QD2 is more frequent than
that of QD1. (c), (d) Corresponding PL decay curves obtained from the PL regions marked in respective colors on PL intensity
trajectories of panel (a) and panel (b), respectively. The solid gray lines are the instrument response function of the system.
(e), (f) Histograms of PL blinking rates for the single QD1 and single QD2 obtained under the same excitation. The PL blinking
rate of QD2 is higher than that of QD1. (g), (h) Normalized on-state probability densities for the single QD1 and single QD2/0l.
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Fig. 8. Suppression of the PL blinking of single CdSe-based QDs with p-phenylenediamine (PPD) and N, N-dimethylaniline (DMA):
(a), (b) Typical PL intensity trajectories of the single CdSe-based QDs with emission wavelengths of 525, 622, and 800 nm in gly-
cerol (cetene), respectively; (c), (d) typical PL intensity trajectories of the single QDs in glycerol with PPD (in cetene with DMA),

respectively®.
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Fig. 11. (a) PL intensity traces of a single QD under different excitation conditions. Bright and dim states are separated by red
dashed lines. (b) Corresponding PL decay curves of bright states, and the biexciton lifetime is obtained by biexponential fitting 4.
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Fig. 12. (a) Statistical distribution of the ratio of radiative rates and of Auger rates between charged and neutral biexciton states;
(b) schematic of radiative recombination pathways (red arrows) and nonradiative Auger recombination (black arrows) of the
charged biexciton state for a CdSe-based QD; (c) statistical distributions of the radiative rate ratio («) and of the surface nonradi-
ative rate ratio (3) between biexciton and single exciton; (d) schematic of radiative recombination pathways (red arrows), Auger re-

combination pathway (black arrows), and surface nonradiative recombination processes (gray arrows) for the biexciton statel??.
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Fig. 13. (a) Confocal scanning microscopy equipped with four single-photon detectors for HBT detection. (b) Schematic diagram of

single-photon events and two-photon events. (¢) PL decay curve of biexciton (green) and corresponding fitted curve. The inset is

pulse resolved ¢ function. (d) Pulse resolved ¢@® function. (e) PL decay curve of triexciton (green) and corresponding fitted curve.

(f) Model of triexciton recombination of CdSe QDI™.
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Fig. 14. (a) Distance between single QDs and gold nanorods was modulated by PMMA film thickness, and the g( ) values are
measured™; (b) distance between gold nanoparticles and single QD was controlled by AFM tip, and the g( ) values are

measured™); (c) effect of core-shell interface potentials on biexciton Auger rates of single QDs!*
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Fig. 15. Fast recognition of single QDs during confocal scanning imaging: (a), (b) A typical example of images of single-photon and
two-photon events of QDs on a glass coverslip; (c) corresponding time-gated two-photon events imaging; (d) PL intensity trace cor-
responding to each pixel in the circle C region in the image; (e) corresponding experimental and theoretical relationship of the de-
tection probability f; of single-photon event, the detection probability f, of two-photon event, and the number n of QDs for each ex-
citation pulse; (f) distribution of the number n of QDs in the confocal image. The 1 and 2 represent for single QD and QD clusters,
respectively. The scale bars are 3 pm/®)
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SPECIAL TOPIC—Manipulation and applications of solid-state single quantum systems

Research progress of single quantum-dot spectroscopy and
exciton dynamics”
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Center of Extreme Optics, Shanzi University, Taiyuan 030006, China)

( Received 4 November 2021; revised manuscript received 12 December 2021 )

Abstract

Colloidal semiconductor quantum dots (QDs) have strong light absorption, continuously adjustable
narrowband emission, and high photoluminescence quantum yields, thereby making them promising materials
for light-emitting diodes, solar cells, detectors, and lasers. Single-QD photoluminescence spectroscopy can
remove the ensemble average to reveal the structure information and exciton dynamics of QD materials at a
single-particle level. The study of single-QD spectroscopy can provide guidelines for rationally designing the
QDs and giving the mechanism basis for QD-based applications. We can also carry out the research of the
interaction between light and single QDs on a nanoscale, and prepare QD-based single-photon sources and
entangled photon sources. Here, we review the recent research progress of single-QD photoluminescence
spectroscopy and exciton dynamics, mainly including photoluminescence blinking dynamics, and exciton and
multi-exciton dynamics of single colloidal CdSe-based QDs and perovskite QDs. Finally, we briefly discuss the

possible future development trends of single-QD spectroscopy and exciton dynamics.

Keywords: single quantum-dot spectroscopy, exciton dynamics, photoluminescence blinking, biexciton

emission
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