Development of Long-Wavelength

Avalanche Photodiodes and Vertical-Cavity Lasers for Epitaxial Integration as a

Vertical-Cavity Photon Number Amplifier
Copyright 2003

by

Andrew Sumika Huntington


This dissertation is dedicated to my parents:


James and Seiko Huntington



...  who let me play with fire when I was 5.
[image: image1.jpg]




Acknowledgements

The publication of this, my doctoral dissertation, is the culmination of a
lengthy education in the physical sciences spanning more than two decades.  It is perforce impossible to identify and thank in any comprehensive manner all those who have had a hand in its successful completion.  While I am unable to mention everyone who has helped me along my way, I am especially indebted to the men and women who I recognize below:  they are the teachers and advisors who shaped my intellectual development, the technical staff and coworkers who assisted me in my research, and the comrades and coaches who enriched my life outside the lab.

Many teachers have demanded a high standard of work from me; Joan Hladky was the first.  Richard Adams, the Renaissance man who instructed most of the chemistry and physics classes offered by the rural high school I attended – not to mention ancient history, photography, and the odd computer language – taught me much about nature and communication that still finds application in my research today.  Professor John Baldeschwieler, my undergraduate advisor at Caltech, helped me turn around a full-on academic rout; thanks to him, I left college with a viable career path.  It goes without saying that Professor Larry Coldren, who advised me throughout my graduate work, has in spades those qualities common to the best and brightest engineering faculty the world over:  intelligence, experience, and organizational acumen.  However, Professor Coldren is also possessed of humor and patience, which is fortunate, for he needed both during the course of my dissertation project.  I also want to thank the other members of my dissertation committee:  Professors Arthur Gossard, Evelyn Hu, and Umesh Mishra – in addition to providing input on the direction of my research, they imparted to me in their classes (MBE growth, device processing, and device physics, respectively) much of the theory and technique underlying my dissertation.

John English, whose particular combination of technical prowess and diction are seldom found above decks, much less on dry land, had more to do with my success as an MBE grower than any other.  In a similar vein, I want to recognize Jack Ko, Eric Hegblom, Ryan Naone, and Jin Kim – all of whom taught me how to grow – and Eric Hall, who proved himself a reliable source of sound advice and good humor.  My project could not have been completed without the cooperation of David Buell and Madhu Reddy, operators of System B, who supplied me with InP epilayers unobtainable from System A.  Dan Lofgreen – who I owe thanks to outside the MBE lab for much assistance with VCSEL modeling software and theory – selflessly took the lead in maintaining System A; in so doing, he deflected a lot of hassle that would otherwise have landed on my shoulders.  Special thanks are due Professor Joe Campbell of UT Austin and his graduate students Xiaoguang Zheng and Shuling Wang; collaboration with them on the APD side of my project led to the only unqualified successes of my career.  Chad Wang has since taken over growth of the APDs, and his diligence and attention to detail bode well for the future of that project.

Dan Cohen was my principle source of guidance for experimental work outside the MBE lab.  Rintaro Koda made essential contributions to my project through his skill and dedication processing and testing the material I grew.  Yu-Chia “Joseph” Chang and Takeharu Asano provided a lot of assistance with tedious IPL experiments, and Danny Feezell did much to test the thin optical aperture in antimonide VCSELs.  I am grateful to Mark Cornish for training me in the use of field emission scanning electron microscopes, and for his tireless efforts to keep said instruments functional.  Bob Hill and Neil Baker were especially helpful in the cleanroom, and I have Jack Whaley to thank for keeping that whole facility running smoothly.

Master Gunnery Sgt. Brown, Staff Sgt. Saechang, Sgt. Mullen, Sgt. Smith, and the other Marines of the Santa Barbara recruiting office – in giving me the opportunity to do many push-ups and crunches, not to mention run up hills and haul people around on my back – gave me an outlet for my idealism and helped to prepare me for boot camp this June.  I also want to thank Tom Heyman, my karate instructor, for donating his time to teach these past several years.

Tal and Ed – two fellow ex-Techers – welcomed me to Santa Barbara and kept me entertained through my graduate career.  Mike was a good workout partner, not to mention a reliable source of fun, food, and conversation.

Sarah – my fiancée, surrogate conscience, and shooting partner – is the motivation for this, as she is for all of my worthier pursuits.
Curriculum Vitae
Personal
Born


March 6, 1975




Eugene, Oregon

Education
1993 – 1997

BS, Chemistry, California Institute of Technology,



Pasadena, CA

1997 – 2003

Ph.D., Material Science, UC Santa Barbara, Santa



Barbara, CA

Patents


U.S. Patent Application (filed by UCSB) "Heterogeneous


Composite Semiconductor Structures For Enhanced Oxide


and Air Aperture Formation For Semiconductor Lasers And


Detectors And Method Of Manufacture",



Serial No. 09/953,576.


Co-Inventor:  Jin K. Kim.

Publications
SACM Avalanche Photodiodes
A. S. Huntington, C. S. Wang, X. G. Zheng, J. C. Campbell, and L. A. Coldren, “Relationship of growth mode to dark current in InAlAs/InGaAs avalanche photodiodes grown by MBE on InP,” to be published.
X. G. Zheng, J. S. Hsu, X. Sun, J. B. Hurst, X. Li, S. Wang, A. L. Holmes, Jr., J. C. Campbell, A. S. Huntington, and L. A. Coldren, “Long-wavelength In0.53Ga0.47As/In0.52Al0.48As avalanche photodiodes and arrays,” in press.
X. G. Zheng, J. S. Hsu, X. Sun, J. B. Hurst, X. Li, S. Wang, A. L. Holmes, Jr., J. C. Campbell, A. S. Huntington, and L. A. Coldren, “A 12 × 12 In0.53Ga0.47As/In0.52Al0.48As avalanche photodiode array,” IEEE Journal of Quantum Electronics, vol. 38, no. 11, pp. 1536-1540, 2002.
S. Wang, J. B. Hurst, F. Ma, R. Sidhu, X. Sun, X. G. Zheng, A. L.  Holmes, Jr., A. Huntington, L. A. Coldren, and J. C. Campbell, “Low-noise impact-ionization-engineered avalanche photodiodes grown on InP substrates,” IEEE Photonics Technology Letters, vol. 14, no. 12, pp. 1722-1724, 2002.

VCSELs
T. Asano, D. Feezell, R. Koda, M.H.M. Reddy, D. A. Buell, A. S. Huntington, E. Hall, S. Nakagawa, and L. A. Coldren, “InP-based all-epitaxial 1.3-μm VCSELs with selectively etched AlInAs apertures and Sb-based DBRs,” submitted to IEEE Photonics Technology Letters
M. H. M. Reddy, D. A. Buell, A. S. Huntington, T. Asano, R. Koda, D. Feezell, D. Lofgreen, and L. A. Coldren, “Al0.95Ga0.05As0.56Sb0.44 for lateral oxide-confinement layer in InP-based devices,” Applied Physics Letters, vol. 82, no. 9, pp. 1329-1331, 2003.

M. H. M. Reddy, A. Huntington, D. Buell, R. Koda, E. Hall, and L. A. Coldren, “Molecule-beam epitaxy growth of high-quality active regions with strained InxGa1-xAs quantum wells and lattice-matched AlxGayIn1-x-yAs barriers using submonolayer superlattices,” Applied Physics Letters,

vol. 80, no. 19, pp. 3509-3511, 2002.

L. Chusseau, G. Almuneau, L. A. Coldren, A. Huntington, and D. Gasquet, “Coupled-cavity vertical-emitting semiconductor laser for continuous-wave terahertz emission,” IEE Proceedings Optoelectronics, vol. 149, no. 3,

pp. 88-92, 2002.
E. Hall, A. Huntington, R. L. Naone, H. Kroemer, and L. A. Coldren, “Increased lateral oxidation rates of AlInAs on InP using short-period superlattices,” Journal of Electronic Materials, vol. 29, no. 9,

pp. 1100-1104, 2000.

Y. G. Ju, D. Lofgreen, A. Fiore, S. Y. Hu, E. Hegblom, D. Louderback, O. Sjolund, A. Huntington, and L. A. Coldren, “Densely packed pie shaped vertical-cavity surface-emitting laser array incorporating a tapered one-dimensional wet oxidation,” IEEE Photonics Technology Letters, vol. 12, no. 5, pp. 462-464, 2000.

Various
M. Y. Su, S. G. Carter, M. S. Sherwin, A. Huntington, and L. A. Coldren, “Strong-field terahertz optical mixing in excitons,” Physical Review B – Condensed Matter, vol. 67, no. 12, pp. 125307-1-5, 2003.

M. Y. Su, S. G. Carter, M. S. Sherwin, A. Huntington, and L. A. Coldren, “Voltage-controlled wavelength conversion by terahertz electro-optic modulation in double quantum wells,” Applied Physics Letters, vol. 81,

no. 9, pp. 1564-1566, 2002.

S. Estrada, X. Huili, A. Stonas, A. Huntington, U. Mishra, S. DenBaars, L. Coldren, and E. Hu, “Wafer-fused AlGaAs/GaAs/GaN heterojunction bipolar transistor,” Applied Physics Letters, vol. 82, no. 5, pp. 820-822, 2003.

C. Ozturk, A. Huntington, A. Aydinli, T. B. Young, and N. Dagli, “Filtering characteristics of hybrid integrated polymer and compound semiconductor waveguides,” Journal of Lightwave Technology, vol. 20, no. 8,

pp. 1530-1536, 2002.

Abstract

Development of Long-Wavelength Avalanche Photodiodes and Vertical-Cavity Lasers for Epitaxial Integration as a

Vertical-Cavity Photon Number Amplifier
by

Andrew Sumika Huntington
The goal of this research was to develop technology for building a 

vertical-geometry photon number amplifier (vertical PNA) that operates at a wavelength in the low-absorption window for optical fibers near 1.55 μm.  An optical amplifier of this design would provide electrically-tappable low-noise polarization-independent optical amplification of laser pulses and serve as a stepping stone toward development of a tunable amplifying wavelength converter.

The vertical PNA design consists of a multiple active region (MAR) VCSEL integrated with an avalanche photodiode of the separate absorption, charge, and multiplication layer design (SACM APD):  the VCSEL is intended to operate continuous wave (CW), modulated by the APD.  Both components were selected for their high gain:  in excess of 10 electrons out per photon in for the APD, and slightly more than 1 photon out per electron in for the MAR VCSEL under ideal circumstances.  In working toward the vertical PNA, significant technical challenges were addressed:  

(1)
Development of a long-wavelength MAR VCSEL capable of high-temperature CW operation.  Although this goal was never achieved, efforts directed to this end resulted in an investigation of basic material science issues that are vital to future improvements of the device.  Better DBR and active region designs were developed, the overall thermal impedance of the structure was reduced significantly, a rudimentary optical aperture compatible with InP-based materials was tested, and loss estimates for the device were put on solid ground.
(2) 
Development of a low-noise SACM APD capable of modulating the MAR VCSEL at high speed.  Here the vital relationships between growth conditions, material quality, and APD performance were established.  Other achievements include demonstration of highly uniform arrays of these devices, extremely low-noise operation, and the largest area long-wavelength APDs ever reported.

(3)
Successful demonstration of the epitaxial integration of these two components as a functional vertical PNA.  Without a MAR VCSEL capable of CW operation, a functional vertical PNA cannot be built.  Nonetheless, functional APDs and VCSELs (under pulsed operation) were separately demonstrated on vertical PNA wafers, as was a basic integration scheme.
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