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Fluorescent molecules are by now of fundamental importance in imaging biological systems and monitoring in vivo dynamic processes. One of the most attractive flourophores are semiconductor nanocrystal quantum dots (QD)
 (see Fig. 1).  The small size (3-5 nm), brightness, photostability and highly tunable fluorescence frequency (color, see Fig. 2) of QDs  makes them vastly superior to organic dyes. The advantages of QD are even more important in the monitoring of dynamic biological processes
 (see Fig.3) Furthermore, single-photon emission of semiconductor quantum dots has recently been demonstrated which is especially relevant for the field of quantum information processing. Indeed, single-photon sources are necessary to perform quantum cryptography operations, or optical quantum computation. Semiconductor QDs have also been utilized in developing novel devices such as thin-film LEDs or nanocrystal QD lasers. However, as in organic dyes, the fluorescence of a single semiconductor QD exhibits a so-called “blinking” behavior (see Fig. 4): the QD is fluorescent for some time (so-called “on-time”) and becomes optically inactive (“off-time”), then turns on again. The distribution of on- and off-time intervals – at least in the QD studied until now - seems to be, universally, a power law. The underlying quantum mechanical process responsible for this phenomenon has not yet been identified. The blinking phenomenon has devastating consequences especially for those applications like single-molecule biological imaging, in which a single QD is employed. It is therefore very important to elucidate the origin and to identify ways to control the blinking process.  
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METHODS AND PROCEDURES

The microscopic mechanism of the intermittency most consistent with the available experimental data involves charge fluctuation and ionization of the fluorescent molecule and the NW as well. However, a clear connection between the photo-blinking and single-electron charge fluctuation has not been established. It turns out that several single-electron devices, such as single-electron transistors and electrometers, have transport characteristics that are very sensitive – down to a fraction of the electron charge – to charge fluctuations. We are currently building and characterizing both theoretically and experimentally, hybrid devices (see Fig. 5) that integrate fluorescent single molecules with Coulomb blockaded single-electron devices.  These nanoscale opto-electronic devices will (1) provide unprecedented control over fluorophore, QD and NW environment, (2) give direct, ultrasensitive measure of charge fluctuations, (3) provide a unique opportunity to identify the microscopic mechanism responsible for the universal on/off time distributions in QDs, (4) serve as nanoscale test-beds for characterizing a wide variety of fluorescent single-molecules and environments, and finally (5) will be the prototypes for a new class of opto-electronic devices, like and micro- and nano-electric-to-optical signal converters, switches, etc.
FIELD OF IMPACT AND COLLABORATIONS
The breakthroughs achieved by this project will have immediate impact on a wide range of activities at the forefront of nanoscale science and technology, such as novel nanoscale/molecular opto-electronic devices, nanoscale biological imaging, dynamic monitoring of biological processes at sub-cellular level, quantum information processing, quantum cryptography or optical quantum computation. Our research team is truly interdisciplinary, with PIs from physics, chemistry, electrical engineering departments and collaborators from the Bioimaging Center at Caltech. Each participant brings complementary expertise necessary to address the key aspects of the project: quantum dot synthesis, single-electron tunneling (SET) device fabrication, near-field scanning optical microscopy and theory. Prof. Janko is an expert in the theoretical study of QDs in magnetic semiconductor hybrids. He has in the past successfully directed interdisciplinary research teams on other topics in nanoscience. Prof. Kuno is the co-discoverer of the universal power law distribution of on-times and off-times in QDs. Prof. Snider provides key expertise in SET device fabrication and operation needed to perform ultra-sensitive charge fluctuation measurements on fluorophores. Prof. Merz brings to this effort the unique capability of low temperature, high magnetic field near-field scanning optical microscopy of single fluorescent dots. Finally, Dr. Rusty Lansford (Bioimaging Center Beckman Institute, Caltech) will collaborate with us on how to optimize QDs for biological imaging.
CURRENT RESULTS: 1/f Noise and unified model of blinking
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Virtually all theoretical models on blinking assume two states, a dark state (off) and a bright state (on).  This is also true with single molecules.  Recent experiments with QDs, however, have shown that the non-radiative rate and possibly the radiative rate fluctuate in time.  As a consequence, all on/off analyses of QD blinking appear flawed since unique on or off levels do not exist.  Their appearance is an artifact of subtle changes in the non-radiative rate coupled to finite binning, inherent to single molecule experiments.  Furthermore, an on/off analysis is even less appropriate for studying NW flickering since the wires themselves never really turn off.   We show that an intensity correlation function or power spectral density analysis is more appropriate way to analyze fluorescence intermittency.  Time-correlated single photon counting experiments, where fluctuations in either the radiative or non-radiative rate can be reconstructed, are also suggested to be more appropriate for studying intermittency. Recent studies we have conducted on NWs show that power spectra derived from trajectories are better described as 1/fα noise, where α is an exponent close to 1. Similar analyses on QD- and molecular-trajectories also reveal analogous 1/fα behavior. This is illustrated in Figure 6.  As a consequence, one may regard all systems shown as examples of single molecule optical 1/f noise, a phenomenon which to our knowledge has not been observed before despite countless examples seen in electrical measurements. At the same time, we are suggesting a unified phenomenological model for single molecule-, QD-, nanorod- and NW-blinking.  In particular, upon excitation, radiative relaxation of the system to the ground state faces competition from a time-varying non-radiative relaxation rate.  This rate is then a function of the local environment and undergoes fluctuations on timescales much larger than the radiative rate.  When it exceeds a threshold value, the emission of the fluorophore essentially turns off.  Conversely, above the threshold it appears on.  The specific molecular mechanism for a time varying non-radiative relaxation rate varies from system to system although it might be reasonable to assume that they are similar for like materials such as QDs, nanorods and NWs.  Furthermore, variations of the local environment would then naturally couple spectral diffusion to intermittency.  When considered within the context of more appropriate statistical analyses, the challenge of a truly universal blinking theory is then to describe reasonable physical mechanisms for such environment-induced fluctuations, yielding order of magnitude changes in the non-radiative rate.
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Fig. 2. Colloids of CdSe quantum dots, fluorescent at various frequencies within the visible range. The highly tunable nature of the quantum dot size yields a broad range of colors in the visible spectrum.[2]
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Fig.1. Cell nucleus (red/dark grey) and cytosceleton (green/light grey) imaged with CdSe quantum dots.[2] 
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Fig.3 Real time image of viral infection in a living cell.[3]
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Fig. 4 Typical optical intensity trajectory of a single colloidal blinking QD, as taken by a single molecule microscope in the Kuno lab. Notice the intermittency in the intensity (lower panel). 
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Fig. 5. Schematic figure of the fluorophore-SET electrometer system.
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Fig. 6.  Power spectrum of a QD and a NW showing 1/f noise behavior.
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