PROCEEDINGS OF SPIE

Vertical-Cavity
Surface-Emitting Lasers XVI

Chun Lei
Kent D. Choquette
Editors

25-24 January 2012
San Francisco, California, United States

Sponsored and Published by
SPIE

Volume 8276

Proceedings of SPIE, 0277-786X, v. 8276

SPIE is an international society advancing an inferdisciplinary approach to the science and application of light.



The papers included in this volume were part of the technical conference cited on the cover and
fitle page. Papers were selected and subject to review by the editors and conference program
committee. Some conference presentations may not be available for publication. The papers
published in these proceedings reflect the work and thoughts of the authors and are published
herein as submitted. The publisher is not responsible for the validity of the information or for any
outcomes resulting from reliance thereon.

Please use the following format to cite material from this book:
Author(s), "Title of Paper," in Vertical-Cavity Surface-Emitting Lasers XVI, edited by Chun Lei,
Kent D. Choquette, Proceedings of SPIE Vol. 8276 (SPIE, Bellingham, WA, 2012) Article CID Number.

ISSN 0277-786X
ISBN 9780819489197

Published by

SPIE

P.O. Box 10, Bellingham, Washington 98227-0010 USA
Telephone +1 360 676 3290 (Pacific Time) - Fax +1 360 647 1445
SPIE.org

Copyright © 2012, Society of Photo-Optical Instrumentation Engineers

Copying of material in this book for internal or personal use, or for the internal or personal use of
specific clients, beyond the fair use provisions granted by the U.S. Copyright Law is authorized by
SPIE subject to payment of copying fees. The Transactional Reporting Service base fee for this
volume is $18.00 per article (or portion thereof), which should be paid directly to the Copyright
Clearance Center (CCC), 222 Rosewood Drive, Danvers, MA 01923. Payment may also be made
electronically through CCC Online at copyright.com. Other copying for republication, resale,
advertising or promotion, or any form of systematic or multiple reproduction of any material in this
book is prohibited except with permission in writing from the publisher. The CCC fee code is
0277-786X/12/$18.00.

Printed in the United States of America.

Publication of record for individual papers is online in the SPIE Digital Library.

SPIE
Digital Library

SPIEDigitalLibrary.org

Paper Numbering: Proceedings of SPIE follow an e-First publication model, with papers published
first online and then in print and on CD-ROM. Papers are published as they are submitted and meet
publication criteria. A unique, consistent, permanent citation identifier (CID) number is assigned fo
each article at the time of the first publication. Utilization of CIDs allows arficles to be fully citable as
soon as they are published online, and connects the same identifier to all online, print, and
electronic versions of the publication. SPIE uses a six-digit CID article numbering system in which:
= The first four digits correspond to the SPIE volume number.
= The last two digifs indicate publication order within the volume using a Base 36 numbering
system employing both numerals and letters. These two-number sets start with 00, 01, 02, 03, 04,
05,06, 07,08, 09, 0A, OB ... 0Z, followed by 10-1Z, 20-2Z, etc.
The CID number appears on each page of the manuscript. The complete citatfion is used on the first
page, and an abbreviated version on subsequent pages. Numbers in the index correspond to the
last two digifs of the six-digit CID number.



Contents

vii Conference Committee
iX Intfroduction
SESSION 1 20GB/S VCSEL MODULATION AND BEYOND
8276 02 The next generation of high speed VCSELs at Finisar (Invited Paper) [8276-01]
L. A. Graham, H. Chen, D. Gazula, T. Gray, J. K. Guenter, B. Hawkins, R. Johnson, C. Kocotf,
A.N. Maclnnes, G. D. Landry, J. A. Tatum, Finisar (United States)
8276 03 Emcore's 1 Gb/s to 25 Gb/s VCSELs [8276-02]
N. Li, C. Xie, W. Luo, C. J. Helms, L. Wang, C. Liu, Q. Sun, S. Huang, C. Lei, K. P. Jackson,
R. F. Carson, EMCORE Corp. (United States)
8276 04 Reliability study of 1060nm 25Gbps VCSEL in terms of high speed modulation [8276-03]
T. Suzuki, S. Imai, S. Kamiya, K. Hiraiwa, M. Funabashi, Y. Kawakita, H. Shimizu, T. Ishikawa,
A. Kasukawa, Furukawa Electric Co., Ltd. (Japan)
8276 05 980-nm VCSELs for optical interconnects at bandwidths beyond 40 Gb/s (Invited Paper)
[8276-04]
W. H. Hofmann, P. Moser, P. Wolf, G. Larisch, W. Unrau, Technische Univ. Berlin (Germany);
D. Bimberg, Technische Univ. Berlin (Germany) and King Abdulaziz Univ. (Saudi Arabia)
SESSION 2 NOVEL VCSEL STRUCTURES
8276 06 VCSEL-based slow light photonics: switching, modulation, amplification, and beam steering
(Invited Paper) [8276-05]
F. Koyama, Tokyo Institute of Technology (Japan)
8276 07 Recent advances on CW current injection blue VCSELs (Invited Paper) [8276-06]
S.-C. Wang, T.-C. Lu, H.-C. Kuo, National Chiao Tung Univ. (Taiwan)
8276 09 High-power vertical-cavity surface-emitting lasers for solid-state laser pumping (Invited
Paper) [8276-08]
J.-F. Seurin, G. Xu, A. Miglo, Q. Wang, R. Van Leeuwen, Y. Xiong, W.-X. Zou, D. Li, J. D. Wynn,
V. Khalfin, C. Ghosh, Princeton Optronics (United States)
SESSION 3 EMERGING VCSEL APPLICATIONS
8276 0A Long-wavelength VCSELs for sensing applications (Invited Paper) [8276-09]

M. Ortsiefer, J. Rosskopf, C. Neumeyr, VERTILAS GmbH (Germany); T. Grindl, C. Grasse,
Walter Schottky Institut (Germany); J. Chen, A. Hangauer, Walter Schottky Institut (Germany)
and SIEMENS AG (Germany); R. Strzoda, SIEMENS AG (Germany); C. Gierl, P. Meissner,

F. KUppers, Technische Univ. Darmstadt (Germany); M.-C. Amann, Walter Schottky Institut
(Germany)



8276 0B

8276 0C

8276 0D

8276 OE

SESSION 4

Design of high power VCSEL arrays [8276-10]

H. Moench, Philips Technologie GmbH Innovative Technologies (Germany); R. Dumoulin,
Philips Lighting BV (Netherlands); S. Gronenborn, Philips Technologie GmbH Innovative
Technologies (Germany); X. Gu, Philips Lighting BV (Netherlands); G. Heusler, Philips
Technologie GmbH (Germany); J. Kolb, Philips Technologie GmbH Innovative Technologies
(Germany); M. Miller, Philips Technologie GmbH U-L-M Photonics (Germany); P. Pekarski,

J. Pollmann-Retsch, Philips Technologie GmbH Innovative Technologies (Germany);

A. Pruijmboom, Philips Lighting BV (Netherlands); M. Stroesser, Philips Technologie GmbH
Innovative Technologies (Germany)

Surface topography and optical performance measurement of microlenses used in high
power VCSEL systems [8276-11]
. Erichsen, S. Krey, Trioptics GmbH (Germany)

Design and performance of broadly tunable, narrow line-width, high repetition rate 1310nm
VCSELs for swept source optical coherence tomography (Invited Paper) [8276-12]

V. Jayaraman, Praevium Research, Inc. (United States); J. Jiang, B. Potsaid, Thorlabs (United
States); G. Cole, Advanced Optical Microsystems (United States); J. Fujimoto, Massachusetts
Institute of Technology (United States); A. Cable, Thorlabs (United States)

A compact, portable and low cost generic interrogation sirain sensor system using an
embedded VCSEL, detector and fibre Bragg grating [8276-13]

G. C. B. Lee, Aston Univ. (United Kingdom); B. Van Hoe, Astasense Ltd. (Belgium); Z. Yan,
Aston Univ. (United Kingdom); O. Maskery, K. Sugden, Astasense Ltd. (United Kingdom);
D. Webb, Aston Univ. (United Kingdom); G. Van Steenberge, Ghent Univ. (Belgium)

VCSEL OPTICAL INTERCONNECTS

8276 OF

8276 0G

8276 OH

8276 0l

1060nm VCSEL development at Furukawa for parallel optical interconnect (Invited Paper)
[8276-14]

M. Funabashi, S. Imai, K. Takaki, S. Kamiya, H. Shimizu, Y. Kawakita, K. Hiraiwa, J. Yoshida,
T. Suzuki, T. Ishikawa, N. Tsukiji, A. Kasukawa, Furukawa Electric Co., Ltd. (Japan)

Commercial VCSELs and VCSEL arrays designed for FDR (14 Gbps) optical links (Invited
Paper) [8276-15]
R. King, S. Infemann, S. Wabra, Philips Technologie GmbH U-L-M Photonics (Germany)

High-speed tunable and fixed-wavelength VCSELs for short-reach optical links and
interconnects (Invited Paper) [82764-16]

A. Larsson, J. S. Gustavsson, A. Haglund, B. Kégel, J. Bengtsson, P. Westbergh, E. Haglund,
Chalmers Univ. of Technology (Sweden); P. P. Baveja, Institute of Optics, Univ. of Rochester
(United States)

Bidirectional multimode fiber interconnection (Invited Paper) [8276-17]
R. Michalzik, A. Kern, D. Wahl, Univ. Um (Germany)



8276 0J

SESSION 5

Energy-efficient vertical-cavity surface-emitting lasers (VCSELs) for "green” data and
computer communication (Green Photonics Award) [8276-18]

P. Moser, Technische Univ. Berlin (Germany); J. A. Lott, Vertically Integrated Systems GmbH
(Germany); P. Wolf, G. Larisch, A. Payusov, Technische Univ. Berlin (Germany) and St.
Petersburg Academic Univ. (Russian Federation) G. Fiol, Technische Univ. Berlin (Germany);
N. N. Ledentsov, Vertically Integrated Systems GmbH (Germany); W. Hofmann, Technische
Univ. Berlin (Germany); D. Bimberg, Technische Univ. Berlin (Germany) and King Abdulaziz
Univ. (Saudi Arabia)

VCSEL MODAL PROPERTIES

8276 0K

8276 0L

8276 ON

8276 00

SESSION 6

Progress on single mode VCSELs for data- and tele-communications (Invited Paper)
[8276-19]

N. N. Ledentsov, J. A. Lott, J.-R. Kropp, V. A. Shchukin, VI Systems GmbH (Germany);

D. Bimberg, P. Moser, G. Fiol, Technische Univ. Berlin (Germany); A. S. Payusov, Technische
Univ. Berlin (Germany) and St. Petersburg Academic Univ. (Russian Federation); D. Molin,
G. Kuyt, A. Amezcua, Draka Comteq Fibre B.V. (Netherlands); L. Ya. Karachinsky,

S. A. Blokhin, I. . Novikov, N. A. Maleev, Connector Optics LLC (Russian Federation);

C. Caspar, R. Freund, Fraunhofer Institute for Telecommunications, Heinrich-Hertz-Institut
(Germany)

Reducing the spectral width of high speed oxide confined VCSELs using an integrated
mode filter [8276-20]

E. Haglund, A Haglund, J. S. Gustavsson, B. Kégel, P. Westbergh, A. Larsson, Chalmers Univ.
of Technology (Sweden)

Mode suppression in metal filled photonic crystal vertical cavity lasers (Invited Paper)
[8276-22]
B. G. Griffin, A. Arbabi, L. L. Goddard, Univ. of lllinois at Urbana-Champaign (United States)

Thermal characteristic of polarization switching in vertical-cavity surface-emitting lasers

[8276-23]
Y.-H. Wu, C.-P. Hsu, Y.-C. Li, W.-C. Kuo, T.-C. Yen, National Sun Yat-Sen Univ. (Taiwan)

TUNABLE VCSELS

8276 OP

8276 0Q

Surface micromachined MEMS tunable VCSEL at 1550 nm with > 70 nm single mode tuning
[8276-24]

C. Gierl, Technische Univ. Darmstadt (Germany); T. Grindl, Walter Schottky Instfitut
(Germany); P. Debernardi, Istituto di Elettronica e di Ingegneria dell'Informazione e delle
Telecomunicazioni, CNR (Italy); K. Zogal, H. A. Davani, Technische Univ. Darmstadt
(Germany); C. Grasse, G. Bbhm, Walter Schofttky Institut (Germany); P. Meissner, F. Kippers,
Technische Univ. Darmstadt (Germany); M.-C. Amann, Walter Schottky Institut (Germany)

Integrated MEMS-tunable VCSELs for reconfigurable optical interconnects [8276-25]

B. Ko&gel, Chalmers Univ. of Technology (Sweden); P. Debernardi, Istituto di Elettronica e di
Ingegneria dell'Informazione e delle Telecomunicazioni, CNR (Italy); P. Westbergh,

J.S. Gustavsson, A. Haglund, E. Haglund, J. Bengtsson, A. Larsson, Chalmers Univ. of
Technology (Sweden)



8276 OR

8276 0S

8276 0T

SESSION 7

1.55 ym high-speed MEMS-tunable VCSEL [8276-26]

K. Zogal, Technische Univ. Darmstadt (Germany); T. Gruend|, Walter Schottky Insitut
(Germany); H. A. Davani, C. Gierl, Technische Univ. Darmstadt (Germany); C. Grasse, Wallter
Schottky Institut (Germany); F. Kueppers, P. Meissner, Technische Univ. Darmstadt
(Germany); M.-C. Amann, Walter Schottky Institut (Germany)

850-nm VCSELs optimized for cryogenic data transmission [8276-27]
D.K. Serkland, K. M. Geib, G. M. Pecake, G. A. Keeler, A. Y. Hsu, Sandia National Labs. (United
States)

Polarization investigation of a tunable high-speed short-wavelength bulk-micromachined
MEMS-VCSEL [8276-28]

H. A. Davani, Technische Univ. Darmstadt (Germany); B. Kdgel, Chalmers Univ. of
Technology (Sweden); P. Debernardi, Instituto di Elettronica e di Ingegneria
delllnformazione e delle Telecomunicazioni (Italy); C. Grasse, Walter Schottky Institut
(Germany); C. Gierl, K. Zogal, Technische Univ. Darmstadt (Germany); A. Haglund,

J. Gustavsson, P. Westbergh, Chalmers Univ. of Technology (Sweden); T. Grindl, Walter
Schottky Institut (Germany); P. Komissinskiy, T. Bitsch, L. Alff, F. Kippers, Technische Univ.
Darmstadt (Germany); A. Larsson, Chalmers Univ. of Technology (Sweden); M.-C. Amann,
Walter Schottky Institut (Germany); P. Meissner, Technische Univ. Darmstadt (Germany)

VCSEL CHARACTERIZATION

vi

8276 0U

8276 OV

VCSEL beam control with collective and self-aligned polymer technologies (Invited Paper)
[8276-29]

V. Bardinal, T. Camps, B. Reig, CNRS, LAAS (France) and LAAS, UPS, INSA, INP, ISAE, Univ. de
Toulouse (France); P. Debernardi, Istituto di Elettronica e di Ingegneria dell'informazione e
delle Telecomunicazioni, CNR (Italy); O. Soppera, CNRS, IS2M, Institut de Science des
Matériaux de Mulhouse, Univ. de Haute Alsace (France); D. Barat, J.-B. Doucet, E. Daran,
CNRS, LAAS (France) and LAAS, UPS, INSA, INP, ISAE, Univ. de Toulouse (France)

Impact of photon lifetime on thermal rollover in 850-nm high-speed VCSELs [8276-30]

P. P. Baveja, Institute of Optics, Univ. of Rochester (United States); B. Kbgel, P. Westbergh,
J.S. Gustavsson, A. Haglund, Chalmers Univ. of Technology (Sweden); D. N. Maywar,
Rochester Institute of Technology (United States); G. P. Agrawal, Institute of Optics, Univ. of
Rochester (United States); A. Larsson, Chalmers Univ. of Technology (Sweden)



8276 OW

8276 OY

Multi-mode to single-mode switching caused by self-heating in bottom-emitting
infra-cavity contacted 960 nm VCSELs [8276-31]

S. A. Blokhin, Connector Optics LLC (Russian Federation), A. F. loffe Physico-Technical
Institute (Russian Federation), and St. Petersburg Academic Univ. (Russian Federation);

N. A. Maleev, A. G. Kuzmenkov, Connector Optics LLC (Russian Federation) and A. F. loffe
Physico-Technical Institute (Russian Federation); J. A. Loft, Vertically Integrated Systems
GmbH (Germany); M. M. Kulagina, Y. M. Zadiranov, A. F. loffe Physico-Technical Institute
(Russian Federation); A. G. Gladyshev, Connector Optics LLC (Russian Federation) and A. F.
loffe Physico-Technical Institute (Russian Federation); A. M. Nadtochiy, St. Petersburg
Academic Univ. (Russian Federation) and A. F. loffe Physico-Technical Institute (Russian
Federation); E. V. Nikitina, St. Petersburg Academic Univ. (Russian Federation);

V. G. Tikhomirov, Saint Petersburg Electrotechnical Univ. LETI (Russian Federation);

N. N. Ledentsov, Vertically Integrated Systems GmbH (Germany) and A. F. loffe
Physico-Technical Institute (Russian Federation); V. M. Ustinov, A. F. loffe Physico-Technicall
Institute (Russian Federation)

Implant confined 1850nm VCSELs [8276-33]
M. M. Dummer, K. Johnson, M. Hibbs-Brenner, W. K. Hogan, Vixar (United States)

Author Index

vii






Conference Committee

Symposium Chair
Klaus P. Streubel, OSRAM GmbH (Germany)

Symposium Cochairs

David L. Andrews, University of East Anglia Norwich (United Kingdom)
Liang-Chy Chien, Kent State University (United States)

Program Track Chair
Klaus P. Streubel, OSRAM GmbH (Germany)

Conference Chairs

Chun Lei, EMCORE Corporation (United States)
Kent D. Choquette, University of lllinois at Urbana-Champaign (United
States)

Program Committee

Kent M. Geib, Sandia National Laboratories (United States)

Martin Grabherr, Philips Technologie GmbH U-L-M Photonics
(Germany)

James K. Guenter, Finisar Corporation (United States)

Karlheinz H. Gulden, Oclaro, Inc. (Switzerland)

Jeong-Ki Hwang, Avago Technologies Singapore (Singapore)

Fumio Koyama, Tokyo Institute of Technology (Japan)

Kevin L. Lear, Colorado State University (United States)

James A. Lott, VI Systems GmbH (Germany) and Technische Universitat
Berlin (Germany)

Krassimir Panajotov, Vrije Universiteit Brussel (Belgium)

Jean-Francois Seurin, Princeton Opftronics, Inc. (United States)

Noriyuki Yokouchi, The Furukawa Electric Company, Ltd. (Japan)

Session Chairs

1 20Gb/s VCSEL Modulation and Beyond
Chun Lei, EMCORE Corporation (United States)

2 Novel VCSEL Structures
Kent D. Choquette, University of lllinois at Urbana-Champaign (United
States)



Emerging VCSEL Applications
Jean-Francois Seurin, Princeton Opftronics, Inc. (United States)

VCSEL Optical Interconnects
James A. Lott, VI Systems GmbH (Germany)

VCSEL Modal Properties
Anders Larsson, Chalmers University of Technology (Sweden)

Tunable VCSELs
Lynford Goddard, University of lllinois at Urbana-Champaign (United
States)

VCSEL Characterization
Darwin K. Serkland, Sandia National Laboratories (United States)



Infroduction

On January 25 and 26, 2012, the 16th Vertical Cavity Surface Emitting Lasers
Conference was held in San Francisco as part of the SPIE Photonics West
Symposium. This proceedings volume contains manuscripts written by most of the
conference presenters who discussed their development and research on
vertical cavity surface emitting lasers (VCSELs) and applications. During the
conference, talkks from industry and academia were presented to many
interested listeners during seven sessions. This proceedings volume therefore
represents the state of both the industrial applications of VCSELs as well device
development for future applications.

Data communication application of VCSELs confinues to be an application
served by VCSELs. Several companies discussed their current VCSEL products that
operate at 14Gb/s modulation rate, and the status of the next generation of
devices at 20Gb/s and higher rates was described. VCSEL performance and
reliability confinue to drive the industry, and the demand of optical inferconnects
continue to challenge the industry. High power VCSEL arrays were reviewed, with
demonstrations of solid state laser pumping and other applications discussed.
Tunable VCSEL arrays were represented, with both data communication and
biological applications described. Finally, the technology development of VCSELs
received attention, with both structures and characterization included in several
talks.

Overall, the papers presented at the 2012 VCSEL XVI Conference included in
these proceedings show the continued advancement of VCSEL optoelectronic
technology as well as established and emerging applications.

Kent D. Choquette
Chun Lei

Xi






