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Nanophotonics is an emerging technical field that utilizes lithography and nanofabrication to construct artificial metamaterials and nanoscale optical devices for integration into photonic chips, just as today transistors are integrated into electronic chips.  Nanophotonics already finds  numerous applications in information technology, health care, lighting, sensing and national security. In the future, it promises dramatic reductions in device size and power requirements that will revolutionize the way we compute and communicate information.  Development of photonic circuits compatible with Si CMOS microprocessor chips will be a major step toward scalable and power efficient computational platforms for stationary and mobile platforms and applications. A modern supercomputer consumes about 100W/GigaFLOP, with a total power need as high as 10MW.
 In contrast, a hybrid Nanophotonic-Electronic computer is expected to run on less than 1W/GigaFLOP, an over-100-fold saving in energy, pollution, and greenhouse gas impact. The computer and electronic chip vendors have recognized the technology's potential, and are currently investing in research on integration of electronics and nanophotonics using CMOS compatible manufacturing process. Critical to this effort is the discovery and on-chip fabrication of various metamaterials, nanophotonic components, devices, and circuits.  
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Our research group at the University of California, San Diego, is working on several aspects of nanophotonics, including [1-12]: (1) novel modeling and simulation tools appropriate for the new field, (2) nanofabrication methods for features less than 50 nm, and (3) a unique near field characterization tool based on heterodyne near field scanning optical microscopy. We have pioneered a new class of resonant nanophotonic devices based on sidewall-modulated waveguides fabricated in a single lithographic step [8, 9].  The simplest device of this type is a 1-D Distributed Bragg Reflector (DBR) that may be used in optical filters, switches, modulators, couplers, detectors, and sensors.  A DBR structure exhibits in its transmission spectra a stop band centered at the Bragg wavelength, the width of the stop band being determined by the magnitude of the periodic index modulation and the Bragg wavelength by the mean period of the modulation.  When a quarter wavelength phase shift is introduced in the middle of a DBR structure, a highly resonant cavity results with a narrow transmission band at the center of the original DBR stop band. The DBR period, modulation, and the quarter-wave shift, and hence the spectral response of the resonant filter, are all lithographically programmed through the geometry of the waveguide sidewalls, and the device is fabricated in a single lithographic step. Fig. 1 shows a resonant filter of this type recently demonstrated by our group.   
[image: image2.emf]
Sidewall-modulated waveguides can be combined to implement a wavelength selective coupler for add-drop filter applications. This device has also been demonstrated by our group; the results are summarized in Fig. 2.  Compared to conventional ring resonators, this structure can have a much wider free spectral range (>70nm), increasing the bandwidth available for wavelength division multiplexing. 
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Our group has also developed a new class of "free space optics on a chip" (FSOC) devices in semiconductor-on-insulator (SOI) structures. In these structures, the thin semiconductor slab confines optical fields in one dimension but permits free-space-like propagation in the plane of the slab. Basic optical elements analogous to free space mirrors, lenses, and gratings are needed to implement focusing, bending, steering, and wavelength selection functions on optical beams propagating within the slab. Jointly with Sun Microsystems, we have demonstrated an integrated device for mode matching between two waveguides (Fig. 3). The device makes use of a controlled-polarizability metamaterial arranged to obtain a prescribed spatial profile of the effective index of refraction. Arbitrarily defined refractive index profiles both across and along the propagation direction can be realized with our method. For the demonstration, a structure that focuses light into a 2-m wide Si ridge waveguide was designed using FDTD electromagnetic simulation and fabricated on SOI (250nm Si slab over a 3m layer SiO2) by nanolithography and reactive ion beam etching process developed at UCSD. The layout can be seen in SEM micrographs of the completed device (Fig. 3):  Light emerges from a 2-m wide input ridge waveguide into a 5-m long section of unpatterned slab, where it propagates free-space-like in the transverse direction but remains confined vertically. The metamaterial section is formed by etching longitudinal grooves of varying width. For compatibility with CMOS fabrication, the minimal groove width is chosen to be 100 nm, with a maximum duty cycle of 75%. 
The original, state-of-the-art near field scanning optical microscope (H-NSOM) developed at UCSD [10-12] was used to characterize our FSOC focusing device. The H-NSOM permits in-situ mapping of near field amplitude and phase over an operating device with 50-100nm lateral resolution (limited by the NSOM tip). [image: image4.png]Magn Det WD
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It is an ideal instrument for the study of an in-plane focusing element, because the evolution of phase front curvature of the propagating beam can be directly observed. Fig. 4 shows the measured amplitude and phase of the beam (wavelength 1550nm) propagating through the device in Fig. 3. Expansion of the beam in the unpatterned slab section, convergence toward the focal point at x~12m where phase fronts become flat, and subsequent expansion are all clearly seen [12].
Our group is also contributing on an ongoing basis to the education and outreach program at Preuss School on the UCSD Campus which serves 6-12 grade students from disadvantaged households. Ph.D. graduate students from our group serve as mentors and lead a scientific-based robotics club.  More recently, jointly with the leadership of our ECE Photonics Instructional Laboratory, we are taking part in the RET program providing K-12 science and mathematics teachers an opportunity to participate in scientific research. The project is having a broad impact on the teaching community in the San Diego metropolitan area, and is strengthening the relationship between teachers, K-12 students and the university community. 
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Fig. 1 Resonant nanophotonic device formed in a single step lithographic process: (a) SEM micrograph of the fabricated device and its geometry; (b) measured transmission spectrum of the device showing the photonic crystal stopband of 19 nm and a defect introduced pass band of 0.6 nm [8. 9]  
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Fig. 2  Resonant add-drop filter realized with coupled sidewall modulated waveguides 
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	     (a)		                                (b)


Fig. 3 Scanning electron micrograph showing the fabricated device: (a) a top view of the entire structure. (b) a magnified slanted view showing part of slab lens and the output waveguide.   
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Fig. 4   H-NSOM Characterization of the FSOC focusing element: (a) The amplitude and (b) the phase of the optical field in the region that includes the input waveguide, the non-patterned slab (“S”) and large portion of the slab lens section (“L”). The dashed vertical white lines mark the boundaries between the various sections.  Light is propagating from left to right. (c) Cross sections showing phase profile at several planes along the device. The planes are marked in Fig. 4b [12].
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