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Our research focuses on the development of new class of light emitting devices that integrate state-of-the art nano-sized emitters with advanced structures for light localization. Our approach combines nanoscale light emitters synthesized bottom-up (as sources of photons) and optical structures fabricated top-down (for engineering propagation and control of photons and plasmons) to enable optical feedback and efficient coupling from nanostructures to optical fiber or free space. The central goals of our project include understanding of fundamental properties of light generation and control in active optical nanostructures, as well as development of novel devices and systems for optical and quantum information processing. We are also addressing important questions that pertain to complex nanostructures that incorporate bottom-up synthesis and top-down fabrication, including development of techniques and methodology to manipulate and position nanostructures and efficiently couple light in and out of nanostructures. Our work will enable the realization of robust, practical sources of single photons, nano-scale lasers, novel single photon switches, and methods for efficient light collection with sub-wavelength resolution. These devices and techniques are expected to have a wide variety of applications in the areas ranging from quantum cryptography and optical communications, to life sciences and advanced photolithography.

During the past year we focused on (i) efficient generation of surface plasmons via strong interaction between quantum emitters and proximal metallic nanowires (Figure 1), (ii) development of hybrid nanophotonic-plasmonic platform for efficient extraction of single-plasmons (Figure 2), (iii) direct electrical detection of surface plasmons using semiconductor nanowires (Figure 3), and (iv) design of photonic crystal cavities that operate in visible, suitable for coupling to nano-emitters. Our studies resulted in four publications 1-4, two manuscripts in preparation5, 6, and number of conference talks.
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We developed a method to prepare a structure in which a crystalline Ag nanowire lies in close proximity to CdSe quantum dots, and used it to demonstrate a cavity-free, broadband approach for engineering photon-emitter interactions via sub-wavelength confinement of optical fields near metallic nanostructures. Specifically, coupled CdSe quantum dot/Ag nanowire samples were prepared by spin-coating a solution of chemically synthesized CdSe quantum dots (mixed with Na2B4O7 and cysteine) onto a plasma-cleaned glass slide, followed by deposition of protective PMMA layer. A stamp with thiol-modified silver nanowires was placed on top of the slide leaving nanowires on the PMMA. Finally, another cap PMMA layer was deposited onto nanowires. Figure 1 summarizes our results and demonstrates that the single-photon emission of a quantum dot can be directed into guided surface plasmons in metallic waveguides: when the proximal quantum dot (circled in red) was excited by the laser, the nanowire ends lit up. The light emission at the nanowire ends is a result of single, quantized surface plasmons scattering off the ends of the nanowire. Results from a large number of devices show that efficient coupling is accompanied by more than a 2.5-fold enhancement of the quantum dot spontaneous emission.
In order to further improve the efficiency of our system, that is increase photon collection efficiency, it is important to minimize losses associated with propagation of surface plasmons and maximize photon out-coupling efficiency. The platform that we are developing, that combines nanophotonics and plasmonics, is shown in Figure 2. Owing to large density of optical (plasmon) modes associated with silver nanowire, quantum dot coupled to the nanowire emits single plasmons. Plasmons are then converted into photons via directional coupler formed between overlapping sections of the nanowire and SiNx waveguide. Finally, photons are coupled into tapered optical fiber using spot size converter made form polymer (SU-8 photoresist). Our system represents powerful interface between macro-world (optical fiber) and quantum world (quantum dot) that allows for strong interaction between light and matter by progressive reduction of the size of propagating optical field
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The nanowire-waveguide coupler was optimized using three-dimensional finite-difference time-domain modeling, and efficiencies ~ 70% were obtained. The same method was used to design fiber-waveguide coupler resulting in efficiencies as high as 90%. The fabrication process that we used to realize our SiNx photonics platform that operates in visible consists of electron beam lithography and dry etching, followed by additional e-beam step to define fiber couplers (2µm thick SU-8 resist) at the end of tapered section of SiNx waveguides. Finally, bottom-up synthesized Ag nanowires are positioned next to the waveguides. Using this platform and tapered optical fibers we were able to efficiently launch light into silver nanowires. Alternatively, by exciting quantum dots coupled to Ag nanowire, using an additional objective lens, we were able to collect the emission from these quantum dots through tapered optical fibers (Figure 2). We are presently investigating emission properties of single quantum dot coupled to Ag nanowire in order to realize efficient room temperature source of single photons. 
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In this grant period, we have also started to work on the demonstration of plasmon detection using near-field detectors incorporating semiconductor nanowires. Figure 3 shows the preliminary data obtained from a device that is composed of an Ag nanowire in contact with a Ge nanowire plasmon detector. As it can be seen, the Ge nanowire detector exhibited a measurable current when a laser light was coupled to the end of the Ag nanowire, indicating that plasmons propagating in the Ag nanowires causes the electron-hole pair generation within the Ge nanowire. This initial result demonstrates that the electrical detection of plasmons is indeed feasible and points to the exciting possibility of generating a compact, on-chip quantum photonic/plasmonic circuit.
In addition to strong research component, our interdisciplinary team provides powerful educational opportunities for students in our groups, by exposing them to a broad collaboration that encompasses theoretical calculations, nanostructure synthesis, and device design, fabrication and characterization. Our team holds bi-weekly meetings where we discussed our interdisciplinary research that spans physics, chemistry and engineering. We have also organized several seminars in the general area of nanophotonics/ plasmonics. The team members have all been actively involved in the science and engineering outreach efforts at Harvard by giving public lectures, mentoring high school students and working with high school teachers through NSF supported Research Experience For Teachers Program. 
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Fig. 1. Coupling of CdSe quantum dots to surface plasmons supported on Ag NW1. The leftmost panel shows a confocal reflection image of an Ag nanowire. ChII panel corresponds to a fluorescence image of quantum dots emitting at 655nm, while  ChIII panel shows a coupled wire–dot system. The red circle corresponds to the position of the QD coupled to NW. The largest bright spot corresponds to the QD fluorescence, while two smaller spots correspond to SPs scattered from the NW ends. Blue circle indicates the end of the NW used for photon cross-correlation measurements shown in the right-most panel.
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Fig. 3. Composite image: SEM micrograph and detected current when laser beam is scanned across the structure. Red spots on Ag nanowire ends correspond to 20pA  current signal when laser is focused on Ag nanowire ends. Efficiency as high as 10 electrons per plasmon can be obtained under bias. . The intrinsic gain mechanism is due to transiently trapped charges modulating the conductivity of the Ge nanowire.





�


Fig. 2. (a) Schematic of the system used for efficient generation and extraction of single photons emitted from quantum emitters. Insets show fabricated structures as well as theoretical results for nanowire-waveguide coupler. (b) Experimental results. 








