Pis’ma v ZhETF, vol. 123, iss. 6, pp. 425 – 426 © 2026 March 25

Delayed photoluminescence blinking of single semiconductor quantum dots: novel experiments and modeling^{1)}

M. A. Kniazeva^+, A. O. Tarasevich^+, A. V. Naumov^{+∗×}, I. Yu. Eremchev^{∗× 2)}

+Lebedev Physical Institute of the Russian Academy of Sciences, Troitsk Branch, 108840 Troitsk, Moscow, Russia

∗Institute of Spectroscopy of the Russian Academy of Sciences, 108840 Troitsk, Moscow, Russia

×Moscow Pedagogical State University, 119435 Moscow, Russia

Submitted 6 February 2026 Resubmitted 6 February 2026 Accepted 7 February 2026

The photoluminescence (PL) kinetics of semiconductor nanocrystals (quantum dots, QDs) includes a surprisingly wide range of times. The presence of shallow metastable trap states leads to the appearance of a long tail on the PL decay curve, the so-called delayed PL, at times ranging from hundreds of nanoseconds to microseconds. Surprisingly, intensity and lifetime of the delayed PL from a single QD notably fluctuate in time. In this work, delayed PL of single colloidal core/shell CdSeS/ZnS QDs was in depth studied by time-gated PL traces analysis. Observed delayed PL blinking allowed us to study the shallow trap states. We show that single QD PL in active trap state is characterized by mono or bi-exponential decays with times altering from 60 ns to 600 ns, that is much exceed exciton lifetime in bright state ∼ 30 ns. Simulation allowed us to conclude that the absence of an exciton component in the kinetics of delayed PL can be explained by the fast (∼ 100 ps) charge carrier Auger trapping process on a shallow trap state. We associate this state with a localized defect at the inner core/shell QD interface. Also, we demonstrate that the variation in the lifetimes and delayed PL decay shapes can be described entirely by a change in the thermal de-trapping rate.

DOI: 10.7868/S3034576626030177

Quantum dots (QDs) starting from their discovery [1] are among the most promising nanoscale structures for the development and application of advanced technologies [2]. Their outstanding optical properties make them ideal for creating next-generation optoelectronic devices, such as lasers [3, 4], efficient white light sources [5, 6], high-efficiency solar cells [7, 8], luminescent markers for biovisualization [9–11], and single-photon sources [12–14].

Study of semiconductor nanocrystals (QDs) at the single-particle level allows for investigation of photophysical and spectral phenomena that are not detectable in ensembles, where the data are strongly averaged. These effects include spectral diffusion [15–17] as well as PL blinking [18], which are processes of stochastic variation of PL wavelength and PL intensity. In addition to blinking and spectral diffusion, QDs also show significant lifetime enhancement effects – delayed PL [19]. Studies of single CdSe/CdS QDs have shown that delayed PL is not uniform in time, and experiences sig-

1)See Supplementary materials for this article on the website of our journal www.jetpletters.ru

2)e-mail: eremchev@isan.troitsk.ru

nificant changes in intensity – known as “blinking” of delayed PL [20]. However, the question of the origin of the delayed component of PL and its blinking remains unanswered to date.

In this paper, we provide a detailed study of the delayed PL blinking in single semiconductor colloidal CdSeS/ZnS QDs, focusing on the variation of delayed PL kinetics in time. We show that single QD PL in active trap state is characterized by mono or bi-exponential decays with times altering from 60 to 600 ns, that is much exceed exciton lifetime in bright state ∼ 30 ns. The performed Monte Carlo simulation of charge recombination dynamics in QDs based on modified shallow trap models allows us to describe the observed PL decay features and verify the previously proposed mechanism of charge trapping by shallow traps. Simulation allowed us to conclude that the absence of an exciton component in the kinetics of delayed PL can be explained by the fast (∼ 100 ps) charge carrier Auger trapping process on a shallow trap state. We associate this state with a localized defect at the inner core/shell QD interface. The release time of charge carriers from the trap can be much shorter than the calculated lifetime. This suggests that the observed lifetimes do not

Письма в ЖЭТФ том 123 вып. 5 – 6 2026 425

426 M. A. Kniazeva, A. O. Tarasevich, A. V. Naumov, I. Yu. Eremchev

necessarily require long-term charge retention in the trap: there could be multiple cycles of trapping and detrapping processes before radiative recombination event. Simulation also showed that the distribution of the delayed PL lifetimes can be reproduced by changing the de-trapping rate k_{dt}. This variation in the de-trapping rate may be due to the electric fields caused by the appearance and fluctuations of charges on the QD surface.

Funding. Authors acknowledge support for the research project from the Ministry of Education and Science of the Russian Federation “Photonic Technologies in Science and Education: Materials, Methods, and Tools for Ultra-High-Sensitivity Optical Sensing and Microscopy”. I. Eremchev and A. Naumov acknowledge support for the research project from the Ministry of Education and Science of the Russian Federation (Grant # FFUU-2025-0004).

Conflict of interest. The authors of this work declare that they have no conflicts of interest.

1. A. I. Ekimov and A. A. Onushchenko, “Quantum size effect in three-dimensional microscopic semiconductor crystals”, Soviet JETP 34, 345 (1981).

2. A. A. Rempel, O. V. Ovchinnikov, I. A. Weinstein, S. V. Rempel, Yu. V. Kuznetsova, A. V. Naumov, M. S. Smirnov, I. Yu. Eremchev, A. S. Vokhmintsev, and S. S. Savchenko, “Quantum dots: modern methods of synthesis and optical properties”, Russ. Chem. Rev. 93(4). RCR5114 (2024).

3. L. Ye, Z. Cheng, Z. Zhang, S. Hong, and Q. Zhao, “Coherent random fiber laser emission from CdSe/ZnS quantum dots”, Nanotechnology 35, 505707 (2024).

4. K. Roh, C. Dang, J. Lee, S. Chen, J. S. Steckel, S. Coe- Sullivan, and A. Nurmikko, “Surface-emitting red, green, and blue colloidal quantum dot distributed feedback lasers”, Opt. Express 22, 18800 (2014).

5. Y. Shirasaki, G. Supran, M. Bawendi, and V. Bulovic, “Emergence of colloidal quantum-dot light-emitting technologies”, Nature Photon 7, 13 (2013).

6. C. Krishnan, M. Brossard, K.-Y. Lee, J.-K. Huang, C.-H. Lin, H.-C. Kuo, M. D. B. Charlton, and P. G. Lagoudakis, “Hybrid photonic crystal lightemitting diode renders 123 % color conversion effective quantum yield”, Optica 3(5), 503 (2016).

7. J. Chen, J. L. Song, X. W. Sun, W. Q. Deng, C. Y. Jiang, W. Lei, J. H. Huang, and R. S. Liu, “An oleic acidcapped CdSe quantum-dot sensitized solar cell”, Appl. Phys. Lett. 94, 153115 (2009).

8. Z. Li, Z. Pan, and X. Zhong, “Recent Development of Quantum Dot Deposition in Quantum Dot-Sensitized Solar Cells”, Trans. Tianjin Univ. 28, 374 (2022).

9. M. Yezhelyev, A. Al-Hajj, C. Morris, A. Marcus, T. Liu, M. Lewis, C. Cohen, P. Zrazhevskiy, J. Simons, A. Rogatko, S. Nie, X. Gao, and R. O’Regan, “In Situ Molecular Profiling of Breast Cancer Biomarkers with Multicolor Quantum Dots”, Adv. Mater. 19, 31461 (2007).

10. K. E. Sapsford, T. Pons, I. L. Medintz, and H. Mattoussi, “Biosensing with Luminescent Semiconductor Quantum Dots”, Sensors 6, 925 (2006).

11. W. J. Parak, T. Pellegrino, and C. Plank, “Labelling of cells with quantum dots”, Nanotechnology 16, R9 (2005).

12. A. I. Galimov, M. V. Rakhlin, G. V. Klimko, Y. M. Zadiranov, Y. A. Guseva, S. I. Troshkov, T. V. Shubina, and A. A. Toropov, “Source of indistinguishable single photons based on epitaxial InAs/GaAs quantum dots for integration in quantum computing schemes”, JETP Lett. 113(4), 252 (2021).

13. Y. Ye, X. Lin, and W. Fang, “Room-Temperature Single- Photon Sources Based on Colloidal Quantum Dots: A Review”, Materials 16, 7684 (2023).

14. A. I. Veretennikov, M. V. Rakhlin, Yu. M. Serov et al.

(Collaboration), “Single-photon emission in the telecom C-band in a micropillar cavity with an InAs/InGaAs quantum dot”, JETP Lett. 121(3), 170 (2025).

15. S. A. Empedocles, D. J. Norris, and M. G. Bawendi, “Photoluminescence Spectroscopy of Single CdSe Nanocrystallite Quantum Dots”, Phys. Rev. Lett. 77, 3873 (1996).

16. A. P. Beyler, L. F. Marshall, J. Cui, X. Brokmann, and M. G. Bawendi, “Direct Observation of Rapid Discrete Spectral Dynamics in Single Colloidal CdSe-CdS Core- Shell Quantum Dots”, Phys. Rev. Lett. 111, 177401 (2013) 17. E. A. Podshivaylov, M. A. Kniazeva, A. A. Gorshelev, I. Yu. Eremchev, A. V. Naumov, and P. A. Frantsuzov, “Contribution of electron-phonon coupling to the luminescence spectra of single colloidal quantum dots”, J. Chem. Phys. 151, 174710 (2019).

18. M. Nirmal, B. O. Dabbousi, M. G. Bawendi, J. J. Macklin, J. K. Trautman, T. D. Harris, and L. E. Brus, “Fluorescence intermittency in single cadmium selenide nanocrystals”, Nature 383, 802 (1996).

19. F. M. Gómez-Campos and M. Califano, “Hole Surface Trapping in CdSe Nanocrystals: Dynamics, Rate Fluctuations, and Implications for Blinking”, Nano Lett. 12, 4508 (2012).

20. S. O. M. Hinterding, S. J. W. Vonk, E. J. van Harten, and F. T. Rabouw, “Dynamics of Intermittent Delayed Emission in Single CdSe/CdS Quantum Dots”, J. Phys. Chem. Lett. 11, 4755 (2020).

Письма в ЖЭТФ том 123 вып. 5 – 6 2026