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The goal of this project is to conduct basic research in the manipulation of surface plasmon polariton (SPP) waves and to develop techniques that can exceedingly localize optical fields below 100 nm for practical implementation of an Opto-Plasmonic Nanoscope for nanoscale bio-imaging. SPP results from the interaction of light and surface electrons at a metal-dielectric boundary and the Opto-Plasmonic Nanoscope resolution is determined by the SPP’s effective wavelength, which can be tens of times shorter than the optical wavelength, supporting a resolution <100nm. Demonstrating the strong optical field localization using SPP waves has been the fundamental step in the development of the Opto-Plasmonic Nanoscope. We have demonstrated the plasmonic field localizations with two different approaches: propagating SPP focusing by Fourier Plasmonics as is possible with optical fields in free space [1], and strong plasmonic field localization by localized SPPs using a resonant nano-focusing antenna (RNFA) [2].

The Fourier Plasmonics we proposed in [1] is a counterpart of conventional Fourier Optics for manipulating in-plane SPP waves as light in free space, which can effectively miniaturize conventional optical devices to a nanometer scale due to SPP’s shorter wavelength. It is possible to reproduce all of the conventional optical devices using SPPs with a much higher resolution. Therefore, a novel SPP focusing approach using an in-plane SPP Fresnel zone plate (FZP) based on the concepts of traditional Fourier Optics has been experimentally demonstrated. A conventional optical binary amplitude FZP consists of a series of concentric rings, known as Fresnel zones, that alternate in transmittance between transparent (i.e., 1) and opaque (i.e., 0) (see the inset of Fig. 1(a)). A Si-based in-plane SPP FZP, operating at the free space wavelength of 1.55 μm, was successfully fabricated on the Al/air interface using standard E-beam lithography. Two nanohole arrays were integrated on both sides of the device for launching SPP waves and visualizing their propagation [1].
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Fig. 1.  (a) Measured SPP time-averaged intensity map over the nanohole array to the right of the FZP; (b) Post-processed image obtained from (a) by compensating for radiative loss
The diffracted SPP fields constructively interfere at the design focal point, located in the area of the output nanohole array to the right of the FZP. The focusing is observed by imaging the radiation scattered by the output array into the far-field (Fig. 1(a)). The intensity map in Fig. 1(a) also reveals the rapid attenuation of SPP waves as they propagate from left to right across the nanohole array. The second nanohole array is introduced only for visualization purposes, and in principle, would not be necessary for the in-plane imaging applications. It is therefore informative to compensate for the radiation losses caused by this array in post processing. It is seen in Fig. 1(b) that, if the detection nanohole array is not present, SPP intensity at the focal point may be expected to be about 3 times that of the input SPP wave. The focusing intensity is expected to be further enhanced by introducing better SPP reflectors and more complicated “saw-tooth” geometries with our recently developed plasmonic photonic crystals [3].
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Fig. 2.  (a) Geometry of resonant nano-focusing-antenna. (b) Map of electric field intensity distribution around the RNFA-Si interface (left) and transverse plane cross-section at the center of the gap of the RNFA structure (right) at the resonant frequency of 194.5 THz (wavelength of 1542 nm).
Alternatively, instead of in-plane propagating SPPs, a localized plasmonic RNFA has been experimentally integrated with a Si waveguide to effectively convert an incoming waveguide mode to a localized plasmon mode, which can focus light in an ultrasmall volume [2]. Localized surface plasmons (LSPs), which are associated with collective oscillations of free electrons in a metal particle, are arguably a better sub-diffraction limited focusing alternative due to their smaller domain of confinement. A novel RNFA geometry (Fig. 2(a)) that simultaneously uses three physical mechanisms: LSPs, SPP edge localization, and TEM field localization has been experimentally integrated with Si waveguides and demonstrated efficient field nano-focusing and localization in Si photonics. Computer simulations show that RNFA shares a similar eigen mode as the original nanodisks, since the metallic wedges and gap do not significantly change the source-excited or source-free field/current distributions. While the LSP resonant frequency does not change, the presence of the tapered edges and the small gap results in more than a 6-fold enhancement of the field density (Fig. 2(b)) localized in all 3 dimensions inside of the nano-capacitor with a 25 nm gap. The near field measurements are performed to characterize the fabricated device and the size of the plasmonic field localization. The field localization estimated from the restored measured data after proper deconvolution, is about 75 nm, which is 20 times smaller than the wavelength in the free space. Furthermore, we plan to integrate this RNFA with an on-chip nanolaser that we recently developed [4, 5]. The RNFA will convert the nanolaser radiation into LSPs and improve the emission laser densities below the conventional Rayleigh resolution limit. The extreme field localization may also enable the implementation of high speed, directly modulated lasers through spontaneous emission enhancement (Purcell effect).
In parallel, we implemented a series of plasmonic structures to investigate the interaction of plasmonic fields and bio-materials in preparation for a future study of linear/nonlinear response of bio-materials under extreme plasmonic field localization [6-10]. The plasmonic nanostructures are integrated with microfluidic channels and tested experimentally for monitoring biochemical reactions. We have recently developed a novel composite mushroom-like metallo-dielectric nanostructure for sensitivity enhancement of the detection process for monitoring biochemical reactions by coupling between the localized resonance and the propagating surface plasmon polariton waves [8, 9]  The structure shows more than an order of magnitude improvement in the limit of detection (sub-nanomolar) as compared to conventional nanohole array sensing configurations when monitoring the binding between biotinylated bovine serum albumin and streptavidin.
The presented structures and their supported optical field localizations are anticipated to have important impacts on many applications including construction of novel devices for bio-medical imaging, bio-sensing, and nano-lithography. Specifically, integration between the presented optical field localization structures and micro-fluidic channels for the delivery of living cells to the focal spot will improve the fundamental understanding of linear and nonlinear interaction of the SPP waves with the biomolecules on the nanometer scale. 

Our current NSF grants have contributed to the education and development of human resources in science and engineering at the postdoctoral, graduate, and undergraduate levels. We have established four new graduate courses: ECE 244A, Statistical Optics; ECE 244B, Quantum Electronics of Femtosecond Pulses; and ECE 212A, Nanophotonics.  We have modified our undergraduate Photonics Instructional Laboratory by significantly extending the computer generated holography experiment, introducing multiple nonlinear optics experiments, as well as an experiment using soft lithography for rapid prototyping and replication of optical components. Innovative education and outreach projects with the Preuss School, designed for students in 6-12 grades coming from disadvantaged households, have been carried out to engage students of diverse ethnic, gender, and economic backgrounds in science, technology, engineering, and mathematics (STEM) fields. We have developed a number of lectures and physics experiments suitable for middle and high school students that can be conducted in the schools' own classrooms. For more complex experiments, high school students are visiting our instructional labs during field trips. Additionally, we are planning to organize workshops designed to bring more middle and high school students onto the UCSD campus and to better serve our local K-12 community.
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