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Abstract.  A new research project is being established within the PRC.  This project will expand the body of work in the area of photonic crystal vertical-cavity surface-emitting lasers.  Opportunities for junior faculty and cadet involvement are expected in device modeling & simulation, design, and characterization.  External contact with government laboratory and university collaborators are expected in these areas and in the area of device fabrication.  

Background

The incorporation of a two-dimensional (2D) photonic crystal (PhC) lattice containing a single defect into a distributed Bragg reflector (DBR) of a vertical-cavity surface-emitting laser (VCSEL) has proven to be effective for introducing a precisely controlled index step for lateral optical beam confinement leading to single mode device operation.1  Such devices are desirable for short-haul optical communication systems, as well as other applications such as light sources for very compact atomic clocks.  PhC VCSELs with a single lattice defect have demonstrated single fundamental mode operation at high power (> 3 mW)2 and at high speed (> 9 Gb/s).3
Creating multiple defects in the PhC lattice of a PhC VCSEL has lead to coherently coupled arrays of vertically emitting microcavities producing both out-of-phase4 and in-phase far field radiation patterns.5  It has been found that the phase difference between these emitting defect cavities can be tuned with injection current, and can result in an electronically steerable beam as observed in the far field radiation pattern.6  Coherently coupled 2D arrays of vertically emitting lasers offer the potential of extended area coherent sources with high spectral purity, useful in a variety of applications, such as electronically steerable laser sources for spectroscopic sensing or navigation vision systems for unmanned ground systems.

The activity reported here represents a new start research project for the PRC.  However, it is a natural extension and continuation of Army supported work which began at the  University of Illinois at Urbana-Champaign (UIUC) and was partially supported by award no. DAAD19-03-1-0299.  PRC involvement in this project began in the fall of 2005 with personnel support.  However, no dedicated funding support for this project was in place until the second quarter of FY2007.

Experiment

Theory

This basic research project has several topic areas which are being investigated within the PRC: computational modeling and simulation, design, and characterization.  These research tasks, along with the fabrication of devices outside of USMA, will allow for the completion of parametric studies aimed at achieving a better understanding of the underlying physics involved.  Experimental results will be used to improve and validate the models.  In turn, it is expected that these improved models will lead to successively better designs, resulting in enhanced device performance and capability.  Several fundamental principles are involved, such as, coherence effects, coupled-cavity theory, optical and electrical properties of semiconductor devices, and distributed computing.

Experimental Set-up




Computational Modeling & Simulation.  To date the computational effort within this project has been primarily focused on simulations used to gain a better understanding of the collected data.  Commercial software packages have been run on a single personal computer and have been able to provide useful results in a reasonable amount of time (less than one hour of run time).  For example, simulations calculated using the beam propagation method yielded insight into relative phase differences of emitting array elements as observed in the measured far field radiation patterns.  However, little useful design information is possible with this limited computational capability.  A PhC VCSEL requires a fully three-dimensional (3D) calculation, as once the PhC lattice is added, the device has no useful symmetries to simplify calculations.  The nano-scale physical features of the alternating layers of the DBR layers and the finite etch depth of the PhC holes should be included in any calculation that would be expected to yield results from which design choices could be made.  To this end, the distributed computing resource found at the USMA’s Center for Molecular Sciences is expected to be utilized to address this problem.  This is a 200-node Beowulf cluster located within the same building as the PRC.

Device Design.  This research task requires a computer-aided-design (CAD) software package which can run on a personal computer.  The commercial software package L-Edit is being used.  The necessary files required for device fabrication can be generated by PRC researchers and provided to external collaborators for fabrication. 

Characterization.  A number of new experimental set-ups are required for optical and electrical device characterization.  An experimental set-up for measuring far field radiation patterns is required.  This set-up is being built around the LD-8900 Goniometric Radiometer from Photon, Inc.  An optical probe station set-up built around the Cascade-Microtech M150 is being built to allow for the collection of required near field radiation data, spectral data, optical power data, and electrical (voltage and current) data.  Instrumentation to make these measurements is on-hand within the PRC.

Results and Discussion

A number of noteworthy findings have resulted from this work to date, to include out-of-phase and in-phase coherent coupling in 2x1 and 2x2 arrangements of defect cavities in PhC VCSELs.  These were the first such reports of these achievements.  A parametric study of 100 2x1 defect cavity devices was conducted, achieving 95% device yield and leading to the discovery that the relative phase difference between the emitted beams varied with injection current.  Devices were also observed to tune with current between coupled and uncoupled states.  These results have lead to further discoveries related to coherence and visibility between cavities, and to observed electrical beam steering.  A confirmation of the contribution of this work to the discipline is seen by the number of publications and technical presentations listed in sections 5  and 7 below.  Of particular note are the invited technical presentation titled “In-Phase Coherently Coupled 2D Arrays of Defect Cavities within a Photonic Crystal VCSEL7” at the 2005 Conference on Lasers and Electro-Optics (CLEO) and a citation of the paper “In-Phase Evanescent Coupling of Two-Dimensional Arrays of Defect Cavities in Photonic Crystal Vertical Cavity Surface Emitting Lasers5” by Noda, et al.,8 in the journal Nature.  
Future Direction 

The near term goals for this project are focused on establishing within the PRC the computational modeling & simulation capability and the device characterization capability so that additional computed and measured data may be collected to further this body of work.  Collaboration with Prof. Choquette’s Photonics Device Research Group (PDRG) will be expedited by the near term establishment of these internal capabilities.  Long term these capabilities will lead to new device designs which will be provided to the PDRG for fabrication.  Parametric studies built on iterations of this process will lead to a better understanding of the underlying physics and to enhanced device performance and capabilities.  It is the goal of this research project to provide the mechanism to include USMA faculty and cadets in meaningful scholarly activities leading to recognized contributions to the discipline.  Ultimately, a transition of this basic research to an applied or developmental program supporting national defense is the goal.

Cadet and Faculty Involvement and Publications 

Cadet Involvement.  As new start research project, there has not yet been an opportunity for cadet involvement.  Completion of experimental set-ups as explained in section 2.2. above are expected to create research opportunities for cadets majoring in electrical engineering, physics, and computer science.

Faculty Involvement.

LTC James J. Raftery, Jr., Ph.D.        August 2005 to present (at USMA)

LTC Gregory R. Kilby, Ph.D.             May 2006 to present

LTC Lisa Shay, Ph.D.                         August 2006 to present
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