
Trends in 
Optics and 
Photonics 

TOPS Volume XXXI 

Diode Laser Atomic Clock 

DFB 
$ 

Rb Vapor 
ji-wave out 

A» 

7J4 PD 

Clock Output 

ncreased input power 

2000 4000 
Time (s) 

DISTRIBUTION STATEMENT A 
Approved for Public Release 

Distribution Unlimited 
ffSlQ QUALITY mmwsMD 4L 

Advanced 

Semiconductor 

Lasers and Their 

Applications 

20000626 074 

OSA 
Optical Society of America 

Edited by Leo Hollberg and Robert J. Lang 



REPORT DOCUMENTATION PAGE AFRL-SR-BL-TR-00- 

b£4-i Public reporting burden for this collection of information is estimated to average 1 hour per response, includin I) C?^~f~/ *?■ 
gathering and maintaining the data needed, an.il completing and reviewing the collection of information.  Senc mis 
collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, .-  _,. ..-, , <rson 
Davis Highway, Suite 1204, Arlington, VA  22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington; DC 20503. 

1. AGENCY USE ONLY (Leave blank) 2.  REPORT DATE 3.  REPORT TYPE AND DATES COVERED 

15 Jan 99 to 30 Nov 99 Final 
4. TITLE AND SUBTITLE 

ORGANIZATION OF THE 1999 PHOTONIC SCIENCE TOPICAL MEETINGS 

6.  AUTHOR(S) 

Dr Thorner 

5.  FUNDING NUMBERS 

61102F 
2301/AX 

7.  PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 

Optical Society of America 
2010 Massachusetts Ave NW 
Washington, DC 20036 

8. PERFORMING ORGANIZATION 
REPORT NUMBER 

9.  SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 

AFOSR/NE 
801 North Randolph Street Rm 732 
Arlington, VA 22203-1977 

10. SPONSORING/MONITORING 
AGENCY REPORT NUMBER 

F49620-99-1-0101 

11. SUPPLEMENTARY NOTES 

12a. DISTRIBUTION AVAILABILITY STATEMENT 
APPROVAL FOR PUBLIC RELEASED; DISTRIBUTION UNLIMITED 

12b. DISTRIBUTION CODE 

13. ABSTRACT (Maximum 200 words) 

This volume of Trends in Optics and Photonics (TOPS) collects the 
papers from the 3rd ASIA conference, held July 21-23, 1999, in 

Santa Barbara, California.  Continuing the tradition of diversity 

of this conference, the papaers presented covered wavelengths from 
the visible to sub-millimeter, with spectral properties ranging 

from oscillations and chaos to high-purity single-mode operation. 
A particularly strong application area as always was sensing and 

spectroscopy; here, new sensor configurations were demonstrated in 
parallel with, or making use of , new diode laser 

characteristics.  We hope you find these papers interesting and 
useful in your own work, and look forward to seeing you at the 
next ASLA meeting in 2001. 

14. SUBJECT TERMS 15. NUMBER OF PAGES 

16. PRICE CODE 

17. SECURITY CLASSIFICATION 
OF REPORT 

UNCLASSIFIED 

18. SECURITY CLASSIFICATION 
OF THIS PAGE 

UNCLASSIFIED 

19. SECURITY CLASSIFICATION 
OF ABSTRACT 

UNCLASSIFIED 

20. LIMITATION OF ABSTRACT 

UL 
Standard Form 298 (Rev. 2-89) (EG) 
Prescribed by ANSI Std. 239.18 
Designed using Perform Pro, WHS/DIOR, Oct 94 



OSA Trends in Optics 
and Photonics Series 

Series Editor 
TingyeLi AT&T Labs. 

Volume 31 

ADVANCED 
SEMICONDUCTOR 
LASERS AND THEIR 
APPLICATIONS 

A!.'•'•. ::i.nv,;: •..>!■ I ,...;:. Or bLALri 1'iFIC 
RESEARCH(AFOSR) 
NITICE OF TRANSIMITTAL TO DTIC. TfflS 
TECHNICAL REPORT HAS BEEN REVIEWED 
AND IS APPROVED FOR PUBLIC RELEASE 
IWA APR 190-12. DISTRIBUTION IS 
UNLIMITED. 
YONNE MASON 
STINFO PROGRAM MANAGER 



Trends in Optics and Photonics Series 
Tingye Li, Series Editor 

Vol. 33    Bragg Gratings, Photosensitivity, and Poling in Glass Wavelengths, E. Joseph 
Friebele, Raman Kashyap, and Turan Erdogan, eds. 

Vol. 32    Photonics in Switching, Paul R. Prucnal & Daniel J. Blumenthal, eds 

Vol. 31    Advanced Semiconductor Lasers and Their Applications, Leo Hollberg and 
Robert J. Lang, eds. 

Vol. 30    Optical Amplifiers and Their Applications (1999) 
Susumu Kinoshita, JeffC. Livas, and Gerlas Van den Hoven, eds. 

Vol. 29    WDM Components 
Daniel A. Nolan, ed. 

Vol. 28    Ultrafast Electronics and Optoelectronics (1999) 
John Boivers and Wayne Knox, eds. 

Vol. 27    Advances in Photorefractive Materials, Effects and Devices 
Peter E. Andersen, Per M. Johansen, Henrik C. Pedersen, Paul M. Petersen, 
and Mark Saffman, eds 

Vol. 26    Advanced Solid-State Lasers (1999) 
Martin M. Fejer, Hagop Injeyan, and Ursula Keller, eds. 

Vol. 25    Optical Amplifiers and Their Applications (1998) 
Douglas M. Banexj, Katsumi Emura, and Jay M. Wiesenfeld, eds. 

Vol. 24    Fabrication and Testing of Aspheres 
John S. Taylor, Mark Piscotty, and Arne Lindquist, eds. 

Vol. 23    Symposium on Electro-Optics: Present and Future 
Hermann A. Haus, ed. 

Vol. 22    joint volume - Biomedical Optical Spectroscopy and Diagnostics / Therapeutic 
Laser Applications (1998) 
Eva Sevick-Muraca, Joseph Izatt, and Marwood N. Ediger, eds. 

Vol. 21    Advances in Optical Imaging & Photon Migration (1998) 
James G. Fujimoto and Michael S. Patterson, eds 

Vol. 20    Optical Networks and Their Applications 
Richard A. Barry, ed. 

Vol. 19    Advanced Solid State Lasers (1998) 
Walter R. Bosenberg and Martin M. Fejer, eds. 

Vol. 18    Radiative Processes and Dephasing in Semiconductors 
D. S. Citrin, ed. 

Volumes 1-17 Contact OSA Customer Service for more information 



OSA Trends in Optics 
and Photonics Series 

Volume 31 

Optical Society of America 
2010 Massachusetts Avenue, NW 
Washington, DC 20036-1023 
(202)223-8130 

ADVANCED 
SEMICONDUCTOR 
LASERS AND THEIR 
APPLICATIONS 

Edited by 

Leo Hollberg 
and 
Robert J. Lang 

From the Topical Meeting on 
Advanced Semiconductor Lasers and Their 
Applications 
July 21-23,1999 
Santa Barbara, California 

Sponsored by 
Optical Society of America 

In cooperation with 

US Air Force Office of Scientific Research 
and 

Electronics Society of'IEICE of Japan 
IEEE/Lasers and Electro-Optics Society 



Articles in this publication may be cited in other publications. In order to facilitate access to the 
original publication source, the following form for the citation is suggested: 

Name of Author(s), Title of Paper, OSA Trends in Optics and Photonics 
Vol. 31, Advanced Semiconductor Lasers and Their Applications, Leo Hollberg 
and Robert J. Lang, eds. (Optical Society of America, Washington, DC 2000), 

pp. xx-xx. 

Cover art courtesy ofKiyoshi Nakagawa, Yamagata University: 
Optical amplifiers cover the entire fiber transmission band, (see pp. 2-9) 

ISSN Number 1094-5695 

ISBN Number 1-55752-605-2 
LC Number 99-60567 

Copyright © 2000, Optical Society of America 

Individual readers of this publication and libraries acting for them are permitted to make fair use of the material 
in it as defined by Sections 107 and 108 of the U.S. Copyright Law, such as to copy an article for use in 
teaching or research, without payment of fee, provided that such copies are not sold. Copying for sale or copying 
for use that exceeds fair use as defined by the Copyright Law is subject to payment of copying fees. The code 1- 
55752-605-''/$ 15 00 gives the per-article copying fee for each copy of the article made beyond the free copying 
permitted under Sections 107 and 108 of the U.S. Copyright Law. The fee should be paid through the Copyright 
Clearance Center, Inc., 21 Congress Street, Salem, MA 01970. 

Permission is granted to quote excerpts from articles in this publication in scientific works with the customary 
acknowledgment of the source, including the author's name, name of the publication, page, year, and name of 
the Society^ Reproduction of figures and tables is likewise permitted in other articles and books provided that the 
same information is printed with them, and notification is given to the Optical Society of America. Repubhcation 
or systematic or multiple reproduction of any material in this proceedings, including contents and abstracts, is 
permitted only under license from the Optical Society of America; in addition, the Optical Society may require 
that permission also be obtained from one of the authors. Electrocopying or electrostorage of any material in this 
publication is strictly prohibited. Address inquiries and notices to the Director of Publications, Optical Society of 
America, 2010 Massachusetts Avenue, NW, Washington, DC 20036. In the case of articles whose authors are 
employees of the United States Government or its contractors or grantees, the Optical Society of America 
recognizes the right of the United States Government to retain a nonexclusive, royalty-free license to use the 
author's copyrighted article for United States Government purposes. 

The views and conclusions contained in this publication are those of the author(s) and should not be interpreted 
as necessarily representing endorsements, either expressed or implied, of the editors or the Optical Society of 
America. 

Printed in the USA 



Advanced Semiconductor 
Lasers and Their Applications 

Contents 

Preface ix 

High-Power, High-Brightness Semiconductor Lasers  

Progress in the development of broad-waveguide high-power 0.97-2.3 um diode lasers and CW 
room temperature 2.3-2.7 pin mid-infrared lasers 

Dmirtri Garbuzov 2 

>90mW CW superluminescent output power from single-angled facet-ridge waveguide diode at 
1.5pm 

S.H. Cho, I.K Han, Y. Hu, J.H. Song, P.J.S. Heim, M. Dagenais, F.G. Johnson, D.R. Stone, H.    5 
Shen, J. Pamulapati and W. Zhou 

Performance and reliability of high-power 670-690 nm CW laser diode bars grown by solid- 
source molecular beam epitaxy 

P.J. Corvini, P.A. Bournes, F. Fang, M. Financier, M. Jansen, R.F. Nabiev, M. Widman, S. 10 
Orsila, M. Saarinen, A. Salokatve, P. Savolainen, M. Toivonen and P. Uusimaa 

Large spot size single mode Bragg waveguide vertical cavity surface emitting lasers 
M.G. Greally, J. Masum, M.J. Adams, M.J. Steer, J.E.F. Frost, J.S. Roberts and J. Woodhead     13 

Large spatial mode, single frequency semiconductor lasers using two dimensional gratings 
Srinath Kalluri, Timothy Vang, Robert Lodenkamper, Michael Nesnidal, Michael Wickham,        16 
David Forbes, Johanna Lacey, Larry Lembo and John Brock 

Diode-Laser Spectroscopy: 1 

Laser diode-based lidar and applications 
James B. Abshire 20 

Diode-laser absorption sensors for industrial process monitoring and control 
D.S Baer, S.I. Chou, S. Sanders, M.E. Webber, S.D. Wehe and R.K. Hanson 22 

Quantitative wavelength modulation spectroscopy with diode lasers 
Jes Henningsen and Harald Simonsen 25 

Overview of sensitive detection and multiplexing techniques for tunable diode laser absorption 
spectroscopy 

Michael B. Frish 32 

Low-cost, single-frequency sources for spectroscopy using conventional Fabry-Perot diode lasers 
Garx L. Duerksen and Michael A. Krainak 35 



Diode-Laser Spectroscopy: 2 

An overview of external-cavity diode lasers for use in spectroscopy and WDM applications 
Robert Shine, Jr. 40 

Diode lasers, DFG and molecules 
D.G. Lancaster, D. Richter, R.F. Curl and F.K. Tittei 43 

Open air detection of C02, CO, and H2S with a DFB laser at 1.57 um 
Jes Henningsen and Harald Simonsen 47 

Development of a near-IR TDL probe for rapid species measurements in large pool fires 
Christopher R. Shaddix, Philip J. Santangelo, Peter D. Ludowise, Sarah W. Allendorfand 50 
David K. Otteson 

Diode laser-based detector for fast detection of binary gas mixtures 
Kevin L. McNesby, R. Reed Skaggs, Andrzej W. Misiolek, Jeffrey B. Morris, Brian Kennedy        53 
and Ian A. McLaren 

Coherence Control and Modeling 

Compact external-cavity diode laser at 633 nm with a transmission grating 
M. Merimaa, I. Tittonen, E. Ikonen, H. Talvitie, P. Laakkonen and M. Kuittinen 56 

Semiconductor lasers with broadband tunability 
Chinh-Fuh Lin, Bor-Lin Lee and Miin-Jang Chen 58 

Relaxation oscillation frequency properties in injection-locked semiconductor lasers 
Y. Hong and K.A. Shore 61 

Coherence collapse in semiconductor diode lasers with phase conjugate feedback 
J.S. Lawrence and D.M. Kane 64 

Suppression of coherence collapse in semiconductor diode lasers with short external cavities 
J.S. Lawrence, D.M. Kane and P.S. Spencer 67 

Communication with chaotic external cavity diode lasers 
S. Sivaprakasam and K.A. Shore 70 

Reprint from IEEE Journal of Quantum Electronics 35, 5, pp. 788-793. Transition to pulsed 
operation in short external-cavity FM semiconductor lasers 

P.S. Spencer, D.M. Kane and K.A. Shore 73 

Reprint from IEEE Journal of Lightwave Technology 17, 6, pp. 1072-1078. Coupled-cavity 
effects in FM semiconductor lasers 

P.S. Spencer, D.M. Kane and K.A. Shore 79 

Evaluation of comb bandwidth parameters for frequency-shifted feedback semiconductor lasers 
K.A. Shore and D.M. Kane 86 

Self-consistent analysis of carrier transport and carrier capture dynamics in quantum cascade 
intersubband semiconductor lasers 

K. Kälna, C.Y.L. Cheung, I. Pierce and K.A. Shore 89 



Modeling spatiotemporal dynamics of high power semiconductor lasers: microscopically 
computed gain and device simulation 

R.A. Indik, J. Hader, .I.V. Molonex and S.W. Koch ■ 92 

Microwave and Frequency-Conversion Devices  

Faraday-configured mode-locked p-Ge laser and p-Ge far-infrared amplifier 
R.E. Peak, A.V. Muravjov, S.H. Withers, R.C. S/rijbos, S.G. Pavlov and V.N. Shastin 96 

A three-diode-laser, terahertz-difference-frequency synthesizer and its applications toward far- 
infrared spectroscopy of ammonia and water 

Pin Chen, John C. Pearson, Herbert M.Pickett, Slutji Matsuura and Geoffrey A. Blake 103 

A compact microwave frequency reference using diode lasers 
N. Vukicevic, AS. Zibrov, L. Hollberg, F. Walls and J'. Kitching 106 

Frequency shifting of four-wave mixing of picosecond optical pulses in semiconductor optical 
amplifiers 

J.M. Tang and K.A. Shore 109 

Single and muliple wavelength conversion using double pump four-wave-mixing in a 
semiconductor optical amplifier 

Abhik Ghosh, Guang-Hua Duan, Gitoxi Sun and Mario Dagenais 112 

Efficient generation of tunable mid-infrared radiation in a channel waveguide 
Douglas J. Bamford, Konstantin P. Petrov, Arti P. Roth and Thomas L. Patterson 119 

Difference-frequency radiation around 4.3 pm for high sensitivity and sub-Doppler spectroscopy 
ofC02 

D. Mazzotti, G. Giusfredi, P. De Natale, J. Mitchell and L. Hollberg 122 

VCSELs and Applications 

Micromachined tunable optoelectronic devices for spectroscopic applications 
James S. Harris, Jr., Chien-Clumg Lin, Wayne Martin, Fred Sugihwo, Michael Larson, and 130 
Barbara Paldus 

Nonlinear spectroscopy using a current-modulated VCSEL 
C. Affolderbach, W. Kemp, S. Knappe, A. Nagel and R. Wynands 135 

Commerical gas sensing with vertical cavity lasers 
Mark Paige 141 

Transverse mode selection in index-guided VCSELs 
A. Walle, L. Pesquera, P. Rees and K. A. Shore 144 

Injection locking of shear-strain photonic lattices based on VCSEL arrays 
T. Fishman, A. Hardy, E. Kapon and H. Pier 147 



Quantum Cascade and Interband IR Lasers 

High performance quantum cascade lasers for trace gas analysis 
Federico Capasso and Claire Gmach I 156 

High-temperature continuous-wave operation of optically-pumped W lasers with X = 3 urn to 7.1 
pm 

W.W. Bewley, I. Vurgaftman, C.L. Felix, D.W. Stokes, LJ. Oiafsen, E.H. Aifer, J.R. Meyer, 158 
M.J. Yang, B.V. Shanabrook, H. Lee, R. U. Martinelli, J.C. Connolly and A.R. Sugg 

Optical gain calculations for 1.55 urn unipolar intersubband semiconductor lasers 
C.Y.L. Cheung, I. Pierce, P. Rees and K.A. Shore 161 

Relative intensity noise of unipolar intersubband semiconductor lasers 
N. Mustafa, L. Pesquera and K. Alan Shore 164 

Novel Semiconductor Lasers 

Blue nitride lasers: physics of operation and opportunities in vertical-cavity devices 
Arto V. Nurmikko and Y.-K. Song 168 

Quantum dot laser diodes 
S. Fafard, C. Ni. Allen, K. Hinzer and Z.R. Wasilewski 175 

Narrow-linewidth complex-coupled DFB lasers with gain coupling induced by vertical emission 
Nguyen Hong Ky, J. Robadey, J. -D. Ganiere, C. Gourgon, D. Martin, B. Deveaud and F.K.        178 
Reinhart 

Quantum dot semiconductor optical amplifiers 
Richard P. Mirin and Daniel J. Blumenthal 183 

100 GHz frequency step-tunable hybrid laser based on a vernier efect between a Fabry-Perot 
cavity and a sampled fiber Bragg grating 

Jean-Franqois Lemieux, Antoine Bellemare, Christine Latrasse and Michel Tetu 186 

Characterization and coupling of diode lasers by photorefractive wave mixing 
Peter Pogany and Hans J. Eichler 189 

Comparison between performance of SG and BSG DBR semiconductor lasers 
M. Gioannini, V. Guja and I. Montrosset 192 

A simple polarization insensitive scheme for four-wave mixing using one semiconductor optical 
amplifier and single pump source 

J.M. Tang and K.A. Shore 200 

How to have narrow-stripe semiconductor lasers self-pulsate 
Shahram M. Shahrui 203 

Author Index 215 

Subject Index 217 



Preface 

Since the first demonstration of semiconductor lasers in the 1960s, the diode laser has steadily 
expanded its wavelength range, power output, spectral capabilities, and reliability. Along the 
way, the unique capabilities provided by diode lasers has opened up new application after new 
application, enabling billion-dollar industries in data storage and fiber optics communications 
and countless smaller markets in sensors, materials processing, printing, and scientific 
instrumentation, to name but a few. The Advanced Semiconductor Lasers Applications meeting 
(ASLA) was started in 1995 and runs every two years with joint and alternating sponsorship of 
the OS A and the IEEE. ASLA has uniquely brought together laser device and applications 
scientists, providing a forward look at both semiconductor lasers themselves and their future 
uses. 

This volume of Trends in Optics and Photonics (TOPS) collects the papers from the 3rd ASLA 
conference, held July 21-23, 1999, in Santa Barbara, California. Continuing the tradition of 
diversity of this conference, the papers presented covered wavelengths from the visible to sub- 
millimeter, with spectral properties ranging from oscillations and chaos to high-purity single- 
mode operation. A particularly strong application area as always was sensing and spectroscopy; 
here, new sensor configurations were demonstrated in parallel with, or making use of, new diode 
laser characteristics. We hope you find these papers interesting and useful in your own work, and 
look forward to seeing you at the next ASLA meeting in 2001. 

Leo Hollberg 
Program Co-chair 
National Institute of Standards & Technology 
Boulder, Colorado 

Robert J. Lang 
Program Co-chair 
SDL, Inc. 
San Jose, California 

July 23, 1999 

** Previous Volumes 
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Progress in the Development of Broad-Waveguide 
High-Power 0.97-2.3 \xm Diode Lasers and 

CW Room Temperature 2.3 - 2.7 |im Mid-Infrared lasers 

D. Z. Garbuzov 

Sarnoff Corporation CN-5300 
Princeton, New Jersey, 08543-5300 

Recent investigations [1-6] demonstrate that increase of the waveguide thickness in separate confmement- 
heterostructure quantum-well (SCH-QW) diode lasers significantly decreases internal losses, leading to 
record high output powers. The maximum output power levels achieved in continuous wave (CW) 
operation are listed in Table 1 for 100-200 |im wide aperture (S) lasers based on GaAs [3,4], InP [2,6] and 
GaSb [5] lattice-matched structures. All tested devices had anti-reflective quarter-wavelength A1203 

coatings on the emitting facets and 95% high-reflective coatings on the rear facets. The devices had 1-2 
mm long cavity lengths and were mounted p-side down on copper heatsinks. 

Table 1. Broad Waveguide SCHQWlas ser Record P arameters 

Structure 
A, 

um 
W 
um 

S 
um 

T|d 
CW 

Pew       IM 
(W)       (A) 

InGaAsP/GaAs 
SCH, 2QW 

0.98 1.3 100 0.86 10.6* 13.0 

InGaAsP/GaAs 
SCH, 2QW 

0.98 1.3 200 0.86 16.8* 20.5 

InGaAsP/InP 
SCH, 30W 

1.47 1.3 200 0.64 5.2 12.0 

InGaAsP/InP 
SCH, 3QW 

1.83 1.1 100 0.51 1.75 8 

*In cooperation with University of Wisconsin-Madison 
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Fig.l. Power conversion efficiency and output power for an Al-free 
laser with 2 mm cavity length and 200 um aperture. 

All devices listed in Table 1 have the waveguide thicknesses, W, to about 0.8-1.3 urn; that is 3-4 times 
larger than what is normally used in conventional SCH-QW laser structures.   Our calculations [1,2,5] 

Reprinted from Advanced Semiconductor Lasers and Their 
Applications Conference^999 Technical Digest, 
©1999 Optical Society of America 
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show that waveguide broadening changes the transverse lasing mode distribution, dramatically decreasing 
the fraction of the mode propagating in the highly doped cladding layers. The increased mode 
confinement in the undoped waveguide region significantly decreases internal losses normally associated 
with free-carrier absorption in the doped cladding regions. An example of the BW structure output power 
capability for InGaAsP/GaAs devices is shown in Fig. 1. The results are for 2 mm long devices, mounted 
p-side down on copper heatsinks. Output powers of 16.8 W and 22.3 W at 980 nm were obtained for 
devices with an 200-|xm wide aperture in CW and QCW operation, respectively [4]. The corresponding 
results for lasers with 100-^im aperture are 11W (CW)and 14.3 W (QCW) [3]. 

In the second part of this paper we describe recent progress in the development of mid-infrared quantum 
well diode lasers which has led to the expansion of their CW-operating range up to 2.7 (im [7-9]. The 
broad waveguide SCH QW laser diodes were grown by MBE in system InGaAsSb/AlGaAsSb using n- 
GaSb substrate. The first version of such lasers, emitting in 2 (im range demonstrated record for this 
wavelength parameters [5]. In these lasers, Ino.17Gao.83Sbo.98Aso.02 1% compressively strained 
compositions were used as a material for QWs. To achieve the longer wavelength operation and keep 1% 
strain in QWs the compositional values for both of In and As in QW material should be increased 
simultaneously. However, at wavelength exceeding A. >.2.1 |xm the performance of such devices suffers 
significantly since QW material quality degrades rapidly as the irascibility gap is approached. In an effort 
to eliminate material quality degradation associated with miscibility gap we grew structures with heavily- 
strained, quasi-ternary InGaAsSb(As) quantum wells. The compositions of these QWs were outside the 
miscibility gap. About ten laser structures were grown whose the only composition parameter varied was 
the In (0.25 to 0.4) in the Double QW active region. We estimated that the As concentration for all these 
structures was less than 3 %. The QW thickness were in the range of 10 - 20 nm. The compressive strain 
in QWs increased from 1.5 to 2.3% with increasing In content. 

Figure 2 shows differential efficiency (T)d) and threshold current density (J^) for 2-mm-long-cavity diodes 
prepared from the five wafers with increasing In composition in the QWs. For lasers with In 
compositions in the QWs exceeding 35% (k = 2.7 urn) a sharp increase of J* and fast decrease of T|d 

caused by the strain relaxation and the generation of dislocations near the QWs. . 

120O 
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Fig.2. Laser parameters versus wavelength. 

For lasers with wavelengths shorter than 2.7 |J.m at T < 20 °C the laser parameters are weakly dependent 
on QW composition. The threshold current density in the pulsed regime only increases from 230 to 300 
A/cm2, as the wavelength increases from 2.3 to 2.6 u.m. The corresponding increase of Ju, in the CW 
regime is slightly higher, from 230 to 400 A/cm2.  Output power characteristics (P-I) measured in the 
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pulsed regime are linear up ten times the threshold current. Corresponding values of r|d (dashed line in 
Fig. 2) are independent of wavelength in the wavelength range of 2.3 - 2.6 urn and are close to 30% for 
all 2-mm-long-cavity devices. CW efficiency and powers for these lasers are presented in Tab. 2. 

Table 2. Broad Waveguide Mid-Infrared SCH Lasers with Heavily-Stained Quasi Ternary QWs 

Structure X 
urn 

W 
um 

S 
uin 

lid 
CW 

Pew       IM 
(W)      (A) 

AIInGaAsSb/GaSb 
SCH, 10W 

2.0 0.9 200 0.53 1.9 8.5 

AIInGaAsSb/GaSb 
SCH, 2QW 

2.3 0.9 100 0.3 0.5 5 

AIInGaAsSb/GaSb 
SCH, 20W 

2.5 0.9 100 0.25 0.4 5 

AIInGaAsSb/GaSb 
SCH, 20W 

2.7 0.9 100 0.1 0.03 2 

In conclusion we demonstrated that broad waveguide AlGaAsSb/InGaAsSb/GaSb diode lasers with 
heavily-strained quasi-ternary InGaAsSb QWs with In compositions of 25-38% operate CW at room- 
temperature in the wavelengths range from 2.3 to 2.7 um. For lasers with emission wavelengths from 2.3 
- 2.6 um at room temperature J* and r|d weakly depend on wavelength (Ja, = 300 A/cm and T|d = 30%). 
Maximum output powers of 500, 250 and 160 mW were obtained at room temperature for 100-um-wide 
stripe lasers emitting at wavelengths of 2.3,2.5 and 2.6 |im, respectively. 

The overall effectiveness of the BW-SCH-QW approach has been demonstrated in four different material 
systems (AlGaAs/GaAs, InGaAsP/GaAs, InGaAsP/InP, and AIInGaAsSb/GaSb), thereby providing a 
method for achieving high output power within a wavelength range suitable for most medical and 
industrial applications. 

References 

1. D. Garbuzov, J. Abeles, N. Morris, P. Gardner, A. Triano, M. Harvey, D. Gilbert, and J. Connolly, 
Proc. SPIE, 2682, 20 (1996). 

2. D. Garbuzov, L. Xu, S. R. Forrest, R. Menna, R. Martinelli, and J. C. Connolly, Electron. Lett. 32, 
1717 (1996). 

3. Al-Muhanna, L. Mawst, D. Botez, D. Garbuzov, R. Martinelli, and J. Connolly, Appl. Phys. Lett. 73, 
1182,(1998). 

4. D. Garbuzov, M. Maiorov, V. Khalfin, M. Harvey, A. Al-Muhanna, L. Mawst, D. Botez, and J. 
Connolly 

5. D. Garbuzov, R. Menna, H. Lee, R. U. Martinelli, J. C. Connolly, L. Xu, and S. R. Forrest, 
Conference on InP and Related Compounds, Hyannis, MA, 11 May, 1997,551-554. 

6. D. Garbuzov, R. Menna, R. Martinelli, J. Abeles, and J. Connolly, Electron. Lett. 33,1635, (1997). 
7. D. Garbuzov, H. Lee, V. Khalfin, R. Martinelli, R. Menna, and J. C. Connolly, CLEO/EUROPE - 

European Quantum Electronics Conference, Glasgow, Scotland, United Kingdom, 1998, paper 
CWL2. 

8. D. Garbuzov, H. Lee, V. Khalfin, L. DiMarco, R. Martinelli, R. Menna, and J. C. Connolly, SPIE 
Photonics West Conference'99, San Joce, CA, 1999, Paper 3625-93. 

9. D. Garbuzov R. Menna, M. Maiorov, H. Lee, V. Khalfin, L. DiMarco, D. Capewell, R. Martinelli, G. 
Belenky, and J. Connolly, SPIE Photonics West Conference'99, San Joce, CA, 1999, Paper 3628-32. 



>90mW CW Superluminescent Output Power from Single-Angled Facet-Ridge 
Waveguide Diode at 1.5 (im 

S. H. Cho, I. K. Han, Y. Hu, J. H. Song, P. J. S. Heim and M. Dagenais 
Department of Electrical engineering, University of Maryland, College Park, MD 20742 

Phone: (301) 405-3684, Fax: (301)314-9281, e-mail: 
chosh@eng.umd.edu, ikhan@eng.umd.edu, yhu@eng.umd.edu, jhsong@eng.umd.edu, heim@eng.umd.edu, 

dage@eng.umd.edu 
F. G. Johnson, and D. R. Stone 

Laboratory for Physical Sciences, College Park, MD 20740 
fred@lps.umd.edu, den@lps.umd.edu 

H. Shen, J. Pamulapati, and W. Zhou 
Army Research Laboratory, Adelphi, MD 20783 

Abstract: 
More than 90 mW CW of superluminescent power in a -65 nm bandwidth (full width at half 
maximum) with less than 1.5 dB spectral modulation was obtained from a single-angled 
facet ridge waveguide at 1.5 urn. The output beam was measured to be in a single spatial 
mode. This high superluminescent output power was realized by optimizing both the 
epitaxial layer and the waveguide designs and the device mounting. 

OCIS Codes : 140.5960 ( Key words: Semiconductor lasers, Multi-Quantum Wells, Superluminescent diodes) 

Introduction 

Superluminescent diodes (SLD's) have recently found numerous uses, in particular, in 
applications requiring broad band sources such as fiber optic-gyroscopes, optical sensors, optical 
coherence tomography [1], WDM passive components characterization, and spectrum-sliced wavelength 
division multiplexed metropolitain area networks [2]. Some of the largest reported superluminescent 
optical powers have been obtained in tapered laser structures. Tapered broad area stripe amplifiers at a 
wavelength of 0.85 |im [3] and 1.5 |im [4] have been shown to be capable of delivering 
superluminescent CW powers in excess of several hundred mW's in a near-diffraction-limited beam. 
Several bulk lenses, or micro-lenses, are typically used to remove the intrinsic astigmatism in these laser 
structure before coupling the light from the tapered amplifier into a single mode fiber. In other 
approaches favoring monolithic integration, re-growth can be used to integrate a waveguide lens with 
the laser. An interesting approach for producing a high optical power, broad spectrum, source uses a 
diode-pumped rare-earth-doped fiber. Such a source can produce powers in excess of 100 mW in a 
single mode fiber at 1.5 urn [2], but is typically bulky and costly. 

In this paper, we report having produced more than 90 mW of CW superluminescent power in a 
65 nm bandwidth (FWHM) spectrum with less than 1.5 dB spectral modulation. Our approach uses a 
single-angled-facet ridge waveguide laser structure. Because of the single-mode nature of the narrow 
ridge laser structure, almost no astigmatism is present. This will lead to high coupling efficiencies to 
single-mode fibers using simple optics or lens fibers. 

OSA TOPS Vol. 31 Advanced Semiconductor leasers and Their Applications 
Leo Hollberg and Robert J. Lang (eds.) 
©2000 Optical Society of America 
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Experimental Results 

The devices were fabricated from a four multiple quantum well wafer, grown by solid source 
molecular beam epitaxy (MBE). The epitaxial layer structure consists of four 0.9% compressively 
strained quantum wells and a single-step separate confinement heterostructure (SCH), as shown in 
Figure 1. The n-type cladding and core region consist of 1.0 Jim InP cladding layer with n ~ 5x10* cm" 
on the highly doped n-type InP substrate and four 10 nm Ino.73Gao.27Aso.82Po.is quantum wells 
surrounded by 10 nm Ino.73Gao.27Aso.57Po.43 lattice matched barriers. The SCH region is reduced to 50 nm 
of Ino.73Gao.27Aso.57Po.43 in order to expand the mode in the transverse direction. The QW and the SCH 
regions are undoped. The hetero-interface between the SCH region and the p-type InP cladding layer is 
doped heavily with the doping level of ~lxl018 cm"3 in order to minimize the reduction of the barrier 
height at the high carrier injection level [5,6]. The p-type cladding layer consists of 0.4 urn p-type InP 
cladding layer with p ~ 3xl017 cm"3 above the SCH region followed by 15 nm Ino.73Gao.27Aso.57Po.43 
etch-stop layer and 1.1 urn graded p-doped InP cladding layer from p ~ 5xl017 to 1x10 cm". A 0.15 
urn Ino.53Gao.47As p+-doped cap layer with p ~ 1.5xI019 cm"3 is used for p-contact. 
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Figure 1. Band edge profile of InGaAsP/InP based multiple 
quantum wells with a single step heterostructure (SCH). 

This epitaxial structure was designed to have a relatively large transverse spot size. A large 
transverse mode leads to a higher saturation power enabling a higher optical power density on the laser 
facets. A 1/e2 transverse diameter of 1.2 urn was obtained. In order to obtain the maximum output 
power, the length of the single-angled-facet ridge waveguide structure was optimized. The device was 
mounted p-side down on a copper heat sink. 

The schematic design of the single-angled-facet-ridge amplifier [7] is shown in Figure 2. The 
device consists of 1mm long single-angled-facet-ridge waveguide followed by 0.3 mm long straight 
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single mode ridge waveguide section. The single mode curved waveguide traverses an arc along the 
lmm length, with a constant radius of ~1 cm, intersecting the angled-facet at an angle of-8° relative to 
the normal of the facet. There were no differences on the threshold current and the slope efficiency 
between a straight and a double bent 2 mm long ridge laser. This indicates that there is almost no 
bending loss due to the curved ridge waveguide in this device. A low facet reflectivity on the order -10"' 
was achieved from the angled-facet. An additional anti-reflection coating was deposited on the both 
facets to further reduce the spectral modulation. 

5 |iin width 

8" angled facet 

->< 

1 mm long curved 0.3 mm long 
waveguide straight waveguide 

Figure 2. Schematic design of the single-angled-facet-ridge waveguide 

Figure 3 (a) and (b) shows the superluminescent light-current (L-I) curve and the spectrum 
obtained for different current levels. The output power starts rolling over above the current level of 400 
itiA and is saturated at 800 mA current due to the thermal effect, as shown from L-I curve in Figure 3 
(a). An optical power of more than 90 mW CW with a spectral bandwidth (FWHM) in excess of 65 nm 
was obtained with relatively low spectral modulation (1.5 dB) from the angled facet side of the device. 
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Figure 3. a) Superluminescent light-current curve from the angled facet side 
b) Spectrum at the different current levels 
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Figure 4 shows the lateral far-field profiles at different power levels, which indicates the 
spatially single mode output beams at the high output powers. In order to investigate the temperature 
dependence of the L-I curves of this singled-facet ridge waveguide source, the heat sink temperature 
was varied from 18 °C to 50 °C. Figure 5 shows the superluminescent L-I curves at the different 
temperatures. Even at the temperature of 50 °C, more than 3 mW of the superluminescent output power 
was obtained at the current level of -400 mA. 
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Figure 4. Lateral far-field profiles at the different power levels at 18°C 
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Figure 5. Superluminescent light-current curves at the different temperatures. 
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In summary, we have demonstrated the operation of a high power 1.5 urn superluminescent 
diode with a spectral bandwidth in excess of 65 nm. This was achieved by implementing a single- 
angled-facet, single-mode, ridge waveguide laser structure. An optical power of 90 mW was 
demonstrated, which is a record for a single-mode semiconductor superluminescent laser structure 
operating at 1.5 pm. We expect that this structure can be easily fabricated and that it will find numerous 
applications. 
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High-power AlGalnP laser diodes in the 670-690 
nm range are needed for a variety of applications, 
including pumping, illumination, displays, and 
medicine. Solid-source molecular beam epitaxy 
(SSMBE), which provides both good control over 
and safe handling of the Group V sources [1,2], is a 
promising technique for manufacturing these devices. 
We have previously reported on red single emitters 
fabricated on SSMBE-grown material [3]. Here, we 
extend this work and report on the performance and 
reliability of 670- and 690-nm bars made by SSMBE. 

Structures were grown in two reactors, both 
configured with multi-zone valved cracking cells for 
generation of As and P fluxes. (A description of the 
growth system and procedures has been given 
elsewhere [4].) Group III elements and the dopants 
Si and Be were evaporated from conventional 
effusion cells. Substrates and chamber were both 
outgassed extensively prior to growth. 

The epitaxial layer design is a conventional 
graded-index separate confinement heterostructure. 
All devices contain a single, undoped, 7-nm-thick 
GalnP quantum well under compressive biaxial 
strain, and a symmetric, undoped, continuously- 
graded AlGalnP waveguide. Cladding material is 
also AlGalnP. A GalnP barrier-reduction layer is 
used on the /»-side to improve hole transport in the 
structure. All structures were grown on exact-cut 
(100) w-GaAs substrates. As has been discussed 
elsewhere [5], growth on off-axis substrates to 
suppress ordering of the GalnP does not appear to be 
necessary in SSMBE growth of this material. 

Wafers were processed into 19-element 1-cm 
bars suitable for fiber coupling. Element spacing is 
500 urn center to center. Emitter width is 50 urn. In 
most of the work shown here, each element consists 
of a single 50-um emitter, for an overall fill factor of 
10%. Bars were cleaved to a cavity length of 1 mm, 
and standard anti-reflection/high-reflection coatings 
were applied to the facets. Bars are soldered p-side 
down onto copper heatsinks. 

Light-current characteristics for a typical 10%- 
fill-factor 685-nm bar, measured after burn-in, are 
shown in Figure 1. Lasing threshold is about 3.5 A; 
slope efficieny is 1 W/A. The power conversion 
efficiency at 5 W light power is 31%. Figure 2 
shows a spectrum for the same bar, measured at 5 W 
and 25 °C. The spectrum is narrow, with a full width 
at half maximum (FWHM) of 1.1 nm, indicating 
good uniformity among the emitters. (Spectral width 
for single emitters packaged from the same wafer is 
typically 0.8 nm). 

Two similar 685-nm bars have been lifetested at 
5 W; results to date are shown in Figure 3. The test 
is run at constant current, at a heatsink temperature of 
approximately 25 °C. Both bars were burned in for 
100 hours prior to lifetesting. During the 1700 hours 
of lifetest, one bar showed no degradation and may 
have improved slightly. The second bar showed less 
than 1% degradation in the 1700 hours. (This second 
bar exhibited a weak parasitic shunt path before burn- 
in that may be due to a material defect.) 

Reliability of bars at shorter wavelengths is 
measurably poorer than that of bars near 690 nm, but 
still very good. Figure 4 shows a lifetest of two 10%- 
fill-factor 670-nm bars, again conducted in constant 
current mode at 25 °C. These bars were operated for 
1100 hours at 3 W, and then turned up to 5 W for 
another 1000 hours. During the 1000 hours at 5 W, 
total degradation (i.e. change in output power for 
fixed current) was approximately 3%. 

These 670-nm bars were tested again after the 
above lifetest, with typical results shown in Figures 5 
and 6. From the light-current characteristics (Figure 
5), lasing threshold is about 4 A and slope efficiency 
1 W/A at 25 °C. Power conversion efficiency is 28% 
at 5 W light power out. A spectrum from the same 
bar, measured at 5 W at 25 °C, is shown in Figure 6; 
FWHM is 0.8 nm. Again, the narrow spectrum 
indicates good uniformity among the emitters. 

Reprinted from Advanced Semiconductor Lasers and Their 
Applications Conference,!999 Technical Digest, 
©1999 Optical Society of America 10 



Advanced Semiconductor Lasers and Their Applications 

The 19-element geometry is chosen for 
convenience in fiber coupling. Emitter width was 
chosen based on single-emitter reliability. With these 
constraints, increased power (and increased 
brightness for the same fiber dimensions) can be 
obtained by clustering emitters within each element. 
Figures 7-9 show preliminary results for a 20%-fill- 
factor structure, with 19 pairs of 50-um emitters. 

Light-current characteristics are shown in Figure 
7. The bar was tested to 15 W at 15 °C, with 28% 
power conversion efficiency at 15 W. Figure 8 
shows a spectrum for the same bar, measured at 10 W 
light output power at 15 °C. FWHM is 1.2 nm. 
Figure 9 shows the near-field distribution for a 
similar bar. The 38 emitters are clearly resolved. 
(Near-field was measured at 3 W due to limitations in 
the measurement setup.) 

In summary, good reliability has been demon- 
strated for 10%-fill-factor 5-W CW bars fabricated 
from SSMBE-grown 670- and 690-nm material. 
Preliminary results on 20%-fill-factor 670-nm bars 
are encouraging: 15-W CW operation with minimal 
thermal rollover indicates the feasibility of making 
reliable 10-W CW fiber-coupled arrays. 
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Figure 1. Forward voltage (broken line), light power 
output (solid line), and power conversion efficiency 
(triangles) vs. current for 10%-fill-factor 685-nm bar after 
burn-in. Measurement is at 25 °C. 
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Figure 2. Spectrum of same 685-nm bar as in Figure 1 
measured at 5 W at 25 °C. FWHM is 1.1 nm. 
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Figure 3. Constant-current lifetest of two 685-nm bars 
running at 5 W CW at 25 °C. After 1700 hours, one bar 
shows no measurable degradation. Second bar, which had 
an electrical anomaly before burn-in, shows <1% 
degradation. 
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Figure 4. Constant-current lifetest of two 670-nm bars 

at 25 °C. Initial power was 3 W; after 1100 hours, power 
was increased to 5 W. Degradation was approximately 3% 
in 1000 hours at 5 W. (Discontinuities correspond to 
excursions in the cooling-water temperature.) 
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Figure 7. Forward voltage (broken line), light power 
output (solid line), and power conversion efficiency 
(triangles) vs. current for 20%-fill-factor 670-nm bar before 
burn-in. (Threshold current normally improves during 
bum-in.) Measurement is at 15 deg C. 
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Figure 5.   Forward voltage (broken line), light power 

output (solid  line),  and  power conversion  efficiency 
(triangles) vs. current for 670-nm bar after 2000 hours' 
lifetest as shown in Figure 4. Measurement is at 25 °C. 
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Figure 8. Spectrum for 20%-fill-factor bar of Figure 7. 

Measurement is made at 10 W light output power at 15 °C. 
FWHMisl.2nm. 
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Figure 6. Spectrum of same 670-nm bar as in Figure 5, 

measured at 5 W at 25 °C after lifetest. FWHM is 0.8 nm. 
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Figure 9. Near-field for 20%-fill-factor 670-nm bar. 
Measurement is made at 3 W light output power at 25 °C. 
Bar contains 19 pairs of emitters spaced on 500-um 
centers. Each pair comprises two 50-um emitters separated 
by 50 nm. 
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Introduction 
The pursuit for a high-power single-mode Vertical Cavity Surface Emitting Laser (VCSEL) is 
currently generating considerable interest. The highest power reported for a single-mode device is for 
an 860nm oxide aperture VCSEL ' with a 3.5um aperture which delivered a maximum power of 
4.8mW before becoming multi-mode. We have designed and fabricated a novel VCSEL device which 
incorporates a cylindrical Bragg waveguide (BW) across the VCSEL. 

A cylindrical Bragg waveguide is composed of a series of concentric annuli of alternating high and 
low refractive indices surrounding a central core 2. Unlike a conventional step-index waveguide, a 
BW will support a fundamental mode within a core of arbitrary radius and refractive index. We have 
induced such a lateral waveguide across a 980nm VCSEL by patterning the top distributed Bragg 
reflector (DBR). This device therefore has two main advantages: the potential for large spot size 
single-mode devices and no requirement for regrowth. 

Etched GaAs A/2 layer 

Gold contact   I QW Active layers 

(b) 

Sara?-*-* 

■«-Cavilv-* bottom* 
* mmi 

Substrate 

Fig. 1 A schematic diagram of the top (a) and side view (b) of a VCSEL with a patterned reflector. 

BW VCSEL Design 
A conventional bottom emitting VCSEL (shown in fig.l) consists of an active region placed in a 
cavity between top and bottom DBRs. The reflectivity of the top DBR is increased significantly above 
that of the bottom DBR by the addition of a gold film which also acts as an electrical contact. A half- 
wavelength GaAs phase-matching layer separates the top DBR from the gold. It is this half- 
wavelength phase-matching layer that is etched into concentric rings, prior to gold deposition, which 
induces the cylindrical Bragg waveguide across the VCSEL cavity. 

We have developed a waveguide model to design a cylindrical BW for a 980nm bottom emitting 
VCSEL inducing transverse mode confinement for the HEU fundamental mode.3,4 The effective 
index approximation 5 is employed to calculate the change in effective index (An), across the VCSEL 
cavity. Etching away part of the X/2 layer results in a shift, AX., in the resonance wavelength, A, of the 
VCSEL cavity. The shift in cavity resonance is related to the change in the effective index of the 
cavity, ncav, by An = ncavAA/X.  The value of AX,, and therefore An, is determined as a function of 

Reprinted from Advanced Semiconductor luisers and Their 
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etch depth using the transmission matrix method,6 as shown in fig 2. The value of An can then be 
used to design the BW for a VCSEL, by applying the Yeh and Yariv 2 design method for a cylindrical 
Bragg fibre. 

100        200        300        400        500        600 

Etch Depth (Ä) 

700 800 900       1000 

Fig. 2 Theoretical data from transmission line modeling showing the wavelength shift, AA, as a 
function of etch depth into the top A/2 GaAs phase matching layer. The position of the required etch 
depth for devices with An=0.004 is indicated. Results are shown for devices with 6,12,18 and 24 
mirror pairs in the top DBR. 

Fabrication and Results 
We have fabricated a series of BW VCSELs from a MOCVD grown structure designed to operate at a 
wavelength of 980nm. This was based on conventional AlGaAs/GaAs stepped DBRs with six InGaAs 
quantum wells within a 2\ cavity. The BW designs were designed assuming a An value of 0.004 since 
this leads to minimum feature sizes of 1.3pm which are suitable for the standard photolithography 
used here. Larger values of An would lead to better confinement, but the smaller features make 
fabrication more difficult. For a 980nm VCSEL, An=0.004 corresponds to a wavelength shift AA, of 
11.2Ä. 

Figure 2 shows that this magnitude of shift can be achieved for a wide range of structures, but we have 
chosen to use 12 periods for the top DBR since this provides good tolerance to etch depth variations 
since AA. is only a shallow function of etch depth for this structure at the target depth. The figure 
shows that the etch depth required for the Bragg rings was therefore 380Ä, which can be achieved by 
wet chemical etching without undue distortion due to undercutting. The etch depth was checked by 
measuring AX. directly via the difference in lasing wavelength of test VCSELs on the chip which were 
etched over either all or none of their surface. The bottom DBR for these structures comprised 31 
periods, chosen to provide good reflectivity and reasonable output coupling efficiency. 

Figure 3(a) shows the LI curve for a device having a central core of radius 3.4pm. The total radius of 
this laser is 50nm, which encompasses 6 periods of the Bragg structure. The LI and spectral data 
reported here were recorded under pulsed conditions with pulse lengths of 200ns and a repetition rate 
of 50kHz. 

The threshold current of this device is 11.5mA and spectral measurements indicate that the output is 
initially single mode (figure 3(b)). This behaviour is maintained up to 14.5mA where the output 
power is 60pA. Above this, weaker higher order modes appear in the spectra. In principle, such 
modes should not be supported in a Bragg waveguide structure and the nature of the guiding leading 
to these modes is not yet clear. 
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Fig. 3 (a) LI curve for a BW VCSEL (b) Single mode spectra with current = 14.5mA. 

Single mode behaviour has been observed in many types of VCSEL, so to demonstrate that the BW 
controls the fundamental mode we show the beam profile in figure 4. This confirms that lasing is 
occurring from the centre of the device, roughly coincident with the central core. This agrees with 
our expectations, since the modelling suggests that the optical field of the BW mode is small beyond 
the first guiding ring. Above 14.5mA, where higher order modes appear, these modes are also 
concentrated in the central core but their detailed nature remains unclear. 

Fig. 4 Beam profile images of BW VCSEL devices. The edge of the device is also indicated. 

Conclusions 
In summary, we have produced a new type of single mode VCSEL whose guiding is controlled by a 
Bragg waveguide structure. The fundamental mode observed is concentrated in the central core and is 
clearly controlled by the Bragg waveguide. Unfortunately, other unexpected modes are also supported 
which appear at currents above threshold. The BW VCSEL potentially offers high power single mode 
output, but further studies of the inadvertent guiding mechanisms is required before this potential can 
be realised. 

References 
1. C.Jung et al. Elect. Lett. 33,1790 (1997). 
2. P.Yeh and A.Yariv J. Opt. Soc. Am. 68,1196 (1978). 
3. M.G. Greally et al. International Semiconductor Laser Conference 1998, TuE14, P121-122. 
4. M.G. Greally et al. To be published. 
5. G. R. Hadley, Opt. Lett. 20,1483 (1995). 
6. P.Yeh, Optical Waves in Layered Media, New York: Wiley, Chapter 5,1988. 



Large spatial mode, single frequency semiconductor lasers using two dimensional 
gratings 

Srinath Kalluri, Timothy Vang, Robert Lodenkamper, Michael Nesnidal, Michael Wickham, 
Doyle Nichols, David Forbes, Johanna Lacey, Larry Lembo, John Brock 

TRW 
One Space Park, Dl-1024 
Redondo Beach, CA 90278 

tel: (310) 813-3502 fax: (310) 812-8983 
srinath.kalluri @ trw.com 

Abstract: We demonstrate single mode operation of laser diode cavities up to 200um 
wide using 2-D Bragg gratings for simultaneous longitudinal and lateral mode control. 
OCIS codes: (140.2020) Diode lasers; (140.3490) Lasers, distributed feedback; (140.3570) Lasers, single mode; 
(140.5960) Semiconductor lasers. 

Introduction 
Broad area devices that can produce large and stable diffraction limited beams are desirable for delivering 
high optical powers. Novel approaches that use antiresonant narrow-stripe arrays [1], angled 1-D 
gratings [2], master oscillator/power amplifier lasers [3] and many others have been demonstrated in the 
literature for achieving high powers from large apertures. Some of these approaches have also 
demonstrated single frequency operation. We present here a novel technique for expanding the spatial 
mode size while maintaining both a large, diffraction limited output beam and single longitudinal mode 
emission. 

Most commercial single frequency, near infra-red diode lasers use one dimensional Bragg gratings 
for longitudinal mode control. We demonstrate that the concept of mode control using gratings can be 
extended to two-dimensions for simultaneous control of both the longitudinal and lateral modes. 
Longitudinal mode control permits narrow linewidth operation while lateral mode control permits lateral 
expansion of the fundamental spatial mode. Two-dimensional grating feedback lasers have been discussed 
in the literature [4-6], however, to our knowledge, this work is the first to demonstrate true 2-D DFB 
operation in semiconductor laser diodes. 

Design and Fabrication 
The transverse waveguide structure of our 2-D broad area laser is a conventional separate confinement, 
multi-quantum well heterostructure. All the epitaxial layers were lattice^ matched to the n type InP 
substrate and grown by MOCVD. The active region is composed of 8, 50Ä, InGaAsP quantum wells. A 
three-layer structure grown on top of the active region was used to define the gratings. This structure 
consists of a 75 nm thick layer of InGaAsP sandwiched between two thin layers of InP. The two 
dimensional gratings were written in photoresist by E-beam lithography and chemically etched into the 
InGaAsP grating layer by using the upper InP as an etch mask and the lower InP layer as an etch stop. 
Thus the thickness of the epitaxially grown InGaAsP grating layer precisely controls the depth of the 
grating. Gratings with long periods, AL, of 880 nm and 1100 nm (the short period, As is 220 nm for both 
designs) were written in 100pm and 200pm wide columns. These widths define the width of the 2-D 
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broad area laser cavity. The rest of the device fabrication steps include the regrowth of an InP upper 
cladding and p+ InGaAs Ohmic layer, followed by p metallization over the grating columns, lapping and n 
backside metallization. Finally, 800um long devices were cleaved and anti-reflection (AR) coated for 
testing. 

Figure 1 shows an atomic force microscope (AFM) image of a typical 2-D grating fabricated on 
the active region of our laser. The periods As and AL of this grating are 220nm and HOOnm respectively, 
which is a grating period aspect ratio of 1:5. Figure 2 shows a k vector schematic for this grating. In 
addition to the two degenerate 1-D modes, k+ and k-, typical of a conventional DFB laser; the two- 
dimensional grating couples four other degenerate modes kA, kB, kc and kD. Other vectors coupled by the 
grating lie outside the gain spectrum of the semiconductor material. The 2-D mode at the facet of the 
device is a superposition of these four modes. The periods and the aspect ratio of the periods in the 
orthogonal directions determine the angle and magnitude of the k vectors. Note that the length of the k 
vectors for the two kinds of mode also determines the feedback wavelengths; with the 1-D wavelength 
slightly red shifted (smaller Ikl) from the 2-D wavelength (larger Ikl). The k vector predictions for the 1-D 
(XiD) and 2-D (k2o) wavelengths and the expected internal (9i) and external angles (6EXT) for the two 
grating period aspect ratios in our design are listed in Table 1. Note that we use the wavelength 
separation between the 1-D and 2-D wavelengths to design the material gain peak to overlap the 2-D 
feedback wavelength and thus prefer it for lasing. Finally, AR coatings on the facets suppress any Fabry- 
Perot modes. 

K 

Fig. 1. AFM image of a grating written on top of 
the active region. AL and As are the long 
(HOOnm) and short periods (220nm) 
resDectivelv. 

271/As 
<r -> 

Fig. 2. k vector schematic 
showing the four 2-D coupled 
modes, kA, kß, kc and ko and the 
two 1-D modes k. and k+ 

Table 1. Expected Emission Parameters for Two Different 2-D Grating Laser Designs 

Aspect Ratio Ä-1D A-2D e, 6EXT 

1:4 1436 ran 1393 ran 14° 52.3° 
1:5 1436 ran 1408 ran 11.3° 39.8° 
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Device Results 
Lasers were tested in our pulsed current injection setup. The optical spectrum of the device was collected 
at both normal incidence and at the angle of peak 2-D emission (see Table 1). The amplified spontaneous 
spectrum at normal incidence for the 1:5 sample shows a small 1-D feedback feature at 1435 nm but no 
lasing modes. The spectrum collected at 40° for the same injection current is shown in Figure 3. The laser 
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Fig. 3. Optical spectrum of the 1:5 laser at 40 degrees angle of 
incidence. The emission wavelength is 1409 nm. 

1.0—1 

resolution bandwidth of our spectrum 
analyzer with up to 40 dB of side mode 
suppression. The ratio of the 2-D 
emission wavelength at 40° and the 1-D 
feature in the ASE at normal incidence 
match the predictions of the k vector 
geometry shown in Figure 2. Similarly 
consistent results were obtained for the 
1:4 laser. 

The lateral far-field of a 200um 
wide x 800um long device with a 
grating period aspect ratio of 1:5 is 
shown in Figure 4. Note that the far 
field emission is peaked at the external 
angles of ±40° in close agreement with 
the predictions of Table 1. We have 
achieved similarly consistent results for 
the 1:4 two-dimensional grating lasers 
with the far field peaked at ±52.7°. 
Figure 5 shows a high resolution scan of 
the far-field around an external angle of 
+40° for the 1:5 device at 1.9 times the 
threshold current. The far field is -1.6 
times the diffraction limit for a 200 um 
aperture; however in these initial 
demonstrations, no effort was made to 
prevent lateral current spreading in the 
p doped upper cladding. 

We have also developed a two- 
dimensional coupled mode theory to 
model these structures. Previous 

approaches [5,6] were appropriate for eases where the 2-D grating could be considered as two 
orthogonal 1-D gratings. Our model can handle more general structures where the 2-D gratings cannot be 
reduced to 1-D gratings. The far-field results match the predictions of the theory quite well. We have also 
used the theory to model structures where the gratings are tilted with respect to the facet for normal 
emission (instead of emission at ± 9). The model predicts that for the tilted structure, the lowest order 
mode maintains a low threshold and has good threshold discrimination. 
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Figure 4: Far-field scan of a 1:5 grating period aspect ratio 
laser of length 800um and width 200um. 
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800um long and 200pm wide. The beam waist of 0.4° is 1.6 times 
the diffraction limit for a 200pm aperture. Dots are measured 
data, solid line is a gaussian fit. 

In conclusion, the lateral far-field 
and spectral characteristics of a novel true 
two-dimensional distributed feedback 
broad area laser were used to demonstrate 
the simultaneous control of lateral and 
longitudinal modes. Narrow linewidth 
lasers with apertures as wide as 200 um 
were demonstrated. 
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Diode lasers have many properties which make them attractive for use in small laser 
remote sensing instruments. These include very small size and low mass, good average 
power, high electrical efficiency, and very high power/mass ratio. Other advantages are 
direct high speed modulation, flexibility in modulation format, and ease in wavelength 
tunability. Diode lasers can be selected with wavelengths which overlap with both 
sensitive photon counting detectors and the absorption bands of atmospheric water vapor, 
O2, and C02- 

There are several space and Earth laser remote sensing applications which benefit from 
these properties. They include satellite to satellite ranging systems for scientific 
measurements as well as for satellite rendezvous and station keeping. Diode transmitters 
are also attractive for miniature atmospheric lidar. A small aerosol diode lidar was 
selected is part of the payload for NASA's Mars 1998 Lander. A longer term goal for our 
group at Goddard is to develop a small landed planetary lidar for Mars atmospheric water 
vapor and high altitude aerosol measurements. 

Earth-based applications also benefit from measurements from small diode lidar 
instruments. Desired features are that they low cost, rugged, operate autonomously, eye 
safe and power efficient. Some examples include small networks of lidar to monitor water 
vapor transport for the NOAA GCIP program and monitoring polar atmospheric 
transmissions and polar cloud cover over remote sites in Antarctica and Greenland. 
Future applications include small lidar for measuring upper tropospheric water vapor 
from small unmanned aerial vehicles (UAV's) and for downward looking lidar on 
planetary orbiters. Orbital applications depend on further development of diode power 
scaling approaches. 

With the low peak powers typically available from diode lasers, important issues are 
modulation waveforms and collecting enough signal photons to make useful 
measurements. To date the applications have been compatible with long integration times 
(minutes to hours) for signal accumulation. An important question is how best to 
modulate the diode source within this integration time. Intensity modulation techniques 
which have been applied include monopulse modulation with kHz pulse rates, and using 
time-extended modulation formats, such as multi-frequency tones and pseudo-noise 
codes. 
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There are possibilities to extend these applications. Issues to be addressed include better 
stabilizing and controlling the diode's center emission wavelength under modulation, and 
techniques to increase the output power of the diode transmitter through power scaling or 
combining. Sub-nm bandwidth receivers are also needed. For space use, there are the 
issues of vibration, vacuum compatible materials and ionizing radiation. Instrument 
developers also face the issues of incentives for researchers and manufacturers to produce 
the needed specialized laser diode devices in (at least initially) small numbers while still 
achieving the properties needed in reliable devices. These applications, approaches and 
issues will be addressed in the talk. 
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Diode-laser absorption sensors have been developed for measurements and control of critical gas 
parameters in process streams including combustion, incineration, and semiconductor systems. These 
sensors employed tunable (distributed feedback and external cavity) diode lasers as narrow-bandwidth 
light sources for high-resolution absorption measurements of H20 (near 1.4 um), HBr (2.0 um), K (near 
0.77 um), and NH3 (near 1.52 urn). Gas temperature was determined from the ratio of measured 
absorbances. Species concentrations were determined from the measured absorbance of a single 
transition and the gas temperature. Gas velocity was determined from Doppler-shifted absorption 
lineshapes. This paper will review recent progress in the development of diode laser sensors at the High 
Temperature Gasdynamics Laboratory for various industrial applications. 

In the first project, a sensor system was developed measurements of gas temperature and H20 
concentration in combustion flows generated by a pulse detonation engine facility operated in the 
propulsion laboratory at the Naval Postgraduate School (NPS). A simplified schematic of the sensor 
system is shown in Fig. 1 (left). The PDE facility is, at present, a pre-detonation tube suited for 
exploration of detonation concepts in liquid-fueled systems. For these initial measurements, an optical 
test section that included ports for fiber-optic couplers and pressure taps was built at Stanford and 
subsequently attached to the pre-detonation tube at NPS. A set of four tunable diode lasers operating at 
selected resonant (1.34 urn, 1.39 urn) and non-resonant (1.65 um) wavelengths were amplitude modulated 
at high frequencies, multiplexed and directed to the test section using fiber-optic components. The laser 
transmission through the PDE flow was recorded using a high-bandwidth photodetector with subsequent 
filtering to separate the intensities associated with each laser wavelength. Water-vapor concentration and 
temperature values were determined from the absorption measurements after subtracting contributions 
due to scattering and beam-steering effects. For emission measurements, a fiber-coupled lens was 
attached to the optical test section to collect radiation due to particles (soot) and gaseous radicals 
(especially CH). The emission signal was directed onto three spectrally filtered detectors to enable 
determination of temperature through two-color pyrometry (650 nm, 1060 nm) and CH emission (430 
nm). 
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Fig. 1 (left) Optical diagnostics setup in pre-detonation tube at NPS. (right) Measurements of pressure 
(pitot probe), gas temperature, soot temperature, water vapor mole fraction, and UV emission. 

Some of the results of the initial visit to NPS are shown in Fig. 1. (right) which illustrates measurements 
of pressure, temperature (determined from TDL absorption and 2-wavelength soot pyrometry), H20 mole 
fraction, and CH emission in the pre-detonation tube operating on JP10+O2. Of particular note is the 
ability of the diode laser sensors to record important parameters over a wide range of temperatures and 
pressures in this complex combustion flow. 

In the second project, an external-cavity diode laser operating near 1.52 urn was used to record high- 
resolution measurements of NH3 spectra at elevated temperatures for sensitive in situ concentration 
measurements of ammonia slip above flat-flame burner operated on C2H4+air+NH3. Measured spectra, 
recorded in a heated static cell, were compared with calculations to verify the HITRAN96 database and 
used to determine optimum transitions for species detection. Individual lineshape measurements were 
used to determine fundamental spectroscopic parameters including the line strength and line-center 
frequency. 

Figure 2 illustrates measurements of NH3 mole fraction in exhaust gases above the burner for various 
NH3 flow rates (seeded into the fuel flow to simulate Thermal DeNOx applications). For these 
measurements the laser beam was directed across the flow in a multi-pass arrangement to yield a 1.65- 
meter path. A sensitivity of approximately 10 ppm was demonstrated using a direct absorption strategy. 
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Fig. 2 NH3 concentrations above a burner determined from absorption lineshapes near 1.52 um. 
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The third project involves the development and implementation of a compact sensor that capitalizes on 
the natural presence of chemically frozen potassium (K) for the determination of gas velocity from 
measurements of Doppler-shifted absorption lineshapes in high-velocity flowfields. The sensor was 
applied for velocity measurements in the Calspan 96-inch Hypersonic Shock Tunnel (Buffalo, NY). The 
design of the sensor is based on a larger version developed previously for simultaneous near-infrared 
H20 absorption measurements of temperature, species concentration, and velocity in hypersonic flows. 
The probe was installed directly into the flowfield, 25 cm below the nozzle centerline, to minimize 
complications due to boundary layers and facility vibration. Values of gas velocity (typically -4.2 km/s) 
were determined from lineshapes obtained every 0.1 msec by repetitively tuning the wavelength of a 
(AlGaAs) diode laser across the Di transitions near 770 nm (see figure 3). The measured gas velocities 
were consistent with (temporally averaged) values obtained from conventional tunnel measurements. 
The sensor is currently being applied for velocity measurements in hypersonic flows generated in the 
Stanford Expansion Tube and the results will be presented at the meeting. 
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Fig. 3 Single-sweep potassium absorption lineshapes (770.11 nm) obtained during a 9.53-MJ/kg test. 
The left (right) trace was obtained from a beam directed at a 43.8° (90°) angle with respect to the bulk 
gas flow. 

In the fourth project, wavelength modulation spectroscopy techniques were applied for sensitive 
measurements of HBr and H20 concentrations for semiconductor processing applications. DFB lasers 
operating near 2.0 um and 1.4 urn, modulated at 20.5 MHz, were tuned over HBr and H20 absorption 
features, respectively, to record high-resolution 2/ lineshapes. Species concentrations and gas 
temperature values were determined from measured absorption features recorded in an etch reactor 
operating over a range of conditions (1-100 mTorr, 300-800 K). Results from recent measurements will 
be presented at the meeting. 
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Abstract: Laser spectroscopy with wavelength modulation and second harmonic 
detection is used as a sensitive and highly selective technique for trace gas monitoring. 
Usually, the unknown concentration is derived by comparing with a certified reference 
mixture. We here present algorithms which will enable the quantitative analysis of the 
second harmonic signal to within ±10% without reference to a calibration gas. The 
algorithms are validated by measurements with an extended cavity diode laser on pure 
C02, and with a DFB laser on atmospheric C02. 
OCIS codes: (280.1120) Air pollution monitoring; (300.6380) Spectroscopy, modulation; 

Introduction 

Modulation spectroscopy with room temperature near infrared diode lasers is widely used for monitoring 
molecules through detection of overtone or combination band transitions [1,2]. In wavelength modulation 
spectroscopy (WMS) the laser frequency is modulated in the kHz range and the response is detected at 
one of the harmonics of the modulation frequency, most often the second. In the limit of small modulation 
depth where the modulation amplitude is much smaller than the line width, the second harmonic response 
is proportional to the second derivative of the absorbance. However, in order to maximize the signal, the 
modulation amplitude must be comparable to the line width, and both the magnitude of the response and 
the line shape then depend critically on the modulation amplitude. For a Voigt line profile a numerical 
analysis of the second harmonic response for a range of combinations of modulation amplitude and line 
width shows that the response can be well modeled by three analytic functions, which depend on the ratio 
of modulation amplitude to line width [3]. The implications of this result are studied through 
measurements with an extended cavity diode laser on pure C02, and with a DFB laser on atmospheric 
C02, using different transitions in the combination band centered at 1575 nm. 

Theory 

Radiation travelling over a path length L in a medium with absorption coefficient a suffers an exponential 
decay exp(-y) where y -oL is denoted the absorbance. In the vicinity of an absorption line centered at 
frequency v<>, the absorbance is given by 

y = LNSg(v-v0) (1) 

where N is the number density of absorbing molecules, S is the line strength of the absorption line, and 
g(v-Vo) is the area normalized line shape function. The power reaching the detector is given by 

P = PoK-e.xp(-j)~PoK(l-j) (2) 
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where P0 is the power launched into the absorption path, the factor K accounts for all losses except those 
associated with the absorption line, and the last expression holds for 7 « 1. 

The laser frequency is modulated according to v(t)=v+vmsin(a„,t), and the response is detected 
with a lock-in amplifier. Using 2f demodulation, the lock-in detector will recover the rms value of the 
second harmonic Fourier component. Assuming a linear detector, and noting that only the term 
containing y is modulated, we find that the lock-in output normalised with respect to the DC detector 
voltage can be written as 

1 1 
u =-rLNS ■- \g(v+v„, sm((Oj)-v0)cos(2o)j)d(a)j) 

■J2 Tl      A 

(3) 

In the weak modulation limit the line shape function can be Taylor expanded, and this leads to the usual 
result that the second harmonic is proportional to the second derivative of the line profile. However, if 
maximum second harmonic response is desired, as is the case in monitoring, the modulation amplitude 
will be way beyond the limit where the Taylor expansion applies, and the integral must be evaluated 
numerically. 

Fig.l. Second harmonic profiles for pure frequency modulation (left) and for simultaneous frequency and amplitude 
modulation (right). 

The line shape function in general is a Voigt profile, characterized by a Doppler width AvD, and a 
Lorentz width AvL, and we shall approximate the overall line width by the expression 

Av = (AvL
2+AvD

2),/2 (4) 

Generic second harmonic profiles are shown in Fig.l. Introducing the modulation depth b=v„JAv we find 
that for a wide range of combinations of v«, and Av, the amplitudes gi and g2, and the apparent line width 
AVapp can be expressed in terms of functions F(b), G(b), and H(b) as follows 
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(gt +g2)7&V=F(b) 

g2/g,=G(b) 

Avupp/Av = H(b) 

(5) 

(6) 

(7) 

Fig. 2 summarizes the results of numerical integration of Eq. 3 for line widths Av in the range 0.5 to 2.5 
GHz, and modulation amplitudes vm in the range 0.1 to 5 GHz, corresponding to the range 0.04<b<10. 
The solid lines represent analytical model functions 

-0.52/?012 +1 
F(b) = \.02 —  

0.55blU2+b ~ 
(8) 

G(b). 
0.30b '■"" +4 

0.47/>1AS6+l 

H(b) = (0.8%2+l)1/2 

which are tailored to provide a good representation in the range 0.1 < b < 10. 

(9) 

(10) 

modulation depth b modulation depth b modulation depth b 

Fig.2. Functions F(b), G(b), and H(b) characterizing amplitude and width of a strongly modulated Voigt line profile. 

Making use of these results, we may then write the overall amplitude u of the 2. harmonic line profile as 

(11) 
u = c-2A13-W2i)L[m]^S[cm/mol]~     *?>   i 

T[K] \f2KAv[GHz] 

where we have expressed the number density A' in terms of the concentration c, the pressure p, and the 
temperature T, and where the numerical constant is the combined effect of Boltzmanns constant and all 
the conversion factors needed in order to reconcile the different units. In the Lorentz limit, where the 
peak value of the line shape function is given by 
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1 (12) 
g(0) 

TüAv 

a simple relationship exists between the peak absorbance y(0) and the overall amplitude u of the 
normalized second harmonic signal 

1 (13) 
u = -r7(0)F(b) 

V2 

The results apply directly when using an extended cavity laser where modulation applied to the grating 
results in almost pure frequency modulation. For a DFB laser modulated through the injection current, an 
additional amplitude modulation must be taken into account. If the laser power depends linearly on the 
injection current, the amplitude modulation index am is a constant during the scan over the line, and we 
may then multiply the integrand in Eq.3 by a factor (l+amsin((Omt)). The amplitude modulation will give 
rise to a term, which in the low modulation limit is proportional to the first derivative of the line profile, 
and which will in general be antisymmetric with respect to the line center. Thus, if the overall amplitude 
of the second harmonic is defined in accordance with the right hand side of Fig. 1, the expressions of Eqs. 
8-10 remain good approximations. 

Experiment 

The theoretical results were validated through measurements on C02 lines of the 300012^00001 
overtone band centered at 6347.9 nm. A New Focus extended cavity laser was used in conjunction with a 
127 cm absorption cell for measurements on R42 at 6374.376 cm"1, and a full description of the 
experimental setup is found in [3]. The upper part of Fig. 3 shows the absorbance at 116 and 994 mbar 
and we see that the maximum absorbance of 3% satisfies the condition of Eq. 2. Measurements were 
performed at 8 pressures between 50 and 1000 mbar, and following the procedure of [3], the line strength 
S=0.22610"23 cm/mol and the self broadening parameter yL=2.253 MHz/mbar were determined after 
subtracting the two hot band lines located at the left edge of the tuning window, and taking into account 
the Lorentz tails of the neighboring lines R40 and R44. For both parameters the estimated standard 
uncertainty is less than 2%. For the collision broadening parameter our result agrees with the value 
quoted in the 1996 version of the Hitran database to within about 1% [4]. However, our result for the line 
strength is about 25% below the Hitran value, and this large discrepancy will be the subject of a more 
detailed investigation. The lower part of Fig. 3 shows the corresponding second derivative spectra 
recorded at a modulation frequency of 319 Hz and a modulation amplitude of 0.69 GHz. The wavelength 
was modulated through a piezoelectric transducer, and the symmetry of the second harmonic spectrum is 
the signature of pure frequency modulation. 

As a first step in the analysis of the second derivative spectra, the apparent line width AvupP is 
read, and the line width Av and the modulation depth b are determined from Eq. 7, Eq. 10, and the 
definition of b. Next, F(b) is evaluated from Eq. 8, and the line strength is determined from the peak-to- 
peak amplitude of the second harmonic spectra in conjunction with Eq. 9. The results obtained for 8 
pressures are show in Fig. 4, where the solid lines are the results of the absorbance measurements. 
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Fig.3. Absorbance spectra and second harmonic spectra for R42 at pressures of 116 and 994 mbar. 
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Fig. 4. Self broadening and line strength for R42, determined from second harmonic spectra. Solid lines are from 
absorbance measurements. 
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The results for different pressures are generally consistent. For the line width we find good 
agreement with the result of absorbance measurements, whereas the line strength is overestimated by 
about 10%. This discrepancy disappears if the modulation depth used in the analysis is taken as 0.71 GHz 
instead of 0.69 GHz, and this suggests a small systematic error in the measurement of frequency 
modulation amplitude versus modulation voltage amplitude. 

Measurements on atmospheric C02 were carried out in R12 at 6357.312 cm'1 with a DFB laser 
from Sensors Unlimited. The line strength and the self broadening parameter were determined as for R42 
with the results S=1.634-10"23 cm/mol and yL=3.040 MHz/mbar, and the scaling from self broadening to 

800 
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150 200 

Fig.5. Concentration of C02 in laboratory air, determined with wavelength modulation spectroscopy and with a Brüel and 
Kjaer photacoustic gas analyzer 

air broadening was taken from Hitran, resulting in an air broadening parameter of yair=2.196 MHz/mbar. 
The laser was modulated through the injection current at 319 Hz with a modulation amplitude of 4.1 
GHz, corresponding to a modulation depth of b=1.87 at ambient pressure. The concentration was 
determined from the amplitude of the second harmonic signal observed over 48 m path length, obtained 
by 3 double passes over an 8 m distance in the laboratory, using Eqs.8-9 with the known value for the line 
width. Fig. 5 shows the result as compared over 3 hours with the readings of a Brüel and Kjaer 
photoacoustic gas monitor BK1302, calibrated with a certified 400 ppm gas mixture. 

Conclusion 

We have demonstrated that wavelength modulation spectra recorded over a pressure range from 100 to 
1000 mbar can be quantitatively analyzed to produce line strengths or trace gas concentrations with an 
accuracy of about 10%. The analysis requires a knowledge of the pressure, the temperature, and the 
absorption path length, coupled with a well controlled frequency tuning of the laser in order to provide a 
reliable frequency axis and frequency modulation amplitude. For absorption lines with known line 
strength the analysis enables the determination of trace gas concentrations without reference to 
calibration with certified gas mixtures. 
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Tunable Diode Laser Absorption Spectroscopy (TDLAS) has become a popular and powerful 
technique for accurately, reliably, and continuously measuring trace concentrations of selected gases 
entrained in a gas mixture. Until recently, TDLAS for gas analysis was suitable for laboratory use only, 
requiring highly trained individuals to operate high-maintenance devices and provide expert interpretation 
of the outputs. Over the past five years, however, the technology has emerged from the laboratory to 
become a reliable, robust, and commercially available means for continuously measuring and, in some 
cases, controlling extremely small concentrations of selected trace gas species. The virtues of TDLAS are 
several: The probe beam need not physically contact the gas sample of interest, time response can be fast, 
the technique can be made exquisitely sensitive to very low target gas concentrations, and it offers the 
potential to accurately measure specific target gases free of cross-species sensitivities to other gases. 

TDLAS instruments rely on well-known spectroscopic principles and recently-perfected sensitive 
detection techniques, coupled with advanced diode lasers and optical fibers developed by the 
telecommunications industry. The principles are straightforward: Gas molecules absorb energy at specific 
wavelengths in the electromagnetic spectrum. At wavelengths slightly different than these absorption 
features there is essentially no absorption. By: (1) transmitting a beam of light through a gas mixture 
sample containing a (usually trace) quantity of the target gas; and (2) tuning the beam's wavelength to 
one of the target gas's absorption features; and (3) accurately measuring the absorption ofthat beam, one 
can deduce the concentration of target gas molecules integrated over the beam's path length. This 
measurement is usually expressed in units of ppm-m. 

In TDLAS instruments, tunable diode lasers serve as a light source having a well-defined but 
adjustable wavelength. Herein, we limit the discussion to near-infrared (<2 |xm) TDLs. These single chip 
solid state lasers are readily be coupled to optical fibers, and offer linewidths of less than 100 MHz, 
considerably narrower than molecular absorption linewidths which are typically 3 GHz at atmospheric 
pressure. The lasers are typically packaged with pre-aligned fiber optic couplers, as well as thermoelectric 
coolers and thermistors that permit the laser temperature to be regulated to better than 10 mK. Accurate 
control of the laser temperature, combined with accurate control of the electrical current that powers the 
laser, provides the means for precisely tuning the laser wavelength to a specific molecular absorption 
feature. Typically, the absorption feature is selected to be free of interfering absorbances from other 
molecules. 

Unlike many other types of spectroscopic gas analyzers, in TDLAS the laser wavelength is not set 
to stably reside upon the center of a selected gas absorption feature, but instead is rapidly and repeated 
scanned across the feature. While this scanning occurs, the fraction of emitted laser power that is 
transmitted through the gas mixture is monitored with a photodetector. Measurement of the change in 
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amplitude of the signal output by the detector as the wavelength sweeps through the absorption feature 
yields a precise and highly sensitive measure of the target gas concentration integrated along the path 
transited by the laser beam. 

To obtain this precision and sensitivity, it is important to utilize a detection technique that 
diminishes the effects of laser noise, which is characterized by a 1/f spectrum. Two basic techniques for 
overcoming laser noise have been developed. They are known as wavelength modulation spectroscopy 
(WMS) and Balanced Ratiometric Detection (BRD) 

In Wavelength Modulation Spectroscopy (WMS) the laser wavelength is continually scanned 
back and forth across the selected gas absorption line at a frequency, typically 1 MHz or greater, that 
exceeds the frequencies in which most of the system noise reside. Each time the laser wavelength crosses 
an absorption line of the gas through which the laser beam is transmitted, the power received by the 
detector is diminished. Thus, the presence of absorbing gas causes a periodic distortion of the detector 
signal. The average amplitude of one Fourier component of the distortion is measured using phase- 
sensitive detection. The averaging is performed for as long or as short a period as required to provide a 
system response time commensurate with the measured process. The resulting averaged signal is 
proportional to both the power of the transmitted beam and the path-integrated concentration of the 
absorbing gas. The average beam power is usually measured separately, and subsequently utilized for 
normalization. The resulting ratio is proportional only to path-integrated concentration. The 
proportionality constant is determined by calibration using a known gas concentration standard. 

TDLAS systems using WMS typically incorporate a mechanism for stabilizing the laser 
wavelength, known in the literature as "linelocking". An additional set of modulations and 
demodulations is performed to generate an "error" signal that is zero when the laser wavelength sweeps 
symmetrically around the center of the absorption line, and is non-zero if any asymmetry occurs. A 
feedback loop adjusts the average laser drive current to remove any asymmetry, thereby eliminating drift 
of the average laser wavelength in response to external events such as changes in ambient temperature. 
The spectral drift of a linelocked system can readily be made less than 100 MHz. 

In the BRD technique, laser amplitude noise is eliminated by measuring it independently. The 
output of the laser is split into two paths. One path directs the beam through the gas sample to be analyzed 
and thence onto the photodetector, while in the second path the beam impinges directly onto another 
photodetector. Electronic circuitry senses the ratio of the currents generated by the two detectors. Any 
common mode signals, specifically those originating prior to the beam splitter, are automatically 
eliminated from the ratio signal. Like WMS, the BRD is typically employed in conjunction with circuitry 
that scans the laser wavelength across the selected molecular absorption feature, although the scanning 
may be performed more slowly than in WMS. Any constant broadband extinction, that is, an absorption 
or scattering of the laser beam that is independent of wavelength across the width of the spectral feature 
and does not change during the scanning period, results in a constant signal output by the BRD. Any 
absorption by the target gas appears as a signal superimposed on the background. 

To obtain a gas concentration measurement using a BRD-based system the output of the BRD is 
digitized and recorded as the laser wavelength is scanned.   The wavelength scan is wide enough to 
assume that there is no significant molecular absorption by the target gas near the beginning and end of 
the scan. The signals measured in these so-called "wings" therefore represent the constant "baseline" due 
to broadband absorption or equivalent effects. This baseline value is subtracted from all points in the 
scan. The subtraction may be performed electronically, via a high-pass filter, or numerically after 
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digitization. The residual provides an accurate and detailed representation of the complete spectral feature 
shape. Target gas concentrations are deduced by numerical analyses of the spectral feature shapes. 

Many TDLAS practitioners have adopted an architecture that capitalizes upon the flexibility 
offered by optical fibers. The architecture separates the instrument into two distinct yet interconnected 
components, which are called the System Console and the Measurement Path. The laser beam originates 
within the System Console. The beam is brought via optical fiber to the Measurement Path. At the 
beginning of the Measurement Path, the laser beam exits the fiber and is transmitted into the sample gas. 
At the opposite end of the Measurement Path, the laser beam impinges upon the photodetector which 
converts it, and the information it carries, into an electrical signal that is returned to the System Console 
via electrical cable. At the System Console, the signal is processed and the path-integrated target gas 
concentration is reported. 

The fiber optic architecture enables the construction of highly-multiplexed systems, wherein 
several lasers are coupled together to sense several gas species in each of many measurement paths. 
Beams from several lasers, one for each target gas species, are initially combined onto a single fiber. The 
single fiber is subsequently split into multiple fibers, each of which serves a Measurement Path. (If BRD 
is utilized, the comparison beam is also split among the Measurement Paths.) Thus, each Measurement 
Path receives light from each laser. The output of the detector is de-multiplexed, and in WMS 
demodulated, to deduce the concentrations of each target gas. The multiplexing and de-multiplexing 
techniques are the same as those used in telecommunications including time, frequency, and wavelength 
division multiplexing. 

In time multiplexing, timing circuitry activates the lasers sequentially. This technique has been 
successfully implemented in a 3-species BRD-based systems as follows: Laser 1 is turned on, and held at 
a wavelength corresponding to the beginning of its scan for nominally 1 ms. During the next 2 ms, the 
wavelength is scanned to the other end of its range, and then the laser is shut off. The output during the 
scanning period is a waveform representative of the target gas absorption feature, with an amplitude 
representative of the gas concentration. Starting 0.3 ms later, Laser 2 follows the same sequence, 
followed by Laser 3. Thus, every 10 ms, all three lasers are scanned in sequence. 

Time multiplexing has also been successfully applied to WMS. However, WMS more naturally 
lends itself to frequency multiplexing techniques. Frequency multiplexing is the process of transmitting 
concurrently several signals of different frequencies to a single receiver, and then separating the signals at 
the receiver to analyze one at a time, or to utilize several receivers to analyze several signals concurrently. 
It is the essence of virtually all broadcast telecommunications systems. Though frequency multiplexed 
TDLAS is complicated by the need to pay careful attention to cross-channel interference, it is starting to 
be utilized in practical TDLAS systems. 

Both BRD and WMS can, in principle, take advantage of Wavelength Division Multiplexing 
(WDM) technologies being developed by the telecommunications industry. WDM is simply the concept 
of combining several laser wavelengths into a single fiber, as described previously, transmitting them 
through the Measurement Path, and then separating the wavelengths back into separate beams each of 
which impinges on its own detector and signal analyzer. This technique has not yet found much 
application in TDLAS because the wavelengths of interest in a multiplexed system may have very 
irregular spacings. The design of a widely applicable WDM receiver for TDLAS may prove to be 
impractical. 
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The wide bandwidth characteristic of the gain media of diode lasers makes them good sources 
for spectroscopy. In order to achieve the required spectral purity, however, either a DFB or 
DBR device must be fabricated, which incurs significant development costs for every target 
wavelength.  Conversely, conventional Fabry-Perot diode lasers can be fabricated relatively 
cheaply, and their design does not preclude operation at any wavelength within the gain 
bandwidth. Unfortunately,   their laser oscillations do not stabilize at one single-frequency, 
hopping chaotically between modes instead. This instability has been circumvented 
previously by two methods that employ a grating in an extended cavity configuration12 Here 
we demonstrate stable, CW, single-frequency operation from a non-AR coated Fabry-Perot laser 
diodes using only fiber-Bragg-grating (FBG) optical feedback. 

The basis for this frequency-stabilization experiment lies in the nature of the light reflected 
from a fiber Bragg grating. In the standard coupled-mode formalism3, the reflection spectrum of 
a FBG is derived from two counter-propagating modes, which are constrained by the structure of 
the two coupled differential equations to take the following form (in the notation of Erdogan4): 

Ä(z)sA(z)expi(&-*/2) 

S(*)EB(z)exp-i(&-0/2) 

where <(>/2 is the phase of the incident beam at z = 0, the middle of the FBG. When light is 
reflected from a mirror, the phase of the reflected light is always n out-of-phase with respect 
to the incident light. However, the phase of light reflected from a FBG, is given by the ratio 
R/S atz = -L/2, pexp- i(8L-<p), where L is the length of the grating: 

-Ksinh "vx:   -a L] 
p =  l        _   *   , (2) 
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Moving the source of the incident light induces a shift in the incident phase, <()-» <|) + A§, under 
which the phase of the two modes transforms as: 

R{z) -> exp(-iA0 / 2)R(z) 
=> p -» exp(-iA0)p (3) 

S(z)-»exp(iA0/2)S(z) 

In other words, the spatial variation of the phase of the reflected beam is conjugate to that of 
the incident beam (modulo the phase of B(-L/2), which depends only on wavelength). This 
property can be reconciled conceptually by regarding the phenomenon as one-dimensional four 
wave mixing where the hologram has been written permanently during an earlier exposure. 

At the short-wavelength band edge (dWx-) the phase of p is zero (fcis real for single-mode 
fiber), so that light reflected at this wavelengthwill interfere constructively at its source, 
regardless of the (1-dimensional) location of the source.   If a diode laser is temperature or 
current tuned so that the wavelength of the an axial mode coincides precisely with the short- 
wavelength band edge of a FBG, the reflected light will seed the laser with feedback that 
constructively reinforces only that axial mode, phase-locking the laser oscillations. 

We coupled a nominally 935 nm Fabry-Perot laser diode (Sensors Unlimited) into an angle- 
cleaved, ultra narrow-band (18 pm), 16% reflectivity FBG (Kromafibre, Inc.) with a reflection 
peak at 935.625 nm using the configuration depicted in Fig. 1. The laser temperature was 
controlled by an analog TEC with 1 mK resolution (Wavelength Electronics HTC 3000). The 
emission at the laser facet was imaged 1:64 onto a beam profiler (BeamScan), and the spectrum 
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characterized using an OSA (HP 7000A), a wavemeter (Burleigh WA-1500), and a scanning 
Fabry-Perot etalon (Burleigh). The optical-heterodyne measurement of the single-frequency 
linewidth used a Si-PIN detector (ThorLabs DET 210) and an RF spectrum analyzer (HP 8590A). 

lateral 
aperture 
stop 

[-©=0 B |1(H 
fib«r Bragg grating 

(from 
ECDL) 

FIG. 1. Experimental setup including linewidth measurement (dashed lines) 

For best coupling into single-mode fiber, the astigmatic laser beam was collimated on the fast 
axis, placing the virtual beam waist of the slow axis 5 um behind the facet. To accommodate 
the resulting mode mismatch with the anastigmatic feedback signal, we used a variable 
aperture stop on the slow (lateral) axis of the collimated beam.  This displaced the lateral 
focus of the feedback signal5 to coincide with that of the laser for a slit width of 1.45 mm. 

We tuned the laser wavelength, subject to feedback from the FBG, by varying its temperature 
(Fig. 2A). The spectral purity of the laser, measured by side-mode suppression ratio, tracks the 
reflectance curve of the FBG, offset about -3 pm to the band edge of the grating (Fig. 2B): 
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FIG 2A. Laser output vs. T overlaid on reflectance      FIG. 2B. Laser spectral purity overlaid on reflectance 
spectrum of FBG spectrum of FBG 

Detailed examination of the laser output reveals the spectra in figure 3: Off the band edge, the 
spectrum is broad; Slighüy off the band edge (the points at the top of fig 2B), the spectrum 
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comprises several phase-stabilized submodes that span about 7 Ghz-the approximate 
bandwidth of the FBG; True single-frequency operation results precisely on the band edge. 
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FIG. 3B. Scanning Fabry-Perot spectrum of single- 
frequency (dotted line) and phase-stabilized spectrum 

We characterized the linewidth of the laser by mixing the laser output at 935.625 nm with the 
output from an ECDL6 tuned to 935.624 nm and measuring the RF spectrum of the power beat note 
at the detector. The instantaneous (20 ms) linewidth was about 225 kHz and the time-averaged 
(2 s) linewidth was about 470 MHz (Fig. 4). 
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FIG 4A. Instantaneous (20 ms) RF spectrum 
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FIG 4B. Time averaged (2 s) RF spectrum 

The P-I characteristic curve (not shown) reveals that single-frequency operation lowers the 
lasing threshold by 15% and increases the slope efficiency by 5%. 

This experiment also was repeated using 0.1 nm FBG's with an SDL 5431 high-power laser at 
825 nm and an SDL 7311 buried heterostructure laser at 666 nm. Stable single-frequency 
operation was achieved for both lasers: In the first case, the slope efficiency was doubled, 
while the second case did not require a lateral aperture for stop single-frequency operation (-50 
dB side-mode suppresseion) . We infer from this result that rigidly confining the gain region 
within the confines of the waveguide sufficiently reduces spatial variation of the gain profile 
to nearly eliminate astigmatism and the associated mode-mismatch phase ambiguity. 
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Lasers that exhibit wide and continuous wavelength tunability are desirable for use in applications such 
as high-resolution spectroscopy, WDM telecommunications network development, and environmental 
monitoring. A diode laser itself can be tuned over its large gain spectrum by adjusting its operating 
temperature. However, because of the semiconductor laser's broad gain spectrum, more than one mode 
will often operate simultaneously, resulting in multiple output wavelengths and a broad spectral 
linewidth. By placing the diode laser in an external cavity, the system can be forced to operate in a 
single-mode. With careful design, the external-cavity diode laser (ECDL) will also tune continuously 
over a wide wavelength range. The ease-of-use, continuous tunability and wide choice of wavelengths 
have allowed ECDLs to move from research to industrial applications in a very short time. 

External-cavity tunable diode laser design principles are similar to those used for dye lasers, so the ideas 
developed to achieve wide tunability in dye laser systems can be applied directly to ECDLs. The most 
common cavity configuration for an ECDL is the Littman-Metcalf design, as shown in Figure 1 [1]. For 
optimum performance in this cavity, the laser diode cavity (chip) modes must be suppressed with a very 
good anti-reflection (AR) coating. An example of the diode laser output before and after AR coating is 
shown in Figure 2. With the diode laser providing a wide gain spectrum, the operating wavelength is 
selected by the external cavity, consisting of a collimating lens, diffraction grating and a mirror. The 
double-pass scheme coupled with grazing incidence on the grating results in a very narrow spectral pass 
band and therefore excellent wavelength selectivity. Tuning is achieved by adjusting the angle of the 
mirror, which selects a unique diffracted wavelength. Continuous tuning is only obtained if the same 
cavity mode remains under the diffraction grating pass band as the mirror is rotated. This can be 
achieved by carefully selecting the pivot point about which the mirror rotates [2]. The reflected zero- 
order beam from the diffraction grating is the output beam. 
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Figure 1. Schematic of the Littman-Metcalf cavity 
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Figure 2: Diode laser fluorescence output before and after AR coating. Note the large 
modulation due to the cavity (chip) modes without the AR coating. 

Since the ECDL design is based on well-developed, commercially-available Fabry-Perot diode lasers, 
ECDL manufacturers can offer products in a wide range of wavelengths. Currently available 
wavelengths span the range from 630 nm to beyond 1630 nm, which covers many important wavelengths 
for atom trapping, spectroscopy, telecommunications and metrology. New wavelengths can also be 
added very quickly following the advances in semiconductor design and fabrication. New Focus has 
worked with the Sarnoff Corporation to develop ECDLs in the 2 |im range and beyond. Researchers at 
Sarnoff designed and fabricated a new strained-layer InGaAs/InP quantum-well ridge-waveguide 
semiconductor laser. Tensile strain was added in the barrier region to extend the operating wavelength to 
2 Jim. This diode laser was then AR-coated and placed in an external cavity. This laser tunes 
continuously from 1960 nm to 2040 nm as shown in Figure 3. Current work is underway to extend this 
wavelength range to 2.3 |xm and beyond using antimonide-based semiconductor lasers. The 2.0, 2.3 and 
2.7 nm ranges are especially interesting for spectroscopy of molecular species such as C02, H20, N20, 
and NH3 for combustion diagnostics and environmental monitoring, and for HBr for in-situ gas phase 
substrate etching for the semiconductor industry. 
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Figure 3: Tuning curve of an ECDL operating in the 2 |im range. 

On the other end of the spectrum, Nichia Corporation in Japan has taken the lead in developing blue and 
violet diode lasers and have recently announced lifetimes of 10,000 hours under cw operation at room 
temperature. This level of performance is adequate for many commercial applications, and once these 
diode lasers are commercially available, a blue ECDL is sure to follow. While the significant driver for 
diode lasers at this wavelength is the CD market for increased storage density, the 400 nm region is very 
interesting spectroscopically. The shorter wavelength can also improve the resolution in metrology 
applications. 
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The voracious appetite for bandwidth created by the Internet has driven the development of ECDLs in the 
1550 nm region for test and measurement of WDM systems. Applications range from simulating 
channels in the design of a WDM system to characterizing components such as filters, splitters and 
MUX/DEMUXs. As the channel spacing of WDM systems has moved from 200 GHz to 50 GHz or even 
narrower, the truly continuous tunability and the accurate wavelength control of ECDL have become 
critical in testing components. With the explosive growth in the number of narrow-band components to 
test, new measurement techniques are also being investigated. While very accurate wavelength 
characterization can be obtain by the "step & measure" technique, this method can be extremely time 
consuming. A new technique using an extremely linear wavelength scan can obtain the spectra in a 
second. By using a known wavelength marker and the extremely linear wavelength scan of the laser, 
narrow-band components can be characterized in a single scan. 
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Figure 4: Transmission of a fiber Bragg grating measured with a single scan of a linearly 

swept ECDL. 

As ECDL technology enters industrial and manufacturing environments such as those mentioned for 
testing WDM components, the additional requirement of reliability is added to the technical performance 
specifications. The ECDL has now been through as much as four product generations and can meet the 
reliability specifications of the most demanding customers. The current generation of New Focus 
ECDLs is designed to meet stringent shock, vibration, temperature and humidity specifications. 

While the ECDL technology has only been available at a variety of wavelengths for about 5 years, it has 
very rapidly gained acceptance as a tool in spectroscopy and telecommunications applications. A key to 
this success has been the availability of highly-reliable Fabry-Perot semiconductor diode lasers at a wide 
variety of wavelengths, with recent advances extending the range both into the 2 um range and in the 
blue-violet region. Product reliability improvements allow the ECDL to penetrate into manufacturing 
environments with tremendous growth in WDM component testing. While the majority of current 
applications for the ECDL are in telecommunications and spectroscopy, tunability in an easy-to-use 
package will enable many other applications in the near future. 
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Abstract: The development and characteristics of compact diode laser pumped mid- 
infrared difference frequency gas sensors are reported. One such tunable cw sensor 
operates in the 3.3 to 4.4 u.m spectral region and uses a diode-seeded fiber amplifier. 
Results show that fiber coupled sensors are capable of real-time, highly selective and 
sensitive measurements of numerous trace gas species in ambient air, presently CH4, 
H2CO, HC1, C02, N20, and H20 
OCIS codes: 280.3420, 300.6340,190.2620, 060.2320 

Introduction 

Significant developments in tunable diode laser technology and nonlinear optical materials 
have led to the demonstration of compact optical gas sensors operating in the 3-5 Jim spectral region 
based on difference frequency generation (DFG). The characteristics of these sensors have been 
shown to be suitable for the sensitive, selective and real-time detection of numerous molecules with 
rovibrational spectra in the mid-infrared fingerprint region. Since CW DFG was first demonstrated 
using two low power single longitudinal mode laser diodes [1] (generating several nW), improvements 
in diode laser pump sources and nonlinear optical materials (eg. periodically poled LiNb03, PPLN) has 
increased the DFG power to tens of uVW's, thereby yielding minimum detectable absorbances of < 10 
(or ppb concentrations) with the use of low noise thermo-electrically cooled infrared detectors (NEP ~ 
pW(Hz)"l/2). Suitable DFG pump sources include distributed feedback (DFB) and distributed Bragg 
reflector (DBR) diode lasers, extended cavity diode lasers (ECDLs), semiconductor master oscillator 
power amplifiers (MOPAs), diode-pumped non-planar ring Nd: YAG lasers and more recently, diode 
laser seeded rare earth doped fiber amplifiers. 

Portable and tunable DFG sensors have been demonstrated to be suitable for real-time trace gas 
sensing [2]. A sensor based on discrete optics (measuring 30x30x60 cm3), generated mid-infrared 
radiation near 3.5 |j,m by difference frequency mixing a 100 mW Fabry-Perot laser and Nd: YAG laser. 
Such a sensor measured ppb levels of CO and H2CO gas over a period of several weeks in a human 
rated simulation chamber located at NASA-Johnson Space Center for ground verification 
measurements for the life support system of the international space station program [3]. 

In recent DFG work, the emphasis has been on improved sensor robustness against vibrations 
and temperature drifts by using optical fiber for beam delivery, combining and amplification. 
Furthermore, attention has been paid to using diode laser pump sources that are fiber coupled 
('pigtailed'), or can be fiber coupled. Fiber pump delivery also facilitates the efficient use of the wide 
gain bandwidth commercially available ytterbium and erbium doped fiber amplifiers.   Diode laser 
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pump sources we have used include telecom DFB diode lasers near 1.55 |im (telecom ITU grid), DBR 
diodes available near 1 ^m, a-DFB high power 1.064 urn diode lasers, and broadly tunable ECDLs. 
These diode lasers have characteristics that are desirable for high-resolution spectroscopy for field gas 
concentration measurements. Characteristics include inherent frequency stability, narrow linewidth, 
direct current modulation, and cw single frequency pump powers from 2-500 mW. 

Sensor configuration 

A portable DFG sensor that is continuously tunable from 3.25 - 4.40 |im is shown 
schematically in Fig 1. This device uses as pump sources an ECDL (P=20 mW, X= 814 to 870 nm) 
and a distributed Bragg reflector (DBR, P=50mW, ^=1083 nm) diode laser seeded Ytterbium doped 
fiber amplifier pumped by a 975 nm, P=2 W diode laser [4,5]. The fiber amplifier boosts the seed 
pump power of 10 mW at 1083 nm to 540 mW. Both lasers are coupled into a single mode fiber and 
combined by a wavelength division multiplexer (WDM). The linear polarization output from the fiber 
for a e+e^e nonlinear mixing process in the PPLN crystal is maintained by using two polarization 
controllers in the fiber delivery system. Coarse tuning is achieved by rotation of the feedback mirror in 
the Littman style ECDL. Fine tuning and scanning of single or multi-component absorption lines of up 
to -25 GHz is accomplished by current modulation of the DBR diode laser (-50 Hz). The sensor, 
including driver electronics, optics and an 18 m multi-pass cell, was mounted on a breadboard (45 x 45 
x 12 cm3). 

An achromat lens (f=l0 mm; 0.25 NA) was used for imaging the fiber output (terminated with 
a FC-APC connector) into the PPLN crystal. A 19 mm long, 0.5 mm thick PPLN crystal with a 
broadband AR-coating applied to both end faces contained 8 quasi-phasematching channels (0.5 mm 
wide) from 22.4 - 23.1 |im in 0.1 |im increments. In fig. 2 the mid-infrared power (DFG idler) as a 
function of wavelength is shown (right axis) with up to - 3 |J,W generated. The conversion efficiency 
is also plotted in fig. 2 (left axis) with a peak efficiency of 0.82 mW/W2 (0.08%/W) at a wavelength of 
3.5 |im. This value compares reasonably with a theoretically predicted DFG conversion efficiency of 
1.4 mWW"2. 
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Fig. 1: Optical setup of a fiber coupled widely tunable 
DFG spectrometer. 
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Spectroscopic performance 

Shown in Fig. 3 is a Doppler broadened spectrum obtained from a 1 torr CH4 sample (Doppler 
FWHM=270 MHz) in a 3 cm cell (20 averages over 0.2 s). The measured Gaussian absorption 
linewidth indicates a DFG linewidth of 42 ± 5 MHz (assuming a Gaussian DFG lineshape). 

To characterize the detection sensitivity, prepared low concentration calibration mixtures of 
gases could be drawn through the multi-pass spectroscopic cell at reduced pressures (90-100 torr). For 
instance, using a 860 ± 43 ppb mixture of H2CO in air (Scott Specialty gases) a concentration of 887 ± 
19 ppb was measured (1 measurement every minute for 40 minutes, A,=3.53 jim). Using a 1773 ± 1 
ppb CH4 in air mixture a concentration of 1830 ± 15 ppb was measured, which is within 3.1 % of the 
calibrated concentration (1 measurement every 8.7 s for 19 minutes, ?i=3.29 |im). These measurements 
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agree closely with the calibrated gas mixture concentrations if the ± 2 % uncertainty in the path length 
of the multi-pass gas cell is taken into account. Absorption cross sections used were from Ref [6] and 
Hitran96 respectively. Fig. 4 shows the detected methane concentration and the generated mid-IR 
power as a function of time. The ambient concentration was measured at ~2 ppm, with higher 
concentration spikes which are attributed to the intermittent operation of the central air-conditioning. 
This long-term experiment shows reliable operation of the fiber coupled spectroscopic source of both 
the generated mid-IR power as well as the inherent frequency stability for a time interval of 18 hours. 
In similar fashion, C02 (4.2 (im), N20 (3.9 urn), N02 (3.5 |im), H2CO (3.5 Jim) and HC1 (3.5 (im) have 
also been investigated. 

In recent experiments using a new DFG sensor architecture, we have addressed the issues of 
increased power and sensitivity. The sensor, which is based on difference frequency mixing seeded 
lu.m Yb and 1.5 |im Er/ Yb fiber amplifiers in PPLN, has produced up to 0.7 mW [7]. Furthermore 
we have demonstrated the use of a dual beam detection configuration which allows optical noise to be 
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cancelled out by use of a reference beam, which is obtained by a beam splitter placed in front of the 
multi-pass cell, and directed to a second detector. Using this technique we have demonstrated an 
increased optical sensitivity of ± 2.8 x 10"5 (L= 100 m in a multi-pass cell) which implies, for instance, 
sub-ppb level CH4 detection. 

In conclusion, robust, compact and widely tunable fiber coupled diode laser pumped mid - IR 
sensors suitable for the real-time detection of various trace gases have been reported. The same sensor 
DFG architecture is also suitable for difference-frequency generation of longer IR wavelengths (> 5 
(im) using quasi-phase matched GaAs with a transparency range from 2 |im to 16 um [8]. 
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The use of DFB lasers oscillating around 1.57 (im for the detection of molecules having overtone or 
combination bands in this region has been the subject of numerous publications over the last 10 years. 
However, in almost all cases the schemes applied have relied on flowing samples of the gas to be analysed 
through multipass absorption cells of the White or Herriot type. The absorption is determined by 
normalising the transmitted signal with respect to the signal admitted to the cell, since in the absence of 
absorption the ratio between these signals is in principle constant. When monitoring over a long path in 
open air, the radiation travels one or several double passes between a launching module and a 
retroreflector. One problem is associated with the lack of control over the signal returning to the detector 
after the travel in open air. The return signal is influenced by turbulence and scattering, and it is strongly 
affected by lack of stability of the retroreflector relative to the launching module. A second problem is that 
it is not possible to remove the target molecules from the measuring volume by evacuation, and therefore 
the determination of a zero reference becomes troublesome. 

We here describe an open air monitor capable of the simultaneous detection of C02, CO, and H2S. The 
monitor uses wavelength modulation spectroscopy (WMS) where the laser frequency is modulated in the 
kHz range and the response is detected at the second harmonic. We give a realistic assessment of the 
detection limit and conclude that for practical monitors WMS is not inferior to other detection schemes 
such as frequency modulation spectroscopy (FMS), where the modulation frequency is chosen in the MHz 
range, and two-tone frequency modulation spectroscopy (TTFMS) where modulation frequencies in the 
GHz range and the MHz range are applied simultaneously [1]. 

ramp 

Fig. 1 Schematic diagram of open path DFB laser monitor. 

Reprinted from Advanced Semiconductor leasers and Their 
Applications Conference,!999 Technical Digest, 
©1999 Optical Society of America 47 



Advanced Semiconductor Lasers and Their Applications 

A schematic diagram of the monitor is shown in Fig.l. Radiation at 1572.9 nm from a DFB laser (Sensors 
Unlimited) is conducted through 50 m of single mode optical fiber to the launching unit, and after leaving 
the fiber the radiation is colhmated by an AR coated lens with 75 mm focal length (L). It next passes 
through a pellicle beam splitter (BS) which diverts about 10% to the reference detector Di, and then 
performs a number of passes between two flat mirrors before arriving at the signal detector D2. The base 
length of the absorption path is 8 m, and with mirror dimensions of 100x75 mm2 and 75x50 mm for the far 
and near mirror respectively, a total path length of 16, 32, 48 or 64 m can be achieved by simply rotating 
the 45° launching mirror in a horizontal plane. The detectors are 5x5 mm2 Ge photodiodes, and 
preamplifiers are integrated in the detector mounts. The laser current is ramped to provide a linear 
frequency scan of 30 GHz, and at the same time modulated at 313 Hz with a modulation index large 
enough to optimize the signal to noise ratio. The detector signals are sent to two identical lock-in amplifiers 
(Stanford Research SR530) and the second harmonic signals as well as the input signals to the lock-ins are 
digitized with an AD/DA card (Data Translation DT2802). 

A single scan consists of 200 steps. For each step, the two 2. harmonic signals are normalized with respect 
to the DC signals, and the normalized reference signal is subtracted from the normalized transmitted signal. 
The integration time of the lock-ins is set at 10 ms, and a delay is introduced so that the total time 
consumtion amounts to about 15 ms per step, leading to 3 s per scan. The final signal is taken as a running 
average over 10 scans, leading to an effective time resolution of about 30 s. The progression in the data 
analysis is shown in Fig.2, where we show from top to bottom the 2. harmonic signals recorded by the 
signal detector and the reference detector, the single-scan result of normalization and subtraction, and the 
10-scan average. When performing the normalization it must be taken into account that the 313 Hz current 
modulation leads to a substantial amplitude modulation in addition to the frequency modulation. 
Normalizing with respect to the instantaneous value of the DC signals would lead to disaster since these 
signals contain the effect of the amplitude modulation sampled at times which are random with respect to 
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the modulation cycle. We suppress this effect by normalizing with respect to a sliding average over 20 
steps. The normalization routine ensures that the resulting spectrum becomes insensitive to variations in the 
return signal on a time scale longer than 0.3 s. The subtraction routine eliminates spectral features which 
might be present in the laser signal when it arrives at the beam sputter, i.e. features which originate in the 
laser itself, or from imperfect fiber connectors, fiber splitters, etc. 

Scans corresponding to different gas compositions are seen in Fig.3. The laser can be temperature tuned 
over the range 1571 - 1575 ran, and if the 30 GHz current tuning window is centered at 1572.9 nm, it is 
possible to cover the R12 line of the 2v1+2v2+v3 band of C02 at 1572.992 nm (at ~ 25 GHz), the Rl line 
of the 3v overtone band of CO at 1572.868 nm (at ~ 9 GHz), and a strong absorption at 1572.912 nm 
Which is the combined absorption in H2S of the transitions 818<—717 and 808<—707 of the Vi+v2+v3 band 
(at = 15 GHz). Since the poisoneous gases CO and H2S cannot be released in the laboratory, the different 
concentration levels are simulated by 15 cm sealed cells of 25 mm clearance, each filled with a mixture of 
the appropriate gas and N2, at a concentration scaled by the ratio between the transmission path length 
6400 cm and the cell path length 15 cm. In all cases the N2 concentration is high enough that the line shape 
is determined by N2 collisions, so that the line profile is the same as would be observed if the gases were 
released in the lab. The sealed cells are positioned immediately in front of the detector D2 in order to ensure 
that all of the radiation reaching the detector has also passed through the cell. 

The minimum detectable signal is determined by residual noise in the compensated signal. From the peak- 
to-peak value of this noise we arrive for 64 m path length at a minimum detectable absorbance of 5-10"4 

which translates into about 40 ppm C02, 50 ppm CO, and 5 ppm H2S. For C02 and H2S this is near 
optimum in this spectral region, since we are using lines with line strength comparable to the strongest 
lines. For CO, however, the line strength of Rl is is about 38% of the strongest line R7 at 1568.036 ran, 
and the detection limit can therefore be improved by about a factor of 2.5 by optimum choice of line. 

The use of WMS might seem somewhat archaic in view of the fact that numerous reports exist on 
absorbance limits down to 5-10"8 using either FMS or TTFMS [1]. However, in our point of view those 
reports neglect the presence of long term drift, a complication which invariably has to be dealt with if the 
monitors are to have a future outside the laboratory [2]. Increasing the modulation frequency only improves 
the signal to noise ratio if the dominant noise source is the laser itself, and this is probably rarely the case in 
real life. In our case the limiting factor is fringe-like structures such as that seen below 20 GHz in Fig.3 (a), 
reflecting imperfect cancellation of spectral features in the radiation leaving the collimating lens. Although 
such structures may be repeatable over several minutes, they exhibit drift over time intervals of hours and 
hence introduce an unpredictable contribution to the signal. 

[1] Peter Werle, "A review of recent advances in semiconductor laser based gas monitors", Spectrochimica 
Acta Part A 54 (1998) 197-236. 
[2] A.M.Ballangrud, "Diode laser spectroscopy for gas monitoring and environmental pollution and for 
industrial process and emission control", Thesis, University of Oslo, Norway, (1993). 
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Introduction 
Researchers at Sandia have been experimentally and numerically investigating large-scale pool fires for 
several years, because of the risk that these fires pose to critical engineered systems during transport 
accident scenarios. Experimental measurements in large fire research have traditionally been limited to 
thermocouples, heat-flux gauges, and bidirectional velocity probes, due to the difficulty of fielding optical 
measurement techniques in this turbulent, optically thick, high-temperature environment. Recently, 
Sandia developed and successfully implemented an insulated, water-cooled fiber optic probe that utilized 
a combined HeNe-laser-absorption, 2-color emission technique to determine soot volume fraction 
distributions and soot temperatures over a 2-cm sampling distance in a 6-meter diameter JP-8 pool fire 
[1]. Photographs of the probe and the type of fire it is used in are shown in Figure 1. This probe system 
has now been affixed to a rail system on the bottom of the pool, allowing optical measurements to be 
performed as a function of radial distance at a given height in these fires. With the collection and analysis 
of soot property data, attention has turned to the measurement of gas-phase species concentrations 
(together with soot properties), in order to evaluate mixing phenomena, gas-phase radiation interactions, 
and soot formation and oxidation chemistry in these large fires. 

Figure 1. The photograph on the left shows a fiber-optic probe design for local optical measurements 
in large fires. The entire probe is wrapped in fire-proof insulation, with the small protruding 
line-of-sight tubes (front, left) defining the sample volume. Water cooling and a small 
nitrogen gas purge protect the fiber optic cabling and associated optics. A typical 
experimental flame system is a 5-m diameter pool fire of JP-8, shown here in the photo on 
the right. 

Reprinted from Advanced Semiconductor Lasers and Their 
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Near-IR tunable diode laser (TDL) absorption spectroscopy appears to be the most promising technique 
currently available for performing the requisite species measurements, because of the narrow linewidths 
of TDLs (discriminating against spectral interferences), the sensitivity of TDL measurement systems, and 
the ready-coupling of TDLs to low-cost, highly transmissive fiber optic cabling. In addition, laser tuning 
by means of injection current ramping allows very fast spectral scans to be performed by TDLs over 
absorption features of interest, effectively freezing the local flowfield that is being probed. In spite of 
these favorable features of near-IR TDLs, performing quantitative species measurements in fires remains 
a formidable challenge, due to the very weak overtone and combination band rovibrational transitions in 
the near-IR, the highly transient flowfield, and the time-dependent beam steering, optical attenuation, and 
thermal emission effects from the sampled flame volume. These considerations, coupled with our desire 
to multiplex four or more lasers over a given sample volume, have necessitated a laboratory-based 
research program to elucidate the optimal design choices in fabricating a TDL system for applications to 
the fire environment. The major components of our research program and our findings to date our 
summarized below. 

High-Temperature Spectroscopy 
The end-goal of Sandia's research program into large pool fires is to develop both an experimental 
understanding and a modeling capability to realistically describe heat transfer to 3-dimensional objects 
situated near or within the fire. To achieve this goal, one would like to measure the local fuel, oxygen, 
and combustion product concentrations (to determine the local mixture fraction), as well as species 
specifically associated with gaseous radiative transport and with soot formation and oxidation. This list 
includes, as a minimum, 02, CO2, H2O, CO, C2H2, OH, and an indicator fuel species. If we choose CH4 

as the indicator fuel species, then all of these species may be detected, in principle, with near-IR TDLs. 
However, oxygen detection is via the electronic A-band transitions at 760 nm, necessitating the use of a 
separate fiber optic cable and detector for its measurement. OH radical concentrations do not correlate 
well with mixture fraction in diffusion flames, so such measurements appear to be of less value than those 
of the other listed species. Consequently, we have focussed our attention on evaluating the prospects of 
detecting C02, H20, CO, C2H2, and CH4 in pool fires. 

Because of the incompleteness and errors associated with HiTran/HiTemp [2] calculations of absorption 
spectra at high temperatures in the near-IR, we have used a low-pressure flat flame/FTIR facility to 
measure absorption spectra. Unfortunately, the need to multipass the incoherent IR beam through the 
flame to achieve sufficient FTIR sensitivity compromised the temperature definition of the captured 
spectra. Improved spectra for C02 and H20 have been obtained by utilizing external-cavity TDLs and 
distributed-feedback (DFB) TDLs in a multipass configuration above an atmospheric-pressure burner in 
an optical chimney. Taken together, these measurements provide a unique experimental database for 
choosing optimal transitions of CO2, H2O, CO, C2H2, and CH4 to probe at high temperature in the near- 
IR. In particular, we have evaluated water and C02 interferences with respect to detecting the other 
species of interest. 

In Situ Multipassing 
Because of the weak absorption linestrengths and the need to limit the physical sample volume to a length 
of a few cm, multipassing of the TDL beam over the sample volume is desired. However, maintaining 
optical alignment in an open-path setup, particularly with the unavoidable heating of the probe during fire 
experiments, may prove to be difficult. Also, beam steering across the flame sheets in the probe volume 
may be exacerbated by multipassing, and the exponential increase in beam attenuation with pathlength 
through a sooty region ultimately compromises the benefits of multipassing. We are presently 
experimenting with multipassing through a turbulent, buoyant diffusion flame in order to improve our 
understanding of these effects. 
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High-Frequency wms/Multiplexing 
The two most common techniques to sensitively perform TDL absorption spectroscopy are to use high- 
frequency wavelength modulation spectroscopy (wms) or to apply balanced ratiometric detection (BRD) 
with a reference detector. Similar sensitivities (typ. detection limit of 10"6 absorbance) have been reported 
with these two techniques in steady-state laboratory experiments. However, the BRD approach does not 
respond well to transient variations in the measured light intensity and therefore is not well suited for 
measurements in the pool fire environment. In order to properly interpret the 2nd harmonic (2f) signal 
from a wavelength-modulated TDL spectral scan, the characteristic scan time across the absorption 
feature of interest must be less than any of the time scales characterizing the flowfield across the probe 
volume. Experimental measurements show that these time scales can be less than 1 ms. Therefore, in 
order to apply wms to kHz frequency spectral scans, modulation frequencies > 1 MHz must be used. 
Such frequencies are easily achieved, but commercial diode controllers are limited to 2 MHz modulation 
and commercial rf lock-ins are expensive and have time constants on the order of 100 (is, which are 
insufficient to suitably resolve kHz-level spectral scans. Consequently, we are evaluating the relative 
merits of utilizing modulation frequencies of up to 5 MHz, with 2f detection via the use of custom rf lock- 
ins (consisting of standard electrical components such as frequency doublers, filters, amplifiers, and 
mixers). 

Several options exist for a multiplexed TDL system with all of the incident laser light combined into a 
single fiber, including "temporal stagger", "grating separation", and "distinct frequency" approaches. For 
this application, with the incumbent need for high-frequency wms, the "distinct frequency" approach 
appears to be most favorable, although there are important considerations such as saturation of the 
detector and 2f crosstalk. Our experiments have demonstrated that laser crosstalk can easily be avoided at 
1 MHz level modulation with frequency separations of 100 kHz or more, depending on the relative 
magnitude of the 2f signals on the different channels. 

Lineshape Fitting 
In order to deduce species concentration information from measured 2f spectral scans, the gas 
temperatures must be known. With this information, correlations of peak 2f signal versus temperature 
may be used (accounting for the dependencies on linestrength, collisional broadening, and gas density), or 
else the best fit to the entire measured 2f feature may be calculated. We plan on implementing 2-line H20 
thermometry to measure the gas temperature through the probe volume. We are also investigating the 
relative benefits of detecting the wms signal using other harmonics (esp. If or 3f), with respect to 
optimizing the S/N for the weak spectral absorptions. 
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For many automated fire suppression systems onboard military vehicles, the 
nominal time-to-fire-out, after detection by thermal or light sensors, is 250 
milliseconds. Because of this critical requirement, detailed evaluation of new fire 
suppression systems installed onboard military vehicles requires measurements 
of fuels, oxidizers, fire suppressants, and combustion products with a time 
resolution of 10 milliseconds or better. Because of the extreme hostility of the 
testing environment, the measurement system needs to be capable of remote 
operation, and the sensing probe needs to be inexpensive and readily 
replaceable. 

Wavelength modulation spectroscopy (WMS) is typically used for concentration 
measurements of molecules with narrow, well resolved ro-vibrational absorption 
lines, such as hydrogen fluoride gas. Large and/or heavy molecules may not 
posses well resolved ro-vibrational absorption bands because of overlap 
between fundamental, combination, and overtone vibrations, and because of 
rotational constants which may be less than typical gas phase linewidths. Figure 
1 shows the near-infrared vapor phase absorption spectrum of the hydrocarbon- 
based turbine fuel JP-8. For this molecule, the absorption spectrum near 5881 
cm-1 is essentially a continuous hump. Because of this, conventional WMS is 
not a practical method for determination of vapor phase concentration of JP-8 
fuel. 

The talk will focus on the development and characterization of near-infrared 
tunable diode laser-based gas sensor to simultaneously measure concentrations 
of oxygen and the vapor from a series of volatile organic compounds. Signal 
processing is performed digitally, and control of the sensor and electronics, data 
collection, and real time readout is by a laptop computer. The discussion will 
focus on the methods used for laser selection, phase sensitive detection, data 
storage, and concentration measurements for species which do not possess well 
resolved rotational-vibrational spectra. 
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Figure 1: The near infrared absorption spectrum of JP-8 fuel at 355 K. 

This work is supported by the Next Generation Fire Suppression Technology 
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Diode lasers are widely used in experiments in optical and atomic physics and increasingly in spectros- 
copy and frequency stabilization. Their small size, high power, low price and simple operation account 
for their popularity, but they nevertheless have their drawbacks. Poor tunability, large linewidth and op- 
eration on multiple longitudinal modes mainly restrict the usability of solitary diode lasers. It is widely 
known that these properties can be improved by operating the diode laser in a longer external cavity 
which provides frequency selective optical feedback [1,2]. 

A traditional external-cavity diode laser is based on a reflective diffraction grating in the Littrow configu- 
ration as shown in Fig. 1 (a) [3]. A significant improvement can be obtained by using a transmittive grat- 
ing, as shown in Fig. 1 (b), as it totally removes the problem of turning the output beam while tuning the 
laser wavelength, which is a major drawback in the reflection geometry. Transmittive gratings have not 
been used before due to the difficulty of obtaining 15-20 % diffraction back to the laser without signifi- 
cant power loss to other diffraction orders or reflections. We report on construction of a novel external- 
cavity diode laser based on a low-loss transmission diffraction grating. The grating has been designed and 
manufactured at the Physics Department of the University of Joensuu. 

Figure 1. External-cavity lasers. The traditional reflection geometry (a) and the novel 
transmission geometry (b). Note that in (b) the output beam direction does not change. 

The mechanical structure of the laser is shown in Fig. 2. The optical length of the cavity is 32 mm, yield- 
ing free spectral range of 4.7 GHz, which is enough to give robust single mode operation. The laser 
source is an AR-coated 15 mW laser diode (SDL-7501). The transmission grating is fabricated onto a 
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Si02 substrate with electron beam lithography and reactive ion etching with the optimized grating pa- 
rameters: period 447.6 nm (-2200 lines/mm), height 122 nm and fill factor 0.5. The grating is coated with 
a 76 nm thick Ti02 layer using vacuum evaporation. The grating transmits 80 % of the power, diffracts 
15 % back to the laser and only 5 % of the power is lost. These experimental values compare favorably to 
the theoretical calculations which give 17.3 % diffraction and 76.6 % transmission, indicating excellent 
mastering of the manufacturing process. Three independent piezoelectric transducers are used to control 
the grating rotation and the cavity length to achieve wide continuous tuning range [4]. 

Figure 2.   Mechanical structure of the external-cavity laser based on a transmission grating. 

When the laser is properly adjusted, the threshold current is 44 mA and the differential efficiency is as 
high as 0.47 mW/mA. The total tuning range of the laser is ±4 nm around 632 nm with a continuous tun- 
ing range of 12 GHz. The spectral purity of the laser is very good; the linewidth is 360 kHz and the side- 
mode suppression is 40 dB. The laser intensity noise is only two times the shot noise at frequencies 
higher than 5 kHz at the output power of 8.5 mW. Thus the relative intensity noise (RIN) is -155 dB/Hz. 

The results prove that the transmission configuration provides excellent performance without the problem 
of directional variation of the output beam. The transmission configuration is also suitable for making 
extremely compact external-cavity lasers. 
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Semiconductor lasers have potential ap- 
plications in many areas due to their compact 
size, low cost, integration possibility with 
electronics, and so on. For many applications 
such as optical communication and spectro- 
scopy, wide-range tunability is important. 
Conventional semiconductor-laser materials 
have a gain bandwidth around 50 meV, which 
is the major limitation for tunability. The gain 
bandwidth can be broadened by several 
methods such as stacking twin active layers 
with different bandgaps, ' using n=l and n=2 
transitions in the same quantum well simulta- 
neously, 2 and using multiple quantum wells 
of different widths. 3"5 In this work, we 
demonstrate the use of asymmetric dual quan- 
tum wells to broaden the gain bandwidth and 
achieve broadband tunability. The broadband 
tunability is achieved for single-wavelength, 
dual-wavelength, and actively mode-locked 
operations with 90 nm, 55.7 nm, and 62 nm 
tuning ranges, respectively. 

The semiconductor laser material used in 
this work has two quantum wells with their 
widths 40 Ä and 75 A, respectively. The 
widths are chosen to make their n=l transi- 
tion energies separate for 50 meV. In addition, 
the n=2 transition energy in 75 Ä well also 
separates from the n=l transition energy in 40 
Ä well for 50 meV. Thus, the overall gain 
bandwidth is more than two times wider than 
conventional ones. Superluminescent diodes 
(SLD's) fabricated on such material show that 
their emission spectra are 2-3 times wider 
than conventional SLD's fabricated on sub- 
strate with two QWs of the same width. The 
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SLD's are used in the laser cavity for tuning 
experiments. The SLD's have a ridge wave- 
guide tilted at 7° from the normal of the 
cleaved facet to eliminate the gain ripple. 
The single-wavelength, dual-wavelength, and 
actively mode-locked operations will be de- 
scribed separately as follows. 

A ring cavity was set up for single-wave- 
length operation. Fig.l shows the experi- 
mental setup. The ring cavity using the tilted- 
stripe SLD's provides two advantages over 
the linear cavity. First, because the cross 
section of the active region is very small and 
both facets of the SLD have a very small 
retro-reflectivity, the alignment of ring cavity 
is easier than a linear cavity. Second, one arm 
of the output beams, beam (a), has significant- 
ly reduced amplified spontaneous emission 
(ASE) noise because the ASE noise is first 
spatially dispersed by the grating and then 
filtered out by the mirror mount Ml. In the 
conventional linear cavity, the ASE noise is 
spatially overlapped with the oscillation 
mode. 

(a) Xo, Noise free ADQW tilt 
stripe laser 

Grating 
1200 lines/mm 

Ml 
R>99% 

Fig. 1 The experimental setup of ring cavity. 
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SLD's of different lengths had been used 
in the cavity. The tuning characteristics are 
shown in Figs. 2(a) and (b). The tuning ranges 
are 90, 70, and 48 nm for the 400-, 700-, and 
1000-um devices. In the experiment, the oper- 
ation current was limited to below 400 mA. 
Further increase of injection current should 
increase the tuning range, but not much, 
because the threshold current increases 
significantly at the two sides of the tuning 
curve. The wide tuning range of using the 
400-um SLD indicates that the n=l and 2 
transitions in 75 Ä well and n=l transition in 
40 Ä well could all contribute to the lasing 
operation. 

of the oscillation wavelengths. 
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Fig. 2 (a) Threshold current vs. tuning wavelength, (b) 
The spectra measured from the beam (a) at different 
wavelengths. 

For dual-wavelength operation, the cav- 
ity schematically shown by Fig. 3 was used. A 
reflection-type grating telescope7 was used on 
one side of the SLD. Double slits were 
inserted in front of the mirror for the selection 

Output Coupler 
R/T = 70/30 

Grating 

> Output 

Lens 
(f = 20cm ) 

Fig. 3 Schematic of the experimental setup for dual- 
wavelength operation. 

The two oscillation wavelengths can be 
almost randomly selected within a large 
spectral range over 30 nm. In the experiments, 
the spectral spacing had been varied from 5 to 
55.7 nm for injection current not larger than 
210 mA. A narrower spacing should be 
possible as long as the slit spacing is reduced. 

(a) 

lOdB 

(b) 

790 800 810 820 830 840 

Fig. 4 (a) Measured spectra of two wavelengths at two 
spacings: 5 nm and 55.7 nm. (b) Tuning spectra of two 
wavelengths at fixed spacing. 
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The maximum spectral current could also in- 
crease if the injection current is larger. Other 
tuning situations had also been experimented. 
For example, simultaneous tuning of the two 
wavelengths at a constant spacing had been 
achieved. In addition, experiments had shown 
that one wavelength could be varied with the 
other wavelength fixed. Figs. 4 (a)-(b) show 
the tuning characteristics in different situ- 
ations. 

In the mode-locking experiment, the ring 
cavity similar to the one shown in Fig. 1 was 
used for the advantages mentioned previously. 
In addition, the pulse train travelling in the 
ring cavity can be more easily synchronized 
with the RF modulation signal than in the 
linear cavity. Fig. 5 shows the lasing threshold, 
DC bias, and RF modulation frequency vs. 
tuning wavelength in the experiment. The RF 
modulation was maintained at 0.5 1^ for the 
entire tuning range. The mode-locked pulse 
shape is sensitive to the variation of modula- 
tion frequency. In order to maintain the 
measured autocorrelation trace with a well- 
behaved shape, the RF modulation frequency 
can be varied only within 0.3 MHz. This trace 
could be well fitted by the single-sided expo- 
nential shape, as shown in Fig. 6. The mode- 
locked spectral width is about 2-4 A, which is 
limited mainly by the grating. The pulse width 
is 10-15 ps and is in general decreases with 
decreasing laser wavelength. The pulses are 
highly chirped and could be possibly 
compressed to 1-2 ps. 
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Fig. 5 Lasing threshold, DC bias and RF modulation 
frequency vs. tuning wavelength. 
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Fig. 6 The autocorrelation trace of the mode-locked 
pulses at different modulation frequency. (Autocorre- 
lation widths are indicated and dotted lines are fitted by 
single-sided exponential functions.) 

In summary, wide-range tunability is 
achieved in single-wavelength, dual-wave- 
length, and actively mode-locked operations 
of semiconductor lasers due to the broadened 
gain bandwidth using asymmetric dual quan- 
tum wells. 
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Direct modulation of semiconductor lasers has attracted considerable attention in recent years. 
Semiconductor lasers with a large modulation bandwidth have potential applications in both 
digital and analog optical transmission links. Several theoretical studies have predicted that 
modulation bandwidth in injection-locked semiconductor lasers can be significantly improved 
relative to the free running case111. There has also some experimental work on the modulation 
bandwidth of intramodal injection-locked semiconductor lasers[2] when the frequency injected by 
the master laser(ML) is close to the slave laser(SL) free-running frequency. However, to author's 
knowledge, there is little experiment on the modulation bandwidth of intermodal(side-mode) 
injection-locked semiconductor lasers when the injection occurs in the vicinity of a nonlasing 
longitudinal sidemode. 

The modulation bandwidth of a semiconductor laser is approximately proportional to the 
relaxation oscillation frequency. This paper is focused on an experimental study of relaxation 
oscillation frequency(ROF) in an injection-locked semiconductor laser. It is shown that 
relaxation oscillation frequency in an injection-locked semiconductor laser is related to injection 
power and the wavelength of the injection target mode. 

In the experiment, the ML is a tunable laser diode (SDL-TC10-850) with more than 20nm tuning 
range, the SL is a commercial laser diode with >20dB sidemode suppression. An isolator of 
>40dB attenuation inserted between the ML and the SL was used to ensure that no light was 
injected into the ML. Two other isolators of >40dB attenuation were used to eliminate the 
feedback from the optical spectrum analyzer and the Fabry-Perot interferometer, which used to 
obtain the spectra characteristics of the SL output. A variable optical attenuator was used to 
change the launched probe power. A half-wave plate was used to match the polarization of the 
probe and pump beams. A power meter was employed to monitor the injection power. The SL 
was biased at 1.2 times threshold current and operated wavelength of 829.2nm. The launched 
probe power was evaluated from the photocurrent induced in the SL at zero bias and are 
assumed an internal quantum efficiency of 0.9. 

In the experiment, the definition of stable locking is that the side peaks of relaxation oscillation 
or spurious free-running slave modes are less than 20dB of the locked main peak in the SL 
spectrum. The ROF of the laser under injection locking was measured at the upper limit of the 
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stable locking range where the relaxation oscillation frequency was strong enhanced[3]. Negative 
mode numbers correspond to long wavelength side of the free-running spectrum. 

injection powe(|iW) 

Fig. 1 Relaxation oscillation frequency versus the injection power 

Fig. 1 shows the relaxation oscillation frequency versus the injection power. The result was 
obtained for intermodal injection locking at mode +1, which the ML is detuned to the one cavity 
resonance frequency higher with respect to the SL free running frequency. It is shown that the 
ROF increase with the increasing injection power, similar result in the intramodal injection 
locking have been theoretical predicted121. Same results in the other side mode have also been 
observed. 
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Fig. 2 Relaxation oscillation frequency versus injection target modes 

In order to observe the influence of the target injection mode on the ROF in the injection-locked 
diode lasers, we fixed the injection power at p^ = -19 \xW and changed the target injection mode 
from mode -8 to mode +8, the result is shown in Fig. 2. It can be seen that the relaxation 
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oscillation frequency is increased when the injection wavelength is detuned to the short 
wavelength side of the free-running wavelength, while the relaxation frequency is decreased 
when the injection wavelength is set to the long wavelength side of the free-running wavelength, 
which is qualitative agreement with the theoretical predictions143. 

The results show that semiconductor lasers with a large modulation bandwidth may be achieved 
in injection-locked diode lasers by increasing the injection power and appropriately choosing the 
target injection mode. An additional benefit in a injection-locked semiconductor laser is that the 
optical injection enhances the filed damping, thereby narrowing the spectral linewidth, 
increasing modal stability and reducing the dynamic frequency chirp during direct modulation. 
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Semiconductor diode lasers when operated with conventional optical feedback (COF) can exhibit 
various dynamic instabilities. At low levels of feedback (regime HI) the diode laser operates in a stable 
single longitudinal mode (the narrowest linewidth mode) with constant power. As the feedback is 
increased the relaxation oscillation of the diode laser becomes undamped, resulting in periodic 
oscillation of the output power. Further increase in the feedback level ultimately leads to a unstable 
chaotic output state (typically through a series of bifurcations). This chaotic state is known as 
coherence collapse (or regime IV) and is characterised by a dramatically broadened noise spectrum, and 
an optical frequency spectrum which is predominantly multi-mode. This coherence collapsed region is 
bounded by another stable single mode region of strong feedback (regime V). 

A number of theoretical studies on diode lasers with phase conjugate feedback (PCF) have shown that 
the spatial and temporal phase reversal induced by the PCM induces dynamic instabilities which are 
much richer than for COF [1],[2]. These models, however, because they are based on the Lang- 
Kobayashi rate equations, are only applicable for very weak feedback; and thus do not predict 
behaviour throughout the entire coherence collapse regime. Previous experimental studies on diode 
lasers with phase conjugate feedback (PCF) have been primarily concerned with the spatial attributes of 
the phase conjugation, and the ability to achieve mode locking, beam coupling, and phase locking; 
particularly for laser diode arrays and broad area diodes. PCF on single mode laser diodes has been 
found to induce a coherence collapsed state, and also linewidth narrowing and side mode suppression 
according to the feedback level [3],[4],[5]. However, no systematic investigation of the dynamic or 
spectral behaviour or comparison to the case of COF has been reported, to our knowledge. 

In the current work the regime of coherence collapse for a single mode diode laser subject to PCF is 
experimentally investigated, and compared to the same diode with mirror feedback. In particular, 
critical feedback levels which result in transitions between stable and unstable regimes are, for a 
number of different cavity lengths, compared for the two cases. Also, the evolution of the optical 
frequency spectrum, the intensity noise spectrum and the real time power spectrum, with increasing 
feedback level are observed. Feedback is introduced into a single mode 850 nra quantum well index 
guided diode laser. The phase conjugate mirror is an internal reflection geometry self pumped Rhodium 
doped BaTi03 crystal. 

It is found that the transition between stable single mode regime III and coherence collapse occurs at a 
lower feedback fraction for PCF than for COF. Also the transition from unstable coherence collapse to 
stable strong feedback regime V occurs at higher feedback fractions for PCF than for COF. Feedback 
fraction is defined as the ratio of the emitted power from the front facet of the diode to the reflected 
power entering the front facet of the diode. Considering the coupling efficiency for the PCF system is 
significantly higher than for the COF system, then the range of feedback levels giving stable operation 
is much larger for the COF system. 
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Another difference between the two systems occurs near the regime IV->V high feedback transition. 
This transition from chaotic to stable operation is interrupted by a region of low frequency fluctuations 
(LFF) for both COF and PCF. However, the LFF for the case of PCF (which has not previously been 
observed, and is shown in figure 1) is much easier to excite than for COF, and occurs over a much 
larger range of feedback levels. 

o 
Q. 

Time (ns) 

Figure 1: Low frequency fluctuations induced 
by phase conjugate feedback; near the 
transition from coherence collapse to stable 
single mode high feedback regime V. 
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Figure 2: Optical frequency spectra for the 
coherence collapsed state for (a) PCF, and (b) 
COF. Each spectrum shows the excitation of a 
number of the solitary diode longitudinal 
modes- spaced by approximately 150 GHz. 

The evolution of the chaotic state, as determined through the intensity noise and optical frequency 
spectra has also been compared for the two systems. Figure 2 shows a comparison of the optical 
frequency spectrum for the diode laser with PCF and COF. Both spectra are taken at the same injection 
current and cavity length, and a feedback level well within the coherence collapse region. The chaotic 
state for COF is shown to comprise significantly more and larger solitary diode side modes than that for 
the PCF chaotic state. This is a general comparative characteristic of the two types of feedback in this 
regime. 

Figure 3 shows the comparison of intensity noise spectra. In plots (a) the laser system noise is below 
the detection system dark noise. In plots (b) the external cavity modes are excited for both COF and 
PCF- indicating a periodic oscillation of the output power. As the feedback is increased for the case of 
COF the noise spectrum dramatically broadens and develops a large number of peaks with a much 
smaller frequency spacing. The spectrum does not significantly change through the region of coherence 
collapse until the transition to stable operation at strong feedback (g), although we can see an increased 
noise at low frequencies (in f) indicating LFF. The noise spectra for PCF shows distinct differences. 
The spectra do not broaden as much and at high feedback levels the external cavity modes are once 
again excited. The low frequency noise is also significantly larger for the PCF; indicating the larger 
range of feedback levels giving rise to LFF for PCF. 
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(i) Conventional Optical Feedback (ii) Phase Conjugate Feedback 
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Figure 3: Intensity noise spectra for the cases of (i) COF and (ii) PCF. Each graph shows the 
evolution of the noise spectrum as the feedback fraction is increased from the stable regime III in (a), 
through the region of periodic oscillations in (b), coherence collapse (c-f) and stable regime V in (g). 
The external cavity length is 330 mm. All spectra are plotted on identical vertical scales which are 
shifted vertically for clarity. 

In conclusion, the differences between phase conjugate feedback and conventional optical feedback on 
the output characteristics for a single mode diode laser are investigated experimentally. It is found that 
the region of feedback levels giving stable output is much larger for the case of COF than for PCF. 
However, the coherence collapsed state for the case of COF is significantly more multi-mode than for 
PCF and has a much broader noise spectrum. Additionally PCF induces a low frequency fluctuations 
over a much larger range of feedback levels. The applicability of existing theories to the current 
experimental data is also considered. 
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Introducing optical feedback into semiconductor laser diodes can induce detrimental or advantageous 
effects, dependent on the level of the feedback. Advantageous effects, such as reduced laser linewidth, 
reduced operating threshold, and increased side mode suppression, occur for very low or strong 
feedback (regimes I, III, and V). However, at low to intermediate feedback levels (regime TV) the device 
operates in a coherence collapsed state, which is characterised by dynamic instabilities, a dramatically 
broadened noise spectrum, and an optical frequency spectrum which is predominantly multi-moded. In 
a real optical system there will always be unwanted feedback, arising from, for example, fibre optic end 
faces, couplers, or optical discs, which may cause such collapse of the coherence of the laser systems' 
output. Thus, it is important to understand what levels of optical feedback will produce a coherence 
collapsed state and how this is influenced by the solitary diode operating parameters (such as injection 
current and temperature) and the characteristics of the feedback field (such as feedback power, external 
cavity length, and feedback phase). Of particular significance for a number of short cavity applications 
(such as integrated feedback and frequency modulated devices) is how the coherence state of the diode 
is influenced by the length of the external cavity. 

Based on a numerical analysis of the Lang-Kobayashi rate equations, predictions of the stability of 
diode lasers subject to optical feedback, dependent on the external cavity length have been reported [1]. 
The specific system investigated shows a stability which is dependent on the product of the external 
cavity round trip time (xext) to the solitary diode relaxation oscillation frequency (a\). When this product 
is greater than one the critical feedback level for entering the coherence collapse regime (from the low 
feedback regime El) is independent of the external cavity length. For xext cot < 1, the critical feedback 
level increases dependent on the external cavity length, until text (ty </const where the coherence collapsed 
state is suppressed and does not occur for any feedback level (fconst is a constant dependent on 
parameters of the solitary diode laser). Other theoretical analysis of short external cavity diode lasers 
[2],[3] predict similar behaviour with the addition of regions of high frequency oscillations for cavity 
lengths approaching the condition for suppression of coherence collapse. 
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In the present work the transition from both the strong feedback regime V, and the weak feedback 
regime m, to the coherence collapsed regime IV is examined experimentally. This is the first time, to 
our knowledge, that experiments examining the IV->V transition, and this suppression of coherence 
collapse for short external cavity lengths, has been reported. These three regimes have been investigated 
with an 850 nm quantum well index guided diode laser, which has an anti-reflection coated front facet, 
and a high reflection coated back facet. A 1300 nm quantum well uncoated diode laser is used to 
examine the m-IV transition. In particular the dependence of the critical feedback level, for transition 
to coherence collapse, on the solitary diode injection current, external cavity length, and feedback phase 
is considered. The theoretical models [1-3] have all been developed for diode lasers with symmetric 
facet reflectivities, and thus are not necessarily applicable to the high/ low coated 850 nm lasers used 
in the experiment. 

It is found that the transition to chaotic operation from either stable feedback regime (III or V) is 
suppressed as the cavity length is shortened. The range of external feedback fractions giving chaotic 
operation is reduced as the external cavity length is reduced until at a particular cavity length no 
coherence collapse is observed. The length of the external cavity required for suppression of coherence 
collapse is dependent on the particular diode which is subjected to feedback. The anti-reflection coated 
diode exhibits no transitions to coherence collapse from either strong or weak feedback regimes for 
cavities less than 80 mm. This is shown in figures 1 and 2, below. The experimental observation of 
suppression of coherence collapse is theoretically predicted. However, the magnitude of the cavity 
lengths producing length dependent critical feedback levels, and suppression of coherence collapse is 
significantly larger than predicted theoretically. Similar behaviour has been observed for an uncoated 
diode laser. Cavity lengths responsible for suppression of coherence collapse (<10 mm) are much closer 
to expected theoretically values in this case. This may indicate the importance of the relative diode laser 
facet reflectivities. The introduction of coatings strongly influences the system behaviour, and the 
theory needs to be modified to take account of this. 
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Figure 1: Optical frequency spectrum for different external feedback fractions for two different 
cavity lengths (80 mm, and 240 mm) at an injection current of 50 mA. The spectra marked a, b, c, d, 
e refer to feedback fractions of 0.4, 0.04, 0.004, 0.009 and 0.0004 respectively. Each plot shows 
approximately one free spectral range of 1000 GHz. For the short cavity the output is always stable 
single mode, no transition to coherence collapse is observed. For the longer cavity, coherence 
collapse (curves b, c, d) is observed for a large range of feedback fractions. 
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Figure 2 .Critical feedback level for transition 
to coherence collapse, as a function of external 
cavity length for a number of different diode 
injection currents. Feedback fraction is the 
ratio of emitted power from the front facet to 
reflected power at front facet. 
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Figure 3: Critical feedback level for transition 
to coherence collapse -regime IV from stable 
single mode- regime III as a function of 
feedback fraction and diode injection current 
for      several      external      cavity      lengths. 

The effect of the solitary diode laser operating current on the critical feedback levels for transition to 
coherence collapse has also been examined (for the high/ low coated diode laser). It is found that the 
transition between regimes IV and V is independent of the solitary laser diode injection current. The HI 
to IV transition, however is dramatically influenced by the diode laser current, as shown in figures 2 
and 3 above. At any particular cavity length, the region of chaotic instability is larger for lower 
injection currents. As the current is increased the region of stable operation also increases. Thus, at 
higher currents the external cavity length before transition to coherence collapse is largest. This again 
demonstrates the discrepancy between the theoretical model (for symmetric diodes) and the 
experimental data (for asymmetric diodes), as the theory predicts that the external cavity length before 
transition to coherence collapse should be shorter for higher injection currents because of the higher 
relaxation oscillation frequency. Thus, there is a need for a model which can account for both 
asymmetric facet reflectivities and strong feedback. 

In conclusion, the critical feedback level for transition to coherence collapse as a function of external 
cavity length has been experimentally determined. For a high/ low reflectance coated diode laser it is 
found that for cavity lengths shorter than 80 mm the system is always stable single mode; no transition 
to coherence collapse is observed. This has important implications for a number of applications- 
including integrated and frequency modulated short cavity diode lasers. The applicability of existing 
theories for short cavity symmetric diode lasers to the current experimental observations will be 
reported [4]. 

[1] N. Schunk and K. Petermann, IEEE Photonics Tech. Lett. Vol.1,49 (1989). 
[2] A. A. Tager and K. Petermann, IEEE J. Quantum Electron. Vol. 30, 1553 (1994). 
[3] A. A. Tager and B. B. Elenkrig, IEEE J. Quantum Electron. Vol. 29, 2886 (1993). 
[4] P. S. Spencer and K. A. Shore, Quantum Semiclass. Opt. Vol. 9, 831 (1997). 

69 



Communication with Chaotic External Cavity Diode Lasers 

S.Sivaprakasam and K.A.Shore 

School of Electronic Engineering and Computer Systems, Dean Street, 
University of Wales, Bangor, LL57 1UT, UK. 

Tel: +44-1248-382618, Fax: +44-1248-361429 
Email: alan@sees.bangor.ac.uk 

Secure communication is of great interest in the recent past and efforts have 

been directed world-wide to develop novel techniques using chaotic lasers[l,2]. The 

underlying concept for such work is that the message should be encoded within the 

noise like output of a chaotic transmitter. Extraction of message requires a receiver in 

which the same chaos is generated as in the transmitter, which can be achieved by 

synchronization of the transmitter and receiver[2,3]. Because of the ease of operation 

of semiconductor lasers, it is of great interest to develop a chaotic communication 

system utilizing these lasers as the source of optical chaos. Useful progress in this 

direction has already been made by use of a novel form of wavelength chaos, for 

message encryption and decryption[4]. In the present work use is made of chaos in the 

laser output intensity. 

The experimental arrangement is shown schematically in Figure 1 where two, 

commercial, single-mode, Fabry-Perot semiconductor lasers emitting at 850 nm have 

been used. Both the lasers are subjected to optical feedback from external mirrors, and 

the feedback strength is controlled using continuously variable neutral density filters 

(NDF1 and NDF2). The optical isolators ensure the lasers are free from back 

reflection. Isolator (Oil) ensures that the Laser-1 (transmitter) is isolated from Laser- 

2 (receiver). PD1 and PD2 are two identical fast photodetectors (2.5 nS). The 

photodetector outputs are stored in a digital storage oscilloscope ( Fluke Combiscope 

PM3394B; 200MHz). 

Because of the limitation imposed by the available oscilloscope we consider a 

part ofthat chaotic dynamics within a 200 MHz bandwidth of the central frequency. It 

is noted that the chaotic spectrum is relatively flat around the central frequency, and 
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thus the present measurements are expected to give a good representation of the 

dynamical behaviour of the lasers. 

The output, ET(t), of the transmitter is rendered chaotic by appropriate optical 

feedback strength. A 9 KHz square wave, m(t), from a signal generator is encrypted 

to the chaotic transmitter by amplitude modulation of the transmitter output. The 

receiver input is coupled to photodetector PD1 and its output is shown in figure 2, 

trace A. Trace A is shifted vertically for clarity. The receiver set-up is as identical to 

transmitter set-up as possible. The transmitted message is injected to the receiver by 

beam-splitter BS3. The receiver output is coupled to the photodetector PD2 and the 

output is shown in figure 2, trace B. 

A similar technique to that followed by Van Wiggeren and Roy [2] is used to 

decode the message. The transmitted message S(t) = ET + m(t) is recorded from the 

output of photodetector PD1 as shown in figure 2, trace A. The intensities at the 

photodetectors PD1 and PD2 are thus I ET + m(t)| 2 and I ER(t)l 2 respectively. The 

message and the considered dynamics of diode lasers are on the same time scales, 

which allows us to recover the message by taking simple difference in the photodiode 

output intensities, without any filtering. This difference in photodetector intensities is 

shown in figure 3 and resembles the recovered 9-KHz square wave. Some processing 

of this signal (as performed in [2]) would be expected to lead to a recovered signal 

which is closer to the encrypted message. 
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Transition to Pulsed Operation in Short 
External-Cavity FM Semiconductor Lasers 
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Abstract—Conditions are established for the occurrence of a 
transition from FM operation to pulsed output in short external- 
cavity FM semiconductor lasers. It is shown that there are dual 
operating points around which FM operation is possible. The 
position of the modulation frequency in relation to these two FM 
operating frequencies determines the type of behavior exhibited 
by the configuration. In particular, pulsed and mixed pulsed-FM 
behavior is observed when the modulation frequency is between 
the two possible FM operating frequencies. 

Index Terms—Chaos, frequency modulation, optical feedback, 
optical pulses, semiconductor lasers. 

I. INTRODUCTION 

LASER external-cavity configurations have been studied 
extensively due to their importance for the practical 

operation of semiconductor lasers in optical fiber commu- 
nications systems. It is known from such studies that the 
behavior of the laser can be broadly categorized into five 
regimes of operation, which are determined by the external 
environment the laser is subject to and, in particular, upon 
the strength of the optical feedback to the laser from the 
external mirror [1]. Such studies of optical feedback effects 
have generally considered the implications for single-mode 
lasers which are subject to optical feedback only at the lasing 
frequency. There are, however, several situations of practical 
interest where it is required to understand the dynamical and 
spectral behavior of lasers subject to variable frequency feed- 
back. 

One example of a laser system with variable frequency 
feedback is the frequency-shifted feedback (FSF) laser which 
is of interest for a number of practical applications. Previous 
work on FSF diode lasers has been directed at obtaining 
a high-brightness low-coherence broad-band source [2]-[4]. 
Broad-band sources would find ready applications in imaging, 
medical diagnosis, and optical measurements. More recently, 
the use of FSF has been explored to achieve optical isolation 

Manuscript received August 10, 1998; revised January 8, 1999. This work 
was supported by EPSRC under Grant GR/K80136 and in part by the Royal 
Society. The work of P. S. Spencer was supported by the Royal Society and 
Macquarie University which permitted a visit to MPCE, Macquarie University, 
where part of this work was undertaken. The work of K. A. Shore was 
supported by Macquarie University through a Visiting Research Scholarship. 

P. S. Spencer and K. A. Shore are with the University of Wales, Bangor, 
School of Electronic Engineering and Computer Systems, Bangor LL57 1UT, 
Wales, U.K. 

D. M. Kane is with the School of Mathematics, Physics, Computing and 
Electronics, Macquarie University, NSW 2109, Australia. 

Publisher Item Identifier S 0018-9197(99)03419-3. 

of diode lasers [5]. It has been noted that some limitations on 
the performance of FSF laser diodes arise due to the onset of 
multimode operation at high injection current levels. In such a 
case, the broad-band lasing would be limited to relatively low 
output powers. Similar limitations had been reported earlier in 
connection with FSF effects on red-emitting laser diodes [2]. 
The challenge posed by that work was to find a practical con- 
figuration which would support broad-band operation at higher 
injection currents. In other laser systems, it has been shown 
that FSF modifies the spectral properties of the target laser in 
a characteristic way: a chirped comb of modes is generated [6] 
which, when time-averaged, appears as a broad-band spectrum 
which can be used for short pulse generation [7]. Recent work 
has included the use of a translated grating for FSF-based 
chirped frequency generation in a diode-pumped microchip 
laser [8]. 

It is also known [9], [10] that nonlinearities in semiconduc- 
tor lasers can lead to the occurrence of self-locked FM lasing 
action which is a form of multimode operation where well- 
defined (Bessel function) sidebands are developed around a 
central frequency. The defining characteristic of such pure FM 
operation is a sinusoidal modulation of the lasing frequency 
whilst the total intensity remains constant in time. This is, 
in fact, a phenomenon which can arise in a number of laser 
systems. However, it seems to be generally the case that 
pure FM operation does not occur—some form of amplitude 
modulation is usually observed in association with the FM 
lasing. Although, as has just been indicated, self-locked FM 
lasing may arise in semiconductor lasers, attention has also 
been given to a range of phenomena which occur when 
semiconductor lasers are driven into FM operation by the use 
of external-cavity phase modulation [11]. Such a configuration 
offers another form of variable frequency feedback which 
influences the spectral and dynamical behavior of the laser. 
Applications of such a configuration have been identified 
for use in optical metrology, laser cooling of atoms, and 
in optical frequency multiplexing. FM laser operation can 
also occur in a laser subject to reflections from a moving 
mirror as may be obtained, for example, in a laser velocimeter 
configuration. 

In order to describe phenomena arising in such a configu- 
ration, a general formalism capable of treating the dynamical 
properties of external-cavity FM laser diodes was developed 
in previous work [12]. In this work, attention was focused on 
effects arising due to the need to execute multiple reflections in 
the external cavity to achieve the enhanced modulation which 
is a requisite for obtaining broad-band sources. It is known 
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Fig. 1. Schematic diagram of a laser diode subject to optical feedback with 
a phase modulator inside the external cavity. The amplitude reflectivities of 
the laser and external cavity are denoted by n, r2, and r3, respectively. 

from experimental studies that, under certain conditions, an 
FM diode laser undergoes a dramatic change in spectral 
properties leading to a novel form of coherence collapse [11]. 
The relevant instability appears to be intrinsically dynamical. 
Previous studies, [9], [11], [16] have shown that a rather 
extensive range of phenomena can appear in this laser con- 
figuration depending upon the precise operating conditions. 
Of crucial importance in this respect is the length of the 
external cavity. Rather different phenomena will arise in the 
short- and long-cavity cases. A short external cavity is taken 
to be any cavity where the external cavity round-trip time is 
only a few tens of times larger than the internal round-trip 
time of the diode laser cavity. The present contribution will 
focus on the short-cavity case. Attention will be given to the 
critical role played by the coupled cavity configuration in the 
transition from FM operation to pulsed laser output. A further 
aspect which will be addressed in a parallel contribution is 
the generalization of the description of the behavior to class-B 
lasers—notably those where the linewidth enhancement factor 
is negligible. 

n. MODEL 

For the experimental situations of interest, the source of 
the variable frequency feedback is the phase change induced 
via the external-cavity phase modulation. A generic experi- 
mental arrangement is illustrated in Fig. 1 where appropriate 
(amplitude) reflectivities are indicated. The model described 
here is developed as a two-fold generalization of previous 
work on the dynamics of laser diodes subject to strong optical 
feedback [12]-[14]. In the first place, account is taken of 
the basic frequency modulation of the laser diode which is 
established via the phase modulation. Secondly, account is 
taken of additional phase modulation consequent to multiple 
passes of the external cavity [10]. 

The main elements of the iterative scheme used to model 
the configuration are described here. The iterative model is 
based on a perturbation approach [14]. The unperturbed state 
is assumed to be that of a solitary laser and the perturbation 
is provided by optical feedback. The slowly-varying envelope 
function of the field A is calculated in steps of the laser diode's 

internal round-trip delay rin and is given by 

eG(l+ia)rin 

A(t + rm) = ■ 
*2 

r2A(t) + r3(l - r2) 

■J^i-^rsY^Ait-q^e 
9=1 

-ig$£,(t) 
(1) 

where w0 = 2TTC/\0 is the angular frequency of the solitary 
laser and G = gn(n - nt)/2. The last term in (1) accounts 
for multiple reflections and includes a phase term $E(*) that 
describes the phase shift that develops between the field in the 
laser and the field in external cavity 

+ ( rsin(wrot) + Y^ 6m sm(wm[i - (p - l)r]) 

(2) 

The total phase accumulated in the external cavity consists 
of two main contributions. The first term in (2) describes the 
phase change associated with the central frequency w0, while 
the two remaining terms within the parentheses describe the 
contribution of the phase modulator. The term rsin(wmi) 
arises due to the basic phase modulation where wm is the 
modulation frequency and, following standard theories of FM 
lasers [15], we identify T as the enhanced modulation index. 
The last term, and the one of primary interest in the present 
context, is that due to the multiple reflections in the external 
cavity where on each pass of the cavity an additional phase 
change governed by the single-pass modulation index S is 
impressed upon the laser field. The total phase change is 
then obtained via a summation over the number of multiple 
reflections p [12]. The third term in (2) accounts for the fact 
that, unlike other FM laser configurations based on gas and 
solid-state lasers, the facet reflectivity of the semiconductor 
laser facing the external reflector is appreciable and cannot be 
ignored. 

The carrier density equation is incorporated into an iterative 
scheme by using a second-order Taylor expansion 

dn     T; 
n(t + Tin) ~ n[t) + Tm-jT + 

2   dt2' 
(3) 

The first-order derivative is simply the well-known standard 
carrier rate equation and the second order is found by differ- 
entiation 

dn(t) 

dt eV 

n(t) ■gn{n-n0)S{t). (4) 

In these equations, S(t) = \A{t)\2 is the photon density 
inside the laser cavity. It is well appreciated that, in general, 
delay-differential equations such as (1) do not allow analytical 
solutions. Consequently, a full treatment of the phenomena 
arising in the configuration of interest requires a numerical 
solution of the equations. 
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TABLE I 
DESCRIPTION AND VALUES OF LASER PARAMETERS 

Mod 

Symbol Description Value 
n Laser Facet Reflectivity 0.9 
r-i Laser Facet Reflectivity 0.15 
f3 External Facet Reflectivity 0.5 or 0.9 
a Linewidth enhancement factor 3.0 
Ts Carrier lifetime 1.89 ns 

Tph. Photon Lifetime 1.4 ps 

Tin Laser cavity Round-Trip Delay 9.0 ps 
T External Round-Trip Delay 0.279 ns 

9n Differential Gain 2.125 x lO"12™3^1 

nth Threshold Carrier density 9.9 x 1023nr3 

no Transparency Carrier Density 1.3 x 1023m-3 

wo Wavelength 1.55 fim 
V Active Region Volume 1.5 x 10-16m3 

Seel Axial Freq. of ECL operation 4.472 GHz 
fext Axial Freq. of EXT operation 3.584 GHz 

III. RESULTS 

The main parameters used in the following numerical sim- 
ulation are given in Table I. It has been assumed that the laser 
is biased at 1.2 times the threshold current of the solitary laser. 
The output photon density has been normalized with respect 
to the steady-state value of the external-cavity laser. 

A. Dual FM Operating Points 

The experimental configuration under consideration is es- 
sentially that used by Willis and Kane [11] except that a short 
external cavity is being considered (see Fig. 1). The laser facet 
forming the external cavity has an antireflective coating to 
ensure that the external cavity is strongly coupled to the diode 
laser cavity. Thus, without the phase modulator in place, the 
laser configuration is that of an external-cavity laser (ECL). 
This implies that the laser configuration is operating in Regime 
V [1]. Without the external mirror, the antireflective-coated 
laser diode supports one longitudinal mode over a wide injec- 
tion current range. Thus, the coupled cavity configuration has 
three characteristic round-trip times: the solitary lasers (T;D), 

the external cavity (T), and the external cavity laser (T^+T). It 
is worth noting that the other laser systems that have exhibited 
FM operation have generally consisted of one cavity and thus 
have only one characteristic round-trip time. Hence, such sys- 
tems show considerably different dynamical behavior from that 
of the coupled cavity configuration under investigation here. 

When the external round-trip time is only a few tens of 
times larger than the internal round-trip time of the laser 
diode, the ECL axial frequency /eci = l/(nn + r) and the 
frequency associated with the external cavity /ext = 1/r 
are sufficiently separated to be discernible. This opens the 
possibility of inducing FM operation around two operation 
points: 

• modulating around the extemal-cavity mode frequency 
/ext = 1/r; 

• modulating around the ECL frequency /ec] = l/(rin-(-r). 
It will be shown, using the formalism outlined in Section II, 

that the relative magnitude of r3 with respect to r2 determines 

Case I 

■*EC1 *ex 

Mod 

Mod 

Case II 

Casein 

Mod 

Case IV 

Fig. 2. Frequency diagram showing the position of the modulation frequency 
(denoted as Mod) in relationship to the dual operating points /eci and /ext 
for different cases considered. 

the dominant operating point. In the following simulation, 
the value of r2 will be kept constant while r3 is varied. 
The position of the modulation frequency above or below the 
dominant operating frequency and the magnitude of the fre- 
quency detuning from the operating frequency will be shown 
to determine whether pulsed or FM operation is obtained. 

Four different modulation frequencies and two different 
values of r3 will be used to illustrate the behavior described 
above (see Fig. 2). The position of the modulation frequency 
relative to fec\ and fext is shown in Fig. 2. The ECL dominates 
when r3 is large, while the external cavity dominates when r3 

is small. 
If the value of r2 is too high, then r3 cannot be made 

sufficiently large to make extemal-cavity operation possible, 
and the reduced optical coupling from the external cavity 
this implies drastically reduces the influence of the phase 
modulator. Lower values of r2 inhibit operation around /ext 

but are practically difficult to achieve because alignment of 
the external optic becomes critical in order to obtain lasing. 

B. FM Operation 

FM operation is obtained in Case I and Case IV of Fig. 2, 
but only if the detuning frequencies are sufficiently large. In 
this case, FM operation is obtained regardless of whether the 
ECL mode or extemal-cavity mode is the dominant operating 
point. Typical spectra and the accompanying photon densities 
are shown in Figs. 3 and 4, respectively, for r3 = 0.5 and 
r3 = 0.9. Changing the dominant operating point only changes 
the FM bandwidth (as determined by the detuning); hence, 
the bandwidth of Fig. 4(a) is larger than that of Fig. 3(a). 
At some point, as the modulation frequency is tuned toward 
/eci, FM operation is lost when r3 = 0.9 because the 
modulation frequency is too close to the dominant operating 
point. However, if the external reflectivity is reduced (r3 = 
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Fig. 3. FM operation is obtained when the modulation frequency is below 
/ext. (a) Spectral profile when r3 = 0.5 and /mod = 3.32 GHz, and /ext 
is the dominant operating point, (b) Corresponding temporal evolution of the 
normalized photon density. 
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Fig. 4. FM operation obtained when the modulation frequency is below /eci. 
(a) Spectral profile when r3 = 0.9 and /mod = 3.40 GHz, and /ed is 
the dominant operating point, (b) Corresponding temporal evolution of the 
normalized photon density. 

0.5) such that the dominant operating point is now /ext, the 
detuning is still sufficiently large to allow FM modulation 
referenced to /ext (see Fig. 2). 

The above discussion is also valid for Case IV, except in this 
case the extemal-cavity mode is the first to lose FM operation 
as the modulation frequency is tuned toward /ext. 

The temporal evolution of the normalized photon density in 
both Figs. 3(b) and 4(b) are modulated. The modulation arises 
because the linewidth enhancement factor a couples the phase 
and the amplitude of the optical field. 

The presence of the external mirror causes a reduction in 
the threshold of the coupled-cavity configuration, compared 
to that of the solitary laser. The higher the external mirror 
reflectivity, the lower the threshold. Additional simulations 
have been undertaken to ensure that the difference in behavior, 
exhibited when r3 = 0.5 or r3 = 0.9, is not a consequence 
of the different thresholds. 

C. Intermediate Regime of Mixed FM and Pulsed Operation 

The behavior exhibited when the modulation frequency is 
between /eci and /ext is critically dependent on the frequency 
detuning relative to the dominant operating point. If the 
modulation frequency is very close to the dominant operating 
point (Case II with /eci dominant and Case HI with /ext 

dominant) pulsed operation is obtained (see Fig. 5). As the 

modulation frequency is moved away from the dominant 
operating point, a narrow intermediate regime can be identified 
where mixed pulsed and FM-like operation is obtained (see 
Fig. 6). The mixed behavior occurs because the detuning from 
the dominant operating point is nearly sufficient to allow 
FM operation, but it is also sufficiently close to the weaker 
operating point for its presence to be felt. This effect can 
be seen in Fig. 6 where side modes around each of the 
main spectral peaks are evident. The frequency difference 
between the main mode and the side modes corresponds 
to multiples of /ext - /eci- In this intermediate regime, a 
resonant enhancement-type effect is responsible for increasing 
the significance of the weaker operating point by inducing 
frequency pulling that excites modes associated with the 
weaker operating point. 

As the modulation is tuned further toward the weaker oper- 
ating point, pulsed operation is reestablished. The presence of 
the dominant operating point is effectively screened because 
the modulation frequency is so close to the weaker operating 
point. 

A schematic representation of the different regimes of 
operation is shown in Fig. 7. Fig. 7(a) assumes that /eci is the 
dominant operating point while Fig. 7(b) assumes that /ext is 
the dominant frequency. The diagonal hatched regions indicate 
the operating point with which pulsed operation is associated. 
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Fig. 5. Pulsed operation obtained when the modulation frequency is suffi- 
ciently close to one of the operating points. In this case, fec\. (a) Spectral 
profile when r3 = 0.5 and /moa = 3.506 GHz. (b) Corresponding temporal 
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Fig. 6. Mixed FM and pulsed operation obtained when the weaker operating 
inhibits FM operation about /ec|. (a) Spectral profile when r3 = 0.9 and 
/mod = 3.548 GHz. (b) Corresponding temporal evolution of the normalized 
photon density. 

The region between the two pulsed regions denotes the mixed 
puIsed-FM regime of operation. 

The temporal evolution of the normalized photon density 
shows that a very deep regular modulation is present in the 
intermediate regime [see Fig. 6(b)]. The modulation actually 
consists of two sinusoidal oscillations of very different am- 
plitudes, but the same frequency. The frequency is in fact 
the FM modulation frequency. Each of the oscillations can 
be associated with one of the operating points, with the 
dominate point giving rise to the larger oscillation. In the 
pulsed regime, the repetition rate is /eci, but the pulse shape 
varies considerably [see Fig. 5(b)]. The pulse shape distortion 
can be attributed to two effects: the residual influence of the 
weaker operating point and amplitude-phase coupling effects 
mediated by the linewidth enhancement factor. 

When the modulation frequency is tuned very close (typi- 
cally frequency detuning < 1 MHz) to either of the operating 
points, the amplitude of the pulses becomes very irregular 
when viewed over longer time scales, but the pulse separation 
remains constant. Apart from the regular spacing between 
the pulses, the photon density temporal evolution is simi- 
lar to coherence collapse behavior near threshold. However, 
the constant pulse separations result in a spectrum that has 
considerable periodicity and is thus quite different from that 
seen in the coherence collapse regime. This observation, in 
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jlfflll Pulsed Operation associated with fjcl 

[       I Intermediate Regime 

HHH Pulsed Operation associated with f^ 

——— Dominant Operating Point 

C££;       FM operation 

Fig. 7. Frequency diagram showing the position of the pulsed and interme- 
diate regimes when (a) fec\ is the dominant operating point and (b) /ext is 
the dominant operating point. 

conjunction with the fact that all the simulations assumed that 
the laser diode was biased well above threshold, suggest that 
coherence collapse, as it usually is understood, is not induced. 
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The effects described above are only clearly visible in 
short external cavities since the difference between /eci and 
/ext reduces as the external cavity gets larger. Once the 
two frequencies are no longer discernible, only two types of 
behavior can occur: FM operation and coherence-collapse-like 
operation, [1]. Regular pulsed operation is not observed in this 
case because both operating points are effectively indistin- 
guishable. The ratio between the external and solitary laser 
round-trip time determines whether the separation between 
/exi and /ext is sufficiently large to distinguish these two 
possible operating points. If, for simplicity, we assume that 
T is an integral multiple of rm, then 

Jext  _       n /tj\ 

/eci      1 + n 

The nearer the ratio n/{n + 1) is to unity, the smaller 
the separation between /ext and /eci and, hence, the two 
operating points become degenerate. The two frequencies are 
only distinguishable if n is sufficiently small. 

IV. CONCLUSIONS 

This paper has examined in some detail the spectral and 
dynamical behavior in an external cavity FM laser diode 
configuration. Attention has been restricted to phenomena 
arising in the so-called short-cavity case. As indicated above, 
quite a broad range of phenomena can actually appear in this 
configuration. In particular, two operating points can be iden- 
tified, associated with ECL modes and external-cavity modes. 
The magnitude of the external mirror reflectivity determines 
the dominant operating point, and the relative position of the 
modulation frequency in relation to the dominant operating 
point determines whether pulsed or FM operation is observed. 
The analysis has indicated under what conditions both pulsed 
and FM operation can be obtained. Both types of operation 
have important practical applications [2], [3], [6]. 

The investigations have also revealed that phenomena aris- 
ing here are not restricted to semiconductor lasers. Specifically, 
it has been found that several features of the behavior are in- 
dependent of the cavity detuning represented via the linewidth 
enhancement factor of semiconductor lasers. The exploration 
of such phenomena in more general laser systems will be the 
subject of a future contribution [17]. 
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Coupled-Cavity Effects in FM Semiconductor Lasers 
P. S. Spencer, D. M. Kane, and K. Alan Shore, Member, OSA 

Abstract—Numerical simulations of frequency modulated (FM) 
external cavity semiconductor lasers have been performed and a 
range of dynamic and spectral phenomena observed. It is shown 
that FM lasing action can be suppressed due to changes in the 
FM modulation frequency. Coupled cavity effects are seen to 
be significant in the development of a broad spectral emission 
associated with experimentally observed coherence collapse in 
such a configuration. 

Index Terms—FM operation, optical feedback, semiconductor 
laser. 

I. INTRODUCTION 

THE study of the effects of optical feedback on the 
spectral, noise and dynamical properties of semiconductor 

lasers has been an active area of research for 20 years. 
Nevertheless, a full characterization of the properties of laser 
diodes subject to optical injection and optical feedback remains 
to be achieved and continued efforts are being made toward 
that aim. Progress on the theory has been reviewed recently 
in [1] and [2]. Tkach and Chraplyvy [3] have classified the 
behavior of semiconductor lasers subject to optical feedback 
according to five regimes of operation—conventionally termed 
regimes I-V. So, e.g., regime IV is associated with coherence 
collapse, the appearance of broad spectral features, whilst 
regime V corresponds to stable external cavity behavior. In 
regimes I-HJ the laser properties are, unfortunately, sensitively 
dependent not only on the strength of the optical feedback but 
also on the phase of the returned light and thus on the length 
of the external cavity. 

The focus of these efforts has been on single longitudinal 
mode semiconductor lasers subject to optical feedback, for 
the purpose of maintaining the spectral purity required, for 
example, in high bit rate optical communication systems. 
Additionally, the system of semiconductor laser operated with 
an external cavity laser (ECL) may lead to output with very 
different characteristics if the light in the external cavity is 
modified before being fed back into the laser diode. When the 
light is phase modulated, (using an electrooptic (EO) phase 
modulator, in the external cavity), the ECL can provide large 
bandwidth frequency modulated (FM) output for applications 
in frequency division multiplexing and optical metrology. In 
this case the ECL is operated as an FM laser [4]. When the 
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light is frequency shifted, (using an acoustooptic modulator in 
an external cavity), then the ECL can give high brightness, 
low coherence output for applications in imaging, medical 
diagnostics, and optical measurement. In this case the ECL 
is a frequency shifted feedback (FSF) laser [5]. If the levels 
of frequency shifted feedback are very low the FSF laser may 
be optically isolated from the optical feedback, [6]. Due to 
coupled cavity effects and the non zero linewidth enhancement 
factor of semiconductor laser the dynamics of both the FM 
ECL [7], [8] and the FSF ECL [9]-[12] configurations are 
found, in practice, to be different to those of the standard 
FM laser or FSF laser. Thus there are a number of ECL's of 
practical interest where it is required to understand the dynam- 
ical and spectral behavior of semiconductor lasers subject to 
modified optical feedback. In the present work a model of a 
FM ECL is implemented. 

An FM laser is produced by including an EO phase mod- 
ulator in the laser cavity. Such an FM laser has an enhanced 
modulation index, T <x w0/(w0 - wm), where ua is the axial 
angular frequency and u)m is the modulation frequency, [4]. 
It is the enhancement of the modulation index within the 
laser cavity that gives the opportunity to generate very broad- 
band FM laser output, where well-defined (Bessel function) 
sidebands are developed around a central frequency. The defin- 
ing characteristic of such pure FM operation is a sinusoidal 
modulation of the lasing frequency whilst the total intensity 
remains constant in time. However, it seems to be generally 
the case that pure FM operation does not occur—some form of 
amplitude modulation is usually observed, to a greater or lesser 
extent, in association with the FM lasing. Additionally, the FM 
ECL undergoes a dramatic change in spectral properties [7], 
[8], leading to a novel form of coherence collapse. The relevant 
instability, which appears to be intrinsically dynamical, is 
acting on an ECL which is being operated in regime V. 

A general formalism capable of treating the dynamical 
properties of external cavity FM laser diodes was developed in 
previous work [13]. Attention was focussed on effects arising 
due to the need to execute multiple reflections in the external 
cavity in order to achieve the enhanced modulation which 
is a requisite for obtaining broad-band sources. The aim of 
our subsequent work has been to broaden the examination 
of the dynamical and spectral behavior of the device with a 
view to demonstrating the changes in behavior which may be 
identified as precursors of the observed coherence collapse. It 
has been found in these investigations that a rather extensive 
range of phenomena can appear in the FM ECL configuration, 
depending upon the precise operating conditions. Of crucial 
importance in this respect is the length of the external cavity. 
Rather different phenomena will arise in the short and long 
cavity cases. Here, a long cavity is taken to be any cavity 
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TABLE I 
DESCRIPTION AND VALUES OF LASER PARAMETERS 

E(t-t) 
D 

Fig. 1. Schematic diagram of a laser diode subject to optical feedback with 
a phase modulator inside the external cavity. The amplitude reflectivities of 
the laser and external cavity are denoted by ri,r2, and T3, respectively. 

where the external cavity round-trip time is much greater than 
the internal round-trip time of the diode laser cavity. The 
emphasis of the present contribution will be to focus on the 
long cavity case. In complementary work attention will be 
given to a transition from FM operation to pulsed laser output 
in the short cavity case [16]. 

n. MODEL 

For the experimental situations of interest the source of the 
variable frequency feedback is the phase change induced via 
the external cavity phase modulation. A generic experimental 
arrangement is illustrated in Fig. 1 where appropriate (am- 
plitude) reflectivities are indicated. The model described here 
is developed as a two-fold generalization of previous work 
on the dynamics of laser diodes subject to strong optical 
feedback [14], [15]. In the first place, account is taken of 
the basic frequency modulation of the laser diode which is 
established via the phase modulation. Second, account is taken 
of additional phase modulation consequent to multiple passes 
of the external cavity [13]. 

The main elements of the iterative scheme used to model 
the configuration are described here. The iterative model is 
based on a perturbation approach [15]. The unperturbed state 
is assumed to be that of a solitary laser and the perturbation 
is provided by optical feedback. The slowly varying envelope 
function of the field A is calculated in steps of the laser diode's 
internal round-trip delay, r;n, and is given by 

A{t + T;n) = ■ 
G(l+ia)Tia 

ri 
r2A(t)+r3{l-rl) 

■ £ {-r2rz)'1'1A{t - qr)e -iq<f>B{t) 

?=1 

(1) 

where UQ = 2TT, C/XQ is the angular frequency of the solitary 
laser, and G = g^ (N - iVth)/2. The last term in (1) accounts 
for multiple reflections and includes a phase term, $£:(£) that 
describes the phase shift that develops between the field in the 
laser and the field in external cavity 

§E(t) = W0T + Tsin{u}mt) 

+ Y,6msm(u>m[t-(p-l)T]). (2) 
P=I 

Symbol Description Value 

n Laser Facet Field Reflectivity 0.566 
T2 Laser Facet Field Reflectivity 0.2 

»•3 External Facet Field Reflectivity 0.5 
a Linewidth enhancement factor 4.0 
Tj Carrier lifetime 1.8 ns 

V> Photon Lifetime 1.8 ps 

Tin Laser cavity Round-Trip Delay 9.0 ps 
T External Round-Trip Delay 2.7 ns 

<W Differential Gain 2.125 x 10_12m3Ä_1 

N* Threshold Carrier density 9.9 x lO23™-3 

N0 Transparency Carrier Density 1.3 x lü^m-3 

Sm Single pass modulation index 0.02 

\> Wavelength 1.55 pm 
V Active Region Volume 1.5 x 10_16m3 

The total phase accumulated in the external cavity consists 
of two main contributions. The first term in (2) describes 
the phase change associated with the central frequency, a>o. 
While the two remaining terms describe the contribution of 
the phase modulator. The term Tsin(üJmt) arises due to the 
basic phase modulation where u)m is the modulation frequency 
and, following standard theories of FM lasers [4], we identify 
T as the enhanced modulation index. The last term, and the 
one of primary interest in the present context, is that due to 
the multiple reflections in the external cavity where on each 
pass of the cavity an additional phase change governed by the 
single-pass modulation index 6m is impressed upon the laser 
field. The total phase change is then obtained via a summation 
over the number of multiple reflections p. 

The carrier density equation is incorporated into an iterative 
scheme by using a second-order Taylor expansion 

dt2 ' N(t + rm) : 
dN     T-- 

(3) 

- 9N(N - N0)S(t).        (4) 

The first-order derivative is simply the well-known standard 
carrier rate equation and the second order is found by differ- 
entiation 

dN(t)     /(*) _ N(t) 
dt    ~ eV 

In these equations S(t) = \A(t)\2 is the photon density 
inside the laser cavity. It is well appreciated that, in general, 
delay-differential equations such as (1) do not allow analytical 
solutions. Consequently a full treatment of the phenomena 
arising in the configuration of interest requires a numerical 
solution of the equations. 

m. DYNAMICS OF EXTERNAL CAVITY FM OPERATION 

The parameters used in the numerical simulations (Table I) 
were chosen to model the experimental arrangement used by 
Willis and Kane, [8]. In their setup, the laser facet forming 
the external cavity had an antireflective coating to ensure 
that the external cavity is strongly coupled to the diode 
laser cavity. Thus, without the phase modulator in place, 
the laser configuration is that of an ECL. This implies that 
the laser configuration is operating in Regime V, [3]. It is 
worth noting that without the external mirror the antireflective 
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Fig. 2.   Spectral profiles obtained as the modulation frequency is tuned toward resonance: (a) unmodulated case, (b) u>m = 351.85 MHz, (c) uim = 359.25 
MHz, (d) uim = 360.37 MHz, (e) uim = 362.22 MHz, (f) um = 362.96 MHz, (g) um = 363.88 MHz, and (h) wm = 364.07 MHz. 

coated laser diode supports one longitudinal mode over a wide 
injection current range. Thus, the coupled cavity configuration 
has three characteristic round-trip times: the solitary lasers, 
(rin), the external cavity, (r), and the external cavity laser, 
(i"m + T). In contrast, the other laser systems that have 
exhibited FM operation have, generally, consisted of only 
one cavity and consequently have one characteristic round- 

trip time. Hence, such system show considerably different 
dynamical behavior to that of coupled cavity configuration 
under investigation here. 

Placing a phase modulator in the external cavity of the laser 
diode causes significant changes in both the spectral features 
and power dynamics. The numerical results obtained here are 
in good agreement with the experimental results previously 
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H° 3 Temporal scans of the photon density profiles (normalized with respect to ECL steady state value So) associated with the spectral profiles of 
Fig. 2: (a) unmodulated case, (b) u>m = 351.85 MHz, (c) um = 359.25 MHz, (d) u;m = 360.37 MHz, (e) u>m = 362.22 MHz, (f) wm = 362.96 
MHz, (g) ujm   =  363.88 MHz, and (h) um  = 364.07 MHz. 

reported by Willis and Kane. In all the simulations that follow 
the laser is electrically pumped at three time threshold value 
of the solitary laser. 

It is well known from general FM theory that tuning the 
modulation frequency toward the axial frequency increases the 
FM bandwidth. This effect can clearly be seen in Fig. 2(aMg) 
where typical FM RF-spectra are observed. Fig. 2(a) shows the 

spectrum of the ECL without phase modulation, weak side- 
modes at 1/T are evident because the laser facet reflectivity 
r2 is not zero. The spectrum is not centred around zero because 
the external cavity, in conjunction with the linewidth enhance- 
ment factor induces a shift in the central laser frequency 
from that of the solitary laser. It should also be noted that 
in Fig. 2(a) the graph has been clipped to aid comparison, 
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Fig. 4.   Phase-plane portraits for four modulation frequencies are shown. The first three are for FM operation cases (a) um = 351.85 MHz, (b) wm = 359.25 
MHz, (c) um = 362.96 MHz, while the last is for bistable state, and (d) iom = 364.07 MHz. 

and the central frequency is considerably greater in magnitude 
than the side-modes. 

As expected, the FM bandwidth increases as the modulation 
frequency is tuned toward the reciprocal of the external 
round-trip time (1/V = 370.37 MHz), Fig. 2(bHg)- The 
slight asymmetry in the FM spectrum can be attributed to 
the linewidth enhancement factor, and was also observed 
experimentally. An abrupt loss of FM operation is observed 
in Fig. 2(h). The spectrum flattens and broadens drastically; 
note that both the frequency and amplitude scale have been 
changed in this figure. Higher harmonics and beat frequency 
effects, between o;m and 1/T, can be identified on closer 
inspection of the spectrum. This drastic loss of FM operation, 
as a function of modulation frequency, has also been observed 
experimentally. Further tuning the modulation frequency to- 
ward resonance does not result in pulsed FM operation, the 
spectrum simply broadens further. 

The output photon density associated with each spectral plot 
is shown in Fig. 3. In general there is a small amount of 

amplitude modulation. This is expected since the linewidth 
enhancement factor couples the amplitude and the phase, 
and thus any phase modulation will always cause amplitude 
modulation. The abrupt loss of FM operation seen in the spec- 
tral domain, Fig. 2(h), is accompanied by a correspondingly 
drastic change in the temporal behavior of the output photon 
density, Fig. 3(h). Large quasiperiodic amplitude modulation 
is obtained, and longer temporal simulation lengths show that 
the dynamics have an irregular behavior over longer time 
scales. This type of behavior is reminiscent of coherence 
collapse seen at lower feedback levels, but shows greater 
periodic structure than that generally seen in conventional 
coherence collapse [2], [3]. 

rv. COUPLED CAVITY PHENOMENA 

Insight into the origin of the abrupt loss of FM operation 
can be obtained by looking at the phase-plane portraits of the 
normalized photon density versus the normalized carrier den- 
sity, Fig. 4. Both the photon and carrier density are normalized 
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Fig. 5.   Time evolution of the earner density showing that the system switches between the two different states that appear when the system exhibits 
coherence collapse like behavior, um   = 364.07 MHz. 

with respect to the solitary laser values. The dynamics of the 
system are confined to small regions of phase space indicating 
the existence of stable regions of operation—or, in dynamical 
system terminology basins of attraction. 

The phase-plane portraits for the FM mode of operation are 
shown in Fig. 4(a)-{c), and shows increasing complexity as the 
modulation frequency is tuned toward resonance. The observed 
amplitude fluctuations seen in Fig. 2 translate into "elliptic 
like" limit cycles seen in Fig. 4(aMc). Other frequencies 
become undamped, with increased phase modulation, allowing 
the ECL to oscillate at several frequencies, and thus causing 
the increased complexity seen in Fig. 4(c). 

The phase-plane portrait obtained after FM operation is lost 
indicates that the frequency modulated ECL is hopping be- 
tween quasi-stable regions of operation (attractors), Fig. 4(d). 
The larger attractor is centred around the same part of the 
phase space that the previous portraits occupied. However, 
the structure seen in the Fig. 4(a)-(c) has been lost and the 
attractor has weakened and expanded significantly. A second 
smaller attractor appears near to where the solitary laser would 
operate.The time evolution of the carrier density (Fig. 5) 
clearly shows that the system switches between two states. 
The lifetime of these two states are considerably different. The 
state associated with the lower carrier density has the longest 
lifetime and corresponds to the larger of the two attractors 
evident in Fig. 4(d). 

The appearance of a second region of stable operation is at- 
tributed to the competition between coupled cavity modes and 
external cavity modes, where coupled cavity modes are those 
modes that have frequencies at multiplies of approximately 
l/fan + T). At some point, as the modulation frequency is 
tuned toward 1/r, significant power couples into the coupled 
cavity modes, causing the development of a second attractor, 
and simultaneously destroying FM operation. 

V. CONCLUSIONS 

The present paper has examined in some detail spectral 
and dynamical behavior in an external cavity FM laser diode 

configuration. Attention has been restricted to phenomena 
arising in the so-called long cavity case. FM operation has 
been demonstrated and the bandwidth observed to increase as 
the modulation frequency is tuned toward resonance. However, 
at some critical frequency FM operation is dramatically lost 
and coherence collapse like behavior is observed. 

The abrupt loss of FM operation has been shown to coincide 
with the appearance of two quasi-stable state (attractors). The 
laser hops between these two quasi-stable operating points. 
This behavior is attributed to mode competition between ex- 
ternal cavity modes and coupled cavity modes. The phenomena 
observed in the numerical simulation are in good qualitative 
agreement with experimental results [8]. 

As indicated above, quite a broad range of phenomena can 
actually appear in this configuration. In particular, in the short 
cavity case a transition from FM operation to pulsed laser [4] 
has been demonstrated. Details of this behavior will be de- 
scribed separately [16]. The investigations have also revealed 
that coupled cavity phenomena arising here are not restricted 
to semiconductor lasers. Specifically, it has been found that 
several features of the behavior are independent of the cavity 
detuning represented via the linewidth enhancement factor of 
semiconductor lasers. The exploration of such phenomena in 
more general laser systems will be the subject of a further 
contribution [17]. 

REFERENCES 

[1] J. Mork, B. Tromborg, and J. Mark, "Chaos in semiconductor lasers with 
optical feedback: Theory and Experiment," 1EEEJ. Quantum Electron., 
vol. 28, pp. 93-108, 1992. 

[2] G. van Tartwijk and D. Lenstra, "Semiconductor lasers with optical 
injection and feedback," Quantum. Semiclass. Opt., vol. 7, pp. 87-143, 
1995. 

[3] R. W. Tkach and A. R. Chaprlyvy, "Regimes of feedback effects in 
1.5 fim distributed feedback lasers," J. Lightwave Techno!., vol. 4, pp. 
1655-1661, 1985. 

[4]  S. E. Harris and O. P. McDuff, "Theory of FM laser oscillation," IEEE 
J. Quantum Electron., vol. 1, pp. 245-262, 1965. 

[5] F. V. Kowalski P. D. Hale, and S. J. Shattil, "Broadband continuous 
wave laser," Opt. Lett., vol. 13, pp. 622-624, 1988. 

[6]  B. Furch, A. L. Scholtz, and W. R. Leeb, "Isolation and frequency 
conversion properties of acoustooptic modulators," Appl. Opt., vol. 21, 
pp. 2344-2347, 1982. 

84 



Advanced Semiconductor Lasers and Their Applications 

[7]  A. P. Willis and D. M. Kane, "Modulation induced coherence collapse 
in FM diode lasers," Opt. Commun., vol. 107, pp. 65-70, 1994. 

[8]  , "Modulation induced coherence collapse: The collapse of side 
mode suppression in external cavity diode lasers," Opt. Commun., vol. 
Ill, pp. 577-588, 1994. 

[9] P. 1. Richter and T. W. Hansen, "Diode lasers in external cavities with 
frequency-shifted feedback," Opt. Commun., vol. 85, pp. 414-418,1991. 

[10] J. Martin, Y. Zhao, S. Balle, K. Bergmann, and M. P. Fewell. "Visible- 
wavelength diode lasers with frequency—Shifted optical feedback," Opt. 
Commun., vol. 112, pp. 109-121, 1994. 

[11] A. P. Willis, A. I. Ferguson, and D. M. Kane, "External cavity diode 
lasers with frequency shifted feedback," Opt. Commun., vol. 116, pp. 
87-93, 1995. 

[12] K. W. Benoist, "The influence of external frequency shifted feedback 
on a DFB semiconductor laser," IEEE Photon. Technol. Lett., vol. 8, pp. 
25-27, 1996. 

[13]  K. A. Shore and D. M. Kane, "Cavity decoupling in external cavity FM 
diode lasers," Electron. Lett., vol. 33, pp. 50-51, 1997. 

[14] L. N. Langley, K. A. Shore, and J. Mork, "Dynamics and noise 
properties of semiconductor lasers subject to strong optical feedback," 
Opt. Lett., vol. 19, pp. 2137-2139, 1994. 

[15] P. S. Spencer and K. A. Shore, "Multimode iterative analysis of 
the dynamic and noise properties of laser diodes subject to optical 
feedback," J. European Optical Soc. B, Quantum and Semi. Optics, vol. 
9, pp. 819-830, 1997. 

[16] P. S. Spencer, D. M. Kane, and K. A. Shore, "Transition to pulsed 
operation in short external cavity FM semiconductor lasers," IEEE J. 
Quantum Electron., vol. 35, pp. 788-793, May 1999. 

[17]  , "FM lasing phenomena in class-B external cavity lasers," in 
preparation. 

P. S. Spencer, photograph and biography not available at the time of 
publication. 

D. M. Kane, photograph and biography not available at the time of publi- 
cation. 

K. Alan Shore, photograph and biography not available at the time of 
publication. 

85 



Evaluation of comb bandwidth parameters for frequency-shifted feedback 
semiconductor lasers 

K. A. Shore 
S.E.E.C.S. University of Wales, Bangor 

Bangor LL57 1UT, Wales, United Kingdom 
D. M. Kane 

School of Mathematics, Physics, Computing and Electronics 
Macquarie University, NSW 2109, Australia 

email: alan@sees.bangor.ac.uk; tel: +44 1248 382618; fax :+44 1248 361429 

1 Introduction 

The behaviour of lasers subject to frequency shifted optical feedback is of interest in 
meeting technological requirements for high brightness broadband laser sources and also 
in fundamental science eg laser cooling of atoms [1-3]. The study of frequency shifted feed- 
back (FSF) has been pursued in a number of laser systems. Initially dye lasers received the 
greatest attention but more recently semiconductor lasers,fibre lasers and diode-pumped 
solid state lasers have all been examined for FSF effects [see eg. 4-12]. An examination 
of the relevant literature reveals that significant scope remains for developing a compre- 
hensive model capable of describing the build-up of FSF effects and the rich behaviours 
which can arise in such a system - ranging from short pulse generation to broadband emis- 
sion. The aim of the present contribution is to provide a convenient analytical method 
for estimating the bandwidth of the frequency comb generated by the application of 
frequency-shifted feedback (FSF) to semiconductor lasers. The task undertaken here is 
to obtain an explicit analytical form for the peak frequency and bandwidth of the comb 
of frequencies generated by FSF. It will be seen that the assumption of a parabolic fre- 
quency dependence of the gain readily leads to analytical forms which indicate that GHz 
bandwidths can be achieved in FSF laser diodes . 

2 Spectral intensity in FSF lasers 

The basic experimental arrangement for FSF is of a laser subject to optical feedback in an 
external cavity. The FSF may be provided by an acousto-optic modulator (AOM) located 
in the external cavity operating at a modulation frequency Q say. Then if light of frequency 
Vi is emitted from the laser the imposition of a frequency shift Q, on each round trip of the 
external cavity is to generate returned light at frequency vi+x — Ui+Q. The strength of the 
returned light will be determined by a number of experimental parameters but notably the 
efficiency of the acousto-optic modulator (AOM). For convenience a single parameter, 77, is 
used to incorporate all effects which determine the strength of the frequency shifted light. 
With successive transits through the external cavity a comb of frequencies is generated. 
The present paper reports an analysis of FSF in semiconductor lasers. The starting point 
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for the analysis is a modification of the expression for the spectral intensity, I(v), of FSF 
lasers which was derived in [12] for the case of a diode-pumped solid-state laser. 

I(u) = [vGnet{u)]2^-^n (1) 

where u0 is the emission frequency of the laser and Gnet(v) — exp([g(v)—ac]Tin) where g(u) 
is the laser gain, ac is the optical loss, and Tj„ the round trip time of the laser diode cavity. 
The first task which has been accomplished here has been to obtain an expression for the 
peak frequency of the comb i.e. the frequency component with maximum amplitude. 
This may also be termed the instantaneous oscillation frequency. From that a simple 
expression is derived for the bandwidth of that frequency comb. The peak frequency of 
the comb is simply the frequency, um, at which dl/dv = 0. To simplify the representation 
of the results it is convenient to define a net gain, gnet : 

9net = 1 - a/g0 + ln[77]/(T0o) (2) 

Then by utilising a parabolic frequency dependence, g(u) = g0(l — gu[uc — u]2/u2), to 
represent the semiconductor laser gain it is found that : 

vm = (2uc + u0)/3 + ^/{[{2uc + u0)/3]2l/3[uc(2uc + u0) - v^gnet/g*)]} (3) 

In the case that the initial laser emission is located at the centre frequency of the gain, 
i.e. VQ — uc, the following compact expression is obtained: 

Vm = Vc + Va(9net/3gv)1/2 (4) 

The comb bandwidth, which is defined as the spectral width at half peak intensity, 
is found, under the assumption that the initial laser emission is located at the centre 
frequency of the gain (u0 = uc), to be given by: 

vs = ^{2vSt\n{2)l[g0rin(3gvgnet)
ll2}} (5) 

3    Practical implications 

The practical implications of the above form of the comb bandwidth are, in fact, quite 
significant. In [12] it was indicated that a minimum in the oscillation bandwidth would 
be obtained at a determined gnet. In contrast, the present prediction is of a monotonic 
increase with decreasing gnet. That prediction is, however, in accordance with the exper- 
imental results reported in [12]. In assessing the performance of the FSF laser it is seen 
to be desirable to maximise both the comb bandwidth and the output power at which 
FSF operation can be obtained. The latter requires a high gain which in turn determines 
the instantaneous frequency. We thus consider, as a figure of merit for the FSF laser, the 
product 

v8(vm - uc) = v3J2j{[(gnet/3gi/)V
22n\n{2)}/{3g0Tin\} (6) 
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The main parameter determining the performance characteristics would now appear 
to be the material gain bandwidth. Prom this point of view our expectation is that 
semiconductor lasers, with their high net gain and ease of operation, will offer significant 
advantages over other laser systems in applying FSF. In order to illustrate the opportu- 
nities available in this context an evaluation of the comb bandwidth has been performed. 
The principal material parameters required for such an evaluation are the linear gain, g0, 
and the gain bandwidth vb = va/glJ2 with typical values of 1 ps"1 and 10 THz respec- 
tively and the cavity round trip time, rin in which for standard edge emitting lasers is 
about 5 ps. The net gain, gnet, clearly depends significantly on the precise details of the 
experimental arrangement but a value of 0.3 may be assumed. Then assuming a mod- 
ulation frequency, f2, of 110 MHz [9] the comb bandwidth is found to be about 10 GHz 
which, within the limits defined by the uncertainty in the precise experimental value of 
the net gain, is seen to be in very good agreement with the measured bandwidth of 6 
GHz [9]. Further results indicating the parameter dependence of the salient operating 
characteristics will be presented. In our view, these results provide strong motivation for 
undertaking detailed experimental work with a view to determining, in analogy to the 
work on solid state lasers performed in [12], the depedences of the comb bandwidth on 
the net gain in Frequency Shifted Feedback on semiconductor lasers. 

The analysis reported provides compact expressions which predict the main features of 
the frequency comb generated by frequency-shifted-feedback on semiconductor lasers.Such 
expressions may find further applications in the design of laser diode instrumentation for 
velocity and distance measurements. 
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1    Introduction 
The present contribution describes a theoretical framework for performing calculations 
of the fundamental time constants which determine the dynamics of carrier transport 
and carrier capture in intersubband quantum cascade semiconductor lasers. In a recent 
brief report [1] it was indicated that unipolar lasers have the potential for achieving THz 
modulation bandwidths and a detailed description of that analysis has been presented 
elsewhere [2]. All that work was concerned with the dynamical processes occurring in a 
single triple-quantum well element. In practical intersubband lasers, in order to achieve 
sufficient optical gain, the active region must contain many copies of such elements so as 
to achieve the quantum cascade effect which underpins the successful operation of this 
class of lasers. In order to analyse the dynamical processes at play in such a quantum 
cascade laser, attention needs to be given to carrier transport and carrier capture processes 
which will affect, in particular, the achievable direct current modulation frequency of 
intersubband cascade lasers. In this report, a theoretical framework will be established 
to perform calculations of the pertinent physical factors which govern carrier transport. 

The generic structure which is assumed to form the building block of the active layer 
of the electrically pumped intersubband laser of interest here has been examined in some 
detail in previous work [1, 3-6]. The aim of the present work is to study the modifications 
in predicted dynamical response which arise due to the effects of inter-element carrier 
transport and the finite time associated with the capture of electrons in the well structure. 

The framework for analysis developed here is of general applicability but for the sake of 
definiteness in prescribing the salient physical processes which are required for accurately 
predicting the response, the work reported here concerns structures fabricated in the 
GaAs/AlGaAs system. This material system offers an advantage in terms of the well 
advanced state of information concerning fundamental material constants. A recent report 
[7] of the successful demonstration of intersubband lasing in this material system provides 
particular motivation for analysing this structure. 
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2 Analysis Technique 
The rate equations for carrier densities [1, 3-6] as well as the rate equations for energy 
densities [8] depend on the intersubband relaxation time rs and on the capture time r12. 
Both rate equations give the electron volume density N{ and temperature Tei in the each 
i-th energy subband. These two quantities enter back into the calculations of the electron 
relaxation times. Hence, it is natural to calculate the electron densities, temperatures and 
relaxation times self-consistently until the convergence is retained. An iteration process 
starts with the rate equations for carrier densities and continues with the rate equations 
for energy densities, and the optical gain [9] and, finally, the required relaxation times are 
calculated. Then the whole process is repeated. Fortunately, these iterations converge 
rather fast usually taking no more than 5 cycles or so. Note here that the capture time 
was not involved in the self-consistent scheme. 

2.1    Electron relaxation times 

Electron relaxation dynamics in the intersubband lasers are governed predominantly by 
the electron interaction with polar optical phonons. Nevertheless, in order to verify its 
contribution we have also taken into account, via the deformation potential interaction, 
electron scattering by acoustic phonons. Both phonons are considered to be bulklike 
because incorporation of some phonon confined model affects the overall results to a 
degree (< 10%) comparable to other fine effects such as non-parabolicity [10]. 

The electron-phonon rates are calculated using Fermi's golden rule as a transition from 
the initial subband i with energy E{ to the final subband j with energy Ej. Then the 
electron rate with an initial energy E can be obtained for the polar optical phonon (pop) 
scattering as [11, 12] 

3 Results and discussion 

The quantities found using the self-consistency scheme described in the previous section 
is utilised to perform calculations of the salient features of the laser dynamics. Results 
presented here are for the lifetimes calculated self-consistently for the MIR structure [5, 6] 
while for the lifetimes of the structure described in [7] we have been used the parameters 
given in that paper. 

The electrons in the upper subband levels in the structures of [5, 6] have high enough 
sheet densities to achieve a population inversion and consequently to participate in a laser 
action. The sheet density in the highest energy subband (Et) is also largest. Therefore, 
we expect that transitions from this level to the lower ones are the most effective. The 
electron sheet densities in the middle QW indicate that electron transitions between these 
levels are not as effective as from Ei. The electron temperatures, as expected, increase 
with decrease in the subband energies. We have found an intersubband relaxation time of 
1.07 ps after the self-consistent calculations. Further, we have calculated the capture time 
to be 0.28 ps using the self-consistent results for the electron densities and temperatures. 
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For the structure of Ref. 7, we have been found a relaxation intersubband time of 
4.0 ps at the temperature equal to 77 K. The corresponding state lifetimes T\, T2 and T% in 
the active region (see Fig. 1 of Ref. 7) are 0.97 ps, 0.67 ps and 0.60 ps, respectively. The 
relaxation intersubband time we calculated is about 2 times larger than that of Ref. 7, 
but we believe that our calculations consider more accurately such processes as tunnelling 
between the wells, acoustic phonon interactions, electron degeneracy and includes also 
the applied bias. The population inversion conditions Ts — r2 > 0 and T$ — T\ > 0 are 
even better satisfied in our case. We have also calculated a capture time of 1.8 ps for the 
structure in [7]. This time, which represents an efficiency of the electron capture from 
the injection region into the active region, is short enough to encourage the rebuilding 
of the electron population inversion in the upper level. The tunnelling time r2s has also 
been calculated and found to have an unusually high value of 6.6 ps. This is because the 
energy difference between the levels 2 and 3 is less than the pop energy. In fact, if one 
wants to find the tunnelling time more exactly, the transitions into the following injection 
region should be also taken into account. 

The results obtained here can be used, for example, in order to ascertain the direct- 
current modulation response of such lasers. Such work is in progress. 
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Wide aperture semiconductor lasers offer possibilities for space-based communications applications and as 
pump sources for fiber amplifiers. Broad area devices exhibit weakly turbulent outputs from the very onset of 
lasing, thereby degrading device performance. By weakly turbulent, we mean persistent random dynamical 
bursts of spatially coherent structures within the laser medium. These dynamical filamentation instabilities 
create local hot-spots and can lead to permanent facet damage. The MFA-MOPA device, for example, was 
designed to offset the tendency for filamentation instabilities and thereby ensure high brightness operation 
up to a few Watts CW. Our simulation model [1] discussed below, was instrumental in redesigning the shape 
of the flare with the prediction of a doubling of the single-mode output power over the conventional linearly 
expanding flare MFA-MOPA [2]. It has also been used to show that the current modulated MFA-MOPA 
shows severe degradation of the output due to very weak but finite reflectivity of the output facet of the 
power amplifier [3]. 

Important issues which influence the onset of filamentation instability in these devices will be discussed. 
In particular, recent microscopic many-body calculations of the semiconductor optical response have yielded 
quantitative agreement with experimental gain, index and linewidth enhancement factor spectral measure- 
ments for different QW gain media over the past year [4]. An important conclusion of this phase of our effort 
is that femtosecond timescale multi-band carrier-carrier and carrier-phonon scattering events, profoundly 
affect the shape and magnitude of the CW optical gain. Barrier state filling at high current pump levels 
has little effect on the optical gain but modifies the refractive index, and hence, the magnitude of the effec- 
tive Linewidth Enhancement factor, significantly. Large values of the latter lead to increased tendency for 
dynamic filamentation and beam degradation. 

The semiconductor optical response depends on frequency, total carrier density and temperature (plasma 
and lattice). The very large gain bandwidth of the semiconductor material means that multiple longitudinal 
modes can compete effectively for gain. Coupled with transverse filamentation instabilities, this leads to 
extremely complicated spatio-temporal behavior. Beam propagation methods which can only resolve steady 
state behavior are simply inapplicable. Our approach has been to incorporate the microscopically computed 

Reprinted from Advanced Semiconductor Lasers and Their 
Applications Conference,! 999 Technical Digest, „- 
©1999 Optical Society of America 



Advanced Semiconductor Lasers and Their Applications 

u-   . 
LU  4 

  theory, 10 nm 
•exp., 10 nm, 
 theory, 5 nm 

■ exp., 5nm 
 theory, 3nm 

2 3 4 5 
Density 1012/cm2 

Figure 1: Linewidth enhancement factor (LWEF) as a function of carrier density 

semiconductor optical response into a laser simulation model which resolves the full space time behavior 
of the counterpropagating optical fields and carrier density distributions throughout an arbitrary laser or 
amplifier structurefl]. This modular approach allows us to consider multi-section devices with very general 
geometries. 

We will report on recent progress on the microscopic many-body calculations of the semiconductor op- 
tical response and on recent simulations of high power gain-switched pulsed broad area lasers. We will 
show that conduction band non-parabolicity and Coulomb-induced intersubband coupling strongly modify 
the gain/absorption and refractive index spectra of QW materials with GRINSCH and SCH confinement 
barriers. Inclusion of these effects in a multi-band microscopic calculation gives quantitative agreement with 
experimental measurements for different laser structures [5]. Quantitative agreement with experimentally 
measured Linewidth Enhancement factors (LWEF) provides the most stringent test of the many-body the- 
ory as we are comparing the ratio of differential quantities. As an illustration, we will show an example of 
structures for which the LWEF increases strongly with increasing carrier density and for which the LWEF 
clamps with increasing density [Figure 1]. For the first time, we have the capability to start at the same 
level of the materials grower (i.e input to the calculation includes bulk bandgaps, Luttinger parameters, 
strain constants, dipole matrix elements and band offsets between different materials in a heterostructure 
configuration) and a priori design and optimize a semiconductor amplifier/laser from the ground up. The 
semiconductor optical response, so computed, is input as a look-up table to the nonlinear partial differential 
equations that resolve the full space-time development of the counterpropagating optical fields and total 
carrier density within a general amplifier or laser structure. 

As an illustration of a full scale simulation, we present results in Figure 2 of high peak power pulsed 
generation in a gain-switched twin-section flared semiconductor laser. The device has a narrow section, part 
of which is reverse biased. The remainder is forward biased with a single contact covering the remaining 
narrow section and the expanding flare. The experimental pulsed output generated at Sandia National 
Laboratories agrees remarkably well with this simulation result [6]. The generated optical pulse is highly 
multi-moded but detector averaging yields a smooth temporal profile. The fully resolved multi-mode and 
time-averaged output power is shown in the figure.   In the simulation, we include the detector averaging 
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Figure 2: Instantaneous power output, and power that a detector with a 17ps response time would measure 
for a simulation of a gain switched twin section flared laser with an applied reverse bias, note the difference 

in scales 

using a response time of 17 ps as supplied by the experimentalists. Using the simulation, we have been able 
to optimize the structure by adjusting the lengths of the absorbing and amplifying region's narrow sections 
as a function of reverse bias. We will also discuss how the LWEF clamping shown in Figure 1 influences the 
degree of filamentation in high power broad area devices and hence the time-averaged far-field broadening 
of multi Watt devices. At the high carrier densities reached in such devices, a combination of carrier leakage 
into the barrier confinement layers and strong blue-shifting of the gain peak, are key players in influencing 

the magnitude of the LWEF. 
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Abstract: A solid-state broad-band amplifier of far-infrared radiation (1.5 - 4.2 THz) 
based on intersubband transitions of hot holes in p-Ge is demonstrated using two p-Ge 
active crystals, when one operates as an oscillator and one as an amplifier. A peak gain 
higher than usual for p-Ge lasers has been achieved using time separated excitation of the 
oscillator and amplifier. Active mode locking of the p-Ge laser has been achieved in the 
Faraday configuration of electric and magnetic fields with distinct advantages over Voigt 
geometry. The 200 ps pulses of 80-110 cm"1 radiation were achieved by local gain 
modulation from an applied rf electric field at the 454 MHz round trip frequency of the 
laser cavity. 
OCIS codes: (140.3070) Infrared and far-infrared lasers; (140.3280) Laser amplifiers; (140.4050) Mode-locked 
lasers 

Far-infrared p-Ge lasers operate in the wavelength range 70 to 200 |im[l]. The mechanism of 
amplification of terahertz emission in bulk p-Ge is based on direct optical transitions between light and 
heavy hole valence subbands (Fig. 1) in strong crossed electric and magnetic fields, when the crystal is 
cooled to liquid helium temperatures. Population inversion is built up via light hole accumulation at 
certain values of electric E and magnetic B fields. At the optimal ratio E/B, heavy holes repeatedly emit 
an optical phonon after being accelerated beyond the threshold energy 37 meV while light holes move 
on closed cyclotron orbits below this threshold and have a much longer lifetime. A large gain 

c5 
c 

LU 

Fig. 1. Mechanism of THz amplification by intersubband transitions. Solid parabolas represent the light- (lh) and heavy- 
hole (hh) bands. The dotted-lines represent heavy holes accelerated beyond the optical phonon energy (h(^% then scattered 
back to the heavy- or light-hole band. Accumulation of hot light-holes is indicated together with downward transitions and 
THz photon emission. 
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bandwidth (AaVco ~ 1) and low dispersion make this active medium promising for wide range tunability 
and for propagation, amplification and generation of short pulses of far-infrared radiation with 
picosecond duration % ~ 1/ Aco. 

Usual p-Ge lasers span the frequency range 1.5 - 4.2 THz, deliver 1-10 W peak output power for 
1 cm3 typical active volume, and have 1-5 [is laser pulse duration. The saturation intensity inside the 
active crystal can reach kW/cm2, but this intensity cannot be extracted because the typical gain of only 
~10"2 cm"1 requires small out-coupling losses for development of stimulated emission. An oscillator- 
amplifier p-Ge laser system has the potential to increase the useable p-Ge laser power since a single-pass 
amplifier does not require feedback from an out-coupling mirror. 

Generation of 200 ps far-infrared pulses by the p-Ge laser has been obtained by active mode 
locking in Voigt geometry of applied fields with gain modulation at one end of the laser crystal[2-5]. 
The modulation field Erf is applied at a frequency v,f equal to the half of the cavity roundtrip frequency 
vrt and parallel to the magnetic field. Erf periodically accelerates light holes beyond the optical phonon 
threshold, upon which they are predominantly scattered to the heavy hole band. As a consequence, the 
gain is modulated at the roundtrip frequency, inducing mode locking. This proposed mechanism[6] 
required Voigt geometry of applied fields, where the main electric E and magnetic B fields are both 
perpendicular to the optical axis of the active crystal (direction of light propagation) and perpendicular 
to each other. Here we demonstrate the first achievement of active mode locking in Faraday geometry 
where the magnetic field is applied along the long optical axis of the sample and the orientation of the 
applied modulating field Erf is perpendicular to B. 

Experiment 

The oscillator-amplifier scheme is shown in Fig. 2. Rectangular rods were cut from single crystal Ge, 
doped by Ga with a concentration NA = 7 x 1013 cm"3. The crystal ends were polished parallel within 30 
arc-seconds. Si spacers between the crystals prevented electrical breakdown. The out-coupling mirror 
for the laser was an evaporated Al film on one of the Si spacers with a centered 1.5 mm hole. The back 
copper mirror was attached via 20 p,m teflon film. Electric field pulses Ei and E2 were applied to the 
laser and amplifier crystals from separate pulsers via ohmic Al contacts evaporated on the crystal sides. 
The system was inserted in a superconducting solenoid, putting both crystals in the same magnetic field 
B, and cooled by liquid helium. The radiation was detected by a whisker-contacted Schottky diode 
outside the cryostat or with a cooled Ge:Ga photoconductor inside the cryostat. 

For the mode-locking experiment, the crystal dimensions were 5 x 7 x 84.2 mm3. Two external 
copper mirrors were attached to them via 20 |im teflon film. The field orientations were EHv II [1-10] 
and B II [111]. For gain control and modulation the active sample had a few pairs of small additional 
contacts with a length of 4 mm and 1 mm separation on the sides of the crystal perpendicular to the main 
contacts (Fig. 2). In these experiments, the external rf electric field was applied only to the contact pair 
nearest the back mirror. The remaining additional contacts serve as equipotential surfaces, which are 
important for the mechanism of gain modulation discussed below. Fig. 2 shows the electronic set up [5] 
for application of Erf and EHv, as well as the scheme for controlling independent bias voltages to the if 
contacts on each side. The bias voltages Ui and U2 are obtained from the main-contact pulse, Uo, using 
potentiometers. The obtainable Ui and U2 vary from zero to UQ. 
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Fig. 2. Left: Oscillator-amplifier p-Ge laser construction. Right: Contact configuration with excitation and modulation 
electronics for mode-locked p-Ge laser. Thick lines denote coaxial cables. 

Amplifier results 

The amplifier experiment is performed in the high-frequency region of p-Ge emission [1], where the 
laser generates a broad multimode spectrum from 70 to 140 cm"1. The transmission T of oscillator 
radiation by the amplifier is presented in Fig. 3. For low excitation of the amplifier (E2 < 20-50 V/cm), 
there is no transmission of oscillator radiation, but for higher fields, transmission appears. For electric 
field values E2 in the range 800 to 1200 V/cm the amplifier enters the active zone of amplification on 1-h 
transitions due to light-hole accumulation. To define the amplifier zero-gain level (T=l) in Fig. 3, the 
threshold electric fields of self-excitation were independently determined for the amplifier crystal with 
external mirrors applied to its ends (i.e. when it starts to läse). Because the threshold might depend on 
the mode structure, maximum and minimum estimated threshold levels for that sample, giving the range 
8E2, are marked on Fig. 3. These levels define the range of values for transmission 5T (dashed curves) 
and for gain 8a. Accounting for multiple reflections inside the amplifier crystal (considering 100% 
reflection from the back Al mirror and R = (n-l)/(n+l) = 0.35 from the output end, nee = 3.925), the 
absolute value of the gain is found from the expression T = g(l-R)/(l-Rg2), where g = exp(ccL) and L is 
length of the crystal. The gain a obtained from the peak in Fig. 3a has the value 0.028 (+/- 0.008 ) cm" . 
The measurement of the absolute gain from the rise time of the stimulated emission pulse when external 
mirrors are applied to the crystal gives the lower value 0.010 to 0.015 cm" . 

The enhanced amplifier gain is achieved by delaying E2 with respect to the Ei pulse (Fig. 4). 
The amplifier is switched on near the oscillator-output peak. (Note that the laser emission shown in Fig. 
4 is detected with a Ge:Ga photoconductor inside the cryostat in close proximity to the cavity 
construction, allowing detection of oscillator emission from rays that leak around the amplifier.) The 
400 ns delay in Fig. 4 between the onset of oscillator excitation Ei and the oscillator emission pulse 
(solid curve) is the typical p-Ge laser build-up time. The solid curve shows the usual decay caused by 
crystal heating. If the amplifier is excited when oscillator signal is present, the signal output from the 
combined system rises with essentially no delay (dashed curve). 
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Fig. 3. (a) Transmission of high-frequency-domain p-Ge laser radiation by the p-Ge amplifier vs. excitation field E2. (b) 
Gain in the amplifier crystal determined from transmission data. The bounding dashed data curves indicate the uncertainty 
range. The spectral range of the emission is 80 to 100 cm"1. Ej = 800 V/cm and B = 0.69 T. 
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Fig. 4 (left).  Timing diagram of oscillator excitation pulse Ei, amplifier excitation pulse E2, oscillator output pulse (solid 
data) and amplifier output pulse (dashed data). 

Fig. 5 (right).  Fast dynamics of the p-Ge amplifier output.   Sub-nanosecond round trip intensity oscillations of the p-Ge 
laser oscillator are preserved by passage through the amplifier. 

Outside the cryostat, the room temperature fast whisker-contacted Schottky diode detects only 
the second peak of the dashed curve in Fig. 4, which corresponds to a highly collimated beam 
transmitted by the amplifier only while it is active. If E2 = 0, the amplifier crystal is opaque, and the 
scattered oscillator signal is strongly attenuated by reflections within the light pipe. A fragment of 
Schottky signal (Fig. 5) shows fast periodic structure with 800 ps period corresponding to round trip 
oscillations of the oscillator cavity (28 mm Ge plus Si spacer). No distortion by dispersion or multiple 
reflections inside the amplifier appears, which demonstrates that the second active crystal works 
similarly to a single pass amplifier and that this amplifier reproduces the sub-nanosecond dynamics of 
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the laser intensity. This observation, and the known broad gain spectrum, suggests that the p-Ge 
amplifier is suitable for propagation and amplification of pulses of THz radiation even as short as 1 ps. 

Mode-locking results 

A strong dependence of the p-Ge laser operation on the potentials Ui and U2 applied to the additional 
contacts (Fig. 2) was found. This observation is similar to that found in Voigt geometry[5], but in 
Faraday geometry the laser is more sensitive to a change of the average potential (Ui + U2)/2 than to the 
voltage drop U2 - Ui. This is displayed in Fig. 6, where intensity contours are plotted vs Ui/U0 and 
U2/U0. The laser does not operate outside the outer contour in the unshaded region. Without applying 
external bias, Ui and U2 have values determined by the Hall effect. These values are optimal for the 
gain due to maximal homogeneity of the electric field along the magnetic field direction. The dashed 
line in Fig. 2 indicates the condition Ui - U2 = UHaii, and a symbol indicates the optimal lasing point. 

0.0       0.2       0.4       0.6       0.8       1.0 
u/u0 

5 10 
Time (ns) 

Fig. 6 (left). Intensity contours vs. normalized bias potentials at the additional contacts. The diagonal dashed line indicates 
the condition UrU2 = UHaii. The optimum point indicates the bias values for best lasing. Point M indicates the bias values 
for the best mode locking effect. 

Fig. 7 (right). Mode-locked output of Faraday-configured p-Ge laser. The peak widths are bandwidth limited by the 
transient digitizer. 

Active mode locking is achieved via local modulation of the gain inside the active crystal by 
applying an rf electric field. The best active mode locking was found at the bias conditions labeled M in 
Fig. 6. At point M, the laser starts to operate only when the additional rf field is applied exactly at the 
laser-cavity round-trip frequency. The laser is then mode-locked, and the output appears as a train of 
200 ps pulses (Fig. 7). The rf resonance is about 1 MHz wide, as defined by the build-up time for 
stimulated emission of a several hundred nanoseconds. During this time, the gain should be modulated 
precisely at the round trip frequency of the cavity. 

The local gain modulation is induced by the appearance of a longitudinal E-field component 
along B in the center of the sample when external voltages Ui and U2 are applied to the additional 
contacts. This is explained schematically in Fig. 8. Equipotential contours in steps of 0.1 U0 are shown 
over two cross sections of the laser crystal, as indicated. Supposing that bias potentials Ui and U2 

corresponding to point M are applied to the first pair of additional contacts (Fig. 8a), the potential 
distribution between the second pair of additional contacts (Fig. 8b) assumes values given by the 
optimum point in Fig. 6. A schematic of the resulting potential distribution in the center of the crystal 
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cross section along the long axis z is then shown in Fig 8c, where the positions of the additional contacts 
are indicated along the upper horizontal axis. The curve representing the electrostatic potential has two 
solid symbols, which give the 
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Fig. 8. Schematic of electric potential distributions inside the p-Ge laser crystal, (a) Cross sectional slice under the first pair 
of additional contacts with equipotential contours in units of 0.1 U0. The U, and U2 bias values correspond to point M in Fig. 
2. (b) Cross sectional slice under the second pair of additional contacts without external bias. Ux and U2 assume values 
close to the optimum point in Fig. 2. (c) Potential vs. distance along the main crystal axis and the corresponding electric 
field En. 

potential values at the points with the same symbols in Figs. 8a and 8b. The potential gradient along z 
corresponds to the appearance of a local electric field E„ along the magnetic field. The rf electric field 
on the additional contacts modulates the potential at the center of the local crystal cross-section, thus 
modulating the potential gradients along B, and finally the local gain. 

Discussion and conclusions 

The small signal gain determined from amplifier transmission exceeds the value obtained from the 
lasing rise time. The reason is that the typical build-up time of the radiation intensity from spontaneous 
level to the measurable level is several hundred nanoseconds. Meanwhile, the sample is Joule heated to 
about 10 K, where the absolute gain is reduced by light-hole lifetime quenching and increased 
multiphonon lattice absorption. The oscillator/amplifier system avoids this problem by delaying the 
amplifier excitation until the oscillator output peaks. Thus, the amplifier crystal is still cold when the 
injected radiation reaches its peak intensity, allowing this radiation to be amplified with higher gain than 
usual.   This method will in principle allow higher than usual output intensities for the same excited 
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crystal volume   The broad-band nature of the p-Ge amplification holds promise for amplification of 
femtosecond THz pulses created using ultrafast lasers and photoconductiveantennas. 

Short pulse generation by active mode locking of the p-Ge laser in Faraday geometry is new, but 
this successful demonstration reveals a number of advantages over Voigt geometry The magnetic.6dds 
are conveniently applied by compact, low-current superconductmg solenoids. The ^*™%^ 
pulses is more repeatable and stable than in Voigt geometry. The xmpedance between additional 
ontact: is comparhively high, permitting low rf current, so that the required «™^%£^ 

is lower In Faraday geometry, magnetoresistance increases the impedence to -50 ohm (as compared to 
lessThan 5 ohm in Voigt[2-5]), which is ideal for most commercial electronics. The measured level of 
reflected rf power was less than 20% without special impedance matching tricks. 
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Upcoming astrophysical and atmospheric investigations using spa.ee/air-borne submillimetcr re- 
mote sensing demand robust, compart, power-efficient, narrow- linewidth, and tunable THz local 
oscillators; moreover, such a source is highly desirable for laboratory far-infrared spectroscopy as 
well. The advent of THz optical heterodyne conversion (TOIIC) in low-temperature-grown (LTG) 
Ga.As—when using semiconductor lasers as pump sources—promises such a. source; detectable out- 
put power up to 5 THz has been reported [1]. However, the enhanced linewidth and frequency 
jitter of free-running diode lasers must be overcome for high-resolution applications since, for ex- 
ample, Doppler linewidths at 1 THz for small molecules are only ~ 1-3 MHz. Moreover, absolute 
calibration of the THz frequency is essential. Although narrow-linewidth spectrometers have been 
achieved using TOHC with diode lasers [2], frequency calibration of the THz output was not gen- 
erally available. This paper presents an all-solid-state, high-resolution, frequency-calibrated, THz 
spectrometer based on TOHC in LTG-GaAs with DBR (distributed-Bragg-reflector) lasers [3]. 

Figure 1 depicts the experimental setup. A fully fiber-coupled optical pumping system consisting 
of three DBR lasers was developed to synthesize completely tunable and accurate THz frequency- 
differences for heterodyne conversion in an LTG-GaAs photomixer. Each DBR laser's linewidth is 
narrowed by forming an external cavity with a 4% beamsplitter and a rooftop reflector mounted on 
a piezoelectric translator (PZT) to enable fine frequency tuning. The laser output is coupled into 
fiber in a compact (25 x 5 X 5 cm) and rigid optical rail to demonstrate potential for space/air- 
borne, remote-sensing applications. The THz linewidth (measured by the heterodyne beatnote 
between two of the lasers) has a full- widtli-at-half-maximum of 0.7 - 2 MHz. Figure 2 shows a 
typical beatnote spectrum. Lasers #1 and #2 are locked to different longitudinal modes of a ultra- 
low-expansion (ULE), Fabry-Perot etalon via the Pound-Drever-Hall method [4]. The etalon is 
hermetically sealed inside an aluminum enclosure that is pumped and back filled with dry nitrogen. 
The loop bandwidth is approximately 2 kHz. limited by the PZT resonance. Laser #3 is offset- 
locked to laser #2, and the offset, frequency is set by a 2 - 6 GHz microwave synthesizer. The 
primary outputs of lasers #1 and #3 are injected into a master-oscillator power amplifier (MOPA). 
The two simultaneously amplified beams are focused onto the LTG-GaAs photomixer to generate 
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Figure 1: Schematic diagram of (a) the three DBR laser system that synthesizes a precise difference 
frequency, and (1>) the MO PA system and the setup for spectroscopy. 

THz radiation. We have found that the simultaneous amplification does not add any significant 
spectral noise so long as the frequency separation between the seed lasers is greater than 10 GHz 

[5]. 

The free-spectral-range (FSR) of the ULE (expansion coefficient at room temperature = -2 X 10" 10 
C_1), Fabry-Perot etalon was calibrated to 50 ppb by measuring the 10 rotational transitions of 
CO in the 0.230 - 1.611 THz region. On the average, the stability of the calibration was ~ 250 
ppb over one-month. Figure 3 shows the time series of the FSR value over a two-month period. 
Small leaks in the enclosure of the ULE etalon, leading to changes in the moisture content inside 
the etalon, can cause such drifts in the FSR. This potential cause can be greatly mitigated by 
maintaining a good vacuum (instead of back filling) in the enclosure. 

This spectrometer has been employed to carry out spectroscopic investigations of ammonia (14NH3) 
in the z/2 = 1 state and water (H2

160) in the ground and u2 = 1 states. Absorption measurements 
of NH3 and H20 gas samples were made in a single-pass, 1.6-m cell under flow conditions. For 
water measurements, cell pressure was maintained at approximately 100 mtorr. For ammonia, each 
transition was measured at a number of different pressures ranging from 50 - 200 mtorr in order to 
extract the frequency value that is free of pressure shifts. Spectral linewidths were pressure limited 
(~ 5 MHz at 100 mtorr). Spectra were acquired with a Si-composite bolometer operating at 2 K, 
with the source radiation chopped at 100 Hz. Lock-in detection was employed with a time constant 
of 1 s. The overall spectrometer NEP was ~ 2 pW, probably limited by 1// noise. Signal-to-noise 
of the observed lines ranged from 10 to 103. The estimated frequency accuracy is 250 kHz for a 
one-sigma measurement. Currently, the frequency accuracy is limited by residual FM noise in the 
Pound-Drever-Ha.ll loops, resulting in a frequency jitter of ~ 200 kHz 

Twenty-six z/2-ammonia pure inversion and inversion-rotation transitions have been measured at an 
accuracy significantly higher (by a factor of 20 in most cases) than previously published values. Six 
rotational transitions of water in the ground state and 11 rotational transitions in the v2 state have 
been measured.  Measured frequency values of these 17 transitions have not been previously pub- 
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Figure 3: Deviation of the FSR value from 
an  average value  of 2.9967607 GHz  vs. 

time. 
Figure 2: Spectrum of the beatnote signal 
between the #1 and #3 lasers before (up- 
per) and after (lower) amplification with 
the MOPA. 

lished. Preliminary analysis of the effective rotation-inversion Hamiltonian of ^2-NH3 determined 
additional sextic and octic centrifugal-distortion constants. Frequency values and descriptions of 
the analysis can be found in reference [6]. Forthcoming papers will present comprehensive analyses 
of the water and ammonia spectra in conjunction with other existing high-resolution data. 
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A compact microwave frequency reference that uses a diode laser to excite stimulated Raman 
transitions in a small Rb vapor cell is being developed. The system's simplicity and use of 
advanced semiconductor laser and photodetector technology allows it to be compact and power- 
efficient, while maintaining a reasonable degree of long-term stability and a potentially high 
degree of insensitivity to environmental perturbations. Baseline design goals are a volume of 
3x3x9 cm3, power consumption of less than 1 W and a fractional frequency instability of 10" at 
one day. 

Compact microwave frequency references have a number of important potential applications in 
the areas of telecommunications, global navigation and instrumentation. For example, such 
devices might be installed in cellular telephone networks in order to maintain timing 
synchronization without the need for a reference timing signal common to all nodes. A fractional 
frequency inaccuracy of 10"10 at one day would likely be adequate for this application, but 
insensitivity to large temperature changes, humidity and vibrations is essential. Compact, power- 
efficient, vibration-insensitive frequency references could also be used in global positioning 
system receivers in order to acquire a GPS signal lock more quickly and maintain the lock in 
adverse environments. Finally, many common laboratory instruments, such as frequency 
synthesizers, counters and spectrum analyzers might benefit from compact, inexpensive atomic 
frequency references to replace or enhance commonly used quartz reference oscillators. 

F=3 

3.036 GHz 

85 Rb 

5P 1/2 

Dl line 
795 nm 

5S 1/2 

Figure 1: Basic optical field configuration. 
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Figure 2: Raman beatnote for unmodulated laser. 

The compact Rb oscillator described here is based on atomic coherence-induced gain observed in 
a previous simple experiment2. The basic optical field configuration and the relevant atomic 
energy levels are shown in Figure 1. Light from a distributed Bragg reflector (DBR) diode laser at 
795 nm is focussed through a miniature, heated 85Rb vapor cell. Within the cell, stimulated 
Raman scattering (SRS) generates a second optical field, co-propagating with the first, but shifted 
by the hyperfine frequency of the atom. These two optical fields are focussed onto a high-speed 
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photodetector resulting in a beat note at the 3.036 GHz hyperfine splitting. In one initial design 
implementation, this signal, shown in Figure 2, is simply amplified and used as the frequency 
reference output. While this configuration has the advantage of simplicity, could fit into an 
extremely small package, and is expected to be acceleration insensitive, the output frequency is 
fairly broad (FWHM ~ a few hundred kilohertz) and troubled by laser light-induced shifts that 
will need to be controlled. Nevertheless, a fractional frequency instability of lxlO"9 between 0.01 
s and 1 s was obtained. 

In a refinement of the basic design, shown in Figure 3, the laser injection current is directly 
modulated at the hyperfine frequency with a voltage-controlled oscillator (VCO). In the 
laboratory experiments described here, a crystal oscillator is used but will be replaced eventually 
by a VCO. This modulation provides an additional optical frequency to the Rb cell that is then 
amplified by SRS. The width of the resulting resonance at 3.036 GHz is narrowed to -800 Hz. 
The photodetector output is then mixed with the original modulating signal and the resulting error 
signal is fed back to the VCO stabilizing it to the atomic resonance (Figure 3, RF servo). In order 
to reduce laser frequency-induced fluctuations in the beat note frequency, a laser frequency servo 
is also implemented using the detector DC photocurrent (Figure 3, DC servo). The locked VCO 
frequency is monitored in time; Figure 4 shows a typical Allan deviation, with fractional 
frequency fluctuations < lxl0"10for averaging times 1 < x < 300 s. The small remaining frequency 
excursions are due to uncontrolled thermally-induced frequency drifts. 
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Figure 3: Refined experimental setup showing RF 
lock and laser frequency lock. LD: Laser Diode, 
PD: Photodiode. 

Figure 4: Allan deviation of compact Rb 
frequency reference. 

The two-section DBR laser3 used here was chosen because of its reasonably narrow spectral 
linewidth (~1 MHz) and its tunability combined with a compact, monolithic design. While this 
laser has a reasonably low electrical power consumption (<200 mW), a considerable advantage 
could be gained by replacing it with a vertical cavity surface-emitting laser (VCSEL)4. A typical 
operating current of several milliamperes for these devices results in a power consumption value 
about an order of magnitude smaller than that for edge-emitting lasers. Their high modulation 
bandwidth would also be a significant advantage in this application, since a lower power RF 
amplifier would then suffice to put modulation sidebands on the laser. Preliminary evaluations of 
VCSELs show two possible drawbacks, larger linewidth (several tens of MHz) and high 
sensitivity of wavelength to current variations (-100 times higher than edge-emitting Fabry-Perot 
lasers). 
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In summary, preliminary table-top experiments have demonstrated the feasibility of a compact, 
low power, atomic frequency reference with a fractional frequency instability of < lxlO"1 . While 
sensitivity to environmental perturbations continues to be a problem with the current unoptimized 
system, improved RF and structural design and modest temperature control are expected to 
reduce these difficulties substantially. Re-engineering of the system into a small package is 
currently underway. 

1 Contribution of NIST. Not subject to copyright. 
2 A. S. Zibrov, et al., Proc. 5th Symposium on Frequency Standards and Metrology, J. C. Bergquist, ed., 
World Scientific, 1996. 
3 T. Hirata, M. Maeda, M. Suehiro and H. Hosomatsu, IEEE J. Quantum Electron. 27, 1609, 1991. 
4 High wallplug efficiency lasers at 850 nm have recently been reported in R. Jager, et al., Electron. Lett., 
33, 330, 1997; also see C. Affolderbach, et al., submitted to Appl. Phys. B, 1999 for spectroscopic 
applications of VCSELs. 
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1. Introduction 
Four-Wave Mixing (FWM) has been considered as a useful technique for investigating the phys- 

ical origin of ultrafast nonlinearities in semiconductor waveguides, and as a phenomenon having 
applications in high-capacity optical communication systems. For practical applications, FWM 
among ultrashort optical pulses is of great importance [1], which has been extensively studied in 
Semiconductor Optical Amplifiers (SOAs) [2-4] and passive semiconductor waveguides [5]. To iso- 
late the generated conjugate wave from the probe and pump waves, several methods have been 
demonstrated. First, use is made of spectrally and spatially resolved mixing waves directly [6], 
this technique is valid only for FWM in broad-area semiconductor devices. For conventional FWM 
configurations, the mixing waves are collinear, optical frequency filters are, therefore, widely em- 
ployed to separate the frequency shifted conjugate wave from other mixing waves [2,3]. In addition, 
to automatically provide isolation of the destination wavelength from the background amplified 
spontaneous emission, polarization beam splitter followed by an optical frequency filter can also 
be utilised in polarization sensitive FWM schemes [7]. It is desirable to fix the width of the band- 
pass filter and the filter position in FWM spectrum, to simplify the FWM configuration. This 
arrangement is succesful for the cases of FWM among CW waves since the frequency deviation 
between output conjugate and pump waves always equals to that between input probe and pump 
waves. However, the equal frequency detuning condition does not hold for the cases of FWM of 
short optical pulses in SOAs, resulting from pulse spectral peak shift. This would cause that after 
passing through the position-fixed filter the measured conjugate power is smaller than its real value, 
and in some cases, the filter would completely block the conjugate power. Therefore, the investi- 
gation of frequency shift is of great importance, especially for simultaneous wavelength conversion 
on multi-channels in WDM networks [1]. 

In this paper, frequency shifting of FWM of picosecond optical pulses in SOAs is analysed for 
the first time, based on an improved FWM theoretical model [4]. It is shown that larger frequency 
detuning, shorter optical pulse width and higher optical pulse energy considerably enhance conju- 
gate frequency shift to lower frequency side of FWM spectrum. Frequency detuning asymmetry of 
conjugate and probe pulses with respect to pump pulses is also reported. 
2. Theoretical Model 

An improved theoretical model [4] for investigating FWM of picosecond optical pulses has 
been reported, taking into account inter- and intra-band carrier processes, Two-Photon Absorption 
(TPA), Ultrafast Nonlinear Refraction (UNR), Cross-Gain Modulation (XGM), Probe Depletion 
(PD) and gain dispersion. The detailed description of the model can be found in Ref.4, which can 
be succesfully applied not only in active semiconductor devices but also in passive semiconductor 
waveguides [5] after some essential modification. The main parameters used in the calculations are 
representative for InGaAsP semiconductor material operating at wavelengths around ~1.55/zm [4]. 
The input unchirped Gaussian zero time-delay pump and probe pulses are taken to have identical 
polarization states and widths, and the input pulse energy ratio between them is assumed to be 
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10:1. To account for the gain dispersion effect, a gain model presented in Ref.8 is adopted here. 
The central frequency of the pump pulse is assumed to be located at the peak of the gain spectrum 
of the SOA. 
3. Results and Discussions 
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Fig.l Frequency shift of conjugate pulse from (—fi +     Fig.2 Investigation of various contributions to conju- 
u>o)/27r. The input pulse energy is fixed at lOOfJ. gate frequency shift.   The properties of input pump 

pulses are 2ps of width and lOOfJ of energy.    The 
CD,CH and SHB account for the nonlinear mixing pro- 
cesses induced by carrier depletion, carrier heating and 
spectral holeburning, respectively. 

The frequency detuning between the input probe (a;i) and pump (u>o) pulses is denned as 
ti = ui — LO0. fi > 0(< 0) is called as positive (negative) frequency detuning. The frequency shift 
of conjugate pulse from (—Ct + wo)/27r is illustrated in Fig.l for different input pulse widths. The 
frequency shift is only computed for detunings considerably larger than the pulse spectral width. 
Fig.l shows that central frequency of conjugate pulses moving towards red frequency side, which 
agrees with the experimental measurements [2]. Fig.l also demonstrates that frequency shifts are 
significantly dependent on pulse width and frequency detuning 0/27T.   Shorter pulse width and 
larger detuning |ft/2-7r| increase the frequency shift significantly.  When the value of |fi/27r| is of 
several hundred GHz, in which cases, most of FWM experiments are performed, the magnitude of 
frequency shift would be comparable with the input pulse spectral width. 

- Conjugate pulse 
-Probe piuse 

• Pump pulse 

Input pump pulse energy (fJ) 

Fig.3Frequency shifts of mixing pulses versus input 
pump pulse energy. The input pump pulse width is 
2ps and input frequency detuning is —2THz. 

Input pump pulse energy (f J) 

Fig.4 Difference between frequency deviations of mix- 
ing pulses and |fl/27r|. Other parameters are the same 
as that in Fig.3. 

The frequency shift behaviours are mainly contributed by the gain dispersion effect and in- 
terband and intraband nonlinear mixing processes, as shown in Fig.2, where the output probe 
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pulse frequency shift (corresponding to fi/27r) calculated without including PD and XGM effects, 
is treated as the conjugate frequency shift (corresponding to — £l/2ir) for the case without consider- 
ing all the nonlinear mixing processes. The gain dispersion effect is responsible for the behaviours 
demonstrated by the dotted lines: a smaller central frequency is related to a larger saturation en- 
ergy, which reduces the effect of the gain saturation induced by the pump pulses, the decreased gain 
saturation leads to a smaller frequency shift. The nonlinear mixing processes shift considerably 
the conjugate pulse frequency to low frequency side, especially for the case of Q./2-K > 0, and also 
cause sharp frequency shift evoluation in larger frequency detuning region. The contribution from 
the interband mixing processes (CD) to the frequency shift is dominant for frequency detuning less 
than several hundreds of GHz. Beyond that detuning region, intraband mixing processes become 
improtant. Furthermore, it can be also seen from Fig.2 that the nonlinear mixing processes lead 
to unequal frequency shift between conjugate and probe pulses. The unequal frequency shift will 
bring about a frequency detuning asymmetry of conjugate and probe pulses with respect to the 
pump pulses. The magnitude of frequency detuning asymmetry is a function of pulse width and 
frequency detuning. 

The frequency shift and detuning asymmetry behaviours are greatly strengthened for input 
larger pump pulse energy, as shown in Fig.3. All the central frequencies of the mixing pulses are 
significantly decreased with increased input pump pulse energy. Step-like frequency shift lineshapes 
for probe and pump pulses occur in the pulse energy region from several hundreds fj to ~1PJ due 
to the TPA and UNR effects starting to play important roles. The step-like structure disappears 
for the conjugate frequency shift, resulting from the TPA and UNR based nonlinear mixing. The 
difference between the frequency deviation for all mixing pulses and the input frequency detuning 
is plotted in Fig.4. At the output facet of the SOA, the frequency deviation between conjugate 
(probe) and pump pulses is smaller than |0/2TT|. The frequency asymmetry behaviours can also 
be clearly identified from Fig.4. The frequency shift evolution features corresponding to the pump 
pulse energy of ~lpj can be understood by considering the step-like lineshapes in Fig.3. 
4. Conclusions 

Frequency shifting of FWM of short optical pulses in SOAs has been investigated. It is shown 
that frequency shifting of mixing pulses from the frequency value determined by the input frequency 
detuning is significant for shorter pulse width, larger frequency detuning and higher pulse energy. 
Frequency detuning asymmetry of probe and conjugate pulses with respect to pump pulses is also 
identified, which arises due to the nonlinear mixing processes. 
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Abstract 

Bit error rate measurement at 2.5Gbit/s on single and multiple input wavelength converted 
signals using double pump four wave mixing in a semiconductor optical amplifier has been 
performed. It is found that the wavelength converted signal can be made wavelength 
insensitive for single input for detuning from -30nm to 15nm. Multiple-input wavelength 
conversion using low pump powers has also been demonstrated for the first time with a low 
penalty of about 1.5 dB. 

Keywords-- Nonlinear optics, Four-wave mixing, frequency conversion, semiconductor optical 
amplifier 

I. INTRODUCTION 

Wavelength conversion is a key function that will be essential for future optical telecommunication 
networks using dense wavelength-division-multiplexing (DWDM). Wavelength conversion can be 
realized all optically by using nonlinear optical phenomena such as cross-gain modulation, cross- 
phase modulation and four-wave-mixing (FWM) in a semiconductor optical amplifier (SOA) [1]. 
The FWM is particularly interesting as it offers advantages such as being applicable at high bit rate 
and as being independent of the input data format. However, the wavelength conversion range 
using a single pump is limited as the efficiency decreases rapidly with the wavelength shift. To 
improve the wavelength conversion range, a double-pump scheme was first proposed in 1988 [2]. 
The principle of operation of such a scheme is based on the fact that the second pump experiences 
the gain and index modulation created by both the input data and the first pump wavelength. Side- 
modulation bands around the second pump are thus created, and carry the same information as the 
input probe. More recently several groups have studied the conversion efficiency of this scheme 
using CW beams, and have found a nearly flat variation with the wavelength separation between 
the two pump signals [3,4]. BER results have also been reported at a fixed wavelength detuning 
(~80nm) [5]. Additionally, the double-pump scheme has been demonstrated to obtain polarization 
insensitive wavelength conversion [6]. 

Simultaneous conversion of multiple input channels is very useful in converting a group of 
wavelengths from C-band to L-band or vice versa. It is also desirable in order to scale the 
wavelength conversion capability in a modular fashion as the network evolves. Until this date 
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researchers have used difference-frequency-generation in AlGaAs waveguides [7] and in quasi- 
phase matched LiNb03 [8] and FWM in SOA [9] to demonstrate multiple channel wavelength 
conversion. However, in the first two of these approaches passive waveguides were used which 
meant that large pump powers (65mW and HOmW respectively) were required to get the 
wavelength converted signals. In the scheme involving FWM in an SOA, the beating of the pumps 
were used to create the sidebands around the modulated signal which puts a limit on the range over 
which wavelength conversion is possible. In this paper, double pump FWM in an active medium 
(SOA) is proposed to achieve multiple wavelength conversion with a large conversion range and 
using much lower pump power levels. We report for the first time the bit-error-rate (BER) 
performance of single and multiple wavelength conversion using the new double pump scheme. 
The BER performance for different wavelength shifts, both positive as well as negative, will also 
be given for a single-input wavelength. 

II EXPERIMENTAL SETUP 

Figure 1 shows the experimental setup. One or two Ortel DFB lasers mounted in a WDM 
transmitter rack are used as the probe [11]. These lasers with a wavelength separation of 1.6 nm are 
modulated with a pseudo-random sequence of length 223 -1 at 2.5 Gbit/s. A third Ortel DFB laser is 
used as the first pump. A tunable external cavity laser is used as the second pump. Both pump 
lasers are operated CW. The polarization of each signal is controlled ensure maximum FWM 
efficiency. These three or four lasers are connected to an arrayed-waveguide grating (AWG). The 
AWG has a wavelength spacing of 1.6 nm, a FWHM of about 0.48 nm and an insertion loss of 3 
dB. The AWG's output is connected to the input of the SOA. The output of the SOA is analyzed by 
an Optical Spectrum Analyzer (OSA), or filtered by a similar arrayed-waveguide grating. The 
filtered signal is sent to a 2.5 Gbit/s SONET receiver. 
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Figure 1: Experimental setup of the double-pumped FWM. PC: polarization controller, SOA: 
semiconductor optical amplifier, OSA: optical spectrum analyzer, AWG : arrayed waveguide grating 
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The SOA used for this experiment is a polarization insensitive multiple-quantum-well 
device with buried ridge structure, incorporating lateral spot-size converters and windows. The 
length of the device is 940 urn A 6° angle tilted waveguide was used, in combination with a 10 urn 
long InP window, to reduce the back reflection from the facet. The maximum small-signal internal 
gain is about 30 dB. Fiber-to-fiber gain of 23dB has been obtained at 1.55 urn using lensed fibers. 
The saturation power at 150 mA is about 7 dbm. Other characteristics can be found in [10]. 

III. RESULTS and DISCUSSION 

Figure 2 shows a typical optical spectrum after the SOA for (a) single and (b) double input signal 
wavelengths for an injection current of 175 mA to the SOA. The power level is about -5 dbm, 3 
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Figure 2: The optical spectrum at the output of the SOA for (a) one and (b) two input signals 

dbm and 5 dbm, for the input modulated signal, the first pump and the second pump, respectively. 
One can clearly identify the newly generated conjugate wavelengths around the first and the second 
pump. The stronger conjugated signal around the second pump is used as the converted signal. For 
the double input wavelengths, one can observe a slightly decreased conjugate signal power for the 
signal #2 due to the reduced FWM efficiency with the increased wavelength spacing. The chosen 
converted signal is filtered using another arrayed waveguide grating filter which has similar 
characteristics as the one used to combine the signals. It has been verified from the filtered signal 
that there is at least a 10 dB discrimination between the filtered and the input modulated signal. 
This discrimination ratio ensures that there is a negligible influence of the input wavelength on the 
BER measurement of the wavelength converted signal. It is also worth noting that in our 
experiment, the polarization of the first pump is controlled to be the same as that of the probe. As 
the SOA used is a polarization insensitive device, the polarization of the second pump does not 
affect the FWM efficiency. The FWM phenomenon due to the beating between the two pumps is 
nearly invisible as long as the detuning wavelength between them is larger than 5 nm. 
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Figure 3: Power ratio between the 
converted signal and the second pump 
versus wavelength separation between 
the two pumps. 

Figure 3 shows the ratio between the converted signal power and the second pump power for an injection 
current of 175 mA to the SOA. We can see that for a wavelength shift from -40nm to 25nm between the 
two pumps, this ratio does not change more than 4 dB. It is worth noting that the ratio is with respect to 
the second pump output power, instead of the input signal power. Such a definition allows us to 
compensate for the variation of the amplifier gain of the second pump signal over the large wavelength 
range. In this measurement, the input power level for all wavelengths is kept fixed. The result shown in 
figure 3 implies that for a given input signal wavelength, the conversion ratio shows a much smoother 
variation compared to the single pump scheme for which a 20dB variation has been observed for the same 
wavelength conversion range (from -40nm to 25nm) [12]. 

Figure 4 shows the eye diagrams for the input data and the converted signal with the double-pump 
scheme. The converted signal has a different waveform than the input data as it has been regenerated by 
the receiver. One can observe here an open eye diagram for both the signals indicating a low bit-error-rate. 
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Figure 4: Eye diagrams of (a) the input data, and (b) the regenerated converted signal 
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Figure 5 shows the BER as a function of the input power to the receiver for different 
configurations (1) back-to-back, (2) single pump and (3) double pump with up conversion of 
10nm(x) and 5nm(o), and down conversion of 21nm(*). One can see that there is a 3 dB penalty 
between the wavelength converted signal and the back-to-back configuration. It is important to note 
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Figure 5: BER performance for different configurations, (a) BER for the directly modulated signal(x), 
single pump(o) and double pump(*), b) BER of double pump scheme with up conversion of 10nm(x) 
and 5nm(o), and down conversion of 21nm(*). 

that there is no extra penalty between the single pump and double pump scheme (for equal intensity 
pump), and the penalty for different wavelength shifts does not change if we take into account the 
measurement accuracy and stability. 

Figure 6 shows the BER against the received power for the scheme with two input signals. 
One can see that the penalty for the converted signal is about 1.5 dB for the first wavelength 6(a) 
and 3 dB for the second wavelength 6(b). That difference of penalty comes from the fact that the 
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Figure 6: BER plots for the back-to-back and converted signals (a) first and (b) second wavelengths 
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signal-to-background ratio for the second converted signal is about 3 dB less than that of the first 
one (due to the difference in the conversion efficiencies). 

IV. CONCLUSION 

In conclusion, BER measurements at 2.5Gbit/s on wavelength converted signals using double pump 
FWM in a semiconductor optical amplifier have been performed experimentally for both single- 
and multiple-input wavelengths. It is found that the wavelength-converted signal can be made 
wavelength insensitive for detuning from -30nm to 15nm. We have also seen that the double pump 
scheme enables us to perform multiple-input wavelength conversion with very low penalty. These 
results demonstrate the potential system application of double pump FWM scheme in future optical 
networks. 
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Development of highly efficient, low-loss integrated channel waveguides has enabled the 

efficient frequency conversion of continuous-wave lasers operating in the milliwatt power 

regime. Tight containment of laser beams in a waveguide eliminates tradeoff between mode size 

and interaction length, characteristic of beam interaction in bulk crystals. For the process of 

difference-frequency generation (DFG), in which a much longer (idler) wavelength is produced 

by mixing two relatively short (pump and signal) wavelengths, the use of a tapered periodically- 

segmented coupling region has been shown to facilitate single-mode excitation [1]. However, 

the periodically segmented structure is more difficult to design and fabricate, and has higher 

optical losses, than a solid waveguide. In this work we report the first use of a solid tapered 

waveguide structure in the production of mid-infrared radiation by DFG. 

We designed and fabricated a three-stage integrated channel waveguide array in periodically 

poled lithium niobate (PPLN) using the process of annealed proton exchange (APE). Our choice 

of fabrication conditions, as well as theoretical predictions of waveguide performance, were 

based on a prior systematic study of refractive index profiles and dispersion of planar APE 

waveguides. The channel waveguide array was used to produce a continuous-wave, single- 

frequency tunable 3.6-um radiation by difference-frequency mixing of diode lasers at 787 nm 

and 1008 nm, each operated at 150 mW output power. 

Reprinted from Advanced Semiconductor Lasers and Their 
Applications Conference,1999 Technical Digest, i i n 
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The waveguide channel mask had a 2-mm-long, 2-^im-wide mode filter followed by a 2-mm- 

long, 2-»20 urn linear width taper and a 17-mm-long, 20-p,m-wide mixing channel. The width 

taper was designed to change the size of the TM00 mode adiabatically and with low loss 

according to the criteria presented by Milton and Burns [2]. Waveguides were fabricated by 

proton exchange in pure benzoic acid for 34 hours at 160°C, followed by annealing in air for 75 

hours at 326°C. 

Figure 1 shows the waveguide quasi-phase-matching (QPM) curve at room temperature for 

one of the waveguide structures. An output power of 80 uW was generated in this experiment 

with 42 mW pump power and 48 mW signal power coupled into the waveguide. The 

corresponding device efficiency is 4%-W1. Based on physical length of the DFG section (17 

mm), we compute a normalized DFG efficiency of 1.4%-W1-cm"2. This is the highest reported 

normalized DFG efficiency for production of such a long wavelength in a guided-wave DFG 

device [3]. Calculations show that waveguide structures prepared using this mask design and 

fabrication recipe are capable of generating wavelengths as long as 4.3 |am with a properly 

chosen QPM period. Efficient production of radiation at these longer wavelengths would make 

possible highly sensitive spectroscopic detection of carbon dioxide. 

A second device was optimized for the production of tunable radiation at 2.8 fxm. The 

waveguide channel mask had a 2-mm-long, 3-um-wide mode filter followed by a 2-mm-long, 

3^-20 urn linear width taper, and a 17-mm-long, 20-nm-wide mixing channel. Waveguides were 

fabricated by proton exchange in pure benzoic acid for 8 hours at 160°C, followed by annealing 

in air for 24 hours at 326°C. An output power of 136 (J,W was generated in this experiment with 

120 mW pump power (at 791 nm ) and 68 mW signal power (at 1096 nm) coupled into the 

waveguide. The corresponding device efficiency is 1.7%-W"1. Based on the effective length of 

the DFG section (13 mm), we compute a normalized DFG efficiency of 1.0%-W"1-^"2. The 

tunable radiation generated in this structure has been used to perform spectroscopic detection of 

atmospheric water vapor. 
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We anticipate that integration of similar channel waveguides with diode lasers will create a 

very compact, room-temperature, low-power source of tunable mid-infrared light for 

spectroscopic and trace gas sensing applications. Improvements in uniformity (over 3 cm) and in 

design of the mixing channel are expected to yield devices with DFG conversion efficiency of 

over 20% W. 

[1]    M.H. Chou, M.A. Arbore, and M.M. Fejer, Opt. Lett. 21, 794 (1996). 

[2]    A.F. Milton and W.K. Burns, IEEE J. Quant. Elect. QE-13, 828 (1977). 

[3]    M.A. Arbore, M.H. Chou, and M.M. Fejer, CLEO'96 Technical Digest 10, 120 (1996). 
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Figure 1. Guided-wave DFG output power as a function of idler wavelength, for mixing of 
a tunable pump laser near 780 nm with a fixed-frequency signal laser at 1008 nm. 
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Abstract: We report on difference-frequency-generation (DFG) in periodically-poled 
lithium niobate (PPLN) around 4.3 jam, using as pumping sources an injection-locked di- 
ode laser, tunable around 852 nm, and a diode-pumped Nd-YAG laser at 1064 nm. Pecu- 
liar features of the infrared generated radiation are a linewidth of about 100 kHz, ampli- 
tude fluctuations close to the quantum limit and a high conversion efficiency. Details of 
such a source configuration are given and potential applications to high sensitivity spec- 
troscopy are discussed. With this set-up we were able to observe sub-Doppler lineshapes 
in the fundamental vibro-rotational band of C02. A characterization of these derivative 
profiles is reported. 
OCIS codes: (190.2620) Frequency conversion; (300.6460) Spectroscopy, saturation; (300.6340) Spec- 
troscopy, infrared; (300.6390) Spectroscopy, molecular. 

Introduction 

Periodically poled non-linear crystals and diode lasers represent a breakthrough in convenience for 
spectroscopic applications throughout the spectrum and particularly in the infrared. Indeed, they allow 
full spectral coverage of the mid-infrared region at wavelengths up to about 5 (im, encompassing the 
fundamental vibro-rotational bands of many molecules. Although Doppler-limited spectroscopy has al- 
ready been demonstrated with difference-frequency-generation (DFG) in such crystals [1-6], present de- 
vices have not yet reached the performance of semiconductor or solid-state lasers for the highest resolu- 
tion in high sensitivity spectroscopic applications. Desired improvements are narrower linewidth, quan- 
tum noise limited operation and a simultaneous increase of the IR output power. 

Source characterization 

We have developed a new experimental set-up that allows to produce an infrared beam (at 4.3 urn) with 
a linewidth of about one hundred kilohertz, while preserving broad IR tunability, reducing the amplitude 
noise down to near the quantum limit and generating IR powers many times higher than the saturation 
limit of existing detectors. In this system the pump and signal sources are, respectively, a non-planar ring 
Nd-YAG CW laser at 1064 nm (InnoLight, maximum output power 800 mW) and a diode laser (slave 
laser, SDL 5422, maximum output power 150 mW). The latter is injection-locked by a low power diode 
(master laser, SDL 5401) mounted in an external-cavity Littrow-configuration (maximum power out of 
the cavity 23 mW). [7] 
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This master-slave configuration allows to use the broad tunability of external cavity diode lasers, 
as well as its narrow linewidth, while being able to take advantage of the full output power of the slave 
laser. Fig. 1 shows the measured fluctuations in the center frequency of the injected laser as compared to 
the same slave laser without any injection. As anticipated, for all time scales, there is a significant re- 
duction in the injected laser's frequency fluctuations. 
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Fig. 1. Fluctuations in the center frequency of the high-power diode laser under conditions of injection lock and not injection 
locked. Measurements were taken by using a side of a Fabry-Perot fringe as frequency discriminator. 

Most importantly, when the slave was injection locked, we measured the spectral distribution of 
the amplitude noise on the 4.3 |im beam and observed a noise reduction of up to 30 dB for Fourier fre- 
quencies between 1 and 4 kHz. We also investigated the composition of amplitude noise affecting the IR 
detector. Fig. 2 shows the spectral density of the noise from the InSb liquid-N2 cooled detector. 

The three traces shown were taken with the detector looking at: a mirror in front of it (which 
means the detector is looking at a background close to 77 K); a 25° C background; the same background 
except with the crystal oven heated at the operating temperature of 284 °C and occupying part of the 
field of view. From such measurements, we determined that about 60 % of the noise floor above quan- 
tum noise is due to background fluctuations and the remaining 40 % depends on internal detector noise. 
The former contribution can be reduced close to zero with use of appropriate optical cold filtering on the 
detector. The higher temperature trace corresponds to the case of the detector viewing the hot oven, 
which controls the periodically poled LiNb03 (17.5x10x0.5 mm) to the appropriate temperature to quasi- 
phase-match incoming radiation for 4.3 urn generation. 
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Fig. 2. Detector amplitude noise dependence on background temperature. Intrinsic detector noise coincides with the trace re- 
corded at 77 K. 

CO2 detection sensitivity 

After careful calibration of the detector responsivity with a reference black-body, we measured a maxi- 
mum efficiency to the IR at 4.3 Jim of 0.012 % W"1 cm"1, corresponding to a maximum IR power of 12 
uW. This result enables to perform sub-Doppler spectroscopy on C02 transitions (saturation intensity 
7S=1 mW/mm2, for the strongest lines), taking advantage of the narrow IR linewidth. From amplitude 
noise measurements on the 4.3 urn beam and considering a signal of 2 uW (which saturates our InSb 
detector) we estimate a sensitivity of 0.01 ppb m Hz 1/2 (air-broadened lines) for this spectrometer. In 
table 1 we compare this value with those obtained with semiconductor lasers operating on the weaker 
C02 overtone bands near 1.6 and 2.0 urn wavelengths. 

Table 1. Comparison of sensitivity for C02 detection using different absorption lines and methods. 

CO? IR transition 2v 1 +2v7+V3P(8)     Vi+2v2+V3 R(24)     v3R(16) 

X,(|0,m) 
S (cm/molecule) 
Sensitivity (Hz"1/2) 
Sensitivity (ppb m Hz 
Reference 

-l/2x 

1.577 
1.210 
7-10"8 

1000 
[6]  

23 
2.002 
1.01021 

7-10"7 

100 
[6]  

4.235 
3.5-10"18 

4-10"7 

0.01 
This work and [8] 

Sub-Doppler spectroscopy 

Very recently, we were able to record saturated-absorption Lamb-dips, with our DFG source [9]. Fig. 3 
shows a recording of the v3 R(14) C02 transition. We show the Doppler profile (trace a), and the corre- 
sponding Lamb-dip (trace b). The saturation Lamb-dip was not visible in the Doppler trace, recorded by 
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modulating the Nd-YAG amplitude using a chopper, but wavelength modulation of the Nd-YAG laser 
was required, giving a first derivative lineshape. 

From data in Tab.l it comes out 
that, if the very strong absorption of the V3 
R(14) and neighbouring lines lowers the 
saturation intensity, it also severely limits 
propagation in atmospheric air of peak- 
resonant IR radiation. Indeed, 1/e absorp- 
tion is experienced in a distance as short as 
5.8 cm by a beam propagating in air, con 
sidering a line strength of 3.5-10 
cm/molecule and a 0.3 %o (33 Pa) C02 

concentration in air. Therefore, atmos- 
pheric absorption is of main concern to 
perform spectroscopic experiments using 
radiation resonant with such lines. To 
overcome this problem, we enclosed our 
saturated-absorption set-up in a box and 
purged it with a slow flux of pure N2, thus 
reducing to about 30 % the total absorp- 
tion, mainly due to the 2 cm air-pathlength 
that separated the PPLN crystal from the 
box entrance. 

To observe the saturated absorption 
lineshape, a proper combination of cell 
length, beam waist, modulation depth and 
gas pressure had to be chosen. Considering 
the very long natural lifetimes of the upper 
levels of these IR transitions, correspond- 
ing to a few tens of Hz, the observed 
linewidth is mainly determined by pressure 
and transit-time/wavefront-curvature 
broadening, IR linewidth contributing only 

about 100 kHz. We chose, for our set-up, a cell length of 0.5 mm, a beam-waist w<> of 35 fim and a C02 

pressure of 10 Pa, therefore pressure broadening only contributed about 160 kHz (assuming a self- 
broadening coefficient of 15.7 kHz/Pa [10]) to the halfwidth at half maximum (HWHM), while the 
transit-time/wavefront-curvature broadening amounted to about 1.3 MHz. The expression for this con- 
tribution is [11]: 

Frequency (5 MHz/div) 

Fig. 3. (a) Direct absorption recording of n3 R( 14) C02 Doppler pro- 
file, (b) Wavelength modulation recording of the Lamb-dip, shown in a 

magnified frequency scale. The modulation frequency was 2 kHz. 
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where w(z) and R(z) are, respectively, waist and radius of curvature at position z, v is the radial mean 
velocity (rms) of the molecules, m is the molecular mass and T the absolute temperature. It is notable 
that the dependence on the position z, for a Gaussian beam, completely disappears. 

The cell length was chosen equal to the Rayleigh range of the 4.3 |im beam, to have an homoge- 
neous field along the cell. As a consequence, the cell was filled with a gas pressure around 10 Pa, to 
maximize the S/N ratio. Fig. 4 shows how the Lamb-dip signal varies, changing the C02 pressure in the 
cell. 

10 15 20 

Pressure (Pa) 

25 30 

Fig. 4. Dependence of the Lamb-dip amplitude as a function of the gas pressure. Saturated lineshapes were recorded using 
wavelength modulation technique. Signal was demodulated at the third harmonic frequency (obtaining a third derivative line- 

shape). 

The waist size determines, through the transit-time/wavefront-curvature broadening, the observed 
linewidth y and, hence, the saturation intensity Is, that quadratically depends on y: 

T   _£oC 
i»       2 

(2) 

Obviously, also the beam intensity / increases quadratically with the beam waist so that the ratio I/Is, 
determining the contrast, i.e. the ratio between Lamb-dip depth and the Gaussian profile amplitude, is 
about independent on the waist size, until the linewidth is due to transit-time broadening. 

Summary 

This novel diode-laser based DFG spectrometer, resonant with the strong v3 absorption band, proved to 
be a useful tool for high sensitivity measurements of C02 concentrations. Sub-Doppler resolution was 
also demonstrated with a simple saturation set-up. Considering the broad tunability of this spectrometer 
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and the strong absorption bands of many other molecules, in this wavelength region, it may find applica- 
tion in atmospheric chemistry (global warming etc), biological systems, process monitoring and funda- 
mental physics experiments. 

Acknowledgements 

It is a pleasure to acknowledge Chiara Fort (LENS-Firenze) for constructing the diode-lasers system and 
Massimo Inguscio (LENS-Firenze) for useful discussions and suggestions. 

References 

1. K. P. Petrov, L. Goldberg, W. K. Burns, R. F. Curl, and F. K. Tittel, "Detection of CO in air by diode- 
pumped 4.6 pm difference-frequency generation in quasi-phase-matched LiNb03", Opt. Lett. 2\_ 86-88 
(1996). 

2. A. Balakrishnan, S. Sanders, S. DeMars, J. Webjorn, D. W. Nam, R. J. Lang, D. G. Mehuys, R. G. Waarts, 
and D. F. Welch, "Broadly tunable laser-diode-based mid-infrared source with up to 31 pW of power at 4.3 
pm wavelength", Opt. Lett. 2\ 952-954 (1996). 

3. K. P. Petrov, S. Waltman, E. J. Dlugokencky, M. Arbore, M. M. Fejer, F. K. Tittel, and L. W. Hollberg, 
"Precise measurement of methane in air using 3.4 pm difference-frequency generation in PPLN", Appl. Phys. 
B 64 567-572 (1997). 

4. K. P. Petrov, R. F. Curl, and F. K. Tittel, "Compact laser difference-frequency spectrometer for multicompo- 
nent trace gas detection", Appl. Phys. B 66 531-538 (1998). 

5. K. Fradkin, A. Arie, A. Skliar, and G. Rosenman, "Tunable midinfrared source by difference frequency gen- 
eration in bulk periodically poled KTiOPOT, Appl. Phys. Lett. 74 914-916 (1999). 

6. G. Modugno, C. Corsi, M. Gabrysch, F. Marin, and M. Inguscio, "Fundamental noise sources in a 
high-sensitivity two-tone frequency modulation spectrometer and detection of C02 at 1.6 pm and 2 pm", 
Appl. Phys. B 67 289-296 (1998). 

7. Mention of specific products is for technical clarity only and is not a recommendation. 
8. D. Mazzotti, P. De Natale, G. Giusfredi, C. Fort, J. Mitchell, L. Hollberg, "Difference frequency generation 

in PPLN at 4.3 pm: an analysis of sensitivity limits for DFG spectrometers", to be published. 
9. D. Mazzotti, P. De Natale, G. Giusfredi, C. Fort, J. Mitchell, L. Hollberg, "Saturated-absorption spectroscopy 

using low power difference-frequency radiation", to be published. 
10. L. S. Rothman, R. R. Gamache, R. H. Tipping, C. P. Rinsland, M. A. H. Smith, D. Chris Benner, V. Malathy 

Devi, J.-M. Flaud, C. Camy-Peyret, A. Perrin, A. Goldman, S. T. Massie, L. R. Brown, R. A. Toth, "The 
HITRAN molecular database: editions of 1991 and 1992", J. Quant. Spectrosc. Radiat. Transfer 48 469- 
(1992). 

11. W. Demtröder, Laser Spectroscopy (Springer, Berlin, 1996), pp. 85-88. 

127 



VCSELs and Applications 



Micromachined tunable optoelectronic devices for spectroscopic applications 

James S. Harris, Jr., Chien-chung Lin, Wayne Martin 
Solid State and Photonic Laboratory, Stanford University, CA 94305 

harris@snow.stanford.edu, cclin@snow.stanford.edu 

Fred Sugihwo 
Hewlett-Packard Microwave Technology Center, Santa Rosa, California, USA 

FRED_SUGIHWO@HP-Sonoma-om3.om.hp.com 

Michael Larson 
Lawrence Livermore National Laboratory, Livermore, California, USA 

larson@snowmass.stanford.edu 

Barbara Paldus 
Informed Diagnostics, Sunnyvale, California, USA 

barbara@ infodiag.batnet.com 

Abstract: Micromachined tunable optoelectronic devices can be used to improve spectroscopic 
measurements. The standing wave enhancement effect in Fabry-Perot cavities can be used to 
increase sensitivity. The size and cost of semiconductor micromachined devices make them an 
attractive alternative to conventional tabletop spectroscopy setups. Recent advances in 
micromachined tunable optoelectronic devices and their application to spectroscopy are 
described. OCIS codes: (300.6260) Spectroscopy, diode laser; (140.3600) Lasers, tunable. 

Absorption spectroscopy a commonly used technique for detecting the presence or concentration 
of a chemical species. It is as simple as shining a light through the material and measuring the reduction 
in its intensity. Strong, incoherent light sources and abundant target material is needed to achieve high 
sensitivity in absorption spectroscopy. Lasers and resonant cavities have enabled new spectroscopic 
techniques including laser spectroscopy and multipass cell absorption spectroscopy. Because of their 
higher sensitivity, they play important roles in measuring weak transitions and low concentrations in the 
chemical species. These advances have enabled a wide range of applications in the fields of air pollution 
control and hazardous gas detection. 

Micromachined tunable optoelectronic devices are now promising components in 
communications systems. Due to their wavelength tunability, these devices can also be used in 
spectroscopy with reasonable sensitivity and narrow linewidth. Compared to other tunable coherent 
sources, micromachined tunable vertical cavity devices are tiny in volume and are inexpensive to 
fabricate in large arrays. They also have much lower power requirements and higher efficiencies. These 
features make tunable semiconductor devices suitable for low-cost spectroscopy equipment and wide 
area, low power distributed gas-detection systems. 

Figure 1 shows a schematic diagram of the typical structure for micromachined tunable devices. 
The main structure (optoelectronic active regions and mirrors) is grown by using molecular beam 
epitaxy (MBE) technology. The membrane structure is deposited by PECVD and e-beam evaporation. 
The membrane structure of the devices is released by selective etching and is identical for all of the 
device types discussed in this paper while the active region is designed according to the particular 
application: vertical cavity laser [1], resonant cavity photodetector [2], resonant cavity phototransistor 
[2], and  interferometer [3]. The micromachined structure consists of a deformable membrane made of 
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Si3N4/Si02 and gold metalization to form a distributed Bragg reflector (DBR) and an electrical contact. 
The sacrificial layer is selectively etched to release the membrane and is supported by four Si3N4legs 
stretching from the posts. When a voltage is applied on the membrane, the membrane will be pulled 
downward due to electrostatic attraction. The top membrane and bottom DBR form a Fabry-Perot cavity 
and the decreasing cavity length changes the resonant wavelength of the devices. In Figure 2, we 
demonstrate the tuning spectrum of the tunable interferometer which is composed of 12.5 pairs of 
bottom AlAs/GaAs DBR and a silicon nitride/gold top mirror. The tuning range is 31nm. [3] 
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Top Mirror 

Air Gap 

Optoelectronic- 
Devices       — 

n-Distributed 
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Fig. 1: Schematic diagram of micromachined 
tunable optoelectronic devices 
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Fig. 2 The tuning spectrum of micromachined 
interferometer [3] 

Figure 3 demonstrates a micromachined tunable vertical cavity laser with 30.4 nm of tuning 
range [4]. Figure 4 shows a narrow linewidth (<2nm) tunable PIN photodiode. The structure of these 
devices is basically the same: 25.5 pairs of AlAs/GaAs bottom DBR, Ik cavity, and 2.5 pairs of 
Si3N4/Si02 DBR. If the optical signal is weak and high electrical gain is required for the system, a 
phototransistor rather than a p-i-n diode can be used to meet this requirement[5]. All of the devices that 
we have fabricated use InGaAs quantum wells as the active layer and operate in the 0.9 to 1.0 pm 
region. 
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However, in some cases it is desirable for the detector to have gain to overcome amplifier 
thermal noise when the signal is weak and a simple PIN structure won't work. We have proposed and 
fabricated tunable phototransistors which can provide electronic amplification^]. Figure 5 shows the 
preliminary results from a first generation device. The tuning range is 25.5 nm and the linewidth is a 
wide (6 to 8 nm) due to a low finesse cavity caused the low bottom mirror reflectance (9.5 AlAs / GaAs 
DBR pairs). With a higher finesse cavity design, a narrower linewidth is expected. The current gain of 
the phototransistor is around 100. 
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Fig. 6: Resonant spectrum change due to the 
presence of hydrogen sulfide 

Detection of the presence of gases is a relatively simple operation with such devices. In a very 
high finesse cavity, only minute optical absorption and hence quantity of a gas is needed to alter the 
resonance condition of the cavity due to the strong circulating optical field. For example, in Figure 6, the 
transmittance change of a F-P filter due to the presence of hydrogen sulfide in the air gap is simulated. 
The tunable filter is made of a fixed bottom DBR mirror and top tunable membrane DBR and the air gap 
serves as the real cavity. When there is vacuum in the gap incident light at 970nm will be transmitted 
through the filter. Once there is a tiny amount of hydrogen sulfide in the air gap, the change in index of 
refraction and absorption will move the resonant wavelength away from 970 nm and greatly reduce the 
transmission of light at 970 nm. The present design for an interferometer based spectroscopic system 
shows a 2 percent change in transmission for a refractive index change of 10" or absorption in the order 
of 1 cm'1. 

Intracavity laser absorption spectroscopy has been demonstrated by V.M. Baev, et. al. [6] The 
target species was placed inside the laser cavity. Once the lasing wavelength matches the absorption 
peak, the laser output intensity will be lowered or even turned off. Because of the resonant cavity 
enhancement, we expect the sensitivity to be greatly improved. In our tunable devices, the intracavity 
region is formed by the air-gap plus the semiconductor active regions. If there are spectral peaks in the 
tuning range of the laser, as the membrane continuously tunes the laser, the laser spectrum will 
significantly decrease or even disappear at those wavelengths because of the absorption by the gas in the 
air-gap. Because of the coupling between the semiconductor and air cavities, a number of design 
tradeoffs are possible to optimize the device for different operating regimes. The Semiconductor 
Coupled Cavity (SCC) structure [7] is a better design for this type of gas detection device. The SCC 
design confines the high optical field largely in the semiconductor instead of the air-gap as in the filter 
case. With reduced coupling, the device will continue to läse with weak absorption, but a strong 
absorption line will turn the laser off.  Recording the continuous tuning spectrum with and without the 
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presence of the chemical species and taking the difference between two data will reveal the absorbing 
spectrum of the species (Fig. 7). 

Combining the active and passive devices, we can implement Continuous-Wave Cavity Ring- 
Down Spectroscopy (CW-CRDS). CW-CRDS has demonstrated significant enhancement of the 
sensitivity of such measurements. A detectable absorbance as low as 10"'° to 10"" cm" can be detected 
in CW-CRDS[8]. As shown in Figure 8, aligning a tunable laser with a tunable filter and measuring the 
time variation in transmitted light intensity provides a measure of the absorbance. Using the exponential 
time decay of the laser and the following relationship [8]: 

Iout(t)=Kxexp(-2(aabs+acav)t/trt) (1) 

Where K is a constant, (aabs is the absorbance of the material and aca> 
tunable filter and trt is the round trip time. 
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Fig. 7: Extraction of absorbance from the 
output power of a tunable vertical cavity laser 

Fig. 8: Schematic Diagram for CW-CRDS using 
tunable optoelectronic devices 

In CRDS it is more important to have a low optical cavity loss than it is to have long cavities. 
With CRDS micromachined tunable optoelectronic devices are capable of implementing high resolution, 
high sensitivity spectroscopy. Using semiconductor device fabrication methods enables the development 
of much smaller spectroscopy setups with a lower cost. The large and expensive laser and complicated 
tabletop optics will no longer be necessary. 

In conclusion, monolithic micromachined tunable optoelectronic devices may enable a dramatic 
increase of spectroscopic applications. This paper describes progress in realizing monolithic 
micromachined tunable optoelectronic devices and discusses their application to spectroscopy and gas 
detection. Simulation shows that the detection sensitivity of such systems can be extremely high when 
high finesse F-P cavities are utilized. 
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Abstract: We have performed a series of experiments demonstrating the use of 
a vertical-cavity surface-emitting laser for nonlinear spectroscopy on the cesium Di 
transition at 852 nm wavelength. Due to the high modulation efficiency of the VCSEL 
sufficiently strong modulation sidebands at 9.2 GHz frequency can be produced by 
direct modulation of the laser injection current. Using the carrier and one of the 
modulation sidebands coherent population trapping (CPT) resonances in a buffered 
cesium vapor can be prepared with linewidths of only 60 Hz. For application of these 
narrow resonances to precision magnetometry we find a sensitivity of 10 pT in 0.3 s 
integration time. For the use of our setup as a frequency reference a relative stability 
of 1 • W~n/^ is predicted. In both applications of CPT resonances the use of 
VCSELs as light sources helps to build compact and reliable devices. 
OCIS codes: (140.2020) Diode lasers; (300.6420) Spectroscopy, nonlinear; (270.1670) Co- 
herent optical effects; (120.3940) Metrology. 

Recently vertical-cavity surface-emitting lasers (VCSEL), which hold great promise for telecom- 
munications, are also available in the near infrared [1-3] where cesium and rubidium, some of the 
well-studied model systems in atomic spectroscopy, have their strongest resonance lines (894 nm, 
852 nm, 794nm, 780nm). The benefits arising from a VCSEL's characteristic properties like intrin- 
sic single mode operation and large modulation bandwidth are also desirable for laser spectroscopy 
and in special applications might compensate for some disadvantages compared to conventional 
edge-emitting laser diodes. Here we report that in spite of their inherently larger linewidth (several 
10 MHz) and rather low output power (typically not more than a few milliwatts) VCSELs are well 
suited for coherent population trapping spectroscopy [4,5] on a thermal cesium vapor, mainly due 
to their high modulation bandwidth exceeding 10 GHz [6]. The optical setup is greatly simplified 
and its reliability improved because no external mode-selection optics is needed. 

Coherent population trapping (CPT) can occur in a so-called A system like, e.g., in cesium 
atoms where the two hyperfme components of the S\/2 ground state are coupled to a common 
excited state via two light fields (Fig. 1). If the difference frequency of these light fields exactly 
matches the ground state splitting Ahfs = 9.2 GHz the atoms are optically pumped into a coherent 
superposition of the ground states which no longer absorbs the light. Since this leads to a reduction 
of fluorescence intensity from the vapor the resonance is called a "dark resonance". The essential 
physical process is the creation of ground state coherence and the resonance width is fundamentally 
limited by the ground state relaxation rate. In the case of cesium vapor discussed here the two lower 
states are part of the same hyperfme multiplet so that electric dipole transitions between them are 
forbidden and radiative damping is negligible.   Hence careful control of experimental parameters 
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such as difference frequency stability, time-of-flight and collisional broadening results in very narrow 

experimental linewidths [7]. 
In previous CPT experiments large experimental effort had to be spent to provide phase- 

stable light fields at the 9.2 GHz frequency difference required for cesium by electronically phase- 
locking two extended-cavity diode lasers onto each other [7]. When a VCSEL is used the production 
of phase-coupled light fields becomes very simple and can be achieved by direct modulation of the 
laser injection current. The VCSEL employed here provides a modulation bandwidth of about 
10 GHz and thus allows the creation of sufficiently strong sidebands at 9.2 GHz so that the carrier 
and one of the first-order sidebands can be used to prepare CPT resonances. For conventional edge- 
emitting lasers this is impossible because the modulation efficiency drops dramatically at frequencies 

exceeding their relaxation oscillation frequency of about 3 GHz (Fig. 2). 

F=3 
3 4      5     6    7   8  9 10 

modulation frequency f (GHz) 

Fig. 1. Level scheme for coherent population 
trapping on the cesium D2 line. The hyperfine 
structure of the P3/2 excited state is given in the 
inset. 

Fig. 2. Measured modulation efficiency in 
terms of the resulting frequency deviation for the 
VCSEL (circles) and an edge-emitting diode laser 
(diamonds). The data was obtained from the re- 
lative strengths of the carrier and the modulation 
sidebands. 

In principle the dark resonance can be prepared by current modulation at both 4.6 and 
9.2 GHz. At first glance, employment of the 4.6 GHz modulation (Fig. 3a) seems favorable because 
of the large relative sideband intensity of about 17% that can be obtained. However, this method 
has the disadvantage that the strong carrier does not contribute to the preparation of coherent 
population trapping but only increases the overall noise level on the photo detector. Furthermore, 
when a buffer gas is added to the cesium vapor in order to reduce time-of-flight broadening [7] the 
excited state is strongly homogeneously broadened. As a consequence, the strong carrier - detuned 
from resonance by only a few homogeneous linewidths - can partially destroy coherent couplings 
and serve as a loss mechanism via one-photon absorption into hyperfine components of the excited 
state not involved in the CPT process (F' = 2 and F' = 5 on the cesium D2 line). Therefore, after 
having demonstrated CPT preparation with the help of 4.6 GHz sidebands in a first experiment, 
9.2 GHz modulation was chosen for the experiments presented below (Fig. 3b and c).  Because of 
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the high modulation bandwidth of the VCSEL this is much easier than using a cavity to filter out 
the carrier in the 4.6 GHz case. In this configuration it is even possible to choose different relative 
intensities of the two light fields by selecting the radio frequency power used for modulation - an 
important optimization parameter for the trade-off between signal amplitude and power broadening. 
However, the obtainable sideband intensities at 9.2 GHz were restricted to about 1.6 % by the limited 
modulation efficiency in the experiments reported here. 

© ® © 
cesium absorption spectrum 

.F=4, .F=3. 

9.2 GHz 

JJ_L 
laser spectrum     frequency 

U    .1 -U lower    carrier     upper 
sideband sideband 

Fig. 3. Three ways to prepare the coherent population trapping resonance using a frequency-modulated 
light field, (a) Modulation at half the hyperfine frequency (i.e., 4.6 GHz for cesium) and use of both 
modulation sidebands, (b) and (c): Modulation at the full hyperfine frequency (9.2 GHz) and use of the 
carrier with either the lower or the upper sideband. The schematic Doppler-broadened absorption spectrum 
consists of two components, one starting from the F = 4 ground state (left) and one from the F = 3 ground 
state (right). 

Using one single current-modulated VCSEL not only guarantees the phase stability of the 
two light fields which now is basically limited by the stability of the radio frequency source only, 
but also automatically delivers a perfect beam overlap and thus avoids residual Doppler broadening 
[8]. Furthermore, no external optics are needed for mode selection because of the intrinsic single- 
mode operation of the VCSEL. As a consequence, the experimental setup for the observation of 
coherent population trapping becomes very simple, compact, and robust (Fig. 4). The laser beam 
impinges on a cesium vapor cell at room temperature and the intensity transmitted through the 
cell is detected on a photodiode. If necessary, an optional fiber link can be implemented to filter 
the transverse mode profile. The optical carrier frequency of the VCSEL is stabilized to a Doppler- 
broadened absorption spectrum in an auxiliary cesium cell via the laser diode injection current. 
This D.C. bias current is combined with the GHz signal for the current modulation in a bias-tee 
directly coupled to the laser diode housing. The wide, mode hop-free tuning range of the VCSEL 
allows to choose different carrier detunings from the optical resonance for optimized performance. 
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Cs absorption 
spectroscopy 
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Fig. 4. Setup for the observation of narrow coherent population trapping resonances in a cesium vapor 
cell using a current-modulated VCSEL. In some experiments the vapor cell is protected from magnetic 
noise by a /z-metal shielding. A coil arrangement allows to apply well-defined magnetic fields. 
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Because the bandwidth of the light itself is irrelevant for the resonance width [9] the broad 
linewidth of the VCSEL (about 50 MHz) should be of only minor concern for the observation of 
narrow CPT resonances. However, a rather low contrast of the dark resonance line was observed 
for pure cesium vapor. This is because the VCSEL light fields cannot interact efficiently with the 
optical transitions of about 5 MHz homogeneous width. However, in practice buffered vapor cells 
are used in order to obtain narrow resonances so that the width of the pressure broadened optical 
transitions exceeds the laser linewidth and signal contrast is strongly increased [10]. 

While inconvenient, the rather low output power of the VCSEL of less than 1 mW does not 
really restrict dark resonance spectroscopy because the light intensity has to be reduced to below 
100//W/cm2 anyway in order to avoid power broadening. A more severe problem is given by the 
large tuning rate of the output frequency of 320 MHz/yLtA with respect to the VCSEL injection 
current. At typical drive currents of about 2 mA (« 2 /threshold) some residual noise due to 50 Hz 
power line interference is always present and causes frequency fluctuations of the laser output of 
about 20 MHz amplitude. These fluctuations are considerably smaller than the fast linewidth of 
the VCSEL itself but of course they add some additional amplitude noise to the signal. Finally, 
the modulation technique implies equal polarizations for both frequency components. However, as 
the investigations reported in [11] show, this is a very favorable configuration. In conclusion, the 
VCSEL setup is a well suited and reliable tool for the preparation of CPT resonances. Linewidths 
of only 60 Hz are routinely obtained. 

In a magnetic field the dark resonance splits into up to 21 Zeeman components due to the 
sublevel structure of the ground state hyperfine components (Fig. 5). There have been theoretical 
proposals [12,13] and a first experimental realization [14] of dark resonances as a sensitive magne- 
tometer based on this effect. In this approach, the strength of the magnetic field is determined 
through a precise measurement of the Zeeman-shifted positions of the dark resonance components. 
For optimized sensitivity it is favorable to use the outermost Zeeman component corresponding to 
the A system coupling the \F = 3, m = 3) and \F = 4,m = 4) states because this resonance line 
exhibits the largest shift rate of 24.5 Hz/^T. Of course, this large shift rate causes the outermost 
resonance to be more sensitive to inhomogeneities of the magnetic field, as well. In a lock-in spec- 
trum of the outermost Zeeman component the noise level outside the resonance line was compared 
to the steepest slope at the center of the resonance. From this data and the shift rate a sensitivity 
limit of 9.9 pT in 0.3 s integration time was derived, which is already close to the noise levels of the 
best commercially available flux-gate magnetometers. 

As a second application of dark resonance spectroscopy one can think about compact primary 
frequency references [15]. In this case, an intuitive approach would be to stabilize the frequency 
of the rf oscillator providing the modulation signal to the central resonance component of Fig. 5, 
corresponding to the A system coupling the \F = 3, m = 0) and \F = 4, m = 0) states. These ground 
states also form the so-called "clock transition" in microwave spectroscopy and are shifted by a 
magnetic field in second order only so that drifts due to changing magnetic fields are rather small. 
For our preliminary setup the uncertainty in frequency position of this central dark resonance 
component could be determined as 0.3 Hz in 0.1s integration time. This corresponds to a relative 
frequency uncertainty of 1 • lO-11/^ for 1 ms < r < 0.3 s. However, at longer integration times 
frequency resolution is degraded due to drifts which still have to be eliminated with an improved 
setup. We expect interesting applications for such a frequency standard because of the low power 
consumption of less than 1W that is conceivable for an optimized device. 
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Fig. 5. Zeeman splitting of the dark resonance in a magnetic flux density of 44.4 /iT (about the strength 

of the geomagnetic field). The central component corresponds to the m = 0 -H> m = 0 "clock transition" 

while the outermost m = 3 <r> m = 4 components exhibiting the largest shift rate are well suited for 

magnetometry. The dispersive lineshapes of the resonances are due to lock-in detection of the transmission 

signal. At even higher resolution the six components marked with a * are resolved into a doublet each due 

to the influence of the nuclear magnetic moment [16]. 

The results presented here clearly show that coherent population trapping spectroscopy using 
VCSELs has promising applications in sensitive magnetometry and for the realization of compact 
and robust frequency references. Further improvements can be expected from the implementation of 
VCSELs emitting at the Dx wavelengths of cesium (894 nm) or rubidium (794 nm). On the D2 line 
the hyperfme components F' = 2 and F' = 5 in the P3/2 excited state cannot form A systems due to 
electric dipole selection rules but cause a broadening of the dark resonance by inducing additional 
dark state relaxation via one-photon losses [17]. This broadening can be avoided when coherent 
dark states are prepared on the Dx line because here the excited state (-P1/2) has only hyperfine 
components F' — 3 and F' = 4. A further improvement in sensitivity can be expected from an 
increase of the dark resonance amplitude, for instance through the optimization of the intrinsic 
VCSEL modulation efficiency at the relevant radio frequencies of 9.2 and 6.8 GHz, respectively, as 
well as through improved impedance matching of the laser housing. 
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Vertical cavity lasers (VCSELs) have many characteristics that make them potentially superior to edge 
emitting lasers for gas sensing applications. These characteristics include a wider single mode current tuning 
range, a less divergent and round beam profile, less susceptibility to optical feedback, lower operating current 
and lower production costs. The single mode current tuning range of a VCSEL is typically 5 to 10 cm"1. In 
comparison, DFB lasers currently being used in commercial gas sensors typically only current tune over a 
range of 1 cm'1. Only relatively expensive external cavity lasers can match the single mode tuning range of 
a VCSEL. And while VCSELs can be current modulated at high MHz frequencies over their wide tuning 
range, external cavity lasers are limited to low kHz modulation frequencies over their wide tuning range 
because the modulation is performed mechanically. The advantages of a wide single mode tuning range for 
sensing are that multiple line detection becomes possible, as well as the ability to look at broader spectral 
features such as in condensed phase species or in congested spectral regions. The superior beam profile of 
VCSELs makes beam handling easier since astigmatic effects are not inherent. Thus, commonly available 
and less costly optics can be used with VCSELs. In addition, since the VCSEL output typically only 
diverges by 10 to 15 degrees, fiber coupling is more easily and efficiently performed. In our work, we have 
noted that the spectral quality of VCSELs is not effected by optical feedback from back reflections. In 
contrast, the spectral quality of edge emitting lasers is severely degraded by back reflections. This lack of 
sensitivity to optical feedback is very important for fiber coupling applications. Unlike the situation with 
fiber coupled edge emitting lasers, an optical isolator is not needed with VCSELs. Optical isolators are not 
only expensive, but they tend to induce etalons into the optical system that reduce the obtainable sensitivity. 
VCSELs have substantially lower production costs than edge emitting lasers because ten times more lasers 
can be prepared on a single wafer using MBE and the devices can be tested on the wafer. Hence, commonly 
available 850 nm VCSELs sell for $10 to $30/device. In comparison, commonly available 
telecommunication DFB lasers sell for $500 and custom wavelength DFB lasers useful for spectroscopic 
monitoring applications cost several thousand dollars each. 

Despite these advantageous qualities, VCSELs have not yet been utilized for sensing applications. The 
reasons that VCSELs have not been used in this capacity include a very limited availability of wavelengths, 
the lack of single mode versus multimode devices being produced by VCSEL manufacturers and some 
literature reports claiming detection with VCSELs is less sensitive than that obtained with DFB lasers. The 
wavelength range of VCSELs currently available from commercial manufacturers covers the 750 to 960 nm 
region. In this region, few species of commercial interest have absorption features. In addition, most 
VCSELs commercially available are multimode devices being produced for local area network 
communications. The spectral qualities of these devices are not suitable for detecting narrow spectral 
features. In addition, Weldon et al report that the obtainable absorption sensitivity using VCSELs is twenty 
times worse than that obtained with DFB lasers. 

However, our work over the past few years has indicated that VCSELs can be employed for commercial gas 
sensing applications. In the 750 to 960 nm region, two species of commercial interest have absorption 
features. These species are oxygen at 760 nm and water vapor at 945 nm. Monitoring of these species is of 
interest to the chemical, pharmaceutical, food, semiconductor, meteorological and aeronautical industries. 
Using wavelength modulation spectroscopy, we have established that absorbances in the low 10"5 range are 
obtainable using VCSELs. These experiments have involved measurements of both oxygen and water vapor. 
VCSELs from a variety of manufacturers have been used in this work including BandGap Technology, 
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VKEL Corp. and MicroOptical Devices, Inc.    A sample 
wavelength modulation oxygen spectrum taken with a vertical 
cavity laser is shown in Fig. 1.  We have noted that there are 
wide variations in the single mode qualities of these devices and 
thus, the measurable absorbance level can vary from the low 10"5 

range to the low 10"3 level. In comparison, 1 x 10"6 absorbances 
are often observed in laboratory measurements with DFB lasers 
and an absorbance level of 1 x 10"5 is routinely measured with 
DFB laser based field instrumentation. The principal feature that 
limits measuring smaller absorbances with VCSELs is the 
presence of small nonlinear features in their I-L curves. These 
nonlinearities appear as background signals in the wavelength 
modulation   spectra.      These  background   signals   become 
indistinguishable from the molecular absorption  at small 
absorbance levels. These background effects with VCSELs are 
an order of magnitude worse than with DFB lasers. An example 
of the achievable sensitivity with a VCSEL and of the laser induced background effect is shown in Fig. 2, 
a 947 nm water vapor spectrum. The slight nonlinear I-L behavior manifested in the wavelength modulation 
spectrum is most likely due to the presence of multiple transverse modes in the laser. VCSELs are known 
to become multimode a few mA above their lasing threshold. With the more single mode devices, the 
obtainable sensitivity in units of concentration-optical pathlength is 100 ppm-m for oxygen and 2 ppm-m 
for water vapor at standard atmospheric conditions. At these sensitivity levels, VCSEL based oxygen and 
water vapor monitoring is useful for determining chemical process stream contamination. In addition, water 
vapor monitoring at this sensitivity level is of interest for meteorological measurements of atmospheric water 
vapor to altitudes of 20 km. 

Energy (cm1) 

Figure 1 — Second harmonic 
wavelength modulation oxygen 
spectrum taken in room air over aim 
path. The absorbance levels of these 
lines is -0.02. 
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Figure 2 Second harmonic water vapor spectrum taken with a 947 nm VCSEL. 
The absorbance of the peak is 4.5 x 10"5. 
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Because of the great cost savings possible with a VCSEL relative to DFB lasers, the market potential for 
VCSEL sensors is much greater for DFB based instruments. A VCSEL sensor with a market price under 
$10,000 is possible. To demonstrate this possibility, we developed a stand alone prototype VCSEL based 
water sensor that has single quantity component costs of $1,500 (excluding the laser). This instrument, 
which has a 1.5 m optical path, has measured water vapor concentrations as low as 4 ppm. 

However, in order for VCSELs to be useful as the laser source in commercial sensors a number of issues 
need to be addressed. First, improvements in the uniformity of the single mode current tuning characteristics 
are required. Less variation in device performance will reduce cost incurred in characterizing the lasers and 
increase yield. Second, tighter wavelength specification is needed in producing these devices for 
spectroscopic applications. Currently, a VCSEL wafer can only be prepared to within a few nm of the 
desired wavelength. In addition, the lasers from a given wafer will vary over a few nm. Since an 
atmospheric gas line is typically 0.01 nm wide and the current tuning range is usually 0.5 nm, the wavelength 
spread is too large to be compensated with modest temperature tuning. Third, the number of species that can 
be detected that are of commercial interest will dramatically increase when VCSELs become available in the 
1.3 to 2 urn range. Such species include the halide acid gases, methane and ammonia. Furthermore, this 
spectral region includes water vapor absorptions that are forty times stronger than the 945 nm band. Lastly, 
increases in the single mode tuning range will permit the monitoring of broader spectral features and multiple 
spectral lines. 
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1 Introduction 
The recent rapid advances in the performance of vertical cavity surface emitting lasers ( VCSELs ) give 
significant impetus to identifying practical applications of these devices in, for example, optical data links 
and two-dimensional optical switching.In looking towards such applications serious consideration must be 
given to basic device performance characteristics and specifically to their operating efficiencies, threshold 
currents and transverse mode structures [1]. Recent work has indicated the role of spatial hole-burning 
effects in determining both the transverse mode structure and the wall-plug efficiencies of gain-guided 
VCSELSs. Here we show that the strength of the in-built transverse mode waveguide in index-guided 
VCSELs exerts a dramatic influence on the excitation of transverse modes. The influence is, in particular, 
revealed by calculated light-current characteristics of index guided VCSELs. 

2 Model and Structures 
The general features of the analysis technique which is utilised here are described in [2]. Noteworthy 
features of the model are its capability for treating the competition between transverse modes in nominally 
circularly symmetry VCSEL structures.The analysis is thus able to take into account transverse modes 
having azimuthally varying profiles. Attention here is focussed on the outcomes of calculations performed 
to determine how transverse mode competition affects the light current characteristics of weak and strong 
index-guided VCSELs. It is taken that the VCSELs are fabricated in the GaAs/ AlGaAs material system 
with core and cladding refractive indices are of order 3.5 and have lasing wavelengths in the vicinity of 
850 nm. Other material and device parameters appropriate to this class of devices are utilised [2].The 
weak index-guided structure is defined by a core-cladding layer refractive index step of 0.01 and the 
strong index-guided structure is taken to have a core-cladding layer refractive index step of 0.1. The 
basic approach taken is to follow the dynamical evolution of transverse modes when the laser is driven 
by a specified bias current. The static characteristics are obtained by using short current which are slow 
enough to ensure that the results are obtained in a quasi-steady situation whilst being fast enough to 
avoid the effects of self-heating. In this way the active region temperature is kept constant (and equal 
to the substrate temperature) during the current scan. The injected current profile is generally taken as 
being uniform current injection over the active region (disc contact) but attention has also been given to 
contact geometries designed to preferentially excite a specified transverse mode. 

3 Light Current Characteristics 
Results from calculations performed for weak and strong index-guided VCSELs are shown in Figures 1 and 
2 respectively. It is apparent that the power partition between transverse modes depends dramatically 
on the strength of the index waveguide as defined by the core-cladding index step . Competition between 
modes is much stronger for the case of higher index step since then modes are better confined in the 
waveguide with a corresponding increase of the spatial overlapping between them.Then differences in 

Reprinted from Advanced Semiconductor Lasers and Their 
Applications Conference,!999 Technical Digest, .. 
©1999 Optical Society of America 



Advanced Semiconductor Lasers and T/wir Applications 

modal gain between modes are then much smaller in the case of high index step, as it is seen at the lower 
part of Fig. 2. 

The present analysis has also been utilised to examine how spectral gain effects [ 3 ] and current 
profiling influence transverse mode competition in such devices. It is found that the light-current charac- 
teristics do not vary greatly when changing the operation wavelength for the case of small index step.This 
is due to the weak confinement of the modes induced by the small waveguide index step.In this way vari- 
ations of the carrier density over the mode profiles are significant and then differences in modal gain 
between transverse modes dominate over differences in material gain. 

However, for higher index steps material gain effects can be important in determining the power 
partition. This happens for instance in the case of 870 nm operation where power is mostly delivered in 
the high order LP12 and LP31 modes. This is because they have the shortest wavelengths and therefore 
their material gain is significantly higher than the material gain of the other modes. This follows because 
the gradient of the material gain at that wavelength and for typical carrier densities is high and then 
material gain effects clearly dominate over modal gain effects .Power partition in the case of 830 nm and 
850 nm operation is rather similar since for typical carrier densities the material gain has a plateau at 
those wavelengths and then modal gain effects are dominant. 

In both cases of modal confinement, for currents slightly above threshold, the fundamental transverse 
mode appears since its modal gain is the highest. The intensity profile overlaps in an optimal way with 
the carrier density because this is concentrated near the centre of the laser due to the assumed disc 
contact geometry. At higher currents the increasing stimulated recombination of carriers produces a hole 
in the carrier profile near the center of the device and LP12 and LP11 modes reach threshold.These modes 
are excited with similar power since the symmetry of the injected current does not favour any mode in 
particular. Further increase of the injected current also leads to the appearance of other higher modes in 
such a way that several modes are able to coexist. The competition is much more involved as the modal 
confinement is increased.The lowest threshold current and the highest total optical power are obtained 
for the 850 nm wavelength since that corresponds to operation near the material gain peak.These results 
can be compared with those obtained by using a simpler model where the material gain depends in a 
linear way on the carrier density and where all the transverse modes have the same material gain [2] . 
The simple model describes very well the small index step results obtained with the model used in this 
paper. It also describes qualitatively the results with higher index step when material gain effects are 
not relevant ( 830 nm and 850 nm ). However, when these effects are important ( 870 nm ) it fails to 
describe the power partition between modes. 

4    Mode Control 

The paper will also address the use of current profiles designed to excite a particular high order transverse 
mode.For example , excitation of the LP11 mode over a wide current range can be obtained in a weakly 
guiding VCSEL using a single contact placed where the mode has appreciable power.In that case it 
is also found that none of the other modes is able to reach the threshold gain.The impact of current 
spreading effects on the efficiency of this transverse mode selection mechanism has been ascertained by 
considering changes in light-current characteristics when the current injection area is changed. It will 
be shown in this way that there is an appreciable range of injection areas in which the transverse mode 
selection mechanism can be effective.However,this mode selection mechanism is found to be less effective 
for stronger index guided transverse modes. 
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Abstract: Mode switching in critically strained and other tailored VCSEL based photonic 
lattices is demonstrated by means of injection locking. For strained lattices, switching 
between four-lobed and six-lobed far field modes is examined and it is shown that near the 
critical strain, relatively low injection power is needed to switch between these modes. For 
lattices tailored to have their modes localized, switching between localized modes is 
examined. Both the critically strained and the tailored lattices may be used in an all optical 
switching device. 
OCIS codes: (140.3290) Laser arrays: (140.3520) Lasers, injection-locked: (230.1150) All-optical devices: 
(250.7260) Vertical cavity surface emitting lasers. 

Introduction 

Photonic lattices, i.e., structures that incorporate 2D or 3D periodical variation of their optical 
properties, are of interest lately due to their ability to control the propagation of light and the 
interaction of light with matter [1,2]. A somewhat different but also important aspect of photonic 
lattices is the confined photonic states. Recently, coherent vertical cavity surface emitting laser arrays 
(VCSEL's) were used both experimentally and theoretically [2-7] to explore the physics of these 
confined photonic states. Each VCSEL is capable of trapping photons and therefore plays the role of 
an "optical atom". Inter-cavity coupling among the closely spaced VCSELs via diffraction induces 
the formation of photonic bands whereas the array eigenmodes correspond to confine photonic states. 
Operating the VCSEL lattices above lasing threshold permits the selection of one or several photonic 
states within the photonic band, depending on their optical gain/loss characteristics. Alternatively, 
injection of light at certain frequencies may be used, by means of injection locking to switch between 
the photonic states. 

These photonic lattices are defined by metal-patterning highly uniform VCSEL wafers. The 
resulting patterned mirror p(x) consists of a high reflectivity square pixel (taken as unity) surrounded 
by a lower amplitude reflectivity n,. Lasing only occurs at the location of high reflectivity pixels and 
the coupling between the lasers is achieved by diffraction (see Fig. 1). 
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Fig. 1. Schematic illustration of a VCSEL based photonic lattice. 

The uniform lattice structure is represented by a square NxN array with a lattice parameter A and 
pixel size d. Alternate shear strain is introduced by shifting every other row parallel to itself by 5; For 
8=A/2, a quasi-hexagonal lattice structure is obtained (see Fig. 2). These lattices are of interest due to 
an abrupt switching, which is experimentally observed, for a critical value of strain 8C, between a 
square-matrix lattice mode and a quasi-hexagonal mode [3-5]. Close to 5C the two modes are almost 
degenerate, thus injection locking can easily be applied in order to induce switching between these 
modes. The square lattice mode produces a four lobed far field whereas the quasi-hexagonal mode 
produces a six lobed far field, thus we can use this scheme as a fast all optical switching device. 
Alternatively, an all-optical switching device may be obtain by switching between localized lattice 
modes of lattices, tailored to have their modes localized. 

The proposes of this work is to propose and theoretically demonstrate mode switching in critically 
strained VCSEL lattices and in tailored lattices by means of injection locking. 

Injection locking formalism 

We used the analysis of [8] to examine injection locking of VCSEL arrays. The array is subjected to 
an externally injected field EmJ(y) at a frequency <o,nJ. Consequently, in addition to the free running 
field £>00 at frequency cofl a driven field Ec(x) at frequency (OmJ is generated which obeys 

Ec(y)=E,lAy)+rp(y)\\Kjy,x)Ec(x)dx (1) 

where Km(y,x) is the free space propagation kernel at some arbitrary frequency co0 near co„v and near 
<y/; 7 is a complex parameter which contains the net round trip gain in its absolute value |y| and the 
argument of/determines the injection frequency (0„v (see Ref. [8]). We assume that the free running 
field is identical in its shape to the lowest order cold cavity mode, namely E/(x)^ui(x). The cold 
cavity eigenmodes u„,(x) are obtained via 

",„(y)=rmp(y)\JKjy>x) «,»- (2) 
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where ym is the eigenvalue, \y„\ represents the round trip modal losses and Phase {%,} determines the 
modal eigenfrequencies co„, (i.e., the cold cavity resonance frequencies). In addition, the gain is 
simultaneously saturated by both E/(x) and Ec(x), namely 

■**  (3) g = — 
1 + fc+^/K, 

where Psa,  is the  saturation  average  power  density,   />r = —[flf |:<£t,   and   p =—[[!£■ J"^   are 

respectively the driven and free running average power densities, A is the area of the lattice, and go is 
the small signal gain which depends on the pumping rate. 

Without injection (i.e., with an injection power density p.i.= — \[\E.hix = o) tne 'aser ls free 

running with Pc=0 and  Pf = P'"'. If PWj is increased Pc also increases on the expense of Pf 

Eventually for PjnJ > P^ , Pf=0 since the gain can no longer support free running oscillations. Thus, 

the free running mode is switched off while the driven field prevails. 

Results and discussion 

Let us first examine switching between the square matrix and the quasi-hexagonal modes of a shear 
strained lattice. If the array is free running with a square matrix lattice mode at (Of=(Oxq the injected 
power will be at 0)„v=C0i1x and vice versa if the array is free running with a quasi-hexagonal mode at 
C0j=(0hx the injected power will be at (omj =(Osq. 

The results discussed in what follows correspond to a lOxlO-element lattice with ri,=0.98, d=4um, 
A=5|im and an effective cavity length L=5^o/n, [see Fig. I] where Ao=940nm is the free space 
wavelength and nr=3.5 is the refractive index inside the cavity. Using the formalism of [9], we find 
that the critical strain value is 5c=1.45um and the resonance frequencies of the square and the 
quasi-hexagonal lattice modes are respectively Aö)iY/=7.08x10"4city and ACü/^S.öVXIO"

4
^, where 

Act) is defined as (0-C0o (e.g., AftJ/^Cty.y-cty) In order to maximize the degree of overlap between the 
injection and the quasi-hexagonal desirable mode, the (gaussian) injected field is selected to be aimed 
at the center of one of the lattice elements (see Fig. 2), i.e., the gaussian is centered at 
AV/=[3.2|Lim, 2.5um]. 
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Fig. 2. The near field (NF) and the far field (FF) intensity' patterns of a critically strained 10x10 element lattice 
without (right side) and with (left side) injection. The lattice pattern is in dashed lines and the injected gaussian 

field with a spot size a=lum is illustrated by a black spot. 

Fig. 2 shows the calculated near-field (NF) and far-field (FF) intensity patterns that are obtained in 
the switching of a lattice with 5=1.4um. Without injection the array is free running in the square 

matrix mode at cof=(Osq with a four-lobed far field. If an external field with PWJ = P™ at a frequency 

(Qin=cohx is injected, the array switches to the quasi-hexagonal mode with a six-lobed far field 

Fig. 3 examines the switching properties of the above lattice. Fig. 3a draws P™ jPf as a function 

of Äö)m//ö>o=Phase{7}/20^:for three different strain values of the lattice. As expected, in all of the 

cases i^*=0 for comj=cof (e.g., for 5=1.1 um P™"=0 at comj=(Osq). Both for the sub-critical strain 

5=1.lum (free running in the square lattice mode) and for the super-critical strain 5=1.6(im (free 
running in the quasi-hexagonal lattice mode) relatively large injection powers are needed in order to 
lock (switch) the array to the other mode. Whereas for 5=1.4um, which is only slightly below 5C, 
relatively low injection power at (Om,=cohx is sufficient to switch the array from the free running 
square-matrix mode to the quasi-hexagonal mode. Note that the switching bandwidth (marked on the 
graph as BW) is depended on the injection power available and the degree of overlap between the 
injected power and the desirable mode. 
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Fig. 3. Switching properties of the 10x10 strained lattice of Fig. 2. (a) Square root of the normalized switching 

average power density Pinj   I Pf   as a function of AöJ,„/ö)0 for three different strain values of the lattice: 

and (b) The normalized free running P/P/m and driven PJPf'
m average power densities as a function of the 

normalized injected power density PmjIPf{m for three values of c. 

In Fig. 3b we examine the switching sensitivity to variations in the injected gaussian spot size a. 
The normalized free running power Pf/P/0>, and normalized driven power Pc/P/0>, are presented for 
three values of a as a function of the normalized injected power PmjIPf0). As Pinj increases Pc 

increases and Pf decreases, thus the quasi-hexagonal mode is switch on whereas the square-matrix 
mode vanishes. However, as the injected beamwidth increases the overlap between the injected power 
and the quasi-hexagonal mode decreases thus, higher switching power is needed. 

Injection locking is, in practice, very hard to achieve since it requires a very accurate and stable 
master laser. Fig. 4 presents a future practical all optical switching device, on a single wafer, with an 
inherently stable master laser. Here, both the master and the slave lasers are VCSEL lattices, and thus 
they can be highly identical and can be driven by the same current source. The master laser is without 
strain (i.e., with 5=0) and thus it operates steadily in the square-matrix lattice mode. Whereas the 
slave laser is configured slightly above the critical strain (e.g., with 8=1.5|J.m) so that without 
injection it operates in the quasi-hexagonal (six-lobed FF) lattice mode. Once light from the master 
laser is directed at the slave laser, the master laser will be switched to the square-matrix (four-lobed 
FF) lattice mode. And thus an all-optical switching device is obtained. 
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Fig. 4. A practical all optical switch configuration on a single wafer. Both the master and the slave lasers are 
VCSEL lattices. The master array may be a square matrix lattice (5=0) that operates steadily at the square 

matrix mode and the slave array is configure slightly above the critical strain. If light from the master lattice is 
directed to the slave lattice, it will be switched from the quasi-hexagonal free running mode to the 

square-matrix mode. 

Finally, as an example of switching between localized modes of tailored lattices, Fig. 5 presents 
the NF (intensity) patterns of an 'FT shaped lattice with and without injection. The lattice is formed 
by a sub-lattice of larger size elements (d=3um) within a background lattice of smaller elements 
(d=2jim). Other lattice parameters are A=3.4um, rb=0.95, and D=55um. The free running mode m(x) 
has the expected 'FT shape of the sub-lattice with the corresponding free running frequency (0f=C0i. 
If an externally injected field is applied at ©,,,7=ah, the lattice is switched to the localized mode iii(x). 
Thus, we may use this scheme as an all optical switch as well. Note however, that it is very 
important, in this context, that OL>I*CO3 otherwise switching will not be possible by means of variation 
of the injection frequency. 
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Fig. 5. NF intensity patterns of an 'H' shaped sub-lattice without (left) and with injection (right). 

Summary 

We demonstrated theoretically that switching between the modes of critically strained and tailored 
VCSEL based photonic lattices may be achieved by means of injection locking. For strained lattices, 
switching between four-lobed and six-lobed far field modes is examined and it is shown that near the 
critical strain, relatively low injection is needed to switch between these modes. An 'H' shaped lattice 
is examined, as an example for switching between localized lattice modes of lattices tailored to have 
their modes localized. Both the critically strained and the tailored lattices may be used as an all 
optical switching device. 
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Quantum cascade (QC) lasers are fundamentally new semiconductor light sources in that: 
(1) their wavelength can be tailored over a wide range ( from 3 to 17 microns) using the 
same combination of materials by a suitable choice of the active layer thickness, (2) their 
optical power is greatly enhanced by the cascade effect (one injected electron creates 25- 
30 photons in traversing the active region).1 They are a textbook case of materials by 
design since all key microscopic properties (energy levels, radiative and non-radiative 
matrix elements and their corresponding lifetimes, etc) are engineered "bottom-up" to 
optimize material and device performance. QC Fabry Perot Lasers have demonstrated 
peak pulsed powers as high as 0.5 W at room temperature at 8 micron wavelength and 
corresponding average powers of 15 mW with a few % duty factor. QC distributed 
feedback lasers have large single mode continuous tuning range that makes them ideal for 
spectroscopy applications.2 Dynamic linewidths in pulsed mode at room temperature of a 
few hundred MHz and of a few MHz in cw operation, limited by technical noise, have 
been demonstrated. In this talk the physics, operation and applications of QC DFB lasers 
will be discussed in detail. 

QC DFB lasers with loss gratings were used to demonstrate for the first time 
wavelength modulation spectroscopy of trace gases using mid-infrared semiconductor 
lasers operating at room temperature.3 The devices were cooled slightly below room 
temperature to position the laser wavelength on the short wavelength side of a molecular 
resonance in N20. Tuning across the resonance was obtained with a slow (seconds) 
current sweep which heats the device, thus reducing the refractive index and redshifting 
the Bragg wavelength. The derivative of the absorption spectrum was measured with 
lock-in techniques by dithering the laser current and therefore the wavelength with a ~ 
kHz modulation. 

In another experiment4 high resolution spectra of NH3 and NO were obtained with 
index-coupled grating DFB lasers, and with DFB lasers emitting at ~ 5.2 urn, all 
operating cw at 80 K in order to achieve narrow linewidth. Direct absorption 
spectroscopy was performed by ramping the laser current with a ~ 10 kHz saw-tooth 
waveforms and averaging many sweeps. From these data a laser linewidth, limited by 
technical noise, of tens of MHz over a few milliseconds was obtained. The instantaneous 
linewidth was estimated to be a few MHz. The latter estimate was obtained without a 
superimposed ramp by driving the laser in cw at 80 K. More recently Richard Williams, 
Jim Kelly, Stephen Sharpe and John Hartman of Pacific Northwest National Labs (private 
communication) have made similar measurements on DFB QC lasers with very low noise 
current drivers on two of our 8um index coupled DFBs cooled at 80 K. They have found 
that the average linewidth is a few MHz over a few ms and that the instantaneous one is ~ 
a few hundred kHz. More over the width of the recorded high resolution molecular 
absorption of N20 is found to be independent of the number m of sawtooth current 
sweeps as m is varied from 2 to 1000. This important result shows that QC lasers are 
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much more immune to wavelength drifts and jitters, compared to lead salt lasers and 
therefore better suited for high-resolution spectroscopy. 

The fundamental linewidth of QC lasers should be Schawlow-Townes limited as, 
for example in gas lasers, because the linewidth enhancement factor or a parameter for 
QC lasers is expected to be zero if the DFB Bragg wavelength is positioned at the peak of 
the gain spectrum. In QC lasers the gain spectrum has basically the same shape of the 
absorption spectrum unlike interband diode lasers. Thus at the peak of the gain spectrum 
the fluctuations of the refractive index, caused by electron density fluctuations, are zero 
because of the Kramers-Krönig relationships, leading to oc=0. 

Finally in a recent experiment5 the first photoacoustic spectroscopy with QC lasers 
has been reported, demonstrating -10 parts per billion sensitivity in the detection of NH3 

diluted in Nitrogen. 

Collaborations with J. Kelly, R. Williams, J. Hartman, Ed Whittaker, B. Paldus, R. 
Zare, D. L. Sivco and A. Y. Cho are gratefully acknowledged 
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The development of semiconductor lasers emitting at wavelengths longer than 3 urn at high cw 
operating temperatures has proven to be quite challenging. To our knowledge, the best result reported 
previously was T^ = 225 K for a lead-salt device (k = 4.2 urn).1 One promising approach is the W laser, 
named for the shape of the conduction-band profile in its four-constituent type-II active region (e.g., 
InAs/GalnSb/InAs/AlSb. In this work, we report the cw operation of optically pumped W lasers nearly to 
room temperature. The maximum wavelength for an interband III-V device has also been extended by 2 
um, to 7.1 p.m. 

TABLE I. DESIGN AND OPERATING CHARACTERISTICS OF 10 OPTICALLY PUMPED W LASERS 

Active Region Design cw PmM cw T|ext        cw 
Mum)     A.(um)     7"0(K)        (mW)        (%/facet)     Tmx 

Sample     Periods Structure (78 K)      (rmaJ       (cw) (78 K) (78 K)        (K) 

SI 50 

S2 80 

Nl 50 

N2 50 

N3 50 

N4 50 

N5 70 

N7 50 

N8 70 

InAs/GaSb/InAs/AlSb 
18Ä/25Ä/18Ä/35Ä 

InAs/GaojInojSb/InAs/AlAso.nSbo.gs 
16Ä/25 Ä/16Ä/40Ä 

InAs/Gao 74Ino.26Sb/InAs/AlSb 
17Ä/26Ä/17Ä/43Ä 

InAs/Gao 72Ino 28Sb/InAs/AlSb 
17Ä/26Ä/17Ä/43Ä 

InAs/Gao.glno.zSb/InAs/AlSb 
18Ä/40Ä/18Ä/43Ä 

InAs/Gao 8Ino.2Sb/InAs/AlSb 
21Ä/40Ä/21Ä/43Ä 

InAs/GaojIno.sSb/InAs/AlSb 
23 Ä/22 Ä/23 A/40 Ä 

InAs/Gao 7Ino.3S'b/InAs/AlSb 
24 Ä/22 Ä/24 Ä/40 Ä 

InAs/Gao.64lno.36Sb/InAs/AlSb 
28 Ä/22 Ä/28 Ä/40 Ä 
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2.72 2.98 70 142 1.52 290 

3.14 3.47 63 229 3.31 275 

3.59 3.86 65 110 1.53 265 

3.66 3.92 55 112 1.19 250 

3.75 4.05 46 161 1.92 240 

4.19 4.45 52 73 0.79 230 

5.41 5.87 43 48 0.60 210 

6.05 6.26 — 31 0.40 170 

6.95 7.13 — 3.3 0.094 130 
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The samples were grown by molecular beam epitaxy on GaSb and had Alo.9Gao.1Aso.07Sbo.93 or AlSb 
optical cladding layers. The lasers were mounted on a diamond heat sink using the diamond-pressure- 
bonding (DPB) technique3 and were optically pumped with a cw 1.064 ^m NdtYAG laser. The active region 
designs and cw results are given in Table I along with the emission wavelengths at 78 K and the maximum 
cw operating temperature. The values at 78 K are for a pump stripe width of 40 |0.m (FWHM), while the 
final column is for a width of 17 u.m. 
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Figure 1: Continuous-wave output power per facet vs. incident pump power at heat sink temperatures of 78 K 
and 180 K. Cavity lengths were =520 urn and pump-stripe widths were 40 u.m. 

The left panel of Fig. 1 shows cw output powers per facet as a function of incident pump power 
(bottom scale) and intensity (top scale) for the nine laser samples at a heat sink temperature of 78 K. In the 
right panel, the cw output power is shown at T = 180 K for all of the lasers still operating at that 
temperature, while the behavior of N7 at 140 K is shown in the inset. At 78 K, S2 (k = 3.1 urn) had the 
highest output power (230 mW) and differential conversion efficiency (3.3%). However, its performance 
becomes more comparable to other devices at 180 K, probably due to the greater difficulty of extracting heat 
from its thicker 80-period active region. Encouraging cw powers have been obtained at 180 K (40 mW at X 
= 3.8 Jim). The stripe widths used for the data shown in Figure 1 were 40 urn (FWHM), although the 
maximum output powers far above threshold at 78 K were nearly constant for all stripe widths ranging from 
17 |im to 100 (J.m. This behavior is in stark contrast to that observed in a previous study of sample S2, in 
which it was mounted epitaxial-side-up (50-um-thick substrate) on a copper heat sink using a conventional 
In-Sn solder bond.4 Note that in most cases the output powers had not saturated at the maximum available 
pump power of 12 W, especially for the low heat sink temperature. 

Figure 2 shows the cw threshold intensity, I±, as a function of heat sink temperature for four of the 
lasers. In all cases, I& at T^ was between 35 and 60 kW/cm2 for the stripe width of 17 |0.m. For a wider 
stripe of 40 |J.m, T^ averaged more than 20 K lower, and the threshold intensity was in the 18-31 kW/cm 
range, indicating the importance of lateral heat flow. The characteristic temperatures, T0, indicated in Fig. 2 
and listed in Table I decreased nearly monotonically with increasing wavelength, from 70 K for ^(T^) = 
3.02 |im to 35 K for ^.(7^) = 7.1 urn (not pictured). 
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Figure 2: Continuous-wave optical pumping intensity thresholds vs. temperature for four of the eight samples, 
identified by X(Tnax). All pump-stripe widths were 17 um . 

The maximum cw operating temperatures listed in Table I are higher than any reported previously 
for semiconductor lasers in the wavelength range covered by these structures. Sample SI demonstrated near- 
room-temperature operation (290 K) at X = 3.0 urn. Another sample lased cw up to 130 K at X = 7.1 urn, 
which represents the longest wavelength for any III-V interband laser (the previous best was 5.3 urn for 
pulsed operation5,6). This may be attributed both to the suppression of Auger recombination in type-II 
InAs/GalnSb-based quantum wells7 and to the efficiency of the DPB heat sinking. 

These results demonstrate the promise of the W geometry as a potential basis for high-temperature 
cw semiconductor lasers emitting in the mid-IR. Significant further improvements are expected following 
optimization of the active-region designs and the use of 2-u.m pump lasers. Long-wavelength type-II W 
diodes are also expected to have attractive properties. 
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1 Introduction 

The very considerable progress which has been made in improving the characteristics 
of unipolar semiconductor lasers has prompted the present authors to undertake work 
aimed at assessing the expected performance characteristics of intersubband lasers de- 
vices including their waveguiding properties [1], and in particular, their anticipated direct 
current modulation capabilities. In earlier work, use was made of the rate equation model 
to describe the dynamical properties and direct current modulation capability of inter- 
subband lasers. It was observed [2] that since electron lifetimes in intersubband lasers 
are typically of the same order as the photon lifetime, there is a fine balance between 
the contributions of the resonance frequency and damping factor in the determination of 
the maximum modulation frequency in these devices. That work, in particular, indicated 
that THz modulation bandwidths of intersubband lasers are quite feasible on the basis of 
the carrier dynamics [3]. 

In that initial analysis, representative values for carrier lifetimes and interwell tunnel- 
ing times were utilised. In subsequent work, a self-consistent analysis of the modulation 
response was performed through a direct calculation of the relevant carrier and tunneling 
times for a prototype triple quantum well structure suitable for incorporation in near- 
infrared intersubband lasers [4]. 

2 Optical gain spectra 

Our starting point is the following expression for the gain: 

_ e2\z12\2mrn  r«       hj{e).[f2{e) - frfa)] 
9{     >~    h2cne0L    Jo       7r[hCl - Mle]2 + [M<OF 

which is similiar to that given in [5] except that equation (1) above is in mks units and has 
the reduced effective subband mass, mr, where \zu\2 is the dipole moment matrix element, 
f2£ the optical transition frequency for the in-plane electron momentum hk = ^2m2e, 
namely Ml£ = hfl0 + e2 — ei, where e2 = e and e\ = h2k2/2m-i are kinetic energies in 
the upper and lower subbands respectively, characterized by the effective masses mi and 
m2, and the Fermi distribution functions /1 and /2. Hence the reduced mass, mr = 
mim2/(mi + m2). The function 7(e) describes the transverse phase relaxation due to 
intrasubband scattering. 
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3    Carrier temperature dynamics 
The carrier temperature dynamics can be modelled using the intersubband energy den- 
sity equations developed here for a four-level structure such as that shown in Figure 1, 
following the nomenclature of Willatzen's model for interband lasers [6]: 

dUi 
dt 

[lCiatUie Oi  VV matten & muuei iui mrauauu iQDcio |UJ. 

JVJ2) < E21 >     Ni < E12 >     J < EP,2 >     Ui- UL,I 

L\T\2 T\l eL\ Theat 
(2) 

dt TS L2T12 

NP<E21>   42)-u?l^ (3) 
T12 Tfceai 

dt ^ TS L2T23 

(4) 

(5) 

T23 T/ieat 

dt/3    _    JV2
(1) < #34 >     iVs < #43 >  |  J < EP,i >     Us- UL,3 

dt L3T23 T23 eLz Theat 

where Theat is the thermalisation time towards the equilibrium energy density ULJ = Ui(Ni,Ti) 
and is assumed to be the same for all subbands. Epfi is the difference in energy between the 
electrons coming into the structure and the energy level in Wl, while Ep^ is the difference in 
energy between the electrons leaving the structure and the energy level in W3. Eij denotes 
the energy difference in electrons coming from subband i to subband j. Only electrons coming 
in from a higher subband are assumed to contribute to the energy of a subband. Finally, 
Ui = / dE E p(E) fi (E) gives the energy density in the ith subband, p(E) is the density of states 
function in a quantum well and fi(E) is the Fermi distribution function for the ith subband. In 
the above model, free carrier absorption has been neglected. 

4    NIR structure and gain 
A NIR triple quantum well (TQW) structure suitable for intersubband lasing is shown in Figure 
1, where the relevant energy levels are indicated with subscripts denoting the quantum well and 
the superscripts denoting the subband (there is only one subband in Wl and W3 and hence 
the superscripts are omitted). The structure is designed so that at an appropriate bias, its 
four energy levels are aligned in a manner that causes a transition wavelength of 1.55 /an to be 
achieved. At this bias voltage, there also exists an inversion of state lifetimes. An intrawell lasing 
transition scheme is chosen since, in addition to the larger dipole matrix elements achievable, 
the threshold current for intrawell is lower than that for interwell transitions [7]. 

Calculations of optical gain at NIR wavelengths, shown in Figure 2, are seen to have signifi- 
cantly lower threshold currents than at MIR wavelengths. Taken together with the lower optical 
losses expected in the NIR this strongly suggests that NIR intersubband lasing can be sustained 
using very few coupled quantum well structures and hence the propect of THz bandwidth in 
direct current modulation would appear to be available in such devices. 
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Intersubband lasers have become a topic of active research particularly following the 

development of mid-infrared quantum cascade lasers [1]. Subsequent research has given 

rise to significant developments in the performance of these lasers. In this context it is 

of considerable interest to consider noise characteristics of unipolar lasers. In this work 

we perform a theoretical study of the relative intensity noise (RIN) of intersubband 

semiconductor lasers. 
The generic structure which is assumed to form the building block of the active 

layer of the electrically pumped intersubband laser of interest here is a coupled triple 

quantum well element with an injector well(QWl), a central laser well (QW2) and 

an extractor well (QW3). The carrier transport between QW1 and QW2 (QW2 and 

QW3) is characterised by a tunnelling time T12 (T23). AS shown in previous work [2, 

3] by using the rate equation model introduced in [2], the laser dynamics is further 

determined by the carrier transit time through the structure, rT, and intersubband 

radiative relaxation time TS. It has been shown that THz modulation bandwidth can 

be achieved in the chosen structure [4]. The threshold current is given by [2] Jth = 

(2eL2)/[aTp(4rs - TT + n2 - r23)], where e is the electron charge, L2 the lasing well 

width, TP the photon lifetime, and a the gain coefficient. It is appropiate here to take 

into account the following relations which define the relative magnitudes of the carrier 

lifetimes in the structure: rT > 2TS + r12 + r23 and T23 < rs to get a positive carrier 

density in the extractor well [4], and ATS > rr-ri2-|-r23 (population inversion condition 

[2, 3]). It is known from these previous works [2-4] that considerable simplifications 

of the analysis can be obtained when the triple-quantum well is designed to have 

equalised tunnelling times, i.e. rX2 = r23 = rw. That assumption will initially be 

made here to derive expressions for the RIN of intersubband lasers as a function of 

carrier lifetimes. The rate equation model introduced in [2] will be supplemented with 

spontaneous emission noise to calculate the RIN. Concerning the carrier lifetimes we 

take TT = 2rs + r12 + r23 = 2rs + 2TW, that corresponds to the miminum possible value 

for TT and to a lower bound for Jth- The intersubband relaxation time rs = 1.2 ps is 

mainly due to optical phonon scattering (wavelength emission around 10 /xm [3]). 
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When tunnelling times are equal the following result is obtained 

RIN=   'l 2   x 
PoTs 

{{2aP0 + r~l - u)2Twf + w2 (2 + 2aP0rw + T;
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where ß = 10~5 is the spontaneous emission factor, a — 10~5 s~x cm3 the gain coeffi- 

cient, P0 = [(J/Jth) — 1]/(2OTS) the output optical power for an injected current J, and 

JV-j    — [1 + (J'I'Jth){jTI'4TS — rr)]/(2arp) is the carrier density in the upper level of the 

lasing well. 

The RIN of intersubband lasers with symmetric structure (equal tunnelling times) 

is shown in Fig. 1 for different injection currents, rw = 0.5 ps, and two different values 

of the photon lifetime. It is seen that the RIN is constant for frequencies smaller than 

10 GHz. This constant is given by 

RIN = 2ßrp
J-T [      ;^-rJ. (2) Jth \-k-A 

It is clear that the RIN increases with rp and decreases with the injection current. A 

nonzero limit is obtained for large values of J. This is due to the fact that the carrier 

density increases in the upper level of the lasing well. It is also apparent from (2) that 

the RIN increases with TT, that is when the tunnelling time increases (see Fig. 2). 

At frequencies greater than 10 GHz and low injected current the RIN shows a peak 

that disappears when J and/or the photon lifetime are increased. In the limit of large 

frequencies the RIN decreases as w~2. 

Attention is now turned to the case of asymmetric structures with unequal tun- 

nelling times. The RIN for different values of T\I and r23 is shown in Fig. 2 for a 

current J = 1.8Jth and rp — 1 ps. It is clear that the noise level is mainly deter- 

mined by the tunnelling time from the lasing well to the extractor well. The RIN 

level decreases when r23 decreases, and the value at the peak increases slightly when 

T12 increases. The threshold current also decreases when T23 decreases. However, the 

modulation bandwidth decreases [4] for small values of T23. 

In conclusion it has been found that the RIN decreases with the injected current 

towards a nonzero value for large values of J. The noise level is also found to increase 

with the photon lifetime. Finally, the RIN decreases when the tunnelling time r23 

decreases. 
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Abstract 

The blue nitride laser presents a fascinating case for the study of the microscopies of 
optical gain. For InGaN quantum wells, these are highlighted by the competition between 
localized and extended electronic states in this unusual, heterogeneous active laser 
medium. The InGaN QW gain medium present specific opportunities and challenges for 
the vertical cavity emitters whose contemporary progress is illustrated in this article. 

1.   Introduction 

Progress with edge emitting InGaN blue/violet MQW diode lasers has crossed the threshold of 
commercial availability at the Nichia Company in Japan (1). In the U.S., there have been demonstrations 
of the continuous-wave operation (2,3) of the blue/violet laser. Other advances suggest a further 
broadening of the base of this emerging technology, for which potential applications abound. Thus, in 
spite of several technical, device-related challenges, optimism is warranted. 

A notable feature of the present InGaN QW lasers is their high threshold current density, implying 
an unusually high electron-hole pair density for a semiconductor laser, typically in excess of 10 cm" . 
The closest comparison that can be readily made (within the effective mass approximation to the 
electronic bandstructure) is with the blue-green II-VI QW diode lasers. These have achieved room 
temperature threshold current densities below 200 A/cm2 (4), a value approximately one order of 
magnitude smaller than so far accomplished in the best InGaN QW lasers. Furthermore, and in notable 
contrast to the ZnCdSe active QW medium in the green II-VI lasers, the InGaN QW shows strong 
departures from a usual random alloy. Finite indium clustering in the InGaN system affect the bandedge 
electronic states which form the "electronic power supply" for optical emission, both for light emitting 
diodes and diode lasers. These compositional anomalies in InGaN QWs lead to a veritable competition 
of electronic excitations between localized and extended electronic states. This translates to a 
requirement for a high injection level for optical gain of sufficient magnitude to form in a real device. 
The overall picture is still not fully understood, given the added complications created by large 
piezoelectric and spontaneous dielectric polarization fields which typify the wurtzite nitrides in general. 
Thus, for example, no clear evidence has been seen of the types of many-body (excitonic) enhancements 
to optical gain spectra that are striking in their presence in the widegap II-VI lasers [Ding, 1994]. 
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On the other hand, the nitride laser material is exceptionally robust and the large current densities 
applied to the edge emitting lasers create substantial peak optical gains, with typical gain coefficients in 
the active InGaN MQW medium on the order of 3000-5000 cm"1 . This fact raises the prospect of 
vertical cavity surface emitting diode lasers (VCSEL) in the nitrides. Blue and violet VCSELs would 
have attractive potential technological applications ranging from optical storage to biomedial 
applications. The implementation of a nitride VCSEL does, however, have its own special challenges 
which derive from the physical properties of the underlying materials. Below, we examine current 
efforts at the basic research level, aimed at exploring the blue/violet VCSEL. Reasonably robust 
optically pumped InGaN MQW VCSELs with moderate thresholds have now been realized, and 
rudimentary resonance cavity LEDs (RCLED) have been demonstrated. Such initial steps point to the 
emerging likelihood of a blue/violet VCSEL in the future. 

2. Gain Spectroscopy of InGaN QW Diode laser 

A key issue is the nature of those band edge electronic states that supply the requisite optical gain, given 
the demonstrably large departure of InGaN from a random alloy in terms of the In-concentration 
fluctuations    (xi„)    on    a   microscopic    (atomic)    scale. 
Typically, the mean values of xi„ in the laser devices are in 
the range of xln ~ 0.1-0.2; ad hoc arguments can be made 
for the probable partial cation segregation due  to  the 
differences in the bond energies and lattice constants for 
the InN and GaN binary endpoints. The question that arises 
when this type of nanoscale heterogeneous semiconductor 
forms the active laser material concerns the competition 
between localization and many electron correlations within 
the available electron-hole pair states, given the very high 
pair densities required in present devices to reach lasing 
threshold (> 10l9cirf3). 
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Useful insight to the optical gain spectra of the 
InGaN blue diode laser active medium has been recently 
acquired, based on the analysis of the spontaneous emission 
spectra of the diode laser, in conjuction with its threshold 
characteristics. A gain/absorption spectrum for a blue 
InGaN MQW diode laser is shown in Fig. 1, for ridge 
waveguide device emitting at ?i~425 nm, with an indium 
concentration xin=0.15 in the active region (5).The values 
for the current range from low injection in the LED regime 
(I = 20 mA) to the lasing threshold and somewhat beyond. 
The spectral position of lasing slightly above threshold is 
indicated by an arrow as is the location of the quasi-Fermi level difference AEp at approximately 2.995 
eV at this injection level. The experiment and analysis, correlating spontaneous/stimulated emission 
spectra with absorption (6), also yield a self-consistent determination for the position of AEF as a 
function of the injection current, graphed in Fig. 2. The vertical axis in Fig. 1 was calibrated from the 
threshold modal gain, measured for devices of different cavity reflectivities. Assuming a modal overlap 

Figure 1: Gain/absorption spectrum of an InGaN 
MQW diode laser at different injection levels. 
Spectral position of laser emission and the quasi- 
Fermi level separation at threshold arc shown. 
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factor of T = 0.025, based on the analysis of the passive waveguide performance, we obtain the peak 
gain at threshold of approximately 3200 cm'1 for the QW material. 

The main result of Fig. 1 is the pronounced 
extension of the gain spectra associated with the n = 1 
QW transition into the low energy region. At 
threshold, finite gain is found as much as 200 meV 
below its peak position, indicating a degree of 
broadening which is uncharacteristic of common 
semiconductor lasers. Note however, that the system 
reaches the transparency condition relatively easily, at 
levels of injection which are not very different from 
that of the conventional LED regime. With increasing 
current, gain builds up over the large spectral range, 
indicative of the participation of a corresponding 
range of electronic states. The position of the peak 
gain blue shifts somewhat at higher injection levels, 
but considerably less than anticipated from a one 
electron state-filling picture, possibly due to many- 
body bandgap renormalization effects. Qualitatively, 
we may now understand one reason for the high e-h pair density required for laser operation, apart from 
extrinsic reasons such as unwanted optical losses. That is, while the spectrally integrated gain is, in fact, 
quite large, its peak value (determining the lasing threshold) is much diluted at the expense of the excess 
broadening. 
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Figure 2: Quasi-Fermi level as a function of injection 
in an InGaN MQW laser at room temperature 

These observations provide an extension to earlier arguments (7) that the radiative 
recombination processes at the lowest interband transition in the InGaN QW are profoundly influenced 
by localized e-h pair states at room temperature, within an energy range which is up to an order of 
magnitude larger than estimated for a simple random alloy. That is, the description of the system in 
terms of weak disorder, as usually applied to ternary and quaternary compounds in the III-V and II-VI 
semiconductors, is probably inapplicable. Available optical data on InGaN QWs and thin films to date 
display the striking 'softening' of the bandedge states so that, for example, excitonic features in 
absorption at the n=l QW states have not been unambiguously identified. By contrast, gain spectroscopy 
performed on widegap ZnCdSe QW diode lasers shows very clearly the characteristic influence of the 
strong excitonic enhancement of the peak gain and an overall optical response at the n = 1 HH exciton 
with the pronounced Coulomb correlations in evidence. Such effects are clearly masked by the disorder 
contributions in the InGaN QW, making it difficult to isolate predicted many-body interactions (8) in the 
dense e-h system within the active region of the blue diode laser. 

From Figs 1 and 2, one sees how filling of the localized states is a necessary prerequisite 
prior to the buildup of a sufficient population inversion for threshold gain in the present devices. On the 
other hand, since transparency is reached at a rather low injection level (n = p ~ 10 cm") it may be 
possible to reduce the threshold current by designing a laser resonator with very low optical losses. The 
near 'clamping' of EF at higher injection may be due to a significant increase in the effective density 
states. We wish to emphasize that the issue of the In compositional anomalies increases in seventy very 
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rapidly as the In concentration reached about xi„ =0.1 and beyond; in fact for xi„ «0.1, the nearly 
random alloy behavior of InGaN appears to be approximated. Very recent work at Xerox PARC 
laboratories (9) and in our group has shown how the gain spectra does indeed significantly narrow as the 
In concentration is reduced, for lasers operating in the violet (-395-405 nm). On the other had, to 
maintain adequate electronic/optical confinement, one then needs to increase the Al-concentration in the 
cladding layers, adding different type of materials science challenge. This combination of features 
appears to point to a fairly narrow wavelength range ~395-405 nm as the presently optimal choice for 
the InGaN MQW diode laser, insofar as the lowest threshold current density is concerned. As one 
corollary, it may be difficult to extend the practical operation of the laser to the green. 

3. Vertical Cavity Nitride Devices 

Work on blue, green, and near ultraviolet VCSELs and RCLEDs is at very early research stages. For 
instance, at this writing it is unclear what combination of epitaxial growth and device design/processing 
schemes might result in a technologically viable VCSEL. At the same time, there are ample fundamental 
physical reasons to suggest that microcavity emitters based on widegap semiconductors have special 
properties that offer opportunities both in terms of basic physics and device performance. These features 
derive in part from the strong light-matter coupling, fundamental to lower dimensional nitride (and II- 
VI) heterostructures due to the strong excitonic enhancements to optical gain. 

The current challenges facing efforts to realize blue and 
violet RCLEDs and VCSELs in the AlGalnN material system have 
many parallels with those encountered in somewhat earlier II-VI 
semiconductor work (10). On one hand, the nitride pn-junction 
heterostructures have produced both excellent LEDs and strikingly 
robust diode lasers. On the other hand, the realization of a 
reasonably high quality vertical cavity is a sizeable challenge. Two 
techniques are presently used in microcavity fabrication, employing 
in-situ, as-grown distributed GaN/AlGaN multilayer Bragg reflectors 
(DBRs) and dielectric DBRs, respectively. We note that the low 
index of refraction contrast within the AlGaN alloy system makes it 
at first sight a tour de force to create low loss, high reflectivity DBR 
mirrors by direct MOCVD growth on a sapphire substrate. 
Nonetheless, Arakawa and co-workers (11) have incorporated a 43 
period MOCVD grown GaN/Alo.34Ga«.66N DBR mirror (R-0.98) on 
sapphire into a hybrid vertical cavity structure, in which the second 
mirror comprises a 15 period Zr02/Si02 dielectric DBR (R=0.995). 
The 'active' medium in the resonator was a 2.5 A thick InGaN MQW 
composed of 26 wells. Upon high excitation, pulsed pumping by a 
low repetition rate nitrogen laser, the authors observe stimulated 

emission from the structure and attribute this to vertical cavity lasing (12). The threshold for the onset of 
stimulated emission was very high, -10 mJ/cm2 in terms of the incident pulse energy density. Similarly 
high excitation threshold for "surface lasing" have been reported by Krestinov et al (13) in structures 

Fig.3: SEM cross sectional image of a 
InGaN MQW vertical cavity structure, 
equipped with two dielectric DBRs 

171 



-I—.—I—1—I—I—1—'—I—I—I—■—I- 

(a) Pexc=0-6P.h 

360     380 400    420     440 

Wavelength (nm) 

460     480 

(b) Pexc=1-25Ptf 

Advanced Semiconductor Lasers and Their Applications 

where the vertical cavity is formed by one as-grown GaN/AlGaN high reflectance DBR and the nitride- 
air surface acting as another mirror. 

A different approach to the fabrication of high 
quality vertical cavity has been demonstrated by Song 
et al (14,15), the objective being to create an all- 
dielectric DBR resonator. The idea involves the 
separation of a quantum well heterostructure from its 
sapphire substrate and its integration with high 
reflectivity, low loss dielectric mirrors. The process 
begins with the initial flip-chip mounting of the nitride 
substrate on an artificial host substrate (by various 
wafer bonding and related approaches) and the 
subsequent release of the sapphire substrate by the 
exposure of the structure to a single pulse of excimer 
laser radiation (A=308 nm) (16). The UV laser 
radiation is absorbed selectively near the 
GaN/sapphire interface and, once a critical pulse 
energy density is exceeded, physical separation of the 
sapphire over a macroscopic area occurs, presumably 
due to rapid thermal decomposition of the GaN. This 
allows the deposition of a second Hf02/Si02 

multilayer dielectric stacks to complete a vertical 
cavity structures, as shown in the cross sectional 
electron micrograph of Fig. 3. Song and co-workers 
have demonstrated a vertical cavity blue light 
emitting diode and observed stimulated emission in 
optically pumped structures that show a cavity Q- 
factor approaching 1000 in initial experiments.The 
spectrum of Fig. 4 (top) shows the emission spectrum at T=258 K from one such structure, under quasi- 
continuous wave optical pumping (15). The modes are well defined and exhibit a linewidth of 
approximately 0.5 nm under high resolution. Under optical pumping at relatively modest levels of quasi- 
cw excitation (average power -30 mW), strong stimulated emission has been measured from these 
structures (Figure 4, bottom), at frequencies corresponding to the modal positions, including a well 
defined threshold and the clear observation of linearly polarized far field emission, in the form of a beam 
strikingly visible to the naked eye in the laboratory (15). In our experience, it has been very difficult to 
reach this type of "true vertical cavity lasing", the primary reason being that that such true VCSEL 
operation has to severely compete with in-plane lasing, the latter aided by the formation of "accidental" 
optical resonators defined by cracks induced by strained AlGaN layers. 

A   X<1 A 

360     380 400     420     440 

Wavelength (nm) 

460     480 

Fig. 4:Upper Trace: Spontaneous emission spectra of 
the InGaN MQW VCSEL below threshold. Lower 
trace: Stimulated emission spectra above threshold 
under quasi-cw pumping conditions at T=258 K 

The competition between in-plane and true perpendicular vertical cavity lasing is a serious 
obstacle to further development of the nitride VCSELs. The nitride heterostructures contain extended 
defects such as the cracks that develop along principal crystalline axis in the case of AlGaN, once the 
composition of Al exceeds, say about 10%. In their recent work on surface mode lasing from stacked 
InGaN insertions within a GaN matrix, Krestnikov et al et al have noted that optical pumping conditions 
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need to be sufficiently extreme so that the in-plane 
lasing saturates (13). In these circumstances the 
lasing threshold for a true VCSEL might be 
prohibitively high. Hence considerable further 
effort is required for improving the material 
homogeneity for a realistic VCSEL in the blue and 
near ultraviolet. 

Finally, we mention rudimentary first 
efforts that have shown some promise but also 
highlighted the challenges for the realization of a 
electrical injection vertical cavity device in the 
nitride semiconductors. Song et al have fabricated 

a demonstration device that may form one 
approach for creating a resonant cavity LED (16). 
The method is again based on the separation of 

the sapphire substrate from the InGaN/GaN/AlGaN QW nitride heterostructure by excimer laser 
irradiation and the deposition of a high reflectivity dielectric DBR on the n-side of the device. The p- 
side uses the natural reflectivity of the contact metals (typically up to R-0.6) to define the vertical 
cavity. The typical optical aperture defined by this construction was about 20 |nm in diameter. A 
schematic of a device is shown in Fig. 5. The devices have been operated in a continuous mode up to a 
current density of 1 kA/cm2, demonstrating both well defined vertical cavity modal structure as well as 
their robustness as rudimentary RCLEDs. Example of device performance is shown in Fig. 6. 

^£Tpi_Eivi{ M-«; 

Fig. 5: Schematic of a simple vertical cavity blue LED 

The current-voltage characteristics of such 
devices highlight a specific, difficult challenge 
for RCLEDs and, especially, blue VCSELs. The 
'turn-on'  voltage at which  significant  forward ^ 
bias curent (and LED emission) occurs is up to | 
two volts higher than that for a device fabricated ~ 
by conventional means. This issue is associated I 
with the   rather low resistivity of p-GaN and its | 
alloys. The hole mobility in p-GaN is on the order § 
of 1 cm2/Vsec while the maximum reported free | 
hole concentrations are p<lxl0    cm". Thus in 
case of vertical  cavity  structures  that  employ 
dielectric   DBRs   or   other   low   conductivity 
mirrors, the injection of    holes requires some 
enhancement scheme which will allow the holes 
to reach the optically active region (below the 
DBR). In the case of a standard p-type GaN 
"current spreading layer", the lateral conductivity is insufficient to compete with vertical transport, until 
the device area approaches approximately 1 |im. Such a small optical aperture, in turn, implies 
prohibitive (transverse) modal losses for a VCSEL. 
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Fig. 6: Spectrum and l-V characteristics of a 
vertical cavity InGaN MQW blue LED 
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Some progress has been made recently for reducing the lateral resistivity in GaN by employing 
concept which is related to modulation doping in conventional III-V semiconductors. Kozodoy et al 
have achieved high p-type conductivity in Mg-doped AlGaN/GaN super lattices. Effective hole 
concentrations exceeding 2.5xl018 cm"3 have been achieved and a lateral resistivity as low as 0.2 Qcm is 
realized (17). In case of the nitride heterostructures, dielectric polarization and piezoelectric 
contributions significantly modulate the bandedge energies that can be exploited in these types of 
modulation doped schemes. While the value of the lateral resistivity reached by these authors is still 
about one order of magnitude less than required for a practical VCSEL, the approach suggests that 
further improvements maybe possible by optimizing the superlattice structure with specific nitride 
compounds. Other "bandstructure engineered" schemes for enhancing lateral current injection are also 

under way. 

This work was supported by the National Science Foundation. We acknowledge with gratitude 
H. Zhou and M. Diagne at Brown University, and R.P. Schneider Jr. and other collaborators at Agilent 
Technologies, whose work has been featured in this article and in the reference list. 
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Recently, semiconductor quantum dot (QD) laser diodes have been successfully demonstrated. The 
emphasis in this paper is on the recent progresses at our institute, towards the understanding the 
physics of such zero-dimensional heterostructures and pointing out the benefits and challenges associated 
with incorporating these nanostructures in the active layers of practical devices such as laser diodes. The 
uniform self-assembled quantum dots are obtained using the spontaneous islanding of highly strained III- 
V semiconductors grown with standard epitaxy. For example, visible stimulated emission has been 
obtained with red-emitting self-assembled quantum dots (QDs) of highly strained InAlAs grown by 
molecular beam epitaxy (MBE) on a GaAs substrate [1]. The carriers injected electrically from the doped 
regions of a separate confinement heterostructure thermalized efficiently into the zero-dimensional QD 
states, and continuous (CW) threshold current densities well below 100A/cm2 have been measured at low 
temperatures. External efficiencies of-8.5% at low temperature and peak powers greater than 200 mW 
demonstrated the good size distribution and high gain of the QDs. Room temperature lasing has also been 
observed for higher threshold current densities in such short-wavelength QD laser diodes [2]. For longer 
wavelengths where the thermionic emission problem is less important, InAs/GaAs QD lasers can läse at 
room temperature for current densities below -lOOA/cm2. For eg. see fig. 1 which demonstrate QD laser 
diodes with very low current threshold densities of 13 A/cm2 at 77K and 82 A/cm2 at 15 °C. 
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Fig. 1: Temperature dependence of the threshold current 
density for a InAs/GaAs/AIGaAs QD laser diode, compared 
with the equivalent laser with wetting-layers (WL) only. 

From a recent systematic study of the growth and the optical properties of QDs, we demonstrated that 
artificial atoms with up to five well-defined electronic shells can be fabricated with good control using 
self-assembled quantum dots (QDs) grown by molecular beam epitaxy [3]. Size and shape engineering of 
the QDs during growth permits the tailoring of their intersublevel energy spacings. We demonstrate a 
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much improved uniformity of the macroscopic ensembles of QDs, with well-resolved electronic shells 
(see fig. 2). 

-500  -450   -400  -350  -300  -250  -200  -150  -100 

(m eV) 

Fig. 2: State-filling spectroscopy of single layers of 
InAs/GaAs QDs demonstrating tunability during 
growth. The PL spectra from a) to d) are for Tgrow,h= 
535 °C, 515 °C, 500 °C, and-480 °C respectively. 

In addition to size and shape engineering of the QDs in the case of single-layer samples, we demonstrate 
significant improvements in the uniformity of the vertically self-assembled stacked QDs [4]. These 
studies are important to increase the density of QDs in the active region of laser diodes, and clearly 
identify the key parameters to be controlled: a precise amount of strain material deposited with an 
appropriate in-plane coverage of QDs, an anneal time which together with the deposition rate allows the 
QDs to evolve to the desired size and uniformity, a growth temperature which yields QDs with the 
desired intersublevel energy spacing, and an indium-flush technique which cycles the temperature during 
the overgrowth of InAs/GaAs QDs. State-filling spectroscopy of the zero-dimensional transitions 
between confined electrons and holes demonstrates that the energy levels are readily tunable. One to five 
confined levels, with an inter-level energy spacing between 25 and 90 meV, are obtained by adjusting the 
growth temperature or with post-growth annealings [5]. Such QDs having well-defined excited-states 
have been grown in the active region of devices such as laser diodes. For example, fig. 3 shows the 
electroluminenscence. (EL), photoluminescence (PL), and lasing in a broad area laser having bare 
cleaved facets and an injection gate width of 100 microns at T = 77K, and fig. 4 show similar results 
obtained at room temperature. The results show that by increasing the gain using larger QD densities or 
with longer cavity lengths the lasing is obtained in the lower states, but for higher temperatures or for 
short cavities, the lasing can clearly be associated to the well-defined excited-states. 

[1] S. Fafard, Photonics Spectra 31, 160 (1997). S. Fafard, K. Hinzer, S. Raymond, M. Dion, J. 
McCaffrey, Y. Feng, and S. Charbonneau, Science 274, 1350 (1996). 
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[3] S. Fafard, Z. R. Wasilewski, C. Ni Allen, D. Picard, P. G. Piva, J. P. McCaffrey, Superlattices and 
Microstructures 25, pp. 87-96, (1999). 

[4] Z. R. Wasilewski, S. Fafard, andJ.P. McCaffrey, in-press, J. Crystal Growth. 
[5] R. Leon, S. Fafard, P. G. Piva, S. Ruvimov, Z. Liliental-Weber, Phys. Rev. B58, R4262 

(1998). 

177 



Narrow-linewidth complex-coupled DFB lasers with gain coupling induced by 
vertical emission 

Nguyen Hong Ky, J. Robadey, J. -D. Ganiere, C. Gourgon, 
D. Martin, B. Deveaud, and F. K. Reinhart 

Department of Physics, Institute of Micro- and Optoelectronics, 
Swiss Federal Institute of Technology - EPFL, CH-1015 Lausanne, Switzerland 

Ky.Nguyen@epfl.ch 

Abstract: InGaAs quantum-well complex-coupled DFB lasers with gain 
coupling induced by vertical emission are demonstrated. Continuous-wave 
operation of these lasers at room temperature provides single-mode emission 
at a wavelength around 980 nm. A spectral linewidth as narrow as 15 MHz 
and a side-mode suppression ratio larger than 40 dB are obtained. The use of 
this gain coupling mechanism permits to reduce the influence of the regrown 
interface quality on the laser performance. 
OCIS codes: (140.3490) Lasers, distributed-feedback; (140.3570) Lasers, single-mode; (140.5960) 
Semiconductor lasers; (140.3070) Infrared and far-infrared lasers. 

Introduction 

Complex-coupled (CC) distributed feedback (DFB) laser diodes are one of the most suitable 
light sources for advanced optical sensor and high-speed optical communication systems 
because they have many advantages such as narrow linewidth, high mode stability, 
improved immunity to feedback, high side mode suppression ratio, and low chirp [1]. In 
addition, a quarter-wave shifted region or antireflective coatings are not required for 
single-mode operation of CC DFB lasers [2]. The complex coupling can be achieved by a 
periodic modulation of both the refractive index and the gain along the laser cavity. The 
index modulation is usually realized by forming a periodic grating in the laser waveguide. 
As far as the gain coupling is concerned, different mechanisms have been proposed: direct 
patterning of the active layer by molecular-beam epitaxial (MBE) regrowth over V-groove 
gratings [1, 3]; use of saturable absorptive [4, 5] or non-saturable metallic gratings [6]. In 
particular, the gain coupling mechanism based on the radiation loss induced by a second- 
order grating [7] has received considerable attention. Using this gain coupling mechanism, 
the fabrication difficulties that hinder the direct patterning of the active layer [1, 3], and the 
instabilities due to the absorber saturation at high-power operation [4, 5] can be avoided. 
Since the m-th order grating along the laser waveguide couples two oppositelly 

propagating waves with propagation vectors ßm and -ßm, the one-dimensional wave field 
£(z) of the fundamental lasing mode in the longitudinal z-direction can be written as [6]: 

E(z) = A+(z)exp(ißmz) + A-(z)exp(-ißmz)   , (1) 

where the amplitudes A+(z) and A\z) are slowly varying functions of z. When a second- 
order grating having reflection symmetry is present, first-order radiation modes occur in 
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the direction perpendicular to the grating plane [8]. In this case, the coupled-wave 
equations for A+(z) and A~(z) has the form [7]: 

4A-(Z) + 
g .Aco 

-K\,     ,+Z 
2       Irad       v 

8 ) 

A+(z) = -i(K2+iKlrad)A-(z)   , (2a) 

( 

lkA~{z) + g .Aco 
2       2rarf       v 

V #7 

A-(2) = -^2+i^rad)A+(z)   , (2b) 

where Aco, g and t?^ denote the angular frequency deviation from the angular Bragg 

frequency, the net gain, and the group velocity, respectively. K2 is the coupling coefficient 

related to the second-order grating whereas Klrad is the coupling coefficient related to the 
first-order vertical radiation. Hence, the radiation loss acts as an additional gain coupling 
mechanism. On the basis of this theoretical result, we have realized CC DFB laser 
structures with non-saturable gain coupling induced by the vertical emission. 

Laser structure 

The laser structure (Fig. 1) is fabricated in three steps: i) MBE growth of the n-type 
Alo.33Gao.67As cladding and GaAs waveguide, the undoped GaAs active region with three 

Metal contact 

GaAs substrate 

AIGaAs cladding 

GaAs waveguide 
3 InGaAs QWs 
GaAs waveguide 
AIGaAs cladding 

Photoresist 

Metal contact 

n-side 

p-side 

Fig. 1. Schematic structure of CC DFB laser with gain coupling induced by vertical radiation. 
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strained In0 i8Ga0 82As quantum wells, and the p-type GaAs waveguide; ii) Formation of 
the second-order V-groove grating in the waveguide by using UV-holography and wet 
chemical etching; iii) MBE regrowth of the remaining p side of the structure including the 
Alo 33Gao 67As cladding and a thin p+-GaAs cap layer. For this structure the fabrication o 
high quality active layers is not difficult. The active layers are fabricated during the first 
growth and are relatively far from the regrown interface. Therefore, the interface quality 
barely affects the laser performance. A ridge waveguide is formed on the p side by reactive 
ion etching of the AlGaAs cladding. A hardbaked photoresist is used as an insulating layer 
between the p-side metal contact and the etched cladding. A window is opened in the n- 
side metal contact. The CC DFB lasers with a nominal ridge width of 4 urn have been 
mounted p-side-down on sample holders to simultaneously characterize the emissions 
from two cleaved facets and the vertical emission from the opening in the n-contact. 

Experimental results 

The CC DFB lasers have been characterized by current-voltage (I-V) and light-current (L-I) 
measurements. A series resistance as low as 1x10-6 0hm.cm2 is deduced from the I-V 
curves Reproducible and low threshold currents, Ith, are obtained for these lasers. The 
lowest threshold current density is about 200 A/cm2. Single-mode DFB lasing emission has 
been achieved in continuous-wave operation at room temperature The ^de-mode 
suppression ratio, SMSR, of the DFB emission at 972 nm is larger than 40 dB for 85 /o of 
the lasers on a wafer. The highest SMSR value is 47 dB. Figure 2 shows the L-I curves of a 
CC DFB laser. The differential external quantum efficiency, QE, of the emission from each 
as-cleaved facet is approximately 10 %, whereas that of the vertical emission from^he n- 
side surface is 15 %. At the injection current, I, of 110 mA corresponding to 2 25 Ith, the 
output power emitted from the n-side surface and one as-cleaved facet is 12.6 mW and 7.5 
mW, respectively. 
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Fig. 2. Light-current characteristics of a CC DFB laser diode. 
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Fig. 3. Spectral linewidth of the DFB emission from an as-cleaved facet as a function of the facet output power. 

The spectral linewidth of the DFB emission has been measured as a function of I at 
different temperatures by using a confocal interferometer with a free spectral range of 2 
GHz and a finesse of 400 at 980 nm. In the 1.5Ith<I<2Ith region where the single-mode 
emission is stable, the power spectrum fits well a Lorentzian curve and the linewidth is 
proportional to reciprocal output power (Fig. 3). The linewidth-power product depends on 
the temperature. It is about 57 and 48 MHz.mW at 12 and 20 °C, respectively. The 
extrapolated residual spectral linewidth is 3 MHz at 12 °C, whereas it is 6 MHz at 20 °C. We 
obtain the full width at half maximum, FWHM, value as low as 15 MHz at 20 °C and 5.4 
mW. This FWHM value is close to the resolution limit of the interferometer. 

In summary, InGaAs quantum-well CC DFB lasers with gain coupling induced by 
vertical emission have been fabricated and characterized. The advantages of this laser 
structure include a reduction of the influence of the regrown interface quality on the laser 
performance. Single-mode DFB lasing emission with a FWHM as narrow as 15 MHz and a 
SMSR larger than 40 dB is obtained for these lasers in continuous-wave operation at room 
temperature. The use of both vertical and longitudinal emissions provided by this CC DFB 
laser structure should be of interest for a variety of applications. 
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Introduction 
Semiconductor optical amplifiers (SOAs) are important components for future generations 

' of wavelength division multiplexed (WDM) lightwave systems. The traveling-wave 
semiconductor optical amplifier (TW-SOA), in which both facets of the semiconductor chip are 
anti-reflection (AR) coated, is the most heavily studied type of SOA because of its favorable 
properties as compared to Fabry-Perot type SOAs. One problem facing TW-SOAs in 
multiwavelength optical systems is interchannel crosstalk due to cross-gain modulation (XGM). 
Current SOAs have a bulk (three-dimensional) or quantum well (QW) (two-dimensional) gain 
medium with carriers (electrons and holes) that are in thermal equilibrium (Fermi-Dirac 
distribution). Thus, when a signal photon at frequency (0n generates a stimulated photon and 
simultaneously reduces the net excited carrier population, the carriers redistribute themselves to 
maintain equilibrium. Therefore, the number of carriers at any given energy, and thus the gain at 
any given energy, is affected by photons at all wavelengths, leading to XGM. 

In this paper, we propose the use of self-assembled semiconductor quantum dots (QDs) as 
the gain medium of a SOA. By using electronically-uncoupled QDs in place of a QW or bulk gain 
medium, the XGM can be greatly reduced or eliminated, and the saturated gain can be increased. 

Quantum Dots 
The study of self-assembled QDs has been increasingly popular in the last few years[l-3], 

particularly for use as the active region of semiconductor lasers. Performance improvements in QD 
lasers (as compared to bulk or QW lasers) have been predicted[4, 5], but fabrication of 
undamaged, high-density arrays of QDs that are suitable for laser active regions[6-8] have only 
been achievable in recent years. During growth, nucleation of the QDs does not happen 
simultaneously, which leads to a size distribution of the QDs. The emission from the array of QDs 
is inhomogeneously broadened due to the size distribution of the QDs. 

The most important property that QDs have for SOA applications is that carriers in each 
individual QD can be electronically uncoupled, i.e., the carriers in each individual QD are not in 
thermal equilibrium with the carriers in any other QD. The strong evidence for this is demonstrated 
by photoluminescence excitation (PLE) experiments[9]. Note that it is also possible to have 
coupled or partially-coupled QDs, but we will not consider those systems in this paper. The 
nonequilibrium properties of carriers in QDs allows us to examine a new type of SOA, the 
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quantum dot semiconductor optical amplifier (QD-SOA). We shall analyze XGM and gain 
saturation in a QD-SOA. 

Quantum Dot Semiconductor Optical Amplifiers 
The main advantage of using a QD-SOA instead of a QW or bulk active region SOA is that 

the gain medium is inhomgeneously broadened in a QDSOA. The reason for this inhomogeneous 
broadening is that the QDs are electronically uncoupled. Thus, when a signal at some frequency 
con is the input to the QDSOA, it will create stimulated photons only from those QDs whose 

emission is also at con; all carriers in other QDs are unaffected. 
This is illustrated by examining the carrier rate equation that describes a TWSOA in a 

multichannel system: 

dN     77,./    N    vg(N,fi>) 

dt      qV    rc hco sig 
(co) + ESE((o)\ (1) 

where N is the net carrier concentration, 77, is the injection efficiency, / is the injected current, V is 

the volume of the active region, x0 is the carrier lifetime, g(N, co) is the gain at frequency co and net 

carrier concentration N, EJco) is the electric field amplitude of the injected optical signal at 
sig 

frequency CO, and ESE((0) is the spontaneous emission . The summation is over all channels that are 
inputs to the amplifier. In order to describe the QD gain medium, with its electronically uncoupled 
QDs, the following modifications are needed: 

p(£) = (pDD)(27T(AE)2)-I/4exp 
fE-EQ\ 

2AE 
(2) 

describes the density of states distribution in the array of QDs, where p(E) is the areal density of 

states at some energy E, pD is the areal density of QDs, D is the degeneracy of the quantum state at 

energy EQ, and AE is the linewidth of the optical transition at centered at EQ. The overall carrier 

concentration N is replaced by Nm, where Na represents the carrier concentration in the QDs with 

emission energy ft«. g(N,co) is replaced by g(NJ, where the gain is now explicitly only a 
function of the carrier density in the QDs with transition energy hco. Note that in the previous 
equation the gain was simply a function of net carrier concentration, at a particular wavelength. So 
we can now replace equation (1) by a series of independent equations at each input frequency: 

dt qV Xc 
^M(^Esig(co) + ESE(co)\ (3) 

Equation (3) describes a situation in which an input channel at frequency 0) only induces 
radiative transitions in those QDs that have emission energies at the same frequency as the input 
channel. The uncoupled carriers at other frequencies are unaffected by the input signal. 

Another advantage of using a QD-SOA is the saturated gain can be higher than a SOA with 
a homogeneously broadened gain medium. Furthermore, the saturated gain is reached at a slower 
rate in the QDSOA. These two points are illustrated in Figure 1. It can be shown[10] that in a 
homogeneously broadened gain medium the expression for saturated gain is g=g(/(l+I/IJ. It can 
also be shown that for an inhomogeneously broadened gain medium g=g/(l+I/IJ'ß. This 
measurement should provide evidence on the broadening mechanism for the QD-SOA. 
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Conclusions 
We have examined some properties of a proposed new SOA, the QD-SOA. The QD-SOA 

has some important advantages over conventional TW-SOAs, particularly the elimination of XGM. 
Furthermore, the QD-SOA is expected to be linear over a wider range of input powers than a 
conventional TW-SOA since the QD-SOA has an inhomogeneously broadened gain medium. 
Further examination of properties such as polarization sensitivity and time response are needed to 
determine what types of networks will be suitable for QDSOAs. 
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100 GHz frequency step-tunable hybrid laser based 
on a vernier effect between a Fabry-Perot cavity 

and a sampled fiber Bragg grating 
Jean-Frangois Lemieux, Antoine Bellemare, Christine Latrasse, and Michel Tetu 

Abstract—Frequency step-tunability is demonstrated in a 
hybrid fiber grating external cavity laser for the first time. 
This new configuration uses an in-fiber sampled Bragg grat- 
ing (SBG) as the frequency selective element allowing the 
laser to be tuned by 100 GHz frequency steps from 1551.09 
to 1556.66 nm. In this demonstration, the wavelength can 
be set to the eight strongest SBG reflection peaks giving 
a laser SMSR better than 25 dB and a linewidth of about 
130 kHz. 

Keywords— External cavity laser, fiber gratings, wave- 
length division multiplexing, ITU-grid, step-tunable laser, 
semiconductor lasers. 

I. INTRODUCTION 

TO achieve DWDM systems requirements, reliable, fre- 
quency stabilized single-frequency laser sources at pre- 

cisely specified wavelengths are needed. Previous work has 
shown that hybrid fiber grating external cavity lasers [1]- 
[8] have the capability to meet DWDM requirements. 
These devices offer good frequency stability, easy wave- 
length selection during grating fabrication process, narrow 
linewidth, continuous accordability by streching or com- 
pressing the fiber Bragg grating and, recently, the possi- 
bility of low chirp direct modulation at high bit rates [7], 
[8]. In this paper, step-tunability is achieved for the first 
time in a hybrid fiber grating external cavity laser by us- 
ing a vernier effect between a Fabry-Perot (FP) cavity (gain 
medium) and an in-fiber sampled Bragg grating (SBG) [9]. 
We call this hybrid laser a sampled fiber Bragg grating 
external cavity laser (SBG-ECL). This narrow linewidth 
single-mode laser is 100 GHz step-tunable and the wave- 
length can be set to eight different reflection peaks of the 
SBG. 

II. EXPERIMENTS 

A schematic diagram of the SBG-ECL is given in Fig. 1. 
The device's simple design is similar to many fiber Bragg 
grating external cavity lasers except that the frequency se- 
lective element is an SBG. The gain medium is a Fabry- 
Perot (FP) semiconductor laser with a rear facet having a 
reflectivity of 31% and an AR coated (R~5xl0~3) front 
facet. To optimize coupling between the gain medium 
and the single-mode fiber, light is collected by an AR 
coated spherical lensed fiber. The SBG is written in hy- 
drogen loaded B:Ge-codoped fiber. The sampled structure 

All authors are with the Centre d'optique, photonique et laser 
(COPL), Departement de genie electrique et de genie informatique, 
Universite Laval, Quebec (Quebec), Canada, G1K 7P4. E-mail: 
mtetu@gel.ulaval.ca 

is achieved by overlaying an amplitude mask on the phase 
mask used in the scanning beam technique [10]. The grat- 
ing is 5 cm long (£) with a sampling period of 1.03 mm 
and a duty cycle of ~19%. The writing UV source is a 
frequency quadrupled Nd:YAG laser emitting at 266 nm. 
The induced refractive index change is ~2.5xl0~4. Fig. 2 
shows the high resolution (0.005 nm) reflection spectrum 
of the SBG centered at ~1554 nm. The FWHM of the 
reflection peaks is ~14 GHz, the strongest peak reflectiv- 
ity is ~99.7% and the SBG is designed to have a 100 GHz 
channel frequency spacing (P). The sampled fiber Bragg 
grating is spliced to the spherical lensed fiber giving an 
external cavity length of ~13 cm (FSR~800 MHz). 

A.R. 
Laser 
diode 

Jutput Spherical lensed fiber 
\ 

Samoled 
„                                                         A.K. 
Bragg grating 

Fig. 1.   Schematic diagram of the sampled fiber Bragg grating exter- 
nal cavity laser (SBG-ECL). 

1548 1550 1552  1554  1556 
Wavelength [nm] 

1558      1560 

Fig. 2. SBG reflection spectrum (—) and FP cavity mode posi- 
tions (• ■ ■). The lasing mode is indicated by an arrow. By increas- 
ing (decreasing) the injection current, the FP modes are shifted 
to longer (shorter) wavelengths while the lasing mode steps to a 
shorter (longer) wavelength through the vernier effect. 
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III. RESULTS 

The laser wavelength can be step-tuned by increment of 
100 GHz from 1551.09 nm to 1556.66 nm by tuning the 
gain medium residual FP modes with the injection cur- 
rent. Fig. 3 displays the eight single-mode spectra ob- 
tained for the various current settings (44 mA to 87 mA) 
at 25° C. These eight wavelengths correspond to the eight 
strongest SBG reflection peaks shown in Fig. 2. The single- 
frequency spectrum observed is explained by the semicon- 
ductor chip imperfect AR coating leading to a residual FP 
cavity having an FSR of ~103 GHz. Giving this coupled- 
cavity scheme, the lasing mode is determined when a gain 
medium residual FP mode (FSR~103 GHz) is in coinci- 
dence with one SBG reflection peak (FSR~100 GHz). By 
a vernier effect, the laser wavelength gets higher (lower) as 
the current is decreased (increased) contrary to the usual 
semiconductor laser behavior. In fact, by diminishing (in- 
creasing) the current, the residual gain medium FP modes 
move to shorter (longer) wavelengths, and by a vernier ef- 
fect, higher (lower) wavelength residual FP modes are in 
coincidence with higher (lower) wavelength SBG reflection 
peaks. This is a consequence of the gain medium residual 
FP cavity FSR (103 GHz) being slightly larger than the 
SBG FSR (100 GHz). The tuning mechanism is compara- 
ble to the one used in some super-structure grating DBR 
lasers [11] or SBG fiber lasers [12] which also use a vernier 
effect for step-tunability. However, the SBG-ECL config- 
uration certainly has more similarities with hybrid fiber 
grating external cavity lasers [l]-[8]. 

The SMSR varies from 25.1 dB to 38.0 dB and as ex- 
pected, higher SMSR is observed for higher injection cur- 
rent. The SMSR, and the wavelength were measured for 
every current setting and the results are plotted in the top 
inset of Fig. 3. The maximum output power is ~100 pJW. 
This low output power is mainly due to the SBG high 
peak reflectivity giving low output coupling. Output cou- 
pler (SBG) reflection coefficient optimization could lead to 
higher output power. High reflectivity (HR) coating of the 
rear facet could also increase output power. Alternatively, 
the rear facet (R=31%) could also be used as the output 
but with a lower SMSR. 

The laser wavelength is locked to the same SBG reflec- 
tion peak even if the injection current is changed by a few 
mA. This can be seen by monitoring the heterodyne beat 
spectrum between the SBG-ECL and a reference laser with 
a microwave spectrum analyzer. As the current is changed, 
the beat spectrum frequency does not vary, meaning that 
the laser frequency is fixed. The heterodyne spectrum for 
the SBG-ECL at 1552.69 nm is plotted in the bottom inset 
of Fig. 3. It clearly shows that there are no other lasing 
modes associated to the external cavity (FSR~800 MHz). 
A self-heterodyne measurement (200 ms, 4 samples) with 
a resolution of 16 kHz showed a 130 kHz linewidth, a value 
limited by acoustic vibrations (see Fig. 4). Packaging and 
temperature control of the whole device would surely im- 
prove performance [2], [3]. 
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Fig. 3. SBG-ECL single-mode spectra. Top inset: SMSR and wave- 
length as a function of injection current. Bottom inset: Hetero- 
dyne beat spectrum between a reference laser and the SBG-ECL 
at 1552.69 nm. 
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Fig. 4.    Self-heterodyne spectrum of the SBG-ECL at 1552.69 nm. 
The measured linewidth is 130 kHz. 

IV. DISCUSSION 

It has already been shown that an SBG can be used as a 
referencing optical frequency scale for WDM [13]. As it is 
possible to tune the SBG reflection peaks at exact multiples 
of 100 GHz [14], the laser wavelengths could be set to the 
ITU grid. Fig. 5 shows eight reflection peak frequency val- 
ues of an SBG against relative strain. We have found that 
the tuning coefficient, (AA/A)/(A£/£), is ~0.79 for every 
peak in agreement with previous measurements for uniform 
Bragg gratings [15]. It can be seen that for three different 
relative strain values, the SBG reflection peak maxima are 
at exact multiples of 100 GHz. Compressing or stretch- 
ing the fiber SBG sets the reflection peaks at exact mul- 
tiples of 100 GHz and step-tunability of the device could 
then provide wavelengths at exact multiples of 100 GHz. 
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Since wavelength sensitivity with temperature is reduced 
by an order of magnitude with selective elements being 
fiber Bragg gratings instead of gratings in semiconductor 
material [2], [6], [7], a SBG-ECL could be used to calibrate 
and characterize DWDM components or as a unique fre- 
quency selectable transmitter within DWDM systems. 

0       0.02   0.04   0.06   0.08   0.1     0.12   0.14   0.16   0.18 
Relative strain [%] 

Fig. 5.   Eight SBG reflection peaks position against relative strain 

V. CONCLUSION 

We have realized a single-frequency SBG-ECL tuned by 
steps of 100 GHz from 1551.09 nm to 1556.66 nm. To our 
knowledge, this is the first demonstration of frequency step- 
tunability in an hybrid fiber grating external cavity laser. 
Wavelength step-tunability is achieved by varying the gain 
medium injection current. The SMSR varies from 25.1 dB 
to 38.0 dB and the laser linewidth is ~130 kHz. Precise 
frequency positioning on the ITU frequency grid is possible 
with SBG fiber traction/compression. A promising feature 
of this device is that step-tunability on a broader wave- 
length range can be obtained with a SBG having a flatter 
response [16] and more reflection peaks. Finally, we believe 
that the SBG-ECL can be used for DWDM components 
characterization or as a frequency selectable transmitter. 
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The techniques to be discussed here are based on laser induced refractive index gratings in photorefractive 
crystals such as barium titanate or semi-insulating indium phosphide and cadmium telluride. These crystals 
belong to the highest-sensitivity nonlinear optical materials for operation at moderate power levels. The 
photorefractive effect [1] is a multistep process, in which first, two light beams are used to form an intensity 
interference pattern. The intensity gradients induce a space charge field in the crystal. The space charge field 
changes the local optical properties of the material due to the electro-optic effect to form a dynamic refractive 
index grating having the same spatial dependence as the intensity interference pattern of the two light beams. 
This process and the resulting index hologram are dynamic in that they follow any changes in the phases of the 
writing beams. 

One important feature of the photorefractive effect is the 90° phase shift between the interference pattern and the 
induced index grating. This phase shift allows for energy transfer between the two beams writing the grating in a 
process called two-wave mixing [1]. One of the beams referred to as the signal beam is amplified at the expense 
of the other beam called pump or reference beam. We investigate the wave-mixing of co-directional light beams 
in bulk photorefractive crystals. We show how the temporal coherence function of cw diode lasers can be simply 
measured using the wave mixing technique. From the measured coherence function the most important spectral 
characteristics of the laser emission can be calculated. Multiple two-wave mixing can also be used to combine 
the outputs of several locked solitary lasers or elements of diode laser arrays [2, 3]. We demonstrate two diode 
laser oscillator-amplifier systems with photorefractive BaTi03 and InP:Fe crystals, respectively. 

MEASUREMENT OF COHERENCE FUNCTIONS OF DIODE LASERS 

The temporal coherence function of a light wave is defined as the autocorrelation function of the complex field 
amplitude. For equal input intensities of the signal and reference beams and for moderate coupling strength the 
energy transfer between the beams due to the photorefractive two-wave mixing is proportional to the square of 
the input coherence degree [4]. This provides a simple determination of the squared coherence function by 
measurement of the signal intensity enhancement as function of the time delay between the beams. The 
experimental setup is shown in Fig. 1. 

50% 
beam splitter 

 ux 
optical delay 

with step motor control - 

■ photodiode 

photorefractive             | 
__ .crystal | 

■ chopper ■m- 
lock-In ampl 

personal compute 

Fig. 1. Experimental setup for measurement of the coherence function, HR, highly reflecting 

The coherence properties of multimode and monomode 5mW diode lasers emitting in the 1.3-1.5um spectral 
region were characterized by the method to be explained here making use of induced photorefractive grating. 
The beam from the laser is split by a 50% beam splitter into a signal and a reference beam. After the signal beam 
is delayed by a delay line in which two mirrors are moved by a stepper motor, the beams intersect in the 
photorefractive crystal at an angle of 9°. Photorefractive InP:Fe and CdTe:V samples were applied to record the 
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interference fringes. All crystals were cut along the <110>, <111> and <112> crystallographic directions. The 
polarization of the writing beams lay within the plane of incidence, and these beams formed a grating along the 
<111> direction in the photorefractive crystal. The power of the signal beam was detected by a Ge-photodiode 
using a lock-in amplifying technique. A personal computer was used for data acquisition and to control the 
stepper motor. Without an external applied field the photorefractive semiconductors provide moderate coupling 
gain, and the assumption of weak coupling is valid. With our crystals the coupling coefficients were always 
smaller than 0.4cm"1 for crystal lengths of 0.3cm, providing 6% maximum intensity changes of the signal beam. 

optical delay s [cm] 

Fig. 2. Measured coherence function of a multimode laser diode 

Fig. 2 shows the measured coherence function of a multimode 1.3um laser diode. The coherence function is a 
periodical function under an approximately Gaussian envelope. The inset in Fig. 2 shows the periodic 
substructure in detail. The Wiener-Khintchine theorem [5] allows the power spectrum to be calculated by means 
of Fourier transformation of the coherence function. The envelope width of the coherence function is related to 
an average spectral linewidth of a single longitudinal mode of the laser diode. The calculated FWHM linewidth 
of 624MHz, or 3.5pm corresponds to a coherence length of 18cm. 

The substructure of the coherence function in Fig. 2 is related to the spacing and power distribution of the 
modes. The measured spacing of the coherence peaks of As = 2,18mm corresponds to the length of the 
microresonator As/2n = 307um with refractive index n =3.55, yielding a mode spacing of Af= 137GHz or 
AX- 0.77nm. The emission spectra measured directly by an optical grating spectrometer shown the same mode 

spacing. 

BEAM COMBINING BY MULTIPLE TWO-WAVE-MIXING 

An important feature of two-wave-mixing is the fact that although energy is transferred from the pump beam to 
the signal beam, the wavefronts of both beams do not interact. This feature allows the possibility of converting a 
severely phase distorted high power beam into a clean beam [6]. In our experiments we amplify the output of a 
single mode diode laser by two parallel semiconductor laser amplifiers. The two amplified pump beams and a 
clean signal beam coming directly from the master oscillator are combined into a single diffraction-limited 
output beam in a photorefractive crystal. 

The experimental setup used for our investigations is shown in Fig. 3. In the experiments with photorefractive 
BaTi03:Ce a strained GalnP quantum-well diode laser emitting up to lOmW optical cw power at X = 678nm was 
applied as master oscillator. The signal beam is emitted from one face of the diode and the two pump beams 
from the opposite face. The three collimated beams with a diameter of about 1mm were combined in the barium 
titanate crystal with the following internal angles to the normal on the entrance facet: 6S = 14°, 6P! = 20°, 
Ore = 22°, where the subscripts S and P refer to the signal and the pump beams, respectively. 
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Fig. 3. Experimental setup for parallel operation of laser diode amplifiers. The energy from the 
pump beams is transferred to the signal beam in photorefractive BaTi03:Ce. 

A similar diode laser system at 1.3um optical wavelength was also investigated. We used a photorefractive 
InP:Fe crystal for beam combining. Such photorefractive semiconductors have the advantages of low cost and 
fast response time (about 0.1 s) relative to rather costly BaTi03 with response times by factor 10-100 higher for 
the same intensity level. Unfortunatelly, the induced refractive index change is smaller in InP:Fe, than in 
BaTi03. Therfore we used an applied DC electric field of 6kV/cm on the InP:Fe crystal to enhance the 
photorefractive coupling [7]. 

In beam combining systems the energy transfer from the pump beams into the signal beam should be optimized. 
In both systems up to 50% of the input pump energy were transferred into the output signal beam. About 70% of 
the losses are due to incomplete depletion of the pump beams and 30% are due to absorption in the crystal. Our 
investigations indicate that a significant part of the undepleted pump beam is incoherent to the signal beam. This 
incoherent light results from the spontaneous emission of the amplifiers. Thus the photorefractive crystal also 
acts as a filter for incoherent radiation. Since absorption is responsible for the photorefractive effect, some 
absorption losses are unavoidable. 

In conclusion, the dynamic nature of laser induced diffraction gratings formed in photorefractive crystals makes 
a simple self-adjusting realization of complex optical functions possible. We have presented an innovative 
technique to determine the coherence functions of cw lasers by using the photorefractive grating method. We 
have also demonstrated the coherent combining of three beams without any active control of the beam phases. 
This application of the photorefractive wave-mixing has great potential to achieve high brightness semiconductor 
laser sources. 
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Abstract: We compare simulation results of statical characteristics of DBR lasers 
realized with Sampled Grating and Binary Superimposed Grating and demonstrate that 
for a laser of today practical interest the same performances can be obtained with both 
devices by a proper choice of the design parameters. 
OCIS codes: (140.0140) Lasers and laser optics; (230.0230) Optical devices; (140.3600) Lasers, tunable; 
(230.1480) Bragg Reflectors. 

Introduction 

Multiwavelength transmission systems can work on over one hundred channels equally spaced in a wide 
spectral range [1] and appropriate wide tunable semiconductor lasers are emerging for this kind of 
application. There are three structures competing, all based on the Vernier effect applied to the multiple 
peaks reflectivity of their DBR mirrors [2]: Sampled Grating (SG) [3], Binary Superimposed Gratings 
(BSG) [4] and Superstructure Grating (SSG) [5]. The last two cases are reported with better 
performances but are technologically more difficult to realize. The SG limitations are usually attributed 
to the non-uniform peak reflectivity of the mirrors. In order to stress the comparison between these 
structures we used as a reference a DBR laser for today practical applications with asymmetric mirrors 
power reflectivity (RfJ>= 0.6 and 0.2) , 40 nm tuning range, SMSR > 35 dB for an output power greater 
than 2 mW. We found that by proper choice of the parameters characterizing the SG-DBR it is possible 
to obtain the same laser performances of BSG-DBR. 

Mirrors design 

The design of widely tunable semiconductor lasers is strongly dependent on the design of the DBR 
mirrors. The next steps define the general procedure that we have followed for their design: 
• establish the number of reflectivity peaks necessary to cover the desired tuning range with the 

available refractive index variation produced by current injection; 
• choose the reflectivity, flatness and bandwidth of the grating peaks to maximize the external 

quantum efficiency, the output power uniformity for all the channels and the prescribed SMSR by 
controlling the maximum acceptable reflectivity of the adjacent non lasing channels; 

• design the grating structure for the particular case of BSG or SG. 
A BSG with N reflection peaks can be designed starting from the digitalization of the function 

representing the superposition of N ordinary analog Bragg gratings: 

F(z)=j>>/Sin 
'2x A 

A; (1) 

where yl,=>V«<# is the grating period satisfying the Bragg condition for the wavelength /' and the 
constants ah <p, (i=l,N) have been considered as free parameters to be optimized in order to match the 

OSA TOPS Vol. 31 Advanced Semiconductor Lasers and Their Applications 
Leo Hollberg and Robert J. Lang (eds.) ] 92 
©2000 Optical Society of America 



Advanced Semiconductor Lasers and Their Applications 

\          C,j       Co     i       C+3    ! 

!    ! j 
1          1 

i 

i     i 

! i       ! 

!        i 

AJ 
-i- 

J L dl (1, ... AJ LA, 
1.51 1.52        1.53        1.54        1.55        1.56        1.57        1.58        1.59 1.52        1.53        1.54        1.55        1.56        1.57        1.58        1.59 

Wavelength (jim) Wavelength (um) 

a) b) 

Fig. 1. Power reflectivity spectrum of the gratings, a) BSG b) SG; the dotted 
segments indicate the peaks that are used to tune the laser in the 40 nm 
range from 153 Jim to 157 jum; 

prescribed reflectivity and spacing of the reflection peaks; to this purpose we used always successfully 
the Nedler-Meed Simplex method [6]. The design procedure we used differs just slightly with respect to 
the method presented by Avrutsky [4] and allows to obtain compact mirror structures with any 
reflectivity; the limited total waveguide losses obtainable with these gratings allows to use also low 
grating coupling coefficients. We have chosen a value of 97 cm'1 and a length of 600 jum for both 
gratings with the single reflectivity peak bandwidth of about 0.7 nm. In Fig. 1 a) are shown the 
reflectivity characteristics of the designed BSG gratings. The various values of the maximum reflectivity 
have been obtained by sampling with a different step the grating function; wider steps led to smaller 
equivalent coupling coefficients [4] and than to lower reflectivity and viceversa. 

The SG reflectors have been designed to obtain with approximately the same length the 
reflectivity of the BSG mirrors in order to have comparable grating tuning currents and losses and the 
same external quantum efficiency of the BSG laser. A method to increase the reflectivity of the SG 
could be to make longer reflectors but, as shown in Fig. 2, this is limited by the waveguide losses. 
Another alternative could be to increase the value of the grating's length for each period but this would 
lead to a greater non-uniformity of the reflectivity values for the usable reflection peaks. The last 
possibility is to use high coupling coefficients. As shown in Fig.2, the power reflectivity of 0.6 in a SG 

with 10 cm' waveguide losses can be obtained with a 
coupling coefficient of 260 cm' with 15 periods of a 6.3 
jum long grating region for each period and a total grating 
length of 675 jum. The obtained reflectivity spectrum is 
shown in Fig. 1 b). The 0.23 value of the power 
reflectivity of the other SG has been obtained with a total 
grating length of 612 jum, 12 periods and 2.7 jum of 
grating for each period; the use of smaller grating length 
in each grating period allows to reduce the reflectivity and 
permits to obtain a better flatness for the reflectivity of the 
usable peaks as shown in Fig. 1 b). The peaks of the SG 
are not equally spaced because of the refractive index 
dispersion while the BSG design allowed obtaining 
equally spaced peaks. In Fig. 3 a) and b) we present the 
power reflectivity product of the front and rear mirrors for 
BSG and SG respectively. 

Sampling periods 

Fig. 2. SG maximum reflectivity vs the number of 
sampling periods for various coupling 
coefficient and grating propagation losses. 
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The two peaks in each figure correspond to the cases when the device is working at the central 
wavelength of the tuning range (Co in Fig. 1) and for the grating current injection that overlap the peaks 
at the highest wavelength in the tuning range (C+3 in Fig. 1). In our design the peaks overlapping at 7.55 
jLlm, Co, is obtained without current injection in the grating while the C+3 peaks overlapping at 7.69 fim is 
obtained with current injection in the grating opposite to the facet where the power is extracted (9.57mA 
for SG and 8.8 mA for BSG, different due to the slightly smaller BSG length). The reduction of the 
power reflectivity product value at high wavelength with respect to the central wavelength in the SG 
case is due to the reduced reflectivity of the lateral peaks (see C+j in Fig. 1) combined with the plasma 
effect losses due to the injection in the gratings. In the BSG case we have just the plasma effect losses 
contribution and than the reflectivity product is more uniform. 

Laser modeling 

The laser we consider has four sections: two grating mirrors, an active region and a phase control region. 
The semiconductor-air interfaces of the gratings have been supposed covered with ideal antireflection 
coatings. The simulator that we have realized is based on the multi longitudinal modes mean field model 
[7] and calculates the static characteristics of the structure (facets optical output power for a given 
number of longitudinal modes around the wavelength of the mode with the highest power, SMSR, 
emission wavelength etc.) for any current injection configuration of the four section device; gain 
saturation effects have also been included in the model. The program is capable to adjust the current in 
the phase region such that always one longitudinal mode resonance is situated at the wavelength 
corresponding to the peak of the gratings reflectivity product (Fig. 3). The numerical code allows to 
simulate all the static characteristics of the device that are usually measured in the laboratory [8]. 

Performances comparison 

In this section we compare the static characteristics of the designed SG and BSG lasers. In Fig. 4 the 
optical power output from the lower reflectivity facet and the SMSR versus active region current are 
reported for the two grating injection conditions shown in Fig. 3. For all the considered currents there is 
one mode on the reflectivity peak because we have always compensated, with the current injected in the 
phase section, the longitudinal mode displacement with respect to the peak reflectivity due to the tuning 
and gain saturation effects. The results shown in Fig. 4 are for three devices: SG with symmetrical 
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Fig. 4. a) Comparison between optical power versus active region current for SG and BSG at 7550 nm and 
7569 nm for the structures with the reflectivity presented in Fig. 1 and for a SG with symmetrical 
reflectivity and the same cavity losses b) corresponding SMSR; 

reflectivity, SG with asymmetrical reflectivity and its equivalent BSG. Fig. 4 a) clearly shows that the 
differences between the characteristics of the equivalent structures are very small. These differences can 
not be eliminated improving the design because the losses are different due to the slightly different 
lengths of the SG and BSG structures. In this particular case the power versus current characteristic 
variations due to the SG peaks non-uniformity is comparable with the loss variation due to plasma effect 
in the phase region. The symmetrical structure has a low external quantum efficiency and as expected 
can not compete with the other two. 

The same conclusions are valid for the SMSR where the -30 dB value is obtained in both cases at 
twice the threshold current. The improvement with respect to the SG with symmetrical reflectivity is 

obvious from Fig. 4 b). 
Our numerical program allows also to simulate 

the coarse and continuous tuning operations. In the first 
case the current injection is varied only in one grating 
section while the current in the phase region guarantees 
the position of the lasing mode on the maximum of the 
reflectivity product. 

In Fig. 5 and Fig. 6 are reported the lasing 
emission characteristics, for a 50 mA active region 
current, versus the grating currents with the assumption 
that positive (negative) currents represent injection in 
the front (rear) mirror. In Fig. 5, the operating 
wavelength shows discontinuities due to the lasing mode 
jumps from one couple of grating peaks to the adjacent. 
The small differences between the BSG and the SG laser 
operation wavelengths are mainly due to different losses 
in the gratings because of the slightly different lengths 
of the gratings and to the non-uniform spacing of the 
reflectivity peaks in the SG structure. 
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Fig. 5. Coarse tuning for BSG (thin) and equivalent 
SG (thick); current positive values correspond 
to injection in the high reflectivity grating 
while negative to injection in the low 
reflectivity grating 
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Fig. 6. Coarse tuning: SMSR a) and output power b) for the BSG (thin) and the SG (thick) structures 

In Fig. 6 are shown the SMSR and the output optical power for the same operation conditions. 
The sharp variation in the characteristics occurs at the jump condition of Fig.5. 

In Figs. 7-9 we report the laser emission characteristics for the SG (a) and the BSG (b) in the 
case of continuous tuning operation for 50 mA active region current. The simulator automatically 
proceeds for all the usable couples of reflectivity peaks, identified with C, (i= -2,+3), to overlap them 
with a current injection in only one grating and than to move them synchronously with a proper current 
injection in both gratings; for each couple of grating currents a proper injection in the phase region 
allows to align the lasing mode to the maximum of the reflectivity product. 
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Fig. 7. Continuous tuning: operating wavelength for various peak alignments (C,),- a) SG, b) BSG laser 
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Fig. 8. Continuous tuning: output power for various peak alignments (C,),- a) SG, b) BSG laser 
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Fig. 9. Continuous tuning: SMSR for various peak alignments (C,),- a) SG, b) BSG laser 

The smooth variation of the lasing wavelength (Fig. 7), of the output power (Fig. 8) and of the SMSR 
(Fig. 9) is very similar to reported measured data [1,5] and confirm the correctness of the design 
procedure. The points in the wavelength operation characteristics in Fig. 7 are associated to the possible 
use of the designed structures in a WDM system with 100 channels spaced of 50 GHz. The maximum 
power variation of about dD.65 mW between the channels for an average power of 4 mW can be 
attributed to the grating loss changes due to the grating current variation. The SMSR is over 35 dB for 
all current configurations in both structures as by design specifications. 

Finally in Figs. 10-11 the maps of the optical power and of the lasing wavelength are reported 
when the front and rear grating currents are simultaneously changed; as before the phase current aligns 
the lasing mode to the maximum of the product reflectivity peak and the active region current is 50 mA. 

2 3 
Rear grating current (mA) 

a) 

2 3 4 
Rear grating current (mA) 

b) 
Fig. 10. Optical power maps (mW) vs. grating currents for a) SG and b) BSG laser. 

The gray scale is the same for both maps. 

The regions of fast variation on all the maps (white regions on the optical power maps) are 
associated to the mode hopping transition between adjacent peaks (Q, C,+i). 
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Fig. 11. Lasing wavelength maps (wavelength deviation with respect to 7550 nm) vs. grating currents 

for a) SG and b) BSG laser. The colour scale is the same for both maps. 

The dashed lines in Fig. 11 indicate the maximum SMSR condition and the continuous tuning 
trajectory in the front-rear grating currents plane; the stars (*) indicate the operating points spaced of 
50 GHz. 

Conclusions 

The goal of this paper was to compare the simulation results obtained for the static lasing characteristics 
of a BSG and a SG laser cavity designed to have comparable performances. The results reported in 
literature [4] seem to favor the BSG structure due to the possibility to obtain a flatter profile of the 
gratings reflection peaks. Our results clearly shown that, in the case of a laser with 40 nm of tunability, 
by properly designing the SG's structure there is no net advantage for the BSG's with respect to the 
SG's structure. The manufacturing facility becomes than a key factor to make a decision for the structure 
to choose. 

Acknowledgments 

This work was done with the support of the CNR (Italian National Research Council) on the framework 
of "Progetto finalizzato MADESS II". 

References 

1. F. Deforme, G. Alibert, C. Ougier, S. Slempkes and H. Nakajima, "Sampled-grating DBR lasers with 101 
wavelengths over 44 nm and optimised power variation for WDM applications", IEE Electronics Letters, 
vol.34, nr.3, pp.279-281,1998. 

2. L. A. Coldren, "Multi-Section Tunable Laser with Differing Multi-Element Mirrors", United States 
Patent, Number 4,896,325, January 23, 1990. 

3. V. Jayaraman, Z. M. Chuang and L. A. Coldren, "Theory, Design, and Performance of Extended Tuning 
Range Semiconductor Lasers with Sampled Gratings", IEEE J.Quantum Electronics, vol.29, nr.6, 
pp.1824-1834, 1993. 

198 



Advanced Semiconductor Lasers and Their Applications 

4. I. A. Avrutsky, D. S. Ellis, A. T. Tager, H. Anis, J. M. Xu, "Design of Widely Tunable Semiconductor 
Lasers and the Concept of Binary Superimposed Gratings (BSG's)", IEEE J.Quantum Electronics, vol.34, 
nr.4, pp.729-741, 1998. 

5. H. Ishii, H. Tanobe, F. Kano, Y. Tohmori, Y. Kondo, Y. Yoshikuni, "Quasicontinuous Wavelength 
Tuning in-Superstructure-Grating (SSG) DBR Lasers", IEEE J.Quantum Electronics, vol.16, nr.3, 
pp.433-441, 1996. 

6. J.C. Lagarias, J.A.Reeds, M.H.Wright, P.E.Wright, "Convergence Properties of the Nelder-Mead Simplex 
Algorithm in Low Dimensions", SI AM Journal of Optimization, vol.9, nr.l, pp.112-147, 1993. 

7. K.J.Ebeling, Integrated Optoelectronics, Springer Verlag, 1992. 
8. H. Ishii, F. Kano, Y. Yoshikuni, H. Yasaka, "Mode Stabilization Method for Superstructure-Grating DBR 

Lasers", IEEE J.of Lightwave Technology, vol. 16, nr.3, pp.433-441, 1998. 

199 



A Simple Polarization Insensitive Scheme for Four-Wave Mixing Using One 
Semiconductor Optical Amplifier and Single Pump Source 

J.M.Tang and K.A.Shore 
University of Wales, Bangor, 

School of Electronic Engineering and Computer Systems, 
BANGOR, LL57 1UT, UK. 

Tel: +44(1248)382618; Fax: +44(1248)361429; 
e-mail: alan@sees.bangor.ac.uk 

1. Introduction 
The major challenges to the utilization of Four-Wave Mixing (FWM) in Semiconductor Optical 

Amplifiers (SOAs) in practical networks is the strong polarization sensitivity of the mixing processes. 
Since polarization states of a light wave at a certain position in a real transmission system cannot be 
readily controlled, polarization insensitive FWM schemes are required. To date, several such schemes 
have been demonstrated using FWM in SOAs. These include, for example, the polarization diversity 
technique which requires two SOA devices that independently process two orthogonal polarization 
states of pump beams [1]. The disadvantage of this technique is that any imbalance of optical gain 
and relative conversion efficiency of the two converters would cause polarization sensitivity. Another 
method is the utilization of one SOA device associated with two co- or orthogonally polarized pump 
waves at different wavelengths [2,3]. However, the wavelength spacing between the pump waves sets 
a minimum frequency shift, beyond that limit FWM operation also becomes seriously polarization 
sensitive [4]. All the above mentioned methods employ rather complex configurations involving sev- 
eral optical devices. Also a polarization independent configuration consisting of one SOA and one 
input pump source has been reported [5], the converter device is, however, a special band-tailored 
multiquantum-well SOA operating under specific conditions. 

To compare the properties of the available polarization insensitive schemes, an analytical lumped 
model has been published [6]. Unfortunately, the model cannot be used to describe FWM processes 

involving counter propagating waves. 
In this paper, we develop an improved space-averaged model, which is valid for the cases where 

FWM processes take place between both co- and counter propagating waves. In particular, based 
on the improved model, a proposal is made of a simple polarization insensitive FWM scheme which 
employs one conventional polarization insensitive SOA and one input pump source. The presented 
FWM structure is not only very simple compared with other configurations, but also completely 
ehminates the minimum frequency shift limitation. 
2. Description of The Space-Averaged Model 

The generation of a conjugate wave EQ/g7 at frequency üja-Uß+Wy through third-ordernonlinearity 
of an SOA can be described as in [7]: the nonlinear coupling between the waves EQn and E/jn produces 
population pulsations at a beat frequency wQ - u)ß, which leads to temporal gain and index gratings. 
As a result of scattering the wave E7„ by the gratings, the conjugate wave EQ/j7 is created. The 

generated conjugate wave can be written as 

Ea/?7 = (EQn • %n)r{wa - uß)%nT(Akaßlz)eiAk^z (1) 

where the strength of the contribution from the nonlinear coupling to the conjugate wave is determined 
by the complex coupling coefficient R(ua - uß) = r2(ua - up) [8].   The wave number mismatch 
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Figure 1: Polarization insensitive FWM scheme: (a) layout,, (b) input states of polarization and (c) output 
spectrum. PBS: Polarization beam splitter. BS: Beam splitter 

Akap1(= fcQyg7 — (ka — kß + ky)) is taken into account in Eq.(l). &a/37 is the wave number of the 
conjugate wave. The function, T{Akaß1z), having the form of \sin(AkQß1z/2)/(Akaß1z/2)\ accounts 
for the influence of wave number mismatch on the conjugate amplitude. The term e

tAka^z associated 
with the phase terms of mixing waves governs the propagation direction of the conjugate wave. Note 
that if the group-index dispersion effect is neglected (which is a good approximation for frequency shift 
less than ~ 15THz [8]), for a co-propagating wave mixing scheme we have Akaß^ = 0, then T(AkQßyz) 
= 1, in which case, Eq.(l) reduces to the form of the previous analytical model [6]. 
3. The Simple Polarization Insensitive FWM Scheme And Operating Principle 

The simple polarization insensitive FWM configuration, is illustrated in Fig.l, which employs 
only a polarization insensitive SOA and an input pump wave. The injected pump wave is split into 
two orthogonally polarized beams after passing through the polarizing beam splitter (PBS). The two 
pump fields are adjusted to collinearly counter-propagate in the SOA. The polarized states of the 
pump beams are aligned with the TE and TM modes of the SOA, respectively. A collinear signal 
wave with an arbitrary polarization direction is launched into the front facet of the SOA. Conjugate 
waves appear at both facets of the SOA. From the front facet, a polarization insensitive conjugate 
wave can be obtained. 

The principle of polarization insensitive operation of the scheme can be analysed by considering 
the improved model. For simplicity, the forward E/ and backward E& pump beams at frequency up 

are assumed to be polarized in the x and y direction respectively, and the signal wave Es at frequency 
us is polarized at an arbitrary direction, as shown in Fig.l. The pump and signal waves can thus be 
written as: E/ = x/P^K'-*»2), E6 = y^e-^*"^2) and Es = e.v^e"*^*-***) (kp,ks > 0). 

Conjugate waves at the frequency 2up — u>s can be obtained by using Eq.(l). The conjugate wave 
generated by co-propagating pump and signal waves is 

E/s/ =5LPfy/PaGloo86r(u)p -ujs)e-i[(^P-^)t-(2kP-ks)z] (2) 

As expected, the conjugate wave E/s/ is polarization sensitive and travels in +z direction. Meanwhile, 
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the conjugate waves generated by the counter propagating pump and signal waves travel in both -z 
and +z directions. The -z direction travelling conjugate waves are 

E/s6 = yfi^G.y/GyCosOriu, - us)T(Akz)e-^-^k°-Ak™ (3) 

Bbsf = SiJKEFfGyVGZsiner^ - a,.)T(Afcz)6^(a*-«.)*+(*.-A*W (4) 

Bbsb = yPbVPsGlsiner{up - W.)T(A W)^^'™^"^*1 (5) 

where AA; = Akfsb = Akbsf = 2{ks - kp), and Akbsb = 2ks. Akbsb > Afc results in T(AkbsbL) < 
T(AkL), the conjugate wave E6s6 can therefore be neglected. If the SOA's gain is polarization insen- 
sitive, Gx = Gy = G, then the output conjugate power at the front facet is 

Pc = PfPsPbG
3R(up - us)T

2(AkL) (6) 

Eq.(6) demonstrates that the output conjugate power from the front facet of the SOA in the present 
configuration is polarization independent. It can be clearly seen from Eq.(6) that if the condition 
AkL < 2TT is fulfilled, the wave number mismatch effect would not seriously reduce the output 
conjugate power. For a conventional SOA based on InGaAsP material operating at a wavelength of 
1.55/im, an SOA of length 100/im would allow frequency shift as large as ~lTHz. Note that the 
+z direction travelling conjugate waves generated by counter propagating waves can be neglected du 
eto larger mismatch effect. Such operating characteristics make the present scheme attractive for 
experimental evaluation. 
4. Conclusions 

The significant advantages of the polarization insensitive FWM scheme presented here is the use 
of an extremely simple structure. Furthermore, the FWM scheme involving two pump beams at the 
same wavelength would completely ehminate the minimum limitation to the frequency shift which 
exists in two non-zero wavelength spaced pump structures. In addition, the proposed polarization 
insensitive FWM scheme here would be also valid for FWM of optical pulses. By using optical pulses, 
in particular, FWM conversion efficiency can be significantly enhanced [9]. 
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How to Have Narrow-Stripe Semiconductor Lasers Self-Pulsate 
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Abstract: The rate equations of narrow-stripe semiconductor lasers are considered. These 
equations represent the dynamics of the photon number and the electron densities in the active 
and absorbing regions. Having the rate equations, (i) it is shown that the laser is the bounded- 
input bounded-state (BIBS) and the bounded-input bounded-output (BIBO) stable; (ii) the ampli- 
tudes of step inputs are determined for which all equilibrium points of the laser are unstable. The 
boundedness of the laser output and the instability of its equilibrium points imply that the laser 
can have a periodic, a quasi-periodic, or a chaotic output. When the output is periodic, the laser 
is self-pulsating, which is the desirable behavior of the laser. Moreover, a procedure is given to 
determine the values of laser parameters for which the laser self-pulsates. 

OCIS code: (140.5960) Semiconductor lasers 

1. Introduction 
Due to their short coherence length, self-pulsating lasers reduce the effect of the mode hopping noise and the opti- 
cal feedback noise [5], [9-11], as well as the modal noise in multimode fiber links [6]. This property makes self- 
pulsating lasers useful light sources when optical coherence is undesirable; for instance, in compact disk and 
video disk players, multimode fiber communication networks, and optical interconnects. Due to their usefulness, 
different types of self-pulsating lasers have been studied by researchers; see, e.g., [3], [5-11], and the references 
therein. 

From the point of view of dynamical systems, a laser is essentially a nonlinear system. From this point of 
view, a self-pulsating laser, whose output is a periodic train of pulses, is nothing but a nonlinear system with the 
limit-cycle behavior. The occurrence of self-pulsation depends on the values of laser parameters and the ampli- 
tudes of applied step inputs (biases). It is desirable to know for what values of parameters and input amplitudes a 
laser can self-pulsate, i.e., can have the limit-cycle behavior. 

A novel, systematic, and easy-to-apply procedure for making lasers self-pulsate is given in [7]. The pro- 
cedure in [7] is quite general and can be applied to different types of lasers. In order to apply this procedure, it is 
necessary to have the rate equations representing the laser dynamics. Having the rate equations, two steps should 
be taken: (i) the bounded-input bounded-state (BIBS) stability and the bounded-input bounded-output (BIBO) sta- 
bility of the laser should be established; (ii) values of laser parameters and input amplitudes, which render all 
equilibrium points of the laser unstable, should be determined. The boundedness of the laser output and the insta- 
bility of its equilibrium points imply that the laser can have a periodic, a quasi-periodic, or a chaotic output. 
When the output is periodic, the laser is self-pulsating. 

In this paper, we use the procedure proposed in [7] to systematically determine the values of laser parame- 
ters and the amplitudes of step inputs which make narrow-stripe semiconductor lasers self-pulsate. 

The organization of the paper is as follows. In Section 2, we briefly describe the rate equations (mathemati- 
cal model) representing the dynamics of narrow-stripe semiconductor lasers. In Section 3, we present a prelim- 
inary result regarding the rate equations. In Section 4, we first establish the BIBS stability and the BIBO stability 
of the laser. Then, we describe how to choose the laser parameters and the input amplitudes that destabilize all 
equilibrium points of the laser with non-negative coordinates. In Section 5, we present a specific example to 
illustrate the procedure of making narrow-stripe semiconductor lasers self-pulsate. 

2. Dynamics of Narrow-Stripe Semiconductor Lasers 
Narrow-stripe semiconductor lasers are typically represented by the following set of nonlinear ordinary differen- 
tial equations, known as the rate equations (see, e.g., [10]): 
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alZ,l[Nl(t)-Ngi] + a2^2[N2(t)-Ng2]-Gth S(t) + (-^-)Nl(t), 

5(0)=:50>0, (la) 

a  £.1 11 N2(t) I 

N1(0)=:N10>0, (lb) 

21 ^        ^21 

7V2(0) =: N20 > 0 , (lc) 

N2(t) = -(-^)[N2(t)-Ng2]S(t) + ^--(— + -=-)N2(t)t 

Vo l 21 Ls        l "1 

for all f >0 . In (l), the state 5(0 denotes the photon numbers, and the states Nx{-) and N2(-) denote, 
respectively, the electron densities in the active and absorbing regions; 50 , Nl0 , and N20 are the initial condi- 
tions of the states; ax > 0 and a2 > 0 are, respectively, the slopes of the linear approximations of the gain 
characteristic in the active and absorbing regions; ^ > 0 and £2 > ° are> respectively, the distribution ratios of 
the optical power in the active and absorbing regions; Ngl > 0 and Ng2 > 0 are, respectively, the transparent 
levels of the electron densities in the active and absorbing regions; Gth > 0 is the threshold gain level; C > 0 
is the spontaneous emission coefficient which gives coupling rate between the spontaneous field and the lasing 
mode; Vx > 0 and V2 > 0 are, respectively, the volumes of the active and absorbing regions; Ts > 0 is the 
electron life time due to the spontaneous emission; TX2 > 0 (respectively, T2l > 0) denotes the time constant 
that characterizes the electron diffusion from the active region (absorbing regions) to the absorbing regions 
(active region); 7 > 0 denotes the amplitude of the applied step input (constant current); e = 1.602 x 10 is 
the electronic charge. 

The values of laser parameters are carefully evaluated in [10]. It turns out that some of the laser parameters 
satisfy certain relations; for instance, 

V7 
v\ 

which will be used in the paper. 
The desired behavior of the laser is self-pulsation, i.e., when the output of the laser is a periodic train of 

pulses. The self-pulsation depends crucially on the values of laser parameters and the amplitudes of step inputs. 
Thus, an important problem of practical interest is the following: 

Problem I: Determine the values of laser parameters and the amplitudes of applied step inputs for which 
the laser represented by the system (1) self-pulsates.   D 

In this paper, we give a systematic solution to Problem I. 

3. A Close Look at the Laser Dynamics 
In this section, we present an important and useful result regarding the dynamics of the laser represented by the 
system (1). This result will be used repeatedly in the paper. 

The state space of the system (1) is R3 . Let the state vector of the system (1) be denoted by 
X(t):=[S(t) N{(t) N2(t) ]T G R3 for all t > 0 . Let the solution of the system starting at t = 0 
from the initial vector X0:=X(0) = [50     N10     N20f   be denoted by the vector  X(f,0,X0)   for all 
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t>0. 
The important result to be established is that the nonnegative orthant R+ is an invariant set of the system 

(1). That is, if the system starts from any initial vector in R3 , then its solution vector will remain in R+ . 

Lemma 3.1: The nonnegative orthant R3 is an invariant set of the system (1). 

Proof: First, we consider the subspace 

Es :={ (S,Nl,N2)e R
3   I  5=0}. (3) 

From (la), we conclude that for any point in this subspace, S(t) > 0 for all t > 0 if N j(f) > 0 . 

Next, we consider the subspace 

ZNi:={(S,NhN2)e-R3   IAf,=0}. (4) 

From (lb), we conclude that for any point in this subspace,   N1(t)>0   for all   t >0   if  S(t)>0   and 
N2(t)>0. 

Finally, we consider the subspace 

XN2:={(S,NhN2)elR2  I N2 = 0}. (5) 

From (lc), we conclude that for any point in this subspace,   N2(t)>0   for all   t >0   if  S(t)>0   and 
A^!(O>0. 

Knowing these properties of Ts , HN , and 1LNI , we conclude that any trajectory of the system (1) start- 
ing in R3 cannot traverse into regions of R3 for which S < 0 or JVj < 0 or A^ < 0 .   D 

Remark: The invariance of R3 confirms the validity of the system (1) as a mathematical model for 
narrow-stripe semiconductor lasers to the extent that it does not predict negative values for the states Sj(-), 
Ni('), and N2(-) . Note that from the physical point of view, it is meaningless to have negative values for the 
photon number S  and the electron densities N^ and N2 .   D 

4. Self-Pulsation 
In this section, we present a solution to Problem I by achieving the following: 

(i) We show that the states S(-), AfjC«) , and N2(-) of the system (1) are bounded. That is, the system 
(1) is the BIBS stable, and so is the BIBO stable, because S (•) is the system output. 

(ii) We present a systematic procedure for choosing the values of some of the laser parameters and the input 
amplitudes for which all equilibrium points of the system (1) in R+ are unstable, and hence no constant steady- 
state output is achieved. 

Note that (i) by itself is an interesting and important result. This result shows an inherent property of 
narrow-stripe semiconductor lasers that their outputs are bounded. By (i) and (ii), the laser has a chance to have a 
bounded and time-varying output, which can be a periodic train of pulses — the desirable output expected from 
the laser. Note that by (i) and (ii), there is a possibility of having quasi-periodic or chaotic outputs. The study of 
such outputs, however, is beyond the scope of this paper. In our study of the system (1), however, we did not 
observe such outputs. 

4.1. BIBS (and BIBO) Stability 
In this section, we prove the BIBS (and BIBO) stability of the system (1) by obtaining upper bounds on the norms 
of  the   system   states   and   output.    In  the  following,   the    L^-norm   of functions   of time   defined  by 
11/ II«, := sup\f(t)\ for a function t \->f(t) is used. A function /(•) is said to be bounded (more pre- 

r>0 
cisely LTO-bounded) when \f (t)\<°° for all t > 0 , which implies that   11/ II ^ < °° . 
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The upper bounds on the system states and output are given in the following theorem. 

Theorem 4.1: The states and output of the system (1) are bounded. More precisely, 

nsu.<s0 + vlNlo+v2N20+ e min(Ga 
7

(1_c)/7. , ■ («■> 

»N^<(-l-)[S0+VlNlo + V2N2(1+J-iJT^_L__T]. ,6b) 

HiV2ll„<(Jr)[50+y1iV10 + F2JVM+emin{Gi(ii
/
(]_C)/7.j)] . (60 

Proof: We define a scalar-valued function of time as 

V(t):=S(t) + VlNl(t) + V2N2(t), (7) 

for all t >0, where S(-), iVj(-),and N2(-) satisfy (1). By Lemma 3.1, V(t)>0 for all t > 0 . At t = 0 

V(0):=50 + y1yV10+V2-/V20>0- (8) 

From (7), we obtain 

V(t):=S(t) + VlNl(t) + V2N2(t), (9) 

for all t > 0 . Using (1) and (2) in (9), we can obtain the linear differential inequality 

V(t)<-^V(t) + - , (10) 
e 

for all t > 0 , where £ := min { GrÄ , (1 - C)/Ts } . By a comparison theorem given in [1], we conclude that 
V(-) in (10) satisfies 

V(t) < exp(- ^ 0 V(0) + (-^-) [ 1 - exp(- £ f) ] , dD 

for all t > 0 . Using (8) in (11), we obtain 

IIVII00<50 + y1iV1o + V2^20+7F<00- (12) 

Having V(•) a bounded function of time, the boundedness of the states follows. Since the system states are 
nonnegative, from (7) we conclude that S(t)<V(t) for all t > 0 . Thus, (6a) holds for the state S (•) which is 
the laser output as well. The upper bounds on   IliVjIl^and   11N211«, in (6) are obtained similarly.   D 

To this end, we have established the BIBS (and BIBO) stability of the system (1). 

4.2. Destabilization of Equilibrium Points 
The input to the system (1) is a step function (constant current) of amplitude / . Thus, the steady-state output of 
the system can possibly be a constant function of time when an equilibrium point of the system in R+ is either 
locally or globally stable. This output, however, is not desirable if the laser is supposed to self-pulsate. There- 
fore, in order to guarantee that no constant steady-state output is achieved, all equilibrium points of the system (1) 
in 1R+ should be destabilized. The next task is thus to determine where the equilibrium points are. 

Lemma 4.2: Let 
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A al^l^-C) 
A\-~        ^~7; , (13a) 

1s uth 
a\ £l V2 

Bi'-= T r   v   ' (13b> 

n <  fl^7    ,  «iSi^.a-O       1 1   , 1 -=~(v e G        T~r + T~ + 1~} ' (13c> vle ^th ls <*th ls       Tn 

F 1 a\Z>\NgXV2 

hl~T T  r    T/      ' (13d) 1 12 Jj ^th   M 

t   ■_       — + — 

fl2^Vi(l-C) 
5,:= 

^ Grt V2 

Consider the polynomial 

with the real coefficients 

\2 

(14a) 

a2^2 
C2 '■= T   „     > (14b) 

1s uth 

n  -   <  fl2^2/    ■  ^^      1 1   , 2__(i/ * r       ~T~r— + ^r + ^—)> (14c) 

_ _j_   «2^V^(i-c) 

P(x)=p3X3+p2X2+/71X+/70, (15) 

p3=A1C2Z)1-A1(51£2 + 52£1) + 51
2 D2, (l6a) 

p2 = C2 D2 +A , C2 Fi- (BlE2 + B2 El)Dx -Ax EXE2 + 2BX D2EX+B? F2,       (16b) 

Pi = 2C2DlFl-(BlE2 + B2El)F1-DlElE2 + D2Ef+2BxExF2, (16c) 

p0 = C2F1
2-F1F2F1+F1

2F2. (16d) 

The system (1) has equilibrium points at 

Xe=(Se,Nle,N2e), (17) 

where A^le  is the real solution of the polynomial equation 

Wle) = 0, (18) 

and 

_    Al(.Nuy + D1Nu+F1 
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Vx(\-C) 

TSG, 
]N \e 

th 

V2 I (20) 
TSG, th th 

Notetha,the*.- ^OJ-^^^J^J^^l 
up to three equtlibnum points X,   for the system (1).   IKI, ^ble) ^„„t be attai„ed. Secondly and 
are those in R, . Firstly, because by Lemn^U«X^fL/S llf-pu.sa.ing-.  Suppose that there ,s an 

3SC5 x,%1 t=ie(,L/eci ^Ä«>r^Ä»<^ 
Sng

bi^^sr,L^rr^ 
is periodic, the laser is self-pulsating. 

The ability of an equilibrium point Xe  is decided upon locally by the coefficient matnx of the hneanzed 
model of the system (1) around Xe , namely, the Jacobian matrix. This matrix is 

J(Xe) = 

c V, 
ax^{Nu-N^ + a2i}2{N2e-N^-Gth ax^Se+    ^ 

-(^MA^-AW 

-(^)(N2e-Ng) 
V2 

fliEji l        1  . 
-(-^-)5e-(— + —) 

1 

7^21 

Ö2^25£ 

1 

Tl2 
(21) 

i,       V        A,       and 5    are given in (18), (19), and (20), respectively. From (18)-(20), it is clear that the 
fit Af 72rV ) Id coSeauIntivthe local stability of Xe , depend on the values of laser parameters and 

Ä"SÄ : SSSSSx 7 (X.). we can systematically determine the laser parameters and the 
input amplitude / that make the system (1) self-pulsate. 

so„Än.r^^^ 
algorithm. 

Algorithm 4.3: (Input Amplitudes for Self-Pulsation) 

(i) For an I compute Xe  from(18)-(20); 
(ii) Use (21) to compute the eigenvalues of J(Xe) at every Xe e R+ ; 
(iii)   Vary (increase and decrease)   /   by a small increment and repeat steps (i) and (n).   For every 

X   efc ploUhelociofthe eigenvalues of J(Xe) as a function of 7 in the complex plane, 
6    (iv) From the loci obtained in step (iii) determine a set of input amplitudes 1 >™^^ ^  at ^ 

set the matrix   7(X )   is not Hurwitz (i.e., some eigenvalues of J(Xe)  have positive real pans; y 

Xe e 1R+ ; denote this set by Sj .   O 

Remarks: 1) The set S7 can be the union of disjoint sets. 
,•   J    / *cA T c C    chnnlH he nhvsicallv reasonable. Thus, for instance, very large 

«aiuefofT ritlÄ-'-Ä*» * ™ « *» «» *" «" S*PU,SaK °"ly 
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for large values of / , then its parameters should be changed by a redesign, so that the self-pulsation occurs for 
reasonable values of / . 

3) If the set S7 turns out to be an empty set, then the laser parameters should be changed by a redesign, so 
that for the new set of parameters there will be some / that will make the laser self-pulsate.   D 

Now suppose that for a known set of laser parameters and an input amplitude / the laser self-pulsates. Let 
the values of any two parameters b\ and 82 in this set be 5j and 82 , respectively. Suppose that a set of 
values of 8] and 82 is sought for which the laser would self-pulsate. Such a set can be determined by the fol- 
lowing algorithm. 

Algorithm 4.4: (Parameters for Self-Pulsation) 

(i) Let 

5j = 8J* + r cosG ,     82 = 82* + r sin6 , (22) 

where r > 0 is to be determined for different values of 0 e [0, 2n) . 

(ii) Set 0 = 0 ; 
(iii) Set r = 0 ; 
(iv) For 8j and 82 in (22) compute Xe  from(18)-(20); 

(v) Using (21) compute the eigenvalues of J(Xe) at every Xe e R+ ; 

(vi) Increase r by a small increment and repeat steps (iv) and (v). For every Xe € IR+ plot the loci of 
the eigenvalues of 7 (Xe) as a function r in the complex plane; 

(vii) From the loci obtained in step (vi) determine an interval [0, r) such that for every r e [0, r) the 
matrix J (Xe) is not Hurwitz at every Xe e R+ ; 

(viii) Increase G by a small incremental and go to step (iii) and repeat up to 6 = 2% — £ , where £ > 0 is 
a small number. 

(ix) Consider those 6 e [0, 2ft) at which r has been computed. At those 6 draw a ray of length r . 
Connect the end points of the rays to obtain the set of parameters 8j and 82 for which the laser self-pulsates; 
denote this set by S   .   D 

Remark:   For a fixed   0 , step (vii) of Algorithm 4.4 provides an interval   [0, r)   such that for every 
re [0, r) the matrix J (Xe) is not Hurwitz at every Xe e IRj; , where Xe   is computed for the parameters 
8j and 82 in (22). In computing [0, r), Algorithm 4.4 does not take into account any physical constraints on 
8j  and 82 . Thus, an interval  [0, r) can be computed such that for some r   in it,  8j  and 82 are physically 

unrealizable. This can happen, for instance, when a large F is computed. Therefore, physical constraints should 
be considered in computing r . Such constraints result in reasonable values for r , 8j , and 82 , and can reduce 
the computational effort significantly.   D 

Algorithms 4.3 and 4.4 will be used in an example given next. 

5. Example 
Consider the narrow-stripe semiconductor laser represented by (1) whose parameters are 

a! = 3.08 x \0~l2m3sec~l ,     a2= 1.5 x 10"11 m3 sec"1 , (23a) 

£j = 0.0948 ,     l,2 = 0.35 , (23b) 

Ngi = 1.4xl024m-3,     A^g2=1.6xl024m-3, (23c) 

Gth =3.91 x 10U sec~l , (23d) 
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C = l.lx l(T5m~3, 

V2 = 419.04 x 10_,8m3 
V1=48xl0_18m3 

l 
v-9 Ts =3x 10~ysec , r12 = 1.176 x lO-9 sec ,     r21 = 10.2664 x 10 9 sec 

(23e) 

(230 

(23g) 

Most of the values of parameters are given in [10]. Some parameters are not given explicitly, however, they can 
be easily computed using the information in [10]. The values of a2 and £2 in (23) are slightly different from 
those in [10]. 

First by Algorithm 4.3, we determine a set of values of the input amplitudes I for which the laser would 
self-pulsate. In using this algorithm, we find out that for any / e (0.0475, 0.2) amp , there is only one equili- 
brium point Xe e R3 . The loci of the eigenvalues of the matrix J(Xe) in (21) as a function of / are plotted 
in Figure 1. In this figure, we have designated points by TCj and 7C2 at which /= 0.0475 amp and 
7=0.1219 amp .respectively. Clearly, for any / e S, = (0.0475, 0.1219) amp , the matrix J(Xe) is not 
Hurwitz and hence the laser self-pulsates. We simulated the system (1) for I = 0.1 amp for a long period of 
time. The laser output S(-) is plotted in Figure 2. From this figure, it is evident that the laser output is a 
periodic train of pulses, i.e., the laser is self-pulsating. 

Figure 1. The loci of the eigenvalues of the matrix J(Xe) in (21) as a function of the input 
amplitude / . For any I e S, = (0.0475,0.1219) amp , the matrix J(Xe) is not Hurwitz and 
hence the laser self-pulsates. 

Next, we fix / = 0.1 amp  and by Algorithm 4.4 determine a set of values of £j  and £2 for which the 
laser would self-pulsate. In using this algorithm, we set £,* = 0.0948 and t,2 = °-35 • We determine tne inter- 
val  [0, r) in step (vii) of Algorithm 4.4 for 6 = 0, 5, 10,... , 355 degrees . There are physical constraints 
0 < £] < 1  and 0 < £2 < 1  (see [10]) that we take into account to truncate the computation when these con- 
straints are violated. 

Having r computed for 6 = 0, 5, 10,... , 355 degrees , we can plot the set of parameters £j and £2 

for which the laser self-pulsate in the parameter space (^, £2) . This set is shown in Figure 3. It turns out that 
for 6 in the interval [75, 95] degrees , r is very large which results in £2 > 1 . Thus, we have truncatedjhe 
set of parameters at £2 = 1  for 6 e [75, 95] degrees . Note that the set in Figure 3 can be refined if r  is 
computed for more values of 9 . 
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,«? 

5(t) 

0 02 0-4 0.6 U.0 1 ^ i^ 

f       «10-* 

Figure 2. The output of the laser represented by the system (1) and (23) for a step input of 
amplitude / =0.1 amp for a long period of time. It is evident that the output is a train of 
pulses, i.e., the laser is self-pulsating. 

O     p* 
si 

Figure 3. The set  Sp   of parameters  £,   and  ^2  m ** parameter »pace  (£,. S2)  when 
/ =0.1 amp . For any !;, and £2 

m Sp , the laser self-pulsates. 
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6. Conclusions 
In this paper, we considered narrow-stripe semiconductor lasers. The dynamics of such lasers are very well 
represented by the system (1), known as the rate equations. For the system (1), we proved that the laser states and 
output are bounded. Furthermore, we presented a systematic procedure for choosing the amplitudes of step inputs 
and the values of laser parameters that destabilize all equilibrium points of the system (1). Thus, we were able to 
make the laser represented by (1) and (23) self-pulsate. 

Our procedure of making lasers self-pulsate is quite general, easily applicable, and computationally straight- 
forward. What are to be computed are the equilibrium points of the nonlinear system representing the laser and 
the eigenvalues of the Jacobian matrices of the system at the equilibrium points which are in the nonnegative 
orthant. 

What we have presented in the paper is a way of determining when a nonlinear system can have the limit 
cycle behavior (periodic response). It should be reminded that it is not an easy task to determine when a three or 
a higher dimensional nonlinear system has the limit cycle behavior. The difficulty stems from the fact that almost 
all existing mathematical techniques by which the existence of limit cycles is established - such as Poincare- 
Bendixon theorem or Poincare-Andronov-Hopf bifurcation technique - are for two dimensional (planar) sys- 
tems. There are generalizations of these techniques for three or higher dimensional nonlinear systems, however, 
they are either inapplicable to most systems or computationally demanding; see, e.g., [2], [4, pp. 119-123], and 
the references therein for difficulties in establishing the limit cycle behavior for three or higher dimensional non- 
linear systems. 

Appendix 
Proof of Lemma 4.1: We set the right-hand side of the system (1) equal to zero to obtain the following set of 
nonlinear algebraic equations 

C V1 
*iSi (Nle -Ng)Se +a2^2(N2e -Ngi)Se-Gth Se+(-~-)Nu = 0, (A.la) 

*- s 

-<^><*..-v*.-<£+^>*>.+7ir+7Tr=0-       (A-lb) 

«2^2 Nle 1 1 
-(-^)(N2e-Ng2)Se+-^-(^r + -!-)N2e. (A.10 

The unknowns in (A.l) are Se , Nle , and N2e . In order to obtain them, we multiply (A.lb) and (A.lc) by 
Vj and V2 , respectively, and add the resulting equations to (A.la) to obtain 

Vx(l-C) V2 / 

se =-[ ~VF—]N*< -^TF~)N^ +77r" ' (A-2) 

where in deriving (A.2), we used (2). Substituting (A.2) in (A.lb) and (A.lc), we obtain, respectively, 

AlNl+BlNleN2e+D1Nle+E1N2e+Fl = 0, (A.3a) 

B2Nle N2e+C2Nl +D2Nle +E2N2e +F2 = 0, (A3b) 

where the coefficients of the unknowns Nle   and N2e   are those in (13) and (14). From (A.3a), we obtain 

A1N?e+DlNle+Fl 
Nn, = — —  . (A.4) 

We substitute   N2e    from (A.4) into  (A.3b) and use the fact that   A\ C2_ A j Bx B2 = 0   to obtain 
P(Nle) = 0, where P(•) is given in (15).   D 
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