Pis’ma v ZhETF, vol. 102, iss. 3, pp. 186 – 191 © 2015 August 10

Relaxation time mapping of single quantum dots and substrate background fluorescence

E. Pshenay-Severin^{+∗1)}, I. Mukhin^{×∘}, S. Fasold^+, R. Geiss^+, A. Steinbrck^+, R. Grange^+, A. Chipouline^+, T. Pertsch^+

+Institute of Applied Physics, Abbe Center of Photonics, Friedrich–Schiller–Universitt Jena, 07743 Jena, Germany

∗Nonlinear Physics Center, Research School of Physics and Engineering, Australian National University, ACT 0200 Canberra, Australia

×St. Petersburg Academic University, 194021 St. Petersburg, Russia

∘St. Petersburg National Research University of Information Technologies, Mechanics and Optics, 197101 St. Petersburg, Russia

Submitted 22 June 2015

We experimentally investigated the role of background signal in time resolved photoluminescence experiments with single quantum dots on substrates. We show that the background fluorescence signal from thin gold films fabricated by electron-beam evaporation and from Al2O3 layers fabricated by atomic layer deposition have to be taken into consideration in experiments on the single photon level. Though all investigated components can be distinguished by their photoluminescence decay rates, the presence of the background signal prevents the observation of photon anti-bunching from single quantum dots. Moreover, a single quantum dot acts as a hot-spot enabling the plasmon supported fluorescence enhancement of gold.

DOI: 10.7868/S0370274X15150060

1. Introduction. With the rapid development of nanotechnology it has become possible to engineer and study hybrid quantum-classical systems at the nanometer scale. Of particular interest is the research field of plasmonic hybrid systems consisting of a quantum emitter, e.g. a quantum dot (QD), dye molecule or nitrogenvacancy center, coupled to a plasmonic nanostructure supporting surface plasmon-polaritons [1–3]. For example, coupling to a plasmonic nanoantenna changes the radiative properties of a quantum system by enhancement of spontaneous emission rate [4, 5] and improvement of its directionality [6–8]. Moreover, in the strong coupling regime, when the distance between a nanoantenna and a single quantum emitter is merely several angstroms, quantum effects in the nanoantennas become relevant [9, 10]. The strong coupling regime is of great interest for fundamental science and its realization promises benefits for signal processing applications at the single-photon level [11].

Obviously, the conduction of experiments in the strong coupling regime on the single photon level requires a critical evaluation of experimental conditions. Nowadays, time resolved photoluminescence (PL) measurements are broadly used as a powerful method for

1)e-mail: katja.severin@uni-jena.de

the investigation of the interaction between quantum emitters and nanoantennas. With this technique a relaxation rate enhancement is routinely observed for quantum emitters in the vicinity of the nanoantennas [6]. At the same time an appropriate processing of the experimental data and their correct interpretation is the main problem. The first step in such complex experiments is supposed to be done on unstructured substrates in order to provide a reference. In spite of the many published experimental papers devoted to the topic of optical nanoantennas (see for example references in Ref. [12]), scant attention is paid to the accurate differentiation between effects caused by the structured and unstructured components such as substrates, for example. Additionally, only a few authors address possible pitfalls in such experiments associated with background fluorescence of the used materials [13].

In this contribution we present our experimental results on time resolved fluorescence measurements of single CdSe/ZnS quantum dots spin-coated on substrates to be used in single nanoantenna experiments. We targeted on a system consisting of a nanoantenna fabricated using focused ion beam lithography applied to an electron-beam evaporated thin gold film. The main goal of the performed test was twofold: first, to quantify the luminescence from the substrates in order to extract

186 Письма в ЖЭТФ том 102 вып. 3 – 4 2015 this luminescence from the following tests with single QDs; and second, investigate relaxation enhancement due to the substrates using the developed methodology. As quenching of quantum dots placed directly on a metallic surface can occur [14], we investigated whether an isolating layer made of Al_2O_3 can be used in such systems. As the dimension of the system is a critical parameter for the experiments in the strong coupling regime we worked with CdSe/ZnS QDs with outer diameter of about 5 nm. Additionally, we experimentally verified, whether the observation of photon anti-bunching from QDs in correlation measurements can be applied in the systems under investigation for the identification of a single quantum dot [15]. Obviously, if the background fluorescence signal is strong enough and spectrally overlaps the observation of photon anti-bunching fails.

A. Sample preparation. In our experiments we investigated CdSe/ZnS core shell QDs (maximum emission wavelength around λ = 620 nm) commercially available from PlasmaChem GmbH [16]. The core diameter of these QDs was about 4.4 nm [17], the ZnS shell thickness varies between 0.5 and 0.7 nm.

Time resolved photoluminescence experiments on CdSe/ZnS QDs were conducted on the following substrates: commercially available borosilicate glass, glass covered with a 15 nm Au layer, and glass covered with a 15 nm Au and 5 nm thin Al_2O_3 layer further referred to as Au/Al_2O_3 layer stack. The substrates were prepared as follows. The cover slips were coated with 3 nm titanium as adhesive layer and 15 nm gold by an electron beam evaporator with a rate of 0.1 nm/s for titanium and 1 nm/s for gold. After this step some samples were coated with a thin Al_2O_3 layer produced by atomic layer deposition (ALD). For this process trimethylaluminium and water were used as reactants at a process temperature of 200^∘C. The size of the gold grains was estimated to be about 20 nm.

For the photoluminescence experiments CdSe/ZnS QDs were spin-coated on cleaned substrates. Spinning was performed in two steps: 1) 15 s with 500 r.p.m. and 2) 30 s with 2000 r.p.m. speed. Substrates were cleaned first with acetone for 5 min, then in methanol for 5 minutes, rinsed with deionized distilled water and blown with pure nitrogen. QDs were suspended in toluol with different concentrations from 10^{−7} to 10^{−8} ppm. In order to ensure the suspension of QDs in clusters the suspensions were ultrasonicated for 10 min before spincoating on substrates.

B. Measurement technique and data processing. The PL measurements were performed with a commercial PicoQuant MicroTime 200 time-resolved confocal fluorescence microscope. For the excitation a picosecond diode laser (FWHM about 70 ps) with 5 MHz repetition rate and a wavelength of 530 nm was used. The excitation and collection of the optical signal was performed with a water immersion 60× objective with NA = 0.6. The power in the center of the excitation beam was estimated to be 0.35 kW/cm^2. Detection of the optical signal was performed with single photon avalanche diodes. Data acquisition was based on the Time-Correlated Single Photon Counting (TCSPC) method [18]. The wavelength of the excitation laser was filtered out by a long pass filter with transmission only for wavelengths higher than 540 nm. The time resolution of the measurements is defined by the instrument response function (IRF) of the MicroTime 200 and is about 80 ps. Photon antibunching tests for the verification of single QDs were performed by Hanbury Brown-Twiss setup [19] incorporated into the MicroTime 200.

The data processing was performed using the reconvolution fitting method, while the IRF was measured using the reflection from a gold mirror. The number of exponents used to fit the experimental data depends on the number of physically different luminescence sources, which is a priori unknown. Thus, the number of the exponents was selected to provide the optimal fit of the original curves.

2. Experimental results. First, in the case of the borosilicate glass no detectable signal has been observed.

Second, we conducted time-resolved PL measurements on a pure gold layer and an Au/Al_2O_3 layer stack without QDs (see Fig. 1a). For the pure gold sample, fitting of the measured PL decay curves was performed using single exponential model that gave the relaxation time τ_{Au} = 0.08±0.01 ns. At the pump intensity level of 0.35 kW/cm^2 the origin of this relaxation curve could be both pump signal replica or a luminescence with a relaxation time less or comparable with the IRF. In the case of the Au/Al_2O_3 layer stack a two exponential fitting function was used, which resulted in two decay times τ_{1,Au} = 0.08 ± 0.01 ns and τ_{2,Al2 O3} = 3 ± 0.2 ns. The first time is identified, as in the case of pure gold, as a pump replica plus and possible fast luminescence from gold, while the second time is attributed to the luminescence of the Al_2O_3 layer.

Third, a series of experiments were performed with QDs on substrates. Positions of single QDs were first tested by means of confocal scanning of the optical signal in a scanning area of 80 × 80 μm^2. At concentrations of 10^{−7} ppm and below we observed well separated single QDs. In Figs. 2a and 3a a scan of the PL signal for a single CdSe/ZnS QD on a pure borosilicate glass and a typical time trace are shown, respectivly. It is notice-

Письма в ЖЭТФ том 102 вып. 3 – 4 2015 3^∗

Fig. 1. (a) – Time-resolved photoluminescence for a gold layer and Au/Al2O3 layer stack. (b) – PL decay dynamic measured from a hot spot on a gold layer formed by a bleached QD; PL decay dynamics from a gold substrate without a hot spot

Fig. 2. Results for a single CdSe/ZnS QD on a pure borosilicate glass. (a) – Scan of PL signal. (b) – Сorrelation function G(t)

able that CdSe/ZnS QDs were bleached after about 30 s of illumination. Thus, the full time for the data acquisition was limited by the bleaching time of QDs. A single exponential fit allowed for a perfect approximation of a measured decay histogram (see Fig. 3b). The life time for a single CdSe/ZnS QD on a pure borosilicate glass was estimated to be τ_{QD} = 3.8 ± 0.3 ns. By performing a photon anti-bunching measurement we verified the presence of a single QD in the measured volume. An example of photon anti-bunching measured with a single CdSe/ZnS QD on a pure borosilicate glass is shown in Fig. 2b.

A typical time trace measured on a single CdSe/ZnS QD on a pure gold layer is shown in Fig. 3c. Bleaching of a CdSe/ZnS QD occurs after several seconds of illumination and the PL signal goes to the level of the background PL signal from gold. The PL signal is very unstable and has typical spikes on the time scale of 0.5 s. Due to the background signal the photon anti-bunching observation failed and we could not verify presence of a single QD. Fitting of a measured PL decay curve

(see Fig. 3d) with a double-exponential model gives two components: one with a short life time τ_{Au} of about 0.08 ± 0.01 ns corresponding to the gold layer as previously mentioned and a longer one with τ_{QD} = 2.3±0.3 ns corresponding to the fluorescence of QDs.

The time trace measurements for CdSe/ZnS QDs on the Au/Al_2O_3 layer stack show more stable PL behaviour (see Fig. 3e). Again, we observe bleaching of CdSe/ZnS QDs on the time scale of 10 s without blinking. The best fit of the experimental decay histogram (see Fig. 3f) was achieved with a three exponential model. The retrieved life times correspond to gold layer τ_{Au} = 0.08 ± 0.01 ns, Al_2O_3 layer τ_{Al2 O3} = 3 ± 0.2 ns, and QDs on Au/Al_2O_3 layer stack τ_{QD} = 1 ± 0.2 ns.

3. Discussion. First of all we would like to discuss the origin of the background PL signal measured from the gold and Al_2O_3 layers (see Fig. 1a). Fluorescence from bulk gold in the visible spectral range was observed already in 1969 by Mooradian [20]. The gold fluorescence is associated with a radiative recombination of photo-excited holes from the d-band with electrons from

Письма в ЖЭТФ том 102 вып. 3 – 4 2015

Relaxation time mapping of single quantum dots and substrate background fluorescence 189

Fig. 3. (Color onlin) Results for a single CdSe/ZnS QD on different substrates: a pure borosilicate glass (a, b); on a gold layer (c, d), and on a Au/Al2O3 layer stack (e, f). (a, c, e) – Typical time trace measured on corresponding substrates. (b, d, f) – PL decay dynamic (blue curves – measured histograms, black curves – fitting functions)

Table 1. Measured life times (ns) retrieved from time resolved measurements on pure substrates and substrates with CdSe/ZnS QDs

Borosilicate glass Gold Au/Al_2O_3 layer stack Pure substrates No PL signal τ_{Au} = 0.08 ± 0.01 ns τ_{Au} = 0.08 ± 0.01 ns τ_{Al2O3} = 3 ± 0.2 ns Substrates with QDs τ_{QD} = 3.8 ± 0.3 ns τ_{Au} = 0.08 ± 0.01 ns τ_{Au} = 0.08 ± 0.01 ns τ_{QD} = 2.3 ± 0.3 ns τ_{Al2O3} = 3 ± 0.2 ns τ_{Al2O3} = 3 ± 0.2 ns

the conduction band. The fluorescence from bulk gold is extremely low and is characterized with a maximum efficiency of recombination processes of about 10^{−10}.

Investigations conducted on nanostructured gold particles [21, 22] and rough gold surfaces and films [23, 24] showed that the fluorescence increases in comparison

Письма в ЖЭТФ том 102 вып. 3 – 4 2015 with the bulk by several orders of magnitude. The fluorescence increase is associated with enhancement of exciting and outcoming fields due to the coupling to the structural surface plasmon resonances [24]. In our thin films, plasmons can be related to the internal polycrystalline structure of the Au films determined by the islands-like growing process in the e-beam evaporation process [25]. The lifetime of d-holes was measured by Varnavski et al. [26] in emission time-resolved experiments on gold nanoparticles and was reported to be less than 50 fs. Though the decay time of the gold fluorescence is beyond the resolution of our experimental technique, which is 80 ps, we still can register the presence of fluorescence from the gold substrate. It is worth mentioning that the presence of a bleached (not emitting) QD causes the increase of the photoluminescence signal from the gold layer. The comparison of the | fluorescence signal from a QD on a gold substrate after the QD was bleached with the fluorescence of pure gold (see Fig. 1b) shows that background fluorescence from gold increases more than 4 times. Here, the QD itself plays the role of a hot spot, which couples light to a surface plasmon and hence triggers the mechanism of the gold fluorescence enhancement. This means that even when using gold layers with a smooth surface in single QD experiments an enhancement of the background fluorescence signal due to the QD hot-spot is to be expected. It is worth to mention that it is hard to distinguish between the gold luminescence and pump replica photons in the performed tests based only on the time resolved PL measurements and comprehensive spectral measurements have to be performed for their separation.

In our experiments we also observed fluorescence from the Al_2O_3 layers. The intensity of the background signal from the Au/Al_2O_3 stack exceeded twice the respective intensity from the pure Au substrate. The typical PL decay time for this component was τ_{Al2 O3} = = 3 ± 0.2 ns. Noticeable the Al_2O_3 layers demonstrate reversible bleaching (not shown here).

Now we will summarize the luminescence decay times of CdSe/ZnS QDs on different substrates. The general tendency is an bleaching of CdSe/ZnS QDs on the time scale of 30 s on the glass substrates, on the time scale of 2–3 s on the pure gold layer, and on the time scale of 10 s on the Au/Al_2O_3 layer stack (see Figs. 3a, c, and d). The mechanisms of CdSe/ZnS QDs bleaching have been extensively investigated by van Sark et al. [27, 28]. It has been shown that the main mechanism of bleaching for thin shell CdSe/ZnS QDs at room temperature is the photoinduced oxidation of the CdSe crystallites due to the oxygen present in the atmosphere. In the experiments of Ref. Sark et al. [27] photobleaching of CdSe/ZnS with a ZnS shell counting 4 monolayers on glass substrates in air atmosphere occurred after less than 60 s. The number of monolayers corresponding to the ZnS shell thickness of 0.6 nm of QDs used in our experiments can be estimated to be about 2 monolayers [29]. Accordingly, we can conclude that using appropriate host media for the prevention of QDs from photooxidation is essential for the design of single QD based hybrid systems with long-term functionality.

The almost non-blinking behavior of the CdSe/ZnS QDs in our experiments correlates with extremely short bleaching periods due to the photoinduced oxidation of their core. This means that the photooxidation mechanism drastically shortens the ionization period of nanocrystals. An additional contribution into the suppression of the blinking behavior of CdSe/ZnS QDs on gold substrates is provided by the rapid energy transfer between the QD and a surface [14, 30]. In our experiments we observed decreasing of the PL decay time from τ_{QD} = 3.8 ± 0.3 ns for CdSe/ZnS QD on a borosilicate substrate to τ_{QD} = 2.3 ± 0.3 ns for QDs on gold layers and to τ_{QD} = 1 ± 0.2 ns for QDs on Al_2O_3 layer stack. This tendency is commonly associated with decreasing of the non-radiative recombination rate due to the electromagnetic coupling of the QD to the surface plasmons [14, 31]. A single exponential decay dynamics for the QDs means that the relaxation happens only through a single channel for a single QD and the biexciton contribution [6] is excluded. The measured PL decay times for QDs on a glass, gold layer, and Au/Al_2O_3 layer stack substrates are summarized in Table 1.

4. Summary. We conducted time resolved PL investigations to identify the role of the background signal in the investigation of quantum dot – plasmonic hybrid systems. Targeting experiments on plasmonic systems strongly coupled to individual QDs we investigated thin shell CdSe/ZnS QDs on different substrates, including thin gold layers fabricated with the electronbeam evaporated process and gold substrates covered with an Al_2O_3 isolating spacer of 5 nm. We observed rapid bleaching of thin shell QDs in air, which implies the use of an appropriate host medium in order to realize a system with long-term functionality. In our experiments, the background luminescence intensity from both gold and Al_2O_3 was comparable with a PL signal from a single QD. This prevents the observation of photon anti-bunching from single QDs on gold substrates and Au/Al_2O_3 layer stack substrates. Moreover, a single QD acts as a hot-spot increasing the luminescence of the gold. Thus, observation of photon anti-bunching in strongly coupled hybrid systems becomes questionable. Nevertheless, the different signal sources in the in-

Письма в ЖЭТФ том 102 вып. 3 – 4 2015

Relaxation time mapping of single quantum dots and substrate background fluorescence 191

vestigated systems can be distinguished provided they exhibit different PL decay times.

This work was supported by the German Federal Ministry of Education and Research (project PhoNa), the Thuringian Ministry of Education and Research (project MeMa), the Ministry of Science and Education of the Russian Federation (Zadanie # 3.1231.2014/K), and the Government of the Russian Federation (grant 074-U01, Projects # 14.584.21.0009 10, GZ 2014/190, GZ 3.561.2014/K, 074-U01), and Russian Foundation for Basic Research.

1. M. A. Noginov, G. Zhu, A. M. Belgrave, R. Bakker, V. M. Shalaev, E. E. Narimanov, S. Stout, E. Herz, T. Suteewong, and U. Wiesner, Nature 460(7259), 1110 (2009).

2. K. Tanaka, E. Plum, J. Y. Ou, T. Uchino, and N. I. Zheludev, Phys. Rev. Lett. 105(227), 403 (2010).

3. A. E. Nikolaenko, F. De Angelis, S. A. Boden, N. Papasimakis, P. Ashburn, E. Di Fabrizio, and N. I. Zheludev, Phys. Rev. Lett. 104(153), 902 (2010).

4. E. M. Purcell, Phys. Rev. 69, 681 (1946). 5. A. F. Koenderink, Opt. Lett. 35(24), 4208 (2010). 6. E. B. Urea, M. P. Kreuzer, S. Itzhakov, H. Rigneault, R. Quidant, D. Oron, and J. Wenger, Adv. Mat. 24(44), OP314 (2012).

7. I. Staude, A. E. Miroshnichenko, M. Decker, N. T. Fofang, S. Liu, E. Gonzales, J. Dominguez, T. S. Luk, D. N. Neshev, I. Brener, and Y. Kivshar, ACS Nano 7(9), 7824 (2013).

8. A. G. Curto, G. Volpe, T. H. Taminiau, M. P. Kreuzer, R. Quidant, and N. F. van Hulst, Science 329(5994), 930 (2010).

9. J. Zuloaga, E. Prodan, and P. Nordlander, ACS Nano 4(9), 5269 (2010).

10. P. Michler, A. Imamoglu, M. D. Mason, P. J. Carson, G. F. Strouse, and S. K. Buratto, Nano Lett. 11(6), 2318 (2011).

11. K. Slowik, R. Filter, J. Straubel, F. Lederer, and C. Rockstuhl, Phys. Rev. B 88(195), 414 (2013).

12. L. Novotny and N. van Hulst, Nat. Photonics 5(2), 83 (2011).

13. S. Kumar, A. Huck, Y. W. Lu, and U. L. Andersen, Opt.

Lett. 38(19), 3838 (2013).

14. Y. Ito, K. Matsuda, and Y. Kanemitsu, Phys. Rev. B 75(033), 309 (2007).

15. P. Michler, A. Imamoglu, M. D. Mason, P. J. Carson, G. F. Strouse, and S. K. Buratto, Nature 406, 968 (2000).

16. http://plasmachem.com/download/PlasmaChem- General_Catalogue_Nanomaterials.pdf.

17. W. W. Yu, L. Qu, W. Guo, and X. Peng, Chem. Mat.

15(14), 2854 (2003).

18. D. O’Connor and D. Phillips, Time-Correlated Single Photon Counting, Academic Press (1984).

19. R. Hanbury Brown and R. Q. Twiss, Nature (London) 177, 27 (1956).

20. A. Mooradian, Phys. Rev. Lett. 22, 185 (1969). 21. J. P. Wilcoxon, J. E. Martin, F. Parsapour, B. Wiedenman, and D. F. Kelley, J. Chem. Phys. 108(21), 9137 (1998).

22. M. B. Mohamed, V. Volkov, S. Link, and M. A. El- Sayed, Chem. Phys. Lett. 317(6), 517 (2000).

23. G. T. Boyd, Z. H. Yu, and Y. R. Shen, Phys. Rev. B 33, 7923 (1986).

24. M. R. Beversluis, A. Bouhelier, and L. Novotny, Phys.

Rev. B 68, 115,433 (2003).

25. J. Vancea, G. Reiss, F. Schneider, K. Bauer, and H. Hoffmann, Surf. Sci. 218(1), 108 (1989).

26. O. P. Varnavski, M. B. Mohamed, M. A. El-Sayed, and T. Goodson, J. Phys. Chem. B 107(14), 3101 (2003).

27. W. G. J. H. M. van Sark, P. L. T. M. Frederix, D. J. Van den Heuvel, H. C. Gerritsen, A. A. Bol, J. N. J. van Lingen, C. de Mello Doneg, and A. Meijerink, J. Phys. Chem. B 105(35), 8281 (2001).

28. W. G. J. H. M. van Sark, P. L. T. M. Frederix, A. A. Bol, H. C. Gerritsen, and A. Meijerink, Chem. Phys. Chem. 3(10), 871 (2002).

29. J. R. Dethlefsen and A. Dssing, Nano Lett. 11(5), 1964 (2011).

30. K. T. Shimizu, W. K. Woo, B. R. Fisher, H. J. Eisler, and M. G. Bawendi, Phys. Rev. Lett. 89(117), 401 (2002).

31. P. Anger, P. Bharadwaj, and L. Novotny, Phys. Rev.

Lett. 96(113), 002 (2006).

Письма в ЖЭТФ том 102 вып. 3 – 4 2015