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Preface

Vertical-cavity surface-emitting lasers (VCSELs) are firmly established in the
laser diode market for about 15 years meanwhile. It took about 17 years before
these devices were commercialized. Multimode fiber optical networks with data
rates in the 1 Gbit/s range were the initial market. In 2004, VCSELs were first
incorporated in optical computer mice. Today, these two application areas
approximately equally share a production volume of almost 100 million units per
year. In future, high volumes can be expected also, e.g., for diverse sensing and
illumination purposes, the latter using high-power laser arrays.

Enormous progress in VCSEL performance has been witnessed over the last ten
years. In particular, digital data rates of 10 Gbit/s are now routinely achieved, and
25 Gbit/s is the next step to be taken very soon. As for the first commercial devices,
emission wavelengths of 850 nm are still dominating both for optical datacom and
optical mice. However, also 1.3 and 1.55 lm wavelength VCSELs for telecom-
munications have reached a high level of maturity. On the long-wavelength side,
electrically pumped devices are available up to about 2.4 lm. For short
wavelengths, a major breakthrough was achieved in the year 2008 with the first
continuous-wave room-temperature operation of a GaN-based VCSEL at about
414 nm wavelength. A pulse-mode electrically driven VCSEL with green emission
at 503 nm was demonstrated in the year 2011. Large-area two-dimensional arrays
are now exceeding previous expectations with conversion efficiencies of about 50%
and continuous-wave output powers of some hundred watts for wavelengths of
approximately 800 to 1100 nm.

This book covers basic VCSEL concepts as well as the state of the art in mod-
elling, performance, and application areas of VCSELs. Single-mode emission,
polarization dynamics and control, high-speed operation, high-power generation,
high-contrast grating devices, blue, red, and long-wavelength spectral regimes,
wavelength tuning, fiber-optic transceiver, video link and parallel optical link
technologies, as well as optical mouse sensors and laser printing are described in
some detail by distinguished experts in the respective fields. The text is not only
suited for scientists and engineers who develop and apply VCSELs, but also for
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graduate students who strive to deepen their knowledge about most modern
semiconductor laser diodes.

I am very grateful to all authors for having squeezed the extra writing task into
their busy schedules. I wish to thank explicitly Claus Ascheron and Adelheid
Duhm from Springer-Verlag in Heidelberg for supporting this book project and for
succor while I had to deal with the numerous problems during the typesetting
process, respectively. Special thanks go to Professor Fumio Koyama from Tokyo
Institute of Technology for the help with the definition of this project and the kind
invitation of many contributors.

Ulm, July 2012 Rainer Michalzik
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Chapter 1
VCSELs: A Research Review

Rainer Michalzik

Abstract This chapter attempts to briefly review the research history of vertical-
cavity surface-emitting lasers (VCSELs). Based on the contents of previous mono-
graphs on VCSELs written in English, we motivate the selection of topics in the
present book and give an introduction to the individual chapters. Moreover, we men-
tion some other research that is not covered in a dedicated chapter in order to provide
the readers with even deeper insights into VCSEL research. Future directions and
opportunities are also indicated.

1.1 Research History Reflected in VCSEL Books

VCSEL research started with the suggestion of this novel type of semiconductor laser
by Prof. Kenichi Iga in the year 1977 and in particular with the first publication in
Dec. 1979 [1]. Even before that, in 1965 Ivars Melngailis published a remarkable
paper [2] reporting longitudinal lasing operation at about 5.2 µm wavelength in a
220 µm long cavity made from n+ pp+-doped InSb. The surfaces were polished and
a Ag–Au contact was evaporated on the p+-side. At a temperature of about 10 K,
current pulses with a duration of 50 ns and an amplitude of at least 20 A (corre-
sponding to a current density of 60 kA/cm2) were injected parallel to the direction
of emission. An external longitudinal magnetic field was needed for focusing. Inter-
estingly, the author already lists a number of advantages inherent to such a structure:
Array formation, coherent emission over large areas with associated small beam
divergence, and large output powers, all of which we know from VCSELs today.

The importance of VCSELs is reflected in the fact that they have the second largest
production volume among all types of semiconductor lasers today—only exceeded by
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4 R. Michalzik

Fabry–Pérot-type edge-emitting lasers for use in optical disk drives for data storage.
They are the most versatile laser diode, have enormous market growth potential, and
will most probably soon become number one. Thus by now we are faced with a
huge number of publications on VCSELs. In addition to research papers and review
articles there are several books with an exclusive focus on VCSELs [3–8], where two
of them were written by single authors and four are edited multi-author volumes.
About nine years have passed since the last book was produced. The contribution of
the present book to the field can be best appreciated by browsing the contents of its
predecessors.1

A book by G.A. Evans and J.M. Hammer from the year 1993 [9] already contains a
chapter on VCSELs and arrays, whereas its main purpose was to present the progress
with horizontal-cavity lasers and two-dimensional arrays in which surface emission
is achieved with grating couplers or integrated beam deflectors. In their chapter,
K. Iga and F. Koyama describe the many advantages of VCSELs and the early research
progress. Expected performances are analyzed theoretically and experimental results
are summarized both in the InGaAsP–InP and AlGaAs–GaAs material systems.
At that time, continuous-wave room-temperature lasing and sub-mA threshold cur-
rents had already been achieved with GaAs-based devices.

In 1995, T.E. Sale presented a comprehensive book [3] as an extended version
of his own Ph.D. Thesis on VCSELs [10]. Distributed Bragg reflectors (DBRs) are
described in some detail, including the challenge to achieve low ohmic resistances.
An entire chapter deals with gain calculations for compressively strained InGaAs–
GaAs quantum wells (QWs) which became very popular as active region since
J. Jewell demonstrated first full-monolithic VCSELs with epitaxial DBRs and those
QWs in 1989 [11]. Such devices typically have emission wavelengths in the range
of 950–1,000 nm. Sale discusses and analyzes own experimental results on devices
grown by molecular beam epitaxy (MBE) as well as metal-organic chemical vapor
deposition (MOCVD). These lasers had a resonant period gain (RPG) structure with
three InGaAs QWs separated by GaAs barriers with half a material wavelength
thickness and showed moderate performance. The RPG concept was demonstrated
for VCSELs in 1989 [12, 13] but turned out to be inferior to a regular multiple-QW
(MQW; mostly three QWs are used) concept with thin barriers. It is interesting to
note that somewhat more elaborate RPG structures with a larger number of periods
are nowadays applied in optically pumped semiconductor disk lasers, also known as
vertical-external-cavity surface-emitting lasers (VECSELs) [14]. VCSEL types con-
sidered by Sale use etched mesas and proton implantation for current confinement.
The selective oxidation of AlGaAs with close to 100% Al content to produce current
apertures of just a few ten nanometers thickness and quasi arbitrary diameter was
not yet considered because pioneering demonstrations [15] were done just before
publication of the book. Polarization effects in VCSELs find no mention and little
attention is given to the dynamic VCSEL properties.

1 Readers who are not very familiar with VCSELs yet will find it helpful to study also Chap. 2 of
this book, where we discuss many of the terms that are mentioned here in much greater detail.

http://dx.doi.org/10.1007/978-3-642-24986-0_2
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In the same year, T.P. Lee edited a book containing seven chapters [4] which was
a reprint of a special issue of the International Journal of High Speed Electronics and
Systems. It starts with an overview of InGaAsP–InP VCSELs for 1.3 and 1.55 µm
operation. At that time, continuous-wave room-temperature lasing of such devices
had not yet been achieved. The preparation of dielectric mirrors for VCSELs is pre-
sented next, addressing the difficulties with epitaxial DBR formation especially for
long-wavelength devices. The third chapter presents a buried-heterostructure-type
antiguided VCSEL targeted for single-mode emission as well as two-dimensional
multiple-wavelength VCSEL arrays for wavelength division multiplexing (WDM)
applications, which were obtained by tailoring the spatial growth temperature pat-
tern in MBE. The performance of optimized MOCVD-grown proton-implanted
850 nm VCSELs suitable for mass production is reported next. Record performance
data were obtained. The devices were applied in a first 32-channel parallel-optical
link with 500 Mbit/s individual data rate. The first (and extensive) chapter on red
emitting InAlGaP–GaAs VCSELs is also part of this book. The devices already
showed continuous-wave room-temperature lasing with remarkable output power
and conversion efficiency. Thermal effects in VCSELs are then discussed in great
detail and various thermal models are presented. Chapter 7 deals with the reliability
of proton-implanted 850 and 980 nm VCSELs. The mean-time-to-failure was then
still in the range of 105 h. Improvements by about two orders of magnitude were
seen in the years after these initial observations.

The book edited by C. Wilmsen, H. Temkin, and L.A. Coldren in 1999 [5] very
well reflects in 12 chapters the rapid progress in VCSEL research at that time. It
contains comprehensive introduction and design chapters with much emphasis on
oxide-confined VCSELs, which had already outperformed the other device types
with all key performance parameters. Microcavity effects which are very impor-
tant for understanding spontaneous emission in resonant-cavity light-emitting diodes
(RCLEDs) are treated in detail in another chapter. For the first time, full attention is
given to the epitaxy of VCSELs, recognizing the fact that the high crystal quality of
epitaxial layers is the indispensable prerequisite of every high-performance semicon-
ductor laser. Likewise, VCSEL fabrication issues are excellently covered in the book.
VCSEL polarization effects are also mentioned, however, with a main focus on free-
space optical data links with polarization-selective losses. The need for polarization
stability is stressed. The authors come to the conclusion ([16], p. 265): “Therefore,
we believe that the most promising way of achieving complete polarization stability
is to use VCSEL structures with anisotropic gain or integrated polarization-selective
reflectors”. We will get back to this statement later. Chapter 7 deals with visible light
emitting VCSELs, in particular in the red spectral regime. First optically pumped
lasing had been observed from GaN-based VCSEL structures but no electrically
pumped devices were then feasible. A chapter on 1.3 and 1.55 µm emission long-
wavelength VCSELs showed that these devices were still relatively immature when
compared with already commercially available 850 nm devices. Wafer fusion com-
bining AlGaAs-based DBRs with an InGaAsP-based cavity region seemed to be a
promising approach. In the book, VCSEL applications are introduced in Chap. 9, fol-
lowed by three chapters on aspects of optical interconnection. Extended temperature
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operation, polarization control through anisotropically etched mesas, WDM arrays,
two-dimensional fiber-optic and free-space interconnects, as well as smart pixels
through hybrid or monolithic integration of optoelectronic and electronic components
are among the topics. A detailed overview of VCSEL-based fiber-optic transceivers
is given. Data rates of such modules were mainly in the range of 0.5–1.25 Gbit/s.

Shortly after this, in the year 2000 J. Cheng and N.K. Dutta presented an edited
book with a short overview and six chapters [6]. Chapter 1 gives much insight into
oxide aperture formation in AlGaAs–GaAs VCSELs, which allows to produce micro-
cavities with very small active areas and associated threshold currents below 100 µA.
It is followed by a review of the technology and performance of such oxide-confined
lasers. Chapter 3 investigates proton-implanted 850 nm VCSELs for optical data
links in terms of small-signal, noise, and large-signal properties including turn-on
delays. The latter topic received some attention at that time because the low thresh-
old currents of VCSELs even seemed to allow bias-free data transmission (see also
Sect. 2.5 of this book). A commercial fiber-optic transceiver for 1 Gbit/s data rate
is introduced. The concept of a 32-channel, 1 Gbit/s-range parallel-optical inter-
connect module including receiver and driver electronics as well as packaging is
presented next. Chapter 5 treats VCSEL modulation aspects, parallel-optical links,
WDM VCSEL and photodetector arrays, optical switching, and reconfigurable and
multi-access network scenarios in some detail. Again, data rates range from a few
100 Mbit/s–1 Gbit/s. Finally an overview of 950 nm range micromechanical tunable
VCSELs using a movable cantilever is given in the last chapter.

In 2003, S.F. Yu autored a remarkable VCSEL book focusing on modeling aspects
[7]. It briefly outlines recent VCSEL developments and the commercial status. Then
it covers in much detail the one-dimensional design of VCSEL resonators, the trans-
verse mode characteristics, the polarization properties, the thermal and electrical
behavior, the dynamic characteristics, spontaneous emission, as well as nonlinear
effects in VCSELs.

Finally, also in 2003 the (to the author’s knowledge) last, 12-chapter-long mono-
graph on VCSELs was published [8]. The project was initiated by H. Li who passed
away a little later. Kenichi Iga then became the co-editor. The text starts with a
historical account and an overview of VCSEL operation in different wavelength
regimes. Details of optical gain calculations are presented, followed by the third
chapter which explains the operation principles of oxide-confined VCSELs includ-
ing state-of-the-art static, noise, and dynamic behavior. Digital data transmission over
single-mode and multimode fibers is shown up to data rates of 12.5 Gbit/s. Chapter 4
deals with the theory of anisotropic optical gain of QWs grown on non-(001)-oriented
substrates. The corresponding experimental VCSEL work is reviewed and polar-
ization stability of lasers is demonstrated. Thus, here the above statement ([16],
p. 265) on anisotropic gain in [5] is addressed. VCSEL modeling is represented in two
chapters in terms of a static three-dimensional coupled electrical–optical–thermal
model and comprehensive dynamic models with high complexity up to a quasi-
three-dimensional case. Microcavity oxidized VCSELs and light-emitting diodes
are discussed in Chap. 7. The use of quantum dots in the active region is emphasized
for improved carrier confinement and for reaching longer wavelengths on GaAs

http://dx.doi.org/10.1007/978-3-642-24986-0_2
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substrates. Various designs of DBRs for VCSELs and cavity effects including
external optical feedback are presented in the next chapter. The problems associated
with the realization of 1.3 and 1.55 µm long-wavelength VCSELs in various material
systems including dilute nitride GaInNAs–GaAs are summarized in Chap. 9, whereas
Chap. 12 focuses on a rather successful approach in InAlGaAs–InP material employ-
ing a buried tunnel junction for current confinement. Continuous-wave lasing at
elevated temperatures is demonstrated at 1.5 and 1.8 µm wavelengths. Chapter 10
introduces the design of special radiation-tolerant 0.04 and 1.28 Gbit/s VCSEL-
based multimode fiber data links in a particle collider environment. The progress in
GaN-based blue and near-ultraviolet wavelength vertical-cavity emitters is presented
in Chap. 11. A quasi-continuous-wave optically pumped VCSEL at 355 nm and
electrically pumped RCLEDs with emission in the range of 410–440 nm wavelength
are shown.

1.2 New Developments Motivating This Book

Enormous progress of VCSEL performance and applications has been achieved since
the last two VCSEL books have been published in 2003. In what follows we introduce
the contents of the present book with respect to the previous work discussed in the
preceding section. In a certain sense, this book is related to [8], which was also
published by Springer-Verlag. Owing to a largely different selection of subjects it
can nevertheless not be considered simply a second edition.

The 18 chapters are arranged into four groups. Entirely new contributions are made
to the fields of vectorial three-dimensional optical modeling, single-mode VCSELs,
polarization control, polarization dynamics, very-high-speed design, high-power
emission, use of high-contrast gratings, GaInNAsSb long-wavelength VCSELs, opti-
cal video links, VCSELs for optical mice and sensing, as well as VCSEL-based laser
printing.

The first group on “Basic VCSEL Characteristics” contains:

1. This chapter, which shall give a general overview of the field.
2. A text about VCSEL fundamentals outlining laser design principles and

(static, noise, and dynamic) operation characteristics of oxide-confined GaAs-
based VCSELs in the 850 and 980 nm wavelength regions. It is meant to make the
book accessible to a broad range of readers with different technical background.

3. A chapter on three-dimensional modeling of VCSELs, considering coupled opti-
cal, electrical, and thermal phenomena. Strong emphasis is put on a vectorial
optical model with the ability to handle non-circular geometries which are vital
to the performance of, e.g., polarization-stable surface grating VCSELs intro-
duced in Chap. 5.

4. The first book chapter dealing specifically with single-mode VCSELs, reviewing
different cavity designs that have been presented in the literature. Transverse
single-mode emission has become important in recent years in particular for

http://dx.doi.org/10.1007/978-3-642-24986-0_5
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optical sensing. Whereas until the year 2004, almost all commercial VCSELs were
designed for multimode emission, nowadays single-mode devices have about half
the market volume.

The second group is concerned with “Device Technology and Performance”:

5. A chapter on polarization control of VCSELs addresses the fact that the light
output polarization is inherently unstable in most types of VCSELs. On the
other hand, a stable polarization is required for most optical sensing applica-
tions. Different stabilization methods are reviewed. It is shown that monolithic
semiconducting surface gratings provide a convenient solution to the polarization
problem. Such VCSELs are commercial products today. The use of “integrated
polarization-selective reflectors”, as stated above [5] ([16], p. 265) is indeed most
promising, whereas anisotropic gain currently is too difficult to incorporate into
high-performance VCSEL structures.

6. Another “first” of this book is a chapter devoted to the rich variety of polarization
dynamics of VCSELs. The authors provide a very detailed overview of the litera-
ture, both from theoretical and experimental points of view and thus contribute to
a deeper understanding of the nonlinearities inherent these semiconductor lasers.

7. In recent years, VCSELs have been optimized for high-speed operation at data
rates of as much as 40 Gbit/s. This chapter analyzes the modulation bandwidth
which is determined by the intrinsic laser response and extrinsic parasitic effects.
The state of the art at wavelengths from 850 nm to 1.6 µm is reviewed. Alternative
modulation schemes are also considered.

8. Another breakthrough over the past several years is the demonstration and com-
mercialization of high-power, high-efficiency two-dimensional VCSEL arrays,
mainly in the 808 and 980 nm spectral domains. This chapter is the first to summa-
rize the progress in this field. The devices feature high reliability, wavelength sta-
bility, low-divergence circular output beams, and low-cost manufacturing. They
thus enable a number of new applications and have become a strong contender to
edge-emitting diode lasers which presently dominate the market.

9. More in the research stage is the fascinating work on high-contrast gratings that
have the prospects to replace an entire DBR stack with a single nanostructured
layer of semiconductor material. Lithographic control of polarization, transverse
mode structure, and emission wavelength is provided. Also wavelength tuning
can be much more efficient.

The third group of chapters is concerned with VCSELs showing “From Infrared to
Violet Emission”:

10. The first chapter is essentially an update of Chap. 12 in [8]. Long-wavelength
VCSELs with buried tunnel junctions show excellent characteristics meanwhile
and are commercial products. The chapter discusses InP- and GaSb-based devices
for applications in optical communications and gas sensing. Maximum emission
wavelengths exceed 2.3 µm.

11. An alternative promising approach to long-wavelength VCSELs is the growth of
GaInNAsSb compounds on GaAs substrates. Such research is described in this
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chapter. Edge-emitting laser diodes and first monolithic 1500 nm VCSELs are
demonstrated.

12. Since the last book chapter was written in [5], a lot of progress has been achieved
with red emitting VCSELs. This chapter presents the crystal growth issues in
AlGaAs and AlGaInP on GaAs, electrical, optical, thermal, and dynamic laser
characteristics as well as optical data transmission over polymer optical fibers.
The incorporation of InP quantum dots allows to reach record-low threshold
current densities and reduced temperature sensitivity.

13. Compared to the status in [5, 8], the new developments on GaN-based blue and
near-ultraviolet emitting VCSELs are even more dramatic. The chapter describes
the challenge of DBR formation and different microcavity configurations. First
electrically pumped VCSELs emitting continuously at room temperature have
been fabricated. Future prospects and emerging applications are discussed.

The final group named “VCSEL Applications” covers single-fiber and parallel-
optical data transmission, sensing in optical mice, as well as printing:

14. We start with a very valuable review of the 850 nm VCSEL-based transceiver
market for data communications over multimode optical fibers, which has grown
tremendously over the last decade.

15. A special application of VCSEL-based transceivers in optical video links is
described next. History, current status, and technical issues for mass market
rollout are discussed.

16. A comprehensive overview of the advancements in VCSEL-based parallel-
optical links is given in this chapter. Commercial and research activities, deploy-
ment in large computing systems and test beds, fiber connectorization, reliability,
and future applications are all covered extensively.

17. For the first time, VCSEL use in optical computer mice is described in the
present book chapter. Comparisons to LEDs as illumination source are made
and an advanced interference sensor based on laser self-mixing is introduced.
Such sensors employ optoelectronic chips in which VCSELs are monolithically
integrated with intra-cavity PIN-type photodiodes. Aspects of mass production
are also addressed.

18. Finally, also for the first time a VCSEL book chapter specifically addresses
laser printing. Two-dimensional 8 × 4 VCSEL arrays at 780 nm wavelength
enable 2,400 dots per inch resolution, high printing speed, and reduced power
consumption. Key technologies for achieving high image quality are pointed out.

1.3 Other Research Not Covered by the Chapters

In this section we briefly list some VCSEL research that is not explicitly mentioned
in the individual chapters. Hereby the versatility of this type of laser becomes very
apparent. In addition, a few recent references on selected topics of this book are
provided.
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• In-depth overviews of the history of VCSEL research have been compiled
by K. Iga [17–19], see also Chap. 1 in [4], Chap. 1 in [8], and (together with
F. Koyama) Chap. 3 in [9].

• Particularly rapid progress is currently seen in the field of high-speed VCSELs.
Complementing Chap. 7 of this book, [20] presents the state of the art as of
Dec. 2010. A focus on 980 nm high-speed VCSELs is put in [21].

• Bidirectional single-wavelength (no WDM) Gbit/s-rate data transmission over
multimode fiber [22–24] (see also the end of Chap. 2 of this book) can lead to
cost-effective transceiver solutions for some application areas and thus might be
considered for commercialization. For this, VCSELs are monolithically integrated
with metal–semiconductor–metal (MSM) or PIN-type photodetectors.

• The nonlinear dynamics of VCSELs induced by optical injection, optical feedback,
current modulation, and mutual coupling are reviewed in a recent paper [25],
supplementing the nonlinear polarization effects described in Chap. 6 of this book.

• A very good overview of advances in long-wavelength VCSELs is given in [26].
References are provided for various approaches based on highly strained InGaAs–
GaAs QWs, InGaAs quantum dots, GaAsSb QWs, dilute nitride GaInNAs QWs
on GaAs, and InAlGaAs–InP QWs. Besides the use of buried tunnel junctions (see
Chap. 10 of this book), wafer fusion has led to devices with excellent performance
[27]. High-speed modulation at 25 Gbit/s of a 1.1 µm VCSEL at 100◦C [28] and
at 35 Gbit/s (25◦C) and 25 Gbit/s (55◦C) of a 1.53 µm device [29] were achieved.

• Multiple-wavelength VCSEL arrays for WDM applications have been realized
by epitaxial MOCVD growth on patterned substrates. A maximum lasing span of
192 nm [30] and a 110-channel VCSEL array centered at 1,226 nm with a thermally
tuned wavelength spacing of 0.1 nm [31] have been reported. A novel hollow-
waveguide multiplexer [32] might enable the coupling of such arrays to multimode
fibers in a very compact way.

• Impressive results on micromechanically actuated 1.55 µm VCSELs with larger
than 100 nm tuning range have recently been obtained [33] (see also Chaps. 9 and
10 of this book).

• Athermal operation with a tuning coefficient as small as 0.002 nm/K has been
achieved with a cantilever-type 840 nm-range VCSEL [34, 35].

• Up-to-date insights into red emitting VCSELs from an industrial point of view are
provided in [36].

• Quantum dot VCSELs have been developed and show very good operation char-
acteristics [37, 38]. However, at present there is no compelling advantage of these
devices that would lure an established VCSEL company to incorporate such active
regions into their designs.

• Photonic crystals have been much explored for use in VCSELs [39], with an initial
focus on increasing the single-mode output power (see also Chap. 4 of this book).
Coherently coupled arrays with low beam divergence are among the more recent
prospects [40].

• A self-consistent VCSEL model is presented in [41] and applied to various resonator
configurations and wavelength regimes, with much attention paid to single-mode
operation.

http://dx.doi.org/10.1007/978-3-642-24986-0_7
http://dx.doi.org/10.1007/978-3-642-24986-0_2
http://dx.doi.org/10.1007/978-3-642-24986-0_6
http://dx.doi.org/10.1007/978-3-642-24986-0_10
http://dx.doi.org/10.1007/978-3-642-24986-0_9
http://dx.doi.org/10.1007/978-3-642-24986-0_10
http://dx.doi.org/10.1007/978-3-642-24986-0_4


1 VCSELs: A Research Review 11

• As reviewed in [42], the integration with micro-optical elements provides many
opportunities for the beam control of VCSELs.

• Beam control is also achieved particularly well with VECSELs [14]. For electrically
pumped devices, up to now the laser community was not able to rival the amazing
work done by Novalux a few years ago (reviewed in [43, 44]). More recent results
on frequency doubling to the blue spectral region [45] are by far inferior to tens of
milliwatts at 490 nm or hundreds of milliwatts continuous-wave Gaussian mode
emission at 980 nm that were reported by the company. Anyhow, manufacturing
the extended cavity mirror at the back side of the substrate has enabled to achieve
fundamental mode powers of up to 15 mW [46]. VECSELs at 850 nm with a short
external cavity length of only 25 µm were fabricated with the goal of obtaining
higher output power and reduced emission linewidth [47]. Moreover, electrically
pumped VECSELs are also considered for particle sensing in microfluidics [48].

• All-optical signal processing—if accomplished in a viable way—is of much inter-
est for optical telecommunications. Contributions to this field have also been made
with VCSEL-type devices. Among these are an optical inverter based on trans-
verse mode switching (induced by mode locking) in a two-mode VCSEL [49], a
polarization converter to a fixed polarization state based on similar principles [50],
and an optical nonlinear phase-shifter [51] (enabling both positive and negative
shifts to compensate laser chirp and fiber nonlinearities, respectively [52]) based
on a VCSEL structure with a saturable absorber.

• An extensive review of cavity soliton effects in broad-area VCSELs is provided in
[53]. Applications might be found in the fields of all-optical information processing
and VCSEL characterization.

• Slow-light effects have been exploited in a Bragg waveguide as part of a 1.5 µm
VCSEL structure to achieve efficient electro-absorption in an only 20 µm long
device [54].

• The paper [55] reports a metal nano-apertured GaAs-based VCSEL in which a
100 nm diameter Au nanoparticle leads a plasmon enhancement of the optical field.
Potential applications are in sub-wavelength optical near-field probing. Related
research in [56] has even shown field enhancements in a 970 nm VCSEL suitable
for near-field optical recording.

• Recent progress with metal-coated nanocavity pillar-type surface-emitting lasers
is summarized in [57].

• Concepts of spin-controlled VCSELs are discussed in [58]. Those devices could
enable much faster dynamics. Both optical excitation and electrical spin injection
are considered.

• VCSELs are also being investigated as light sources in optical tweezers and traps
used in biophotonics. In particular there are opportunities for the integration with
microfluidic chips [59].
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1.4 The Future

As is well known, predictions are difficult to make, especially when they concern
the future.2 It is much easier to check to which degree previous predictions have
materialized.

Interestingly, from the beginning, optical data storage has been listed as a future
VCSEL application. A miniaturized 780 nm VCSEL-based compact disk (CD)
pickup head had been developed in Korea [60]. However, the available single-mode
powers even nowadays are too small for data writing which has been an essential
feature of every optical disk drive for a long time. Thus in reality the VCSEL never
entered the optical storage market. Near-field optical recording as mentioned in the
previous section might be a new option but right now it seems to be more likely
that optical disks will altogether be replaced by solid-state silicon-based memory
technologies in future.

Also VCSEL-based displays have been prophesied again and again. Optical dis-
plays today are extremely advanced but visible (i.e., visible radiation emitting)
VCSELs are not. Their brightness is simply insufficient for projection displays.
Pico projectors for mobile devices are equipped with high-power LEDs [61]. For
larger-scale, laser-based projection, VECSELs are better candidates [14].

As a third example, in the past there was much speculation about optical comput-
ing. For instance, two-dimensional image processing with VCSEL arrays was praised
and some nice demonstrations were made. Many papers have also been published
on all-optical logic. A striking underestimation of the creativity and capabilities of
the silicon electronics industry was usually behind such optimism.

Optical computing is dead but optics in computing is alive. In particular this is true
for supercomputers. As detailed in Chap. 16 of this book, e.g., more than five million
VCSELs transmit data in a fully configured modern IBM high-performance com-
puting system, mostly in parallel-optical links using multimode fiber ribbon cable.
This is where VCSELs are really good at. The penetration further down into the
system, i.e., from the rack-to-rack level to the backplane and printed-circuit board
levels and to the inter-chip level is much harder. Research in this direction is ongoing
for at least two decades [62, 63]. Current projections say that optical interconnects
are much needed at these levels [64]. A huge number of devices would be required,
i.e., annual VCSEL production volumes would exceed 109 (one billion) units. On
the other hand, the price pressure is enormous. The price of an 850 nm VCSEL now
approaches 0.10 US dollars for high-volumes, but it is an open question if a one-cent
VCSEL can be made. VCSEL production currently moves from 3-inch toward 4-inch
diameter GaAs substrates. Further improving the yield and decreasing the footprint
of the chips are essential issues.

Concerning VCSEL use in mainstream computing, in the year 2010 there
was much enthusiasm about Light Peak, a converged I/O (input/output) technol-
ogy demonstrated by Intel in Sept. 2009 and at that time supported by the big

2 In similar form, this quote can be attributed to Mark Twain, Winston Churchill, Karl Valentin,
and perhaps others.

http://dx.doi.org/10.1007/978-3-642-24986-0_16
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players Sony, Nokia, and Apple. It was designed to work with 850 nm VCSELs and
multimode fiber with data rates of 10 Gbit/s initially and up to 100 Gbit/s later. Target
devices were PCs (personal computers), handhelds, workstations, consumer elec-
tronics, and so on. Through the economies of scale, Light Peak was expected to
change the cost structures for optical links. A multi-hundred-million annual VCSEL
market was predicted. First devices were said to be available to the public even
in late 2010. Just a few months later, searching for Light Peak resulted in finding
Thunderbolt, an electrical solution at 20 Gbit/s, limited to 3 m cable length. As often
before, optics could not meet the cost target. Moreover, the optical connectors were
found not to be consumer-compliant. This is a very good example for the usual fight
of “copper versus optical”. An optical physical layer for Thunderbolt is still planned,
but predictions are difficult to make. . . A so-called active optical cable (AOC) would
be the most viable implementation. Such a cable has electrical connectors and the
electrical-to-optical-to-electrical conversions and the optical transmission over fiber
are entirely hidden from the user. In general, a growing importance of AOCs for
VCSEL-based optical links can be expected. More information on AOCs is provided
in Chap. 16 of this book.

With respect to optical technologies at the intra-chip level, there is enormous
activity in the silicon photonics community for several years. Still the goal is to
overcome the electrical interconnection bottleneck that is on the horizon. It is difficult
to see where a regular VCSEL would find a place here. Most scenarios envisage
external (i.e., outside of the chip) continuous-wave emitting WDM light sources.
Wavelengths should be at least 1.2 µm to avoid absorption in Si, and high optical
power would probably be needed to compensate the propagation and splitting losses
in the optical circuits.

Having mentioned long wavelengths just before, we may ask why we are still
waiting for the real breakthrough of long-wavelength VCSELs on the market. As
written in Chaps. 10 and 11 of this book, very good devices are commercially avail-
able. On the other hand, volumes are comparatively low. First of all, it is hard to beat
the price of a Fabry–Pérot edge-emitting laser produced in a highly automated laser
factory. Then, there has been a strong cost reduction for distributed feedback (DFB)
laser diodes in recent years. At this point it needs to be mentioned that the most
successful long-wavelength VCSEL structures to date, e.g., based on buried tunnel
junctions or wafer fusion, are more difficult to fabricate than short-wavelength 850
or 980 nm devices. Yield is thus also an issue. Moreover, optical telecommunication
specifications are very demanding. Finally, if all telecom specifications are met, lower
power consumption might indeed become the winning argument for long-wavelength
VCSELs. This is what VCSEL lovers are hoping for.

Gas sensing is a good market for long-wavelength VCSELs with much opportu-
nity for growth. Here much higher prices are paid per device compared to optical
interconnects. The wide adoption of VCSEL-based gas sensors will be strongly cor-
related with the cost of such units.

Talking about optical sensing, the VCSEL mouse is a great invention. Chapter 17
explains that, compared to previous generations of computer mice, it has better
resolution, higher speed and acceleration, enhanced surface compatibility (i.e., works

http://dx.doi.org/10.1007/978-3-642-24986-0_16
http://dx.doi.org/10.1007/978-3-642-24986-0_10
http://dx.doi.org/10.1007/978-3-642-24986-0_11
http://dx.doi.org/10.1007/978-3-642-24986-0_17
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on almost all surfaces), and also lower power consumption, which is important for
cordless mice to improve battery lifetime. However, unfortunately, for regular office
applications (in contrast to, e.g., computer-aided design work or advanced gaming),
LED mice do a fine job. When you buy a computer and it comes with a mouse, it is
most probably an LED mouse. Of course, if you have to purchase a mouse yourself,
the VCSEL community expects you to honor the achievements of the pioneers in
the field by not buying an LED mouse (even if you would save a dollar)—and not a
mechanical mouse.

With regard to other consumer products, it remains to be seen if, e.g., VCSELs
become part of mobile phones, which would be a huge market. Data transmission
between display and processing unit, optical finger navigation,3 or proximity sensing
are among the opportunities.

In addition to position sensing in general, not only in computer mice (or, more
general, computer input devices) but also in various kinds of encoders, VCSELs are
likewise well suited for contactless distance and velocity measurements for a wide
range of applications. This is described in Chap. 17 of this book. Much growth can
be expected in this field.

With the advent of high-efficiency, high-power VCSELs, as described in Chap. 8
of this book, a whole new range of applications are now in within reach and should
be exploited. Tailored illumination [65] is just one of them.

About 8 years ago there was much hope to bring 850 nm VCSELs into automotive
systems. The use of these lasers (instead of red emitting LEDs) in combination with
200 µm core diameter polymer-clad silica (PCS) fibers in data buses was strongly
promoted by the car manufacturer Daimler [66] (see also [22] for a bidirectional trans-
mission solution using this medium). Suitable high-temperature-compatible VCSELs
had been developed for that purpose. Nevertheless the next-generation data bus at
150 Mbit/s data rate was still LED-based [67]. Data rates in cars will continue to
increase and the VCSEL will thus remain on the agenda—another arena for “copper
versus optical”. Apart from optical networks, potential high-volume opportunities
for VCSELs in automotive systems are LIDAR (light detection and ranging) units
as well as speed-over-ground and lane-keeping sensors. None of them, however, is
close to market introduction.

Getting back to data storage from above, in fact the magnetic storage density
has experienced tremendous growth over the last decades. However, the current
approach is soon reaching its superparamagnetic limit where the magnetic state
becomes thermally unstable. Heat-assisted magnetic recording (HAMR) is a future
technique for hard disk drives proposed by Seagate with which the recording density
can potentially be increased by two orders of magnitude [68, 69]. It relies on the
effect that local heating above the Curie point lowers the resistance to magnetic
polarization. In practice this requires a temperature increase by more than 300 K in
about 1 ns for a spot size of, e.g., 25 nm. A possible approach is to use near-field

3 Based on similar physical principles as the laser mouse, optical finger navigation in mobile
phones is gaining acceptance and might find widespread use in electronic equipment like music
players, digital cameras, or keyboards.

http://dx.doi.org/10.1007/978-3-642-24986-0_17
http://dx.doi.org/10.1007/978-3-642-24986-0_8
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optics with surface plasmon resonance. Initial experiments have been carried out
with 830 nm edge-emitting lasers at power levels of 80 mW and 35 µm incident spot
size. If we would find a VCSEL-based solution, we had a new, gigantic market. Just
imagine a VCSEL in every future magnetic writing head!

Other remarks about future opportunities for VCSELs in addition to “it’s all about
cost” are made by the authors of the individual chapters of this book. I would like to
close this section by reminding the readers of the observation that the wisest prophets
make sure of the event first.4
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Chapter 2
VCSEL Fundamentals

Rainer Michalzik

Abstract In this chapter we outline major principles of vertical-cavity surface-
emitting laser (VCSEL) design and operation. Basic device properties and generally
applicable cavity design rules are introduced. Characteristic parameters like thresh-
old gain and current, differential quantum efficiency and power conversion efficiency,
as well as thermal resistance are discussed. We describe the design of Bragg reflectors
and explain the transfer matrix method as a convenient tool to compute VCSEL res-
onator properties in a one-dimensional approximation. Experimental results illustrate
the emission characteristics of high-efficiency VCSELs that apply selective oxidation
for current and photon confinement. Both the 850 and 980 nm wavelength regions are
considered. The basic treatment of laser dynamics and noise behavior is presented
in terms of the small-signal modulation response as well as the relative intensity
noise. Finally we give some examples of VCSEL applications in fiber-based optical
interconnects, i.e., optical data transmission over short distances.

2.1 Introduction

VCSELs have undergone an extraordinary evolution over the past three decades. Sug-
gested by Prof. Kenichi Iga and first demonstrated by the research group at Tokyo
Institute of Technology in the late 1970s [1–3], VCSELs are a commodity item
today [4] and already serve millions of computer users as the key component in
modern navigation devices such as the optical mouse. In even larger quantity, this
laser type has entirely replaced edge-emitting laser diodes for use in multimode
fiber-based Gbit/s speed optical data transmission in premises networks and for the
interconnection of various kinds of computer clusters. Several books entirely devoted
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to VCSELs have been published meanwhile [5–9]. Early VCSELs were based on
the technologically challenging InGaAsP–InP material system [10]. A major break-
through occurred in the late 1980s with the demonstration of the first continuous-wave
operating GaAs-based VCSEL using metal and dielectric mirrors [11, 12]. Full-
monolithic InGaAs–GaAs lasers incorporating epitaxial distributed Bragg reflec-
tors with emission wavelengths of about 960 nm and pulsed threshold currents of
1.3 mA were demonstrated in 1989 [13]. VCSELs were first commercially offered by
Honeywell in 1996. As a result of standardization, these first-generation lasers were
made from GaAs–AlGaAs mixed compound semiconductors for emission close to
850 nm and relied on proton implantation [14, 15] for current confinement. During
the years to follow, in particular 1999–2002, many companies were founded, aiming
to capitalize on the enormous projected growth in the optical datacom and telecom
markets. Reality showed that those projections contained gross overestimation and
several companies had to go out of business. Fortunately, the market recovered a
few years later [16]. The 850 nm spectral region has remained dominant until today,
including optical mouse applications. The production volume nowadays is about
100 million lasers per year.

The success of the VCSEL arises from a combination of unique properties. With
a main emphasis on optical data transmission, the most important are

• low threshold currents of smaller than 1 mA and correspondingly small driving
currents for required optical output powers in the milliwatt range, thus minimizing
power consumption and making the design of electronic driver circuits more easy,

• excellent digital modulation behavior for data rates nowadays approaching
40 Gbit/s,

• high power conversion efficiencies of larger than 50% and thus low power dissi-
pation,

• circular beam profiles with small divergence angles, simplifying the design of
beam-shaping optics,

• a wide ambient temperature range exceeding +125◦C that enables uncooled oper-
ation even in automobiles,

• the straightforward formation of homogeneous one- and two-dimensional laser
arrays as the key to compact space division multiplexed data transmission,

• complete testing and device selection on the wafer level, yielding enormous cost
reduction compared to edge-emitting laser diodes,

• the use of mounting and packaging technology well known from light-emitting
diode (LED) production, and finally

• very high reliability with projected lifetimes of the order of ten million hours at
room temperature.

Moreover, for optical sensing, VCSELs can be designed to feature single-mode
emission with a linearly polarized quasi-Gaussian transverse mode pattern as well
as wide and continuous wavelength tuning.

This chapter is intended to provide the reader with the basic knowledge necessary
to understand VCSEL benefits and limitations and at the same time give examples
of performance data obtained experimentally. We start with basic studies of the laser
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cavity, such as amplification in the active region and laser mirror properties, where
essential differences to edge-emitting laser operation are underlined. A better insight
into field distributions and energy flux in the VCSEL cavity is then obtained from
numerical calculations with the transfer matrix method. Power conversion efficiency
is of particular interest and briefly treated separately. Focusing on the most successful
kind of high-performance VCSEL manufacturing, we then deal with the emission
characteristics of oxide-confined devices, including the temperature behavior. An
intuitive understanding of transverse mode guiding effects is provided. In order to
treat dynamic and noise properties, we briefly write down the laser rate equations
to obtain the small-signal modulation response as well as relative intensity noise
spectra. A concise subsection is devoted to the emission linewidth, basically deter-
mined by random spontaneous emission processes. Especially with respect to noise
phenomena, advantages of single-mode compared to multi-transverse-mode emis-
sion become apparent. As an important application area of VCSELs, fiber-based opti-
cal interconnects are finally discussed, where the emphasis is put on fiber coupling
properties, large-signal modulation effects, and high-speed optical data transmission
over various types of fiber.

2.2 VCSEL Design and Operation Parameters

In this section we will discuss basic VCSEL properties, the design of Bragg reflectors
used as laser mirrors, and device parameters such as threshold gain, photon lifetime,
threshold current, differential quantum efficiency, and power conversion efficiency.
To illustrate reflectivity spectra, standing-wave patterns, and the energy flow in the
resonator, the transfer matrix method serves as a versatile tool.

2.2.1 VCSEL Types and General Properties

Figure 2.1 illustrates the typical layout of a VCSEL. The inner cavity containing the
amplifying layers is surrounded by electrically conductive layer stacks that form the
laser mirrors which provide optical feedback. VCSELs designed for emission wave-
lengths in the 850–980 nm spectral range require about 8 µm of epitaxially grown
material, whereas the active region is composed of just a few quantum wells (QWs)
with some 10 nm thickness. Metal-organic chemical vapor deposition (MOCVD) or
molecular beam epitaxy (MBE) are preferred for crystal growth. The PIN-type dop-
ing configuration is similar to conventional edge-emitting laser diodes (EELs). In
the most simple device layouts, electric current is injected from ohmic contacts on
the top epitaxial side and the back side of the substrate, where the bottom contact is
omitted in Fig. 2.1. A p-on-n doping sequence is preferred to n-on-p owing to usually
lower defect densities of n-type substrates (which is beneficial for the device yield on
a given wafer and for laser reliability) and reduced absorption loss of n-type mirrors
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Fig. 2.2 Major approaches to current confinement in VCSELs. Air-post or mesa-etched (left),
proton-implanted (center), and oxide-confined VCSEL (right)

(see footnote on free-carrier loss on p. 37). In the figure, the current is somewhat
miraculously confined to the center of the inner cavity. As shown in Fig. 2.2, several
methods have been successfully employed to achieve current confinement to a pre-
defined active area. Among those are simple mesa etching of the top mirror [13, 17]
(often called air-post VCSELs), ion implantation (predominantly using protons) to
create highly resistive semiconductor regions [14, 15], or selective lateral oxidation
[18] of a some 10 nm thick semiconductor layer with high aluminum content like
Al0.98Ga0.02As or even AlAs. Mesa etching incurs scattering losses of the optical
field and may cause reliability problems if the active region is exposed to air. Proton
implantation has been the first method employed to fabricate commercial VCSELs
of outstanding producibility and reliability [19, 20]. On the other hand, selective
oxidation introduces less optical losses in the cavity and has led to a leap of VCSEL
performance [21–24].1 The vast majority of commercial VCSELs nowadays relies on
oxide confinement. These lasers will be in the focus of this chapter; their fabrication
principles being explained in Sect. 2.3.

1 The high wallplug efficiency result in [24] was first presented in [25].
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Table 2.1 Advantages of VCSELs compared to EELs (left) and communication-type LEDs (right)

VCSELs vs. EELs VCSELs vs. LEDs

Low threshold current High modulation bandwidth
High efficiency at low power Focused output beam
Slowly divergent circular beam Narrow spectrum
Wafer-level testing, low cost Small operating current
Simplified mounting and packaging High output power
Two-dimensional arrays High power conversion efficiency

The active diameter of the VCSEL can be reduced to just a few micrometers
in order to obtain single transverse mode operation together with lowest threshold
currents in the sub-100 µA range [26], but can also exceed 100 µm to get high output
powers beyond 100 mW [27–29]. Chapter 8 of this book is entirely devoted to high-
power VCSELs and arrays. As a rule of thumb, planar, selectively oxidized VCSELs
without (internally [30, 31] or externally [32–34]) extended cavity emit in a single
transverse mode with approximately Gaussian shape, as indicated in Fig. 2.1, up to
active diameters of about 4 µm. Chapter 4 of this book deals with different approaches
to such single-mode VCSELs. Larger devices start lasing on several higher (radial
and azimuthal) order modes right above or even at threshold. The light versus current
curve has a constant slope above threshold, as is common for laser diodes, but shows
a characteristic rollover for higher currents due to internal heating (see sketch in
Fig. 2.1). Unlike for EELs it is uncritical to operate VCSELs up to their maximum
output powers since power densities remain in the lower kW/cm2 range and cannot
induce optical damage to the semiconductor material or the laser facet. Of course,
device reliability is lower at higher operating temperatures [35]. Depending on the
wavelength and material composition, VCSELs can be designed for top emission
through a ring contact or bottom emission through a transparent substrate (as in
Fig. 2.1). In case of a GaAs substrate, bottom emission with low absorption loss is
possible for wavelengths exceeding ≈ 920 nm.

VCSELs are schematically contrasted to conventional edge-emitting lasers and
communication-type light-emitting diodes [36] in Fig. 2.3 and their advantages are
summarized in Table 2.1.

http://dx.doi.org/10.1007/978-3-642-24986-0_8
http://dx.doi.org/10.1007/978-3-642-24986-0_4
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2.2.2 Bragg Reflectors

The VCSEL mirrors in Fig. 2.1 are realized as distributed Bragg reflectors (DBRs)
which consist of an alternating sequence of high and low refractive index layers with
thicknesses of one quarter of the material wavelength. If these conditions are met,
the partial reflections at each interface add constructively, and the peak reflectivity of
the mirror continuously increases by adding more Bragg pairs. Because of the short
amplification length in a VCSEL, the average reflectivity must exceed ≈ 97%, and
typically more than 20 semiconductor layer pairs are required for each mirror. Electric
field distributions and reflectivity spectra are suitably calculated by the transfer matrix
method described in Sect. 2.2.6. Properties of Bragg reflectors are treated in more
detail in [37, 38]. Here we will restrict ourselves to some basic analytical discussions
applied to AlGaAs-based semiconducting mirrors. In several special VCSEL designs,
mainly for long-wavelength emission, also dielectric DBRs together with intra-cavity
contacts are used (see, e.g., [39] and Chaps. 10 and 11 of this book).

In an EEL with a Fabry–Pérot resonator, the mirrors are most simply formed
by cleaving the crystal along natural cleaving planes [40]. Each discrete mirror thus
consists of a high-to-low refractive index step, as seen from the resonator. In analogy,
the first layer of the top or bottom mirror in Fig. 2.1, as seen from the inner cavity,
has to have a lower refractive index than the neighboring carrier confinement layer.2

The requirement of an alternating index sequence then leads to an integer number
of Bragg pairs for the top mirror of an AlGaAs-based VCSEL, whereas a single
low-index quarter-wave layer adjacent to the high-index GaAs substrate has to be
added to the bottom mirror. Here we assume that the top mirror is terminated by a
low-index material such as air.

Referring to index sequences n̄c|(n̄1|n̄2)
MBt |n̄s or n̄c|(n̄1|n̄2)

MBb |n̄1|n̄s for the
Bragg reflectors and assuming a wave that is incident from a cladding material with
refractive index n̄c and is transmitted into a substrate of index n̄s, the peak reflectivity
of a top or bottom mirror with MBt or MBb layer pairs is found at the Bragg wavelength
λB and is written as [41]

Rt,b =
(

1 − bt,b

1 + bt,b

)2

(2.1)

with

bt = n̄s

n̄c

(
n̄1

n̄2

)2MBt

and bb = n̄2
1

n̄cn̄s

(
n̄1

n̄2

)2MBb

, (2.2)

where n̄1 < n̄2. Layer thicknesses d1,2 have to be chosen as d1,2 = λB/(4n̄1,2). It
should be pointed out that for each mirror, the quantities n̄1, n̄2, n̄c, and n̄s have to be
identified separately. For instance, in most cases the “substrate” (i.e., the terminating
layer) of the top mirror is air.

2 This will become clearer from Fig. 2.7 presented later.

http://dx.doi.org/10.1007/978-3-642-24986-0_10
http://dx.doi.org/10.1007/978-3-642-24986-0_11
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Figure 2.4 shows top and bottom GaAs–AlAs Bragg mirror reflectivities as a
function of the number of layer pairs calculated according to (2.1) and (2.2). Waves
are incident from Al0.3Ga0.7As and are transmitted to air or GaAs in case of the
top or bottom mirror, respectively, the latter having an additional AlAs quarter-wave
layer. It can be seen that in case of a lossless top mirror, peak reflectivities exceeding
99.9% are to be expected for more than 21 mirror pairs. Lower reflectivities of the
bottom mirror arise from the smaller index contrast at the output interface.

Figure 2.5 displays the numerically determined spectral reflectivity R(λ) and
phase ϕr(λ) for a top Bragg mirror from Fig. 2.4. A broad spectral plateau of high
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reflectivity, often denoted as stop-band, appears around the Bragg wavelength λB,

the width of which can be roughly estimated from [40, 42]

Δλstop ≈ 2λBΔn̄B

π〈n̄gr〉 . (2.3)

The stop-band width is proportional to the refractive index step Δn̄B = |n̄1 − n̄2|,
yielding Δλstop ≈ 100 nm for the GaAs–AlAs composition from Fig. 2.4 with
Δn̄B = 0.56 [43] and 〈n̄gr〉≈ 3.6 for the spatial average of the group index n̄gr = n̄ −
λdn̄/dλ at λB = 980 nm. It has to be noted that only lossless mirrors or those
with homogeneous absorption provide identical reflectivity spectra for waves being
incident from the top or bottom side.

For incidence from a high-index material, the phase ϕr of the complex ampli-
tude reflection coefficient r = √

Rexp{iϕr} is zero at the Bragg wavelength, as to be
expected for a high-to-low refractive index step. By writing ϕr = −2βleff with a
propagation constant β, we assume that the reflection effectively originates from a
hard mirror with identical peak reflectivity placed at a distance leff . Since the phase in
Fig. 2.5 varies almost linearly with wavelength deviation from λB (or inverse wave-
length deviation corresponding to the phase coefficient β), such a model actually
makes sense. The new parameter leff has the meaning of an effective mirror length,
considering the phase penetration depth of the incident wave into the Bragg reflector.
From the phase change, the penetration depth is obtained as

leff = − 1

2

dϕr

dβ
= λ2

4π〈n̄gr〉
dϕr

dλ
≈ tanh(κLB)

2κ
(2.4)

=
√

R

2κ
=

√
RλB

4Δn̄B
≈ λB

4Δn̄B
, (2.5)

where coupled-mode theory [40] is applied to obtain the first approximation, which
can be further simplified to the last result in case of high reflectivities

√
R ≈ 1. The

coupling length (i.e., the physical length over which the coupling takes place) equals
LB = MB(d1+d2), and the coupling coefficient is κ = 2Δn̄B/λB for a simple quarter-
wave stack. The slow variation of leff with the number of mirror pairs MB according
to (2.4) is plotted in Fig. 2.4, leading to leff ≈ 0.44 µm for the binary mirror under
consideration. It should be noted that a more rigorous treatment of Bragg mirror
properties distinguishes between phase and energy penetration depths [44], which,
however, turn out to be very similar for usual semiconductor mirrors with small index
steps. With the length L of the inner VCSEL cavity (i.e., the distance between the
Bragg mirrors), the total effective cavity length is finally determined as

Leff = L + leff,t + leff,b (2.6)

and can be used to estimate the longitudinal mode spacing as

Δλl ≈ λ2

2Leff〈n̄gr〉 , (2.7)
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Fig. 2.6 Spatial distribution of the normalized electric field amplitude in the center region of a
simplified VCSEL with active layer thickness da (left). Dependence of the relative confinement
factor Γr on the active layer thickness (right). The three insets show exemplary overlaps of intensity
profile and gain region

which is obtained from (2.8) for L → Leff . In the next section, we will learn that the
inner VCSEL cavity is mostly one material wavelength thick. With Leff ≈ 1.3 µm
we then get Δλl ≈ 110 nm. Thus the neighboring longitudinal modes are positioned
outside both the mirror stop-band and the spectral gain bandwidth [40, 45] of the QW
material. Therefore just a single longitudinal mode can oscillate in a VCSEL with a
thin inner cavity. The spectral position of this mode can readily be theoretically or
experimentally determined by localizing the sharp dip appearing in the reflectivity
spectrum of the complete layer stack, as shown in more detail in Fig. 2.9. Note,
however, that depending on the lateral size of the VCSEL several transverse modes
may oscillate simultaneously (so-called multimode VCSELs), as discussed later.

2.2.3 Relative Confinement Factor

Figure 2.6 shows the layer structure and the standing-wave pattern of the electric field
in the inner part of a simplified VCSEL cavity realized in the AlGaAs material sys-
tem. The field is calculated with the transfer matrix method described in Sect. 2.2.6.
Analogously to a simple Fabry–Pérot-type EEL with its mirrors composed of abrupt
semiconductor–air interfaces, maxima of the electric field amplitude are found at
both ends of the inner cavity of length L. With a positive integer m and the spatially
averaged refractive index 〈n̄〉, the resonance condition for the emission wavelength
λ is then simply written as

〈n̄〉L = mλ/2. (2.8)
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The active layers have to be placed in an antinode of the standing-wave pattern in
order to provide good coupling between electrons and photons.3 For m = 1,there
would be a field null in the cavity center so that the active layers were to be placed
asymmetrically at an edge of the inner cavity or be split into two groups approxi-
mately separated by λ/(2〈n̄〉). Both variants are likely to incur lower carrier injection
efficiencies. Thus the shortest cavity with centered active layers is just one wave-
length thick, equivalent to m = 2.

An important difference between a VCSEL cavity and a conventional EEL cavity
arises from the fact that the active gain region does not extend over the full cavity
length L but is enclosed by larger bandgap layers to form a double-heterostructure.
Therefore, for an arbitrary position and total thickness da of the active layers, we
have to take the overlap with the standing-wave pattern E(z) into account in order to
obtain the average gain in the cavity [46]. We define the relative confinement factor
or gain enhancement factor by

Γr = L

da

∫
da

|E(z)|2dz∫
L |E(z)|2dz

, (2.9)

which is the average intensity in the active layers normalized to that in the inner
cavity. For all further considerations, the material gain coefficient g of the QWs has
to be modified to Γrg. The electric field profile in the central λ/(2〈n̄〉) part of the
cavity in Fig. 2.6 (left) is very well approximated by

E(z)= E0 cos (2π〈n̄〉z/λ) (2.10)

if z = 0 is centered in the inner cavity, resulting in

Γr = 1 + sin(2π〈n̄〉da/λ)

2π〈n̄〉da/λ
(2.11)

for a single gain segment. The gain enhancement factor of a perfectly aligned active
layer is thus expressed as a raised-sinc function, as illustrated in Fig. 2.6 (right). For
a thin QW we have Γr → 2. For da = mλ/(2〈n̄〉) we obtain Γr = 1. Thus, in EELs
Γr does not have to be taken into account. In the general case of Ma active sections
(usually multiple QWs) with equal gain, located at positions zi1 ≤ z ≤ zi2 with
i = 1, . . . , Ma we find

Γr = 1 + λ

4π〈n̄〉
∑Ma

i = 1 sin(4π〈n̄〉zi2/λ) − sin(4π〈n̄〉zi1/λ)∑Ma
i = 1 zi2 − zi1

, (2.12)

where z = 0 is located as before. For the more detailed VCSEL structure from Fig. 2.7
with three centered 8 nm thick QWs separated by 10 nm barriers we get Γr = 1.8.

By exploiting the standing-wave effect, one can therefore almost double the available
amount of optical amplification.

3 In the rate equations, the amount of stimulated emission is determined by the product of optical
gain coefficient and photon density, the latter being proportional to the intensity of the electromag-
netic field; see (2.59), (2.60).
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Fig. 2.7 Normalized electric field amplitude in the center region of a quantum well VCSEL together
with the conduction band edge Wc, neglecting band bending effects. Details of the plot are discussed
in connection with Fig. 2.10

2.2.4 Threshold Gain and Photon Lifetime

For lasing, the gain in the cavity has to balance the losses. With internal losses αi and
αa in the passive and active sections, respectively, considerations of gain enhancement
and penetration of the waves into the Bragg reflectors lead to the round-trip condition

Rt Rbexp{2Γr(gth − αa)da − 2αi(Leff − da)} = 1 (2.13)

for VCSEL operation, from which the threshold gain is obtained as

gth = αa + 1

Γrda

[
αi(Leff − da) + ln

1√
Rt Rb

]
. (2.14)

In general, αi is a spatial average over the locally varying loss coefficient, where
weighting with the standing-wave intensity profile has to be applied. In this case,
however, it is more convenient to determine the threshold gain gth with the transfer
matrix method from Sect. 2.2.6. More in general, the loss coefficient αi comprises
potential scattering and diffraction loss components in addition to free-carrier absorp-
tion in doped semiconductors. The intensity reflection coefficients Rt and Rb are valid
for lossless top and bottom mirrors, respectively, and can, in the most simple cases,
be determined from (2.1). Alternatively, the threshold condition can be formulated
using the maximum reflectivity

Rα ≈ Rexp{−2αileff} ≈ R(1 − 2αileff) (2.15)

of a Bragg mirror with small losses 2αileff 	 1, assuming that the wave traverses
the distance leff back and forth. From (2.15) and the example in Fig. 2.4 it is seen that
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absorption imposes an upper limit on the achievable reflectivity of Bragg mirrors.
Increasing the number of mirror pairs beyond ≈ 25 in Fig. 2.4 hardly improves the
reflectivity but in contrast decreases the transmissivity and thus the available light
output. It should be noted that the assumed absorption coefficient αi = 20 cm−1 is
rather high. Using (2.6), the threshold condition (2.14) is now rewritten as

gth = αa + 1

Γrda

[
αi(L − da) + ln

1√
Rtα Rbα

]
, (2.16)

where the effective length Leff is replaced by the inner cavity length L.
Having determined the threshold gain, the photon lifetime τp is expressed as

1

τp
= da

Leff
vgrΓrgth ≈ vgr

[
αi + 1

Leff
ln

1√
Rt Rb

]
= vgr(αi + αm)

≈ vgr

[
αi

L

Leff
+ 1

Leff
ln

1√
Rtα Rbα

]
, (2.17)

with the mirror loss αm and the first approximation holding for the usually satisfied
conditions αa 	 gth and da 	 Leff . For the second approximation, moreover we
demand da 	 L in addition to (2.15). The group velocity of the laser mode is related
to the vacuum velocity of light c as vgr = c/〈n̄gr〉. In more generalized form we may
write (2.17) as

vgrΓ Γrgthτp = 1, (2.18)

where

Γ = ΓlΓt = da

Leff
Γt (2.19)

is the total confinement factor, considering a transverse overlap Γt between intensity
profile of the laser emission and active area in addition to a longitudinal overlap Γl.

Usually 0.5 < Γt < 1. For a given active volume Va = Aada with the active area
Aa, the effective volume occupied by the lasing mode (or the “photon volume”) is
determined as

Vp = Va/Γ. (2.20)

As an example, with 〈n̄gr〉= 3.6, Leff = 1.3 µm, Rt = Rb = 99.5%, and
αi =10 cm−1 we obtain τp = 2.5 ps and gth = 1,460 cm−1 for da = 24 nm and
Γr = 1.8. Despite drastically different resonator length and mirror reflectivities,
VCSELs have very similar photon lifetimes as EELs.
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2.2.5 Threshold Current

Knowing the threshold gain, the required threshold carrier density nth depends on
the chosen active material. For QWs one can approximate the peak gain coefficient
as [47]

gp ≈ g1 ln
n

nt
(2.21)

or [45]

gp ≈ g2 ln
n + ns

nt + ns
, (2.22)

where n is the carrier (electron or hole; assuming charge neutrality in the active
region) density, and g1,2, nt,s are constants determined from curve fits to numeri-
cally calculated functions gp(n) [45]. The term nt has the meaning of a transparency
carrier density, namely gp(n = nt)= 0. For 8 nm thick GaAs–Al0.2Ga0.8As QWs
suitable for 850 nm range VCSELs, one has g1 = 2,400 cm−1, nt = 2.6 · 1018 cm−3,

g2 = 3,000 cm−1, ns = 1.1 · 1018 cm−3. Emission wavelengths in the 980 nm range
are obtained with, e.g., 8 nm thick In0.2Ga0.8As–GaAs QWs characterized by
g1 = 2,100 cm−1, nt = 1.8 · 1018 cm−3, g2 = 1,800 cm−1, ns = −0.4 · 1018 cm−3

[45].
Similarly as in DBR or distributed feedback (DFB) laser diodes, the emission

wavelength of a VCSEL is dictated by the resonator and not by the spectral position
of the gain peak. When there is an offset δλg between lasing wavelength λ and gain
peak wavelength λp (see also Fig. 2.17), the shape of the gain spectrum needs to be
considered4 to obtain nth for a given gth. For perfect alignment with δλg = 0, we
have gth = gp and (2.21) or (2.22) can be applied with n = nth. The threshold current
density then follows as

jth = qda

ηI τsp
nth, (2.23)

where q is the elementary charge and ηI is the current injection efficiency accounting
for lateral leakage currents and carrier overflow over confining barriers. In well-
designed VCSELs with high-quality active regions, ηI > 95% can be achieved. The
spontaneous recombination lifetime τsp depends on the carrier density as

1

τsp(n)
= 1

τsp,r(n)
+ 1

τsp,n(n)
= A + Bn + Cn2 (2.24)

4 In a simple approach, spectral deviations δλg of gain peak and laser resonance can be treated
by approximating g(n, λ) = g(n)(1 + ag±(δλg)

2), where ag+ and ag− are the (negative) curvatures
of g(λ) at both sides of the gain peak. Higher degrees of accuracy are obtained by considering the
carrier density dependence of ag±.
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with the A-, B-, and C-terms characterizing non-radiative surface or interface recom-
bination, radiative bimolecular recombination, and Auger recombination, respec-
tively. The non-radiative lifetime τsp,n is thus described by A and C. Owing to the
proportionality [45] C ∝ e−Wg/(kBT ) with the bandgap energy Wg and Boltzmann’s
constant kB, the non-radiative Auger effect is an important carrier loss mechanism
in long-wavelength lasers operating at elevated temperature T.

If jth is constant over the active area Aa, the threshold current is

Ith = Aa jth = qVa

ηI τsp
nth ≈ qVa B

ηI
n2

th ≈ qVa B

ηI
n2

t exp{2gth/g1} (2.25)

with the active volume Va = Aada, where for simplicity the approximations assume
A = C = δλg = 0 and the validity of (2.21).

Using the example from the end of the previous section with gth = 1,460 cm−1

and da = 24 nm, we expect a threshold current density of jth = 0.88 kA/cm2 and
a threshold current of Ith = 0.44 mA for an 850 nm wavelength VCSEL with an
active diameter Da = √

4Aa/π = 8 µm, assuming B ≈ 1010 cm3/s and perfect cur-
rent injection with ηI = 1.

Small active volumes allow to obtain very low threshold currents of VCSELs.
When the active diameter is reduced to below ≈ 4 µm in oxide-confined VCSELs,
increased diffraction and scattering losses [48] as well as a decreased transverse
confinement factor Γt lead to an increase of Ith. The ultimate limit is reached with
vanishing internal losses and mirror losses. When gth → 0, nth → nt in (2.21).
With a single 8 nm thick GaAs–Al0.2Ga0.8As QW, from (2.25) (with ηI = 1) one
calculates jth = 87 A/cm2 and Ith = 11 µA for Da = 4 µm.

It should be noted that all relationships summarized in this section are not specific
to VCSELs but are identical to those for QW-based EELs.

2.2.6 Matrix Method and Standing-Wave Pattern

For the design of high-performance VCSELs it is important to know the reflectiv-
ity spectra of the Bragg mirrors and the electric field distribution in the resonator.
Assuming linearly polarized waves in a one-dimensional scalar approach, we have
to solve the Helmholtz equation

d2 E(z)

dz2 + γ 2 E(z)= 0 (2.26)

for the phasor5 of the transverse electric field component E = Ex (or E = Ey) in the
multilayer system depicted in Fig. 2.8. The complex propagation constant

5 From the complex E(z), the real, time-dependent electric field is obtained as Ẽ(z, t) ∝ Re{E(z) ·
exp{iωt}} with the time t and the angular frequency ω.
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Fig. 2.8 Multilayer structure and traveling wave components in the one-dimensional transfer matrix
method for a resonator under lasing operation with E+

0 (z) = E−
M+1(z) = 0. In the example, layer

zero is assumed to be lossless and layer two is amplifying

γm = βm − iαm/2 (2.27)

with the imaginary unit i = √−1 is space-independent in each homogeneous layer
of index m, and the loss coefficient fulfills αm ≥ 0 except for the QW layers, where
gain leads to αm < 0. The real part βm of the propagation constant is related to the
refractive index n̄m by

βm = 2π n̄m/λ. (2.28)

In each layer, the electric field is the superposition

Em(z)= E+
m (z) + E−

m (z)

= E+
m exp{−iγm(z − zm)} + E−

m exp{+iγm(z − zm)} (2.29)

of two monochromatic plane waves counter-propagating in z-direction. According
to Fig. 2.8, E+

m and E−
m denote the complex field amplitudes of the waves at the

interface z = zm in section m with zm ≤ z ≤ zm+1, where m = 1, . . . , M with M as
the total number of layers.

The continuity conditions for the transverse components of electric and magnetic
(see (2.36)) fields lead to the relations

E+
m = (γ +

m E+
m+1 + γ −

m E−
m+1) exp{iγmdm},

E−
m = (γ −

m E+
m+1 + γ +

m E−
m+1) exp{−iγmdm} (2.30)

between amplitudes in subsequent layers with thicknesses dm = zm+1 − zm, where
the abbreviations

γ +
m = γm + γm+1

2γm
and γ −

m = γm − γm+1

2γm
(2.31)

have been introduced. The relations (2.30) can be written in matrix form

(
E+

m
E−

m

)
= T m ·

(
E+

m+1
E−

m+1

)
(2.32)
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and thus establish the well-known transfer matrix method [49] for calculating the
electric field in a multilayer stack. Through matrix multiplications, the field ampli-
tudes in layer one are related to the amplitudes in layer M + 1. Equivalent continuity
conditions apply at z = z1. To determine the reflectivity R, i.e., the intensity reflection
coefficient of a wave incident in positive z-direction, we assume an arbitrary finite
amplitude E+

M+1, compute the amplitude reflection coefficient r = E−
0 (z1)/E+

0 (z1)

and then R = |r |2.
Self-oscillation of the layer structure exclusively allows emergent waves in the

terminating sections m = 0 and m = M + 1, i.e.,

E+
0 = 0 and E−

M+1 = 0. (2.33)

These kinds of solutions are possible only for sufficiently large gain in the active
layers. Conditions (2.30)–(2.33) thus simultaneously fix the lasing wavelength and
threshold gain of all longitudinal modes [50].

As an application example of the transfer matrix method, Fig. 2.9 (left) depicts the
calculated reflectivity spectrum of a full 980 nm VCSEL structure, where the wave is
incident from air. Compared to Fig. 2.5, the combined effect of both Bragg reflectors
produces a broader plateau of high reflectivity, and additional oscillations appear
in the spectrum. The dip in the center of the stop-band clearly proves the presence
of a cavity mode in a resonator. Just like in a simple Fabry–Pérot resonator, a local
minimum in the reflectivity spectrum occurs at the lasing wavelength of a longitudinal
mode. For an incident wave, the laser behaves like a transmission line with a length
of multiples of λ/(2〈n̄〉). As seen in Fig. 2.9 (right), the dip becomes narrower with
decreasing absorption in the active quantum wells, which indicates an increase of
the resonator’s quality factor. In practice, a measurement of the reflectivity spectrum
after epitaxial growth of the VCSEL structure is extremely helpful. On the one hand,
it provides immediate information about the lasing wavelength to be expected from
the sample. On the other hand, the shape of the spectrum and the amount of offset
of the dip from the center of the stop-band tell about unwanted deviations from the
target layer structure. These can subsequently be corrected without wasting time
during laser processing.

Figure 2.10 shows the result of a numerical calculation of the electric field dis-
tribution for a model VCSEL that contains three active InGaAs QWs in the center,
an 18 pairs GaAs–Al0.7Ga0.3As top and a 24.5 pairs GaAs–AlAs bottom Bragg
reflector. It is seen that, due to the high reflectivities of the mirrors, a pronounced
resonant enhancement of the field amplitude is built up. In the given example, the
half-width of the envelope is 1.7 µm, and the field amplitude in the antinode at
the surface is less than 10% of the maximum value found near the center. Details of
the standing-wave pattern together with the conduction band edge profile in flat-band
approximation were already displayed in Fig. 2.7. In the Bragg reflectors, single-step
grading of the heterointerfaces has been introduced to reduce the potential barrier
and thus the electrical resistance. Grading is especially important at those hetero-
junctions that are electrically driven in backward direction, which, in the present
design, just occur at nodes of the standing-wave pattern. It is thus possible to
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Fig. 2.9 Reflection spectrum of a 980 nm wavelength VCSEL with 16 top and 22.5 bottom GaAs–
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apply modulation doping in the mirrors in order to optimize the current–voltage
characteristics without significantly increasing the threshold gain [51]. It should be
noted that several bandgap engineering techniques like multi-step, superlattice-type,
or continuous gradings have been successfully applied in practice. Adverse effects
on the mirror reflectivities can be kept small with thin intermediate layers or can be
compensated for by increasing the mirror thickness. The AlAs layer in the top Bragg
reflector in Fig. 2.7 serves to provide current and photon confinement after selective
oxidation, which will be discussed in Sects. 2.3.1 and 2.3.4.

2.2.7 Energy Flux and Differential Quantum Efficiency

Above the threshold current Ith, top and bottom light output powers Pt and Pb,

respectively, increase linearly with driving current I [40, 45], which follows from the
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laser rate equations (see Sect. 2.4.1). We write

Pt,b = ηdt,b
�ω

q
(I − Ith), (2.34)

where we have defined the differential quantum efficiency ηdt,b describing the frac-
tion of injected electrons that produce coherent emission in the top or bottom external
beam, and �ω (with the reduced Planck’s constant � = h/(2π) and the optical angu-
lar frequency ω) denotes the photon energy. Laser heating and higher-order effects
such as spatial hole burning or thermal lensing (see Chap. 3 of this book) lead to
deviations from the simple relationship (2.34). The differential quantum efficiency
contains the current injection efficiency ηI from (2.23) as

ηdt,b = η̂dt,bηI , (2.35)

where the photonic quantum efficiency η̂dt,b characterizes the percentage of generated
coherent light that is available as top or bottom emission. Owing to loss in the
resonator we always6 find η̂dt + η̂db < 100%. The emitted coherent power is related
to the time-averaged Poynting vector [40] �S = Re{ �E × �H∗} with ∗ denoting complex
conjugation. In the one-dimensional scalar approach used in the preceding section,
from the corresponding Maxwell equation, the (linearly polarized) magnetic field is
proportional to the longitudinal spatial derivative of the electric field as

H = Hy = i

ωμ0

dE

dz
, (2.36)

where μ0 is the vacuum permeability. With field components Ex and Hy only, energy
flux exclusively occurs in ±z-directions, i.e., Sx = Sy = 0. Using (2.29) and (2.36)
yields the expression

Sm(z)= βm

ωμ0
|E+

m |2exp{−αm(z − zm)} − βm

ωμ0
|E−

m |2exp{αm(z − zm)}

+ αm

ωμ0
Im

{
E+

m (E−
m )∗exp{−i2βm(z − zm)}} (2.37)

for the energy flux in section m of the multilayer structure. The first and second
terms describe the energy flux of the forward and backward propagating waves,
respectively, which are mutually coupled by the third term whenever the material
exhibits gain or loss, i.e., when αm �= 0.

Figure 2.11 depicts the energy flux for the standing-wave patterns of Figs. 2.7 and
2.10. It becomes clear that power is generated in the QWs only, as characterized by

6 Locally, in transition regions between predominant oscillation on different transverse modes,
ηd = ηdt + ηdb > 1 arising from redistributions of the carrier density profile can be observed
(see, e.g., [52]). Moreover, differential quantum efficiencies ηd > 1 can regularly be obtained in
laser diodes with cascaded pn-junctions (by means of tunnel junctions), at the expense of higher
operating voltages [53, 54].

http://dx.doi.org/10.1007/978-3-642-24986-0_3
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Fig. 2.11 Normalized energy flux density in a VCSEL cavity corresponding to the electric field
distributions in Figs. 2.10 (left) and 2.7 (right)

dS/dz > 0. Extrema in the energy flux are found on both sides of the three-QW
system, and power flux occurs toward the Bragg reflectors (S < 0 signifies energy
transport in −z-direction), where the flux is diminished due to the distributed loss.
Closer inspection of the right-hand diagram shows that in the passive layers, regions
with high negative slope of S(z) alternate with regions in which the slope is close
to zero, where the period length is half a material wavelength. A comparison with
Fig. 2.7 reveals that high and low slopes correspond to antinodes and nodes of the
standing-wave pattern E(z), respectively. In other words, the losses close to a field
node contribute much less to a decrease of the efficiency of a VCSEL. This finding
gave rise to the concept of modulation doping [51], i.e., the doping level7 is increased
in the vicinity of a field node and correspondingly decreased in regions of high field
strength.

The photonic quantum efficiency for top and bottom emission η̂d = η̂dt + η̂db is
identified as the fraction of the generated flux that is emitted through the top or
bottom mirrors, i.e., [56]

η̂d = gth

gth + αa

(
1 +

∑
i,pass. ΔSi∑
i,act. ΔSi

)
with ΔSi = S(zi+1) − S(zi ), (2.38)

where gth is the threshold gain previously determined by the transfer matrix method
(in which loss in the active layers is not taken into account). The sum in the numerator
or denominator extends over all passive or active segments, respectively. Obviously,
loss leads to flux increments ΔSi < 0 and thus to η̂d < 1. Denoting the top and
bottom emitted energy flux by St = S(z1) < 0 and Sb = S(zM+1) > 0, respectively

7 Free carriers cause optical absorption losses which have been found to scale as αfc = (3 · 10−18

n + 7 · 10−18 p) cm2 for GaAs (see [55], p. 175), where n and p are the electron and hole densities,
respectively.
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(see Fig. 2.8 for the labeling of the layers), the corresponding photonic quantum
efficiencies are

η̂dt = η̂d
|St|

|St| + |Sb| and η̂db = η̂d
|Sb|

|St| + |Sb| . (2.39)

Figures 2.7 and 2.10 have been calculated with constant αi = 20 cm−1. In general,
spatially varying absorption can accurately be taken into account in the transfer matrix
computation. To illustrate the effect of reduced average absorption on the energy flux
distribution, as to be achieved by modulation doping, a curve with αi = 10 cm−1 has
been included in Fig. 2.11. Compared to values gth = 1,820 cm−1 and η̂d = 67%
before, threshold gain and differential efficiency are modified to gth = 1,520 cm−1

and η̂d = 80 %, respectively, such that gth · η̂d ≈ const. Without any loss, horizontal
lines S(z) would appear in the passive layers in Fig. 2.11.

Employing the simple formalism from Sect. 2.2.4, the photonic differential quan-
tum efficiency results from (2.17) as

η̂d = τp

τp,m
≈ αm

αi + αm
= 1

1 − αi Leff/ ln
√

Rt Rb
, (2.40)

where τp,m is the photon lifetime related to mirror losses. In analogy to edge-
emitting lasers, the top- and bottom-side quantum efficiencies have to be written as
(see [57, Chap. 2])

η̂dt,b = η̂d · ηut,b (2.41)

with the unbalance factors

ηut,b = Tt,b
√

Rb,t

Tt,b
√

Rb,t + Tb,t
√

Rt,b
= Tt,b

√
Rb,t

(
√

Rt + √
Rb)(1 − √

Rt Rb)
(2.42)

which satisfy ηut + ηub = 1 and assume the values ηut = ηub = 0.5 for Rt = Rb. In
(2.42), Tt,b = 1 − Rt,b are the transmissivities of the lossless mirrors. The ratio
between top and bottom emitted powers is thus8

Pt

Pb
= ηut

ηub
= (1 − Rt)

√
Rb

(1 − Rb)
√

Rt
. (2.43)

In this analytical approach (2.40)–(2.43), however, the effects of optimization tech-
niques like modulation doping cannot be easily assessed.

8 In other texts one often finds αm = αmt + αmb with αmt,b = − L−1
eff ln

√
Rt,b (compare with

(2.17)) and thus ηut,b = αmt,b/αm = ln Rt,b/ ln(Rt Rb). For VCSELs we have Rt,b ≈ 1, and with the
approximation ln x ≈ x − 1 we get ηut,b ≈ Tt,b/(Tt + Tb), which is also obtained from (2.42) when
setting

√
Rt ≈ √

Rb ≈ 1. In both cases, the ratio (2.43) is then Pt/Pb ≈ Tt/Tb.
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From (2.14) while assuming αa 	 gth and da 	 Leff we obtain

gth · η̂d ≈ Leff

Γrda
(αi + αm) · αm

αi + αm
= − ln

√
Rt Rb

Γrda
, (2.44)

which is independent of the internal losses, as found in the numerical example at the
end of the previous paragraph.

2.2.8 Conversion Efficiency

The wallplug or conversion efficiency ηc for emission through the top or bottom
mirror is defined as the ratio of coherent light output power and electrical input
power, namely

ηct,b = Pt,b

I V
, (2.45)

where V is the voltage applied across the VCSEL. Usually the current–voltage char-
acteristic can be approximated by

V ≈ Vk + Rd I, (2.46)

where Rd = dV/dI denotes the differential resistance, and the kink voltage Vk
is related to the separation of quasi-Fermi energies but can be approximated by
Vk ≈ �ω/q. Non-perfect grading of heterointerfaces induces a larger voltage offset
accompanied by a pronounced curvature of the I–V characteristic [58]. Using (2.34),
(2.45), and (2.46) leads to

ηct,b = ηdt,b
�ω

q

I − Ith

I Vk + I 2 Rd
, (2.47)

showing that for I � Ith the series resistance is responsible for the decrease of ηct,b
with increasing current. In the limit Rd → 0 and I � Ith we have approximately
ηct,b → ηdt,b. The efficiency is maximized at the laser current

Îc = Ith ·
(

1 + √
1 + ξ

)
with ξ = Vk

Ith Rd
, (2.48)

from which the peak conversion efficiency is obtained as

η̂ct,b = ηdt,b
�ω

qVk

ξ

(1 + √
1 + ξ)2

= ηdt,b
�ω

qVk
fc(ξ). (2.49)

Figure 2.12 shows the conversion function fc(ξ), approaching fc(ξ) → 1 only
slowly with increasing ξ. Even for perfect injection and photonic quantum efficien-
cies as well as a kink voltage close to the photon energy equivalent voltage �ω/q,
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Fig. 2.12 Electrical-to-
optical conversion function
for laser diodes with
linear current–voltage
characteristics. Data for the
1.06 µm wavelength VCSEL
(Vk = 1.27 V, Ith = 0.7 mA,
Rd = 50 �, ξ = 36) and the
808 nm EEL (Vk = 1.56 V,
Ith = 180 mA, Rd = 0.07 �,

ξ = 124) are taken from
[24, 25] and [59],
respectively
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maximum obtainable conversion efficiencies cannot exceed fc. For high-efficiency
lasers it is certainly desired to strive for small products Ith Rd or equivalently jth R̄d
with the sheet resistance R̄d = Rd Aa. Unfortunately for VCSELs, the usually thick
multilayer stack leads to higher sheet resistances compared to EELs.9 Likewise, thin
QW gain regions with small round-trip gain induce higher threshold current densities.
For these reasons, VCSEL conversion efficiency curves, as displayed below, show
rollover at smaller ratios Îc/Ith compared to, e.g., broad-area EELs for high-power
applications. Figure 2.12 contains data points for a record EEL with η̂c = 75% and
Îc/Ith ≈ 12 [59] and an optimized VCSEL with η̂c = 62% and Îc/Ith ≈ 7 [24, 25].
Since there exists a tradeoff between increasing layer conductivity (leading to
small Rd) and decreasing threshold gain (leading to small Ith) while maintaining
high differential efficiencies, it becomes clear that obtaining peak conversion effi-
ciencies above 70% is one of the most challenging topics in VCSEL research. In
[24, 25], undoped DBRs and a double intra-cavity contact scheme are employed to
minimize optical losses. On the other hand, due to low threshold currents, VCSELs
readily offer fairly high ηc at low output powers even in the sub-mW range, which
is of special importance for parallel-optical interconnect applications and not at all
easily achieved with EELs.

2.3 Emission Characteristics of Oxide-Confined VCSELs

This section illustrates exemplary experimental data of selectively oxidized VCSELs.
Device layout and fabrication are described, the operation behavior of multimode
as well as single transverse mode VCSELs and arrays are shown, and the origins
of the observed temperature characteristics are investigated. Transverse modes are

9 Although small-area VCSELs appear to have fairly competitive sheet resistances, threshold
current densities tend to be in the kA/cm2 range.
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Fig. 2.13 Schematic
cross-sectional view of a
selectively oxidized VCSEL

p-ring contact

p-Bragg reflector

Active layers
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GaAs substrate

Light output

Light output

Oxidized Al O
current aperture

x y

introduced in a general Laguerre–Gaussian approximative manner, and effective
index guiding in oxidized VCSELs is quantified.

2.3.1 Device Structure

Figure 2.13 illustrates the general configuration of the investigated selectively oxi-
dized VCSELs. The multilayer system is grown by solid-source molecular beam
epitaxy on n-GaAs substrate. For emission wavelengths in the 980 nm (850 nm) spec-
tral region, the active region consists of half-wavelength thick GaAs (Al0.2Ga0.8As)
with three, each 8 nm thick compressively strained In0.2Ga0.8As (unstrained GaAs)
QWs separated by 10 nm barriers in the center. Quarter-wavelength Al0.4Ga0.6As
(Al0.5Ga0.5As) cladding layers are introduced on both sides of the active region to
improve longitudinal carrier confinement and to make the inner region one wave-
length thick. Top and bottom mirrors contain Al0.7Ga0.3As−GaAs (Al0.9Ga0.1As−
Al0.2Ga0.8As) quarter-wavelength Bragg stacks. Single-step grading with 5 nm thick
layers of intermediate bandgap energy is used to reduce the electrical series resis-
tance. Current is supplied through the carbon p-doped top and silicon n-doped bottom
reflectors, where modulation and δ-doping is required for high performance devices
[58]. Current confinement is achieved by means of selective lateral oxidation [18]
of an about 30 nm thick AlAs layer placed directly above the top cladding layer (see
Fig. 2.7). Oxidation is done in an about 400◦C hot water vapor atmosphere [22],
leading to lateral oxidation rates in the 1 µm/min range. Semiconductor layers with
lower Al content have much lower oxidation rates [60]. Before oxidation, a mesa is
formed by wet or dry etching. Applying TiPtAu top and AuGeNi bottom ring con-
tacts, simultaneous top and bottom laser emission from InGaAs QWs is obtained.
The etched mesa size might be chosen several 10 µm larger than the envisaged active
diameter which can be adjusted from, e.g., 1 µm to above 100 µm by proper choice
of mesa diameter and oxidation time.
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Fig. 2.14 Output power, conversion efficiency, and current–voltage characteristics of a high-
efficiency selectively oxidized InGaAs QW VCSEL with 20 µm active diameter (left). Emission
spectrum at I = 15 mA driving current (right) [61]

2.3.2 Experimental Operation Characteristics

Figure 2.14 shows the operation characteristics of an InGaAs QW VCSEL with
20 µm diameter of the oxide aperture [61]. Threshold current and threshold voltage
are 3 mA and 1.65 V, respectively. Since the differential resistance is less than 40 �

under lasing conditions, the driving voltage remains below 3.5 V up to the maximum
output power of 40 mW which is limited by thermal rollover. No dedicated heat-
sinking was applied. The peak conversion efficiency of η̂ct = 47% is observed for
a driving current of 10 mA at an output power of 10 mW, where several transverse
modes oscillate simultaneously. The mode spacing is about 0.2 nm, and the total
−10 dB spectral emission bandwidth is less than 2 nm. The emission spectrum
changes rapidly with increasing bias current and higher-order, shorter-wavelength
modes become more dominant. The high wallplug efficiency is related to the favor-
able top-side differential quantum efficiency of ηdt ≈ 90%. Owing to the compar-
atively large driving voltage at optimum power conversion, the electrical series
resistance consumes about 40% of the total input power. Other sources of loss are
bottom emission, carrier escape, spontaneous emission, and internal absorption and
scattering in the mirrors as well as the active region. Highest power conversion effi-
ciencies reported to date are above 50% [21–25]. The present record device with
η̂ct = 62% is a multimode laser with a 7 µm diameter oxide aperture [24, 25].

Top-emitting VCSELs with larger active size begin to suffer from laterally inho-
mogeneous current supply due to current crowding at the oxide aperture edge and tend
to develop ring-shaped near- and far-field patterns. Homogeneous large-area emis-
sion can be achieved from bottom-emitting devices with appropriate heat-sinking
[62].

In contrast to transverse multimode devices, Fig. 2.15 illustrates the operation
behavior of a small-diameter oxide-confined VCSEL exhibiting high single-mode
output powers [63]. The GaAs QW device is designed for emission in the 850 nm
spectral region, being defined as a standard for short-distance optical interconnects.
The threshold current is about 500 µA, and the maximum fundamental mode out-
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Fig. 2.15 Operation characteristics (left) and current-dependent emission spectra (right) of a 3.5 µm
active diameter GaAs QW single-mode VCSEL [63]

put power of 4.8 mW is achieved at a driving current of 4.1 mA, corresponding to
a wallplug efficiency of 35%. Usually, the single-mode emission limit is defined
through a side-mode suppression ratio (SMSR) of larger than 30 dB. Maximum
power conversion of η̂ct = 42% occurs at I = 2 mA and Pt = 2.2 mW. The red-shift
of the emission spectrum with increasing current indicates internal heating of the
VCSEL, which is discussed in Sect. 2.3.3. The onset of the higher azimuthal order,
donut-shaped transverse mode for high currents is initiated by fundamental mode
spatial hole burning and thermally induced waveguiding. It should be mentioned
that VCSELs with much smaller threshold currents in the sub-100 µA range have
already been demonstrated [26] by choosing small active diameters and high mirror
reflectivities which, however, greatly limits the achievable output power and conver-
sion efficiency levels.

Owing to their surface-normal emission, VCSELs especially lend themselves
to form one- and two-dimensional arrays for various applications including highly
parallel optical interconnects. Some early work is found in [64–70]. An extensive
discussion is contained in Chap. 16 of this book. Figure 2.16 presents layout and
characteristics of a VCSEL array consisting of 32 individually addressable devices
arranged in a 4×8 matrix, designed for hybrid integration by direct flip-chip bonding
onto Si CMOS circuits [71, 72]. The particular array shows transverse multimode
emission at 990 nm wavelength with excellent homogeneity of L–I and I –V curves.
The device pitch of 250 µm is well suited for direct coupling to dense arrays of silica
or plastic optical fibers to establish inter- and intra-cabinet data links down to optical
backplanes in advanced computer environments that require channel data rates in the
10 Gbit/s regime. Single-channel digital data transmission at 12.5 Gbit/s has been
reported with such arrays [71].

2.3.3 Temperature Behavior

Caused by the short optical resonator, the emission wavelength λ of a VCSEL is
determined by the cavity resonance and not by the gain peak as in conventional

http://dx.doi.org/10.1007/978-3-642-24986-0_16
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Fig. 2.16 Layout (left) [71] and static operation characteristics (right) [72] of a 4 × 8 elements,
6 µm individual device diameter bottom-emitting VCSEL array suitable for flip-chip mounting

Fabry–Pérot-type EELs. The thermal wavelength shift is thus mainly governed by
changes of the average refractive index in the resonator and to a smaller extent (about
10%) by the thermal expansion of the semiconductor layers. Consequently, the wave-
length shift of the mode depends on the material composition of the Bragg reflectors
and the inner cavity. For VCSELs in the 800–1,000 nm emission wavelength range,
the mode shift is typically found to be ∂λ/∂T ≈ 0.07 nm/K. With this ratio, internal
temperature rises can be estimated from measured spectral red-shifts as in Fig. 2.15.

On the other hand, the active QWs show a shift of the peak material gain
wavelength λp according to ∂λp/∂T ≈ 0.32 nm/K mainly due to bandgap shrink-
age. Because of differing gain and mode shifts with increasing current (and thus
device temperature), a mutual shift of lasing mode and gain spectrum occurs.
Figure 2.17 illustrates the resulting material gain experienced by the VCSEL mode
as a function of temperature T. The calculations are performed for an 8 nm thick
In0.2Ga0.8As–GaAs QW at a fixed carrier density of n = 3 ·1018 cm−3. Although the
peak gain continuously decreases with increasing temperature, the modal material
gain can decrease or increase depending on the amount of wavelength detuning at
room temperature, which is characterized in Fig. 2.17 by the offset δλg = λ(Tref) −
λp(Tref) with Tref = 300 K. The offset δλg can be adjusted during epitaxial growth of
the VCSEL structure. Of great practical interest is the choice δλg > 0. Starting from
operation at room temperature, with increasing laser current or ambient temperature
the gain available for the mode increases, thus compensating for the decay of the
peak gain and temperature-dependent loss mechanisms in the active region. In this
way, the output power of the VCSEL can be made rather temperature-insensitive.

As a result of the temperature-dependent detuning, the threshold current of a
VCSEL usually varies with temperature as Ith(T )= Ith,min ·(1+CT (T −Tmin)

2) with
a constant CT > 0. An example can be seen in [22]. Within certain limits, a higher
δλg leads to an increase of Tmin. As expected from Fig. 2.17, the maximum modal
material gain and thus the minimum VCSEL threshold current Ith,min is not obtained
for optimum alignment of mode and gain peak but is found at lower temperatures with
a negative detuning. Whereas this effect is relatively small in high-quality InGaAs
or GaAs QW active material, it has to be taken into account for the design of long-
wavelength VCSELs based on InP [73].
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Fig. 2.17 Modal material
gain coefficient as a function
of temperature. The upper
dashed curve for λ = λp is
the peak gain. The lower
curves are calculated for
different gain offsets δλg at
room temperature. Modal
positions at Tref = 300 K are
indicated as arrows in the
cross-hatched spectral gain
profiles g(λ) in the insets
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Heating of the VCSEL is suitably described by the thermal resistance

RTh = ΔT

Pdiss
, (2.50)

defined by the ratio of temperature increase ΔT in the device and dissipated electrical
power Pdiss. For VCSELs with high wallplug efficiency it is important to use

Pdiss = I V − Pt − Pb = I V − P = I V (1 − ηc) (2.51)

instead of the electrical input power since otherwise one would neglect “photon
cooling” by the radiated optical power P. The thermal resistance often closely obeys
the simple relation [74]

RTh ≈ 1

2λTh Da
, (2.52)

which is obtained assuming heat flow from a circular area with diameter Da, here
identified as the active diameter, into a half-space filled with a medium of thermal con-
ductivity λTh. Thermal resistances plotted in Fig. 2.18 were measured for top- as well
as bottom-emitting devices, both mounted substrate-down without dedicated heat
sink. The thermal resistance is determined experimentally as RTh = C1/C2 from two
measurements, namely the wavelength shift with consumed power, C1 = Δλ/ΔPdiss,

and the shift with varying heat-sink temperature, C2 = Δλ/ΔThs, usually at pulsed
operation, i.e., with negligible dissipated power. As mentioned before, C2 ≈
0.07 nm/K for short-wavelength VCSELs. The lines in Fig. 2.18 are curve fits accord-
ing to (2.52), leading to average thermal conductivities of the multilayer stack close
to that of the GaAs substrate. Thermal resistances of VCSELs can be considerably
reduced by upside-down mounting on a heat-spreader, requiring, however, bottom
emission through a transparent substrate or even substrate removal [75].

With increasing driving current above threshold or increasing ambient tempera-
ture, a typical rollover of the output power characteristics is observed. Higher carrier
densities to maintain the threshold gain, carrier and current leakage effects, as well
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Fig. 2.18 Experimental and
fitted thermal resistances
of substrate-side-mounted
top- and bottom-emitting
VCSELs as a function of
active diameter Da. The data
points are fitted according to
(2.52)
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Fig. 2.19 Continuous-wave
operation light–current
curves of a VCSEL with
4 µm active diameter
for various heat-sink
temperatures from −80 to
+185◦C [22] (© 1997 IEEE)
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as increased non-radiative recombination are generally made responsible for the
deviation from the linear increase of output power with current. Figure 2.19 shows
output characteristics of an oxidized VCSEL for various heat-sink temperatures up
to Ths = 185◦C . By observing the red-shift of the emission spectrum, it is found [22]
that for room temperature operation, rollover occurs at about ΔT = 90 K internal
temperature rise, whereas laser turn-off at T ≈ 200◦C is fairly independent of Ths.

A more detailed analysis of the output characteristics in Fig. 2.19 shows that in a
reduced temperature interval between −40 and +80◦C that is of primary techni-
cal interest for datacom applications, the threshold current varies between 300 and
500 µA, while the laser current required for 1 mW output power ranges between
1.5 and 1.85 mA. The results clearly demonstrate that well-designed VCSELs can
operate over an extremely wide temperature range, often even making external tem-
perature control unnecessary.
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2.3.4 Transverse Modes

Analyzing the transverse mode behavior of VCSELs is a rather complex subject.
The purpose of this section is to give a rough idea of the modal properties; details
can be found in Chap. 3 of this book. The number and intensity of oscillating modes
is related to the balance between optical losses during round-trip propagation in
the cavity and amplification in the short active section of the VCSEL. Losses are
due to absorption, scattering, as well as diffraction and largely depend on the vertical
waveguiding properties of the multilayer stack. Unfortunately, in the most promising,
oxide-confined device designs to date, waveguide-like structures cannot be easily
identified and are even inhomogeneous in the propagation direction. In the active
layers, amplification is non-uniform among different modes owing to varying spatial
overlaps between optical gain and mode intensity profiles (different Γt in (2.19)).
Rather unimpressed by the amount of complexity involved, modes emitted from
circularly symmetric VCSEL structures prefer to closely resemble the profiles of the
Laguerre–Gaussian mode family [76], constituting the eigenfunctions for guided-
wave propagation in a quadratic refractive index medium. In planar proton-implanted
VCSELs, a correspondence to this refractive index distribution can be found in the
thermally induced index profile that is established as a result of internal heating [56],
and even the more step-like effective index profile in selectively oxidized VCSELs
discussed below can be roughly approximated in this way.

The near-field intensity profiles of the modes are then written as

Slp(r, ϕ) ∝ |Elp(r, ϕ)|2

∝
(

2r2

w2
0

)l
[

L(l)
p−1

(
2r2

w2
0

)]2 {
cos2(lϕ)

sin2(lϕ)

}
exp

{
−2r2

w2
0

}
,

(2.53)

where (r, ϕ) are cylindrical coordinates and L(l)
p−1 is the generalized Laguerre poly-

nomial of kind l and order p − 1, with integers l and p characterizing the azimuthal
and radial mode orders, respectively. The nomenclature of mode orders is chosen in
analogy to linearly polarized LPlp optical fiber modes. From (2.53), the fundamental
mode

S01(r) ∝ exp

{
−2r2

w2
0

}
(2.54)

is of simple Gaussian shape with azimuthal symmetry. All modes can oscillate in two
orthogonal states of polarization. Including polarization, the degeneracy of modes
with l ≥ 1 is fourfold, whereas it is twofold for l = 0 . The mode field radius or spot
radius w0 is expressed as

w0 =
√√√√ aλ

π

√
n̄2

0 − n̄2
a

, (2.55)

http://dx.doi.org/10.1007/978-3-642-24986-0_3
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introducing the distance a at which the refractive index profile

n̄2(r)= n̄2
0 − (n̄2

0 − n̄2
a) · (r/a)2 (2.56)

has dropped from n̄(r = 0)= n̄0 at the waveguide center to the value n̄(r = a)= n̄a.

Near-field mode profiles according to (2.53) can be easily transformed into the far-
field and thus be conveniently accessed experimentally. In particular for the funda-
mental mode, the full far-field angle at which the intensity has dropped to one-half of
its maximum writes as ΘFWHM ≈ λ

√
2 ln 2/(πw0), where the approximation holds

for angles satisfying tan Θ ≈ Θ.

As an example, Fig. 2.20 shows measured and calculated far-field distributions
of a large-diameter planar proton-implanted VCSEL [77]. For the calculation, spot
diameters (2.55) are determined self-consistently by taking the generated internal
temperature profile into account. Far-fields are then obtained from a superposition
of different mode intensities, the weighting of which is taken from the experimental
emission spectra. In the insets in Fig. 2.20, the asterisks at the LP11 and LP12 modes
indicate a superposition of the cos2(lϕ) and sin2(lϕ) terms in (2.53) to obtain the
experimentally observed azimuthally symmetric mode profiles. Increasing the cur-
rent leads to a red-shift of the overall spectrum due to pronounced heating. Stronger
waveguiding and photon–carrier interactions like spatial hole burning favor oscil-
lation of shorter-wavelength modes of increasingly higher order. In general, the
Gaussian fundamental mode is followed by the LP11 donut mode with vanishing
on-axis intensity. It is seen that an excellent correspondence between measurement
and calculation is obtained, supporting the applicability of the simplified Laguerre–
Gaussian field approach. In fact, thermally induced index guiding is a much stronger
effect than gain guiding in proton-implanted VCSELs. It has to be noted that the
prediction of the emission spectra itself is a much more demanding task.

When applying a similar approach to get a simple understanding of mode prop-
agation in oxide-confined VCSELs, the main difficulty is the identification of a
suitable refractive index profile in the planar cavity. The vital role that is played by
the oxide layer can be inferred from the reduction of its refractive index from about
3.0 before to only n̄ox ≈ 1.6 after selective oxidation [78]. The local index decrease
leads to a blue-shift Δλox < 0 of the cavity resonance wavelength in the oxidized
section with respect to the active device center. The wavelength shift can be easily
determined from transfer matrix calculations and be translated into an average cavity
index variation

Δn̄c = 〈n̄〉Δλox/λ, (2.57)

where λ and 〈n̄〉 denote the resonance wavelength and average refractive index
before oxidation [79]. In this way, we have used a perturbation-like approach to
convert the inhomogeneous index profile into that of a homogeneous step-index
fiber.10

10 The effect of the oxide aperture on laser mode formation can also be understood as that of a
focusing lens. Since the refractive index is higher in the active area compared to the oxidized region,
a phase shift is induced in the traveling wave which reduces its diffraction losses [48].
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Fig. 2.20 Measured and calculated far-field distributions of a 19 µm diameter proton-implanted
VCSEL as well as corresponding emission spectra for different driving currents above threshold
current Ith = 4.9 mA [77] (© 1995 IEEE)

Figure 2.21 shows calculated index variations for a model 980 nm VCSEL as a
function of the oxide thickness dox for different positions of the oxide layer. Owing
to the exponential-like decay of the longitudinal standing-wave pattern in Fig. 2.10,
the detuning decreases with increasing distance from the active layers. Likewise,
induced cavity index variations are larger when the oxide layer is located closer to an
antinode of the electric field. On the other hand, placing the aperture right at a field
node creates a weakly index-guided waveguide while still providing ideal current
confinement. Intuitively it is clear that such a configuration should favor transverse
single-mode emission of a VCSEL, which has indeed been proven experimentally
[22]. Restrictions from oxidation technology and voltage breakdown behavior limit
the minimum oxide thickness to 10–30 nm. Even with dox = 30 nm, cavity index
steps |Δn̄c| of just a few times 10−3 can be obtained. Weak-index-guiding designs
and an appropriate choice of the active size have led to single-mode VCSELs like in
Fig. 2.15 with output powers in the few mW range. Single-mode VCSELs are treated
in much larger depth in Chap. 4 of this book.

The conversion of the longitudinally inhomogeneous refractive index profile of
a VCSEL into that of a homogeneous quadratic or step-index waveguide also eas-
ily allows estimations of the transverse mode spacing Δλlp. From the propagation
constant [80]

http://dx.doi.org/10.1007/978-3-642-24986-0_4
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βlp ≈ 2π n̄0

λ
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⎝1 − 2p + l − 1

2π

λ

a

√
n̄2

0 − n̄2
a

n̄2
0

⎞
⎠ (2.58)

of a weakly guided mode in a quadratic index medium, one expects a proportionality
Δλlp ∝ λ2/Da, whereas a step-index guide can even lead to Δλlp ∝ λ3/D2

a [81].
In the first case, the characteristic profile diameter 2a is assumed to scale with the
active diameter as 2a ∝ Da. As seen in Fig. 2.15, transverse mode spacings of small-
diameter VCSELs can easily exceed 1 nm. In the emission spectrum, the influence
of thermally induced index guiding is indicated by an increase of mode spacing with
current. It should be added that any deviation of the refractive index profile (including
the gain profile of the active layer) from the assumed symmetry, tracing back to, e.g.,
processing tolerances, thermal oxidation rates depending on the crystal orientation,
induced stress, or built-in strain can break the degeneracy of modes with respect
to both orientation and polarization, resulting in a more complex transverse mode
spectrum. For more details, see Chap. 3 of this book.

2.4 Dynamic and Noise Behavior

Applications of VCSELs in data transmission systems rely on the dynamic and noise
properties of the source. These characteristics are generally obtained from rate equa-
tions [40, 45] describing the time evolutions of electrons and photons in the laser
cavity as well as their interaction. The dynamic behavior is most easily inferred from
the small-signal current modulation transfer function. Noise originates from sponta-
neous emission whose statistic nature is expressed in the rate equations by Langevin

http://dx.doi.org/10.1007/978-3-642-24986-0_3
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forces for carriers and photons. The amplitude noise is quantified by the relative
intensity noise spectrum, and the phase noise is visible as a finite laser linewidth.
Both processes occur in VCSELs in the same way as in EELs. For simplicity we
will mostly restrict ourselves to single-mode laser oscillation and provide practical
examples.

2.4.1 Rate Equations

The well-accepted laser rate equations characterize the carrier and photon reservoirs
in terms of time derivatives d/dt as

dn

dt
= ηI j

qda
− n

τsp(n)
− Γr

∑
m

gm(n)Nmvgr,m + Fn(t), (2.59)

dNm

dt
= Γmβsp,m

n

τsp,r(n)
+ ΓmΓrgm(n)Nmvgr,m − Nm

τp,m
+ FN (t), (2.60)

where n is the carrier (electron or hole) density and Nm is the photon density of the
m-th laser mode. In regular VCSELs without extended cavity, only transverse modes
with identical longitudinal mode order can oscillate. Particle densities are taken as
spatial averages over the corresponding active volume Va or the mode volume Vp,m .

The current injection efficiency ηI was already introduced in (2.23) and (2.35).
The photon density of the considered mode is increased by spontaneous emission

according to the spontaneous recombination rate βsp,mn/τsp,r (with the spontaneous
emission factor βsp,m [82] and the radiative part τsp,r of the spontaneous recombina-
tion lifetime according to (2.24)) and decreases due to optical losses and outcoupling,
both included in the photon lifetime τp,m . With the relative confinement factor Γr
from Sect. 2.2.3, the stimulated emission terms in (2.59) and (2.60) take the spatial
overlap between the QWs with material gain gm and the standing-wave pattern in
the resonator into account.

Corresponding to (2.20), Γm = Va/Vp,m = Γl · Γt,m holds for the confinement
factor of the m-th mode. The Langevin forces Fn(t) for the electron density and
FN (t) for the photon density have been added to account for the statistical nature of
spontaneous emission events that are responsible for laser noise [40, 45].

In the rate equations (2.59) and (2.60) we have assumed that the laser modes do not
interact and that stimulated emission takes place from an identical carrier reservoir
for all modes. For the following discussion it is sufficient to restrict ourselves to the
important case of single transverse mode emission, greatly simplifying the system
of rate equations.11 The modal material gain coefficient of the QWs at the spectral
position of the lasing mode, which for VCSELs in general is not identical to the peak
gain (see Fig. 2.17), is then approximated by

11 Namely there is no sum anymore in (2.59), gm(n) → g(n), Nm → N , vgr,m → vgr, and there
is only one equation (2.60), in which Γm → Γ, βsp,m → βsp, and τp,m → τp.
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g(n, N )= g(n)

1 + εN
, (2.61)

where g(n) was already introduced in (2.21) and (2.22). Gain compression [83]
caused by spectral hole burning or carrier heating is quantified by the parameter ε.

In a more detailed rate equation model [84], transport effects are considered
by assuming current injection into the barrier layers surrounding the QWs and by
distinguishing between carrier reservoirs in the active QW region and in the adjacent
barriers. Carrier exchange is then governed by supply and escape time constants.
It is found experimentally that transport effects do not limit the VCSEL modulation
speed up to frequencies of at least 20 GHz. In addition to carrier transport in the inner
cavity region, the rate equations (2.59) and (2.60) neglect spatial hole-burning effects
and the associated lateral carrier diffusion as well as the fact that many parameters
depend on the temperature.

2.4.2 Small-Signal Modulation Response

From the rate equations we can infer the dynamic response of the VCSEL to a
harmonic variation ΔI (t) of the current about an operating point I0 � |ΔI (t)|.
The equations are first of all linearized with respect to the resulting variations Δn(t)
and ΔN (t) (which are small compared to n0 and N0, respectively) and after that
Fourier transformed into quantities Δ Ĩ (ν), etc. to obtain the spectral fluctuations
as a function of the modulation frequency ν. The carrier-dependent part of the gain
coefficient is also linearized. As an example, for (2.21) we can write

g(n0)= g1 ln
n0

nt
≈ ā(n0 − n̄t) (2.62)

with the differential gain coefficient ā and the transparency carrier density n̄t
expressed as

ā = g1

n0
and n̄t = n0

(
1 − ln

n0

nt

)
. (2.63)

The Langevin forces Fn, FN are both set to zero since noise is not of interest
here. Neglecting the spontaneous emission contribution in (2.60) owing to the small
magnitude of βsp [82], the resulting modulation transfer function that relates the
photon density fluctuations to those of the modulating current is finally obtained as

H(ν)= ΔÑ (ν)

Δ Ĩ (ν)/q
= A

4π2(ν2
r − ν2) + i2πγ ν

(2.64)

with the amplitude factor

A = ηI vgrΓrāN0

Vp(1 + εN0)
, (2.65)
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Fig. 2.22 Measured
modulation transfer function
|H(ν)|2 of a single-mode
oxidized VCSEL for
different currents above
threshold current
Ith = 1.1 mA [86]. Solid
lines are curve fits according
to (2.64)
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the damping coefficient

γ = 1

τsp
+ AVp + εN0

τp(1 + εN0)
, (2.66)

and the resonance frequency

νr = 1

2π

√
A

Vp

τp

(
1 + ε

τspvgrΓrā

)
≈ 1

2π

√
A

Vp

τp
. (2.67)

The damping coefficient can be rewritten as

γ = Kν2
r + 1

τsp
(2.68)

with the so-called K-factor

K = 4π2
(

τp + ε

vgrΓrā

)
. (2.69)

Its importance arises from the fact that the maximum 3-dB modulation corner fre-
quency of |H(ν)|2 is related to K as [85]

νmax =√
2

2π

K
, (2.70)

indicating the intrinsic modulation limit of the laser without any parasitic effects.
The K-factor is usually determined by plotting the damping coefficient (2.68) as a
function of the resonance frequency squared, where both γ and νr are obtained from
curve fits to the measured data according to (2.64), as illustrated in Fig. 2.22.

Smallest K-factors observed for VCSELs so far are in the 0.15 to 0.2 ns range
[87, 88] and 3-dB small-signal modulation bandwidths exceed 20 GHz [87]. More
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Fig. 2.23 Optimum
normalized threshold gain
gn, minimum K-factor Kmin,

and corresponding
modulation bandwidth νmax
versus the gain compression
factor ε for GaAs and
InGaAs three-QW VCSELs
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details on the current state of the art and the design of high-speed VCSELs are
found in Chap. 7 of this book. Speed-limiting effects are self-heating and the onset of
multi-transverse-mode operation, where in the latter case power partitioning between
the modes limits their individual photon densities. To further push the internal
frequency damping limit, the K-factor has to be minimized, for which case a corre-
sponding design rule can easily be derived. We start by writing the photon lifetime
as τp = (Γ Γrgthvgr)

−1 in accordance with (2.18) or as obtained from (2.60) in the
single-mode case when putting d/dt = 0 and neglecting spontaneous emission as well
as the noise source. Recalling ā = g1/nth with the threshold carrier density nth = n0
shows that there exists an optimum threshold gain gth that minimizes K. Rearrang-
ing (2.62) as nth = ntexp{gn} with the normalized threshold gain gn = gth/g1 leads
to the characteristic equation Γ εntg

2
n = exp{−gn}, from which gn can be obtained

numerically. The minimum K-factor then results as

Kmin = 4π2

vgrΓ Γrg1

gn + 1

g2
n

= 4π2τp

(
1 + g1

gth

)
. (2.71)

Figure 2.23 shows calculated values of gn, Kmin, and νmax for a reasonable interval
of the gain compression factor ε, assuming parameters Γt = 1, a three-QW gain
region with da = 24 nm and Γr = 1.8, Leff = 1.25 µm, as well as vgr = c/3.6. As
active layer, both InGaAs QWs with nt = 1.8 · 1018 cm−3, g1 = 2,100 cm−1 and
GaAs QWs with nt = 2.6 · 1018 cm−3, g1 = 2,400 cm−1 [45] have been considered.

It is seen that for smaller gain compression ε, the optimum threshold gain
increases, leading to a smaller K-factor and higher bandwidth, with the strained
InGaAs QW system being slightly more advantageous. For ε ≈ 7 · 10−18 cm3 with
gn = 1, the two terms of the sum in (2.69) or (2.71) contribute equally to the total K,
whereas for higher ε the term corresponding to the gain nonlinearity prevails. The
preceding discussion has shown that, equivalent to EELs [83], the optimum VCSEL
cavity design for high-speed operation is closely related to nonlinear gain properties
of the active layer, which have thus to be taken into account to obtain maximum
internal modulation capability of the device. Minimizing nonlinearities is certainly
helpful. A step in this direction can be taken by applying p-type doping of the QWs,

http://dx.doi.org/10.1007/978-3-642-24986-0_7
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thus decreasing the contribution of spectral hole burning [89, 90]. Doping also assists
to increase the differential gain, which is beneficial for the K-factor (2.69).

For applications in optical communications, it is of much interest to obtain high
modulation bandwidths for small operating currents. Taking the approximation for
νr in (2.67), neglecting gain compression and relating the photon density N0 to the
output power P as η̂d N0Vp�ω = τp P, we obtain the expression

νr ≈ 1

2π

√
vgrΓrā P

�ωη̂dVp
= 1

2π

√
ηI vgrΓrā

qVp
· √

I − Ith = D · √I − Ith, (2.72)

where furthermore (2.34) and (2.35) have been used. In semiconductor laser liter-
ature, the proportionality factor is often denoted as D-factor. As another figure of
merit, the modulation current efficiency factor (MCEF) specifies the increase of the
3-dB corner frequency of |H(ν)|2 as

MCEF = ν3dB√
I − Ith

. (2.73)

In the case of sufficiently low damping with γ 2 	 8π2ν2
r , one would expect a

relation MCEF ≈
√

1 + √
2D ≈ 1.55D which is usually not observed in practice

(see, e.g., [87]). It is important to note from (2.72) that one should keep the differ-
ential gain high and the cavity volume Vp = Leff Aa low in order to maximize the
modulation efficiency. MCEFs exceeding 14 GHz/

√
mA have already been reported

[87], indicating that VCSELs can achieve modulation speeds in the multi-GHz regime
even if driven only slightly above threshold.

Deviations from an ideal damping-limited modulation behavior especially occur
due to parasitic elements found in the equivalent electric circuit of the laser. They
can be accounted for by a parasitic modulation transfer function Hp(ν), converting
H(ν) from (2.64) into the total response

Ht(ν)= H(ν) · Hp(ν). (2.74)

Even if bond wire and track inductances and bondpad capacitances are kept low, the
RC low-pass filter composed of the ohmic series resistance R and the capacitance
C (related to the etched mesa in oxide-confined VCSELs) can impose a serious
frequency limit. In this simple case, Hp(ν) is just expressed as 1/(1 + iν/νp) with
νp = 1/(2π RC).Elements of the equivalent circuit can conveniently be deduced from
microwave impedance measurements [86, 87, 91]. Even if more than two elements
are involved, Hp(ν) can often be well approximated by a first-order low-pass [91]
with the characteristic parameter νp. In total, the measured small-signal response of
the VCSEL is approximated by the fit function

|Ht(ν)|2 = Bν4
r

(ν2
r − ν2)2 + (γ ν/(2π))2 · 1

1 + (ν/νp)2 (2.75)

with the constant B. A parasitic first-order low pass with a 3-dB frequency 1/(2πτs)

is also expected from transport effects mentioned at the end of Sect. 2.4.1, where τs
is the supply time constant [84].
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2.4.3 Relative Intensity Noise

The spectral relative intensity noise (RIN) relates the photon density fluctuations to
the mean photon density squared as [57]

RIN(ν)= 2Δν
〈|ΔÑ (ν)|2〉

〈N 〉2 = 2Δν
〈|ΔP̃(ν)|2〉

〈P〉2 = 2Δν
〈|Δ ĨPD(ν)|2〉

〈IPD〉2 , (2.76)

where Δν is the filter bandwidth, and the angular brackets denote an average over the
observation time. RIN(ν) is measured in units of dB/Hz. In (2.76) we have employed
the proportionality between spectral components of photon density ΔÑ (ν), output
power ΔP̃(ν), and detector photocurrent Δ ĨPD(ν) (assuming a large enough detector
bandwidth) and correspondingly for the mean values 〈N 〉, 〈P〉, and 〈IPD〉. In contrast
to the previous section, here we assume the photon density to be modulated by spon-
taneous emission processes instead of the external current. Thus we put Δ Ĩ (ν)= 0
after linearization and Fourier transformation of the single-mode versions of (2.59),
(2.60) and insert proper expressions [40, 45] for the Langevin forces Fn, FN . This
leads to the result

RIN(ν)= 4βspΓ n0

τsp〈N 〉
4π2ν2 + γ ∗2

16π4(ν2
r − ν2)2 + 4π2γ 2ν2 (2.77)

with the modified damping coefficient

γ ∗ = γ − ε〈N 〉
τp(1 + ε〈N 〉) ≈ 1

τsp
+ 4π2ν2

r τp, (2.78)

where we have used (2.66) and the approximation in (2.67) to obtain the expression
on the right-hand side of (2.78) and more appropriately have written 〈N 〉 instead of
N0 in conjunction with noise processes. Other than the modulation transfer function
(2.75), RIN(ν) does not include a parasitic roll-off term (since the laser is driven by
a continuous-wave current) and also carrier transport effects play no role. Relative
intensity noise measurements can therefore be employed to characterize intrinsic
dynamic properties of laser diodes [91].

For small resonance frequencies we can approximate γ ∗ ≈ (τsp)
−1 in (2.78) to

obtain a decrease of the RIN according to

RIN(ν) ∝ 〈N 〉−3 ∝ 〈P〉−3 for ν 	 νr, (2.79)

since ν2
r ∝ 〈N 〉 for ε〈N 〉 	 1. For large νr, i.e., far above threshold, we can neglect

(τsp)
−1 in (2.78), and the RIN only decreases as

RIN(ν) ∝ 〈N 〉−1 ∝ 〈P〉−1. (2.80)

In the above treatment we have not considered that the emitted wave consists of single
quanta of energy �ω, which, for thermal or ideally coherent radiation, are distributed
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Fig. 2.24 Measured RIN
spectra of a single-mode,
single-polarization
oxide-confined VCSEL for
different pumping levels
above threshold current
Ith = 0.5 mA. The
measurement system noise
level is 2.5 dB below the shot
noise level for 0.47 mA
photocurrent. Theoretical
curves are drawn as solid
lines [93]
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according to Poisson’s statistics. In other words, we have to include the well-known
fact that the quantum nature of light is the cause of the shot noise contribution in the
photodetector, leading to a quantum noise limit of the RIN according to

RINQ = 2q

〈IPD〉 = 2�ω

ηPD〈P〉 (2.81)

with the detection efficiency ηPD. Concerning RIN measurements with a regular
photodiode, we have to add the term (2.81) to the classical expression (2.77). For a
mean photocurrent 〈IPD〉= 1 mA, the quantum noise limit is found at −155 dB/Hz
and can fall below only for non-Poissonian (squeezed) light [92]. It is now seen
that the dependence RIN(ν) ∝ 〈P〉−1 has to be considered as a fundamental limit
although it was earlier obtained for a rather special case.

The predicted spectral behavior of the RIN is experimentally observed for single-
mode VCSELs with high side-mode suppression, as indicated in Fig. 2.24 [93].
Above threshold, the noise level rapidly decreases with increasing current, and the
resonance frequency is shifted beyond 10 GHz. At a current of only 1.7 mA, corre-
sponding to 1 mW optical output power, the shot noise level of the detecting system
is reached over almost the entire frequency interval from 0 to 10 GHz. For still
higher currents, higher-order modes start to oscillate and mode competition severely
increases the laser noise. Deteriorations of the RIN spectrum are also observed if
lasing on the orthogonally polarized fundamental mode sets in.

2.4.4 Emission Linewidth

It is well known [40, 45, 94] that statistical phase fluctuations of the electric field
introduced by spontaneous emission processes are responsible for the finite linewidth
of laser diode oscillation. The spectral power density of a single-mode laser emission
line is well approximated by the Lorentzian line-shape function
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Fig. 2.25 Emission
linewidth of a single-mode
VCSEL as a function of the
inverse optical output
power P
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ν

|Ẽ(ν)|2 = |Ẽ(νm)|2 (ΔνL/2)2

(ΔνL/2)2 + (ν − νm)2 (2.82)

with νm denoting the center frequency of the mode and ΔνL is the full linewidth at
half maximum. The linewidth is given by

ΔνL = βspΓ 〈n〉
4πτsp〈N 〉 (1 + α2

H), (2.83)

where αH is the linewidth enhancement factor (also called Henry factor) that typically
takes values between −2 and −7. As an example αH = −5 has been determined for
a single-mode proton-implanted 960 nm VCSEL [95].

Figure 2.25 shows measured linewidths for a single-mode oxide-confined VCSEL
of about 4µm diameter. As expected from (2.83), the linewidth increases linearly with
inverse output power. However, a residual linewidth of Δν0 = 11 MHz is observed
for the extrapolation P → ∞, which is attributed to mode competition with not
perfectly suppressed side-modes or perhaps 1/f-noise contributions, similarly to
EELs [57]. Considering the experimentally found residual linewidth Δν0, relation
(2.83) is rewritten as

Δν∗
L = ΔνL + Δν0. (2.84)

The onset of higher transverse order modes at higher currents generally leads to an
increase of the fundamental mode linewidth due to the reduction of modal power,
although the total power is still increasing. As seen in Fig. 2.25, VCSEL linewidths
are usually in the some 10 MHz range [95, 96] but also just a few MHz have been
reported [97].

Owing to their convenient, mode-hop-free tunability via the operating current,
high modulation bandwidths, and sufficiently low linewidths, single-mode VCSELs
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are good candidates for nonlinear spectroscopy [98] (and its use in optical inter-
rogation for atomic sensors like clocks [91, 99] or magnetometers [100]) or gas
sensing, with oxygen sensors operating in the 760 nm wavelength region as a promi-
nent example [101–103]. Gas sensing with long-wavelength VCSELs is discussed
in Chap. 10 of this book. In particular for optical sensing it is important to sta-
bilize the polarization of VCSEL emission. This can be conveniently done by
monolithically incorporating a surface grating [104]. Chapters 5 and 6 of this book
are entirely devoted to polarization control and dynamics of VCSELs, respectively.

2.5 VCSEL-Based Optical Interconnects

In this section we discuss some aspects of VCSEL applications in optical inter-
connects and illustrate selected results of data transmission experiments. The term
optical interconnects refers to information transport systems with short transmission
distances and is thus to be distinguished from the optical telecommunication (often
just “telecom”) business. Sometimes the term optical datacom is used synonymously.
Maximum distances are several hundred meters or at most very few kilometers,
as required for in-building cabling or local-area networks with somewhat longer
reach. On the other extreme, distances down to some centimeters are considered for
the anticipated optical data transmission between or even within electronic integrated
circuits. The optical pathway mostly consists of multimode waveguides. However,
also free-space propagation is included, which in practice is either commercially
applied on an inter-building distance level [105] or evaluated on the length scale of
electronic multi-chip modules [106, 107]. Usually optical interconnect applications
are very cost sensitive.

Among the attractive features of VCSELs for short-distance fiber transmission
are low driving power, high-speed current modulation for multi-Gbit/s data genera-
tion, simple mounting technology similar as for light-emitting diodes, and parallel
arrangements in one- or two-dimensional arrays. The performance of data links is
commonly characterized by bit error ratio (BER, often called bit error rate) measure-
ments [108]. Stringent demands for BERs of less than 10−12 or even down to 10−15

are required in computer interconnects. As described in Chap. 16 of this book, high
aggregate bit rates are most easily achieved with parallel links making use of optical
fiber ribbons, where bit rates of individual channels currently are in the 10 Gbit/s
range and will soon exceed 20 Gbit/s [109, 110]. Since their emission wavelength can
be adjusted during epitaxial growth, VCSELs are well suited for wavelength division
multiplexing transmission [111], which has been exploited in optical telecommuni-
cations for many years. This advanced technique is expected to be unleashed in future
generations of optical interconnect modules. VCSEL-based optical links are not only
established with graded-index multimode fibers with lengths of a few meters up to a
few hundred meters but more and more extend into the realm of optical backplanes,
hybrid printed circuit boards, and multi-chip modules [112, 113].

http://dx.doi.org/10.1007/978-3-642-24986-0_10
http://dx.doi.org/10.1007/978-3-642-24986-0_5
http://dx.doi.org/10.1007/978-3-642-24986-0_6
http://dx.doi.org/10.1007/978-3-642-24986-0_16
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2.5.1 Fiber Coupling

VCSEL radiation can be very efficiently coupled into optical fibers. Mostly, simple
microoptics is used but also quasi or direct butt coupling can be employed, tak-
ing advantage of the circularly symmetric emission profile. Assuming Gaussian
field distributions E(r) ∝ exp{−(r/wl,f)

2} for both the laser emission and the
guided fiber mode with spot radii wl and wf , respectively, one can analytically
calculate the power coupling efficiency ηfc for the general case of longitudi-
nal displacement, radial offset, as well as tilt [114]. Without any misalignment,
one finds ηfc = 4/(wl/wf + wf/wl)

2. Possible Fresnel reflection losses have not
been taken into account. For a standard single-mode fiber with 2wf = 9 µm, one
expects coupling efficiencies exceeding 50% for single-mode VCSEL spot diam-
eters 2wl ≥ 3.8 µm or ηfc > 80% for 2wl ≥ 5.6 µm. In these examples,
no upper limits have been specified since VCSELs tend to emit higher-order
transverse modes for large active diameters. Also it has to be noted that the
assumed fiber carries two guided LP modes in the wavelength range between 800
and 1,000 nm discussed in this chapter, so that special measures like fiber mode
filtering have to be taken in order to avoid intermodal dispersion limitations [115].
For sufficiently stable coupling arrangements, index matching fluid or fiber anti-
reflection coating do not necessarily have to be applied with up to a few 10 µm
wide air gaps, since the fiber end-face only slightly alters the properties of the
highly reflective outcoupling mirror and thus the VCSEL threshold. Experimen-
tally, a λ = 980 nm proton-implanted VCSEL with about 4µm spot diameter has
been butt-coupled to a true single-mode fiber with 4.5µm core diameter with a
coupling efficiency of larger than 80% [116]. Coupling a single-mode VCSEL
to a graded-index multimode fiber with 50µm core diameter and a numerical
aperture of 0.2 is easily obtained with ηfc > 80%. Multimode sources may show
reduced fiber coupling efficiencies [117]. In the general case, the evaluation of
VCSEL-to-fiber coupling efficiencies requires the calculation of all mode over-
lap integrals [40]. An additional difficulty lies in the fact that the modal power
distribution of multimode VCSELs usually rapidly changes with the bias
current.

2.5.2 Large-Signal Modulation Effects

Up to now we have discussed the dynamic VCSEL behavior in terms of small-
signal modulation. The analytic solutions obtained provide important insight into
the scaling behavior of the laser parameters. However, for digital modulation, large-
signal effects come into play, which have to be considered for system design. To
analyze large-signal behavior numerically, the time-dependent rate equations (2.59),
(2.60) have to be solved (perhaps even in extended from to include lateral variations
of particle densities as well as carrier diffusion). For systems employing single-mode
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VCSELs, mainly three effects have an impact on the modulation performance and
have been investigated experimentally in [86].

• As the first one, turn-on delay occurs if the VCSEL is biased below threshold and
time is needed to build up the threshold carrier density in the active layer. Especially
for bias-free operation [118], turn-on delays exceeding 100 ps are easily observed.
In general, low threshold currents of VCSELs are very advantageous and bias-
free data transmission at 2.5 Gbit/s data rate over 500 m of multimode fiber has
been demonstrated [119] (see Fig. 2.26). However, for practical applications in
low-cost uncooled modules, error-free transmission has to be ensured over a wide
ambient temperature range. This can hardly be accomplished since the threshold
current and thus the turn-on delay vary with temperature. Bias-free operation at
10 Gbit/s is not viable. Normally, the off-state bias is always set slightly above
threshold.

• Turn-on jitter as the standard deviation of the turn-on delay is caused by fluctuations
due to spontaneous emission and is found to be in the 10 ps range for single-mode
VCSELs, thus imposing no limit even for 10 Gbit/s systems.

• Finally, so-called pattern effects which are caused by a memory-like behavior of
the carrier reservoir and result in cavity build-up time variations play a major role
in practice, even for bias points above threshold. To minimize bit pattern effects,
it is desirable to have a very fast VCSEL response (small rise and fall times), i.e.,
high resonance frequencies in both the logical on- and off-states. Unfortunately,
this rule interferes with the demand for high extinction ratios in the optical signal
(see next section), so that optimum operating conditions have to be chosen.

It has to be mentioned that also the noise behavior can be quite different for large-
signal modulation, especially if transverse modes of different order or polarization
are only weakly suppressed and mode competition comes into play.

2.5.3 High-Speed Optical Data Transmission

In digital optical transmission, the bit error ratio is expressed as a function of the
Q-factor by the well-known formula [108]

BER = 1

2
erfc

(
Q√

2

)
≈ 1√

2π Q
exp

{
− Q2

2

} (
1 − 1

Q2

)
(2.85)

with the complementary error function erfc, which is valid for Gaussian statistics
of the logic level fluctuations. As examples, Q = 6 corresponds to BER = 10−9 and
for Q = 7 one obtains BER = 1.3 · 10−12. Denoting the average received power at
the photodetector by 〈P〉 and the variance of the current noise by 〈δ I 2

N〉 (including,
among others, the thermal photodetector noise and the amplifier noise as the main
contributions), the parameter Q is written as
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Fig. 2.26 Bit error rate performance as a function of received optical power for data transmission
with oxide-confined single-mode VCSELs over various types of fiber as well as corresponding
back-to-back (b-t-b) measurements. Top left: Biased and bias-free 2.5 Gbit/s transmission over
500 m MMF at 840 nm [119]. Top right: 3 Gbit/s biased and 1 Gbit/s bias-free transmission over
4.3 km standard single-mode fiber (S-SMF) at 820 nm [115] (© 1998 IEEE). Bottom left: 12.5
Gbit/s transmission over 100 m MMF and 1 km of 5 µm core diameter SMF at 850 nm [86] (© 1999
IEEE). Bottom right: 9 Gbit/s over 100 m GI POF at 830 nm and 7 Gbit/s over 80 m GI POF at
935 nm wavelength [153]

Q = ηeηPD〈P〉/(�ω)√
〈δ I 2

N〉/q
= ηe

〈IPD〉√
〈δ I 2

N〉
(2.86)

(cf. with (2.81) for ηPD, 〈IPD〉, 〈P〉), where ηe = (1 − r01)/(1 + r01) denotes an
extinction efficiency of the optical signal, with r01 = 〈I0〉/〈I1〉 being the ratio between
average photocurrents in the off- and on-state. Vanishing modulation depth results
in ηe = 0, whereas ηe = 1 is obtained for modulation down to the threshold current.
Combining (2.85) and (2.86) gives a characteristic relation between BER and average
received power 〈P〉. For sufficiently high Q, the Gaussian term in (2.85) dominates,
and a plot of measured log(log(BER)) versus 〈P〉 (in dBm) is expected to result in
a straight line.

Figure 2.26 summarizes the BER performance obtained for various single-mode
VCSEL links employing multimode fiber (MMF) or single-mode fiber (SMF), all
showing quasi error-free operation with BERs in the 10−11 range without indication
of error floors. The combination of single-mode VCSEL and MMF has been dis-
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cussed quite controversially due to modal noise related issues, and often the use of
low coherence multimode VCSELs is suggested [120, 121]. However, at least for
point-to-point interconnects or if small mode-selective transmission loss is present,
the noise performance of fiber interconnects with single-mode VCSELs is found to
be superior to those with multimode sources simply because mode competition noise
in the laser does not occur. The large mode field mismatch moreover may lead to
notably decreased sensitivity with regard to distant optical feedback [122].

In each part of Fig. 2.26 we compare the BER at the end of the fiber with back-
to-back (b-t-b) measurements. The upper left diagram demonstrates biased as well as
bias-free 2.5 Gbit/s data transmission over 500 m MMF (50 µm core diameter) using
a nearly single-mode 840 nm VCSEL with 400 µA threshold current, where in the lat-
ter case modulation signals with 2 V peak-to-peak amplitude from a 50 � impedance
pattern generator are applied [119]. Owing to lower average power consumption
and less complex driving circuits, bias-free operation might be of interest for some
niche applications but is generally limited by turn-on delay effects (see Sect. 2.5.2).
The upper right diagram presents 3 Gbit/s biased and 1 Gbit/s bias-free data trans-
mission results over 4.3 km of standard SMF with 8.3 µm core diameter [115]. At the
emission wavelength of 820 nm, the fiber is operated in a dual-mode guiding regime,
so that higher-order LP11 fiber mode filtering had to be applied to overcome inter-
modal dispersion limitations. Owing to weaker LP11 mode guiding, this transmission
scheme is more easy to implement with 980 nm InGaAs QW-based lasers. Since 1.3
and 1.55 µm long-wavelength VCSELs are meanwhile available, the use of short-
wavelength VCSELs in combination with SMFs is not much considered anymore.
The lower left diagram displays results of 12.5 Gbit/s data transmission over 100 m
MMF with 50 µm core diameter and 1 km of 5 µm diameter SMF with an 850 nm
VCSEL [86]. Experiments at the same data rate have also been performed with a
980 nm VCSEL over 1.6 km standard SMF [86], where constraints were imposed
by the available fiber length rather than fiber attenuation or dispersion effects. It is
seen that MMF power penalties are considerably higher than those for SMF trans-
mission as a result of intermodal dispersion and associated intersymbol interference.
Although 10 Gbit/s operation over 500 m of 50 µm MMF was demonstrated as early
as 1996 [123] (in this case with a 980 nm proton-implanted VCSEL), such experi-
ments suffered from the lack of graded-index fibers with high bandwidth–distance
products, providing alignment-tolerant power launch and decreased power penalties.
Triggered by the work toward a 10-Gigabit Ethernet (10-GbE) standard12 initiated in
March 1999, such fibers with 50 µm core diameter and a bandwidth–distance product
B · L exceeding 2 GHz· km in the 850 nm wavelength range have indeed been devel-
oped and have entered the market in the first few months of the year 2000.13 In [125]
(see also [112]), 10 Gbit/s data transmission over up to 1.6 km of high-performance

12 IEEE Standard 802.3ae-2002, IEEE, Piscataway, NJ, USA, June 2002. See URL
http://www.ieee802.org/3/ae/.
13 In this case one speaks of OM3-grade fibers which guarantee 10 Gbit/s data transport over dis-
tances of at least 300 m [124]. Even more modern OM4-grade fibers have B · L ≥ 4,700 MHz · km
with L ≥ 550 m at 10 Gbit/s.

http://www.ieee802.org/3/ae/
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MMF incurring less than 3 dB power penalty is reported. A single transverse mode
VCSEL emitting at 830 nm was employed to circumvent the chromatic dispersion
limit imposed by the high dispersion coefficient that exceeds 100 ps/(km · nm) in the
short-wavelength regime. Moreover, this experiment took advantage of a transim-
pedance amplifier-based and MMF-compatible PIN-photodiode-based receiver with
close to −18 dBm sensitivity, by which the high optical power levels seen in Fig. 2.26,
largely arising from thermal noise of regular PIN-photodiodes, could be overcome.
With a longer spool of almost ideal quality fiber, 10 Gbit/s transmission over even
2.8 km was possible [126].

Recently, a lot of progress was witnessed in the field of high-speed MMF transmis-
sion, including comprehensive link modeling [127]. Examples for high-bandwidth
links using modern MMF are 15.6 Gbit/s transmission over 1 km in the 850 nm
wavelength range with a directly modulated VCSEL [128], 40 Gbit/s over some-
what more than 400 m at 1270 . . . 1310 nm [129], and 40 Gbit/s over 3.4 km at
1,550 nm [130], where the two latter experiments employed externally modulated
laser sources. Alternative research on high-capacity MMF transmission is motivated
by the desire to use the installed low-bandwidth fiber base instead of investing in
a new fiber infrastructure. Apart from the fiber cost, the special encircled flux con-
ditions [131–133] for launching the light into the OM3 fiber add some complexity
to the transceiver design. Subcarrier multiplexing [134] and in particular electronic
dispersion compensation (EDC) have been successfully investigated. EDC by means
of electronic equalization is usually applied after photodetection [135–140] but is
expected to yield further improvements when implemented at the transmitter side
of the link [141]. EDC is already incorporated in the 10-GbE standard14 to allow
link lengths of at least 220 m using MMFs with a bandwidth–distance product of
500 MHz · km. Moreover, mode group diversity multiplexing, i.e., parallel transmis-
sion using different groups of modes [142–144], spatially resolved detection with a
segmented photodiode [145], the use of spatial light modulator-based adaptive optics
to control the field launched into the MMF [146, 147], and even the combination
of a conventional MMF and a dispersion-compensating MMF with an individually
matched graded-index profile have been proposed [148]. In [149] it is pointed out
that the integrated circuits required for signal processing, error correction and con-
trol methods have high power consumption, introduce latency and increase the cost.
Thus direct detection and space-parallel transmission is usually more competitive
for short-distance applications.

Similar to long-haul data transmission over single-mode fibers in the 1.55 µm
wavelength window, wavelength division multiplexing (WDM) is another viable
option to upgrade a MMF link. However, instead of dense WDM with narrow chan-
nel spacing in the 100 GHz regime, coarse WDM systems with several nm spacing
to obviate the need for active wavelength stabilization are considered for low-cost
MMF links. An integrated coarse WDM module that operates in the 820–865 nm
wavelength interval and enables 4 × 2.5 Gbit/s data throughput over 100 m MMF

14 IEEE Standard 802.3aq-2006, Clause 68, “10GBASE-LRM” (long reach multimode), IEEE,
Piscataway, NJ, USA, Sept. 2006. See URL http://www.ieee802.org/3/aq/.

http://www.ieee802.org/3/aq/
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with 62.5 µm core diameter has been demonstrated in [150], whereas 8 × 155
Mbit/s have been transmitted in the 780–860 nm wavelength range over 2 km of
160 MHz·km low-bandwidth MMF in [151]. Even a first 40 Gbit/s system featuring
four 815 to 835 nm high-speed single-mode VCSEL channels has been reported in
[111] (see also [112]), where transmission over 310 m was made possible by a new
high-bandwidth MMF.

Since the year 2005, the demand for 10 Gbit/s transport according to the
10-GbE standard has increased considerably [152], where MMF-based solutions
have main applications in central offices and fiber-cabled backplanes of high-
throughput switching systems. Future MMF developments are likely to target
CWDM systems with increasing channel count and an aggregate data rate exceeding
100 Gbit/s. Channel data rates can be expected to lie in the 10–40 Gbit/s range and
VCSELs as the signal source will remain the preferred choice.

As another fiber option, the bottom right diagram of Fig. 2.26 illustrates VCSEL-
based data transmission over plastic optical fiber (POF). In particular, these are
high-bandwidth graded-index (GI) POFs with 130 µm core diameter (9 Gbit/s trans-
mission over 100 m distance at 830 nm wavelength) and 155 µm core diameter
(7 Gbit/s over 80 m at 935 nm) [153] (see also [112]). Both fibers are made of perflu-
orinated material, showing promising attenuation coefficients below 50 dB/km over
a wide spectral range, similar to losses of silica glass fibers in their early days. Min-
imum losses are in the 20 dB/km range. Although being among the best figures of
merit reported so far [154], the achieved data throughput of 9 Gbit/s over 100 m is,
however, much below the benchmark of today’s OM3- or OM4-grade MMFs. Com-
pared to previous projections by the POF community, the adoption of such fibers is
far behind the expectations. Main graded-index POF installations are found in Japan.
Very recently, 40 Gbit/s transmission over 100 m of a 50 µm core diameter GI POF
was demonstrated using a 1,325 nm wavelength externally modulated Fabry–Pérot
laser [155] (see also [156]), which may to some degree revive the interest in this fiber
technology.

In contrast, the 1 mm diameter step-index PMMA POF has a high potential for
very widespread use in short-distance, Gbit/s-range interconnects, e.g., in optical
home networking. Owing to very high fiber losses at usual datacom wavelengths, the
650 nm wavelength range is preferred. More information on this topic is provided in
Chap. 12 of this book, dealing with red-emitting VCSELs.

Figure 2.27 finally shows new concepts of AlGaAs-based transceiver chips suited
for 850 nm range bidirectional optical data transmission over multimode fiber. The
layer structures of metal–semiconductor–metal (MSM) or PIN-type photodiodes are
monolithically grown over the VCSEL layers followed by selective material removal
for individual contacting. The fibers can be butt-coupled to the chips, thus avoiding
any external optics. Suitable fiber diameters range from 200 µm down to 50 µm.

As an example, data rates of 2.5 Gbit/s were transmitted over 50 m of a 100 µm
core diameter graded-index MMF in full-duplex mode [157]. More recently, half-
duplex transmission of 9 Gbit/s in back-to-back mode and of 7 Gbit/s over a 500 m
long 50 µm core diameter fiber was shown, both with a VCSEL–PIN photodiode

http://dx.doi.org/10.1007/978-3-642-24986-0_12
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Fig. 2.27 Left: Transceiver chip consisting of an MSM photodiode with 110 µm diameter and a
top-emitting 850 nm VCSEL at center position. Metal finger width and spacing are 1 and 2 µm,
respectively. Right: Transceiver chip with a PIN-type photodiode with an active diameter of
73 µm and an off-center VCSEL. The dashed circle indicates the core of a 62.5 µm OM1-grade
MMF [157]

chip [158]. Full-duplex operation could be demonstrated up to 8 Gbit/s back-to-back
and 6 Gbit/s over 500 m of OM3 fiber [159].

2.6 Conclusion

The previous discussion has shown that oxide-confined VCSELs exhibit excellent
properties with regard to threshold current, emission spectrum, temperature charac-
teristics, as well as dynamic and noise behavior. The given analysis provides impor-
tant guidelines for optimizing the device performance. Multimode VCSELs can
provide tens of milliwatt output power and can be combined in two-dimensional
arrays to generate Watt-level outputs from small-area chips. Continuous-wave opera-
tion at 180◦C ambient temperature has been demonstrated, where material-dependent
gain and carrier loss from the active region are limiting effects. Polarization-
controlled single-mode devices with side-mode suppression ratios exceeding 30 dB
and few-100 µA threshold currents show power conversion efficiencies above 30%
in the below-1 mW range of interest for optical interconnection.

Datacom applications of VCSELs exploit the displacement-tolerant fiber coupling
capabilities and the high modulation current efficiency of the source. Quasi error-
free data transmission rates above 10 Gbit/s over single-mode fiber and silica glass
or plastic optical multimode fiber have been obtained using linearly polarized single-
mode VCSEL emission. Single-frequency devices have been shown to reach the shot
noise limit of the relative intensity noise spectrum at milliwatt power levels over a
frequency range exceeding 10 Gbit/s system requirements.

The results indicate that VCSELs in many respects outperform edge-emitting
laser diodes. For at least ten years, these devices are the dominating transmitter
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source for commercial high-speed optical interconnects operating preferentially at
850 nm wavelength. Other applications like parallel-optical links, 1.3 and 1.55 µm
long-wavelength data transmission, surface or gas sensing, printing, or optical pump-
ing are all covered in this book.
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Chapter 3
Three-Dimensional Modeling of VCSELs

Pierluigi Debernardi

Abstract VCSELs are complicated objects, also from a modeling point of view.
In fact the computation of statical and dynamical operation implies the interaction
of different physical phenomena: electrical, thermal and optical. All are strongly
coupled and rule device operation. In this chapter the relevant effects and corre-
sponding mutual interactions will be reviewed and possible ways to numerically
address them discussed. Particular attention will be devoted to the optical solver,
which is the core of any VCSEL simulation tool. In fact the optical characteristics
determine the final device performance.

3.1 Introduction

In spite of good performance and appealing features of modern VCSELs, a lot has
still to be done in view of new applications and optimized features. There is therefore
an increasing demand for accurate and efficient tools for VCSEL design, simulation
and optimization.

A lot of groups have been and are working at this topic; different methods have
been proposed (see for example [1–10]), with different degrees of approximation,
depending on the different balance between flexibility/precision and simulation run-
time. In fact three different kinds of problems: electrical, thermal and optical have to
be solved with their mutual couplings. Such still difficult tasks are even further com-
plicated by the extremely complex structure of VCSELs, which also in the simplest
structures comprises a lot of layers of different materials and with different physical
properties.
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A comprehensive and self-consistent solution is hardly affordable with nowadays
ordinary computation power by using full discretization techniques, especially for
the electrical and optical solvers. This is even more true in devices where the circular
symmetry is broken. In fact, within such simplified geometry, the solution of the
aforesaid problems is greatly simplified by using cylindrical coordinates and invoking
a complete rotational symmetry of the involved phenomena. In some models (see
e.g. [2, 6]) the problem is reduced in the longitudinal dimension, thus focussing on
the transverse effects in the active plane only.

In some cases the need is felt of modeling tools capable to handle non-circularly
symmetric structures, which may arise from technological processes [11] or partic-
ular demands [12–15]. In such cases a really three dimensional (3D) model for all
the variables of interest is required. To the best of my knowledge, such complete
treatments has been attempted only recently [16, 17], due to the relevant computer
power requirements and to the fact that many structures have a rotational symmetry
or can be simplified as such.

3.2 Interplay of the Different Effects

The different effects acting in a VCSEL and their relevant mutual interactions are
schematically depicted in Fig. 3.1. All phenomena refer to the rate equations which
govern the carrier–photon exchanges (center of block diagram). All the parameters
are supplied by the different solvers, which act on different spatial domains (see in
Fig. 3.1 the details for a top-injected device).

As indicated in the sketch, the electrical part is relevant to two aspects: car-
rier injection into active region, the VCSEL drive force, and Joule heating, its side
drawback. Heat generation and corresponding temperature increase in the device set
the ultimate operation limit. It is therefore important to include all the main heat
sources, that is Joule heating, carrier non-radiative recombinations and free carrier
optical absorption. The 3D temperature profile affects all the important parameters:
resonator characteristics, active region properties, transport and leakage features.

Optical properties depend not only on the VCSEL geometry, but also change
during operation through 3D temperature profile, which induces related refractive
index and loss profiles. The carrier density profile induces corresponding gain and
refractive index changes in the active region and also modifies the optical modal
features.

In the following sections the single phenomena will be reviewed and possible
ways to numerically treat them will be discussed. A best order of discussing them can
hardly be defined due to their tight interplays. The optical part will then be treated
first. In fact it is by far the most demanding computationally in a VCSEL solver
and determines to a large extent many important characteristics, such as threshold,
differential efficiency, modal behavior. The other effects, mainly driven by tempera-
ture, play a role at higher pump rates, far above threshold. This is why the optical part
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Fig. 3.1 Left: Block diagram of the various interacting phenomena. Right: Their spatial domains
(half device): optical field (green, inner area), current flow (red shaded area) and temperature
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is sometime referred as “cold cavity model” when it includes mainly the geometry
and refractive indexes of the resonator.

3.3 Optical Part

To compute the optical modes supported by a VCSEL, Maxwell equations have to
be solved for an open dielectric resonator, which comprises hundreds of layers with
refractive index and loss transverse profiles. Full numerical approaches have been
proven for circularly symmetrical structures first [7, 18] and lately [19] for arbitrary
transverse geometries. Even so, it has to be pointed out such techniques are highly
cumbersome computationally and are reported to require 20–30 hours to evaluate
one mode in a fully 3D structure [19].

Therefore different techniques have been proposed. The very first and popular one
is the effective index method by Hadley [20] which strongly simplifies the problem
by decoupling the longitudinal and transverse problems. First the longitudinal fields
are computed in the different transverse regions, providing an effective transverse
index profile. The corresponding optical scalar modes are computed by solving the
related 2D wave equation.

More refined techniques have been proposed later, based on wave expansion
techniques. In [21] the device is put in a large metal cylinder with artificial perfectly
matched boundary conditions to avoid spurious reflections from the metal interfaces.
At each interface the field continuity is imposed, which leads to a generalized round-
trip condition. A similar method is proposed in [22], with the limitation of using the
vectorial modes of a circular fiber in each section, which definitely limits the possi-
ble transverse shapes. The method proposed in [23] solves the transverse structure in
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the different sections numerically and then applies the field continuity at each inter-
faces, ending also up to a self-consistency round-trip matrix problem.

3.3.1 The Coupled-Mode Approach

To my knowledge, all available techniques are reported and tested for circularly-
symmetric structures and from the published literature it is hard to say to which
extent and numerical efficiency they could be generalized to complex transverse sec-
tions, such as arrays or gratings. For that purpose only the model presented first in
[24] and developed within VELM (Vcsel ELectroMagnetics) code has been success-
fully demonstrated by comparisons to experimental results [13, 15, 25]. A modal
expansion technique as in [21] is chosen, but the basis of the complete set of the
vectorial mode Eν(ρ, ϕ) of an infinite reference medium in cylindrical coordinates
is adopted instead. In that way the problem of transverse boundary conditions is com-
pletely avoided. Moreover, as a major difference, the coupled mode theory is used
to propagate the field in the structure instead of applying the boundary conditions at
each interface. We will summarize in the following the guidelines of the technique
[24]. The electric field is expanded in the plane waves Eν(r) of a reference infinite
medium as:

E(ρ, ϕ, z) =
∑
ν′

∫
dk Aν′(z)Eν′ �

∑
ν

Aν(z)ΔkEν (3.1)

where the index ν labels the characteristics of the basis modes, which are expressed in
terms of Bessel functions of the first kind (see Appendix of [24]). They are classified
according to the continuous radial component of the wavevector k, azimuthal varia-
tion n, even or odd symmetry, TE or TM, forward and backward waves; Δk originates
by approximating the integral over the continuous radial wavevector expansion by a
finite sum of terms.

In each layer m of thickness Lm where the structure does not depend on the
longitudinal coordinate z the vector A = Aν of mode amplitudes satisfies the coupled
mode equations:

dA
dz

= (
B + K ′

m

)
A (3.2)

where B describes the free propagation in the reference material. It is a diago-
nal matrix of elements (B)νν′ = −isαβνδνν′ , where sα = ±1 (α = f, b is an
index which describes forward and backward propagation) and βν = √

k2
r − k2 is

the longitudinal wavevector component (kr being the reference material wavevec-
tor). The corresponding coupling between the modes is introduced by the matrix
K ′ = KΔk, where K is given by:
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(K )νν′ = − iω

Cν

∫
S

d S

{
Eνt ·

[ (
Δε · Eν′

)
t

−
(
Δεt z · ẑ

) (
Δε · Eν′

)
z

εc + Δεzz

]
+ εc Eνz

εc + Δεzz

(
Δε · Eν′

)
z

}

(3.3)
where the subscripts t and z indicate transverse and longitudinal components of the
vectors and Cν is the power normalization constant. The tensor Δε describes the
difference with respect to the homogeneous and isotropic reference dielectric per-
mittivity εr . Since coupled mode theory stems directly from the reciprocity theorem,
any material can be treated, even metal layers. The tensorial forms in the preceding
equation account for the possibility of non-isotropic media in the structures, which
mainly originate from Pockels and elasto-optic effects. This topic is treated in details
in [26] where the interested readers can find more details. It is however worth recall-
ing here the important result that anisotropies induce coupling between the different
azimuthal modes as non-circularly symmetric geometries do. Such a coupling is the
cause of the almost linear polarization observed in real devices.

The information on the device transverse geometry is included in the model by
defining, for each transversely inhomogeneous layer of the structure, the profile of
Δε(ρ, ϕ). Very often one has to deal with step-like variations of the dielectric con-
stant. All other loss or refractive index continuous variations, induced by temperature
profiles and carrier distribution are included in the model on the same foot.

The solution of (3.2) can be expressed in the form of an exponential matrix and,
hence, the mode amplitudes at the two interfaces of each discretization layer Lm are
related by:

A(zm+1) = e(B+K ′
m )Lm A(zm) = TmA(zm) (3.4)

where the transmission matrix Tm has been introduced.
The closure of the problem is obtained by imposing proper boundary conditions,

i.e., the consistency of the forward and backward mode amplitudes at two reference
interfaces. It is convenient to set these two sections to be the extreme lower (z = z1)

and upper (z = zn) layers, beyond which the structure does not present any transverse
perturbation and the geometry is planar (see Fig. 3.2). With this choice, since the
layers above (below) z = zn (z = z1) are multilayered stacks (or even a single
medium), the chain matrix formalism can be applied to determine their reflectivity
coefficients Γ1 and Γn , which are nothing but diagonal matrices dependent on the
wavevector k. Then the boundary conditions at these two sections explicitly read:

A f (z1) = Γ1Ab(z1), Ab(zn) = ΓnA f (zn) (3.5)

By introducing the global transmission matrix:

T =
∏
m

Tm (3.6)
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Fig. 3.2 Schematic of the layer structure of a VCSEL together with the coefficient progation
scheme, and some notations

and considering explicitly its dependence on the index α = f, b, the boundary
conditions (3.5) can be rewritten only in terms of Ab(z1):

(
T bf Γn + T bb

)
Ab(z1) = Γ1

(
T f f Γn + T f b

)
Ab(z1) (3.7)

which becomes the unknown of the problem. A mode is then found when, after
a complete round trip, the corresponding expansion coefficients exactly replicate
themselves. This condition gives the frequency and the gain needed to fulfill the
threshold condition of all the modes supported by the structure. Following the guide-
lines of (13–17) in [24], (3.7) can be expressed as a standard eigenvalue problem, by
exploiting the small active region thickness:

λAb(z1) = MAb(z1) (3.8)

where the eigenvalue λ is related to QW permittivity by:

λ−1 = −ikr d
Δεa

εr
(3.9)

This relation links the eigenvalues to the active optical response and it allows to
evaluate the threshold carrier density, once known its effects on Δεa . The matrix of
the eigenvalue problem is M = M−1

c Ma , which in turn are defined as:

M j = T bb
j − Γ1T f f

j Γn + T bf
j Γn − Γ1T f b

j ( j = c, a) (3.10)

where Tc and Ta are respectively the cold cavity and active contribution to the global
transmission matrix:

T = Tc + λ−1Ta (3.11)
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They stem from the linearization of the transmission matrix with respect to the
unknown QW permittivity due to carriers (Δεa); this is a good approximation since
the active thickness d is much smaller than the wavelength.

Numerically the method previously outlined is quite simple and straightforward.
The evaluation of the coupling coefficients must be undertaken only once at the
beginning of the computations and consists of an integral over the transverse section
of the basis functions and the dielectric permittivity difference with respect to the
reference medium. The computation of the exponential matrices is the more time
consuming part of the numerical code and is comparable, as number of operations, to a
matrix diagonalization. VELM has been optimized so as to reduce the computational
effort as much as possible; a full exponential matrix calculation is needed only when
the corresponding exponent is a full matrix (i.e. in layers with lateral variations).
In the case of infinite layers, also including transversely constant anisotropies, one
can optimize the computation of the exponential matrix by solving many smaller
problems.

3.3.2 Comparing Different Models

In the framework of COST268 EU project a VCSEL modeling exercise was carried
out; the results were presented in [29] and are summarized here for the reader’s
commodity. The benchmark 980 nm structure is very schematic and comprises a
λ-cavity with only one quantum well (QW) as active region. The back (top) mirror is
composed of 29.5 (24) GaAs/AlGaAs pairs. The oxide layer (16 nm thick) is placed
within the first top-mirror pair. Many research groups joined and the different models
could be compared on an equal foot.

In the following results are presented from a selection of vectorial models reported
in [29]. In Fig. 3.3 the guiding effect of the oxide position, varied from the field node
to antinode in 5 steps, is shown. Figure 3.5 reports the effect of varying the oxide
aperture, positioned at a field anti-node. The numerical results for the threshold
material gain, supposed to have the same transverse profile as the oxide aperture,
are given in the tables (Fig. 3.4) for the fundamental and first order (TE01) modes.
The data of [29] are complemented by the results of a FEM (finite element method)
approach, recently reported in [19]. It can be seen that such fully numerical method
provides slightly underestimated threshold gains, while lasing frequencies deviate
appreciably compared to all other models. This is probably the consequence of a
compromise between discretization steps and computing resources. VELM shows
its good performance, pretty comparable with all the other codes. As an advantage,
it is available in both scalar and vectorial implementations [24]. This is achieved
by only using a different expansion set: the vectorial basis functions (TE and TM
plane waves) are set to their TEM limit. In that way one can compare within the
same model scalar and vectorial treatments. As can be seen from the left table in
Fig. 3.4, the difference is higher for smaller apertures, as expected from the increased
scattering losses in the vectorial treatment.
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fixed its position at the anti-node. Also the first order mode TE01 is given. Data from [29]

3.3.3 Comparisons with Experimental Results

After the numerical validation previously reported, comparisons with real VCSELs
are reported, by considering devices where the full capabilities of VELM are used.
In the following some significant examples will be exemplarily given, related to
VCSEL anisotropies, phase-coupled arrays and grating VCSELs.

Material and Shape Anisotropies

Spatially, frequency and polarization resolved measurements performed at Darmstadt
University [11] revealed a clear signature of both shape and material anisotropies in
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VCSELs made at Ulm University. The devices are typical 810 nm oxide-confined
VCSELs with a λ-cavity containing three 8 nm GaAs quantum wells. The mirrors
present graded interfaces; on the p-side a carbon δ-doping at the field nulls was used
to improve the electrical characteristics. The oxide thickness is 30 nm, also close to a
field node so as to reduce the number of transverse modes at a minimum. For the sake
of a better understanding the experimental results are reported in Fig. 3.6 for a device
with an oxide aperture of about 5 µm. The lowest order modes show a birefringence
of about 23 GHz, due to material anisotropies. In fact, slightly deformed circular
geometries give a very small contribution to birefringence, as also VELM shows. An
y-oblong geometry is nethertheless indicated by mode h at the r.h.s. of the spectrum
(see Fig. 3.6, top-right) with three spots oriented along y and by the fact that, among
the four first order modes, the ones with the two spots oriented along y exhibit the
lower frequencies (modes c, d).

Material anisotropies: Since no intentional strain is put in the structure, the Pock-
els effect plays the major role. To this aim the static field profile, originating from
the doping in the Bragg mirrors, is computed. This is accomplisheds by using the 1D
transport model presented in [30], which results in the static electric field depicted
in Fig. 3.7. It is a very rapidly varying function of the longitudinal position and is
an effect of the doping in presence of band-gap discontinuities. Such a stiff profile
requires, as a drawback, to finely discretize the structure in the longitudinal direction.
The effect of the bias is noticeable mainly in the intrinsic cavity region. The overall
computed birefringence is about 10 GHz, by introducing the anisotropy as:

Δεxx = +n4r41Ez; Δεyy = −n4r41Ez (3.12)
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where Ez is the static field distribution, r41 = −1.610−12 V/m for GaAs and
−1.110−12 V/m for AlAs and x(y) corresponds to [110] ([110]) crystallographic
direction that diagonalizes the permittivity tensor [26]. The discrepancy with the
experimental value of 23 GHz is most probably due to some residual strain in
the device, which is introduced in the simulations by increasing by a 2.3 factor
the electro-optic effect. This is equivalent to look for an effective strain in the device,
since the tensorial structure of the two anisotropies is formally the same [26].

Shape effects are due to the oblong oxide-window shape which may be a con-
sequence of both an anisotropic oxidation speed and a non-perfectly circular mesa
(reproduced later by the oxide aperture). I proposed a simple analytical shape:

r(ϕ) = r0 [1 + Δ2 cos(2ϕ) + Δ4 cos(4ϕ)] (3.13)

where Δ4 gives rise to a diamond shape for values in the range 0 to 6% and Δ2
controls the ellipticity. Only three years after publication of [11] I became aware of
the actual oxide aperture shape: an example and the corresponding fit with (3.13) is
shown in Fig. 3.6.
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In [11] a parametric analysis on Δ2 was performed to infer the actual oxide
aperture shape. The results are shown in the upper plot of Fig. 3.6, where the evolution
of the first order modes in the gain-frequency plain is reported. Δ2 = −10% provides
the best fit with the experimental data. For a symmetric device (harrow points) the
mode frequencies are mainly influenced by the material anisotropies that split x and
y-polarized modes. Note by comparing these results with the experiments that all the
modal characteristics are reproduced. So, the first two modes have y-aligned spots
and the x-polarization has always smaller frequencies compared to y-polarization.
Moreover, due to material anisotropies, the x-polarized mode with x-aligned spots
(labeled h in the figure) has the highest threshold gain among these four modes,
which in the experiments gives the weakest intensity.

By using the best-fit parameters previously determined the frequencies and the
threshold gains of all the modes supported by the structure are computed and are
presented in the lower part of Fig. 3.6. The three-spot mode f can be interpreted as a
deformed second order mode; it closely compares with the experimental observations
and appears at the right frequency and polarization. The frequency position of all the
modes detected in the experiment fairly agree with the computations, without any
other parameter adjustment.

Phase-Coupled Arrays

The model can handle not only slightly deformed circular geometries, as those of
the previous example, but also much complicated geometries. To prove and test this
capability VELM was applied to the structure described in [12]: a device with a square
oxide aperture and a top metal grid, operating at 960 nm wavelength, as depicted in
Fig. 3.8. The metal grid serves also as an electrode that makes the injected current
more uniform. The 1µm width multilayer PtTiPtAu grid stripes define 4 × 4 µm2

openings which allow light escape, for a total array pitch of d = 5 µm. Different
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in the actual devices. The modes observed in the experiments are put in evidence. Right: Schematics
of the device. Partially from [13] (© 2003 IEEE)

array sizes have been made with n × n pixels. The structure is composed by an
Al0.15Ga0.85As λ-cavity with three InGaAs quantum wells, followed on the p-side
by a λ/2-layer containing a 25 nm thick AlAs oxidation layer at the minimum of the
optical field. The top-DBR consists of 19 periods of p-doped GaAs/Al0.9Ga0.1Asλ/4-
layers; the 30 periods of the bottom DBR are of the same composition but n-type.
A special role is played by the last, phase-matching GaAs layer whose thickness of
180 nm was chosen so to maximize the reflectivity contrast between openings and
metal stripe regions.

All the tested arrays display single mode operation on the same y-polarization over
a certain current range (up to about 1.5 Ith), where a higher order mode appears. All
pixels emit on the lowest order, bell-like modes, all at the same frequency. This
is well demonstrated by the far-field distributions (see Fig. 3.9). Their characteristic
four lobe radiation patterns indicate a 180◦ phase difference between adjacent pixels.

The far-fields distribution are obtained almost for free within VELM, since the
expansion coefficients are closely related to the Fourier transform of the output field
[24]. Figure 3.9 reports experimental and numerical far-field patterns, which fairly
agree; this is also shown by the dependence of the lobe apertures vs. array size. Very
narrow emissions are obtained, as low as one degree; the possibility of converting this
far-field profile into a more practical central lobe emission is discussed extensively
in [13].

The role of the metal grid is clarified by applying VELM to a 4 × 4 array and
studying the effect of varying the grid thickness, as shown in Fig. 3.8. The dense
distribution of the supported modes is shown for the first 2 nm wavelength inter-
val. The very flat gain distribution without metal grid is expected for that large
device size (20 × 20 µm2 oxide aperture). By introducing the grid, threshold gains
get larger and important differences among the various modes appear. Such higher
losses are strongly dependent on the mode profiles and are minima for those modes
whose intensity is null in correspondence of the grid lines. Such modes are put in
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evidence by bold symbols in Fig. 3.8 and arrows show their evolution at increasing
the grid thickness. These two modes correspond to those observed in the experi-
ments. A second mode appears at increasing the current and displays a near-field
characterized by two spots in every pixel.

The different selectivity of the metal grid on the modes is clarified by considering
the lowest threshold mode and the gaussian-like mode. In Fig. 3.10 the amplitude
profiles of these two modes are shown at the output (grid-air interface) and QW
sections in the two cases with and without the metal grid. The array lasing mode
is only marginally perturbed by the metal, while in all the other cases the field is
strongly deformed by the grid, resulting in much higher losses. The gaussian-like
mode experiences the highest losses, since it does not present any intensity minima
in correspondence of the grid lines. Then the metal grid acts as a “modal filter”.
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The terms “supermodes” and “phase-coupled arrays” have been used for such
devices [12]. Both are misleading, since they recall solitary devices coupled in some
way [31], instead of the actual high order mode of the large area device, selected by
the reflectivity patterning. An even stronger evidence of that is given by the inhomo-
geneous polarization features of these devices [13]. The emitted light is first passed
through a polarization filter, a λ/4 and a λ/2 waveplate that allow to measure the
ellipticity (χ0) and the polarization orientation (ϕ0), as shown at top of Fig. 3.11.
A scanning Fabry-Pérot (FP) is used to single out the fundamental mode; the cor-
responding output is then sent to a photo-diode or a CCD camera, for polarization,
spectral and spatial near-field measurements.

The near-field CCD images behind the FP reported in Fig. 3.11, upper part, clearly
show that the polarization state is inhomogeneously distributed over the array pixels.
By playing with the quarterwave plate one can successfully block the light only on
certain pixels, while other pixels display an increased output. This is clearly shown
by the middle and left images, where for two opposite angles the resulting outputs
are shown. Similar results are obtained for arrays with different sizes [13].

The origin of these polarization properties is readily understood by applying the
full vectorial capabilities of VELM. Among the two transverse modal field com-
ponents, one is generally dominating and determines what, commonly speaking, is
the polarization of that mode. By accounting also for the anisotropy induced by
the electro-optic effect, as previously discussed, the smallest gain solution is the
y-polarized mode, as in the experiment. The resulting modal birefringence of
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+10 GHz corresponds to the experimental values. The lower part of Fig. 3.11 shows
the results obtained by performing the experiment “numerically”, by varying ϕ0 and
χ0 by an ideal polarization filter. Both experiment and the model show bow tie polar-
ization patterns in fair agreement. The reason of this particular symmetry arises from
the different parities of the strong and weak transverse components (see Fig. 3.11 on
the right), which is a general feature of vectorial modes [24, 32].

Polarization-Stable Grating VCSEL

VCSELs with a dielectric monolithic grating, etched into the out coupling layer,
are presented as a last example in this review of application of VELM to real
devices; for a later application to tunable VCSEL with a curved top DBR, see
[33]. The idea of grating VCSELs was first proposed by the author in [34],
where the main guidelines of their design were outlined. The purpose of such
devices is to exploit the well known properties of gratings so as to fix the VCSEL
polarization. In fact unstable polarization characteristics were pointed out already
in the early 90’s [35]. Since then, a lot of different solutions have been pro-
posed to overcome the unpredictable polarization behavior of VCSELs. They
are due to the almost complete isotropic features of the gain material and of
the circularly symmetric resonator transverse geometry. All attempted solutions
were found problematic and not suitable for mass production. The encouraging
results predicted in [34] were readily confirmed by the experimental findings by
Dr. J.M. Ostermann at Ulm University (see Chap. 5 for more details).

The idea of using gratings to fix VCSEL polarization was pursued before, but with
non conclusive results. In fact the behavior of a grating within a resonator is different
from the free-standing case. Only a fully self-consistent solver can provide valuable
and quantitative information. So the grating effects depend on many factors: thickness
and position play a major role, period has smaller influence for values around the
lasing wavelengths. In Fig. 3.12 an example of the field profile in a grating VCSEL
is given. The near-field at the output section brings the grating fingerprints, showing
maxima where the radiation losses are larger. As expected for a grating period larger
than the emitted wavelength, the periodic near-field results in diffraction side lobes
in the far-field. This is observed in the field longitudinal cross section (Fig. 3.12),
shown on a large computation window compared to device size. The side lobe angle
is directly linked to the grating period and excellent agreement between model and
experiments has been shown [15]. What is relevant for these devices is their capability
of providing very different modal losses for the two polarizations. As an example
Fig. 3.13 shows the computed dichroism (the difference between the threshold gains
in the two polarizations, see formula in the inset of left graph) vs. grating depth for
different periods. The grating is etched into the whole out coupling section of the
top-cladding layer of a standard device, with an oxide aperture of 4 µm. The stronger
effect is given by the grating etch depth, which influences the strength and sign of
the dichroism, that is the lasing polarization: negative (positive) values correspond to
a perpendicular (parallel) polarization compared to the grating grooves. The grating
period plays a minor role and may affect the selected polarization only where the
grating thickness correspond to a change of the dichroism sign. The same parameter

http://dx.doi.org/10.1007/978-3-642-24986-0_5
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investigation was performed experimentally and a very good agreement was found
for the detected polarization orientation, which changes direction at the same grating
depth as predicted by the model. At the lower part a similar comparison is performed
on the threshold features. Good agreement is found also here, with a threshold peak
in the range of 30–50 nm.

From the preceding results, however, only indirect comparisons are possible:
in fact the OPSR is not directly linked to dichroism, apart from its sign. Also,
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dots at the same grating depth refer to nominally equal devices. Two grating orientation are tested.
Right: Corresponding modal birefringence

threshold current is only indirectly linked to threshold gain: the current has to be
transformed into carriers and the latter to a gain profile. Therefore a set of mea-
surements were performed aimed to directly measure the dichroism by detecting
the polarization resolved spontaneous emission spectra close to threshold and tak-
ing their difference [25]. The corresponding results are shown in Fig. 3.14, both
for dichroism and birefringence (the difference in modal emission wavelengths for
modes with same transverse profiles). In these results gratings were oriented as the
crystal axes, as shown in Fig. 3.14. In that way the combined effects of grating and
material anisotropies (electro-optic effect, see first example of this section) can be
better compared. In the modal birefringence the grating and electro-optic effects
sum or subtract to each other. The computed and measured dichroism compare fairly
well, giving then more solid proof that VELM is adequate also for grating VCSELs.
Birefringence shows also quite accurate comparison; however experimental data are
more scattered, as it has been observed also in previous studies [36]. Similarly we
attribute the scattered experimental data to uncontrollable residual strain in the dif-
ferent devices.

3.4 Thermal Part

Thermal effects are of great relevance in VCSELs, since they are responsible,
at increasing injection current, for an earlier power rollover in comparison to edge-
emitting lasers. Moreover, the thermal profile produces in the whole device a variation
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of refractive index which may have important consequences on the optical features.
The temperature profile is obtained by solving the well know thermal conduction
equation at steady state. In fact in most cases temperature dynamics is negligible,
being thermal time constants at least one thousand times slower than all the other
ones involved in VCSEL simulation. Temperature equation reads as:

∇ · (κ∇T ) = −Qtot (3.14)

where T (r) is the 3D temperature profile and r = (ρ, ϕ, z) the 3D position. The
thermal conductivity κ(r) is assumed also direction dependent [37–39], with two
different values in the transverse (κρ) and longitudinal (κz) directions. Solutions
of (3.14) can be obtained by imposing appropriate boundary conditions, that is a
fixed value of temperature (T0) at the heat-sink (usually the lower metal contact
on the substrate) and vanishing of its derivative normal to the boundary surfaces.
This problem can be solved either numerically (by taking a mesh of the device)
or by using techniques based on analytical formulations [40, 41]. The temperature
variation compared to the heat-sink is written as:

ΔT (r) =
∑
i jl

ci jl Jl(θ jρ) cos lϕ sin ζi z (3.15)

and takes into account the major phenomena of the thermal problem in a largely
analytical way. In fact it can include both the anisotropy of the thermal conductivity,
induced by the layered mirrors [39] and its spatial dependence, which is important for
the final temperature profile. For the transverse part, please refer also to section 3.7.1;
the only change is the computation window, which for temperature is much lager,
so as to cover all the device size. The choice of the sine basis for the longitudinal
temperature profile assure the continuity of the temperature at the substrate-metal
interface; moreover, the choice:

θi = π/(2Lz)(2i − 1) (3.16)

will ensure a zero derivative at the semiconductor-air interface (z = Lz).

Equation (3.14) is now considered in more details, to show how the expansion
procedure works also in presence of an anisotropic and spatially dependent thermal
conductivity κ , which leads to:

∇ · (κ∇T ) = ∇κ · ∇T + κ∇2T (3.17)

The laplacian and gradient operators can then be split in their transverse and
longitudinal parts to allow the introduction of the anisotropic thermal conductivity,
which will be indicated as κt and κz respectively. The thermal problem will read
then:

∇tκt · ∇t T + ∂κz

∂z

∂T

∂z
+ κt∇2

t T + κz
∂2T

∂z2 = −Qtot (3.18)
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By substituting (3.15) in (3.18) and projecting on the basis functions one can
transform the second order differential equation (3.17) into the much simpler problem
for the coefficients of the temperature expansion:

c = P−1 Q (3.19)

To reach this final form, the three indices of expansion (3.15) are organized in a
vector, i.e. c ≡ ci jl . The projected heat source vector elements read:

Qi jl =
∫ Lz

0

∫ 2π

0

∫ rM

0
Jl(θ jρ) cos(lϕ) sin(ζi z)Qtot (r)ρdρdϕdz (3.20)

and P is a matrix, whose elements are computed as:

P(i jl),(i jl)′ =
∫ Lz

0
dz

∫ 2π

0
dϕ

∫ rM

0
(κtθ

2
j+κzζ

2
i )Jl ′(θ

′
jρ) cos l ′ϕ sin ζ ′

i z Jl(θ jρ)cos lϕ sin ζi zρdρ

−
∑

m

∫ 2π

0

∫ rM

0
Δκzmk′

i sin ζi zm cos ζ ′
i zm Jl ′(θ

′
jρ) cos l ′ϕ ρdρdϕ

−
∑

n

∫ Lz

0
sin ζi z sin ζ ′

i zρnΔκtn∇t

[
Jl ′(θ

′
jρ) cos l ′ϕ

]
ρn

dz (3.21)

In such projection matrix three different contributions appear; the first term
account for the laplacian of the temperature profile and is composed by a combi-
nation of thermal conductivity profiles and laplacian of the basis functions. There
are also contributions stemming from the gradient of thermal conductivity, i.e. the
first term of rhs of (3.17). If piecewise profiles are assumed for thermal conductivity,
the spatial integration over z can be performed analytically. Therefore the last two
rows of (3.21) accounts for the discontinuities of κ at the longitudinal positions zm

(second term in rhs of (3.21)) and at the transverse surfaces ρn (third term in rhs of
(3.21)). Δκzm and Δκρn accounts for the corresponding steps in the thermal conduc-
tivity. The gradient leads to delta functions Δκzmδ(z−zm) and Δκρnδ(ρ−ρn), which
simplify the projection integral over the corresponding variables. In this way κ dis-
continuities are easily introduced. In the approximation that thermal conductivity is
constant with temperature, P−1 has to be computed only once, at the beginning of the
simulation. In current driven semiconductor lasers there are three main heat sources
contributing to Qtot (see for an extensive analysis [40] and references therein):

• Joule heating: Q J = σ−1(r)J 2(r) due to current injection through resistive mir-
rors. This is a major effect during all operation range; σ is the electrical conductivity
and J the current density distributions in the whole VCSEL volume (see previous
section).

• Optical free-carrier absorption in the doped layers: Q f ca = α(r)Sopt (r) is caused
by the photons reabsorbed in the semiconductor, mainly by free carrier absorption
α induced by doping. The optical power density S is spatially depending and follows
the 3D distributions of the modal fields.
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• Non-radiative recombinations: Qnri = Egi Rnri , where Egi is the band-gap energy
of region i and Rnri = Ni/τi + C N 3

i the corresponding non-radiative recombina-
tion rate, see (3.29). Spontaneous recombinations take place not only in the active
area, but also in other regions. Such contributions are very important to correctly
simulate the laser power roll-off. In this model, different from preceding works,
not only the active region, but also the cavity and the first Bragg mirror pairs serve
as carrier reservoirs. Such latter contributions are negligible at low pumping, but
become important at/above thermal rollover.

Some examples of temperature increase profiles are anticipated from the results
section. Their cuts in the x-transverse plane at different longitudinal sections and
in the longitudinal plane, at device center, for different x-positions, are shown in
Fig. 3.15. In the 350 µm long substrate the temperature decreases linearly and has
almost no transverse variations, thanks to the much higher heat conductivity of that
region. Instead, in the transverse profiles the low heat conductivity of air surrounding
the 20 µm radius mesa causes a fast decrease of the temperature at that interface.
The richest features appear close to the active area, where temperature is maximum.
Such transverse profile can qualitatively be compared to some experimental results
recently published [43]. The single contributions to temperature increase show dif-
ferent transverse profiles, related to the corresponding heat sources. This can be



3 Three-Dimensional Modeling of VCSELs 97

done thanks to the linearity of the heat diffusion problem (Eq. 3 of [42]). Only the
recombination part has a small dip in the center, due to spatial hole-burning, which
is completely compensated by the other contributions, all peaked at the center.

3.5 Major Temperature Related Phenomena

Most of the parameters introduced so far depend on temperature, at different degrees.
In the following only the most important ones will be discussed in detail.

Thermal lensing: An important phenomenon related to temperature profiles in
VCSELs is the so called “thermal lensing effect”. It consists of a guiding effect
induced by the refractive index increase at increasing temperature, which also gives
rise to a red shift of the emission wavelengths. The dependence of refractive index
on temperature is taken into account by the simple linear relation: n(T ) = n(T0) +
dn
dT

∣∣
T0

(T − T0).
Therefore, since the temperature 3D profile has a maximum in the center of the device
[43], that results in a guiding effect.

Absorption: The optical fields are directly influenced by temperature through
refractive index and absorption increase, which is modeled by α = α0(T/T0)

2.2.
In fact the major absorption source comes from free carrier absorption, which in the
simple Drude model depends on the inverse of the carrier mobility. The latter, in turn,
scales with approximately an inverse, nearly quadratic law with temperature [16].
Higher losses result at the center of the laser, favoring optical modes which are more
intense at the device periphery. This effect counteracts the thermal-lensing, which
by increasing guiding diminishes the modal losses. Therefore a minimum threshold
gain is expected at certain operation conditions.

Optical gain and antiguiding: Lots of different optical models have been reported
in the literature, either approximated (as e.g. [6]) or phenomenological [44] or
directly derived from quantum-mechanical treatments [45]. For refined VCSEL sim-
ulations carrier, temperature and wavelength dependences must be carefully included.
In this work the dielectric susceptibility induced by a 2D carrier density in a QW
is computed with the model reported in [46] without coulomb effects. It provides
at the same time the optical gain and the refractive index reduction induced by car-
riers in the active region, the so-called antiguiding effect. The QW band structure
is included, accounting also for valence band mixing effects. The numerical costs
are limited, since the computation is performed only once, creating look-up tables at
varying carrier density, wavelength and temperature. These are later used in VCSEL
simulation by appropriate fitting procedures.

Gain variations with temperature play an important role in a hot-cavity model,
especially at high pumping. The temperature enters the optical gain model mainly
through the quasi-Fermi levels and the bandgap red shift. The latter, which is the
strongest effect, is introduced by the well-known relation: Eg(T ) = Eg(0)− aT 2/

(T + b); where a = 6.2 × 10−4 eV/K, b = 280 K [47] for GaAs. An example of
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Fig. 3.16 Gain and refractive index variation spectra for different carrier densities and temperatures.
Partially from [17] (© 2009 IEEE)

gain and refractive index variation spectra for an 8 nm GaAs/AlGaAs QW is shown
in Fig. 3.16. The red shift induced by temperature is illustrated.

Carrier leakage: As previously discussed, a major phenomenon at high pump-
ing is current leakage. In fact it exponentially depends on temperature, due to car-
rier thermionic escape from the QWs and from the potential walls of the cladding
region [48]. This effect even goes beyond the usual drift-diffusion models [7], and
has been introduced here in a phenomenological way. In [1] a dependence of the
injection current on the quasi Fermi-levels is proposed. Temperature rises Fermi-
levels and brings carrier closer to the potential barrier edges, thus increasing the
escape probability. In this paper the dependence of injection/leakage on temperature
and pumping is introduced via the escape and leakage times, τe and τL in system
(3.28). To that end we introduce here the following leakage factor:

fL = τ j

τ j0
= 2

1 + exp [I/(IL − Ith)] (3.22)

which shows a decreasing behavior at increasing pump rate, thus introducing increas-
ing, pump dependent, leakage features. In fL , j = e, L , τ j0 is the escape/leakage
rate at room temperature and low pumping, I is the pump current, Ith is the thresh-
old current and IL is a current value close to the one where power roll-off occurs.
It depends only on the longitudinal electrical design and must be found only once,
by fitting an experimental power versus current curve. The different level of carriers
involved in the laser action is taken into account by Ith in the denominator. The leak-
age factor fL until slightly above threshold is close to unity, since I � IL − Ith and
Ith can be neglected in the exponent. After threshold is reached Ith can be properly
inserted in the leakage factor. This model is related to that of [1], but has more degree
of freedom to fit the experimental findings. In fact IL is linked to the height of the
potential barriers which confine the carriers and it depends only on the band structure
of the particular epilayer design.



3 Three-Dimensional Modeling of VCSELs 99

Carrier recombinations: Also carrier recombinations increase with temperature;
such effect adds to carrier leakage, since the number of carriers available for stimu-
lated recombinations is diminished. In the model the recombinations are included as
a function of the carrier density with the standard form of (3.29). The linear carrier
lifetime τ is considered constant, while the spontaneous emission is computed in
the same framework as for gain [49]. For Auger recombinations a cubic dependence
on carrier density is usually assumed. The related coefficient C is the most sensitive
on temperature and is particularly strong in InP-based devices, less for GaAs based
ones. For temperature dependence of non-radiative recombinations one can refer e.g.
to [50, 51].

3.6 Electrical Part

A good electrical model is very important since early design stages, so as to achieve
not only good performance but simply lasing devices. Its main goal is to provide
efficient carrier injection into the active area, keeping low the series resistance and
optical losses due to free carrier absorption. Such issues are contradictory, so trade-
offs must be pursued. The most common injection scheme, where the current is
injected through the mirrors, is not so good in this respect. Therefore the electrical
conductivity of the mirrors has to be improved by high doping levels, which in
turn increase the free-carrier optical absorption. Modulation doping schemes and
δ-doping at the optical field nodes are adopted to partly circumvent such issues
[11]. Correspondigly a very complicated transport problem, comprising also complex
band-gap profiles (see Fig. 3.7) has to be solved. That has never been attempted so
far in full. To the best of my knowledge the approximate treatment presented in [7]
is the most refined one. It solves accurately in a circularly symmetric structure the
region close to the cavity, while approximates the outer mirror region by resistive
bulk layers. This is still far from a fully 3D solution.

3.6.1 Approximated Current Profiles

Since here the main focus are the optical features, the electrical part will be kept at the
simplest level as possible. Therefore only what affects directly the optical model is
introduced, namely Joule heating and injection profile into the active region. To that
purpose many groups [3, 16, 52] use a simplified model which is a fair approximation
in the diode conducting regime. A resistive 3D problem described by a Laplace
equation for the electrical potential has to be solved, namely:

∇ · σ(r)∇V = 0 (3.23)

where σ is the electrical conductivity and r = (ρ, ϕ, z) the 3D position. The current
density distribution is simply given by J (r) = σ(r)∇V . In the results presented later
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an even more simplified approach is adopted. That may be convenient, allowing more
degrees of freedom to fit the model to experimental results, in particular for the current
injection profile into the quantum wells [6]. The latter has to be complemented by the
3D current distribution for Joule heating. To estimate it, one can take advantage of the
following considerations. The semiconductor layer under the metal is heavily doped,
to enhance current flow towards the device axis. Therefore the current is assumed
to spread over a section related to the outer contour of the metal ring. Due to the
oxide layer, the current is then forced to enter the oxide aperture, after which it can
continue towards the ground metallization on the back side of the substrate. Such
paths have a shape similar to a sand-glass (see Fig. 3.17) whose top and bottom parts
are approximated by two truncated cones with straight walls. The upper part is fixed
by the structural geometry (metal contact and oxide aperture shape), while the lower
part is most influenced by carrier scattering and diffusion over the long path through
the substrate (200−500 µm), during which the current can possibly spread. In this
simplified view the current density is fully determined by the VCSEL geometry. That
allows for any shape of the metal ring contact and, much importantly, of the oxide
shape, which is never circular in real devices [11], but rather with a diamond shape
(see Sect. 3.3.3).

The previous model, reasonable as Joule source, might be over-simplified to derive
the carrier injection profile. In fact, the combination of a metal contact ring with a
smaller oxide aperture causes the so called current crowding effect. It consist of
a stronger injection close to the oxide aperture rim than in the center; the current
tends always to follow the shortest path between the two electrodes. For all those
cases when such effect is relevant, especially for large aperture devices, the constant
injection profile can be modified by a phenomenological injection shape, suitable to
describe the current crowding features, such as:
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Fig. 3.18 Scheme of the
introduced carrier reservoirs
and their interactions

Jinj (z) = J0 exp(az p − bzm) (3.24)

This super-Gaussian shape is a generalization of the one proposed in [6]. The second,
negative term (−bzm) in the exponent accounts for the current confinement induced
by the oxide aperture shape. The exponent m can be chosen so as to fit the injection
decay in the outer region. For very large m values the shape can be made close
to step like (constant in the center and zero in the outer region). The transverse
profile is included via the normalized radial coordinate z = r/rs(ϕ), being rs(ϕ) the
angularly (ϕ) dependent oxide aperture shape. Current crowding is represented by
the first, positive term (az p). Depending on the absolute size of the oxide aperture, the
exponent p can be chosen to fit the injection overshoot which occurs slightly before
the oxide edge rs(ϕ). An example of the possible different profiles can be seen in
Fig. 3.17. For very deformed aperture shapes the four parameters may be assumed
to vary azimuthally. They can be obtained e.g. from the experimental spontaneous
emission, which is directly related to injection through carriers, as for example the
ones measured and reported in [53].

3.6.2 Current Leakage

To provide a reliable simulation of laser action also at high pump rates, carrier leakage
has been included in the model. This ingredient would enter automatically within a
fully self-consistent electrical model, accounting for the full band-structure of the
device. Here the carrier leakage is introduced in a phenomenological way, via capture
and escape rates among different carrier reservoirs, as schematically illustrated in
Fig. 3.18. This is somewhat similar to what proposed in [39], but including also the
pairs of the Bragg mirrors closer to the cavity as carrier-drain regions. The need for
such additional terms comes clear by considering the computed carrier profiles at
high pumping rates, as exemplarily shown in Fig. 3.19, where the results of a 1D
simulations obtained by Simwindows code [30] are reported. At high pump rates
and temperatures, those regions can spill a significant fraction of current from the
cladding region and effectively contribute to carrier leakage. The carrier densities in
the different regions are supposed longitudinally constant, since of the small widths of
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Fig. 3.19 Carrier profiles in a hard-pumped VCSEL, given as
√

N P and in logarithmic scales so as
to put in evidence the minority carrier in the p- and n-doped regions. N and P indicate the electron
and hole densities. The inset shows the same information in linear scales; the carriers in the QW
have values around 20× 1018cm−1 and have been zoomed so as to put in better evidence their
behavior in the lateral regions. The computations are performed by Simwindows [30] at different
temperatures. Only the region around the cavity section is shown, where the effect of leakage in the
Bragg mirror is stronger. Device structure as in [54]. From [42] (© 2009 IEEE)

the confinement potentials compared to diffusion lengths; this can be well observed
in Fig. 3.19. The rate equations for the carrier densities Nl (in the p- and n-pairs,
l = 1, lmax ) and Nc (in the cladding) read as:

∂ Nc

∂x
= L2

c∇2
t Nc − Nc(1 + 1

xc
+ 2

xL
) + 2

xL

WB

Wc
N1 + 1

xe

Wa

Wc
N + Jinj

eWc

∂ N1

∂x
= L2

1∇2
t N1 − N1(1 + 2

xL
) + Wc

WB

1

xL
Nc + 1

xL
N2

∂ Nl

∂x
= L2

l ∇2
t Nl − (1 + 2

xL
)Nl + 1

xL
(Nl−1 + Nl+1)

(3.25)

The first terms in the r.h.s. account for carrier transverse diffusion, being Ll the
corresponding diffusion lengths. The time is normalized as x = t/τ , being τ the
linear contribution to carrier lifetime (see (3.29)). Also the model time constants τi

are normalized as xi = τi/τ . N is the carrier density in the active region. For a visual
guide of the introduced variables and lifetimes governing their exchanges, refer to
Fig. 3.18. The model (3.25) takes into account the different widths Wi of the involved
carrier reservoirs: active (a), cladding (c) and Bragg mirrors (B). It introduces three
time constants:

– τc capture time of carriers into the quantum wells from cladding
– τe escape time of carriers from the quantum wells to cladding
– τL leakage time; this is assumed for simplicity equal for all the carrier exchanges

from cladding to mirror pairs and within different mirror pairs.
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In practice the exchanges among the different Bragg pairs might not be ruled
by a unique time constant, even supposed equal for escape and capture rates. This
is assumed for the sake of simplicity. Also, the leakage in the mirrors is supposed
symmetrical (same in p and n mirrors). The slight asymmetry (see Fig. 3.19), giving
preference to the n-side does not justify a much higher numerical effort in a phe-
nomenological model. By introducing some approximations, system (3.25) can be
simplified and the number of unknowns reduced. Namely, one can observe that:

Nl+1 − 2Nl + Nl−1 � L2
B

d2 Nl

dz2 (3.26)

is the discretized form of a second derivative, being L B the period of the Bragg
mirror. By neglecting transverse diffusion in the outer Bragg pairs, one can then
simply relate their carrier profiles to that of the first pair by:

Nl � N1 exp[−(l − 1)
√

xL ] l = 2, lmax (3.27)

An exponential decay of minority carriers in the mirrors is clearly observed in
Fig. 3.18, giving credit to the previous approximation, which strongly reduces the
number of variables. Therefore only two variables, Nc and N1, are added to the
standard rate equations, which deals only with active carriers and photons.

3.7 Rate Equations

The rate equation model is derived in the standard way from quantum theory of
semiconductor lasers [49], by performing the usual approximations (carrier neutral-
ity, adiabatic elimination of the microscopic polarization). Including the improved
injection scheme previously discussed, it reads as:

∂ N1

∂x
= L2

1∇2
t N1 − 1

xe f
N1 + Wc

WB

1

xL
Nc

∂ Nc

∂x
= L2

c∇2
t Nc − Nc(1 + 1

xc
+ 2

xL
) + 2

xL

WB

Wc
N1 + 1

xe

Wa

Wc
N + Jinj

eWc

∂ N

∂x
= La∇2

t N − τ R(N ) −
∑

q

τ Rst,q − 1

xe
N + Wc

Wa
Nc/xc

∂ Pi

∂t
=

(
ΓzGm,i − Lm,i −

∑
q

εiq Pq − εi i ′ Pi ′

)
Pi + Si

(3.28)

The first two equations deal with the carrier reservoirs and constitute the injection
model discussed previously. x−1

e f = 1 + (2 − e−√
xL )/xL is an effective time which

arizes from eliminating the outer outer Bragg pairs by (3.27). In the third dynamical
equation for the carrier density in the active region, the recombination term is written
as:
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R(N ) = N/τ + C N 3 + Rsp(N ) (3.29)

and includes non radiative recombinations in the standard way as a linear term (N/τ)

and a cubic one (C N 3) for Auger contributions. Radiative recombinations Rsp are
instead computed out of the standard quadratic approximation, by means of a band-
to-band model [55]. Within this injection model, the driving term for active carriers is
Wc
Wa

Nc/τc. The standard, simpler rate equation model can be obtained by substituting
this term by Jinj/(eWa) and neglecting carrier escape N/xe from QW and all other
carrier reservoirs.

In the photon equations:

– Pi is the output power into the i-th optical mode, defined both by its transverse
and polarization features,

– Pi ′ is the power into the orthogonally polarized mode compared to Pi ,
– Γz is the longitudinal confinement factor of the multiple quantum well active

region,
– Gm,i is the transverse modal gain of the corresponding optical mode, defined as:

Gm,i =
∫

S Gi Ii ds∫
S Ii ds

(3.30)

where Gi stands for the material gain in cm−1 for i-th mode,
∫

S(·)ds the integral
over the whole transverse surface, Ii = |Eact,i |2 the field intensity profile at the
active section,

– Lm,i is the overall loss of mode i,
– εiq is the gain saturation and εi i ′ the cross-gain saturation coefficient between the

two polarizations [56],
– Si is the spontaneous emission in mode i [49].

The last two equations are directly coupled through gain Gi (N ) and the stimulated
emission term, which is written as:

Rst,q = ωq	m(Δεact )Iq/(ωq�) (3.31)

By considering that 	m(Δεact ) = Gq/(ωq Zr ) (being Zr the reference impedance
[24]) and that the output optical power of mode q can be written in terms of the
electric field Eo at the output section as Pq Zr = ∫

S |Eo|2ds, (3.31) can be rewritten
as:

Rst,q = Gq Iq

ωq�Zr

Pq

Pq
= Gq |Eact,q |2

ωq�
∫

S |Eo,q |2ds
Pq (3.32)

In this way the quantities of major interest, the modal output powers, play the role of
unknowns other than the field intensities in the active region. These two quantities are
linked not simply by the Bragg mirror transmission coefficient as in most models, but
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by the ratio of the modal field profiles at the output and active sections. For particular
designs this factor can play an important role since it varies from one mode to another.

Carrier spin relaxation phenomena [57] are included in an approximate way [56],
which allows to eliminate the equations for the spin-population difference and for
the field phases. All the effects but phase nonlinearities are included through the
nonlinear cross gain between the two polarizations; their explicit expressions can be
found in [56] and have to be adjusted so as to account for the output power instead
of the cavity photon number. The implementation of the full SFM model [57], as
presented in [6], is relevant when polarization issues in quasi isotropic VCSELs
are of main concern. In principle this might be done within the present model, but
with higher computational costs (inclusion of the phases of the fields and the spin
population difference). This is out of the scope of the present paper.

3.7.1 Carrier Expansion and Projection Technique

System (3.28) is a set of differential coupled equations. Its size and therefore the
corresponding computer resources, are determined mainly by the carrier equation.
In fact the system has one equation for each optical mode, while the usual way to
handle spatial dependent carrier densities is to use a meshing technique. The latter
results in as many coupled dynamical equations as the number of discretization points
(see e.g. [7, 52]). In circularly symmetric devices this leads to a quite reasonable size
of the system since accurate results can already be obtained with about one hundred
of discretization points in the radial coordinate. However if one leaves the circular
symmetry the number of carrier samples lays on a 2D mesh, leading to a much larger
system of differential equations. This becomes three times larger, when accounting
also for system (3.25). Therefore carrier densities are expanded by using 2D functions
of the form:

N =
∑
jlp

n jlp Jl(k jρ)Ap(lϕ) (3.33)

where Ap stands for sin or cos angular variation and Jl is the Bessel function of
the first order. This is a generalized form of what already proposed by [5, 8, 58],
including also azimuthal variations that can handle any kind of carrier profile. If the
geometry is symmetric with respect to the crystal axes as it occurs most of the times,
only even azimuthal indices are involved. For circular devices and assuming a perfect
azimuthal modal degeneracy (as is assumed most of the times in the literature), no
angular variations occur and only the radial part is sufficient. The chosen basis (3.33)
guarantees zero derivative of carrier densities at the center (ρ = 0). The choice of
k j is made by imposing the orthogonality of the basis in the computation window,
which turns out to require a zero of the first derivative at the edge of computation
window [42]:

J ′
ν(kirM) = 0 ∀ i (3.34)
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By means of (3.33) one can rewrite the dynamical system in terms of the coef-
ficients of the expansions. In this way the size of the system is determined by the
number of the elements of the basis and can be greatly reduced compared to other
discretization techniques. The coefficients of the expansion are found by a projection
technique. It is readily realized that a full projection scheme, that is using only the
coefficients instead of the spatial variables, is cumbersome and numerically ineffi-
cient. In fact, since one has complex profiles of all the involved quantities (fields,
temperatures, QW optical susceptibility) which in turn interact in nonlinear ways,
one cannot handle the system as in [5] without either loosing most of the information
or obtaining a huge amount of terms due to the nonlinear interactions. A huge num-
ber of projection coefficients arise in the linearized form of the laser rate equations
[8]. Therefore this technique is not pursuable for a refined simulation, where also the
field profiles changes during operation through thermal effects. It is proposed here,
for the first time, what I call a mixed technique. It preserves the benefits of both the
spatial and projection techniques: the accurate representation of all the interactions
and the computational efficiency. The carrier expansion is used only to lower the size
of the system and to analytically compute the diffusion terms in the carrier equations,
which, by exploiting the properties of Bessel functions [59], reads as:

∇2
t N =

∑
jlp

−k2
j n jlp Jl(k jρ)Ap(lϕ) (3.35)

All the other variables at rhs of system (3.28) are kept in their spatial representations
and only the final result is projected on the basis functions. This is done by numerical
integration at every step of the integration of the nonlinear dynamical system. Exam-
ples of expansion coefficients and corresponding computation times are anticipated
in Fig. 3.20 from Sect. 3.8. 125 expansion coefficients are able to well represent a
complex carrier profile (see. Fig. 3.27). More than ten time faster computation times
are achieved by the projection technique, as shown on the right plot, even if it comes
clear that the most of the computing time is spent by the optical solver.

3.7.2 Light Output Curve Computation

To compute the power versus current curves of a VCSEL one has to solve all the
above problems self-consistently. The core of the model is the rate-equation problem
(3.28), which is treated by a Matlab ODE (ordinary differential equation) solver, until
the steady-state is reached. Some approximations are introduced so as to stay within
reasonable computation times. The following simple scheme is applied to compute
a PI curve:

1. A current value is set,
2. The corresponding temperature profile is computed
3. The optical problem is solved by VELM, including all 3D thermal effects (refrac-

tive index and absorption profiles). Actual gain and refractive index distributions
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Fig. 3.20 Left: Example of expansion coefficients of the active region carrier density N at 15mA
(see Sect. 3.8). The logscale puts in better evidence the small coefficients. Right: Computer runtimes
(Intel Core 2 Extreme CPU Q6850@3GHz) vs. current within the two different carrier techniques:
expansion (lines) and spatial sampling (dots). In black the runtime spent on the solution of the rate
equation system, in magenta the total runtime, whose major contribution comes from the optical
solver. Partially from [42] (© 2009 IEEE)

in the active region are included, using the carrier density profile of the preceding
current value. This provides modal fields, frequencies and gains.

4. All preceding steps are used in system (3.28), which is solved up to steady-state.

Starting from zero current, steps 1 to 4 are passed until all the required current
values are considered. Approximations are included at step 2, where to compute the
thermal profile the actual current value is input, but for non-radiative recombinations
and reabsorbed optical power the values of the preceding current step are used. The
same is applied for gain profile and carrier antiguiding. By keeping the current steps
sufficiently small, these are fairly good approximations and result in a huge increase
of computational efficiency. In case one is not satisfied with this scheme, an iterative
procedure can well be applied also in the framework of this model. The computation
of a PI curve starts from below threshold, at weak injected currents. The latter define
the 3D current path, according to the simple geometrical model described in [42]. Its
important ingredients are the dimensions and shapes of the metal ring and the oxide
aperture. Through the spatially dependent resistivities one can compute the Joule
heating source.

3.8 Example of Results

The model has been first tested on real devices, by comparing the numerical results
with the experimental findings [17]. It is then useful to briefly report on that, since
also some of the model parameters have been achieved by that comparison. The same
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Fig. 3.21 Table of parameters (left) and transverse geometry used in the simulations. The parameters
indicated by asterisks are used to fit the experimental results

structure is here used to investigate a more demanding transverse geometry, useful
to better put in evidence all the relevant model features.

The VCSEL epilayer design is from the Ulm University [54] and is aimed for single
mode operation. Therefore the built-in optical confinement is set to a minimum and
thermal effects play a role also on the modal properties from the very beginning of
operation. The 860 nm design comprises 23 AlGaAs layer pairs in the p-doped top
Bragg mirror and 39.5 pairs in the n-type bottom mirror. The active region consists
of 3 GaAs QWs placed at the center of the λ-cavity. The current is confined by a thin
oxide aperture in the first top-mirror pair above the cavity, at a field node, so as to
keep the optical guiding low and therefore to inhibit high order modes as much as
possible. Current is injected through a top metal annular ring, 16 µm in diameter (see
Fig. 3.17). The sample was designed with an out-of-phase cap-layer, so that the top
mirror reflectivity is minimum. Later processing, etching away 60 nm or cap-layer,
restores the high mirror reflectivity in a selected inner area, which results in the so
called inverse relief technique [60]. In that way single transverse mode operation is
possible and successfully achieved. Devices with a circular relief of 3 µm diameter
show single mode operation over the full working range, attaining the very high
power of 6.3 mW [54].
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3.8.1 Model Validation

On the same inverted chip both surface-relief (see Chap. 5 for more details) and
standard devices were processed for comparison. The latter are obtained by simply
etching the whole out coupling section defined by the opening of the metal contact
ring. A list of parameters used to simulate PI curves is given in the table of Fig. 3.21.
Some of them are typical and taken from literature [52], some result from a parametric
study to match the experimental results. In the two devices all parameters are the
same, except for the surface relief. That single change produces all the differences,
as shown in Fig. 3.22. The threshold is drastically reduced by a factor of five, the
differential efficiency is smaller and the power rollover occurs at higher current.
Moreover, at around 4 mA, first-order modes start to contribute to the laser action, as
it is seen from the spectra at various currents [17]. All those experimental features are
fully reproduced by the numerical results; this is a strong indication that the parameter
set correctly describes the epitaxial design. The modally resolved output powers come
for free from the simulations, since the total power is simply obtained by summing up
all the modal contributions. In the experiments, that information can be accessed only
indirectly, via the current-resolved optical spectra. Their peak values are extracted
at different pump rates and plotted vs. current, showing a fairly good comparison.
dB scales allows also non-lasing modes to be seen; the model can reproduce them
thanks to the spontaneous emission terms Si in (3.28) of the individual modes. The
computed total power accounts for the sum of all the supported modes with the
addition of the power related to radiative spontaneous recombinations; the latter is
the dominating term below threshold, while it stays almost clamped above threshold.

For the surface relief VCSEL, one can see that first-order modes are well sup-
pressed over the whole operation range. The suppression stays pretty constant, nearly
at 40 dB, and compares very well with the computed results. The situation for the
standard device is much more complicated, since many modes contribute to the
lasing action in different amounts at varying current. For the first time to the best
of my knowledge, a modally resolved PI curve is compared with the experimental
data. In particular, the competition among the fundamental and the two first-order
modes compares very well up to 10–12 mA, where in the measurements the higher-
order modes come into play. In the lower injection range, the onsets of the first-order
modes, their relative power share (induced by the oblong oxide aperture) and the
current for which the power of the fundamental mode equals that of the first-order
mode are well reproduced.

To better access the thermal behavior and see how the model compares with exper-
iments, the positions of the modal peaks are extracted from the measured spectra.
The comparison is shown in Fig. 3.23 for both analyzed devices. The agreement is
very good even in the details. In particular one can observe a sort of thermal run-away
at high pump rate above rollover, which is due to the conversion of carriers to heat
instead of light and to the recombinations from leaked carriers.

http://dx.doi.org/10.1007/978-3-642-24986-0_5
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3.8.2 Additional Examples of Numerical Results

To illustrate all model features, a more computationally demanding structure is
adopted where all the possible effects come into play. The epilayer design is the
same of the real devices considered before, but the transverse geometry is strongly
deformed and shown in Fig. 3.21. The inherent oblong oxide aperture shape which
arises from wet oxidation (see Fig. 3.6), is here exaggerated on purpose so as to put
in better evidence the model capabilities in handling non-circular symmetries. Addi-
tionally an oblong surface relief, 3.4 × 1.7 µm2 wide and 60 nm deep, is introduced
as transverse and polarization mode filter, similarly to [61]. In the electromagnetic
modeling, the electro-optic effect is included, according to Sect. 3.3.3. This results
mainly in a frequency difference between the polarizations, which is taken into
account in computing the optical gains. The x- and y-axes are oriented according to
the crystal directions, as shown in Fig. 3.21. Both oxide aperture and surface relief
are described by the analytical shape (3.13), with r0 = 2.67 (3.1), Δ2 = −0.281
(0.454) and Δ4 = 0.03 (0.09) for the oxide aperture (surface relief).

As for the experimental case considered before, a flat injection profile is used
(m = 20, b = 1, a = 0 in (3.24)). Figure 3.24 reports the computed PI curve. A major
difference with previous results is that now the full vectorial treatment is used. The
fingerprints of the non circular geometry in the active part and in the relief can be
clearly seen. All the mode are non-degenerate, as concerns both the polarization
and the spatial distribution (for first order modes). For the latter one can see that
the cos-like modes (see Fig. 3.25) are preferred to the sin-like ones, due to their
better superposition with the oblong surface relief. Since of the 90deg rotated oxide
aperture, exactly the opposite happens for the modal gains, where the sin-like modes
superimpose better with the gain shape. None of them succeed to reach threshold
during operation and their emission powers stay always below 40 dB compared to the
lasing mode. Due to the inherently stable resonator design with the oblong relief, all
spin relaxation nonlinearities [56] have been omitted here for the sake of simplicity.
The non-lasing x-polarization stays always below 20 dB the lasing mode.

The vectorial and 3D fields are computed accounting for the 3D thermal dis-
tribution and gain/refractive index profiles in the active region. The continuously
varying thermal profiles (see Fig. 3.15) have been longitudinally discretized by a
staircase approximation, accounting 20 steps within the 8 µm of the optically signif-
icant structure (Bragg mirrors and cavity). The different modal losses are extracted
from the optical model, together with the relations between cavity and output inten-
sities. Those are computed by making use of the field profiles at the corresponding
two sections. The modal gains provided by the carriers in the active section are part
of the dynamical system and are computed in the standard way, by superposition of
the active field intensity and gain profile induced by carriers.

The modal gains and losses are shown in Fig. 3.25 for the six modes included
in the simulation of the previously described device: the fundamental, gaussian-like
mode and the two first-order modes, with their x and y dominant polarizations.
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As soon as the injected current delivers enough gain so as to compensate for the
lowest losses, threshold is reached for that mode, usually the fundamental mode,
gaussian-like intensity profile. This happens also in our device over the whole range
of operation. Here the modal gain of the lasing mode strictly follow the modal losses,
which depend mainly on the thermal properties and vary during operation. In the
figure one can see the opposite effects of the two main actors in the optical problem:
thermal lensing and temperature dependent losses. At low pump rates the effect of
the thermal lens (Eq. 17 of [42]) dominates and the losses diminish with current.
This is due to the stronger optical confinement which reduces the field portion in
the region outside the relief. Instead at high currents the increased losses (Eq. 18 of
[42]) prevail, giving origin to minimum modal losses at certain current values.

In Fig. 3.26 one can compare the carrier values in the different zones: active, cavity,
leakage. The carrier densities at device center and their maxima in the horizontal and
vertical direction are shown vs. injection current. On the right side the corresponding
carrier profiles in the active section are given at different currents; the spatial hole
burning phenomenon clearly appears. Below threshold carrier are maxima at the
center; above threshold carrier are converted to photons according to the intensity
shape of the lasing mode. Therefore they diminish in the center and stay higher close
to oxide aperture rim; in this case their values along the rim are varying, due to the
different oblong shapes of carrier and optical intensity profiles.

The density in the cavity region is the lowest due to the its largest volume. In any
case, the carrier densities other than the active ones stay small, as it has to be for a
properly working device. They increase with pumping due to the injection-dependent
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leakage factor (Eq. 19 of [42]). This can be seen in the logscale plot, by comparing
the active carrier increase with the ones of the other reservoirs.

In Fig. 3.27 one can see the same results of Fig. 3.24, but computed within the
simplified injection scheme. This is done with the purpose of comparing the expan-
sion technique adopted here with the common carrier sampling procedure. The two
simulations provide very similar results, hardly distinguishable in the figures, with
reference to both optical power and carrier profiles. An example of the latter is
given for two injections. The maximum deviations are 50 µW in optical power and
2 × 1017 cm−3 for active carrier density. This provides an important validation to
the expansion technique.

The temperature increase is caused by different heat sources, as discussed in
Sect. 3.4. Figure 3.28 shows the contributions to temperature increase vs. current. It
appears that Joule heating and carrier non-radiative recombinations are effective over
the whole operation range while optical absorption contributes only where the laser
action is stronger. Carrier non-radiative recombinations in the active area increase
up to threshold, stay almost clamped in the first range of operation regime, than
increase again to compensate for the lower gain and higher losses at increasing tem-
perature. Finally, non-radiative recombinations of leakage carriers provide a contri-
bution which becomes relevant at high pumping rates due to its exponential increase
above thermal rollover (see Eq. 19 in [42]). Therefore the additional carrier reser-
voirs comes into play at strong pumping regimes and are useful to describe power
rollover. All these saturation effects are caused by temperature, which is therefore a
very important ingredient in VCSEL simulation.

In Fig. 3.28 the effects which contribute more to power rollover are also analyzed.
To that end the simulation is run several times, by excluding each time a different,
temperature dependent, phenomenon: dependence of the optical response of the
QW material, dependence of the resonator properties (refractive index and loss),
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dependence of leakage. One can clearly see that the major role in power rollover is
played by the gain dependence on temperature, followed by temperature dependent
losses. The temperature dependence of leakage display the minor, even not negligible
role.

3.9 Summary

Comprehensive models for VCSEL operation above threshold are very complex since
of the many coupled interactions between optical, electrical and thermal phenomena.
They act on different 3D spatial domains in the most general case and have been
comprehensively described. Fully numerical techniques have been proposed, but so
far they are still too cumbersome to be used to design or optimize actual devices.
Therefore efficient expansion techniques have been used throughout this chapter;
they were shown capable to handle fully 3D geometries and vectorial field features,
at moderate costs in terms of memory and run times.
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Chapter 4
Single-Mode VCSELs

Anders Larsson and Johan S. Gustavsson

Abstract The only active transverse mode in a truly single-mode VCSEL is the
fundamental mode with a near Gaussian field distribution. A single-mode VCSEL
produces a light beam of higher spectral purity, higher degree of coherence and lower
divergence than a multimode VCSEL and the beam can be more precisely shaped and
focused to a smaller spot. Such beam properties are required in many applications.
In this chapter, after discussing applications of single-mode VCSELs, we introduce
the basics of fields and modes in VCSELs and review designs implemented for single-
mode emission from VCSELs in different materials and at different wavelengths. This
includes VCSELs that are inherently single-mode as well as inherently multimode
VCSELs where higher-order modes are suppressed by mode selective gain or loss.
In each case we present the current state-of-the-art and discuss pros and cons. At the
end, a specific example with experimental results is provided and, as a summary, the
most promising designs based on current technologies are identified.

4.1 Introduction

The vertical-cavity surface-emitting laser (VCSEL) is an attractive light source for
an expanding range of applications. Due to low cost manufacturing, low power con-
sumption, simplified packaging, attractive beam properties (circular and low diver-
gence beam) and excellent high-speed modulation characteristics at low currents,
it has replaced the edge-emitting laser in short-reach optical communication links
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and networks based on multimode fibers. VCSELs used in these applications are
multimode which benefits manufacturability and reliability as well as system perfor-
mance. However, new applications are emerging that require, e.g., improved spectral
purity, higher degree of coherence and improved focusing capabilities. These require-
ments are met by single-mode VCSELs while still providing all the advantages listed
above. The near Gaussian beam produced by a single-mode VCSEL also allows for
the use of simple optics in the system.

In this chapter we discuss applications for single-mode VCSELs, introduce the
basic concepts of optical fields and modes in VCSELs and review various techniques
that have been implemented for achieving single-mode emission.

4.2 Applications and Requirements

Short-reach communication links and networks based on multimode fiber (local/
storage area networks and optical interconnects) have been the main driver for the
development of VCSELs since their commercial introduction in 1996 [1]. Such
links and networks employ 850 nm multimode VCSELs with excellent high-speed
and reliability performance. However, VCSELs are also being developed for longer
distance optical communication such as access and metropolitan networks where
wavelengths of 1,310 and 1,550 nm are used [2]. With such networks being based on
single-mode fiber, the VCSEL has to be single-mode, i.e. supporting the fundamental
transverse mode only, to enable sufficient coupling to the fiber. In addition, the
spectral purity of the single-mode VCSEL is needed to prevent excessive pulse
broadening over longer transmission distances due to chromatic dispersion in the
fiber. Single-mode VCSELs may also find applications in short-reach multimode
fiber links where, e.g. the low noise and good RF (radio frequency) linearity of single-
mode VCSELs can improve the performance of radio-over-fiber links in distributed
antenna systems [3].

The optical computer mouse has recently emerged as another high volume appli-
cation for VCSELs where laser light is used to improve the resolution, sensitivity
and speed of position tracking and to enable tracking on a larger variety of surfaces.
Compared to other types of diode lasers, the low power consumption of VCSELs is
attractive for cordless, battery-driven mice. High definition tracking requires a high
degree of coherence and therefore the VCSEL has to be single-mode. In addition,
the polarization of the laser field has to be stable to avoid coherence reduction due
to polarization instabilities. The laser mouse is the first high-volume application of
single-mode (850 nm) VCSELs [4].

Because VCSELs are surface emitting they can be monolithically integrated in
two-dimensional arrays. Such components have found applications in laser printing
where arrays of individually addressable VCSELs (780 nm) are used as light sources
to simultaneously improve print resolution and speed [5]. The array has a large
number (32) of closely spaced single-mode VCSELs with small beam divergence,
enabling a print resolution as high as 2,400 dpi and fast color reproduction with print
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speeds of several tens of pages per minute. More details can be found in Chap. 18 of
this book.

Single-mode VCSELs are also used as compact and efficient, low-cost sources
in optically pumped miniature atomic clocks where the emission lines of an RF
modulated single-mode VCSEL interact with atomic transitions in the atomic vapor
(Cs at 852 or 895 nm or Rb at 780 or 795 nm) [6]. This enables the construction of
miniature, chip-scale atomic clocks for precise time synchronization. Such atomic
clocks, with volumes < 1 cm3, may become important time standards in, e.g. GPS
receivers and for clock distribution in communication networks. The application
requires the single-mode VCSEL to operate in a stable, linear state of polarization
and to have low intensity and phase noise as well as a large modulation bandwidth.

Gas sensing and analysis through absorption spectroscopy by means of tunable
diode lasers is of industrial importance in fields ranging from medicine to monitor-
ing and control of combustion processes. Detection techniques based on sweeping
the laser emission line through specific gas absorption lines (wavelength modula-
tion spectroscopy) offer sensitivities in the ppm range or better. Gas species and
wavelengths of interest range from, e.g., oxygen at 760 nm to CO, CO2 and NO2
in the mid-infrared (2–3.5 µm). The use of current-tuned single-mode VCSELs
offers advantages over other types of diode lasers in terms of tuning range, response
time, power consumption and beam quality [7]. In addition to being single-mode the
VCSEL has to be polarization-stable.

In addition to the applications discussed above, there are numerous other appli-
cations for single-mode VCSELs in the area of sensing, all benefiting from the low
power consumption, small form factor, low noise and excellent beam quality. This
includes sensors operating in, e.g., reflection, transmission, absorption, or scattering
modes for position sensing, motion control, bar code scanning and many other mea-
surement tasks [8]. For instance, VCSEL-based optical encoders, for digital encoding
of, e.g., linear and rotary positions, offer significantly improved performance in terms
of precision and resolution compared to encoders based on light-emitting diodes or
edge-emitting lasers. With single-mode VCSELs offering higher resolution than mul-
timode VCSELs, high-definition optical encoding represents a growing market for
high-power single-mode VCSELs. The higher degree of coherence of single-mode
VCSELs also enable their use in measurement systems based on optical interference
and statistical analysis of speckle patterns.

The performance requirements for single-mode VCSELs vary between applica-
tions. In most present applications the output power is quite modest, on the order of
1 mW or less. However, several applications such as communication, printing and gas
sensing would benefit from higher power to increase transmission distance, improve
print speed and enable faster, real-time measurements. Large efforts are therefore
devoted to the development of high-power single-mode VCSELs. Suppression of
higher-order transverse modes generally has to exceed 30 dB while the suppres-
sion of the orthogonal polarization state, in applications requiring polarization-stable
VCSELs, should exceed 20 dB. Some applications, such as gas sensing and atomic
clocks, require a precise wavelength which is demanding from a fabrication point
of view. Other performance measures include the phase noise (which determines the

http://dx.doi.org/10.1007/978-3-642-24986-0_18
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linewidth and the coherence length) and the intensity noise, with requirements being
strongly application-dependent. Last, but not least, the single-mode VCSEL has to
fulfill requirements in terms of reliability and manufacturability.

4.3 Optical Fields and Modes in VCSELs

Before reviewing various designs for single-mode emission we introduce the basic
concepts of waveguiding and optical modes in VCSELs.

4.3.1 Longitudinal Fields

Field confinement in the longitudinal direction (the z-direction) is achieved by highly
reflective distributed Bragg reflectors (DBRs) positioned below and above the active
region (Fig. 4.1). Because of the short distance between the reflectors, forming a
resonator with an effective length of only one or a few wavelengths, the resonator
supports only one wavelength within the gain bandwidth of the active region. This
corresponds to a single longitudinal mode with a field distribution as indicated in
Fig. 4.1.

4.3.2 Transverse Fields

Field confinement in the transverse direction (the r-direction) can be achieved
by various means. To introduce the concept of transverse modes we consider
an oxide-confined VCSEL of circular symmetry as illustrated in Fig. 4.2. This
design is frequently used for high-performance GaAs-based VCSELs emitting in the
0.65–1.3 µm range [9]. Oxide confinement implies that an AlGaAs layer, with a high
Al-content (near 100%), close to the active region is partially oxidized through wet-
chemical oxidation. The oxidized layer becomes electrically non-conducting, thus
confining the injected current to the central region of the VCSEL (the oxide aperture
of diameter dox ). Oxidation also lowers the refractive index (from ∼3 to ∼1.6 at
a wavelength of 850 nm [10]). This provides transverse optical confinement, thus
forming a waveguide for light propagating in the longitudinal direction.

The formation of a waveguide can be understood by applying an effective index
analysis [11], which shows that any modification of the VCSEL resonator that pro-
duces a local shift of the resonance wavelength (Δλ0) produces a corresponding
change of the effective index (Δneff) in that region:

�neff

neff
≈ �λ0

λ0
(4.1)
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Fig. 4.1 Longitudinal
optical field distribution in a
VCSEL with two DBR
mirrors for longitudinal field
confinement

upper DBR

lower DBR

active region

longitudinal
optical field

z

Fig. 4.2 An oxide-confined
VCSEL with the shift of the
resonance wavelength and
lowering of the effective
index in the oxidized region
(region 2) oxidation
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The change depends on the direction of the shift and is positive for red shifts and
negative for blue shifts. Oxidation (which lowers the refractive index of the material)
produces a blue shift of the resonance wavelength (Δλ0 < 0) and therefore lowers the
effective index in the oxidized region (neff2 < neff1). Thus, a cylindrical waveguide
is formed, having a core diameter of dox and an effective index difference between
core and cladding of Δneff . This is similar to the waveguide of a step-index optical
fiber and the guiding characteristics can be analyzed using standard methods applied
to optical fibers [12].

Using Maxwell’s equations and the boundary conditions at the core-cladding inter-
face one can find the transverse electromagnetic modes supported by the waveguide,
which are characterized by their propagation constants and characteristics field
distributions in the transverse plane. In the weakly guiding approximation, where
Δneff << neff , the modes can be expressed in terms of linearly polarized modes
(polarized in the r − Φ plane), or LPmn modes, where m is the azimuthal mode
number and n is the radial mode number. In cylindrical coordinates we have for the
electric field amplitude of an LPmn mode:

Emn(r,�, z) ∝ e jm�. e− jβmn z · Jm(umnr) when r < a (core) (4.2)

Emn(r,�, z) ∝ e jm�. e− jβmn z · Km(vmnr) when r < a (cladding) (4.3)
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where r, Φ and z are the cylindrical coordinates, βmn is the propagation constant,
Jm is a Bessel function of the first kind and order m and Km is a modified Bessel
function of the second kind and order m. The parameters umn and vmn are given by:

u2
mn = k2

0n2
eff1 − β2

mn (4.4)

v2
mn = β2

mn − k2
0n2

eff2 (4.5)

where k0 is the propagation constant in vacuum. The modes supported by the
waveguide and the corresponding values for the u and v parameters, and therefore
the propagation constants, are obtained by applying the boundary conditions which
results in the following characteristic equation:

u · Jm−1(ua)

Jm(ua)
= −v · Km−1(va)

Km(va)
(4.6)

For a given waveguide (radius a and index step Δneff), a discrete and finite number
of guided modes exist which are the solutions of (4.6). With large radius and index
step, a large number of modes exist. With sufficiently small radius and index step,
only the fundamental LP01 mode exists.

The mode intensity, which is proportional to the square of the electric field ampli-
tude, of some of the lowest order LPmn modes are shown in Fig. 4.3. Note that each
mode with m ≥ 1 can be coupled with either a cos(mΦ) or a sin(mΦ) dependence,
thus having two identical angular intensity distributions rotated with respect to each
other. The LP01 mode is the fundamental mode of the waveguide and is the only
active mode in a truly single-mode VCSEL. All other modes should be non-existing
or strongly suppressed.

For the discussion of mode selectivity in VCSELs with a waveguide supporting
multiple transverse modes (Sect. 4.4) it is important to note that the fundamental
mode has its intensity confined to the central region (core) of the waveguide while
higher-order modes have more of their intensity at the periphery of the waveguide,
extending into the cladding region.

The fact that different transverse modes extend to various degree into the cladding
region of the waveguide implies that their resonance wavelengths differ. Higher-order
modes, which extend more into the region of lower effective index and therefore
have a lower effective mode index, have shorter resonance wavelengths. However,
the spectral mode separation of an 850 nm oxide-confined VCSEL is only one or a
few Å’s. Therefore, even in a VCSEL supporting several transverse modes, the spec-
tral dependence of gain in the active region has a small effect on mode selectivity.

The relative strength (intensity) of the various transverse modes under current
injection also depends on the overlap of the transverse intensity distribution with
the transverse distribution of gain in the active region. Assuming that the transverse
extent of gain is determined by the size of the oxide aperture (current confinement)
and that the gain is uniform within the aperture, one can define a transverse optical
confinement factor which determines the modal gain:
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Fig. 4.3 Intensity distributions in the transverse plane (left) and in the radial direction (right) for
the four lowest order LPmn modes of a cylindrical step-index waveguide

�trans,mn =
a∫

0

2π∫
0

E2
mnrd�dr

/ ∞∫
0

2π∫
0

E2
mnrd�dr (4.7)

The fundamental LP01 mode, which has a larger transverse optical confinement
factor, has the highest modal gain while for higher-order modes the modal gain
decreases with increasing mode order. This results in mode selectivity, favouring the
fundamental mode. In real VCSELs, the non-uniformity of current injection in the
active region also introduces a certain degree of mode selectivity, favouring higher-
order modes.

So far it has been assumed that only the index step provided by the oxide con-
finement defines the waveguide in the VCSEL. However, in a real VCSEL under
current injection the properties of the waveguide are also affected by the presence
of carriers in the active region and by self-heating. The presence of carriers, within
the core of the waveguide, provides gain guiding (through the imaginary part of the
refractive index). Just like index guiding, gain guiding confines the optical field to
the core of the waveguide [13]. However, carriers also have an effect on the real part
of the refractive index which is reduced with increasing carrier density (the plasma
effect). Therefore, carriers also produce an antiguiding effect. Finally, self-heating
due to the resistive loss in the VCSEL structure under current injection produces
a convex radial temperature distribution. Through the temperature dependence of
the refractive index this translates into a thermal lens [14] which further confines
the transverse optical fields to the core of the waveguide and allows for additional
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Fig. 4.4 Mode-resolved power-current characteristics for a 7 µm oxide-confined 850 nm VCSEL
without (a), and with (b) effects of carriers and temperature accounted for

higher-order modes. All these effects are superposed on the built-in step-index
waveguide and together define the modal characteristics of the VCSEL.

Above threshold, the strong stimulated emission rate in regions of high optical
intensity results in a depletion of the carrier density in that region, an effect known
as spatial hole burning [15]. This leads to a modification of the waveguiding prop-
erties and to strong competition between transverse modes with overlapping field
distributions.

To illustrate the impact of carriers and temperature on the modal properties of
VCSELs we have applied a quasi-three-dimensional numerical VCSEL model [15],
which self-consistently treats all optical, electrical and thermal effects, to an oxide-
confined 850 nm GaAs-based VCSEL with a 7 µm oxide aperture. Figure 4.4a shows
mode-resolved power vs. current characteristics when the effects of carriers and
temperature are neglected, while Fig. 4.4b shows the corresponding behaviour when
these effects are included. Note the strikingly different behaviour and the mode
competition and switching as the current is increased due to spatial hole burning and
thermal lensing.

4.3.3 Polarization

In the weakly guiding approximation, the guided modes are transverse electromag-
netic in nature with each mode having two linear and orthogonal states of polar-
ization. If the optical properties of the VCSEL materials were isotropic, and the
VCSEL geometry was perfectly cylindrical, the two polarizations of the LPmn mode
would propagate with the same propagation constant and have the same transverse



4 Single-Mode VCSELs 127

intensity distribution. In a real VCSEL, due to anisotropies, the two polarization
states have slightly different propagation constants and therefore the resonance
wavelengths are slightly different (corresponding to a frequency difference of a few
GHz for an 850 nm VCSEL [16]). Since there is no strong intrinsic mechanism to
select one of the polarization states, VCSELs often exhibit uncontrolled polarization
instabilities [17], as discussed in Chap. 6.

In many applications of single-mode VCSELs a stable, linear state of polarization
is required. Therefore, various techniques for polarization control in VCSELs have
been developed. This is the subject of Chap. 5.

4.4 Techniques for Single-Mode Emission

In the remainder we review various single-mode VCSEL designs and their per-
formance. We first discuss VCSELs designed to be inherently single-mode, which
includes the special class of single-mode VCSELs based on photonic crystal and
holey structures. Next we discuss VCSELs which are inherently multimode and
where single-mode emission is obtained by introducing mode-selective loss or gain.
In each case we present the current state-of-the-art and discuss pros and cons.

We limit the discussion to electrically driven, monolithic designs, which excludes,
e.g. the use of external mirrors for mode-selective feedback. Such designs can pro-
duce very high single-mode power but at the expense of a more complex, hybrid
arrangement [18].

In each case a simple schematic sketch is used to illustrate the design principle,
with the injection current driven through conducting p- and n-doped DBRs and an
n-doped substrate. Note, however, that in several designs the use of one dielectric
DBR with one or two intra-cavity contacts is also common.

4.4.1 Inherently Single-Mode VCSELs

In its most simple form, an inherently single-mode VCSEL employs a waveguide
sufficiently narrow to support the fundamental mode only, or at least being narrow
enough for higher-order modes to suffer from considerably higher loss to prevent
them from reaching threshold.

One of the most simple VCSEL designs, which has been applied to GaAs-based
VCSELs at wavelengths < 1 µm, uses proton implantation to provide transverse
current confinement (Fig. 4.5). Since the refractive index change in the implanted
region is very small, transverse optical confinement is provided mainly by gain
guiding and thermal lensing. For truly single-mode emission (from threshold to
thermal roll-over), the diameter of the implant aperture has to be on the order of
5 µm [19]. Proton-implanted VCSELs with a larger implant aperture (8 µm) have
demonstrated up to 4.4 mW of single-mode power with a higher-order mode

http://dx.doi.org/10.1007/978-1-4471-2194-7_6
http://dx.doi.org/10.1007/978-1-4471-2194-7_5
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Fig. 4.5 A proton-implanted VCSEL where the implanted region provides transverse current con-
finement and thereby gain guiding

small oxide aperture

Fig. 4.6 An oxide-confined VCSEL where the oxide aperture provides transverse current and opti-
cal confinement

suppression ratio (MSR) of 40 dB, but with the onset of higher-order modes at high
currents [20]. Since there is essentially no built-in index guide, the modal and beam
characteristics of proton-implanted VCSELs are strongly affected by thermal lens-
ing, carrier antiguiding and spatial hole burning. With these effects being dependent
on current, the proton-implanted VCSEL exhibits unstable, current-dependent beam
characteristics.

Much improved beam characteristics and higher single-mode power are obtained
with oxide confinement, already discussed in Sect. 4.3. This technique has been
successfully applied to GaAs-based VCSELs where partial oxidation of a high
Al-content layer in one of the AlGaAs based DBRs, close to the active region, pro-
vides an aperture for efficient current and optical confinement (Fig. 4.6). The strength
of the index guiding is controlled by the positioning of the oxide aperture with respect
to the longitudinal optical field (standing wave) distribution. With the aperture close
to a field minimum, for weak index guiding, and with a small enough aperture diam-
eter, the built-in waveguide supports the fundamental mode only, thereby ensuring
single-mode operation. With this technique a single-mode power of 4.8 mW with
an MSR of 30 dB was obtained at a wavelength of 840 nm using a 3.5 µm diameter
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Fig. 4.7 An oxide-confined
VCSEL with a tapered oxide
aperture for transverse
current and optical
confinement

tapered oxide aperture

aperture [21]. The technique has also been applied to 1,300 nm GaInNAs VCSELs,
with undoped semiconductor DBRs and intra-cavity contacts, to produce 1.4 mW of
single-mode power [22].

The small-aperture, oxide-confined VCSEL provides improved beam quality and
stability because of the built-in index guide which makes the transverse mode less
susceptible to thermal lensing and effects of carriers. However, the small aperture
leads to a high series resistance (typically > 200 
 for an 850 nm VCSEL) which
limits the output power because of excessive current induced self-heating. The small
oxide aperture is also of concern from manufacturing and reliability point of views
since precise control of the small aperture size is necessary and the VCSEL operates
at high current density and high internal temperature.

Higher single-mode power should in principle be possible to achieve from oxide-
confined VCSELs with a tapered oxide aperture (Fig. 4.7). A tapered oxide aperture
is obtained by varying the Al-content in the oxide layer and using the strong depen-
dence of the oxidation rate on the Al-content [23]. The taper gradually reduces
the volume of low-index material towards the aperture which reduces the effec-
tive index contrast between core and cladding regions. The mode then spreads in
the transverse direction and the transverse confinement is reduced. By increasing
the aperture size (to reduce resistance), higher-order modes become allowed and the
VCSEL is no longer inherently single-mode. However, since the current injection
aperture is defined by the tip of the tapered oxide layer, higher-order modes have
even lower transverse confinement and single-mode emission is favored. With this
technique a single-mode power of about 4 mW has been achieved at both 850 and
990 nm [24, 25], which is still not higher than that obtained with an ordinary oxide
aperture.

Buried heterostructures (BHs) have also been used in attempts to produce high
single-mode power. The design is illustrated in Fig. 4.8. After the formation of an
air-post (mesa) structure, the BH VCSEL is realized by epitaxial regrowth. For cur-
rent confinement, the regrowth material can be semi-insulating or contain a reverse-
biased pn-junction. By an appropriate choice of regrowth material, the transverse
effective index can in principle be tailored for single-mode emission from a large
area with low resistance. Examples include BH VCSELs at 850 nm using regrowth of
Fe-doped GaInP [26] and BH VCSELs at 1.55 µm using Fe-doped InP [27]. How-
ever, due to the limited availability of materials suitable for lattice-matched regrowth
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regrowth

Fig. 4.8 Buried heterostructure VCSEL where the regrowth material provides transverse current
and optical confinement

buried
tunnel
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Fig. 4.9 A BTJ-VCSEL where current and optical confinement is provided by transverse structuring
of the BTJ

and problems associated with the quality of the regrowth interface, the maximum
single-mode power is typically limited to < 1 mW. In a somewhat different design,
using regrowth only around the active region, before depositing the upper DBR,
a single-mode power of 1 mW with an MSR of 45 dB was obtained at an emission
wavelength of 1,310 nm [28].

Unlike the AlGaAs material system used for short-wavelength VCSELs, the
InGaAsP material system used for long-wavelength VCSELs does not offer the
possibility of easy formation of an oxide aperture. Therefore, other techniques have
been developed for current and optical confinement. One of the most successful
techniques is the use of a buried tunnel junction (BTJ). The design is illustrated in
Fig. 4.9. Fabrication starts with epitaxial growth of the n-DBR, the active region
(with a pn-junction) and the n+/p+-tunnel junction. After transverse structuring of
the tunnel junction it is buried in n-type, lower index material. The top mirror is typ-
ically a dielectric DBR and an intra-cavity contact is used for current injection. The
transverse structure provides current confinement through a blocking pn-junction and
optical confinement through the effective index step induced by structuring of the
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Fig. 4.10 A VCSEL with
an air-gap aperture for
transverse current and
optical confinement

undercut aperture

tunnel junction. With a small enough diameter of the BTJ, the waveguide supports
the fundamental mode only and single-mode emission is obtained.

With BTJ diameters of around 5 µm, long-wavelength BTJ-VCSELs have pro-
duced single-mode powers exceeding 3 mW at 1.3 µm [29, 30] and approaching
4 mW at 1.55 mW [30, 31], with an MSR typically exceeding 40 dB. Using a some-
what different design based on wafer fusion of undoped AlGaAs-based DBRs,
an InAlGaAs-based active region and intra-cavity contacts, BTJ-VCSELs have
reached single-mode powers as high as 6 mW at 1.3 µm [32] and 6.5 mW at 1.55 µm,

with an MSR exceeding 30 dB [33].
An alternative technique applied to long-wavelength, InP-based VCSELs is based

on selective undercut etching where a thin layer, close to the active region, is selec-
tively etched to form an air-gap aperture for transverse current and optical con-
finement (Fig. 4.10). Various designs with undoped DBRs based on InAlGaAs,
AlGaAsSb or InP/air, intra-cavity contacts and a tunnel junction to minimize the
amount of p-type material for low optical loss have been demonstrated. Achieved
performance includes single-mode powers of 1.6 mW at both 1.3 µm [34, 35] and
1.55 µm [36] with an MSR generally exceeding 40 dB. The aperture size is typi-
cally 6−8 µm for single-mode emission. It is predicted that the undercut aperture
causes a certain amount of scattering loss [37]. With the scattering loss being strongly
mode-dependent, single-mode emission is obtained even from air-gap VCSELs with
apertures large enough to support higher-order modes.

A more elaborate method for transverse mode control in VCSELs is the use
of a two-dimensional, single defect photonic crystal (PhC) structure defined by a
pattern of etched holes in the top DBR (Fig. 4.11). With a proper selection of hole
depths, diameters and arrangement, index confinement can be exploited to create
a single-mode waveguide, similar to the case in a photonic crystal fiber. After the
first demonstration of a PhC-VCSEL [38], there has been steady progress towards
higher single-mode power with best performance achieved using an oxide aperture
for current confinement (Fig. 4.11). GaAs-based PhC-VCSELs have reached a single-
mode power of 3.1 mW (MSR > 30 dB) at 850 nm [39], 5.7 mW (MSR > 35 dB) at
990 nm [40] and 1.7 mW (MSR > 30 dB) at 1.3 µm [41]. A particular problem for
such PhC-VCSELs is the increased optical loss and electrical resistance caused by
the deep holes, leading to relatively high threshold currents and low power efficiency.
To combat these negative effects, there have been attempts to bury a PhC structure in
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Fig. 4.11 A VCSEL with a
photonic crystal structure
etched in the top mirror for
mode control. Current
confinement is provided by
the oxide aperture

oxide aperture

photonic crystal structure

the VCSEL by shallow etches in a layer close to the active region (where the optical
field is strong), followed by the deposition of a dielectric top DBR. Such PhC-
VCSELs have produced 3.7 mW of single-mode power (MSR > 40 dB) at 1.3 µm,

although not being truly single-mode since higher-order modes reach threshold at
high currents [42].

A similar concept is that of single-mode VCSELs with a holey structure. Using
a wedge-shaped holey structure for tailoring the radial index profile, in combination
with an oxide aperture for current confinement, single-mode emission at an output
power of 7 mW (MSR = 40 dB) [43] was obtained for a GaAs-based 850 nm VCSEL.
However, the mode is not the fundamental mode of the waveguide and the far-field
contains side-lobes. This is due to the strong contribution to guiding by the oxide
aperture when the penetration of the wedges into the aperture is small. With a larger
penetration, lasing in the fundamental mode was achieved at an output power of
2 mW. The use of proton implantation, rather than an oxide aperture, for current
confinement, allows for independent radial index profiling by the wedge-shaped
structure and has enabled a single-mode power of 3.5 mW at 840 nm (MSR > 30 dB)
[44]. As for the PhC-VCSELs, VCSELs with a holey structure suffer from increased
optical loss and electrical resistance caused by the deep holes, leading to higher
threshold currents and lower efficiencies.

4.4.2 Single-Mode Emission from Inherently
Multimode VCSELs

Certain advantages can be gained by introducing mode-selective gain or loss in an
otherwise multimode VCSEL to force it to oscillate in the lowest-order LP01 mode
only. A fundamental issue for such designs is to what extent also the fundamental
mode suffers from any mode-discriminating feature built into the VCSEL, which
calls for certain design trade-offs. The various designs presented below have been
applied primarily to GaAs-based VCSEL at wavelengths up to 1.3 µm.
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Fig. 4.12 A VCSEL where a
large oxide aperture is used
for optical confinement and a
small implanted aperture is
used for mode selective gain

ion implantation

oxide aperture

Fig. 4.13 A VCSEL with a
large oxide aperture for
optical confinement and an
extended cavity for enhanced
mode-selective loss

oxide aperture

extended cavity

Mode-selective gain can be accomplished by combining selective oxidation with
ion implantation (Fig. 4.12) to decouple the effects of current and optical confine-
ment. With the oxide aperture defining and stabilizing the transverse modes, the
smaller diameter implant aperture selectively funnels the current to the center of
the cavity, thus preferentially feeding the fundamental mode with gain. Higher-
order modes suffer from increased loss due to the unpumped regions around the
periphery of the implant aperture. This results in sufficient mode discrimination for
single-mode emission. At a wavelength of 850 nm a single-mode power of 4.5 mW
(MSR > 45 dB) has been achieved using proton implantation [45] and 3.8 mW
(MSR > 30 dB) was obtained using oxygen implantation [46]. The implant/oxide
aperture diameters were 6/9 and 8/10 µm, respectively. The latter involves regrowth
to enable positioning of the oxygen implant aperture close to the active region.

The use of an extended cavity (Fig. 4.13) allows for single-mode emission from
oxide-confined VCSELs with a large oxide aperture because of increased diffrac-
tion losses for higher-order modes with larger propagation angles [47]. The large
aperture reduces the electrical resistance which delays thermal roll-over and enables
high single-mode power. Using a 9.2 µm thick lightly n-doped GaAs cavity spacer,
a maximum single-mode power of 5.4 mW (MSR > 30 dB) was obtained from a
980 nm VCSEL with a 6.5 µm oxide aperture [48]. However, such VCSELs are
not truly single-mode since higher-order modes appear at high currents. With the
thick cavity spacer needed for high single-mode power, such VCSELs are also
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Fig. 4.14 A VCSEL with an
oxide aperture for optical
confinement and a small
metal aperture for mode
filtering

oxide aperture

metal aperture

Fig. 4.15 A VCSEL with a
large oxide aperture for
optical confinement and a
disordered region in the top
DBR for mode-selective loss
and reflectivity

oxide aperture

disordered region

susceptible to longitudinal mode switching because of the reduced longitudinal mode
spacing [49].

Metal apertures have been successfully used for mode discrimination to enable
single-mode emission from proton-implanted, gain-guided VCSELs as well as oxide-
confined, index-guided VCSELs (Fig. 4.14). Higher-order modes are suppressed
because of a phase-mismatched reflection at the metal/semiconductor interface which
increases the cavity loss in the metalized region where the higher-order modes have
more of their field intensity than the fundamental mode. The metal aperture also
acts as a spatial filter, blocking higher-order modes. With a 5 µm metal aperture,
a gain-guided VCSEL with a 15 µm implant aperture delivered 1.5 mW of single-
mode power at a wavelength of 850 nm [50]. Much better performance have been
obtained with oxide-confined VCSELs where the size of the metal aperture is similar
to the size of the oxide aperture. At a wavelength of 780 nm, 3.4 mW of single-
mode power (MSR > 30 dB) was achieved [51] while 4.7 mW of single-mode power
(MSR ∼ 30 dB) was achieved at 850 nm [52]. Truly single-mode emission, from
threshold to thermal roll-over, was obtained for metal apertures slightly larger than
the oxide aperture.

It was early recognized that selective-area, impurity-induced disordering of the
top DBR (Fig. 4.15) can be used for suppression of higher-order modes [53]. Disor-
dering creates a near uniform alloy, thereby effectively reducing the number of layer
pairs in the DBR and therefore the DBR reflectivity. If Zn-diffusion is used for dis-
ordering, the high concentration of holes also increases the optical loss (through
free-carrier absorption) in the disordered region. With the higher-order modes
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Fig. 4.16 A VCSEL with a large oxide aperture for optical confinement and a a conventional, and
b an inverted surface relief for mode-selective loss

overlapping to a greater extent with the disordered region, they experience higher
cavity loss due to the combined effect of reduced reflectivity and increased absorp-
tion loss. Zn-diffusion also has the advantage of reducing the series resistance which
delays thermal roll-over to higher currents. Recently, this technique has been applied
to an oxide-confined 850 nm VCSEL with a 6 µm oxide aperture and a 5 µm non-
disordered aperture [54]. As much as 7.3 mW of single-mode power (MSR > 25 dB)
was obtained with a low threshold current (0.5 mA), a high differential efficiency
(80%) and a low series resistance (80 
).

One of the most successful techniques for single-mode VCSELs is the use
of a shallow surface relief etched in the top DBR of an oxide-confined VCSEL
(Fig. 4.16). The technique is based on the fact that the modal properties of a VCSEL
with a sufficiently low reflectivity top DBR is very sensitive to surface modifications.
By removing only the top layer (λ/4 thick, with λ being the material wavelength)
from the top DBR, an anti-phase reflection is obtained from the semiconductor/air
interface which results in a large increase of the cavity loss. If this layer is removed
only at the periphery of the oxide aperture (Fig. 4.16a) higher-order modes suffer from
excess loss and single-mode emission is achieved. An early demonstration showed
the remarkable effect of the surface relief on the modal and beam characteristics
of an oxide-confined VCSEL [55]. With further optimizations of oxide and surface
relief diameters, and using a fabrication technique for self-alignment of the surface
relief to the oxide aperture [56], a single-mode power of 3.4 mW was achieved at
850 nm [57].

A problem with the conventional surface relief technique (Fig. 4.16a) is that a
very precise etch depth (± a few nm’s) is needed for large mode discrimination.
This can be overcome by using an inverted surface relief (Fig. 4.16b). Here, the
thickness of the top layer is increased by λ/4 during epitaxial growth. This extra layer
acts as an anti-phase layer to increase the loss of the as-grown VCSEL resonator.
By removing the anti-phase layer in the central part of the top DBR, a lower cavity
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loss is obtained for the fundamental mode and single-mode emission is achieved.
This relaxes the requirement for precision in etch depth (to ± a few tens of nm’s)
[57] while the precision in epitaxial growth is used to ensure a large loss contrast
between etched and unetched areas. With this technique, single-mode emission from
threshold to thermal roll-over, with a maximum single-mode power exceeding 6 mW
(MSR > 30 dB), has been achieved at an emission wavelength of 850 nm [58, 59]. The
VCSELs also remain single-mode under high-frequency, large-signal modulation
[60]. An advantage of the surface relief technique, over many other techniques,
is that the surface relief does not impair the electrical or thermal characteristics of
the VCSEL. Therefore, high single-mode power can be obtained together with low
threshold current, high efficiency and low series resistance. It also represents a small
modification to standard VCSEL fabrication procedures.

The surface relief technique has also been applied to GaAs-based VCSELs oper-
ating at other wavelengths, such as 760 nm (with a single-mode power of 2 mW [61])
and 1.3 µm (with a single-mode power exceeding 1 mW [62, 63]). It should also be
noted that, rather than etching a surface relief, a relief structure can be deposited to
preferentially lower the cavity loss for the fundamental mode [64, 65].

The use of large current and optical apertures is advantageous for achieving high
output power with reliable operation. However, with a positive index guide (where
the effective index of the core is higher than that of the cladding, Fig. 4.2) single-
mode emission can only be achieved with a small aperture and a small index step.
By contrast, with a negative index guide (antiguide), where the effective index of
the core is smaller than that of the cladding, single-mode emission can be achieved
from a larger aperture with a larger index step since such waveguides provide strong
higher-order mode discrimination due to transverse radiation losses [66]. The larger
index step also provides for mode stability against thermal and carrier-induced index
variations. Because all modes suffer from transverse radiation losses, the design of
an antiguided VCSEL requires a balance between the excess losses of higher-order
modes relative the fundamental mode loss.

Antiguided VCSELs can be based on the buried heterostructure design (Fig. 4.8)
if the regrowth material has a higher refractive index than the core. However, the
single-mode power is typically limited to < 2 mW [67] because of the relatively
large transverse radiation loss incurred for the fundamental mode, which is inherent
to the antiguide structure. An antiguide can also be created by shifting the cavity
resonance towards longer wavelengths outside the core region ((4.1) with Δλ0 being
positive), so-called cavity-induced antiguiding [68]. Various techniques based on
etching and regrowth have been used to achieve the required transverse variation of
the cavity resonance [69, 70] and to control the amount of antiguiding. However, as
for the antiguided VCSEL based on bulk regrowth, the single-mode power is limited
(∼1 mW) because of large transverse radiation loss also for the fundamental mode.

In order to reduce the transverse radiation loss for the fundamental mode of an
antiguide, an antiresonant reflecting optical waveguide (ARROW) can be employed
(Fig. 4.17). The ARROW reflects back the radiated waves of the fundamental mode
but higher-order modes still suffer from large transverse radiation loss. This improves
the modal discrimination and a waveguide with a large core size and a large index
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Fig. 4.17 A VCSEL with proton implantation for current confinement and an antiguiding structure
for mode definition and discrimination
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Fig. 4.18 A VCSEL with two coupled resonators for mode selectivity

step, suitable for high-power single-mode operation, is created [71]. Such ARROW
VCSELs, with an 8 µm core size and proton implantation for current confinement,
have produced 7.1 mW of single-mode power at a wavelength of 980 nm [72]. How-
ever, the suppression of higher-order modes is limited (MSR ∼ 20 dB) and the thresh-
old current is much higher than for most other high-power, single-mode VCSELs.

Finally, it has been shown that VCSELs with two coupled resonators (Fig. 4.18)
can provide high single-mode power. The coupling between the two resonators is
mediated by the middle DBR and by current tuning of the two active cavities, large
mode discrimination can be obtained, allowing for single-mode operation at high
power. Using an implanted current aperture (6 µm) in the upper resonator, an oxide-
defined optical aperture (10 µm) in the lower resonator and a fixed current through
the implant cavity, a maximum single-mode power of 6.1 mW (MSR > 30 dB) was
achieved at 850 nm by varying the current through the oxide cavity [73]. However,
this can only be achieved under critical biasing conditions and the complex design
and fabrication procedure are of concern from a manufacturing point of view.
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Fig. 4.19 a Schematic view of a VCSEL with an inverted surface relief for selecting the fundamental
mode. b Cross-sectional view defining the diameters of the oxide aperture and the surface relief.
c Top mirror loss as a function of etch depth. d Cavity loss as a function of the transverse position for
a VCSEL with a 6 µm oxide aperture and a 3.5 µm surface relief. A loss rate of 1 ps−1 corresponds
to a distributed loss of ∼110 cm−1

4.5 A Specific Example

To provide a specific example of a high-power single-mode VCSEL we here present
the design and performance of an oxide-confined 850 nm VCSEL with an inverted
surface relief for selecting the fundamental mode (as described in Sect. 4.4.2). The
work was performed at Chalmers University of Technology [58]. Similar perfor-
mance has been demonstrated by Ulm University [59]. A schematic view of the
device is shown in Fig. 4.19a. The cross-sectional view shown in Fig. 4.19b defines
the diameters of the oxide aperture and the surface relief.

The design employs an epitaxial VCSEL structure with 22 and 34 Al0.12Ga0.88As/
Al0.90Ga0.10As layer pairs in the top and bottom DBR, respectively. A λ/4 thick layer
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(a) (b)

Fig. 4.20 a Output power (solid line) and voltage (dashed line) as a function of current for an 850 nm
VCSEL with a 5 µm oxide aperture and a 2.5 µm surface relief. b Emission spectra recorded at
three different drive currents

(57.5 nm) is added to the top layer of the top-DBR to provide an anti-phase reflection
from the semiconductor/air interface. This increases the loss of the top-DBR by a
factor ∼10. By removing the anti-phase layer, using dry etching, the lower loss of the
original top-DBR can be restored. The variation of the loss of the top-DBR with etch
depth is shown in Fig. 4.19c, indicating that a loss contrast of ∼10 can be obtained
when etching to a depth of 57.5 nm. The graph also shows the relaxed requirement for
precision in etch depth (±10 nm) offered by the inverted surface relief for achieving
a high loss contrast.

The cavity loss for the fundamental mode is preferentially lowered by removing
the anti-phase layer only in the central part of the top-DBR where the fundamental
mode has most of its field intensity (Fig. 4.19d). This defines the diameter of the
surface relief. Higher order modes have more of their field intensity in the unetched
areas, close to the periphery of the oxide aperture, and therefore experience a higher
cavity loss, thereby being suppressed.

The diameters of the oxide aperture and the surface relief (dox and dsr in
Fig. 4.19b) were optimized with respect to highest single-mode power using exten-
sive numerical optical-electrical-thermal simulations [74]. It was generally found
that oxide apertures of 4–6 µm, with surface reliefs of 2.5–3.5 µm (i.e. the surface
relief diameter being roughly half of the oxide aperture diameter) produce the high-
est single-mode power. For such designs, single-mode operation was predicted at all
currents, with a maximum single mode power of 6 mW.

Experimental results for an 850 nm VCSEL with a 5 µm oxide aperture and a
2.5 µm inverted surface relief are shown in Fig. 4.20 [58]. As predicted from simu-
lations, 6 mW of single-mode power is obtained and single-mode operation, with a
suppression of higher order transverse modes >30 dB, is obtained at all currents. The
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Table 4.1 Summary of most successful long- and short-wavelength single-mode VCSEL technolo-
gies under consideration of low threshold current, high efficiency, manufacturability and potential
for reliability

Technology Wavelength (nm) Single-mode power (mW) Ref.

Surface relief 850 6.1 [58, 59]
Impurity-induced disordering 850 7.3 [54]
Metal aperture 850 4.7 [52]
Buried tunnel junction 1,310 6.0 [32]

1,550 6.5 [33]

differential resistance of the VCSEL is 80 
 and the beam divergence (full-width at
half maximum) was measured to be 12◦.

4.6 Summary

Progress in single-mode VCSEL technology has brought the output power to the
multi-mW level. While several single-mode VCSEL designs have proved capable of
producing several mW of output power, only a few meet requirements of low thresh-
old current, high efficiency, manufacturability and reliability. The most successful
techniques to date are summarized in Table 4.1.

At shorter wavelengths (<1.3 µm), where VCSELs are based on the GaAs/
AlGaAs/InGaAs material system, the use of a surface relief, a metal aperture or a
partly impurity-disordered top DBR, together with an oxide aperture for current and
optical confinement, have been most successful. Such designs can provide a single-
mode power in the 5–7 mW range. At longer wavelengths (>1.3 µm), where the
InP/InGaAsP/InGaAlAs material system is used, the use of a buried tunnel junction
for current and optical confinement has proved to be the most successful concept with
a single-mode power in the range of 4–6 mW. It is likely that with further refinements
of current technologies, a single-mode power exceeding 10 mW can be achieved at
both shorter and longer wavelengths. New technologies may also emerge to bring the
single-mode power from monolithic, current driven VCSELs to even higher levels.
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Chapter 5
Polarization Control of VCSELs

Johannes Michael Ostermann and Rainer Michalzik

Abstract In most types of VCSELs, the light output polarization is inherently
unstable. While, in case of single-mode oscillation, the emitted light is mainly lin-
early polarized, its orientation is not well defined. This is because both the resonator
and the gain medium are quasi isotropic in the plane of the active layers. Since a
stable polarization is required for almost all sensing and some datacom applica-
tions, extensive and in-depth investigations have been undertaken during the last
twenty years in order to stabilize the polarization of VCSELs without affecting their
favorable operation parameters. Polarization control of VCSELs can be achieved by
introducing a polarization-dependent gain, an asymmetric resonator, or mirrors with
a polarization-dependent reflectivity. It has turned out that the last approach is most
promising. It can be realized by incorporating a shallow surface grating in the upper
mirror of a top-emitting VCSEL. Several million grating VCSELs are in reliable
operation meanwhile, mainly in optical computer mice.

5.1 Introduction

Shortly after the first successful demonstration of VCSELs [1, 2] it turned out that
the orientation of the polarization of their emitted modes is not well defined [3].
While the modes of VCSELs are predominantly linearly polarized, the orientation
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of this linear polarization is not only unpredictable1 from VCSEL to VCSEL, but it
can also change during operation [4]. The latter is called a polarization switch.

Intensive research was done over the last two decades to characterize these polar-
ization instabilities in VCSELs and to understand their physical origin. Some results
will be presented briefly in Sect. 5.2. A deeper discussion and more details on this
topic are given in Chap. 6 of this book.

While polarization switches are very interesting and exciting phenomena, they
inhibit the use of VCSELs in a variety of datacom and sensing applications, as will
be discussed in Sect. 5.3. To open these applications to VCSELs, a method to define
and pin the polarization is needed. This method should not deteriorate other VCSEL
properties like very small threshold current, high differential quantum efficiency,
and circularly symmetric far-field profile. Quite some approaches to control the
polarization of VCSELs have been suggested and investigated. These attempts will
be the topic of Sect. 5.4. Among all ideas for polarization control, surface gratings
have turned out to be the most promising method. Therefore, they will be discussed
in more detail in Sect. 5.5.

5.2 VCSELs and Their Polarization

As pointed out above, there is no intrinsic and strong mechanism in VCSELs to select
one specific orientation of the polarization.2 This is the cause of unwanted polariza-
tion instabilities. Such instabilities are known from edge-emitting lasers (EELs) as
well [5, 6], but a stable polarization can easily be achieved in properly designed
EELs for three reasons: First, the transverse electric (TE) mode in an EEL, which
is polarized in the plane of the active region, experiences a higher reflectivity at the
cleaved facets than the orthogonally polarized transverse magnetic (TM) mode [7].
This difference already selects a stable polarization. Second, the TE modal gain is
usually higher than the TM gain in bulk semiconductor laser structures owing to
better confinement [8]. Third, unstrained or compressively strained quantum wells
provide gain exclusively for the TE polarization [9–11].

In contrast, because of light propagation perpendicular to the active region, all
polarization modes in VCSELs are TE polarized and thus experience basically the
same gain. In addition, also the Bragg mirrors used for VCSELs do not select a
specific polarization. Although their reflectivity is slightly higher for waves polar-
ized normal to the plane of incidence than for those polarized parallel to this plane
[12, 13], this neither results in a specific preference of any polarization nor in
any specific orientation of the polarization at all, since the reflectivity of a distrib-
uted Bragg reflector (DBR) has a circular symmetry with no preferred crystal axis.

1 Unpredictable without a very deep knowledge of all properties of the particular laser, including
all imperfections.
2 With the term “polarization” we refer to the orientation of the electric (not the magnetic) field
vector, as is done in most publications.
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Consequently, VCSELs suffer a priori from an unpredictable and instable polariza-
tion, as discussed in the following.

5.2.1 Experimental Findings

Owing to their short cavity combined with the finite spectral widths of the
stop-bands of their Bragg reflectors and of their gain medium, standard VCSELs
are longitudinal single-mode. However, their transverse dimension is larger than
their effective longitudinal cavity length, which is usually in the order of 1–1.5 µm
[14] (see also Chap. 2 of this book). Consequently, VCSELs emit several transverse
modes if their active diameter exceeds approximately 3–4µm in standard oxide-
confined devices. In the model of a weakly guiding VCSEL structure (as is the case
with large active diameters and a small effective transverse refractive index step),
these transverse modes are frequently approximated by linearly polarized LP modes,
as outlined in Chap. 2 of this book.

For every LP mode in a VCSEL, there exist two polarization modes with orthogo-
nal polarizations [15]. In a VCSEL structure without an anisotropic refractive index,
these two polarization modes would have identical emission wavelengths. However,
due to the birefringence introduced by the electro-optic and elasto-optic effects in
VCSELs, the emission wavelengths of the two polarization modes of one particular
transverse mode differ by up to 100 pm [16]. In the context of research into VCSELs,
the wavelength difference between two polarization modes is often called birefrin-
gence [17]. The slightly wavelength- and polarization-dependent complex refractive
indices inside a VCSEL structure lead to a net modal gain difference between two
polarization modes. This net modal gain difference is commonly called linear modal
dichroism [17]. In the absence of a nonlinear modal dichroism, one expects lasing
of the polarization mode with the higher net modal gain.

If in oxide-confined VCSELs the transverse index variation between the oxide
aperture and the oxide itself can no longer be neglected or if the diameter of the
oxide aperture is small, the LP approximation remains no longer valid [18]. In that
case, a polarization mode in a VCSEL contains not only its dominant polarization
but also orthogonal components [19]. Within a single polarization mode, the weaker
polarization is thus only suppressed by at most about 35 dB [19]. The weaker polar-
ization mode is in most cases only driven by spontaneous emission [20], but can also
lase under certain circumstances [21, 22]. In both cases, the polarization extinction
ratio is limited by the suppressed polarization mode. Even if the suppressed polar-
ization mode does not lase, the modes in VCSELs are in general slightly elliptically
polarized [20]. The ratio of the intensity in the long axis of the polarization ellipsoid
to the intensity in its short axis depends on the alignment between birefringence and
linear dichroism [23] and decreases with increasing angle enclosed by the axis of
birefringence and the axis of linear dichroism. Consequently, even in single-mode
VCSELs the suppression of the orthogonal polarization was found to be in most
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Fig. 5.1 Polarization-resolved light–current–voltage characteristics of a standard VCSEL show-
ing a polarization switch with hysteresis, which means that the dominant polarization differs for
increasing and decreasing current. The active diameter of this VCSEL is 4 µm. The sum of the
measured powers in the two polarizations is lower than the total output power due to the losses in
the Wollaston prism used in the measurement setup

cases about 17 dB [20]. For some VCSELs the measured suppression was even as
low as 7–10 dB.

The polarization-resolved light–current–voltage (PR-LIV) characteristics of a
standard VCSEL3 with an active diameter of 4 µm and an emission wavelength
of 860 nm can be seen in Fig. 5.1. The solid line represents the total optical output
power of the VCSEL as it is measured without a polarizer, while the dashed and
dotted lines represent the optical power measured behind a polarizer whose trans-
mission direction is oriented along the [110] and [1̄10] crystal axis of the VCSEL,
respectively. The device was grown on a (001)-oriented GaAs substrate. The dash-
dotted line gives the voltage. Already in 1988, when research on VCSELs had just
started, it was discovered that VCSELs are in most cases polarized along one of these
two crystal axes [3]. This preference of the polarization could later be explained by
the electro-optic effect [24], which causes a refractive index ellipsoid with [110] and
[1̄10] as the principal axes.

While the total output power of the VCSEL in Fig. 5.1 increases continuously and
monotonically, the polarization is not pinned along the main crystal axis selected at
threshold. At two different drive currents, the distribution of the output power among
the two polarizations changes abruptly. These events are called polarization switches.
Such a polarization switch was observed in 1991 for the first time [4]. In the case
of the VCSEL shown in Fig. 5.1, the polarization switch occurs at a drive current of
4.41 mA when the current is increased and at a current of 2.52 mA when the current

3 In this chapter, VCSELs without any special measure for polarization control are denoted as
standard VCSELs.



5 Polarization Control of VCSELs 151

is decreased. Therefore the powers in the two polarizations pass through a hysteresis
region [16] with first increasing and then decreasing current, as indicated by the
arrows in Fig. 5.1.

The polarization switch at the lower current basically exchanges the complete
output power between the two polarizations, while in the case of the switch at the
higher current, the weaker polarization contains a significant amount of power before
and after the polarization switch. This difference is due to higher-order transverse
modes, which substantially contribute to the emission of the VCSEL in Fig. 5.1 for
currents exceeding 3 mA. The polarization of the individual higher-order transverse
modes seems to be arbitrary at first glance [4, 21], although it depends on the polar-
ization of the other modes. The first higher-order mode is in most cases polarized
orthogonal to the fundamental one. However, polarization switches are not limited to
the fundamental mode. Instead, every higher-order transverse mode can also exhibit
a polarization switch. The first two higher-order modes of the VCSEL shown in
Fig. 5.1 are polarized along the [110] crystal axis and thus orthogonal to the funda-
mental mode with an increasing drive current smaller than 4.41 mA. If the current is
raised further, the fundamental and the first higher-order mode change their polar-
ization simultaneously. However, if the current is subsequently decreased to 4 mA,
also the second higher-order mode exhibits a polarization switch and is then polar-
ized parallel to the first higher-order mode again. This change in the polarization
of the second higher-order transverse mode appears only as a small ripple in the
PR-LIV characteristics, since in this VCSEL the second higher-order transverse
mode is somewhat weaker than the fundamental one and additionally exhibits an
even lower degree of suppression of the weaker polarization than the fundamental
mode. In contrast, the polarization switch of the fundamental mode at 2.52 mA with
decreasing current is very pronounced, since the laser is single-mode at that current.

Although a rotation of the polarization with current or temperature was observed as
well [21], in most cases the orientation of the polarization changes by a polarization
switch. Commonly one distinguishes between two different types of polarization
switches [25]: If the switch occurs from the polarization with the shorter emission
wavelength to the polarization with the longer emission wavelength for increasing
current, it is called a type I switch. The opposite case is called a type II switch [16].
Type I polarization switches are found more frequently than type II switches [22]
and can be followed by a type II polarization switch at higher current [26]. However,
in addition to changes of the drive current, a polarization switch can also be caused
by variations of the substrate temperature [21] or by intentionally introduced strain.
The latter was done by either bending the VCSEL chip [27], by creating a local hot
spot in the vicinity of the laser [28], or by introducing a permanent modification of
the semiconductor material on one side of the VCSEL [29].

In contrast to the polarization switches observed in Fig. 5.1, a polarization switch
can seem to occur gradually with current [30], if measured with a photodiode with a
large time constant. However, this virtually gradual polarization switch is in reality a
mode hopping between the two polarizations [16] with the average residence times in
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the two polarization modes depending on the current [31]. In the vicinity of the polar-
ization switch, the average residence time in the polarization that was dominant before
the polarization switch decreases with increasing current, while simultaneously
the average residence time in the initially suppressed polarization increases. The
absolute values of the average residence times depend on the difference between the
current at which the polarization switch occurs and the threshold current [32, 16]. If
current noise is intentionally applied, the average residence time decreases [33].

The response of VCSELs to a small current modulation around a bias current
at which a polarization switch occurs was investigated as well [34]. It turned out
that the time delay between the edge of the modulation pattern and the polarization
switch is stochastically distributed [35] and that the maximum modulation frequency
at which the polarization switch still occurs depends on the underlying mechanism
of the switch [36]. This stochastic nature of polarization switches appears as well
in the turn-on characteristics of VCSELs under current or voltage pulses having
a short rise time. Even for VCSELs with a stable polarization under continuous-
wave (CW) operation, it can take several nanoseconds of polarization competi-
tion with two almost equally strong polarizations until the steady-state condition is
reached [37].

The pronounced polarization switching found in VCSELs raises the question
which influence these polarization instabilities have on their noise properties. First
investigations were done on multimode VCSELs, and it was found that an increase
of the relative intensity noise in the total output power by about 3–5 dB occurs as
soon as the second polarization contributes to the lasing action [38, 39]. However,
this increment of the noise in the total output power is quite small compared to the
rise of the noise in the individual polarizations, which can even exceed 25 dB [39].
This effect is explained by the strong anti-correlation of the two polarizations which
is observed in most cases [40]. Consequently, the noise properties of VCSELs in an
optical setup are very sensitive to polarization-dependent absorption, reflection, and
transmission along the optical path. Also in single-mode VCSELs, the noise in the
individual polarizations exceeds the one of the total output power by 15–20 dB [30].
The birefringence and the consequently induced splitting of the emission wavelengths
of the polarization modes determines to which degree the noise properties of single-
mode VCSELs deteriorate due to polarization instabilities. If the wavelength splitting
is small, the noise in the total optical output power of the VCSEL increases more
than for a larger wavelength splitting [30].

Not surprisingly, optical feedback can have a strong and potentially crucial influ-
ence on the polarization properties of VCSELs [41]. The polarization of VCSELs
can be switched by polarization-sensitive feedback [42, 43] or by varying the length
of an extremely short external cavity [44, 45]. Pronounced laser dynamics in the
emitted polarizations were observed under isotropic [46] as well as polarized [47]
optical feedback or by injecting orthogonally polarized light from a master laser
into a VCSEL [48]. Thus, feedback has to be avoided very carefully for many
VCSEL applications if no measures have been taken to stabilize the laser intrinsically,
as discussed in Sects. 5.4 and 5.5.
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Fig. 5.2 Illustration of the wavelength shift of the material gain spectrum gmat(λ) and the cavity
resonances with increasing laser temperature, which might be caused, e.g., by a higher drive current I

5.2.2 Some Theoretical Explanations

The polarization instabilities summarized above call for explanations. The first one
was presented in 1994, stating that polarization switches result from an interplay
of the wavelength difference between the two polarization modes with the wave-
length dependence of the gain [21]. In contrast to Fabry–Pérot-type EELs, the emis-
sion wavelength of VCSELs is determined by the laser cavity and not by the gain
spectrum. With increasing temperature in the active region, usually caused by a
higher drive current, the gain spectrum shifts to longer wavelengths at a rate of about
0.32–0.34 nm/K [12], whereas the cavity resonance shift is 0.056–0.09 nm/K. In a
temperature-insensitive design, the gain spectrum has to be on the short-wavelength
side of the cavity resonance at the target ambient operation temperature and zero
drive current. Increasing the current, the gain spectrum then shifts from the short-
wavelength side of the cavity resonance to the long-wavelength side, as illustrated
in Fig. 5.2. Consequently, for small currents, the polarization mode with the smaller
wavelength λS experiences a higher material gain on the long-wavelength side of
the gain spectrum, while, for high currents on the short-wavelength side of the
gain spectrum, the material gain is higher for the polarization mode with the longer
wavelength λL.

This effect can explain the more frequently observed type I polarization switch,
that is a switch from shorter to longer emission wavelengths, but not the type II.
To be able to describe also those, the wavelength dependence of the absorption
was included later [25]. Free-carrier absorption via transitions between the split-off
band and the heavy-hole band in the p-doped DBR was identified as the dominant
absorption mechanism. This absorption increases with increasing wavelength. Thus
nothing changes if the cavity resonances are on the long-wavelength side of the
gain spectrum. However, when the cavity resonances are on the short-wavelength
side, the dominant polarization depends on the magnitude of the derivatives of the
material gain and of the absorption with respect to the wavelength. In this way,
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one can phenomenologically explain type I and type II polarization switches as
well as—with some restrictions—a type I switch followed by a type II switch.
The observation of polarization switches attributed to spatial hole burning [49] or
thermal lensing [50] points out that instead of the net material gain the net modal
gain has to be considered to describe polarization switches in VCSELs correctly.
In addition, the polarization dependence of the gain and the absorption due to the
electro-optic and especially the elasto-optic effect has to be included [11, 27].

The observation of hysteresis in the two orthogonal polarizations of VCSELs, that
is the phenomenon that the dominant polarization differs for increasing and decreas-
ing current (as shown in Fig. 5.1), makes clear that the net modal gain difference
alone does not define the polarization. Thus, nonlinear effects like self- and cross-
saturation of the gain with varying photon density have to be considered [51]. If the
cross-saturation exceeds the self-saturation, bistability of the polarization and there-
fore a hysteresis like in Fig. 5.1 can be theoretically described. Even including these
nonlinear effects, there are experimental observations which cannot be explained
with a thermal model as discussed up to now. Among these observations are polar-
ization switches at constant active region temperature [52], polarization switches to
the gain-disfavored mode [53], and intermediate elliptically polarized dynamic states
associated with a type II switch [22].

So far, the birefringence was mentioned as the cause of the frequency splitting of
the two polarization modes, but has not been considered as a phase anisotropy in the
rate equations. This is correct only if either the birefringence itself or the linewidth
enhancement factor vanishes [54]. However, both quantities are different from zero
in VCSELs. Including phase–amplitude coupling, as is typical for semiconductor
lasers, polarization switching is predicted even in the absence of any net modal gain
difference [55]. Furthermore, even polarization switches to the polarization mode
with the smaller net modal gain can be explained [54]. Besides that, ranges for para-
meters like current and birefringence in which one polarization, both polarizations,
or no polarization is stable can be identified by performing a stability analysis of the
general solution of this so-called spin-flip model [55, 56]. Its name originates from
the fact that the angular momentum of the conduction and valence band states is taken
into account. Apart from two linearly polarized solutions, an elliptical polarization,
a periodically modulated polarization, or a polarization assumed to be chaotically
modulated can be found in the vicinity of the boundaries of the stability regions [54].
Also a double polarization switch, that is a type I switch followed by a type II switch,
can be described by the spin-flip model if gain saturation is included [57].

In a second step, the spin-flip model was combined with the thermal aspects
discussed before. This was done by introducing a more realistic gain behavior in the
spin-flip model through a frequency-dependent susceptibility [58], which accounts
for thermal effects by a varying detuning and substitutes the linewidth enhancement
factor. The advanced model is known as the extended spin-flip model. Later, the
frequency-dependent susceptibility was further generalized to include strain effects
as well [59].

In this way, the repeatedly extended spin-flip model, which is discussed in much
more detail in Chap. 6 of this book, became the most complete theory to describe
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polarization switching. However, this could only be achieved at the expense of a
high level of complexity. Therefore, several attempts have been made to reduce the
spin-flip model without losing the ability to describe the most common experimental
conditions. These simplifications are based on adiabatical elimination of the spin
dynamics [17, 20] or on a multiple time scale analysis in combination with averaging
methods [60].

To summarize the discussion on the polarization properties of VCSELs, it shall be
pointed out that besides the net modal gain difference, nonlinear effects like phase–
amplitude coupling play a major role in the selection of the dominant polarization
as well. In general, the physical mechanisms which influence the polarization prop-
erties of VCSELs are so manifold that a stable polarization cannot be achieved by
addressing them individually. Instead, one mechanism should be chosen for polar-
ization selection and be pronounced so strongly that it dominates all other influences
and thus guarantees a stable polarization.

5.3 Need for Polarization Control of VCSELs

As presented in the previous section, VCSELs a priori have an unstable and hardly
predictable polarization. However, in several applications, a stable polarization is
advantageous or even required. Polarization switches or an undefined polarization
in general increase the relative intensity noise of VCSELs [38, 37, 61, 62], which is
an important performance parameter in data communication and sensing. Especially
in a setup with polarization-dependent transmission, the noise floor of the system is
strongly raised [63].

Apart from a polarizer there are other optical elements like beam splitters, mirrors,
or lenses which in most cases possess a polarization-dependent transmissivity or
reflectivity. Therefore, all components in any optical setup in which a VCSEL with
an unstable polarization is supposed to be used have to have polarization-independent
properties if no variations of the transmitted power can be tolerated. This requires
extra care and effort and leads to higher cost. Explicitly one cannot compensate the
unstable polarization of a VCSEL with a polarizer inserted in the beam path of the
laser. Besides the strongly increased noise, the total available power behind such a
polarizer would vary or jump by potentially even more than 20 dB depending on the
distribution of the laser output power among the two main polarizations.

While VCSELs were developed with a main focus on data communication, optical
sensing and spectroscopy have become two very important application areas. Owing
to the electro-optic and elasto-optic effects, a polarization switch of a VCSEL is
accompanied by a shift of the emission wavelength. Such a shift can be as large
as 100 pm [16], exceeding the spectral linewidths of common gases such as oxy-
gen, which has absorption lines around 760 nm wavelength with a full width at half
maximum (FWHM) of 7.5 pm at 1 bar [64]. In the case of a polarization switch,
the spectral overlap of the absorption line and the laser emission would be lost. In
the growing commercial field of microsensors using microoptics, single-mode and
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simultaneously single-polarization VCSELs are required for atomic clocks [65, 66]
as well as for other atomic sensors like magnetometers or gyroscopes [67]. Optical
computer mice are a mass market for VCSELs [68, 69]. The sensing schemes usually
require VCSELs with a well-defined and stable polarization [70]. The same is true
for the potential use of VCSELs in magneto-optical, compact, or digital versatile
disc drives.

Consequently, a reliable technique to control the polarization of VCSELs would
open up new application areas and would make new products possible. Up to now,
VCSELs with an accidentally polarization-stable emission were often handpicked
from a large quantity. An intrinsic method for polarization control would make such
a selection obsolete. Additionally, the emission of these handpicked VCSELs is not
guaranteed to be polarization-stable for operating conditions differing from those
used for testing. For example, a VCSEL which is polarization-stable when tested
on-wafer is not necessarily polarization-stable after it has been mounted, since the
mounting process can introduce additional stress. The same holds true if an apparently
stable VCSEL is exposed to optical feedback. Furthermore, it is easier to guarantee a
stable polarization of a VCSEL in CW operation than under high-speed modulation.

To be suitable for mass market consumer products like optical computer mice,
polarization control must be realized without causing additional fabrication costs
exceeding a few cents per device. The solution must thus be implemented monolith-
ically. Polarization-stable VCSEL properties like threshold current, output power,
differential quantum efficiency, circularly symmetric far-field, or high modulation
bandwidth should be well comparable with those of standard devices. Since VCSELs
are nowadays often used for spectroscopic applications which require a stable polar-
ization, there is a high demand for a variety of different emission wavelengths.
Therefore, the method of choice for polarization control of VCSELs has to be either
wavelength-independent or easily adaptable to different wavelengths without indi-
vidual optimization.

5.4 Approaches to Polarization Control

As early as 1991, first proposals and attempts to stabilize the polarization of VCSELs
were made in the group of Prof. Iga at Tokyo Institute of Technology, Japan [71].
In the years to follow, his group and his successor Prof. Koyama made substan-
tial contributions to the research into polarization-stable VCSELs [72–85]. Over the
years, groups at several laboratories came up with new ideas in this research field:
the group of Prof. Lee at the Korea Advanced Institute of Science and Technology
[86–90], Dr. Choquette at Sandia National Laboratories, USA [91], the group of
Prof. Bowers at the University of California, Santa Barbara, USA [92, 93], Prof.
Chang-Hasnain’s group at the University of California, Berkeley, USA [94, 95],
the group of Prof. Thienpont at Vrije Universiteit Brussel, Belgium [96–98], Prof.
White’s group at the University of Bristol (now at Cambridge), UK [99, 100],
the group of Prof. Larsson at Chalmers University of Technology, Sweden
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[101–104], and the group of Prof. Ebeling [105, 106] and Dr. Michalzik at Ulm Uni-
versity, Germany in close collaboration with Dr. Debernardi at the Italian National
Research Center at Politecnico di Torino, Italy [63, 107–122]. Since the issue of
polarization control is of such high practical interest and importance, very active
and in-depth research in this field was undertaken by several companies like NTT
[123–127], Avalon Photonics [128], NEC [129–131], Nortel [132], Fuji Xerox [133,
134], Matsushita (Panasonic) [135], and Philips U-L-M Photonics [70] (based on
research at Ulm University).

In what follows, we will discuss the major approaches to polarization con-
trol of VCSELs investigated up to now. They can be roughly divided in the use
of polarization-dependent gain, polarization-dependent mirrors, asymmetric res-
onators, or external optical feedback.

5.4.1 Polarization-Dependent Gain

The gain of quantum wells grown on (001)-oriented substrates is equal for all polar-
ization directions in the plane of the quantum wells if the direction of current flow
is orthogonal to the quantum wells. However, this gain degeneracy is lifted as soon
as the direction of the current flow is changed. Consequently, the idea of an inclined
current path by using intra-cavity contacts came up [96, 97]. The polarization of the
investigated VCSELs was indeed influenced by this asymmetric current injection,
but the extinction of the suppressed polarization was rather small and the overall
laser performance clearly suffered from the modified current distribution inside the
active layers.

The above isotropy of the quantum well gain is broken on substrates with higher
indices [136]. First attempts with GaAs substrates which were misoriented by two
degrees towards the (111)A or (111)B plane4 did not give the desired results [130].
The material gain anisotropy is enhanced strongly in VCSELs grown on GaAs (113)A
substrates [75, 76, 78]. To avoid problems in the doping of layers with high aluminum
content, GaAs (113)B substrates were chosen later [77, 79, 123]. With this method for
polarization control, a very high orthogonal polarization suppression ratio (OPSR) of
30 dB was achieved [79], because already the spontaneous emission of such VCSELs
is partially polarized. A drawback is the rather difficult processing [81]. Since the
activation energies along the [33̄2̄] and [1̄1̄0] crystal axes are different, the process
temperature for lateral oxidation had to be increased up to 480◦C, while commonly
temperatures around 400◦C are chosen for a better control of the oxidation rate.
Nevertheless, single-mode emission was achieved [80], but with a rather moderate
single-mode output power of less than 1 mW. Multimode VCSELs showed a stable
polarization under 5 GHz sinusoidal modulation, but the peak-to-peak suppression
of the weaker polarization in the spectra of single-mode VCSELs dropped from
30 dB for CW operation to 11 dB [81]. The reduction of polarization suppression in

4 The symbols ‘A’ and ‘B’ indicate whether the surface layer contains gallium or arsenic atoms,
respectively.
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single-mode VCSELs on (113)B substrates under high-speed modulation was later
reduced by using strained quantum wells in combination with an optimized AlAs
layer for lateral oxidation.

The VCSELs grown on substrates with higher indices discussed so far had emis-
sion wavelengths of around 960 nm. In the year 1998, the IEEE 802.3z Gigabit
Ethernet standard defined the use of 850 nm light sources for data communication
over multimode fibers with lengths up to several hundred meters. A transfer of the
960 nm results to shorter wavelengths of 850 nm thus became necessary. These
attempts were only partially successful [124, 125]. An improvement was again
achieved by incorporating strained quaternary In0.2Al0.15Ga0.65As quantum wells
[126]. While OPSRs of more than 20 dB were achieved for CW operation, the sup-
pression of the orthogonal polarization decreased to below 10 dB during the first
peak of relaxation oscillations.

Longer-wavelength VCSELs emitting at about 1.1 µm exhibited a stable polar-
ization in CW operation [84]. An emission wavelength of 1.3 µm was realized with
an optically pumped VCSEL by combining an active region grown on InP (113)B
substrates with Bragg reflectors grown on GaAs (001)-substrates by wafer bonding
[92, 93].

An active medium consisting of quantum wires [137] or structurally anisotropic
quantum dots can provide a polarization-dependent gain under certain circumstances
as well [138]. Recently, a 1.6 µm InP-based VCSEL with an active region con-
taining InAs quantum dashes showed a stable polarization under optical pumping
conditions [139]. The overall performance of VCSELs with quantum dots as active
gain medium was rather poor for a long time. Although their performance has been
strongly improved [140], no final judgment concerning the intrinsic polarization
behavior can yet be made. The same statement holds for the attempt to define the
polarization of VCSELs by controlling the spin of electrically injected or optically
generated carriers [141, 142].

5.4.2 Polarization-Dependent Mirror

Besides anisotropic gain, the use of mirrors with a polarization-dependent reflec-
tivity is an evident concept for polarization control of VCSELs. A polarization-
dependent reflectivity can be realized by etching a shallow elliptic surface relief in
the upper Bragg mirror of a VCSEL [106, 107]. However, the induced polariza-
tion control is rather weak. Several combinations of a Bragg mirror and a metallic
or semiconductor grating have been tried to realize polarization-dependent mirrors
[74, 86, 143, 144]. However, none of these attempts has been satisfactory, as will
be discussed in more detail in Sect. 5.5. Instead of a grating, two-dimensional
microstructures on top of the upper Bragg mirror making use of surface plasmon
resonances were investigated as well. To enhance the reflectivity for one polarization
and to reduce it for the other, the microstructure has to differ along the two main
polarization directions in its dimension [85] or in its period [135]. Recently, photonic
crystals have been studied to achieve single-mode oscillation of VCSELs [145–148].



5 Polarization Control of VCSELs 159

An extension of this concept towards single-mode, polarization-stable VCSELs is
obvious [89, 90, 149] but not straightforward: Up to now, the polarization control is
insufficient and output powers are moderate.

5.4.3 Asymmetric Resonators

Introducing a transverse anisotropy into the VCSEL cavity has been a very pop-
ular idea. Dumbbell-shaped [91], rectangular [129], or elliptical [105, 133, 150]
mesas were the first representatives of this technique. They all aimed at polarization-
dependent scattering losses inside the laser cavity [151]. However, these polarization-
dependent losses are so weak that a combination of an elliptic cavity and a special
geometry of metal wires for current injection was tried [134]. Furthermore, an oxide
slit with a width of less than 3 µm was manufactured in a proton-implanted VCSEL
with an active diameter of 7 µm [88]. However, the slit distorted the circular far-field
and thus cancelled a main advantage of standard VCSELs. Combining the exist-
ing birefringence in a VCSEL with an antiresonant reflecting optical waveguide for
polarization control was proposed and theoretically investigated [152]. Moreover,
a tilted mesa structure [153] and a zigzag pattern at two opposed mesa sidewalls
[131] were tested. However, in all cases the polarization control achieved with such
transverse anisotropies remained rather weak.

The material gain as well as the cavity losses of the two polarizations can be
changed simultaneously when external stress is applied. Consequently, intention-
ally introduced stress seemed to be a promising possibility for polarization control
[72, 73, 99, 100, 128, 132, 154]. However, it turned out that the applied stress has to
be rather large to achieve a reliably stable polarization, and therefore this approach
cannot be implemented easily in a manufacturing process.

5.4.4 External Optical Feedback

External optical feedback has proven to be a very powerful tool for pinning the polar-
ization of VCSELs [43, 98, 155]. However, a major advantage of VCSELs is their
compactness and very low price of much less than one US dollar for large volumes.
In contrast, external optical feedback requires relatively bulky and expensive optical
components as well as careful alignment and mounting. It has thus not much practical
importance.

5.4.5 Intentional Polarization Switches

In addition to defining a polarization direction in VCSELs and to pin the polar-
ization reliably along this direction, intentional switching of the polarization is of
interest. Ideally this should happen without changing the drive current or the substrate
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temperature such that the output power and the emission wavelength remain con-
stant. Several of these attempts were based on optical feedback [43–45, 156] or
optical injection [157, 158]. Other techniques utilized the dependence of the gain
spectrum on the current direction [159, 160] or relied on the electro-optic effect.
The latter was done using devices with three contacts, two of which were used to
bias the laser and the third (together with one of the other two) to apply a voltage to
one Bragg mirror [161] or to a second cavity [162, 163]. The first approach utilized
the birefringence introduced by the electro-optic effect, while in the second one, a
combination of the electro-optic effect and the quantum-confined Stark effect were
made responsible for the observed partial polarization control.

5.5 Surface Gratings for Polarization Control

Over the last years, reliable polarization control of VCSELs by utilizing surface
gratings has been proven not only in academic research [63, 94, 95, 101–104,
109–122, 164, 165], but has found its way into high-volume commercial products
[70]. Therefore, surface gratings shall be discussed in more detail in this section.

It is well known from microwave theory that the reflectivity and transmissivity of
linear gratings under specific conditions depend on the polarization of the incident
electromagnetic wave [166]. Already thirty years ago, it was theoretically [167] as
well as experimentally [168] proven that this also holds for infrared light. Thus it
is evident to combine a grating with a Bragg mirror to obtain a laser mirror with
a polarization-dependent reflectivity. This approach was investigated several times
during the last fifteen years [74, 86, 143, 144]. An alternating gold and silicon dioxide
grating on top of the upper mirror of a bottom-emitting device was intended to act
as a birefringent medium [74]. For this purpose, the grating period has to be much
smaller than the laser wavelength in the respective material. Due to technologi-
cal restrictions, a larger grating period was chosen and consequently the approach
failed. A gold–chrome sub-material-wavelength grating on top of the upper mirror
of a bottom-emitting VCSEL fabricated later was neither completely convincing:
Polarization control was indeed achieved, but the VCSELs could be operated only
under pulsed excitation with very small output powers [144]. Promising results for
single- and multimode VCSELs were obtained with metal-interlaced semiconduc-
tor gratings [86]. A grating was etched into the top quarter-wave layer of the upper
DBR of a top-emitting VCSEL. Subsequently, a 20 nm thick aluminum film and a
4 nm thick gold–zinc film were deposited on the sidewalls of the grating ridges. These
metal films were intended to act as polarization-dependent absorbers but complicated
the manufacturing process significantly. This might be the reason why this promis-
ing approach was not pursued further. Pure semiconductor gratings with a rather
large grating depth of approximately 0.5 µm were tried as well to achieve a high
polarization-dependent reflectivity [143]. While their performance as a stand-alone
mirror was satisfactory, these gratings were never incorporated successfully into an
actual VCSEL structure.
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Fig. 5.3 Scanning electron micrograph of a VCSEL with a surface grating monolithically integrated
into its outcoupling aperture (left) and schematic drawing of a corresponding upper Bragg mirror
(right) [169]

Monolithically integrated shallow surface gratings were proposed by Pierluigi
Debernardi in 2002 [108]. This concept differs from the previously mentioned
approaches in several respects. First of all, such pure semiconductor–air gratings
have very small absorption and a high refractive index contrast, which is of great
importance. They yield a high polarization-dependent reflectivity but don’t require
a major modification of the VCSEL structure. Owing to the shallow semiconductor
ridges, diffraction and absorption losses can be kept acceptable. Finally, monolithic
integration with the VCSEL structure allows manufacturing with low additional cost.

The idea and the realization of these monolithically integrated surface gratings is
demonstrated in Fig. 5.3 in terms of a scanning electron micrograph and a schematic
sketch of an upper Bragg mirror. The grating is etched into the topmost layer of
the DBR, where the etch depth is smaller than the thickness of this layer. Thus the
material below the grating is the same as that of the grating ridges, while the medium
above the grating is air, with which also the grating grooves are filled.

The fact that a Bragg mirror is located below the grating has to be kept in mind
for the design, since the grating does not only influence the magnitude of the modes
reflected at the semiconductor–air interface but also their phase. Especially the phase
is of high relevance. The high reflectivity of a Bragg mirror results from the construc-
tive interference of the reflections at the individual interfaces. The semiconductor–air
interface on top of the VCSEL provides the highest reflectivity of all interfaces owing
to the high refractive index contrast. Thus, the overall reflectivity of the upper Bragg
mirror of a VCSEL depends strongly on the amplitude and the phase of the field
reflected at the outcoupling aperture. This is also true for the case of an integrated
surface grating, since, under certain circumstances, the reflectivity of a grating can
even be higher than that of a planar interface. Consequently, the surface grating has
to be designed together with the Bragg mirror below the grating.

5.5.1 Gratings with Wavelength-Scale Periods

While the fabrication of gratings with a period in the order of the wavelength is
possible with a reasonable effort, their design is complicated, since full-vectorial,
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three-dimensional calculations of the complete resonator are needed, as discussed in
detail in Chap. 3 of this book. In these calculations, the transverse wavevectors of the
incident modes strongly influence the interaction between the light and the grating.
Therefore, plane waves as incident electric field are not a proper choice in the simu-
lations of a surface grating combined with a Bragg mirror. Since the grating is part
of a resonator, the reflection from the surface grating influences the field distribution
of the incident light. This condition has to be addressed by a proper feedback loop
in the computations or, equivalently, by simulating the complete VCSEL resonator
in a full-vectorial, three-dimensional way.

The fabrication of the surface gratings can easily be combined with a standard
VCSEL manufacturing sequence. Preferably the grating is defined in the first process-
ing step. However, the widely used standard contact lithography is quite at its limit
for the grating periods needed. Therefore, alternative lithographical techniques have
to be used. In the research stage, the most flexible one is electron-beam lithography.
However, this technique might be too expensive for mass production of very-low-cost
VCSELs. Since optical projection lithography used for microelectronic integrated
circuits fabrication requires major investments, nanoimprint lithography [170] is an
attractive alternative.

Etching of the grating grooves is the second challenge in the fabrication process
of grating VCSELs. Depending on the exact design, grating depths between 20 and
150 nm have to be realized with a tolerance of just a few nanometers in some cases.
Wet-chemical as well as dry etching can be used for this purpose but require very
good process control.

To illustrate the achievable polarization control with surface gratings [109–112,
114, 120–122, 164], the polarization-resolved light–current–voltage (PR-LIV) char-
acteristics and the spectra of a multimode surface grating VCSEL are shown in
Fig. 5.4. This VCSEL has an active diameter of 7µm, a grating depth of 22 nm, a
grating period of 1 µm, and a grating duty cycle (DC, the ratio between ridge width
and grating period) of 65%. The polarization along the [1̄10 ] direction is clearly dom-
inating over the entire current range from threshold until thermal rollover. Besides
changing the drive current, a frequent reason for polarization switches is a change of
the operating temperature, as can be easily understood from the thermal model pre-
sented in Sect. 5.2. However, while the output power, the threshold current, and the
voltage are affected by the temperature change, the polarization of the grating VCSEL
remains unchanged. The polarization control introduced by the surface grating is not
restricted to the fundamental mode, as can be seen in the spectra in the right-hand
graph recorded at room temperature. The orthogonal polarization suppression ratio
(OPSR) easily exceeds 20 dB when calculated from the optical powers measured
in the two polarizations (left graph), and even 28 dB when defined as peak-to-peak
difference in the spectra (right graph).

However, finding a single polarization-stable VCSEL is no proof of a reliable
polarization method, since the probability to have some polarization-stable VCSELs
on a typical VCSEL wafer is quite high even without any specific measures for
polarization control. The results of the study presented in Fig. 5.5 therefore give a
much better evidence of the effectiveness of polarization control by surface gratings.

http://dx.doi.org/10.1007/978-3-642-24986-0_3
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Fig. 5.4 PR-LIV characteristics (left) and spectra (right) of a grating VCSEL with an active diameter
of 7 µm, a grating depth of 22 nm, a grating period of 1 µm, and a DC of 65%. While the spectra
were recorded at room temperature, the LIV measurements were performed at substrate temperatures
from 20 to 110◦C in steps of 10◦C. The arrows labelled with ‘T’ point towards higher temperature.
The difference between the total output power and the power of the light polarized along the [1̄10]
direction indicates the transmission loss of the polarizer [169]
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Fig. 5.5 Polarization behavior of 3574 VCSELs. The left chart gives the distribution of VCSELs
with an unstable or a stable polarization parallel or orthogonal to the grating grooves, while the
right chart displays the average OPSR. The active diameters range between 3 and 23 µm and the
emission wavelength is about 850 nm [169, 122]

3574 VCSELs with an emission wavelength of about 850 nm were processed and
measured on one wafer. The grating period of these VCSELs is varied between
0.7 and 1.0 µm, the grating depth between 0 and 76 nm, and the oxide diameter
between 3 and 23 µm. The graphs in Fig. 5.5 reveal the dependence of the achieved
polarization control and of the orientation of the polarization with respect to the
grating grooves on the grating parameters. For small grating depths, the polarization
is oriented orthogonal to the grating grooves, while it is parallel for larger grating
depths. The transition from orthogonal to parallel polarization occurs at smaller
grating depths for smaller grating periods. Every bar in the graphs represents at least
129 VCSELs. In total, 1374 VCSELs having a grating depth of 76 nm were measured.
Not a single one exhibits a polarization orthogonal to the grating grooves or an
unstable polarization. All these VCSELs have a well-defined polarization parallel to
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Fig. 5.6 Sketch of the upper Bragg mirror of a VCSEL structure incorporating a normal grating
(left) and an inverted grating (right), where λ is the material wavelength (after [116])

the grating grooves independent of the orientation of the grooves along the [1̄10] or
[110] crystal axis. This is in strong contrast to standard VCSELs, which are labelled in
Fig. 5.5 with a grating depth of 0 nm.

The polarization control achieved by surface gratings has been tested under
high-frequency modulation [63, 165] and externally applied strain [119]. In all
investigations, the polarization remained fully defined and controlled through the
grating. These observations are supported by the simulated and measured modal
dichroism of such grating VCSELs [120], which exceeds the modal dichroism typ-
ically present in standard VCSELs by at least a factor of two. In another study, the
grating VCSELs were tested under unpolarized and polarized feedback [118]. While
unpolarized feedback had no influence on the selected polarization, polarized feed-
back could change the polarization. This is not surprising, since a surface grating is
nothing else than a polarization-dependent reflector and thus influences the polar-
ization of VCSELs similar to polarized external feedback. However, the observed
instabilities introduced by polarized feedback are of no relevance for practical appli-
cations, since the external reflectivity had to exceed 25% to observe any influence
on the polarization of the grating VCSEL. Moreover, the external cavity had to be
aligned very carefully to match the mode inside the VCSEL with the mode in the
external resonator.

While the polarization control provided by surface gratings is very reliable, inde-
pendent of the emission wavelength of the VCSEL [122], the diffraction losses intro-
duced by the grating are the drawback of surface gratings with a period in the order
of or slightly smaller than the emission wavelength. Consequently, the threshold cur-
rent is increased and the differential efficiency as well as the maximum output power
are decreased. The magnitude of these losses depends very strongly on the chosen
grating parameters. For grating periods smaller than the emission wavelength, no dif-
fraction can be seen in the far-field. Nevertheless, the grating still leads to backward
diffraction into the VCSEL. This diffraction is not easily accessible experimentally
but can be proven by simulations [117].

To eliminate diffraction losses completely, the grating period must be reduced
below the material wavelength of the VCSEL, as will be discussed in the next section.
To avoid this complication of the processing, the diffraction losses can neverthe-
less be reduced by etching the grating not into the cap-layer of a standard VCSEL
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Fig. 5.7 PR-LIV characteristics (left) and polarization-resolved spectra (right) of an inverted grating
VCSEL with 7 µm oxide aperture diameter. The grating period is 0.65 µm and the grating depth is
35 nm (after [116])

structure, but into a cap-layer with a thickness increased by one quarter of the mate-
rial wavelength [116, 117, 121] (see Fig. 5.6). As illustrated in Fig. 5.7, the achieved
suppression of the orthogonal polarization with such inverted gratings is comparable
to the one of normal grating devices.

Controlling all modes of a multimode VCSEL is much more challenging com-
pared to single-mode VCSELs and therefore is a better evidence for the degree
of polarization control induced by a surface grating. However, most applications
demanding a stable polarization of a VCSEL require single-mode emission. Since
VCSELs tend to emit in multiple transverse modes, special measures have to be
applied to ensure lasing of only the fundamental mode. Techniques to enhance
the single-mode output power are discussed in Chap. 4 of this book. Among
these techniques, the surface relief is one of the most promising [171–175]. For
simultaneous mode and polarization control, the surface relief and surface grat-
ing concepts were combined to a grating relief [108, 113, 115], as depicted in
Fig. 5.8. Also here one has to distinguish between a normal grating relief that is
etched into the cap-layer of a standard VCSEL and an inverted grating relief in a
cap-layer extended by one quarter of the material emission wavelength of the VCSEL.
The latter approach is more favorable owing to increased design freedom and relaxed
fabrication tolerances [113, 169].

Tunable diode laser absorption spectroscopy (TDLAS) is a prominent
application requiring polarization-stable single-mode VCSELs [64, 177–180]. One
example is the measurement of the oxygen concentration utilizing the absorption
peaks at wavelengths of about 760 nm. The PR-LIV characteristics and the spectra
of an inverted grating relief VCSEL optimized for oxygen spectroscopy are shown in
Fig. 5.9. The laser is single-mode up to a drive current of 5 mA, where the side-mode
suppression ratio is 30 dB. At a substrate temperature of 20◦C, the maximum single-
mode power is 2.6 mW, which is a factor of 2.5 larger than reported before in this
wavelength regime [178]. Simultaneously the fundamental mode has a well-defined
polarization. In TDLAS, the emission wavelength of the VCSEL is coarse tuned to
match the absorption band of interest by adjusting the substrate temperature of the

http://dx.doi.org/10.1007/978-3-642-24986-0_4
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Fig. 5.8 Optical micrograph of an inverted grating relief VCSEL (left) and atomic force micrograph
of the grating relief in more detail (right) [176] (© 2005 IEEE)

Fig. 5.9 PR-LIV characteristics of a grating relief VCSEL at substrate temperatures varied between
10 and 60◦C in steps of 10◦C (left) and polarization-resolved spectra at a substrate temperature of
20◦C and a drive current of 5 mA (right). The device has an active diameter of 4.5 µm, a grating
relief diameter of 3 µm, a grating period of 0.8 µm, and a grating depth of 44 nm (after [176])

laser. Stability of the polarization control against temperature variations is therefore
of great importance. This issue is investigated in the left graph of Fig. 5.9.

As a conclusion of this section, surface gratings with grating periods similar to the
emission wavelength have proven to provide very reliable polarization control for all
kinds of top-emitting VCSELs. Combined with a surface relief, simultaneous polar-
ization and mode control can be realized. The relatively simple additional processing
steps make surface gratings attractive not only for academic investigations but also
for industrial applications [70]. To completely avoid internal diffraction losses from
the surface gratings at the expense of a more demanding fabrication process, the
grating period has to be reduced below the material wavelength, as will be discussed
in the next section.
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Fig. 5.10 Microscope image (left) and scanning electron micrographs (middle and right) of a
VCSEL with an inverted sub-material-wavelength surface grating [103] (© 2006 IEEE)

5.5.2 Sub-Material-Wavelength Surface Gratings

If the grating period is much smaller than the laser wavelength in the grating material,
the grating behaves like an artificial birefringent medium whose dielectric constants
parallel and orthogonal to the grating grooves are given by [101, 181] respectively,

ε|| = wridgeεridge + wgrooveεgroove

wridge + wgroove
and ε⊥ = (wridge + wgroove)εridgeεgroove

wridgeεgroove + wgrooveεridge
,

with wridge and wgroove as the widths of the grating ridges and grooves, respectively,
and εridge and εgroove as the corresponding dielectric constants. Such
a grating is also called zero-order grating, since only the zeroth transmitted and
reflected order can propagate. Consequently, these gratings do not cause any diffrac-
tion (and therefore laser losses), which makes them very attractive. However, the
fabrication of gratings with such a small period is more challenging. In the case of
a VCSEL with an emission wavelength of 850 nm, the material wavelength inside
GaAs having a refractive index of 3.65 [182] is 234 nm. Since the grating period has
to be significantly smaller than the material wavelength for the surface grating to act
as a birefringent medium, the required grating period for a sub-material-wavelength
grating in a GaAs-based VCSEL with an emission wavelength of 850 nm is about
120 nm. Thus the grating ridge and groove widths have to be as small as about
60 nm. Nevertheless, such sub-material-wavelength grating VCSELs have been real-
ized very successfully in the group of Prof. Larsson [102, 103].

Figure 5.10 depicts a microscope image and scanning electron micrographs of
an inverted grating relief VCSEL with a grating period of 120 nm. The PR-LIV
characteristics on the left side of Fig. 5.11 clearly indicate the polarization control
provided by such sub-material-wavelength gratings. Independent of the orientation of
the grating along the [1̄10] (top) or [110] (bottom) crystal direction, the polarization
orthogonal to the grating grooves is dominating with an OPSR of about 20 dB. As
can be seen from the spectra in the center column of Fig. 5.11, recorded at 4 and 7
mA, these VCSELs are even single-mode with a maximum output power of about 4
mW, since the grating is realized as a grating relief with a relief diameter of 2.5 µm.
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Fig. 5.11 PR-LIV characteristics, spectra, and far-fields of two sub-material-wavelength surface
grating VCSELs with the grating grooves oriented along the [1̄10] direction (top) and along the
[110] direction (bottom). The oxide aperture diameter is 4.5 µm, the grating diameter 2.5 µm, the
grating duty cycle 60%, and the grating depth 60 nm [103] (© 2006 IEEE)

5.5.3 High-Index-Contrast Subwavelength Gratings

Investigating the concept of surface gratings and especially subwavelength gratings
further, one comes to the conclusion that the grating can not only be used to define
and control the polarization of VCSELs, but also to provide the high reflectivity
of a DBR. To reach this, the grating period, grating depth, grating duty cycle, and
the refractive indices of the materials of the grating and of its adjacent layers must
be well matched. Thus in the extreme case, the complete upper Bragg mirror of a
VCSEL can be replaced by just a single grating layer. Below the grating there can
either be an air gap [95] or an oxide layer [183]. Besides controlling the polarization
and providing the reflectivity of the upper Bragg mirror, such high-index-contrast
subwavelength gratings (HCGs) can also be used to realize tunable VCSELs [94].
Chapter 9 of this book is entirely devoted to these novel concepts.

5.6 Conclusion

In this chapter we have addressed the issue of unstable VCSEL polarization and have
reviewed various methods for polarization control in some detail. With the surface
grating technique, the polarization problem has been entirely solved for commercial
VCSELs.

http://dx.doi.org/10.1007/978-3-642-24986-0_9
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Chapter 6
Polarization Dynamics of VCSELs

Krassimir Panajotov and Franco Prati

Abstract In this chapter we wrap up the experimental and theoretical results on
polarization dynamics of solitary vertical-cavity surface-emitting lasers. Experi-
ments have shown that VCSELs emit a linearly polarized fundamental transverse
mode either along the [110] or [110] crystallographic direction. Polarization switch-
ing between these modes can occur when the injection current is increased, showing
either a frequency shift from the higher to the lower frequency mode (type I) or the
reverse (type II). The two modes of linear polarization are strongly anti-correlated.
The switching can happen through a region of mode hopping, with a dwell time scal-
ing over eight orders of magnitude with the switching current, or through a region of
hysteresis. Thermal (carrier) effects influence the polarization behavior of VCSELs
through a red (blue) shift of the gain maximum. Also, in-plane anisotropic strain
can strongly modify the polarization behavior of VCSELs. All these experimental
results call for explanations, as there is no a priori intrinsic polarization selection
mechanism in VCSELs. We present different gain equalization models to explain
type I, type II or double polarization switching. Alternatively, the spin-flip model
can explain both types polarization switching by involving a microscopic spin-flip
relaxation mechanism. Its predictive power has been experimentally established
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as, e.g., polarization switching through elliptically polarized states and dynamical
instabilities. Finally, we highlight some perspective applications using polarization
dynamics of VCSELs.

6.1 Background

In contrast to the edge-emitting lasers (EELs) where light propagates along the active
region and is emitted from the edge, in VCSELs light propagates perpendicular to
the quantum wells (QWs) inside a high finesse cavity built by very high reflectivity
distributed Bragg reflectors (DBRs) [1, 2]. This configuration of VCSELs provides
several advantages, such as much smaller dimensions, inherent single longitudinal-
mode emission, integration in 2-dimensional arrays, circular beam shape to facilitate
coupling to optical fibers, on-wafer testing which significantly reduces the production
cost. However, the surface emission and the cylindrical symmetry of the VCSEL cav-
ity create some problems, namely multi transverse-mode emission and polarization
unstable behavior.

The polarization properties of the light emitted by a semiconductor laser are
determined by the polarization properties of: gain, i.e., by the interband transition
matrix element (TME); and optical cavity. The TME, |MT |2, depends on the relative
orientation of light polarization (with a unit vector e) and electron wavevector (with
a unit vector k) as [3]

|MT |2
|M |2 =

⎧⎨
⎩

1/2 (1 − |k · e|) for HH band
1/2 (1/3 + |k · e|) for LH band
1/3 for SO band

, (6.1)

where |M |2 is the TME for bulk material [3] and HH, LH and SO stand for the heavy
hole, light hole and split off bands, respectively. This TME enters the expression
for the optical gain [3–5] providing a dependence on the angle between the light
polarization unit vector and the electron wavevector k. When calculating the optical
gain one is averaging over all orientations of the k vector in the plane of the QW. For
QW active material that is commonly used in contemporary VCSELs, an average on
all possible directions of k(in the first octant of a coordinate system with z-axis along
the quantization axis) results in 〈k〉= kz . Substituting this in (6.1) determines the
polarization anisotropy at the band edge due to quantum confinement (see Fig. 6.1).
Therefore, the TME is different in EEL for light polarized in the plane of the QW (TE-
polarization) and perpendicular to it (TM-polarization)—illustrated by the dumbbell
shape in Fig. 6.1. Conduction band (CB)–HH transitions contribute dominantly to
the gain for TE polarization with band-edge |MT |2/|M |2 of 1/2 compared to 1/6 for
CB–LH transitions. For TM polarization however, the CB–LH transitions mainly
contribute to the gain: a band-edge value of the |MT |2/|M |2 of 2/3 compared to 0
for CB–HH transitions according to (6.1). Because of VCSEL surface emission the
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Fig. 6.1 Schematic drawing showing the polarization anisotropy of the transition matrix element
in QWs. Light is emitted in the direction shown with large arrows (z in case of VCSELs and y in
case of EELs). While in EELs there is large gain anisotropy due to different transitions involved for
x (TE) and z (TM) polarization directions, in VCSELs the transition matrix elements are the same
for linear polarization in any direction in the xy-plane of the QW (perpendicular to the direction of
light emission)

TME will be the same for linear polarization in any direction in the xy-plane of the
QW (perpendicular to the z-direction of light emission)—illustrated by the circle in
Fig. 6.1. Moreover, the CB–HH transitions will dominantly contribute to the gain in
VCSELs with band-edge |MT |2/|M |2 of 1/2 compared to 1/6 for CB–LH transitions.
The quantum confinement leads to coupling between the HH and the LH subbands
for kdifferent from 0 [3–5] so that the wave function exhibits both the HH and LH
characteristics (the names of the subbands are according to their character at the
band edge). Carrying out the averaging over all kvectors in the plane of the QW with
energy dispersion calculated with the k · p method [3–5] results in equivalent gain
for all [100] (or [110]) directions even for the case of lattice mismatch strained QWs.
The reason is that biaxial strain, either compressive or tensile, is isotropic in the
plane of the QW and does not modify the valence band symmetry in the QW plane.
Therefore, we can conclude that there is no intrinsic polarization gain anisotropy
mechanism in conventional VCSELs.

The optical confinement is also different in VCSELs and EELs: Usually a sym-
metric cylindrical or rectangular aperture is defined by oxidation, an air post or
proton implantation in VCSELs. On the contrary, the much different lateral and
transverse dimensions of the EEL waveguide give rise to waveguiding and reflec-
tivity anisotropy. Thus, in contrast with EELs, neither gain nor cavity polarization
anisotropy mechanism is present in conventional VCSELs.

As a result VCSELs show interesting polarization dynamics. In this chapter we
will focus on the polarization dynamics of VCSELs with different structures in a
single transverse-mode regime. In Sect. 6.2, we summarize the experimental results
on polarization switching (PS) and dynamics in VCSELs. In Sect. 6.3, we discuss
the physics behind these interesting polarization dynamics and their theoretical mod-
eling. In Sect. 6.4, we conclude by giving some unique applications of polarization
dynamics in VCSELs.
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6.2 Overview of the Experimental Results on Polarization
Dynamics of a Solitary VCSEL

6.2.1 Alignment of Polarization Axis to [110] or [110] Axes:
Elasto-Optic and Electro-Optic Effects

It has been found experimentally that both gain-guided [6–8] and index-guided [9]
VCSELs emit fundamental transverse mode, linearly polarized (LP) along [110]
or [110] crystallographic axes. It has also been found that the degeneracy of the
two orthogonal LP modes is lifted leading to a small frequency splitting of Δν =
1–15 GHz [7–9]. The point group symmetry of III-V compound semiconductors is
cubic Td (43m) implying full rotational symmetry of the linear optical susceptibility.
In the multilayer QW VCSELs grown on [100] substrate this symmetry is broken
along the growth axis (z) but preserved in the orthogonal (xy) plane. It is there-
fore puzzling why the light polarization prefers the specific [110]/[110] directions.
In order to understand the origin of this preference and study the relation between
strain and birefringence different experimental techniques have been used that intro-
duce intentionally controlled QW in-plane strain in the VCSELs. In the “hot-spot”
technique [8] a small hot spot is created on the VCSEL surface outside the metal
contact by absorption of Ti-sapphire laser beam. The radial thermal gradient results
in QW in-plane strain and in a change of the LP mode frequency splitting and orien-
tation. The temperature rise can be determined from the spectral shift of the lasing
mode. The orientation of the induced birefringence can be chosen by the hot spot
position with respect to the VCSEL. It has been shown that due to the anisotropy of
the elasto-optic effect even a random distribution of strain leads to LP orientation
more likely near [110] than [100] axis.

A simpler way to introduce controllable anisotropic strain in VCSELs is by using
its mechanical holder as shown in Fig. 6.2 [10]. The anisotropic strain is caused by
pressing the upper metal plate on the VCSEL package and can be controlled by
turning two screws that are positioned on the line A–B and supported by springs.
A thin steel rod is inserted between the holder and the metal plate of the package
perpendicular to the A–B line. The in-plane anisotropic strain is obtained by bending
the metal plate of the laser package on which the VCSEL wafer is glued. This
geometry introduces a tensile strain σ in the laser along line A–B and a compressive
strain in the orthogonal direction. In Fig. 6.3 we show by a solid line the calculated
orientation of the index ellipsoid with respect to the crystal coordinate system if
the induced birefringence via elasto-optic effect is taken into account [11, 12]. The
only input parameters are the experimentally measured residual birefringence Δν0 =
2 GHz and initial polarization orientation φ0 = 15◦. The external strain σ is a dummy
variable with a maximum value of 0.04%. The experimental LP state orientation
is represented by triangles. A large birefringence tuning from −80 to +80 GHz
is achieved using this techniques and except for the narrow range of very small
birefringence around zero frequency splitting the orientation of the index ellipsoid
remains along the [110]/[110] crystallographic axes.
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Fig. 6.2 Photograph (left) and schematic (right) drawing of the VCSEL holder used to apply a
controllable QW in-plane strain. Reprinted with permission from [10]. Copyright 2000, American
Institute of Physics
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Fig. 6.3 Experimental (triangles) and theoretical (solid line) orientation with respect to the crystal
axes of one LP mode as a function of frequency splitting between the two LP modes induced by
QW in-plane uniaxial strain. After [12]

The hot-spot technique has been used to change VCSEL birefringence in a con-
trollable and permanent way [13, 14]. To this aim a small hole is melted by the focused
laser beam in the vicinity of the VCSEL. A small residual ellipticity (|χ | > 4◦) is
measured for the lasing mode in [14]; i.e., light is better blocked (to 10−6) after a
combination of quarter-wave plate and polarizer than after a polarizer only (10−4).

This has been explained by misaligned linear birefringence and linear dichroism
giving rise to orthogonal elliptically polarized modes with the same ellipticity and
helicity [14].

Experimental characterization of 39 gain-guided VCSELs carried out in [15]
showed that, almost all lasers lase on the higher frequency LP mode, oriented at 90◦
with respect to the VCSEL array axis (lately identified as [110] crystallographic axis).
This systematic positive birefringence has been attributed in [15] to the linear electro-
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Fig. 6.4 Polarization-resolved light vs. current (LI) curve showing type I PS for DC current: νH (νL)

mode is shown as thin (thick) line. No PS is observed for short-pulse current (triangles) [29]
(© 1998 IEEE)

optic effect. The longitudinal (z) dependence of the static electric field in VCSELs has
been considered with contributions from the built-in potential across the active layer,
the series resistance of the device and the localized fields at the DBR heterojunctions
(the last one being the most significant). For a typical GaAs/AlGaAs VCSEL the
estimated birefringence due to the electro-optic effect is about 15 GHz with the higher
frequency mode oriented along the [110] axis. The case of GaAs/AlGaAs oxide-
confined VCSELs has been considered in [16] and the electro-optic birefringence
has been shown to decrease almost twice (from about 18 to 10 GHz) as the forward
voltage bias is increased from 0 to 2.5 V. More direct experimental confirmation of
electro-optic effect induced birefringence is carried out in [17] where conventional
asymmetrically doped VCSELs (pin-doped, 12 GHz birefringence) are compared
to symmetrically doped ones (pip-doped, 0.7–1.6 GHz birefringence). The lack of
birefringence in the last case is in accordance with the prediction of general symmetry
considerations of polarization isotropy in VCSELs [18].

6.2.2 Type I Polarization Switching

Experimentally, it is found that the two orthogonal LP VCSEL fundamental modes
do not lase simultaneously and that a switching between them may occur when
changing the injection current [6, 7, 10–12, 19–46]. A polarization-resolved light
versus current (LI) characteristic of a proton-implanted GaAs/AlGaAs QW VCSEL
emitting around 850 nm is shown in Fig. 6.4 [29].

PS is observed in the fundamental Gaussian transverse mode when operating with
direct current (DC) but not for short-pulse current operation. From the spectrum of
the emitted light, we identify the PS to be, when increasing the injection current,
from the higher frequency νH mode (thin line) to the lower frequency νL mode
(thick line). We shall refer to such kind of PS as type I PS because it is the one
first identified [7, 19, 23] and to distinguish from the opposite way of switching,
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Fig. 6.5 Left: Polarization-resolved LI curve showing type I PS for InGaAs air-post VCSELs: The
νH (νL) mode is shown as full (dashed) line. Right: High-resolution spectrum taken at a current
before the PS. A polarizer in front of the Fabry–Perot interferometer is aligned to almost extinguish
the lasing (νH) mode. After [12]

from lower to higher frequency polarization mode which we call type II PS [33].
A typical feature of VCSELs is that the LI curve is not linear: the slope of the LI
curve saturates with current as seen in Fig. 6.4, and then may even become negative
(a thermal rollover). This is due to the current self-heating of the VCSEL combined
with the single longitudinal mode operation: the gain curve red-shifts about 3 times
faster with temperature than the cavity mode, which results in misalignment between
them and decrease of material gain. The kink in the LI curve, that is clearly visible
in Fig. 6.4 around an injection current of 12.8 mA, is a signature of the appearance
of the first order transverse mode. The appearance of higher-order transverse modes
is due to the spatial hole burning effect, i.e., the decrease of the carrier density in
the regions of high optical intensity as the carrier diffusion can not compensate for
the fast removal of carriers by the stimulated emission recombination. The thermal
gain–cavity misalignment and spatial hole burning will be discussed in Sect. 6.3.2
in relation to polarization switching in VCSELs.

Type I PS is not restricted to gain-guided VCSELs, it has also been observed
in index-guided air-post [12, 24] and oxide-confined [12] VCSELs. The air-post
VCSELs in [24] have three 8 nm thick InGaAs QWs and GaAs/AlAs mirrors lasing
around 980 nm. Polarization-resolved LI curve and optical spectrum taken by a high-
resolution Fabry–Perot interferometer of similar air-post VCSELs [12] are shown in
Fig. 6.5 (left) and (right), respectively. The frequency splitting between the two LP
modes is 11 GHz and does not change with the injection current and temperature. The
experiments described in [24] revealed strong sidebands at the relaxation oscillation
frequency (νRO = 2.6 GHz) in the optical spectrum taken before the PS type I (the
LP modes were 7.1 GHz apart). These sidebands abruptly disappear after the PS.
The polarization-resolved LI curves of two oxide-confined VCSELs with different
aperture size and with InGaAs QWs emitting around 960 nm are shown in Fig. 6.6.

When the oxide aperture is small (diameter 3–4µm), the VCSELs are single-
transverse mode up to the thermal rollover point at about five times the threshold
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Fig. 6.6 Polarization-resolved LI curves for InGaAs oxide-confined VCSELs: The νH (νL) modes
are shown as full (dashed) lines. Small (left) and large (right) oxide aperture. Type I PS is observed
with a large hysteresis. After [12]

current. For these lasers PS of type I is observed between the two fundamental
modes along [110] and [110] directions, see Fig. 6.6 (left). In contrast to the case of
proton-implanted and air-post VCSELs, the PS now happens through a large region
of hysteresis. When the oxide-aperture is larger, VCSELs with the same structure
operate on multiple transverse modes. In this case, the upward PS is in the region
where the first higher order transverse mode is already lasing while the downward
PS is in the region of the fundamental mode lasing (Fig. 6.6 (right)). Nevertheless,
the PS is of type I between the fundamental orthogonally polarized modes.

Type I PS has been observed in proton-implanted GaAs QW VCSELs for a fast
current ramp, such that the temperature of the active region remains constant [26].
The current source consisted of a DC pre-bias and a fast (100 ns, 20 kHz) current
ramp generator connected to the VCSEL through a bias-tee. Time-resolved spectral
measurements showed a small (<0.05 nm) blue-shift of the lasing wavelength during
the ramp, confirming that the active region temperature is constant. Figure 6.7a and
b demonstrate such a fast PS. Figure 6.7a shows the polarized LI characteristics at
8◦C substrate temperature and Fig. 6.7b shows a mapping of the PS in the plane of
active region temperature versus injected current. The last consists of the temperature
rise due to the DC-prebias self-heating and the substrate temperature that has been
changed to obtain the different curves in Fig. 6.7. The dependence of the threshold
current is also depicted in Fig. 6.7 showing a minimum at the temperature where the
cavity resonance and the gain maximum are best matched.

Type I PS to the gain disfavored mode has been reported in [38] for proton-
implanted 8µm aperture VCSELs lasing at 845 nm, with frequency splitting between
the two LP modes of 6 GHz (Fig. 6.8). At the PS point the total output power shows
an abrupt drop of about 3% (see the inset of Fig. 6.8). The relaxation oscillation
frequency also shows a drop at the PS current, confirming that the PS is to the mode
with less gain. The PS is maintained in a temperature range of 50◦C, indicating that
it is not due to temperature changes.
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Fig. 6.7 a Polarized LI characteristics at 8◦C substrate temperature. b Active region temperature vs.
injected current diagram: threshold currents are indicated by rhombs, and PS currents by triangles.
The open (solid) circles corresponds to linear short- (long-) wavelength polarization emission.
Reprinted with permission from [26]. Copyright 1997, American Institute of Physics

Fig. 6.8 Polarization-
resolved output power vs.
injection current. Solid
(dashed) lines denote the
power in the lower (higher)
frequency mode. The inset
shows the total output power
(dotted line) in the vicinity of
the PS [38] (© 2004 IEEE)

6.2.3 Polarization Mode Hopping

Although an abrupt PS is evident in the steady-state LI curve in Figs. 6.4 and 6.5,
as a matter of fact, the VCSELs may continuously and randomly switch between
the two well-defined LP states when biased in the PS region [29, 40–43]. This is
illustrated in Fig. 6.9 where the time traces of the two LP modes are shifted vertically
for clarity. One can see perfect anti-correlation between the two polarization-resolved
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Fig. 6.9 Time trace of the
polarization-resolved optical
output showing polarization
mode hopping behavior. The
VCSEL is biased at the PS
current in Fig. 6.4
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Fig. 6.10 Dwell time as a
function of PS current for
air-post (dashed line) and
proton-implanted VCSELs.
Reprinted figure with
permission from [43].
Copyright (2003) by the
American Physical Society

intensities [29]. The polarization mode hopping implies that the VCSEL is actually
polarization bistable and self-switches between the two LP states by the influence
of spontaneous emission noise [29, 40]. Therefore, the hysteresis region evidenced
for oxide-confined VCSELs in Fig. 6.6 is also believed to exist for proton-implanted
(Fig. 6.4) and air-post VCSELs (Fig. 6.5), but appears to be masked by the LP mode
hopping behavior. The residence time τH (τL), the time the laser stays in the νH (νL)

mode, is measured as the time interval between two consecutive crossing—upwards
and downwards—of a reference level at a half the output power of the corresponding
LP mode (see Fig. 6.9). It changes randomly with a mean value called dwell time.

The rather symmetric mode hopping time trace shown in Fig. 6.9 occurs only
in the middle of the PS region where the dwell times of the two LP modes
are equal [29, 40, 41]. Otherwise they are different: the larger one being for the
νH (νL) LP mode when approaching (leaving) the PS region. If the current where
the PS occurs is changed, the dwell time changes over several orders of magnitudes
[42, 43]. Experimentally, scaling of the dwell time with the PS current from tens
of nanoseconds to seconds has been observed (see Fig. 6.10). This phenomenon is
well understood as a stochastic process of noise driven hopping in a bistable system
and has been explained in two different model frameworks of polarization bistable
VCSELs [42, 43].

A polarization-resolved small-signal modulation response of a proton-implanted
VCSEL biased in the region of mode hopping is shown in Fig. 6.11. For a frequency
of 30 MHz perfect PS is observed (Fig. 6.11 left, top trace), while at 50 MHz the
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Fig. 6.11 Small-signal modulation around the PS current: the modulation signal is the bottom trace
and the polarization-resolved optical signal is the top trace. Reprinted with permission from [12].
Copyright 2001, American Institute of Physics

Fig. 6.12 Inverse of the
minimum modulation
amplitude as a function of
modulation frequency for
proton-implanted GaAs
VCSELs. Reprinted with
permission from [36].
Copyright 2002, American
Institute of Physics

laser starts to miss the polarization switch from time to time being only intensity
modulated at these events (Fig. 6.11 right, top trace). In such a way, one can define a
maximum modulation frequency for PS which in this case is around 30 MHz. These
results are in agreement with polarization modulation experiments on air-post GaAs
VCSELs [21]. Together with the dwell time, which exponentially increases with PS
current, the maximum modulation frequency for a given amplitude of modulation
scales in a similar but reverse way. This behavior is quite similar to the mode hopping
between two longitudinal modes in EELs [47]. A detailed study of the frequency
response of PS has been carried out in [36]. The minimum modulation amplitude
for successful PS is defined as the one at which for 80% of the modulation periods
PS occurs. The PS current is modified using the uniaxial strain technique described
in Sect. 6.2.1. In Fig. 6.12 the inverse of the minimum amplitude is plotted as a
function of the modulation frequency for proton-implanted GaAs VCSELs [36].
Two regimes with different slopes can be clearly distinguished separated by a cut-off
frequency of 90 kHz. This quite low frequency limit of PS corresponds exactly to the
thermal cut-off frequency, clearly identifying a thermal mechanism responsible for
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PS [21, 29, 33]. For air-post VCSELs however, the frequency response is much flatter
[44] and therefore, thermal effects seem to play a minor role in PS. The PS events
may synchronize better with the applied modulation signal when adding externally
electrical noise to the VCSEL current, as shown in [40, 41], a typical signature of
the phenomenon of stochastic resonance.

6.2.4 Type II Polarization Switching and Double
Polarization Switching

The impact of the laser substrate temperature on the polarization switching of
VCSELs has been studied in [7, 23, 26, 33]. Figure 6.13 shows three typical LI
curves for DC operation at fixed substrate temperatures of 10, 15 and 55◦C [33].
It is seen that at low substrate temperature (10◦C) only type I PS takes place (a).
At Tsub = 15◦C (b) two types of PS occur: from νH mode to νL mode (type I PS)
followed by a second one in the opposite direction (type II PS). At higher substrate
temperatures Tsub = 25–55◦C only type II PS takes place (c). The frequency splitting
between the two orthogonal LP modes is 12 GHz and remains constant in the range of
substrate temperatures for which these measurements are taken. Although observed
rarely double PS is not an exception, see, e.g., the polarization-resolved LI curves
reported in [7, 23, 28].

Type II PS between elliptically polarized (EP) states and through a region of
dynamical instabilities has been reported in [39] for 8µm aperture proton-implanted
VCSELs lasing at 845 nm. The general EP monochromatic light can be described
by two characteristic angles ([48], Chap. 1): the tilting angle φ of the main axis of
the polarization ellipse and the ellipticity angle χ, related to the ellipticity e, i.e., the
ratio of the semi-minor b axis to the semi-major a axis of the polarization ellipse,

e = ± tan(χ)= ± b/a, (6.2)

where +(−)sign denotes right- (left-) handed polarization. Light is right- (left-)
handed when the electrical vector traverses the polarization ellipse clockwise (counter
clockwise) looking against the direction of light propagation. The Stokes parameters
are determined by measuring the total light intensity, with intensities in LP bases
(along x and y axes and ±45◦ from them) and those in the circular basis (left l and
right r handed polarization) [48].

S0 = I0 = Ix + Iy = I+π/4 + I−π/4 = Ir + Il ,

S1 = Ix − Iy, S2 = I+π/4 − I−π/4, S3 = Ir − Il. (6.3)

The normalized Stokes parameters can be written in terms of φ and χ as [48]

s = S/S0 = {cos 2φ cos 2χ, sin 2φ cos 2χ, sin 2χ}, (6.4)
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Fig. 6.13 Polarization-
resolved optical output
power versus DC injection
current characteristic at
different substrate
temperatures:
a Tsub = 10◦C,

b Tsub = 15◦C and
c Tsub = 55◦C. The lower
(higher) energy mode is
shown as full (dashed)
line [33]

(a)

(b)

(c)

i.e., the azimuth φ and the ellipticity angle χ are obtained as

φ = 1/2 arctan (S2/S1) , χ = 1/2 arcsin

(
S3/

√
S2

1 + S2
2 + S2

3

)
. (6.5)

Figure 6.14 shows the polarization-resolved LI curve for projection onto the main
axes of the EP state at threshold. The mode with lower optical frequency starts lasing
at threshold with ellipticity of 5◦. The power in both LP components increases above
threshold, first rather slowly but then, after a current of 7.4 mA, quite drastically. The
poor suppression ratio between the two LP components after PS is due to the finite
ellipticity of 10◦ and to the rotation by 20◦ of the principal axis of the polarization
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Fig. 6.14 LP-resolved
output power vs. current for
projection onto the main
axes of the EP state at
threshold. The solid (dashed)
line corresponds to the lower
(higher) frequency mode.
The inset shows the optical
spectrum for I = 8.02 mA
after projection onto linear
polarization, minimizing the
main peak. Reprinted from
[39], Copyright (2004), with
permission from Elsevier

ellipse between threshold and PS. Dynamical instabilities are observed in the region
denoted by arrows in Fig. 6.14, as evidenced from the optical spectrum shown in the
inset. The sidebands in the optical spectrum disappear abruptly after the PS.

Double PS between EP states and through dynamical instabilities is reported
in [39] when tuning the VCSEL polarization characteristics by the anisotropic strain
technique described in Sect. 6.2.1. The polarization-resolved LI curve and optical
spectrum are shown in Fig. 6.15. At threshold the higher frequency LP mode starts
lasing. The first PS at about 6 mA is type I, between LP states and without any
dynamical instability. At a current beyond 6.5 mA the ellipticity strongly increases,
reaching about 22◦ at the second, type II PS. At a current of 6.55 mA sidebands appear
in the optical spectrum as shown in the inset of Fig. 6.15. Similarly to the case of
Fig. 6.14, the sidebands disappear after the PS. These results indicate that the exis-
tence of EP and dynamical states before type II PS does not depend qualitatively on
the light ellipticity at threshold and the presence of preceding type I PS. The distance
of the sidebands in the optical spectrum (see the inset in Fig. 6.15) is about 2.1 GHz
and is also observed in the power spectrum for projection onto the LP directions cor-
responding to maximum and minimum time averaged power, i.e., onto the main axes
of the polarization ellipse. This frequency is interpreted as the beating frequency
between the different “modes”, which are oscillating at adjacent frequencies, i.e.,
as an “effective birefringence” [39]. Such an effective birefringence is the sum of
the linear birefringence observed at threshold and the non-linear contributions due
to saturable dispersion and spin dynamics (see Sect. 6.3.3). Double PS in the fun-
damental transverse mode has also been reported for air-post GaAs QW VCSELs
emitting around 850 nm [21] and oxide-confined InAlGaAs QW VCSEL emitting
around 810 nm [28] however, the spectral resolution was not enough to distinguish
the types of PSs.
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Fig. 6.15 Same as Fig. 6.14
but for a different VCSEL
with an ellipticity angle <1◦
at threshold. The inset shows
the optical spectrum at a
current of 6.66 mA after
projection onto linear
polarization. Reprinted from
[39]. Copyright (2004), with
permission from Elsevier

6.2.5 Impact of QW Anisotropic Strain on Polarization
Switching Behavior

QW in-plane anisotropic strain has a strong impact on the polarization characteristics
of VCSELs [8, 10, 13] and is utilized in order to study different types of PS in VCSELs
[10, 39, 44–46]. Experimentally, it can be controllably introduced in the VCSEL
cavity by the techniques described in Sect. 6.2.1. In [10], two different directions of
the strain were experimentally investigated as shown in Fig. 6.16. For uniaxial tensile
strain along [110] direction the laser is initially (at a small external stress) emitting in
the low frequency (νL) mode. The direction of this LP state is about 20◦ away from
the [110] direction (Fig. 6.16, part A-a). Increasing the external stress, the direction of
this LP mode is continuously tuned towards the line of the tensile strain and remains
in this orientation. Moreover, the frequency splitting between the two LP modes also
increases. PS type II in the fundamental mode is first observed when the strain induced
frequency splitting becomes rather large (about 25 GHz in (A-b)) and appears at quite
a high current. The PS current continuously decreases as the external stress is further
increased (A-c-d). A very broad region of stress-induced PS tuning exists (frequency
splitting from 25 to 60 GHz). At about 60 GHz the PS point is moved to threshold
(A-f) and for larger frequency splitting the laser is emitting in the higher frequency
mode only, with LP oriented perpendicular to the [110] direction of the laser wafer.

For small uniaxial tensile strain along the [110] direction, the laser is again emit-
ting in the low frequency (νL) mode oriented at about 15◦ away from the [110]
direction (B-a). Now, even a very small amount of external stress changes the direc-
tion of polarization orientation much more than in the previous case. Moreover, the
tuning of the polarization orientation for the low frequency mode with increasing
external stress is again towards the line of the tensile strain—now the [110] direction.
However, before reaching this orientation, PS is observed in a very restricted domain
of external stress (frequency splitting of 4 GHz in (B-b)). This is again type II PS but
this time the polarization eigenstates are oriented at about 40◦ degrees with respect
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Fig. 6.16 Polarization-resolved optical output power versus DC injection current for increasing
tensile strain along [110] (A) and [110] (B) axes. The higher (lower) frequency mode is shown by
thick (thin) solid lines. The orientation of the higher frequency LP mode is shown, too. Reprinted
with permission from [10]. Copyright 2000, American Institute of Physics

to the [110] direction. Furthermore, it is much more difficult to stress-tune the PS
current and impossible to judge for the direction of this tuning. At a splitting of 5 GHz
PS disappears and the laser is emitting in the higher frequency mode only. When fur-
ther increasing the external stress, the polarization eigenstates are again fixed along
[110] and [110] directions (B-d) and the higher frequency mode becomes more and
more favored. No PS is observed in the whole region of frequency splitting where
it did exist in the previous case (the frequency splitting between the two modes was
tuned up to 80 GHz (B-e)).

The polarization mode suppression ratio (PMSR), defined as the ratio of the power
of the primary polarization mode and the orthogonal polarization mode, as a function
of the frequency splitting between these two modes is shown in Fig. 6.17 for different
injection currents. As can be seen from this figure, PMSR changes with the splitting:
initially it continuously decreases, reaches a minimum at the PS point and increases
afterwards. As the current and the substrate temperature are fixed, this is a signature
that the effective gain difference between the two modes has a minimum at the point
of PS.

6.2.6 Polarization Fluctuations and Nonlinear
Birefringence and Dichroism

Polarization fluctuations in VCSELs have been precisely characterized in a series of
works [30–32, 34] and utilized to estimate the nonlinear birefringence and dichroism.
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Fig. 6.17 Polarization mode
suppression ratio (PMSR) as
a function of the frequency
splitting induced by an
in-plane anisotropic strain.
Reprinted with permission
from [10]. Copyright 2000,
American Institute of
Physics

Fig. 6.18 Polarization-
resolved optical spectra of a
proton-implanted GaAs QW
VCSEL taken with a
Fabry–Perot interferometer:
a x-LP and b y-LP (same
arbitrary units). The latter
shows the nonlasing peak at
higher frequency and a weak
FWM peak, as mirror image,
at lower frequency.
Reprinted figure with
permission from [31].
Copyright (1998) by the
American Physical Society

Figure 6.18 shows the polarization-resolved Fabry–Perot optical spectra of a proton-
implanted VCSEL lasing around 850 nm [31].

The x-LP lasing peak, which dominates in Fig. 6.18a, is almost completely sup-
pressed in the y-polarized spectrum in Fig. 6.18b (a very small fraction of the lasing
peak is kept to serve as a marker). The three (equidistant) peaks in Fig. 6.18b are the
four-wave mixing (FWM) peak (y2), the lasing peak (x), and the nonlasing peak (y1).
The frequency difference between the lasing and nonlasing peaks gives the effective
birefringence Δνeff = −1.82 GHz, whereas the difference in their spectral widths at
half maximum gives the effective dichroism Δγeff = 0.22 GHz [31]. Furthermore,
the relative strength of the FWM peak, as compared to the nonlasing peak, (2.5%
in Fig. 6.18) can be used to quantify the nonlinear anisotropies in the laser [31]. For
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Fig. 6.19 Intensity noise of
a proton-implanted VCSEL
projected on: P (total
intensity), χ (ellipticity
angle), and φ (ellipticity
azimuth). Reprinted figure
with permission from [31].
Copyright (1998) by the
American Physical Society

VCSELs with a very small Δνeff the FWM relative strength can be as high as 20%
[31] indicating very strong nonlinearities.

Figure 6.19 shows the projected intensity noise of another VCSEL biased close
to threshold [31]. The spectrum for projection onto the lasing polarization (solid
curve, label P) is dominated by pure intensity noise with a broad maximum around
the relaxation oscillation frequency νRO ≈ 6 GHz. The φ and χ curves show the
noise spectra for polarization projections specially chosen to reveal the noise in the
respective polarization angles. Note the strong noise in these polarization projections
with maxima at frequency of 1.5 GHz, distinctively different from νRO. Such special
projections were made in [30, 31] by an optical setup consisting of a quarter-wave
plate in combination with a half-wave plate and an optical isolator, which act together
as a rotatable linear polarizer. The light polarization after passing this setup can be
determined by multiplying the corresponding Jones matrices ([48], Chap. 2). The
quarter-wave plate is rotated by π/4 with respect to the dominant laser polarization.
For projection on the main axis of the VCSEL polarization ellipse, one obtains

Iβ = 0 = [1 + sin(2χ)] I0/2, (6.6)

with I0 the VCSEL total output intensity. This projection is denoted by χ in Fig. 6.19
as it is sensitive to noise in the ellipticity angle χ. For a projection on an angle of
π/4 the result is Iβ = π/4 = I0/2, i.e., the measured fluctuations do not depend on the
ellipticity χ and are solely due to fluctuations of the azimuth φ. Indeed, assuming a
small fluctuation ϕ of the azimuth the detected intensity is

Iβ =π/4 = (1 + 2φ) I0/2. (6.7)

This projection is denoted by φ in Fig. 6.19, which clearly shows how intensity
noise and polarization noise add up in the projected φ and χ spectra; the relaxation
oscillation is then less prominent because the average intensity for the polarization
projections is about half the intensity for the P projection onto the lasing polariza-
tion (see (6.6) and (6.7)). It can be also seen that the noise in the ellipticity angle
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Fig. 6.20 a Effective
birefringence and b effective
dichroism of an air-post
VCSEL as a function of
current. Note the observed
hysteresis and the jump in
|ν0| that occurs upon a
polarization switch (around
I = 5.5 mA). From b it is
concluded that PS results
from a current-dependent
dichroism γ0(I ). Reprinted
figure with permission from
[31]. Copyright (1998) by the
American Physical Society

is much stronger than the one in the azimuth. By fitting the curves in Figs. 6.18
and 6.19 one can very accurately measure the effective birefringence Δνeff , the effec-
tive dichroism Δγeff and the linewidth enhancement factor α ([31] and Sect. 6.3.3).

The precise measurement of Δνeff and Δγeff allows following their evolution with
injection current, especially around the PS point [30–32]. For an air-post VCSEL the
PS happens through a hysteresis of polarization-resolved intensity, also manifested
as hysteresises of the effective birefringence (Fig. 6.20a) and dichroism (Fig. 6.20b).
The jumps at the PS points of both νeff and γeff allow estimating the corresponding
nonlinear contributions to them due to the difference in the light intensity before and
after the PS.

The correlation properties of the fluctuations in the two LP modes have been
characterized in [32]. The total intensity is the sum of the orthogonally LP lasing and
nonlasing mode intensities, I (t)= Ix (t) + Iy(t). Its spectral density is the Fourier
transform of the autocorrelation function (see [3] App. XIII), i.e.,

S(ω)=
∫ ∞

−∞
〈I (t)I (t + τ)〉e jωτ dt = Sxx (ω) + Syy(ω) + Sxy(ω) + Syx (ω), (6.8)

where the individual noise spectra Si j (ω) are given by similar integrals. The cross-
correlation function for the fluctuations in the two LP modes is

Cxy(ω)= Re
[
Sxy(ω)

]
√

Sxx (ω)Syy(ω)
= S(ω) − Sxx (ω) − Syy(ω)

2
√

Sxx (ω)Syy(ω)
. (6.9)

Figure 6.21 shows the intensity noise spectra of the lasing and nonlasing LP modes
as traces in Fig. 6.20a and Fig. 6.20b, respectively. The spectrum of the lasing mode
contains mode-partition noise and fluctuations due to relaxation oscillations, whereas
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Fig. 6.21 Intensity noise spectra of the a lasing and b nonlasing modes. The lowest trace c is the
background noise. Reprinted figure with permission from [32]. Copyright (1999) by the American
Physical Society

the spectrum of the nonlasing mode only contains mode-partition noise. At low fre-
quencies the LP mode intensity noise is relatively high, above the total intensity noise
(not shown), which, according to (6.9), results in strong anti-correlation. A cross-
correlation coefficient −0.95 > Cxy > −1 is measured [32], reaching a minimum
at the PS current where the mode competition (and the individual polarization noise
fluctuations) are strongest. A more detailed inspection of the mode-partition noise
shows that the spectra are Lorentzian, having the same width for the two LP modes.
At higher frequencies the relaxation oscillations are visible in the spectrum of the
lasing mode, but not in the one of the nonlasing mode.

The polarization fluctuations during PS have been time-resolved in [34] by using
a single-shot streak camera. The light emitted by a proton-implanted VCSEL has
been projected on specific Stokes parameters, by using λ/4 and λ/2 wave plates and
an optical Faraday isolator as described above. Figure 6.22 shows the experimental
time traces of subsequent polarization switches, where each time the polarization is
projected on one of the normalized Stokes parameters (see (6.4)). The polarization
projection on s1 shows a gradual increase whereas the projections on s2 and s3 show
transient oscillations. Such oscillations are not surprising as the two LP modes with
different optical frequency that simultaneously exist can beat when projected on
polarization state different from x and y. However, the frequency of the oscillations
decreases during the switch, which provides information about the optical nonlinear-
ities involved in the process of PS [34]. The stochastic origin of the switches gives
rise to a distribution of the PS time τPS (see the histogram in the inset of Fig. 6.22).
The value of τPS is determined from s1 time traces by measuring the time interval
during which the intensity is between the 25 and 75% levels of the intensity after the
switch. On average no difference between PS-up and PS-down times was observed.
The mean value of τPS was found to be 3.7 ns.
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Fig. 6.22 Time-resolved measurements of the polarization during the switch. Each box shows the
intensity projection on one of the Stokes parameters. The inset shows a distribution of transit times,
defined as the passage time from 25 to 75% in the upper box curve, obtained from 120 polarization
switches of the same device. Reprinted figure with permission from [34]. Copyright (2000) by the
American Physical Society

The impact of the LP mode partition noise, as evidenced in Figs. 6.19 and 6.21,
on the VCSEL relative intensity noise (RIN) characteristics has been investigated in
[49, 50]. As shown in [50], the PMSR that can be quite high in a continuous-wave
regime (more than 99%) is significantly degraded under large-signal modulation,
especially for modulation frequencies larger than 100 MHz (see Fig. 6.23a). The DC
prebias is adjusted so that the VCSEL operates in a single transverse mode when
modulated. It has been found that it takes relatively long time to establish the dominant
polarization state (see Fig. 6.23b).

The PMSR increases from 0 dB at the beginning of the square modulation pulse
to its maximum value of 22 dB for a time of 2–5 ns, consistent with the character-
istic time of polarization switching. As a result, the RIN is significantly degraded
under large-signal modulation (Fig. 6.24). The low-frequency RIN increases with
modulation frequency. The change can be as high as 25 dB for 500 MHz modulation.

Comparison of the VCSEL intensity noise to the fundamental shot noise (SN)
limit has been carried out in [51–53]. In [51], the polarization cross-correlation
Cxy is measured to be about −0.45 (−0.7) at frequency of 1 (10) MHz. Therefore,
the polarization fluctuations do not cancel completely and the total intensity noise is
always above the SN limit. Sub-Poissonian noise levels have been reported in [52] for
a 3 µm diameter oxide-confined VCSELs with 40 dB SMSR. For frequencies rang-
ing from 1 MHz to 5 GHz and currents from three to seven times threshold current,
the noise stays at the SN limit. The results of [53] show that the amplitude squeez-
ing is directly related to the PMSR and is only possible for the limiting case of
PMSR ≈ 0 or PMSR ≈ 1. The last case has been realized in [54] for competing
orthogonal LP fundamental and first order transverse modes and amplitude squeez-
ing of 1.3 dB below the SN limit has been demonstrated.
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Fig. 6.23 a Degree of
polarization plotted as a
function of the half-period
(pulse width) of the
square-wave modulation for
different VCSELs with (A)
850 nm emission wavelength,
8 µm aperture; (B) 960 nm,
12 µm; (C) 850 nm, 10 µm.

b Polarization-resolved time
response of a VCSEL driven
with current pulses 10 ns in
width. The VCSEL is biased
DC at 4 mA. Dashed lines
are calculated from the rate
equation model (see
Sect. 6.3.1). Reprinted with
permission from [50].
Copyright 1995, American
Institute of Physics

Fig. 6.24 RIN spectra for
the dominant polarization
under large-signal
square-wave modulation.
Reprinted with permission
from [50]. Copyright 1995,
American Institute of
Physics

6.2.7 Pitchfork Type of Polarization Switching in VCSELs

In [22] and [27] a different type of polarization bistability in InGaAs VCSELs has
been reported. In this case the solitary VCSEL characteristics show no evidence
of PS in the whole region of injection currents, see Fig. 6.25 (left). With optical
injection of a light pulse, orthogonally polarized to the VCSEL LP mode, a clear
hysteresis in the polarization-resolved LI curve is observed, see Fig. 6.25 (right). At
a current of I = 3.52 mA the wavelength of the injected light is 976.6 nm and the
one of the VCSEL is 976.3 nm and does not change due to the PS. Remarkably,
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Fig. 6.25 Polarization-resolved LI curves of an InGaAs VCSEL: (left) solitary VCSEL and (right)
VCSEL with injected light polarized at 10◦ (orthogonal to the solitary VCSEL polarization). After
[22]

when the VCSEL is biased at this current its linear polarization remains fixed in the
direction of the injected light polarization even when the injected light is blocked. PS
induced by “orthogonal” optical injection, i.e., the linear polarization of the injected
light is orthogonal to the one of the solitary VCSEL, has been known from an earlier
demonstration [19]. However, in that case the solitary VCSEL is polarization bistable.
As a function of the injected power two different scenarios of PS are experimentally
distinguished in [19]: when the VCSEL is biased outside (inside) the bistable region
the PS is reversible (non-reversible). In the last case the LP state of the VCSEL
remains fixed in the direction of the injected light polarization, orthogonal to the one
of the solitary VCSEL, even when the intensity of injected light is decreased to zero.

This clearly shows that, as a matter of fact, the solitary VCSEL investigated in
[22] is polarization bistable. The second stable branch with orthogonal to the solitary
VCSEL polarization is however, not evident in the polarization-resolved LI curve in
Fig. 6.25 (left), i.e., PS can not be achieved by simply scanning the injection current of
the solitary VCSEL. This second branch is however accessible by orthogonal optical
injection. Such kind of polarization bistability is shown to be due to a pitchforck
bifurcation [22, 27] (see also Sect. 6.3.1).

6.2.8 Voltage-Controlled Polarization Switching
in Coupled-Cavity VCSELs

Nonthermal, electrically driven PS has been realized in coupled-cavity VCSELs
(CC-VCSELs) in [55]. The CC-VCSELs consist of two λ-sized vertical cavities,
detuned by 5% with respect to the DBR resonant wavelength, sharing a common
DBR. The structure supports two longitudinal CC modes localized at λS = 927 nm
and λL = 953 nm. The gain/absorption media consist of 8 nm thick InGaAs strained
QWs: four in the shorter (top) cavity and two in the longer (bottom) cavity [56].
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Fig. 6.26 Reverse-bias
controlled polarization
switching in a CC-VCSEL.
The total output power is
shown as a thick solid line
and the polarization-resolved
output power as a dashed
line. The inset shows a
schematic drawing of the
CC-VCSEL [55] (© 2004
IEEE)

The CC-VCSELs have three electrical contacts that allow applying independent elec-
trical signal of each cavity—see the inset of Fig. 6.26. In such a way, different working
regimes can be achieved: single wavelength emission (either λS or λL), simultane-
ous dual wavelength emission, or no lasing region [57]. PS has been achieved in λS
mode of operation when a pump current is injected in the top cavity and a reverse
bias is applied to the bottom cavity [55]. This voltage driven PS is between LP states
oriented along [110] and [110] wafer axes and is with a hysteresis region of about
1 V and a high PMSR of 30 dB. The measured PS time is below 2 ns, limited by the
experimental setup used in [55]. The two LP modes red-shift with the reverse bias
however, the frequency splitting between them (about 13 GHz) remains constant,
ruling out an electro-optically induced birefringence as a possible mechanism of PS.
Instead, quantum-confined Stark effect is suggested as explanation of the observed
PS [57]. The temperature dependence of polarization properties of CC-VCSELs has
been investigated in details in [58].

6.2.9 Polarization Dynamics of Optically Pumped VCSELs

The polarization dynamics and the role of microscopic electron spin dynamics have
been experimentally investigated in optically pumped VCSELs in [37, 59–64]. First
manifestation of coherent spin dynamics in the stimulated emission has been given
in [59] for InGaAs QW VCSELs lasing at 835 nm, pumped by 780 nm circularly
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Fig. 6.27 a Time-resolved
stimulated emission of the
quantum well micro-cavity
laser in a 2 T magnetic field.
b Time-resolved emission of
the quantum-well reference
sample without a cavity.
c Computed microcavity
emission with parameters
corresponding to the
conditions of a. Reprinted
figure with permission from
[59]. Copyright (1997) by the
American Physical Society

polarized light. The VCSELs are held at a low temperature of 15 K and a magnetic
field B is applied in the plane of QWs, perpendicular to the light emission (Voigt
geometry). Figure 6.27 shows the time-resolved stimulated emission for 2 T magnetic
field in a VCSEL and in a reference QW sample without a cavity.

Pulsed laser emission at repetition frequency of 22 GHz, twice the electron
Larmor frequency ωL = geμB B/� with ge the electron Lange factor and μB the
Bohr magneton, is clearly seen. By using a non-equilibrium microscopic model the
experimental results are explained as time-dependent modulation of gain/absorption
for σ+ and σ− circularly polarized light by the respective carrier distribution for
spin-up and spin-down electrons due to electron spin precession in the magnetic
field (Fig. 6.27c).

In [60] GaAs VCSELs with bulk active region emitting at 860 nm are pumped
by circularly polarized light with a wavelength of 800 nm at room temperature.
As shown in Fig. 6.28, for σ+ excitation the lasing output from the VCSEL mainly
consists of σ+ circularly polarized light and vice versa. This is attributed to the
spin alignment of conduction band electrons as the valence holes are known to lose
spin alignment on sub-picosecond scale because of the complexity of the valence
band [64]. The electron spin-flip relaxation time has been measured in [60] by a
time-resolved photoluminescence and shown to decrease with excitation power as
τs ≈ Pexc

−0.7. At the threshold of Pexc = 8.3 mW, τs � 40 ps and the carrier density
is estimated to be N = 3−4 · 1018 cm−3.

A similar “memory” effect for the elliptical polarization of the pumped light
has been found out for GaAs QW VCSELs in [61]. The ellipticity of the VCSEL
output light is shown however to depend on the VCSEL linear birefringence Δνbrf
and to decrease as Δνbrf is increased. It is also found that, although well aligned
to the birefringence axes, the orientation of the VCSEL polarization can change by
about 1.5◦ following the linear polarization of the pumped light as it is rotated by
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Fig. 6.28 Emission
intensities of circular
polarization components Iσ+
and Iσ− vs. excitation power
Pexc: a σ+ pumping and
b σ− pumping. The ratio
Iσ+/Iσ− is shown as
functions of Pexc in c. Here,
Pexc denotes the
time-averaged power of laser
pulses with an 80 MHz
repetition rate. Reprinted
with permission from [60].
Copyright 1998, American
Institute of Physics

90◦. The spin-flip relaxation rate is estimated for the QW VCSEL used in [61] to be
γs = 300 ± 150 ns−1. Detailed characterization of picosecond polarization dynamics
in optically pumped VCSELs at cryogenic temperatures has been carried out in
[62, 63].

6.3 Physical Mechanisms and Theoretical Modeling
of Polarization Dynamics in VCSELs

6.3.1 Polarization Bistability in Edge-Emitting Semiconductor
Lasers and Gain Compression Model

Polarization switching in edge-emitting semiconductor lasers has been long known
[65, 66] (see also [27] and the references therein). Explanation and theoretical
modeling has been provided based on a gain compression mechanism in [67]. The
phenomenological rate equations read

d PX/dt = G X (1 − εSX PX − εXY PY ) PX − PX/τP X + βN/τ, (6.10)

d PY /dt = GY (1 − εSY PY − εY X PX ) PY − PY /τPY + βN/τ, (6.11)
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d N/dt = ηI/eVA − G X (1 − εSX PX − εXY PY ) PX

− GY (1 − εSY PY − εY X PX ) PY − N/τ, (6.12)

where PX and PY are the photon densities for the x- and y-LP modes (TE and TM
modes in [67]), respectively. The unsaturated gains are assumed to depend linearly
on the carrier density N as G X,Y = ΓX,Y vgX,Y aX,Y

(
N − N0X,Y

)
, where ΓX,Y , vgX,Y

and aX,Y are, respectively, confinement factors, group velocities and differential
gains, and N0X,Y are the carrier densities at transparency for the two modes. The
other parameters are: injection current I, injection efficiency η, electron charge e,
volume of the active region VA,photon and carrier lifetimes τP X,Y and τ, spontaneous
emission factor β. The coefficients εSX , εSY and εXY , εY X are instantaneous self and
cross gain compression terms, respectively. The approximation of instantaneous gain
compression stems from the very fast intra-band relaxation of carriers, justifying
the use of rate equations and quasi-equilibrium approximation, i.e., approximating
the carrier distributions by Fermi–Dirac functions. As long as the dynamics of N
is neglected and the gains G X,Y are assumed constant, the stability of the x- and
y-modes can be determined following the graphical method of [68], which leads to
the bistability condition [69]

εXY εY X > εSXεSY , (6.13)

i.e., the so called “strong coupling” regime. It is interesting to notice that in one and
the same VCSELs both strong and weak coupling regime (the sign in (6.13) reversed)
can be realized simultaneously. For the two fundamental transverse modes the strong
coupling regime always occurs. However, for a fundamental and an orthogonally
polarized first order mode, the weak coupling mechanism results in their simultaneous
lasing. This is due to the different spatial overlap of the optical modes: it is almost one
for orthogonal LP modes of the same transverse order, while it is quite small for modes
of different transverse order. Therefore, the modal gain cross-suppression coefficient
between fundamental and first order orthogonally polarized transverse modes, that
takes this spatial overlap into account, will be strongly reduced. Such a behavior is
typical for VCSELs and can be evidenced, for instance, in the experimental results
shown in Fig. 6.4.

The origin of the nonlinear gain is spectral hole burning [68, 70, 71], spatial hole
burning [72] and carrier heating effects [73]. The relative contribution from these
effects depends on the gain medium and on the device geometry. For the case of
TE/TM polarizations the spectral hole burning effect has been calculated on the
base of density matrix approach and k · p theory in [74] for bulk active material
in the waveguiding configuration of [66] including strain contributions. In this way,
the phenomenological model (6.10)–(6.12) has been supported by first-principle
calculations, revealing the proper carrier density, strain and frequency dependence
of the nonlinear gain contributions. Different experimental situations of lasing in
a single polarization, in two polarizations, polarization switching and polarization
bistability have been reproduced in [74] by using a few free parameters only, most
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importantly the strain and the different losses of the two LP modes. For QW active
material the nonlinear gain has been calculated in [75, 76].

The rate equations (6.10)–(6.12) have been used to model polarization dynamics
in VCSELs in several works [27, 43–45, 50, 53, 77–80]. The large-signal modulation
response has been modeled and compared to the experimental results in [50]. The
VCSEL parameters, taken from the experiment, are the same for the two modes and
the self and cross gain compression coefficients are also equal. The only difference
is in the modal losses αX − αY = 0.1 cm−1, which leads to a small difference in
the photon lifetimes, defined as τP X,Y = (vgX,Y αX,Y )−1. Very good agreement with
the experiment is evident from Fig. 6.23b, explaining the strong degradation of the
degree of polarization for modulation frequencies higher than 100 MHz observed
in Fig. 6.23a. In such a way, the increase of the polarization-resolved relative inten-
sity noise in VCSELs (Fig. 6.24) is explained as an effect of the fluctuations in the
maximum degree of polarization reached during each current pulse.

Langevin noise sources for the two LP modes have been introduced in the two-
mode model in [53] and analytical expressions for the amplitude noise in each LP
mode have been derived. It is concluded that generation of amplitude squeezed states
of light in VCSELs is only possible in the two limiting cases: ideal two-polarization
mode laser (PMSR � 1) and ideal single-polarization-mode laser (PMSR � 0); see
the last part of Sect. 6.2.6.

According to the experimental results presented in Sects. 6.2.5 and 6.2.6, the
gain/loss difference between the two LP mode of VCSELs changes with the injection
current and PS takes place at the gain/loss equalization point (see Figs. 6.17 and 6.20).
Assuming a linear dependence of the differential gains aX,Y on current, the two-mode
model can be significantly simplified (reduced) by using the facts that the parameters
for the two LP modes are nearly the same and that the photon and carrier lifetimes
differ by about 3 orders of magnitude [77]. The bistability condition derived in the
reduced model is

εXY + εY X > εSX + εSY , (6.14)

and the PS time, i.e., the time the x-mode takes to attain half of its final intensity
during a switch from the y-LP mode to the x-LP mode is

t1/2 = τP X (ΓY aY τPY /(ΓX aXτP X ) − 1)−1 ln (PX (0)/PY (0)) . (6.15)

The PS time is proportional to the photon lifetime and inversely proportional to the
relative gain/loss difference between the two LP modes. There is a weaker logarith-
mic dependence on the initial conditions PX,Y (0). The relative gain/loss difference
between the two LP modes is of the order of 10−3 (dichroism of about 0.12 ns−1 in
Fig. 6.20b divided by the estimated cavity loss rate of κ = 120 ns−1 [31]), resulting
in a PS time of about 10 ns, in agreement with the experimental results in Sect. 6.2.6
(see Fig. 6.22a). An analytical expression for the dwell time in the polarization mode
hopping regime is derived in [43] as

tdw = 4/

(
J 2

√
π Rsp/δ3 exp

(
J 2/(4Rsp)

))
, (6.16)
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where J is the reduced current above threshold, Rsp is the normalized spontaneous
emission rate and δ = εXY − εSY = εY X − εSX (the bistability condition is δ > 0).

In Fig. 6.10 the analytical results (the solid and the dashed lines) are compared with
the experimental result for both proton-implanted and air-post VCSELs showing a
very good agreement. In a similar fashion, the polarization modulation response and
stochastic polarization switching times are treated theoretically in [44, 45]. Different
PS scenarios possible in the two-mode gain compression model are discussed in [78]
and are similar to the ones in EELs.

Saturation of the internal optical losses that are due to heavy-hole–split-off band
transitions in the p-doped DBR of the VCSEL has been considered in [79, 80] and
incorporated in an “effective net-gain” compression term, so that

εS/C = εgS/C − (ΓP/Γ ) (αP0/gth) εP S/C , (6.17)

where εgS/C , and εP S/C , are the self/cross gain/absorption compression coefficients;
Γ and ΓP are the longitudinal confinement factors in active layer and p-doped DBR
layers, gth is the threshold gain value and αP0 the linear absorption coefficient. The
physical origin of this saturation mechanism is the hole burning effect in the carrier
momentum space for transitions between heavy-hole and split-off band because of
the polarization dependence of the TME (see Sect. 6.1). Anisotropy of linear optical
gain and losses due to directional current flow in VCSELs has been considered in
[81, 82].

An interesting case of the two-mode gain compression model, described in
[83], is the so called pitchfork bistability shown in Fig. 6.29. The parameters in
(6.10)–(6.12) are [83]: vgX = vgY = 6.7 · 109 cm/s; ΓX = 0.15, ΓY = 0.1505;
aX = aY = 3.25 · 10−16 cm2; N0X = N0Y = 1018 cm−3, τ = 3 ns, τP X = 3 ps,
τPY = 2.989 ps and εSX = εSY = 1 · 10−17 cm3, εXY = εY X = 2 · 10−17 cm3.

In this case, as the current pump rate is increased, the solutions for the two LP
modes bifurcate at a critical point and form branch A. Branch B is obtained only by
injection of optical trigger pulse with TM (y) polarization [83]. Experimentally, such
a “hidden” bistability has been indeed observed in VCSELs [22] (see Fig. 6.25 in
Sect. 6.2.7). A very fast polarization bistable switching with PS time of 7 ps has been
demonstrated when the VCSEL is triggered by ps optical pulses of two orthogonal
polarizations [27].

6.3.2 Different Physical Mechanisms Can Lead to Net Gain
Equalization in VCSELs

Based on the experimental findings presented in Sect. 6.2, different physical mech-
anisms that can lead to net gain equalization for the LP modes in VCSELs have
been considered. They can be divided in two main groups: the first one takes into
account the modification of the material gain and losses with the injection current
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Fig. 6.29 Pitchfork
bistability demonstrated
numerically in [83]. TE/TM
polarization coresponds to
X/Y polarization in
(6.10)–(6.12). The
parameters are listed in the
text. After [83]
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(temperature) and the second considers such modifications for the modal gain, deter-
mined by the overlap of optical field with carrier distribution in the QW.

A specific feature of VCSELs is the enhanced heating due to the current flow
through the DBRs, which leads to gain red-shift. As VCSELs support a single lon-
gitudinal cavity mode, which also red-shifts but about 3 times slower, its relative
detuning to the gain maximum changes with current. This thermal mechanism has
been put forward in [7, 23] to explain PS in VCSELs by considering two orthog-
onal LP modes with slightly different wavelengths. Then, due to a slightly larger
gain, the VCSEL will operate on the higher frequency mode (H) at the lower fre-
quency side of the gain maximum and vice versa (see Fig. 6.30). This has indeed
been observed experimentally in [7, 23]. Such a thermal mechanism explains type I
PS when transiting the gain maximum.

Not only the gain g , but also the internal losses αp, which are mainly due to inter-
valence band absorption (IVBA) in the heavily p-doped DBR depend on the photon
energy [33]. The higher frequency mode will be lasing if gH = αpH and gL < αpL,

which mutually subtracted and divided by the small difference Δν = νH − νL can
be written as dg/dν > dαp/dν. At the PS point the gains of the two LP modes are
simultaneously equal to the losses and dg/dν = dαp/dν.As the IVBA decreases with
the photon energy, i.e., dαp/dν < 0, the PS will be shifted to the higher energy side
of the gain maximum where dg/dν < 0. The behavior of the gain and loss derivatives
is shown in Fig. 6.31 as a function of the temperature rise of the VCSEL. The gain
derivative is plotted for different initial positions on the gain curve, corresponding
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Fig. 6.31 Dependence of the gain derivative with respect to the photon energy on ΔT, which is the
difference between the active region temperature at a certain current and at threshold (solid curves
1–8). For curve 1, �ω0 is close to the gain maximum and Tsub = 300 K. Each of the curves 2–8
corresponds to a relative increase of the substrate temperature of 4.5 K. The dependence of the loss
derivative on ΔT is shown by the nearly straight lines. The initial points of thick and thin solid
lines are taken at (αp/αtot )g � 2000 cm−1 and Tsub = 300 K and 350 K, respectively. The inset
shows an enlargement [33]

to different substrate temperatures Tsub (solid curves 1–8). If the loss derivative also
depends on the temperature, its initial value also changes with substrate temperature
as illustrated by the three nearly straight lines in Fig. 6.31. PS now takes place at the
crossing of the gain and loss derivatives. Depending on the laser temperature, gain
offset, etc. different experimentally observed scenarios can be explained: PS type
I at the higher frequency side of the gain maximum (see Sect. 6.2.2) or PS type I
followed by PS type II (see Sect. 6.2.4).

The experimental results in Sect. 6.2.5 showing the strong dependence of PS on
the anisotropic QW in-plane strain can also be explained in this framework, however
two separate gain curves for the two LP modes need to be considered [10]. Gain
calculations in presence of strain are done by using the Bir–Pikus Hamiltonian for
the QW HH and LH bands [4, 5]. In Fig. 6.32a, the valence band energies of the
first 3 QW levels are shown along the [110] and [110] axes as a function of the in-
plane crystal momentum 2π/aGaAs with aGaAs being the lattice parameter of GaAs.
The upper HH band exhibits a larger slope, and, consequently, a smaller density
of states for crystal momentum k orthogonal to the direction of the tensile strain.
This means that the hole population extends to a deeper level, i.e., the chemical
potential (the quasi-Fermi level) goes deeper in the valence band for k along the
[110] direction. Consequently, the overlap with the conduction states population
distribution improves, or equivalently, the reduced density of states, and as a result
the gain for the light linearly polarized along the [110] direction, increases. The
resulting splitting of the gain curve is shown in Fig. 6.32b for different temperatures.
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Fig. 6.32 a Valence band structure of a 10 nm GaAs/Al0.25Ga0.75As QW along the [110] and [110]
axes for 0.02% tensile strain along [110]. b Gain for LP along the [110] and [110] axes as a function
of the photon energy for temperatures from 300 K (magenta) to 400 K (black) in steps of 20 K

It should be stressed that the gain anisotropy due to the splitting of the gain curve
is much larger than the gain difference solely due to the strain-caused frequency
splitting: for the case of Fig. 6.32 it is 60 and 2.5 cm−1, respectively (Δν = 42 GHz).

In practice, one has to consider not only the material gain, but also the over-
lap of optical field and carrier density radial distributions, i.e., the modal gain. The
modal gain can be changed due to change of optical field pattern (e.g., by thermal
lensing) or of carrier distribution (e.g., by spatial hole burning). The current heating
of the active region changes the transverse refractive index profile by the thermo-
optic effect and leads to the creation of a waveguide (thermal lens). If one considers
birefringent VCSELs, this effect is slightly different for the two LP modes. There-
fore, the shorter wavelength mode may experience larger modal gain even when
operating on the shorter wavelength side of the gain maximum, where its material
gain is smaller [10]. With increasing injection current and active region temperature
the waveguiding becomes stronger, the difference in the confinement between the
two LP modes weaker, and the modal gain for the longer wavelength mode becomes
larger. This mechanism explains PS type I in gain-guided VCSELs when operating
at the short-wavelength side of the gain curve (see Fig. 6.4 in Sect. 6.2.2). All con-
sidered thermal PS mechanisms are consistent with the low cutoff frequency of PS
modulation response in proton-implanted VCSELs (see Sect. 6.2.3).
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Fig. 6.33 a Steady-state
power of the polarized
transverse modes of a
birefringent
(ΔnC = 2 · 10−4)

index-guided VCSEL for a
refractive index step of 0.01.
The total output power in
each polarization appears in
the inset. b Steady-state
modal gain versus injection
current density [84] (© 1997
IEEE)

(a)

(b)

An alternative modal gain equalization mechanism is provided by the spatial hole
burning (SHB) effect [84]. In Fig. 6.33a, the output power of fundamental (f) and first-
order (h) transverse modes are shown for the two orthogonal LP modes (denoted by
1 and 2) for an index-guided VCSEL. At low currents SHB is not significant and the
carriers accumulate near the center of the device and, therefore, the gain of the better
confined polarization 1 is larger for both transverse modes as seen from Fig. 6.33b.
The situation changes with increasing current because SHB is deeper in the center of
the device which leads to accumulation of carriers at the aperture edge and hence to
an increase in the modal gain of the less confined polarization 2 for both transverse
modes (Fig. 6.33b). Type I PS occurs when both transverse modes in polarization 2
reach the threshold gain.

6.3.3 Polarization Dynamics in VCSELs: The Spin-Flip
Model (SFM)

A well established model of polarization dynamics in VCSELs is the spin-flip
model due to San Miguel, Feng and Moloney (SFM) [85]. It considers transitions
between conduction band (CB) and heavy hole valence band (HHB) and is relevant
to unstrained or compressively strained QWs, i.e., when the first HH QW level
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Fig. 6.34 Schematic representation of the VCSEL carrier reservoirs (CB and HH valence band),
allowed transitions and spin-flip processes

has higher energy than the first LH level [5]. The projection of the total angular
momentum along z (the direction of light propagation, perpendicular to the QW
surface) is Jz = ±1/2 for CB and Jz =±3/2 for HHB. Neglecting valence band-
mixing, the CB and HHB carrier reservoirs can be considered as two subsystems of
different spin orientation (Fig. 6.34). The allowed dipole transitions for light polarized
in the plane of the QW (see Sect. 6.1) are those with ΔJz = ±1, i.e., those occurring
within each of the two subsystems, and are associated with right (E+) and left (E−)

circularly polarized light. The two subsystem populations N+ and N− are coupled
through the spin-flip processes: if an excess of carriers is present in one of the two
systems, their spin flips to the opposite orientation with a rate γ j .

The SFM describes the composite system using the usual semiconductor rate equa-
tions for the two subsystems (E−, N+) and (E+, N−), complemented by amplitude
(γa) and phase (γp) anisotropies that couple the two field components, and spin-flip
processes that couple the two populations

d E±/dt = κ (1 + iα) (N∓ − 1) E± − (
γa + iγp

)
E∓, (6.18)

d N±/dt = − γ [N±(1 + 2|E∓|2) − µ] − γ j (N± − N∓). (6.19)

Here κ = 1/(2τP ), γ = 1/τC and γ j = 1/τ j , where τP , τC and τ j are, respectively,
the photon lifetime, carrier lifetime and spin-flip time; µ is the normalized injection
current (μ ≈ 1 at threshold), and the phase–amplitude coupling, typical for semi-
conductor lasers, is taken into account by the linewidth enhancement factor α. The
role of spin-flip becomes more manifest when the equations are written in terms
of the semi-sum N = (N− + N+)/2 and -difference n = (N− − N+)/2 of the two
populations, and the new spin-flip rate γs = 2γ j + γ is introduced, namely

d E±/dt = κ (1 + iα) (N ± n − 1) E± − (
γa + iγp

)
E∓, (6.20)

d N/dt = − γ [N (1 + |E+|2 + |E−|2) + n(|E+|2 − |E−|2) − µ], (6.21)

dn/dt = − γsn − γ [N (|E+|2 − |E−|2) + n(|E+|2 + |E−|2)]. (6.22)

Typical orders of magnitude of τP and τC are τP ∼ 1 ps, τC ∼ 1 ns. Should spin-flip
processes occur on a time scale much faster than τP , the population difference n
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could be adiabatically eliminated and the only relevant population variable would be
N. But this is not the case: although much dependent on the QW composition and
operating conditions, the time scale of spin-flip processes is intermediate between
τP and τC . Hence, the complete system of equations must be considered in order to
describe properly polarization dynamics in a VCSEL. This is the basic idea of SFM.

The spin-flip time for electrons has been measured at room temperature by a
time-resolved pump-probe polarization-resolved absorption technique to be 32 ps
for GaAs/AlGaAs [86] and 5.2 ps for InGaAs/InP [87] QWs. The spin-flip time for
the holes is much faster, on a subpicosecond time scale [86, 87]. From the electron
energy [86, 87], temperature [88] and excitation energy dependence of the spin-flip
time the spin-flip mechanism relevant to the material system and operating condi-
tions can be identified. For undoped GaAs QWs it is concluded that the spin-flip at
room temperature is mainly governed by the D’ykonov–Perel’ mechanism [89, 90],
which takes into account the spin-splitting of the CB caused by the lack of inversion
symmetry in III-V compounds with zincblende structure. This spin splitting can be
described by introducing an intrinsic k-dependent magnetic field around which elec-
tron spins precess. The momentum scattering changes the effective magnetic field
and, together with the spin precession, leads to spin dephasing. For InGaAs QWs the
relevant mechanism is the one of Elliott–Yafet [91, 92], arising from the mixing of the
wave functions in the conduction band with opposite spins caused by spin–orbit inter-
action. Electron momentum scattering caused by impurities (at low T) and phonons
(at high T) couples the spin-up and spin-down states and leads to spin relaxation.
Increasing the electron scattering makes the Elliott–Yafet mechanism more effec-
tive, while it decreases the effectiveness of the D’yakonov–Perel’ processes. The
third plausible spin-relaxation mechanism, the one of Bir–Aronov–Pikus [93, 94]
resulting from the exchange interaction between electrons and holes has been
shown to be dominant at low temperature (<40 K) only [88]. Much longer spin-
flip times of 340 ps [95] and 280 ps [96] have been measured for InGaAs/InAlAs and
InGaAs/GaAs QWs.

In the basis of the linearly polarized field components Ex and Ey, related to the
circularly polarized ones by

√
2E± = Ex ± i Ey, the SFM reads [97, 98]

d Ex,y/dt = κ (1 + iα)
[
(N − 1) Ex,y ± inEy,x

] ∓ (
γa + iγp

)
Ex,y, (6.23)

d N/dt = − γ [N (1 + |Ex |2 + |Ey |2) + in(Ey E∗
x − Ex E∗

y) − μ], (6.24)

dn/dt = − γsn − γ [n(|Ex |2 + |Ey |2) + i N (Ey E∗
x − Ex E∗

y)]. (6.25)

These equations admit LP and EP stationary solutions. The x-LP stationary solution
is given by Ey = 0 and

Ex = √
μ/μx − 1 eiωx , μx = 1 + γa/κ, ωx = − γp + αγa . (6.26)

The y-LP stationary solution is given by Ex = 0 and
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Ey = √
μ/μy − 1 eiωy , μy = 1 − γa/κ, ωy = γp − αγa . (6.27)

The EP states have very complicated implicit expressions in the general case
that we do not report here. μx and μy are the thresholds of the two LP states.
The x-LP (y-LP) state has the lower threshold if γa < 0 (γa > 0). This shows that
the amplitude anisotropy γa is associated with dichroism. The frequency difference
of the two modes is ωy −ωx = 2(γp −γa) ≈ 2γp, because γp is usually much larger
in absolute value than γa . Hence, γp in the SFM is the birefringence parameter, and,
since it is usually taken positive, the y-LP (x-LP) is the high (low) frequency mode.
The linear stability analysis of the LP states reveals the existence of different types
of instability. The x-LP state is unstable with respect to a steady pitchfork bifurcation
(a real eigenvalue that crosses zero) that occurs when the pump μ reaches the thresh-
old value μx,s given by

μx,s ≈ 1 + γs

κα − γp

γp

γ
. (6.28)

The y-LP state is unstable due to a Hopf bifurcation at

μy,H ≈ 1 +
2

(
γ 2

s + 4γ 2
p

)
κ

(
2αγp − γs

) γa

γ
. (6.29)

A Hopf bifurcation affects also the x-LP state, but only for γa > 0, and its threshold
is

μx,H ≈ 1 +
2

(
γ 2

s + 4γ 2
p

)
κ

(
2αγp + γs

) γa

γ
. (6.30)

Assuming γp > 0, the above instabilities lead to different stability scenarios depend-
ing on the sign of γa . Let us consider first the case γa < 0, which means that the
x-LP state (lower frequency) is selected at threshold. The stability diagram is shown
in Fig. 6.35. In this case the only instabilities are the pitchfork instability of the x-LP
state and the Hopf instability of the y-LP state. The threshold μy,H of the latter
displays a vertical asymptote at the critical birefringence

γp ≈ γs/2α = γc. (6.31)

The y-LP state is always unstable for γp > γc and it is stable for γp < γc only
above the curve μy,H . The lower part of Fig. 6.35 displays the evolution of the field
intensities under a forward and backward scan of the pump parameter μ for a value
of the birefringence γp = 4γ to the left of the critical one. In the forward scan the
x-LP state is stable from laser threshold to the instability threshold μx,s ∼ 1.21. The
transition to the y-LP state (type II PS) however, is not abrupt. Elliptically polarized
(EP) and unpolarized states are found before the VCSEL switches to the y-LP state
at about μ= 1.37. If now the direction of the scan is reversed, the VCSEL remains
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Fig. 6.35 Top: stability diagram for the LP solutions of the SFM with γa = − 0.1γ. The x-LP state
is stable below the solid line, the y-LP state is stable above the dashed line. The vertical dotted line
indicates the critical birefringence γc = γs/(2α). Other parameters are: κ = 300γ, γs = 48γ, and
α = 3. Bottom: evolution of the field intensity under a forward (left) and a backward (right) scan
of the pump parameter μ and γp = 4γ. The forward scan shows a type II PS mediated by EP and
unpolarized states

in the y-LP state until the Hopf instability threshold μy,H ∼ 1.065 is crossed (type I
PS). A relatively large bistability range exists where the y-LP state coexists with the
x-LP state, the EP state and an unpolarized state.

If γa > 0 the state selected at threshold is the y-LP state. The stability domains
of the two LP states are shown in Fig. 6.36. The x-LP state is stable in the region
delimited by the two curves μx,s and μx,H , which cross at γp ∼ 2αγa . The y-LP
state is always stable for γp < γc and it is stable for γp > γc only below the curve
μy,H . Therefore, the interesting dynamics now occurs when γp > γc, as shown in the
lower part of Fig. 6.36, where we chose γp = 10γ. In the forward scan, the VCSEL
switches from the y-LP to the x-LP state (type I PS) at μy,H ∼ 1.16. Increasing
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further the pump the x-LP state also becomes unstable at μx,H ∼ 1.54. Similarly to
the previous case, an EP state followed by an unpolarized state are observed. Yet, as
in this case the y-LP state is always unstable for large μ, the VCSEL never switches
to the y-LP state. If the pump is reduced starting form the unpolarized state, the same
EP and x-LP states are observed as in the forward scan, but now the x-LP state is
stable up to very small values of the pump. The VCSEL returns to the y-LP state
only at μx,H ∼ 1.017. In this case there is a large range of pump values for which
both LP states are stable.

Summarizing, the main features of the SFM are:

– for γa < 0 and γp < γc a type II PS is observed increasing the pump;
– for γa > 0 and γp > γc a type I PS is observed increasing the pump;
– the PS for increasing pump is always towards the gain disfavored mode;
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– large bistability domains exist for intermediate pump between the two PS;
– the critical birefringence γc = γs/(2α) which separates the two cases represents

a combination of the two main ingredients of the model: spin-flip processes (γs)

and saturable dispersion (α).

The SFM has been extensively studied and further elaborated and hereafter we
give a brief account of the main results. Systematic investigation of the role of
optical anisotropies has been carried out in [99]. A period doubling sequence has
been identified in the dynamical instability of the EP state shown above that leads
to unpolarized emission. Circular anisotropy caused by optical activity has been
ruled out because of the helicity reversal upon light reflection by the laser mirrors.
However, circular anisotropy σc caused by the Faraday effect (magnetic field along
light propagation direction) results in a term ±iσc E±, added to the right side of
(6.20) [99, 100]

d E±/dt = κ (1 + iα) (N ± n − 1) E± − (
γa + iγp

)
E∓ ± iσc E±. (6.32)

Such a circular anisotropy is shown [99] to convert the LP states given by (6.26) and
(6.27) in EP ones, which are however unstable close to threshold. The previous EP
steady-states found in a small domain above μx,s are now stable from threshold until
a certain value of the pump and their ellipticity increases with the pump. The PS
between EP states accompanied by dynamical instabilities is investigated in [100].

The general case of misaligned amplitude and phase anisotropies has been dis-
cussed in [101]. The misalignment converts the LP states in EP ones, and the orienta-
tion and ellipticity (especially the ones of the nonlasing mode) may strongly change
with the injection current at large misalignments. This explains the experimental
results shown in Sect. 6.2.4 on PS between EP states.

The important role of polarization fluctuations caused by the spontaneous emis-
sion noise has been pointed out in [102] and analytical expressions for the solution
of Langevin SFM equations written in terms of Stokes components have been pro-
vided. It has been pointed out that time-resolved polarization measurements could
provide information for all time scales and anisotropies involved. Langevin noise is
considered in [103], too, where the limit κ (μ − 1) γ /γs � γp � γs, i.e., VCSEL
with a relatively high spin-flip rate and operating not too far from threshold, is dis-
cussed. In this limit, if amplitude anisotropies are ignored (γa = 0) and the lasing
mode is the one at high frequency (ωy = γp), the complex conjugated eigenvalues
describing polarization fluctuations are

λ = − κ (μ − 1) γ /γs ± i
[
2γp + ακ (μ − 1) γ /γs

]
. (6.33)

The imaginary part of the eigenvalues determines the frequency at which resonance
peaks in the optical spectrum occur, and the real part determines the width of these
peaks. Adding to λ the contribution iγp of the lasing mode, (6.33) predicts the
existence of two peaks with the same width at frequencies ωsp and ωconj

ωsp = − γp − ακ (μ − 1) γ /γs, ωconj = 3γp + ακ (μ − 1) γ /γs . (6.34)
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The peak centered at ωsp is the spontaneous emission peak associated with the non-
lasing mode. The peak at ωconj is due to four-wave mixing between the lasing and
nonlasing modes. Equation (6.34) shows that the frequency of the spontaneous emis-
sion peak is red-shifted with respect to that of the low frequency mode (ωx = − γp)

by an amount ακ (μ − 1) γ /γs proportional to the optical power μ−1 and inversely
proportional to γs . If we repeat the calculation for the case of a VCSEL operating on
the low frequency mode, we obtain the same red-shift for the spontaneous emission
peak associated with the high-frequency mode. This means that the frequency sepa-
ration between the lasing and nonlasing modes, due to the nonlinear effects, is larger
(smaller) than 2γp when the lasing mode is the one with high (low) frequency. The
same results have been obtained independently in [104].

The nonlinear polarization anisotropy ακ (μ − 1) γ /γs has been measured in
[30] in proton-implanted VCSELs observing: (i) the red-shift of the nonlasing
mode, (ii) the four-wave mixing peak, and (iii) the correlations between polarization
fluctuations. The measured value ακ (μ − 1) γ /γs = 3−4 ns−1 allows to estimate
γs = 100 − 800γ using κ = 133 − 600 ns−1, μ ≈ 2 and α = 3−4. The approach has
been generalized in [31] for the case of misaligned birefringence and dichroism and
analytical expressions for the strength of the polarization fluctuations for polariza-
tion projections along the azimuth and ellipticity (see Sect. 6.2.6) have been obtained.
All this allowed, as shown in Sect. 6.2.6 (see Figs. 6.19, 6.20), the predictions of the
SFM to be experimentally confirmed [30–32], and to estimate the relevant VCSEL
parameters.

Two consecutive PS in the same VCSEL (see Sect. 6.2.4, Fig. 6.13) have been
explained by extending the SFM to include a more realistic temperature dependent
QW gain in order to account for the misalignment of the LP cavity modes with the
gain maximum and their relative shifts [105]. This extended model has also been
used in [39] to explain PS through elliptical states and dynamical instabilities (see
Sect. 6.2.4, Figs. 6.14, 6.15).

The interplay of polarization and transverse mode dynamics has been studied
using the SFM, extended to different degree of complexity in a number of works
[106–110] and its impact on the intensity noise has been analyzed in [111].

The SFM has been supported by a full microscopic model developed in [112,
113] and based on a rigorous vectorial solution of the Maxwell equations cou-
pled to the generalized semiconductor Bloch equations. Valence band mixing is
taken into account for the first HH and LH subbands, as well as how they are
impacted by an anisotropic strain in the QW. Spatial hole burning, carrier heating
due to Fermi blocking and many-body effects are considered in a self-consistent
manner. The stability diagrams for the LP states, calculated as a function of
the anisotropic strain in [112] fully confirm the validity of the SFM given by
(6.20–6.22): PS appears in exactly the same fashion as a result of combined action of
birefringence and saturable dispersion. In order to reduce the complexity of the fully
microscopic model, a macroscopic model has been derived in [113] by linearization
around the VCSEL working point, while all coefficients are obtained on the base of
the microscopic model. In [114] analytical expressions for the optical susceptibility
of uniaxially stressed QWs have been derived in free-carrier and low temperature
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approximations following [105]. The PS behavior obtained by this simplified model
[46] agrees well with the experimental results presented in Sect. 6.2.5.

The SFM has been modified to consider the in-plane component of the carrier
momentum in the QW in [115], where the impact of hole in the momentum alignment
for the LP states has been considered. This impact has been shown to be rather small
due to the much larger relaxation rate of the momentum than that of the spin.

The effect of the HH–LH band mixing and the fact that the hole spin relaxes on a
sub-picosecond time scale, much faster than the CB electrons, have been studied in
[116]. It was found that the effect of the valence band mixing is rather small, while
the one of the instantaneous valence band spin-flip could be significant. The reason
is that the gain and dispersion coefficients of the CB electrons which only participate
in the polarization dynamics in that case are very different from those of the total
population.

The SFM has been also extended to take into account the effects of spectral hole
burning (SpHB) in [117]. The SpHB contribution results in a single additional term
in (6.20), namely

d E±/dt = κ (1 + iα) (N ± n − 1) E± − (
γa + iγp

)
E∓ − 2b (1 + iβ) |E±|2 E±,

(6.35)

where the coefficients b and β are obtained from the microscopic model. Equa-
tion (6.35) provides a direct link to the two-polarization-mode gain compression
model discussed in Sect. 6.2.4. In the LP basis it reads

d Ex,y/dt = κ (1 + iα)
[
(N − 1) Ex,y ± inEy,x

] ∓ (
γa + iγp

)
Ex,y

− b (1 + iβ)
[(∣∣Ex,y

∣∣2 + 2
∣∣Ey,x

∣∣2
)

Ex,y − E2
y,x E∗

x,y

]
, (6.36)

i.e., SpHB leads to self and cross gain compression, with the coefficient of cross-
compression which is twice those of self-compression and four-wave mixing. Quite
importantly, the model of [117] predicts double PS for γa > 0, as shown in Fig. 6.37.
Double PS requires that the y-LP state has two stability domains: one close to thresh-
old (as in Fig. 6.36) and one for values of the pump larger than μx,s . This second
stability domain actually exists also in the standard SFM, but only for very large
values of the pump. SpHB makes it accessible to lower pump rates. The first PS in
Fig. 6.37 is of type I and it is followed by a type II PS through elliptical states and
dynamical instabilities in the typical SFM scenario. Double PS of such order has
indeed been observed experimentally in proton-implanted VCSELs (see Sect. 6.2.4
and Fig. 6.15).

Asymptotic reduction of the SFM to two equations only has been suggested in
[118] for the parameter region |γa | � |γp| < 1. It allows for analytical studies of the
elliptically polarized steady state and periodic solutions and identifies the bifurcation
sequence in the PS transitions. These transitions depend on unstable limit cycles and
stable EP states as well as time-periodic states may appear as alternate attractors to
the x-LP and y-LP states.
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Fig. 6.37 Forward scan of
the pump current for
κ = 534γ, α = 1.22,

γa = 0.25γ, γp = 57γ and
dipole dephasing rate
104γ leading to b = 0.48
and β = 0.05. A type I PS
y to x is followed by a type II
PS x to y
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A complete study of the EP states in the SFM, valid for any γp, has been carried
out in [119]. An implicit expression for the Hopf bifurcation of the EP states has been
derived and revealed interesting phenomena for large birefringence, of the order of
the spin-flip relaxation rate. The threshold μEP for the EP solution is plotted together
with the instability thresholds of the LP solutions μx,s, μx,H , and μy,H in Fig. 6.38.

The stability domain of the EP solution displays some unexpected features: a
maximum at a characteristic value of the birefringence γ1 ∼ γc/2 and an S-shaped
form between the birefringence values γ2 ∼ 3γc and γ3, i.e., two disjoint stability
domains. Numerically, it was shown in [119] that these domains are accessible when
decreasing the pump leading to the conclusion that among the three Hopf bifurcations
of the EP state that exist for γ2 < γp < γ3, two (the smallest and the largest) are
supercritical, while the other (the intermediate one) is subcritical. It was also shown
that the pitchfork bifurcation μx,s is subcritical if α < 1. In that case there is
bistability between the EP and x-LP states belowμx,s .All these interesting theoretical
predictions remain to be found experimentally.
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The modulation properties of light polarization have been investigated in the
framework of the SFM in [120–122]. In [120, 121], it has been shown that the PS
bifurcation is delayed when the speed of the current ramp is increased, an example
of critical slowing down in a dynamical system operated close to a bifurcation point.
Nevertheless, the SFM predicts high-speed PS modulation which can be used to
rule out the thermal mechanisms, as has been done for the case of Fig. 6.7 [26] in
Sect. 6.3.2. However, alternative nonthermal mechanism as saturable inter-valence
band absorption [79] or gain compression due to carrier heating and spectral hole
burning as discussed in Sect. 6.3.2 might also be possible. The small-signal polar-
ization response has been investigated in [122] for both type I and type II PS as a
function of the spin-flip rate. In the case of a dominant LP the small-signal mod-
ulation response is similar to the relative intensity noise characteristics calculated
numerically and analytically in [123]. However, for small γs, in the region of dynam-
ical instabilities, a multi-peaked modulation response with frequencies varying with
injection current has been observed.

6.4 Conclusions and Perspective Applications
of Polarization Dynamics of VCSELs

In this chapter we wrapped up the recent results on polarization dynamics of solitary
VCSELs, especially the occurrence and dynamical characteristics of polarization
switching (PS). The first two parts were devoted to the experimental findings on
polarization dynamics of VCSELs. Due to the emission of light perpendicular to the
surface of the quantum well and the usually symmetric vertical resonator there is
no a priori intrinsic polarization anisotropy mechanism in VCSELs. Small residual
strain and electro-optic effect explain the emission of linearly polarized light with a
common orientation along [110] or [110] crystallographic directions. Experimen-
tally, PS between the two fundamental transverse modes with linear and orthogonal
to each other polarization (LP) is observed. It could happen, with increasing the
injection current, from higher to lower frequency mode (PS type I) or in the opposite
way—from lower to higher frequency mode (PS type II). Such PS is observed for all
different types of VCSELs: proton-implanted, oxide-confined and air-post. It could
happen through a region of a noise driven polarization mode hopping or a hysteresis.
In the first case, the dwell time scales several orders of magnitude with the injection
current. In some VCSELs PS happens between elliptically polarized (EP) states rather
than LP ones. The orientation and ellipticity of these states may also continuously
change with the current. A particular transition, reported in several experiments, is
the following: LP (νL) → EP → dynamical instabilities → PS to LP (νH). Double
PS in the order type I followed by type II has also been reported. Externally applied
in-plane anisotropic strain strongly modifies the polarization behavior of VCSELs
by introducing well controlled birefringence and dichroism. PS type II persists in a
birefringence interval of about 35 GHz and can be continuously tuned in the whole
region of fundamental mode emission. By current modulation around the PS point,
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the cut-off frequency for PS response has been shown to be low and to coincide with
the frequency of the thermal response for proton-implanted VCSELs or to be high,
indicating nonthermal PS mechanisms for air-post VCSELs. Polarization bistability
of pitchfork type has been observed experimentally, too.

In the third part we discussed some physical phenomena that explain these vari-
ous experimental findings. Two different thermal mechanisms due to current induced
self-heating of VCSELs are identified: the first considers the faster spectral red-shift
of the gain curve with respect to the two LP cavity modes with slightly different
wavelength. Passing through the gain maximum leads to PS type I, and passing
through a net gain equalization point when considering the spectral dependence of
inter-valence band absorption can lead to PS type I, double PS (type I followed
by type II) or type II PS only. The second thermal mechanism is relevant to gain-
guided VCSELs and modifies the modal gains of the two LP modes by the ther-
mal lensing effect leading to PS type I. Similarly, spatial hole burning can also
lead to PS type I by improving the modal gain for the longer wavelength mode
with increasing injection current. To explain the abrupt switch, gain nonlineari-
ties have been taken into account into a phenomenological two-polarization-mode
gain equalization model following the earlier works on PS in edge-emitting lasers.
A more comprehensive model that considers the spin-flip dynamics has been devel-
oped by San Miguel, Feng and Moloney and is called SFM (spin-flip model). SFM
predicts fully isotropic VCSELs to emit linearly polarized light, with direction that
diffuses on the timescale of the coherence time. Taking the birefringence into account
PS type II for small birefringence and PS type I for large birefringence is predicted.
The switching scenario LP (νL) → EP → dynamical instabilities → PS to LP (νH)

has been first predicted and later confirmed experimentally. Recent predictions of
SFM, that still await experimental confirmation, are the bistability between LP and
EP states and an S shape of the EP region for large birefringence. Double PS in order
type I–type II is possible with the SFM if it is combined with a thermal red-shift
model or if spectral hole burning is taken into account. The SFM is indispensable
for explaining the experiments on optically pumped VCSELs with circular or ellip-
tical polarization and the coherence spin precession in the presence of a longitudinal
magnetic field.

Polarization switching and instabilities are often not desirable in practice, as they
cause excess noise and increasing bit error rate. Therefore many research has been
done in order to stabilize the polarization, which is described in detail in Chap. 5 of
this book. Alternatively, one can make use of PS in VCSELs in order to enhance its
functionality or achieve better performance. Hereafter we discuss some ways how
this can be done.

Digital optical signal processing with 1 and 0 states being the two orthogonal LP
states has the advantage that the laser is always lasing throughout the operation and
changes states without change of carrier density. Sub-nanosecond speed and high-
contrast-ratio PS is easily achieved by injection of a short electrical or optical pulse.
As the switching of one LP mode is always complementary to the other one, two
complement logic functions are achieved in a single logic gate or complement output
is available in a flip-flop circuit [124]. Flip-flop is a basic memory element in digital

http://dx.doi.org/10.1007/978-3-642-24986-0_5
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systems with two stable states. It is used in clock pulsed sequential synchronous
systems, changing its state Qn to Qn+1 at an occurrence of a clock pulse. For example
the set–reset (SR) flip-flop keeps the same state if the set and reset inputs are zero
but changes to 0 or 1 when the reset or the set inputs are 1. Optical logic gates and
different flip-flops based on PS are demonstrated in [124] with EEL. Nonthermal,
electrically driven PS has been realized in coupled-cavity VCSELs in [55] with
a switching time below 2 ns, limited by the experimental setup. All-optical flip-
flop operation based on PS in VCSELs has been demonstrated in [19, 125, 126].
High repetition rates of 5.3 GHz [27] and 10 GHz [125] and low switching energy
of 0.3 fJ [125] have been demonstrated and a scaling to a 100 GHz repetition rate
seems feasible [27]. All-optical signal regeneration with timing jitter reduction has
been demonstrated in [126] by using AND gate and reset operations performed by
polarization bistable VCSELs. One-bit all-optical buffer memory with shift register
function has been experimentally demonstrated in [127] using an array of polarization
bistable VCSELs. Injection of spin-polarized electrons has been theoretically shown
in [128] to have the capacity of reducing twice the VCSEL threshold current.
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Chapter 7
Design and Performance of High-Speed
VCSELs

Yu-Chia Chang and Larry A. Coldren

Abstract Over the past several years, high-speed vertical-cavity surface-emitting
lasers (VCSELs) have been the subject of intensive worldwide research due to their
applications in optical interconnects and optical data networks. The performance of
VCSELs, especially with respect to their high-speed characteristics, has made signif-
icant progress. In this chapter, we first present the basic theory for current-modulated
VCSELs using rate equations and small-signal analysis. Factors that affect the mod-
ulation bandwidth, including the intrinsic laser responses and extrinsic parasitics, are
identified. Once these limitations are known, we discuss various designs that have
been implemented in VCSELs to specifically address them, followed by a review
of the current high-speed VCSEL performance based on these designs at several
different wavelengths, including 850 nm, 980 nm, 1.1 µm, and 1.3–1.6 µm. Finally,
we consider new modulation schemes based on loss modulation in coupled-cavity
VCSELs, which has the potential to reach even higher speeds.

7.1 Introduction

The rapid explosion of information has created ever increasing demands for data
bandwidth. Optical fiber communication now dominates long-haul and metropolitan
telecommunication networks, and it has made many in-roads into data-communica-
tion networks in campus and high-performance computing environments. However,
traditional electrical signaling is still used for many tele- and data-communication
links at the edge of these networks where data rates are still modest. But, even here
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Fig. 7.1 Timeline of the first reported 20, 25, 30, 35, and 40 Gb/s direct current modulation of
VCSELs

optical techniques are beginning to look more attractive as the optical component
cost becomes more competitive and the bandwidth demands increase. Also as space
and power dissipation become important, some fundamental limitations come into
play [1]. Optics is progressively replacing many electrical links, from networks to
eventually even chip-to-chip and on-chip interconnects within computers. Low-cost,
power-efficient, high-speed optical sources are one of the main keys to enable this
transition.

Vertical-cavity surface-emitting lasers (VCSELs) are inherently suitable for opti-
cal data transmission for various reasons. Their small volume fundamentally implies
that low power consumption and high-speed operation can be realized simulta-
neously. Due to surface emission, VCSELs can produce a more circular output
beam with less divergence, can easily be fabricated in arrays, and can support
on-wafer testing. All these lead to a significant reduction of the testing and packaging
costs.

Over the past several years, worldwide research efforts to improve the performance
of VCSELs for optical data links have reached fruition, especially with respect to
their high-speed aspects. Figure 7.1 summarizes the timeline of the first reported
data rates of 20, 25, 30, 35, and 40 Gb/s for directly modulated VCSELs. In 2001,
20-Gb/s operation was reported by Kuchta et al. using oxide-confined 850-nm
VCSELs [2]. Not until 2006, 25-Gb/s operation was achieved by Suzuki et al.
in NEC using 1.1-µm-wavelength VCSELs [3]. One year later, data rate was further
pushed to 30 Gb/s by the same group using buried tunnel junction (BTJ) VCSELs [4].
Just after six months, a data rate of 35 Gb/s was reported by Chang et al. using oxide-
confined 980-nm VCSELs [5]. Three months later, the 40-Gb/s milestone was finally
hit by Anan et al., again by NEC, using BTJ VCSELs [6]. So, in the year 2007, the
direct modulation speed of VCSELs was pushed from 25 to 40 Gb/s, a tremendous
progress.

Of at least equal importance, many system-level optical links based on VCSELs
have been demonstrated in this period. For example, an aggregate data rate of
500 Gb/s has been reported using 48 channels of 10.42-Gb/s data transmitted over
a parallel 12-fiber ribbon with four wavelengths per fiber [7]. These links have
demonstrated that power consumption is equally important to speed, so a significant
emphasis on reducing overall power-consumption/data-rate ratio is also a goal for
both optical interconnects and optical data links. The total link power consump-
tion, including driver and receiver electronics, for 500 Gb/s is 3.3 W, correspond-
ing to a power-consumption/data-rate ratio of 6.6 mW/(Gb/s). For waveguide-based
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chip-to-chip optical links, an aggregate data rate of 160 Gb/s has been reported with
4 × 4 VCSEL and photodiode arrays, each operated at 10 Gb/s [8]. The total link
power consumption is 2.5 W, corresponding to 15.6 mW/(Gb/s). More results will be
presented in Chaps. 15 and 16 of this book.

Long-wavelength VCSELs (LW-VCSELs) have made significant progress as well.
Novel structures and new materials have been pursued to overcome the material
challenges faced by LW-VCSELs. Based on different technologies, several groups
and companies have demonstrated data transmission at 10 Gb/s over single-mode
fibers (SMF) [9–13]. At this writing such components are beginning to be sam-
pled commercially by some companies. Although intense efforts on 1300–1550 nm
VCSELs are expected to continue, it is unlikely that such devices will reach the
modulation bandwidths ultimately available in the shorter 850–1100 nm range due
to both material and cavity volume constraints that will be discussed in the next
section.

This chapter is organized as follows. Section 7.2 presents the theoretical back-
ground for current-modulated VCSELs. The device designs are covered in Sect. 7.3,
and Sect. 7.4 reviews some of the high-speed VCSEL results. Section 7.5 discusses
loss-modulated VCSELs, and Sect. 7.6 concludes this chapter.

7.2 Theoretical Background

Before jumping to the design of high-speed VCSELs, it is important to understand
how the bandwidth of VCSELs is determined. Once various factors that can limit the
bandwidth are known, the VCSEL structure can be specifically optimized to address
these restrictions. In this section, the necessarily theoretical background for directly
current modulating VCSELs is provided.

Just like other diode lasers, the bandwidth of VCSELs is determined by the intrin-
sic laser response as well as the extrinsic parasitic response. To facilitate our discus-
sion, the cascaded two-port model for representing a diode laser, shown in Fig. 7.2,
is used to separate the intrinsic laser and the parasitics [14]. The intrinsic laser is the
active region where it is desirable to concentrate the current and optical modes to
maximize the carrier and photon densities, which are coupled via stimulated recom-
bination. The parasitics, defined between the intrinsic laser and the driving circuit,
are split into the pad parasitics and chip parasitics at the metal contacts. The input
variables in the model are the drive voltage vd and drive current id. The currents
entering the pad and chip parasitics are ip and ic, respectively. The voltage and cur-
rent seen by the intrinsic laser are va and ia, respectively. The output variables are
the output power p and frequency shift Δν. For short-distance optical data links,
dispersion is usually not a concern and Δν will not be considered.

http://dx.doi.org/10.1007/978-3-642-24986-0_15
http://dx.doi.org/10.1007/978-3-642-24986-0_16
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Fig. 7.2 Cascaded two-port
model for VCSEL
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7.2.1 Intrinsic Laser Response

Rate Equation Analysis

We start with the phenomenological rate equations, which describe the supply and
loss of the carriers and photons within the active region [15]:

dN
dt

= ηiI
qV

− N
τ

− vggNp (7.1a)

dNp

dt
= �vggNp + �R′

sp − Np

τp
(7.1b)

where N is the carrier density, Np is the photon density, ηi is the injection efficiency,
I is the terminal current, q is the electronic charge, V is the volume of the active region,
τ is the carrier lifetime, vg is the group velocity, g is the gain, � is the confinement
factor, R′

sp is the spontaneous recombination rate into the mode of interest, and τp is
the photon lifetime.

The gain g can be well approximated by a four-parameter logarithmic formula
[15]

g(N, Np) = g0

1 + εNp
ln

(
N + Ns

Ntr + Ns

)
(7.2)

where g0 is the gain coefficient, ε is the gain compression factor, Ntr is the trans-
parency carrier density, and Ns is a shift to make g equal the unpumped absorption
at N =0.

Once we have the rate equations ready, small-signal frequency analysis can be
applied. Assume there is a small sinusoidal modulating current with an amplitude of
I1 superimposed on the steady-state bias current I0, we have

I (t) = I0 + I1ejωt (7.3a)

N(t) = N0 + N1ejωt (7.3b)

Np(t) = Np0 + Np1ejωt (7.3c)



7 Design and Performance of High-Speed VCSELs 237

where N0 and Np0 are the steady-state carrier and photon densities, N1 and Np1 are the
corresponding small-signal modulation amplitudes, and ω is the angular frequency.
Substituting (7.3) into (7.1), neglecting the products of the small-signal terms, but
retaining other first-order deviations, we obtain the modulation transfer function

Hint(ω) ≡ p(ω)

ia
= Ai

ω2
r

(ω2
r − ω2 + jωγ )

(7.4)

where Ai is the DC slope efficiency, ωr =2π fr is the relaxation resonance frequency,
and γ is the damping factor. This transfer function is in the form of a second-order
low-pass filter with a damped resonance peak.

The relaxation resonance frequency is the natural oscillation frequency between
the carriers and photons in the laser cavity and can be approximately expressed as

ωr =
[

vgaNp0

τp

]1/2

=
[

vga
qVp

ηi(I0 − Ith)

]1/2

(7.5)

where a = ∂g/∂N |th is the differential gain at threshold, Vp is the mode volume,
and Ith is the threshold current. As clearly shown in (7.4), the relaxation resonance
frequency basically determines how fast an intrinsic diode laser can be modulated
when the damping is not severe. Therefore, it is important to increase the relaxation
resonance frequency for higher bandwidth. Examining (7.5) tells that higher differ-
ential gain a, larger photon density Np0, and smaller photon lifetime τp can improve
the relaxation resonance frequency. (But, one must be careful not to think that adding
internal loss is good, because it always reduces Np0 more than τp.)

The only parameter, to the first-order approximation, in (7.5) that depends on
the operating conditions is the photon density, which can be increased with higher
current. A figure of merit commonly used to evaluate how efficient an intrinsic laser
can be modulated is the D-factor [16]

D ≡ fr

(I − Ith)1/2 = 1

2π

[
vga
qVp

ηi

]1/2

.

To evaluate the device’s overall high-speed performance, the related factor, modula-
tion current efficiency factor (MCEF), is more commonly used [17]

MCEF ≡ f3dB

(I − Ith)1/2

where f3dB is the 3-dB frequency, which is approximately equal to 1.55fr when the
parasitics and damping are relatively small.

The damping represents the rate of energy loss in the laser cavity, which effectively
reduces the strength of the resonance peak. The damping factor γ is given as

γ = vgaNp0

[
1 + �ap

a

]
+ 1

τΔN
+ �R′

sp

Np0
(7.6)
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where τΔN is the differential carrier lifetime, and

ap = − ∂g

∂Np

∣∣∣∣
Np0

= εg

1 + εNp0
. (7.7)

At normal high-speed operating conditions, spontaneous-emission-related damping
can be neglected, and γ increases with Np0, which is proportional to f 2

r . The pro-
portionality is the K-factor given as

K = 4π2τp

[
1 + �ap

a

]
. (7.8)

Practically, K-factor is empirically determined by fitting γ versus f 2
r . As the photon

density keeps increasing to a point, the modulation response becomes overdamped
and the bandwidth decreases. The maximum theoretically damping-limited f3dB is
given as

f3dB|max = √
2

2π

K
(γ /ωr = √

2). (7.9)

Since K-factor increases with gain compression factor ε through ap, reducing gain
nonlinearity is also important to achieve high bandwidth.

Beyond the Rate Equations

The proceeding rate equation analysis is appealing due to its simplicity but still
providing intuitive insights. However, many effects were not included, and we sum-
marize some of them here.

First discovered in 1991, carrier transport in the separate-confinement heterostruc-
ture (SCH) region actually plays an important role in the dynamics of quantum-well
(QW) lasers [18]. To reduce the carrier transport effects, it is necessary to minimize
the time for carriers to reach and fall into QWs and maximize the time for carriers
to escape back from QWs to SCH region. This can be treated with a modified set of
rate equations that incorporates a second carrier reservoir [15], but we shall not go
into that complexity here.

We also have implicitly assumed that the carrier and photon densities are uniform
across the active region in (7.1a) and (7.1b). In reality, the photon density varies
spatially as the square of the optical mode field due to the waveguiding of the cavity,
which causes the stimulated emission rate to vary accordingly. This spatial non-
uniformity of the stimulated emission rate results in an overdamping of the relaxation
resonance frequency, which reduces the bandwidth [19]. In addition, carriers are
depleted faster where the optical intensity is higher, a phenomenon referred to spatial
hole burning, and the carrier gradient drives diffusion [20]. It has been shown that
the lateral carrier diffusion does not significantly reduce the bandwidth but increases
the damping [21].

In (7.2), the nonlinearity of gain was included through the gain compression
factor ε. This saturation of gain at high photon density is attributed to the spectral
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hole burning and carrier heating effects [22]. It is important to minimize the gain
nonlinearity so that damping can be reduced.

Many parameters in the rate equations are actually temperature dependent. Exces-
sively high junction temperature degrades the differential gain, reduces the injection
efficiency, increases the threshold current, affects the transverse modes, and red-
shifts the cavity mode and gain peak. All these lead to a reduction of the bandwidth.
Therefore, thermal management is a main issue for high-speed VCSELs.

Many of the limitations on modulation bandwidth are more acute in the longer
wavelength VCSELs, especially the thermal effects due to the relative importance of
Auger recombination. Thermal management is even more important, but quaternary
materials tend to have very poor thermal conductivities, so additional ‘engineering
fixes’ are required. Gain materials at longer wavelengths also usually have lower
inherent differential gain, and the cavity volume tends to be larger because of lower
inherent index contrast for lattice-matched alloys, which either directly results in a
longer mirror, or requires an intracavity contact.

7.2.2 Extrinsic Parasitic Response

When dealing with high-frequency devices, parasitics are always a concern. Parasitics
divert the modulated current id from entering the intrinsic laser due to ip and ic. In
most cases, it is desirable to minimize the parasitics so that the intrinsic bandwidth
can be achieved.

The parasitics vary depending on the device structure. Here a typical oxide-
confined VCSEL, whose cross-sectional schematic and parasitic elements are shown
in Fig. 7.3, is used as an example. The pad capacitance Cp represents the capacitance
between the signal and ground from the probe tips/driver to the metal contacts. The
value of Cp varies from tens to hundreds of femto-farads, depending on the pad layout
and the materials between the pads. The pad resistance Rp accounts for the pad loss.
Since it is usually relatively small, in the ohm range, compared with the impedance
of Cp at the frequency of interest, it is sometimes omitted in the small-signal model.

The mirror resistance Rmirr includes the resistances from both DBRs. It includes
the net differential impedances of the mirror heterobarriers at the bias point. Rsheet
represents the sheet resistance in the n-contact layer, and Rcont is the contact resistance
for both contacts. All these resistances, usually dominated by Rmirr, can be grouped
together into Rm = Rmirr + Rsheet + Rcont in the small-signal model. The mesa
capacitance Cmesa is the oxide capacitance in series with the capacitance associated
with the intrinsic region below the aperture. Cmesa depends on the diameters of the
mesa and aperture and the thicknesses of the oxide and intrinsic semiconductor layer.

The capacitance Cj represents the diode junction capacitance in the apertured area
where current flows. Under normal forward bias condition, Cj is usually dominated
by the diffusion capacitance, which models the modulation of the minority carriers
stored in the intrinsic SCH [23]. It has been shown that the diffusion capacitance not
only depends on the carrier lifetime but also depends on the design of the SCH [24].
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Fig. 7.3 Cross-sectional
schematic of an
oxide-confined VCSEL
superimposed with its
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For simplicity, Cmesa and Cj are grouped together into Cm =Cmesa + Cj. Lastly, the
intrinsic laser is represented by the junction resistance Rj.

Figure 7.4 plots the small-signal model of VCSEL and the RF driving source. The
VCSEL is represented by four elements, including Cp, Rm, Cm, and Rj. The RF
driving source consists of a voltage source vs and a characteristic impedance of Z0.

Here we have assumed that the device is driven by 50-�-terminated instruments, and
Z0 is included to account for the RF power reflection due to impedance mismatch.

The effects of the parasitics can be described by a transfer function, Hext(ω) [25]:

Hext(ω) ≡ current flowing into the intrinsic diode

voltage from the voltage source
= ia(ω)

vs
.

The frequency at which |Hext(ω)|2/|Hext(0)|2 =1/2 is defined as the parasitic 3-dB
frequency ωrc. This transfer function can be approximated by a single-pole low-pass
filter function:

Hext(ω) = Ae

1 + jω/ω0
(7.10)
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where Ae is a proportional constant and ω0 is the parasitic roll-off frequency, which
may be different from ωrc.

The overall electrical modulation frequency response H(ω) is given as:

H(ω) ≡
∣∣∣∣p(ω)

vs

∣∣∣∣
2

=
∣∣∣∣ ia(ω)

vs
· p(ω)

ia(ω)

∣∣∣∣
2

= |Hext(ω) · Hint(ω)|2

∝
(

1

1 + (ω/ω0)
2

ω4
r(

ω2
r − ω2

)2 + γ 2ω2

)
.

(7.11)

This gives the commonly used three-pole equation, which is squared when consider-
ing electrical-to-electrical links, for fitting the frequency response to extract ωr, γ,

and ω0.

7.3 Design of High-Speed VCSELs

In Sect. 7.2, we have discussed various factors that can affect the bandwidth of
VCSELs based on small-signal analysis. Now we will review different designs to
specifically address these limitations for better high-speed performance.

7.3.1 Active Region

The choice of active region is mainly determined by the wavelength and the substrate.
However, some designs are better than the others in terms of high-speed performance.
Most of them are related to the improvement in differential gain. Differential gain
depends on the sensitivity of the quasi-Fermi levels (and thus gain) to small changes
in carrier density [15]. To have higher differential gain, the density of states (DOS)
needs to be more peaked near the band edges, and the quasi-Fermi levels, where the
slopes of the Fermi functions are at their maximum, need to be aligned to the band
edges.

In order to improve differential gain, a number of refinements to the active region
have been explored. Originally, quantum dots (QDs) were proposed as a superior
gain region because of their inherent delta-function-like DOS, which should have a
huge differential gain [26], but all experimental QDs have a very broad DOS due
to variable dot size and the associated inhomogenous broadening. Adding strain in
the QWs reduces the anisotropy between the DOS of electron and hole as well as
pushes the hole quasi-Fermi level towards the valence band edge, which improves
differential gain [15, 27]. In addition, strain advantageously reduces the transparency
carrier density [15]. However, gain nonlinearity and damping increase with strain due
to the increased valance-band curvature [22]. P-doping the active region increases the
carrier-carrier scattering rate and thus decreases the intraband relaxation times, which
reduces the gain nonlinearity induced by spectral hole burning [27]. P-doping also
moves the quasi-Fermi levels down to a more symmetrical position and can increase



242 Y.-C. Chang and L. A. Coldren

the differential gain [15]. However, the experimentally observed improvement in
differential gain due to p-doping is more pronounced in unstrained systems than in
strained systems [28]. In short, strained QWs perform better than unstrained QWs due
to higher differential gain, and p-doped strained QWs perform better than undoped
strained QWs due to reduced gain nonlinearity.

Within the strain limit, increasing the number of QWs is generally preferable
for high-speed operation due to the differential gain enhancement [29]. However,
the gain enhancement factor from the standing-wave effect, unique for VCSELs,
decreases with increased number of QWs and must be considered [15]. Deeper wells
are also favorable for high-speed and high-temperature operation because carriers
have less chance to escape from the QWs, which reduces the carrier transport effects
and carrier leakage.

7.3.2 Lateral Mode Confinement and Single Modeness

Since the relaxation resonance frequency increases with the square root of the pho-
ton density, it is desirable to increase the photon density for high-speed operation.
This can be done by (1) increasing the current above threshold that contributes to the
number of photon, i.e., ηi(I−Ith), (2) reducing the mode volume, and (3) maintaining
single-mode operation to insure that the photon density must increase as the current
increases. For given device dimensions and bias current, single-mode devices have
higher photon density because photons do not spread among the mutually orthogonal
modes. Maintaining single-mode operation is also necessary for some applications
which use SMF or require better beam quality. However, some past applications
have desired multimode VCSELs to match multimode fibers or waveguides. Unfor-
tunately, these are not well suited for high data rate applications. Here we will mention
some approaches to achieve single-mode operation, and more details can be found
in Chap. 5 of this book.

For gain-guided VCSELs without any deliberate index guiding, the lateral mode
confinement is mainly provided through thermal lensing effects, which can be unsta-
ble under dynamic operation due to time-dependent temperature variation [30].
Although gain-guided VCSELs have demonstrated 14.5 GHz modulation bandwidth
[31], index guiding is more common nowadays for high-speed VCSELs, both to
insure single mode operation, as well as reduce the mode volume.

The most common approach to implement lateral index guiding, at least for
GaAs-based VCSELs, is to use a dielectric aperture. The discovery of wet ther-
mal oxidation of high aluminum content semiconductors provides an easy way
to form thermally stable aluminum oxide inside a VCSEL cavity. Oxide-confined
VCSELs have shown superior performance in many aspects due to reduced inter-
nal losses, and simultaneously providing good electrical and optical confinement.
Various aperture designs have been incorporated in high-speed VCSELs, including
standard quarter-wavelength-thick blunt aperture [32], double apertures [33, 34], thin
aperture (∼30 nm) [35], and tapered oxide aperture [36, 37].

http://dx.doi.org/10.1007/978-3-642-24986-0_5
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Fig. 7.5 Two approaches to achieve single-mode VCSELs. a Illustration of the inverted surface
relief structure on the top surface of a VCSEL. Reflectivity R2 is lower due to an extra thickness
of d, and the center is etched down to restore the high reflectivity R1 for the fundamental mode.
b Illustration of Zn diffusion from the top surface to create a higher-order mode absorber

There are several advantages of using a tapered oxide aperture. First, it can achieve
lower optical scattering losses if designed properly [38, 39]. This is because a tapered
oxide aperture, if placed at the standing-wave node, can produce a nearly ideal par-
abolic lens that eliminates the optical scattering loss. Second, the nonlinear damping
effects can be reduced for higher bandwidth by confining the current smaller than the
optical mode [19, 40]. Third, the parasitic capacitance from the oxide can be lower
due to the increased oxide thickness at high radii where the area is large. Fourth, the
eigenmodes are Hermite–Gaussian modes, which diffract less and have no sidelobes,
so that external coupling and focusing can be done more ideally. On the other hand,
a tapered oxide aperture also reduces the losses that differentiate the fundamental
and higher-order modes, and the devices tend to be multi-mode unless some mode-
dependent loss is added. Fortunately, the higher-order modes have significantly larger
diameters, so this can also be done more easily than in other cases.

Approaches have been proposed to achieve single-mode operation for larger-
diameter devices, which can also be implemented for tapered-oxide-apertured
devices. Many of them involve creating some mode-dependent losses, usually in
the perimeter of the top mirror, to favor the more centered fundamental mode. For
example, a surface relief structure, as illustrated in Fig. 7.5a, increases the mirror loss
[41], or Zn diffusion, shown in Fig. 7.5b, increases the internal loss for the higher-
order modes [42]. High-speed, single-mode VCSELs have been demonstrated with
these two approaches [13, 43].

Aperturing using an etched tunnel junction and then performing a regrowth over
it to form a BTJ, which is common for InP-based LW-VCSELs, can also provide
mode confinement as well as current confinement. This is due to the larger optical
cavity length, where the unetched tunnel junction material remains in the center of
the cavity. Single-mode operation can be achieved with BTJ for diameters up to 7
and 9 µm at 1.3- and 1.55-µm wavelengths, respectively [44].

7.3.3 Chip Parasitics

Parasitics are one of the main limiting factors for high-speed VCSELs. As can be
seen in Table 7.1, most devices have relatively close f3dB and frc, indicating they are
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Table 7.1 Parasitic elements for different high-speed VCSELs from the literature

Authors Lear AL-Omari Chang Lin Suzaki Yashik
Reference [45] [32] [46] [47] [3] [4]

λ (µm) 0.85 0.85 0.98 0.98 1.1 1.1
Size (µm2) 4 × 4 3.52π 1.52π 32π 3.52π 2.52π

I0 (mA) N/A 4.5 4.5 6.0 7.0 4.0

Cp (fF) 41.7 62 29 22 56 33
Rp(�) 15.9 17 0 0 0 0
Rm(�) 28.3 45 103 34.1 63.3 38
Cm (fF) 44.3 151 87.9 152 133 130
Rj(�) 288.7 64.4 146.5 92.0 71.6 134

frc (GHz) 36.4 21.8 22.8 22.5 23.6 21.0
f3dB (GHz) 21.5 17 >20 17 20 24a

a Obtained from 5-µm-diameter devices

partially parasitic-limited. In the following, we will discuss approaches to reduce the
parasitics.

Chip Parasitic Resistance

Due to the alternating layers in the DBR mirrors, VCSELs inherently have much
higher series resistance, ranging from tens to hundreds of ohms, compared with edge
emitters. This excess resistance can limit the modulation bandwidth due to RC lim-
itations and heating. Various bandgap-engineering schemes at the DBR interfaces,
mostly for the p-mirror, have been proposed to simultaneously achieve low resis-
tance and loss [48, 49]. Since n-type materials are less lossy and resistive, p-down
configuration has also been pursued for top-emitting VCSELs [32, 50].

To eliminate the resistances and losses from the doped semiconductor DBR mir-
rors, one or both intracavity contacts with (partially) undoped semiconductor mir-
ror/abrupt interfaces, mostly for oxide-confined VCSELs [35, 36], or dielectric DBR
mirror, mostly for BTJ VCSELs with a regrown n-spacer for lower loss [6, 51], have
been used. For dielectric DBR, several periods usually provide sufficient reflectivity
due to large index contrast, which helps to compress the optical modes in the longitu-
dinal direction. However, the uniformity of current injection, lateral sheet resistance,
and optical loss from the highly-doped contact layers near the active region can be
issues for intracavity contacts and must be considered in the device design [39].

Chip Parasitic Capacitance

Another source of the parasitics is the shunt mesa capacitance surrounding the active
region. Figure 7.6 illustrates the sources of the mesa capacitance for oxide-confined
and BTJ VCSELs. For oxide-confined VCSELs, the shunt mesa capacitance is the
oxide capacitance Cox in series with the capacitance from the intrinsic active region
below the oxide aperture Cint. For BTJ VCSELs, the oxide capacitance is replaced
by the depletion capacitance Cdep from the reverse-biased p–n junction.
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Fig. 7.6 Schematics illustrating parasitic mesa capacitance for a oxide-confined VCSEL and b BTJ
VCSEL

Since all these layers are relatively thin, the mesa capacitance can be quite large.
Combined with high series resistance, parasitics can greatly reduce the achievable
bandwidth. To reduce the mesa capacitance, it is necessary to create additional (thick)
nonconducting layers inside the mesa above or below these high-capacitance current
blocking junctions, and this is commonly done using implantation [6, 37, 50]. For
oxide-confined VCSELs with semiconductor mirrors, the nonconducting layers can
also be formed by oxidizing additional one (double aperture) [34] or several higher
aluminum layers (deep oxidation layers) [36]. This can be performed simultaneously
with the oxide aperture to eliminate one fabrication step. Since the dielectric constant
for the aluminum oxide is much smaller than that of the semiconductor, the total
thickness of the nonconducting layers can be smaller. This reduces the funneled
distance, usually at the lowest-doped layers, that current has to conduct, which is
beneficial for resistance.

For edge emitters, which typically work at relatively high currents, the junction
resistance is practically negligible. Therefore, the diffusion capacitance, which is
in parallel with the junction resistance, can be neglected. However, this is not the
case for VCSELs due to their small currents. The junction resistance and diffusion
capacitance have to be considered. A graded SCH layer can potentially reduce the
diffusion capacitance [23] and has been employed in high-speed VCSELs [33].

7.3.4 Pad Parasitics

Since the pad parasitics are in parallel with the current path of the intrinsic laser, it
is important for these to have a high impedance, i.e., smaller pad capacitance and
higher pad shunt resistance, to prevent current flowing through them.

Reasonable size pads are necessary to drive VCSELs, especially for bonding.
However, the associated pad parasitics can greatly reduce the modulation bandwidth
if precautions are not taken. For example, the pad capacitance for a 100 × 100 µm2

pad on a 200-nm-thick nitride is ∼3.3 pF, which is very large (see Table 7.1). To
overcome this limitation, some thick low-dielectric-constant resin can be used under-
neath the signal pad. The two most common choices are polyimide [32, 50] and
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benzocyclobutene (BCB) [34, 36], although silicon dioxide has also been used [37].
Just as a comparison, the same 100 × 100 µm2 pad on a 5-µm-thick BCB gives a
pad capacitance of ∼47 fF, a 70 times reduction.

VCSELs grown on semi-insulating substrates can also have lower pad parasitics
through co-planar transmission lines with lower microwave loss due to the removal
of the resistive substrate. Similarly, removing the part of the contact layer that is
underneath the signal pad also reduces the pad capacitance by enabling a higher
impedance co-planar interconnecting line [5].

7.3.5 Thermal Management

Thermal management is always an important issue for high-speed devices. For
VCSELs, most of the heat generated in the diode junction and DBRs is dissipated
through the substrate. To more efficiently remove the heat, we can either integrate
the devices on a substrate with higher thermal conductivity [52], e.g., copper which
has ∼9 times of the thermal conductivity of GaAs, or provide additional heat sinking
from the top surface and sidewalls using gold [53] or copper plating [54]. Compared
with gold, copper is inexpensive and has high thermal conductivity, which makes it
really attractive.

Figure 7.7 shows SEMs and schematic cross-section of copper-plated VCSELs
[54]. The 4-µm-overlapped devices show considerably better thermal properties
compared with the non-overlapped devices. This is because heat first flows laterally
to the sidewalls and can eventually dissipate in the substrate through the copper,
bypassing the more thermally-resistive bottom DBR. However, this relies on good
thermal contact between the overlapped copper and substrate and would result a high
parasitic capacitance if a thin dielectric is used. This trade-off can be addressed using
flip-chip bonding so that heat can be dissipated through the bonded interface instead
of the substrate, which relieves the restriction of the thickness of the dielectric layer
[45].

In addition to improve heat dissipation, reducing the amount of heat generated
is another way to prevent thermal degradation. Ideally, the relaxation resonance
frequency should increase as the square root of the current density J0 = I0/Area.
For a given current density, the temperature rise should be lower for smaller devices
because power dissipation is roughly proportional to the area and thermal impedance
is inversely proportional to the diameter [15]. However, smaller devices typically
suffer from higher losses. If the size-dependent losses can be minimized, scaling
the devices down should yield better performance. Size-dependent losses have been
reduced by incorporating tapered apertures and this has allowed much smaller devices
to be created with high bandwidths [55]. Perhaps more importantly, these smaller
devices have lower currents for a given bandwidth, and a data-rate/power dissipation
of 35 Gbps/10 mW has been reported [5].

Once the operating temperature is determined by the ambient temperature, heat
generation and dissipation, the devices have to be optimized at that temperature.
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Fig. 7.7 a SEMs of copper-plated VCSELs. Left: heat sink from the top surface. Right: heat sink
from both the top surface and sidewalls with 4-µm overlap with the substrate. b Cross-sectional
schematic of the device [54] (© 2006 IEEE)

As the temperature increases, both the cavity mode and gain peak red-shift, but at
different rates. Take 980-nm VCSELs with InGaAs QWs as an example, cavity-
mode and gain peak shift at approximate 0.07 and 0.3 nm/◦C, respectively [39].
By deliberately detuning the cavity-gain offset at room temperature, better high-
temperature performance has been realized [56].

7.4 Performance of High-Speed VCSELs

This section reviews some of the high-speed VCSEL results at several different
wavelengths. High-speed VCSELs operated at the datacom wavelengths, ranging
from 0.83 to 1.1µm, are exclusively GaAs-based and mainly for optical interconnects
and short-distance optical links. Typical wavelengths include 850 nm, 980 nm, and
1.1 µm. LW-VCSELs operated at 1.3 and 1.55 µm are attractive as alternative light
sources for optical links transmitting longer distances over SMF due to the low loss
and dispersion of fibers at these wavelengths; both GaAs- and InP-based devices
exist at the longer wavelengths.
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7.4.1 850-nm VCSELs

VCSELs operating at 850-nm wavelength are probably the most mature VCSEL
technology to date, because 850 nm has several fiber-based standards for short-haul
datacom. Products using 850-nm VCSELs for 10 Gigabit Ethernet have been com-
mercially available on the market for some time.

There are several active region choices for 850-nm emission including GaAs/
AlGaAs [37], InGaAs/AlGaAs [34], InAlGaAs/AlGaAs [57], and InGaAsP/InGaP
[58]. We will focus on the GaAs/AlGaAs and InGaAs/AlGaAs designs, which are
more common nowadays.

GaAs/AlGaAs 850-nm VCSELs

The unstrained GaAs/AlGaAs multiple quantum wells (MQW) is the most com-
mon active region choice for 850-nm VCSELs, and many high-speed records were
achieved with it. For example, the first VCSEL to demonstrate a bandwidth in excess
of 20 GHz was achieved with this active region in 1997, and this is still the highest
reported bandwidth for 850-nm VCSELs [50]. Figure 7.8 shows a cross-sectional
schematic and f3dB, fr, and γ /(2π) vs. (I −Ith)

1/2 for the 4 × 4 µm2 devices that
achieved a 21.5-GHz bandwidth.

One of the reasons that these devices achieved a high bandwidth was their low-
parasitic structure (see the first column of Table 7.1). The pad capacitance is only
42 fF using 5-µm-thick polyimide underneath the pad. The pad resistance is due
to the dielectric loss of the polyimide. The series resistance is reduced to 28.3 �

using n-up configuration. Despite the junction resistance is 289 �, high-dose proton
implantation brings Cm down to 44.3 fF so that current still flows through the intrinsic
laser. Since frc = 36.4 GHz, the bandwidth is not parasitic-limited. Because the
relaxation resonance frequency and 3-dB frequency both saturate at about the same
current, the bandwidth is limited by the intrinsic laser response. The damping-limited
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bandwidth, extracted from K-factor, is 58 GHz. Therefore, the devices are limited
by thermal effects.

The highest data rate reported for 850-nm VCSELs with GaAs QWs is 30 Gb/s at
a bias current of 8 mA using 6-µm-diameter devices [37]. The maximum bandwidth
is 19 GHz at that bias.

InGaAs/AlGaAs 850-nm VCSELs

One of the issues with unstrained GaAs/AlGaAs QWs is that it has lower differential
gain compared with strained QWs. It has been shown that adding some indium,
typically 10% or less, in the wells can double the achievable gain and differential gain
[59]. In addition, the presence of indium has been shown to suppress the propagation
of dark-line defects, which prevents sudden failure of the devices [60]. Data rates of
32 Gb/s [61] and 39 Gb/s [62] have been demonstrated using 850-nm VCSELs with
InGaAs QWs.

The 9-µm devices which achieved 32-Gb/s operation at 25◦C have a threshold
current of 0.6 mA, fairly low for this size, and a slope efficiency of 0.8 W/A, which
corresponds to a differential quantum efficiency (DQE) of ∼55%. The parasitics are
reduced using BCB, an undoped substrate, double oxide apertures, and bandgap-
engineered DBRs. The series resistance is approximately 90 �. They also reported
25-Gb/s operation up to 85◦C.

The devices that achieved a 39-Gb/s data rate have a diameter of ∼6 µm, confined
by an oxide aperture. BCB is used for reducing the pad parasitics, and a relatively
large lower mesa for the bottom DBR is used for better heat dissipation, lower
resistance, and easier manufacturing. The bias current for large-signal modulation is
9 mA, corresponding to a fairly low current density of ∼10 kA/cm2. Eye diagram
at 40 Gb/s is also shown. The signal-to-noise ratio reduces from above 6.3 to 3.6,
preventing error-free operation at 40 Gb/s.

7.4.2 980-nm VCSELs

Another common wavelength for high-speed VCSELs is 980 nm, which typically
employs strained InGaAs/GaAs QWs. This aluminum-free active region offers high
differential gain, low transparent carrier density, and superior reliability. Due to the
transparency of GaAs substrates at 980 nm, bottom-emitting structure is commonly
used.

InGaAs/GaAs 980-nm VCSELs

The highest MCEF for any QW-based VCSELs to date is 16.8 GHz/mA1/2 using
InGaAs/GaAs VCSELs at 970 nm [33]. One of the keys to achieve such high MCEF is
the small mode volume. The dimensions of the devices are 3 × 3 µm2, confined with
double oxide apertures. Pad capacitance is estimated to be 40 fF for a 75 × 120 µm2

bond pad. The threshold current is 0.37 mA and the DQE is 45%. The bandwidth
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reaches 11.2 GHz at a bias current of only 1 mA, and the maximum bandwidth is
16.3 GHz at 4.5 mA.

The highest data rate reported for 980-nm VCSELs is 35 Gb/s using the structure
shown in Fig. 7.9a [5]. Instead of the conventional quarter-wavelength-thick blunt
oxide aperture, a half-wavelength-thick tapered oxide aperture is used. The taper
length is carefully chosen to provide sufficient mode confinement while still main-
taining low optical scattering losses [55]. This enables the smaller 3-µm devices,
which typically suffer from high optical losses, to be used. The low pad capacitance
of 29 fF is realized by using BCB, selectively etching off the n-GaAs contact layer
underneath the signal pad, and shrinking the pad dimensions. Deep oxidation lay-
ers as well as the thick oxide aperture effectively reduce Cm down to ∼88 fF. The
devices have a threshold current of only 0.14 mA and a slope efficiency of 0.67 W/A
(DQE=0.54). The series resistance is approximately 250 �.

Figure 7.9b plots the frequency responses of the devices at 20◦C. Due to the small
size, a bandwidth of 15 GHz is achieved at a bias current of only 1 mA, corresponding
to a power dissipation of 1.3 mW. The temperature rise is estimated to be 4.3◦C. It is
evident that small devices are more efficient and can achieve the bandwidth with lower
currents and temperature rise, even with a somewhat higher series resistance than
desired in this case. A bandwidth exceeding 20 GHz is also demonstrated for currents
larger than 2 mA. The bandwidth is limited by multimoding above 2 mA; simulations
illustrate that the maximum bandwidth would be ∼25 GHz if single-mode operation
were maintained. The MCEF at low biases is 16.7 GHz/mA1/2. 35-Gb/s operation
was achieved with a bias current of only 4.4 mA. This corresponds to a very high
data-rate/power-dissipation ratio of 3.5 (Gb/s)/mW.

InAs QD 980-nm VCSELs

Another active region choice for 980-nm VCSELs is submonolayer deposited
quantum dots, which provides higher differential gain and better temperature
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insensitivity [63]. Their 1-µm single-mode devices show the highest MCEF of
19 GHz/mA1/2 for any VCSELs to date. For their 6-µm multimode devices, the
threshold currents at 25◦C and 85◦C are 0.29 and 0.16 mA, respectively, due to
better cavity–gain alignment at elevated temperatures.

Figure 7.10 shows f3dB vs. (I − Ith)
1/2 and eye diagrams for 6-µm devices at

25◦C and 85◦C. The MCEF drops from 5.6 to 4.6 GHz/mA1/2 for the temperature
increased from 25◦C to 85◦C. The maximum bandwidth at 25◦C and 85◦C are 15
and 13 GHz, respectively. These bandwidths still can support 20-Gb/s operation as
shown in the eye diagrams. The eye is slightly degraded at 85◦C. Recently, they
demonstrated 20-Gb/s operation up to 120◦C using 2-µm single-mode devices [64].

7.4.3 1.1-µm VCSELs

High-speed VCSELs operating in the 1.1-µm-wavelength range have resulted from
engineering the MQW InGaAs/GaAs active region to have the maximum allow-
able strain as well as p-type modulation doping [65]. The active region consists of
three thin highly-strained In0.3Ga0.7As/GaAs (5/10 nm) QWs. The GaAs barriers are
modulation doped p-type at 2 × 1018 cm−3 to reduce gain nonlinearity. Two types
of device structures have been reported: oxide-confined VCSELs and BTJ VCSELs.

Figure 7.11a shows their oxide-confined VCSEL structure. The 6.9-µm-diameter
devices have a threshold current of 0.4 mA and a series resistance of 135 �. Because
the mesa is relatively large at 33 µm in diameter, proton implantation is used to
reduce the mesa capacitance. The pad capacitance is lowered using polyimide. The
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devices achieve a maximum bandwidth of 20 GHz at a bias of 7 mA, as shown in
Fig. 7.11. Transmission at 30 Gb/s back-to-back and over 100-m multi-mode fiber
have been done, and the power penalty is ∼2 dB.

The main limiting factor in their oxide-confined devices is self-heating effect,
which causes the relaxation resonance frequency to saturate at high biases. To address
this limitation, a low-resistance type-II BTJ is used so that the more resistive p-layer
can be replaced with a less resistive n-spacer. The devices use top-emitting, double-
intracavity structure shown in Fig. 7.12a.

The electrical and optical confinement is achieved by selectively etching the tunnel
junction and regrowing the n-GaAs spacer layer. Oxygen ions are implanted around
the tunnel junction to reduce the mesa capacitance. The pad capacitance is similarly
reduced using polyimide. Dielectric Si/SiO2 DBR is used for the top mirror.

Figure 7.12b plots the frequency responses for 5-µm-diameter devices. The max-
imum 3-dB frequency is 24 GHz at a bias current of 4 mA, which is the highest
bandwidth reported for directly current-modulated VCSELs to date. A data rate of
40 Gb/s, which is also the highest data rate for VCSELs to date, is achieved using
6-µm devices at a bias current of 5 mA.
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All these results were achieved at room temperature. To improve the
high-temperature performance, they have also developed a new active region with
strain-compensated In0.3Ga0.7As/GaAs0.8P0.2 QWs [68]. By increasing the
conduction-band offset, electrons are better confined at the elevated temperature.
A data rate of 25 Gb/s is achieved using oxide-confined structure.

7.4.4 Long-Wavelength VCSELs

Several technologies exist for LW-VCSELs, and they will be covered in more detail
in Chaps. 11 and 12 of this book. The main application of high-speed LW-VCSELs
is to use for optical networks, which currently require transmission up to 10 Gb/s
over SMF. Here we summarize some current high-speed results for LW-VCSELs.

GaAs-Based Long-Wavelength VCSELs

GaAs-based LW-VCSELs are attractive due to the well-established technologies of
short-wavelength VCSELs such as oxide apertures and bandgap-engineered, high-
index-contrast DBRs. The main challenge is the choice of the gain media that can be
pseudomorphically grown on GaAs substrates to reach longer emission wavelengths.
Currently, GaAs-based LW-VCSELs are mainly operated below 1.3-µm wavelength,
and there are three active region candidates [69]: highly strained InGaAs QWs,
GaInNAs QWs, and InAs QDs.

The structure of GaAs-based LW-VCSELs is usually pretty similar to short-
wavelength VCSELs except with a different gain media. Transmission at 10 Gb/s
over 9-km SMF from 25◦C to 85◦C has been reported using highly strained InGaAs
QWs emitting at 1.28 µm [13]. The indium content of the QWs is increased to 42%
to push the gain peak to 1220 nm, and the cavity mode is detuned at 1275 nm, giv-
ing a large gain-cavity offset for better high-temperature stability [70]. An inverted
surface relief is patterned on the top mirror for single-mode operation. However, the
threshold current seems fairly high and reduces at higher temperature due to better
cavity–gain alignment. The bandwidth is mostly limited by parasitics.

LW-VCSELs based on a GaInNAs active region emitting at 1.28 µm have also
demonstrated 10-Gb/s transmission over 20-km SMF [11]. These devices show good
reliability and have been placed into production [11, 71].

InP-Based Long-Wavelength VCSELs

For InP-based LW-VCSELs, the mature high-reliability InAlGaAs or InGaAsP active
region can be used. The main issues are (a) the lack of DBR materials which provide
high reflectivity and thermal conductivity, (b) the more extreme sensitivity to elevated
temperatures, and (c) the realization of lateral mode confinement.

The first of these issues was addressed with an all-epitaxial approach using lattice-
matched AlGaAsSb DBRs, which offer relatively high reflectivity, and an air-gap
aperture formed by selectively etching tunnel junction. These have been explored

http://dx.doi.org/10.1007/978-3-642-24986-0_11
http://dx.doi.org/10.1007/978-3-642-24986-0_12
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Fig. 7.13 Structure of
InP-based BTJ LW-VCSEL
[73] (© 2008 IEEE)
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and demonstrated reasonable DC characteristics as well as 3.125-Gb/s operation up
to 60◦C [72]. The poor electrical and thermal conductivity of the quaternary DBRs
was addressed by using n-type intracavity InP contact layers, but these also added to
the cavity length, which increased the cavity volume, and thus, reduced the frequency
response.

Another approach is to use BTJ, pioneered by Amann et al. at Walter Schottky
Institute. Some of the best high-speed performance for LW-VCSELs to date are
demonstrated based on this platform. Figure 7.13 shows the structure of their devices.
The lateral current and mode confinement is provided by the BTJ, which also enables
the regrown InP spacing layer to be n-type for lower loss and resistance. The back
mirror consists of several periods of CaF2/ZnS dielectric DBR and a gold termination
layer, which also works as a heat sink. The device is passivated with BCB for high-
speed operation.

Based on this structure, bandwidth exceeding 10 GHz has been demonstrated for
both 1.3- and 1.55-µm wavelengths at room temperature [12, 51] and is limited by
parasitics and thermal effects. Transmission at 10 Gb/s for 22 km and 12.5 Gb/s for
3 km have also been reported at 1.3- and 1.55-µm wavelengths, respectively.

Corning also reported LW-VCSELs with 10-Gb/s transmission for both 1.3- and
1.55-µm wavelengths up to 85◦C [10]. Their devices, shown in Fig. 7.14, are based
on similar BTJ technology with a dielectric top mirror. However, they use double-
intracavity contacts with top emission, which greatly simplifies the device structure
and can be mass manufactured more easily.

Wafer-Fused Long-Wavelength VCSELs

Both InP-based active region and GaAs-based DBRs are preferable for LW-VCSELs.
Therefore, wafer fusion, pioneered by Bowers et al. at University of California,
Santa Barbara, has been used to combine these two material systems. Transmission
at 10 Gb/s over 10-km standard SMF has been reported [44]. The structure consists
of undoped top and bottom AlGaAs/GaAs DBRs, wafer fused with InAlGaAs/InP
cavity grown on an InP substrate. A tunnel junction is used for lateral confinement.



7 Design and Performance of High-Speed VCSELs 255

AlGaInAs/InP DBR 

Tunnel Junction
InP Spacer 

1.3 or 1.5µm Light Output
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Active layer (AlGaInAs QWs)

a-Si/Al2O3 Dielectric DBR

Fig. 7.14 Cross-sectional schematic of BTJ LW-VCSELs with double-intracavity contacts [74] (©
2005 IEEE)

7.5 Loss-Modulated High-Speed VCSELs

Due to inherent damping limitations, it would be very challenging for directly current-
modulated VCSELs to reach bandwidth beyond 40 GHz, even after the parasitic and
thermal limitations have been removed. The highest modulation bandwidth to date is
still limited below 25 GHz [6]. Alternative approaches have to be pursued to extend
the bandwidth, e.g., optical injection locking and loss modulation. Optically injection
locked VCSELs have demonstrated an impressive modulation bandwidth of 66 GHz
based on a cascaded configuration [75]. However, a separated master laser is required.
Therefore, we only consider coupled-cavity loss-modulated VCSELs here.

7.5.1 Principle of Operation

All the devices that have been discussed so far are based on current modulation,
which is an indirect way to modulate the photon density. Alternatively, the photon
density can be modulated by varying the cavity loss, which has been theoretically
predicted to have higher modulation bandwidth [76].

In the rate equations discussed in Sect. 7.2, the losses are included through the
photon lifetime τ−1

p =vg(αi+αm), where αi and αm are the internal loss and mirror
loss, respectively. Here, we apply the small-signal analysis for loss modulation,
similar to (7.3a), by assuming

1

τp
= vg(α0 + α1ejωt) = 1

τp0
(1 + mejωt) (7.12)

where α0 is the steady-state total loss, α1 is the small-signal loss modulation ampli-
tude, τp0 = (vgα0)

−1 is the steady-state photon lifetime, and m = α1/α0 is the loss
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Fig. 7.15 Cross-sectional schematic of EAM-VCSEL [78]

modulation depth. Following the same procedure as we did for current modulation,
the transfer function for loss-modulated intrinsic laser can be written as [77]

HL(ω) = m
τp0

ω2
r τp + jω

(ω2
r − ω2 + jωγ )

. (7.13)

The main difference between loss modulation and current modulation is the decay rate
after the resonance: 1/ω (20 dB/decade) for loss modulation and 1/ω2 (40 dB/decade)
for current modulation. In addition, the resonance peak is also stronger for loss
modulation, which can be an issue for data transmission.

Two mechanisms have been used to achieve loss modulation in coupled-cavity
VCSELs. One is to modulate the internal loss αi using an electroabsorption modula-
tor, and the other is to modulate the mirror loss αm using an electrooptical modulator.

7.5.2 VCSELs with an Electroabsorption Modulator

Figure 7.15 shows the cross-sectional schematic of VCSEL with an intracavity elec-
troabsorption modulator (EAM-VCSEL). It is basically a p–n–p configuration with a
tunnel junction below the active region to reverse the polarity of the bottom contact.
Reverse-biased MQW, placed at the standing-wave peak for maximal efficiency, is
used as the modulator. A 17-GHz modulation bandwidth with a distinct 20 dB reso-
nance peak has been reported [78]. The roll-off slope is ∼45 dB/decade with para-
sitics (f0 ∼ 8 GHz), showing a slower decay rate compared with current-modulated
devices.

Recently, the same group demonstrated optically decoupled loss modulation in a
duo-cavity VCSELs by carefully detuning the resonances of the cavities [79]. The
photon density in the active region remains unchanged under loss modulation, similar
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to the case of using an external modulator with a continuous-wave laser. Relatively
flat frequency responses up to 20 GHz have been shown.

7.5.3 VCSELs with an Electrooptical Modulator

Another possible way of achieving loss modulation is to integrate an electroopti-
cal modulator in the VCSEL structure (EOM-VCSEL). The refractive index of the
electrooptical modulator (MQW) can be tuned by an applied voltage. If properly
designed, the cavity mode of the modulator cavity can be tuned in and out of the
resonance of the VCSEL cavity, which effectively modulates the mirror reflectivity,
i.e., the mirror loss αm. Small-signal modulation bandwidth up to 35 GHz, limited
by the photodiode, has been reported with EOM-VCSELs [80].

7.6 Conclusion

The chapter provides an overview of the current status for high-speed VCSELs. We
discussed the basic theory for current modulation of VCSELs, various high-speed
designs, and device performance. Novel structures and new material systems have
been pursued to overcome many of the bandwidth limitations to achieve higher
performance. For short-wavelength VCSELs, bandwidth up to 24 GHz and a data
rate of 40 Gb/s have been successfully demonstrated. For LW-VCSELs, single-mode,
10-Gb/s transmission over a wide temperature range has also been reported by several
groups. We also considered loss-modulated VCSELs which are still under develop-
ment and have the potential to reach even higher bandwidth. As these technologies
become more mature and the supporting components such as high-speed photode-
tectors are ready, VCSELs will be used as low-cost, power-efficient, high-speed light
sources for most optical data communications.
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Chapter 8
High-Power VCSEL Arrays

Jean-François P. Seurin

Abstract We review recent developments on high-power, high-efficiency two-
dimensional vertical-cavity surface-emitting laser (VCSEL) arrays emitting around
808 and 980 nm. Selectively oxidized, bottom-emitting single VCSEL emitters with
50% power conversion efficiency were developed as the basic building block of
these arrays. More than 230 W of continuous-wave (CW) power is demonstrated
from a 5 mm × 5 mm array chip. In quasi-CW mode, smaller array chips exhibit
100 W output power, corresponding to more than 3.5 kW/cm2 of power-density.
High-brightness VCSEL pumps have been developed, delivering a fiber output
power of 40 W, corresponding to a brightness close to 50 kW/(cm2 sr). High-energy
VCSEL arrays in the milli-Joule range have also been developed. Many of the advan-
tages of low-power single VCSEL devices such as reliability, wavelength stabil-
ity, low-divergence circular beam, and low-cost manufacturing are preserved for
these high-power arrays. VCSELs thus offer an attractive alternative to the dominant
edge-emitter technology for many applications requiring compact high-power laser
sources.

8.1 Introduction

Compact, reliable, and efficient high-power lasers are needed in a variety of medical,
industrial, and military applications. Today, the dominant laser source used for these
tasks are semiconductor edge-emitting lasers, as they are small and very efficient in
converting the input electrical power to the output optical power. Over 70% power
conversion efficiency at 50 W power levels has been demonstrated [1] using edge-
emitting lasers. These lasers are either used directly or indirectly as pumping sources
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for other lasers, such as diode-pumped solid-state (DPSS) lasers or fiber-lasers. In the
medical field, such lasers can be used for teeth whitening, hair-removal, skin-care,
or for tissue welding in surgery for example. In industrial applications these lasers
are used for printing, cutting, welding and marking. In the military, high-power lasers
can be used as weapons, laser radars (LADAR), beacons, and illuminators. Power
levels can range from a few Watts to several kilo-Watts for most applications, and
mega-Watts for very high-power systems. As an extreme application, laser nuclear
fusion requires several Giga-Watts [2]. Typical wavelengths range from 8xx up to
15xx nm. For example, 830 nm is the preferred wavelength for some printing appli-
cations (due to the high sensitivity of the coated printing plates at that wavelength),
808 and 880 nm wavelengths are widely used for DPSS laser applications, wave-
lengths in the range 900–980 nm are used for fiber-laser pumping, and >14xx nm
wavelengths are used for some skin-care applications as well as “eye-safe” military
applications.

Edge-emitting lasers, however, have several limitations such as poor intrinsic
beam and spectral properties, as well as low reliability at higher operating temper-
atures, mainly due to catastrophic optical damage (COD) [3]. Scaling up the power
also requires complex and costly assembly of individual laser bars into stacks. There
have been a few attempts to develop semiconductor laser technologies to address
some of these issues. These approaches aimed at coupling the light out of edge-
emitter lasers in a direction normal to the standard output direction using surface
grating [4] or etched 45-degree angled mirrors [5]. This allowed for much-improved
beam and spectral properties and the potential for low-cost two-dimensional array
fabrication for power scaling, something that is not possible using the standard edge-
emitting laser technology. However, these approaches have the disadvantages of poor
conversion efficiency and/or fabrication issues.

As an alternative, the VCSEL technology can be used. Historically, vertical-cavity
surface-emitting lasers (VCSELs) have been mostly confined to low-power appli-
cations (a few mW at most), such as high-speed data transmission [6, 7]. These
VCSELs have been used as single devices or small addressable arrays. However,
there are no fundamental reasons why the VCSEL technology cannot be extended
to very high-power applications by fabricating large two-dimensional (2D) arrays of
low- to medium-power single-emitters.

There are relatively few reported studies on high-power VCSELs. Devices operat-
ing around 100 mW were first reported in [8]. Improvements in the epitaxial growth,
processing, device design, and packaging led to VCSELs emitting several hundreds
of milliwatts from single very large aperture device and from arrays [9]. More than
2 W under continuous-wave (CW) operation at −10◦C heat-sink temperature was
reported from a VCSEL array consisting of 1,000 single elements [10], correspond-
ing to a power-density of 30 W/cm2. In another work [11], more than 1 W CW power
and 10 W pulsed (15 ns) power was obtained at room temperature from a 19-element
array. The 1 W CW power corresponded to a 1 kW/cm2 power-density. Finally, a
record 3 W CW output power has been reported from large (350 µm-diameter aper-
ture) single devices emitting around 976 nm [12].
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The idea is to extend to high-power VCSELs most if not all the advantages
that made the low-power VCSELs successful. Such advantages include low-cost
manufacturing [13], reliability [14], and spectral and beam quality. For example,
in applications requiring Giga-Watts of pump power [2], cost is a critical considera-
tion, and the VCSEL technology could be a viable candidate as the pump source.

We focused our development of high-power VCSEL arrays on mainly two wave-
lengths, 808 and 976 nm, as they represent the bulk of wavelength needs for high-
power applications. Laser sources emitting around 976 nm are very important for
pumping of fiber-lasers, which have gained tremendous importance in recent years.
Laser sources emitting around 808 nm are used in industrial end-pumped DPSS
lasers (Nd:YAG or Nd:YVO4) for end uses such as material cutting and processing,
light welding, marking and printing [15]. Pump sources at 808 nm are also used for
green laser systems in which a multi-mode 808 nm high-power source is used to
pump Nd:YVO4 glass or a semiconductor gain medium set up in an external-cavity
configuration to generate a single-transverse mode at 1064 nm. Green light (532 nm)
is then obtained by intra-cavity second harmonic generation using a frequency
doubling crystal (such as PPLN) located inside the cavity. These can be fabri-
cated in very compact modules as part of RGB sources for micro-projectors for
example [16]. Diode pumped green lasers are also used in many other applications
such as scientific instruments (interferometers), precision machining, targeting in
defense applications, and for fluorescence diagnostics and spectroscopic applica-
tions in the medical field. Finally, 808 nm sources are also used in the medical field
for skin-care related cosmetic applications such as hair removal [17], and as industrial
and military infra-red illumination sources [18, 19].

Although plenty of work has been done on 976 nm VCSELs, we note that there
are very few reports in the literature discussing 808 nm VCSELs [20], possibly due
to the fact that applications for 808 nm semiconductor lasers require high-powers.

To compete with the existing edge-emitting laser technology in most applications,
VCSELs need to improve their power conversion efficiency (PCE) beyond 50%. For
high-power systems, the cost, size and weight are dominated by the input power
supplies and refrigeration units, so high-efficiency is needed for the laser sources.
The edge-emitter technology currently exceeds 70% power conversion efficiency [1].
However, unlike edge-emitters, VCSELs do not suffer from catastrophic optical dam-
age (COD) [3], which means VCSELs can be operated reliably at high temperatures
[21, 22]. In this case, the refrigeration unit can be altogether eliminated, which trans-
lates into a significant gain in overall system-level conversion efficiency, even if the
VCSEL source itself has a lower conversion-efficiency than the edge-emitter source
operating with a refrigeration unit [23].

Top-emitting 976 nm VCSEL devices exceeding 50% power conversion efficiency
have already been demonstrated [24]. However, for high-power arrays, junction-
down, bottom-emitting devices are required for efficient heat-removal [25].

The technical challenges for the development of a high-power VCSEL array can
be summarized as follows: (1) Develop a high-efficiency single-device with low
thermal impedance; (2) Improve the growth and process uniformity for cm-scale
chips; (3) Develop the packaging for reliability and kW-level heat-removal.
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This chapter first reviews the development effort of high-efficiency bottom-
emitting VCSEL devices emitting around 976 nm, leading to>50% power conversion
efficiencies (PCE) over a wide range of aperture sizes, as well as the development
of efficient 808 nm VCSEL devices. Then, the fabrication and packaging of large
VCSEL arrays is discussed and results on the array are presented. Compared to
the 976 nm wavelength, the 808 nm wavelength presents the additional challenge
that substrate-emission is not an option because of the strong GaAs absorption at
that wavelength. Also, in a top-emitting configuration, keeping the GaAs substrate
would result in unacceptable increase in thermal impedance. The GaAs substrate
must therefore be removed for high-power 808 nm VCSEL arrays. For proper design
of the array, we show that the PCE is preserved, with minimal drop compared to
the single device performance. Record CW output power >230 W and QCW out-
put power densities >3.5 kW/cm2 from large VCSEL arrays are demonstrated and
we also show that the spectral and beam properties are preserved at the array level.
Finally, results for high-brightness and high-energy arrays are presented.

8.2 Development of High-Efficiency VCSEL Devices

8.2.1 Device Structure and Fabrication

For high-power operation, efficient heat-removal is required. In the case of 976 nm
devices a junction-down, bottom-emitting structure is preferred to improve current
injection uniformity in the active region and to reduce the thermal impedance between
the active region and the heat-spreader [9, 25]. In the case of 808 nm devices, a top-
emitting geometry is considered, with substrate removal in mind. Schematics of the
976 and 808 nm VCSEL structures are shown in Fig. 8.1.

For current and optical confinement, the selective oxidation process [28] is used
to create an aperture near the active region to improve performance [29]. In the case
of 976 nm devices, a low-doped GaAs N-type substrate is used to minimize absorp-
tion of the output light while providing electrical conductivity for the substrate-side
N-contact. The growth is performed in a MOCVD reactor. The reflectivity of the
output distributed Bragg reflector (DBR) is optimized for maximum power con-
version efficiency (PCE) [30]. The active region consists of InGaAs (976 nm) or
InAlGaAs (808 nm) multi-quantum wells. A high-Aluminum content layer is placed
near the first pair of the P-DBR to later form the oxide aperture. The placement
and design of the aperture is critical to minimize optical losses [31, 32] and cur-
rent spreading [33]. Band-gap engineering (including modulation doping) is used
to design low-resistivity DBRs with low-absorption losses [34]. The processing of
the single devices is straightforward. On the epitaxial side, Ti/Pt/Au disks (976 nm)
or rings (808 nm) of different diameters are evaporated to form the P-type contacts,
which at the same time act as the self-aligned mask for subsequent dry-etching
(RIE) of mesas, deep enough to expose the Aluminum-rich layer. The samples are
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P-contact

P-DBR

Oxide aperture

N-GaAs substrate

Active region

Light output

N+ GaAs
contact layer
(for arrays)

N-DBR

N-contactAR-coating

Low-doped N-GaAs substrate

Light output

Etch-stop layer

(a) 976nm bottom-emitting VCSEL (b) 808nm top-emitting VCSEL

Fig. 8.1 Schematic of the selectively oxidized VCSEL single devices for a the 976 nm bottom-
emitting structure and b the 808 nm top-emitting structure [26, 27]

then exposed to high humidity in a furnace (390–420◦C) for the selective oxidation
process. In the case of 976 nm devices, on the substrate side, the substrate is thinned
to less than 150 µm thickness to minimize absorption losses and then polished to an
optical finish. A Si3N4 anti-reflection coating is deposited using PECVD, followed by
patterning, etching of the field nitride and Ge/Au/Ni/Au N-metals evaporation.
Finally, the devices are cleaved and packaged on heat-spreader submounts for testing.

8.2.2 Results and Discussion

Individual devices are tested on a probe-station using a calibrated system comprising
an integrated-sphere, a detector, a power-meter, a high-precision current source, and
a voltmeter. A temperature-controlled stage maintains a constant heat-sink temper-
ature. A four-point-probe measurement was used to record the voltage accurately.
For accurate determination of the device power-conversion-efficiency (PCE; ratio of
optical power out to electrical power in), precise calibration of the instruments is
critical. For example, for devices with small threshold currents (<1 mA), a small
offset in the current source could result in a significant error in PCE for these devices.
The measurement error of our test set-up is estimated to be better than ±1%.

Figure 8.2 shows the room-temperature L-I-V characteristics of high-efficiency
976 and 808 nm single VCSEL devices. For the 16 µm-diameter bottom-emitting
976 nm device, threshold current, differential slope efficiency, and differential resis-
tance are 1 mA, 77.5%, and 47.5 �, respectively. A maximum PCE of 51.2%
is achieved at 6.6 mA (5.7 mW). For the 15 µm-diameter top-emitting 808 nm
device, threshold current, differential slope efficiency, and differential resistance
are 0.98 mA, 75.2%, and 65.7 �, respectively, and a maximum PCE of 49.2% is
achieved at 6.0 mA (5.8 mW). To the best of our knowledge, these are the highest
PCE levels reported to date for 976 nm bottom-emitting and 808 nm top-emitting
VCSEL devices.
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Fig. 8.2 L-I-V characteristics of a a high-efficiency, bottom-emitting, 976 nm VCSEL device, and
b a high-efficiency, top-emitting, 808 nm VCSEL device [26, 27]

Fig. 8.3 Pie diagram
showing the different sources
of power consumption in the
976 nm bottom-emitting
VCSEL device (Fig. 8.2a)
operating at maximum
PCE [26]
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From the 976 nm device power consumption budget analysis at the maximum
PCE operating point (Fig. 8.3), we find that most of the wasted power comes from
Joule resistive heating (18.4%) and absorption losses (12.6%). Both account for 31%
of the lost power.

It is interesting to note that overall, the power conversion efficiency numbers are
similar for the 976 and 808 nm devices. Because of the increased absorption below
20% Aluminum content in AlGaAs layers at 808 nm, GaAs cannot be used as the
high-index layer resulting in lower contrast DBRs, which increases the number of
pairs required to achieve a certain reflectivity. For given doping levels, reducing
the contrast between DBR layers also increases the field penetration depth in the
DBRs, which increases absorption losses [35]. However, using lower contrast DBR
layers usually means that the barrier resistance between the low and high index DBR
layers will decrease, giving some room to lower the doping levels and therefore
the absorption losses, especially in the P-DBR as this can compensate the negative
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effects of a low contrast DBR. Therefore, we believe that it is possible to maintain
the high PCE levels for VCSELs across a broad wavelength range (790–1100 nm).

To analyze the results and optimize device design (and more specifically deter-
mine the optimal output mirror reflectivity), we can extend the work of Bour and
Rosen [36] to VCSELs to obtain a simple analytical expression for the maximum PCE
of a device as a function of the slope efficiency, threshold current, and resistance1:

ηe, m = ηd
Vν

V0

(
1 − 2

1 + √
1 + α

)
. (8.1)

where ηd is the differential slope efficiency, Vν is the photon energy voltage (1.27 and
1.53 V for 976 and 808 nm lasers, respectively), V0 is the zero-current intercept of the
linear portion of the laser I-V characteristic (also referred to as the “turn-on voltage”),
and α is a characteristic device parameter defined as α = V0/(Ith Rd) = V0/(Jthρd),

where Ith (Jth) and Rd (ρd) are the threshold current (threshold current density) and
the resistance (resistivity) of the device considered, respectively. The expression
in (8.1) is obtained by simply assuming that the output power and voltage vary
linearly with the current after threshold, and at least up to the point of maximum
power conversion efficiency. This is the case for our VCSELs, as can be seen from
Fig. 8.2. In this case, the device series resistance and differential resistance are the
same and referred to simply as the device resistance from now on. The problem of
increasing a device’s PCE then reduces to one or all of the following: increasing the
slope efficiency, decreasing the resistance, and/or decreasing the threshold current.
Reducing V0 will also help increase the PCE, although the contribution is minor
(V0 has a small dependence on Ith and Rd).

For α >> 1, (8.1) approximates to

ηe, m ≈ ηd
Vν

V0

(
1 − 2√

α

)
. (8.2)

But in practice, the above relation is useful only for α > 50, in which case the
error in estimating the maximum wall-plug efficiency of a device is less than 5%.
However, α > 50 is rarely achieved for VCSELs. For example, for the device in
Fig. 8.2, α = 28.

To better understand how the different device parameters contribute to device’s
maximum PCE, we can examine the following relation derived from (8.1), which
expresses the relative change in PCE as a function of the relative changes in slope
efficiency and α:

Δηe, m

ηe, m
= Δηd

ηd
+ 1√

1 + α

Δα

α
. (8.3)

1 A similar approach for optimizing the VCSEL operating point was presented in [37], albeit with
a slightly different formulation. In particular, the authors consider the dependence of the “electrical
confinement factor” (which is essentially the internal quantum efficiency) on the output mirror
reflectivity. We found this dependence negligeable for our devices and therefore tend to ignore it,
as it greatly simplifies the analysis.
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Clearly, α contributes significantly less than the slope efficiency to changes in
PCE. For example, for a typical value of α of 24, an increase in α will contribute five
times less to the increase in PCE than the same relative increase in slope efficiency.
Or, put another way, to get the same improvement from a 5% relative increase in slope
efficiency (from 70 to 73.5% for example), the device resistance would need to be
decreased by approximately 30%. Therefore, to improve a device’s PCE, it is much
more critical to first work on increasing the slope efficiency rather than decreasing
the threshold current or resistance. A corollary to this observation is that since the
slope efficiency is directly proportional to the internal quantum efficiency (see [38]
for example), it is also critical to develop a good design and growth process for the
multi-quantum-well cavity. We grew top-emitting VCSEL structures with the same
cavity design and growth conditions as the bottom-emitting material and extracted
an internal quantum efficiency of 95% by varying the output mirror reflectivity
(see [30] for example).

The α-parameter is a useful metric to quickly evaluate device performance (single
devices or arrays). In practice we found that α < 10 corresponds to poor performance
(unless the slope efficiency is exceptionally high) and α > 50 corresponds to excep-
tional performance for a VCSEL device (for 976 nm devices, with V0 ∼ 1.33 V).

Furthermore, α can be obtained directly from the derivative analysis of the I-V char-
acteristic [39, 40], without the need for any optical measurements (the threshold
current is determined from the pinning of the junction voltage).2

To analyze the device size dependence of the maximum PCE, the size-dependent
analytical expressions for the threshold current and slope efficiency derived by
Hegblom et al. [33] are used. These take into account current and carrier spread-
ing, which are a major contributor to loss of performance. These expressions are
given by:

Ith = J∞πr2
a + I0

2
+ ra

√
π I0 J∞. (8.4)

ηd = η∞/(1 + D0/Da). (8.5)

where ra (Da) is the device aperture radius (diameter), I0 is a characteristic spreading
current, D0 is a characteristic spreading distance, and J∞ and η∞ are the threshold
current density and differential slope efficiency without spreading (infinitely large
aperture), respectively. The parameters J∞ and η∞ depend only on the structure
intrinsic parameters, such as the mirror reflectivities, the internal loss (that can include
such effects as aperture scattering losses for very small devices), the number of quan-
tum wells, the confinement factor, the internal quantum efficiency and material gain
parameters. Analytical expressions for J∞ and η∞ can be found in [38] for example.

2 For a given device, the expression for the operating current at the maximum PCE can be derived
as Ie,m = Ith(1 + √

1 + α), and can also be obtained directly from the derivative analysis of
the electrical characteristics. Also, it can be seen that—within the approximations of the present
analysis—a laser’s point of maximum PCE will always occur at a drive current greater than twice
the threshold current.
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Fig. 8.4 Schematic representation of the effective resistance network for a a bottom-emitting and
b a top-emitting VCSEL structure [26, 27]

For a bottom-emitting structure with the P-DBR as the back reflector, the size-
dependent resistance is modeled as the sum of two resistances in parallel:

1

Rd
= 1

RL
+ 1

RV
. (8.6)

while for a top-emitting structure with the P-DBR as the output reflector, the size-
dependent resistance is modeled as the sum of the resistances in series [41]:

Rd = RL + RV . (8.7)

where RL = ρL/(2πra) accounts for constriction or spreading, lateral and contact
resistance (scales inversely with aperture perimeter), and RV = ρV /(πr2

a ) models
a uniform vertical current flow resistance (scales inversely with aperture area). The
quantities ρL (� cm) and ρV (� cm2) are the corresponding characteristic resistivi-
ties. In practice, we found that using this model always fit our simulated and measured
data very well over a wide range of aperture diameters. The two cases are illustrated
in Fig. 8.4.

In the case of the bottom-emitting structure, for infinitely large apertures the
resistance will scale as the aperture area, with ρV being essentially the vertical
resistivity of the P-DBR. This situation has important implications for the scaling of
the PCE with device size.

Figure 8.5 shows the threshold current and the resistance (or inverse resistance)
as a function of device diameter Da for high-efficiency 980 and 808 nm VCSEL
devices. Figure 8.6 shows the differential slope efficiency as a function of device
diameter Da . Equations 8.4–8.7 are used to fit the data. The extracted characteristic
parameters for these structures are given in Table 8.1. These seven parameters are
sufficient to fully characterize a particular structure in terms of PCE performance.

The previous expressions can also be used directly to fit simulated results, thereby
accelerating the design optimization process. In this case we deduce the parameters
of Table 8.1 from more advanced simulations. For example, we determine the current
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devices and b top-emitting 808 nm devices as a function of device aperture diameter. The symbols
are measured data and the lines represent best fits using the analytical formulas [26, 27]
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Fig. 8.6 Differential sope efficiency for a bottom-emitting 980 nm devices and b top-emitting
808 nm devices as a function of device aperture diameter. The symbols are measured data and
the lines represent best fits to using the analytical formula

distribution (and the resulting carrier profile in the active region) from finite element
simulations, and we can then extract I0, D0, ρV , and ρL for a particular design.

Using these extracted parameters and the measured value of V0 (roughly indepen-
dent of device size), α and ηe, m (maximum PCE) are plotted against the measured
data (Figs. 8.7, 8.8).

As can be seen in this case, α and ηe, m have optimal values. The PCE character-
istic is relatively flat over a wide range of device diameters, exceeding 50% in the
range 10–30 µm (data). More interestingly, α and ηe, m converge towards non-zero,
constant values for infinitely large aperture diameters. These values are given by

α∞ = V0

J∞ρV
(8.8)
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Table 8.1 Extracted VCSEL characteristic parameters [26, 27]

Description Symbol 976 nm 808 nm Unit

Turn-on voltage V0 1.33 1.58 V
Threshold current density (∞) J∞ 344 290 A/cm2

Characteristic spreading current I0 0.126 0.240 mA
Vertical resistivity ρV 2.52e-4 6.44e-6 � cm2

Lateral resistivity ρL 0.363 0.303 � cm
Characteristic spreading diameter D0 0.431 1.14 µm
Slope efficiency (∞) η∞ 79.5 80.1 %
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Fig. 8.7 a α-parameter and b maximum PCE as a function of device aperture diameter for 980 nm
bottom-emitting devices. The symbols are data and the lines were obtained using the analytical
expressions and the parameters extracted in Table 8.1 [26]

ηe, ∞ = η∞
Vν

V0

(
1 − 2

1 + √
1 + α∞

)
. (8.9)

For the 976 nm bottom-emitting devices studied in this work, using the values
in Table 8.1, we obtain α∞ ≈ 15.4 and ηe, ∞ ≈ 45.8%. This result means that for
a bottom-emitting geometry, a large aperture size is not necessarily a hindrance to
achieving reasonably large PCE. In fact, we characterized bottom-emitting 976 nm
VCSEL devices with 100 µm-diameter apertures and 48% PCE. We also note that
decreasing J∞ and the P-DBR vertical resistivity, and increasing η∞ are a good
place to start to maximize device efficiency. Furthermore, it can be shown that the
existence of a local maximum for the parameter α depends only on a dimensionless
quantity defined as
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Fig. 8.8 a α-parameter and b maximum PCE as a function of device aperture diameter for 808 nm
top-emitting devices. The symbols are data and the lines were obtained using the analytical expres-
sions and the parameters extracted in Table 8.1 [27]

α0 = 2
ρV

ρL

√
π J∞

I0
. (8.10)

When α0 ≤ 1, no local maximum exists for α. Instead, α∞ is an absolute
maximum, attained for infinitely large aperture diameters. On the other hand, when
α0 > 1, a local maximum exists for α. It is always larger than α∞ and is given by:

αopt = α∞

(
1 +

(√
2α0(α0 − 1) + 1 − 1

)2

2
(√

2α0(α0 − 1) + 1 + α0 − 1
)
)

. (8.11)

Note that for α0 >> 1, the above expression simplifies to

αopt ≈ α∞
α0

1 + √
2

≈ 1.47
V0

ρL
√

I0 J∞
. (8.12)

Finally, in the case α0 > 1 the expression for the aperture diameter at
optimal α is:

Dα = 4ρV /ρL√
2α0(α0 − 1) + 1 − 1

≈ 0.8
√

I0/J∞ for α0 >> 1. (8.13)

Table 8.2 summarizes the values for these derived parameters in the case of 976 nm
bottom-emitting devices.

The derived and measured values for the optimalα and PCE are in good agreement.
It is interesting to note that for all 976 nm devices larger than a certain diameter, the
maximum PCE will lie in a relatively narrow range between ηe,∞ and ηe,opt (between
45.8 and 51% for the 976 nm devices studied in this work).
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Table 8.2 Derived characteristic parameters for the 980 nm VCSEL material and comparison to
some measured values [26]

Description Symbol Calc. value Meas. value Unit

α-parameter, infinitely large devices α∞ 15.4 – –
Max. PCE, infinitely large devices ηe,∞ 45.8 – %
Characteristic α0 parameter α0 4.1 – –
Optimal α (maximum) αopt 31.1 29.5 –
Device diameter at αopt Dα 6.8 11.5 µm
Optimal PCE (maximum) ηe,opt 50.7 51.2 %
Device diameter at ηe,opt Dη 12.4 16.0 µm

By contrast, for 808 nm top-emitting devices, the asymptotic expressions for α and
ηe, m (infinitely large diameters) are inversely proportional to the aperture diameter:

α∞ = 4V0

J∞ρL Da
. (8.14)

ηe, ∞ = η∞
Vν

J∞ρL Da
. (8.15)

and therefore converge towards zero for large diameters. The difference comes from
the scaling of the resistance with large diameters: in the case of the bottom-emitting
structure (the P-DBR is the high reflector), the resistance is inversely proportional to
the area for large diameters, whereas for the top-emitting structure (the P-DBR is the
output mirror), the resistance is inversely proportional to the diameter for large diam-
eters, which eventually limits the PCE. Hence, for the 808 nm top-emitting devices,
the lateral resistivity ρL becomes the limiting factor to achieving high PCE for large
diameters. This issue could potentially be addressed by switching the polarity of
the two DBRs, although using a P-doped DBR as the high-reflector may introduce
additional absorption loss.

Overall, we found that the main obstacle to achieving high efficiency in VCSELs
is lateral carrier diffusion in the active region. Current spreading can be virtually
eliminated by placing the oxide aperture very close to the quantum wells and/or
by proper design of the layer(s) between the aperture and the quantum wells [33].
Optical losses from the oxide aperture are mainly a concern for very small devices
(< 5 µm diameter) and can be virtually eliminated by proper design and placement
of the aperture [31, 32].

The problem is that lateral carrier diffusion still has a significant impact on device
performance even for large devices and vanishes very slowly with increasing aperture
size: from (8.4) we can see that the excess threshold current density decreases only
as 1/Da in the limit of very large apertures. For example, for a 20 µm-diameter
device, the lateral carrier diffusion still accounts for approximately 30% of the total
threshold current. Moreover, it also decreases the slope efficiency.

The lateral carrier confinement issue in VCSELs can potentially be addressed by
various quantum well interdiffusion techniques [42]. Recent work using selective
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Fig. 8.9 Plot of the
maximum PCE for 976 nm
devices as a function of
aperture diameter for various
cases: for current devices
(“This work”), assuming no
lateral carrier diffusion (“No
LCD”), and assuming a
quantum-dot-based structure
(“QD”) [26]
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quantum-well intermixing [43] has demonstrated promising results for VCSELs.
Another approach involves the use of quantum dots (QD) [44], which have minimal
lateral carrier diffusion. In addition, QD have very low transparency current density
(<20 A/cm2) [44, 45]. Since J∞ is directly proportional to the transparency current
density, this design could greatly improve the PCE of VCSELs. However, QD can
suffer from low internal quantum efficiency, possibly due to non-optimized growth
conditions [46].

Using the parameters extracted in Table 8.1 as a starting point, we simulated
the PCE of 976 nm devices assuming no lateral carrier diffusion (LCD) by setting
I0 = D0 = 0. We also simulated the PCE for ideal quantum-dot (QD) VCSELs, with
a 20 A/cm2 transparency current density (corresponding to J∞ ≈ 115A/cm2) and
an internal quantum efficiency of 95% (we also assumed that for the QD case there
was no LCD). These cases are illustrated in Fig. 8.9 for device diameters >5 µm
since we did not include small-size loss effects in our simulations. As can be seen,
some drastic improvements in PCE can be expected (PCE >65%) for QD-based
VCSEL structures.

8.3 2D VCSEL Array Fabrication

Processing of 2D VCSEL arrays is similar to that of single devices. A cross-section
schematic of the processed sample is shown in Fig. 8.10. There are a few more
processing steps such as thick plating of the N- and P-contacts for uniform current
distribution within the array.

However, unlike 976 nm high-power VCSEL arrays, a junction down, bottom
emitting (substrate emission) configuration is not possible for 808 nm, because of the
excessive GaAs substrate absorption at that wavelength. Furthermore, a top-emitting
configuration with the GaAs substrate still present (even if thinned down) would
add excessive thermal impedance. Therefore, in the case of 808 nm VCSEL arrays,
the GaAs substrate needs to be removed. This section describes the processing and
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Au-plating Bonding-pad
Passivation & isolation
layer (Si3N4)

Active region

Ring contact

GaAs substrate

Light output

Oxidation thru exposed
mesa side-walls

Etch-stop layer

N+ GaAs
contact layer

Au-plating Bonding-pad metals
Passivation & isolation
layer (Si3N4)

Oxidation thru exposed
mesa side-walls

P-metal disks for contact
& mesa etching

N-GaAs substrate (thinned and polished)

Light output

N-contact

AR-coating

(a) 976nm, bottom-emitting VCSEL array cross-section

(b) 808nm, top-emitting VCSEL array cross-section

Fig. 8.10 Schematic cross-section of a 2D VCSEL array for a 976 nm operation, and b 808 nm
operation [26, 27]

packaging steps of these high-power 808 nm VCSEL arrays. First, the epitaxial side
of the sample is fully processed as shown in Fig. 8.10b. At this stage, the arrays are
tested at the wafer level (before cleaving and separation) to check for performance
and excessive dead pixels for example. Refering to Fig. 8.11 the process can be
summarized as follows:

(a) Processing of the epitaxial side (Fig. 8.10b),
(b) The sample, with the epitaxial side fully processed, is bonded onto a sacrificial

carrier using a special bonding agent,
(c) The GaAs substrate is removed using a selective wet-etch. The etch-stop layer

is then removed using another selective wet-etch, thus exposing the N+ GaAs
contact layer. At this stage, the sample is only 10 µm thick,

(d) Patterned N-metal pads are evaporated onto the N+ GaAs contact layer. Alloy-
ing temperature is minimized to avoid affecting the bonding agent, while still
providing an ohmic contact. These bonding pads are then plated with Gold,

(e) The individual arrays are cleaved. Each array is still attached to its individual
sacrificial carrier,
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(a) VCSEL sample with processed epitaxial side

(b) Sample bonded to carrier substrate

Carrier substrate Bonding
agent

(c) Substrate and etch-stop layer removal

(d) Processing of N-metal bonding pads

(e) Cleaving of individual VCSEL arrays

VCSEL array

GaAs substrate

(f) Die-attach onto submount

(g) Carrier substrate removal

(h) Wire-bonding and testing

Submount

Solder

Wire-bonds

PN

N-metal pads

Light output

Fig. 8.11 Processing and packaging steps for 808 nm VCSEL arrays. The chip soldered on the
submount is only 10 µm thick [27]

(f) Each array/carrier assembly is then soldered to a high-conductivity submount
(such as diamond),

(g) The sacrificial carrier is removed and the array-on-submount assembly is cleaned,
(h) The array is wire-bonded and tested.

Even though the chips are very thin (10 µm), we successfully soldered them
on diamond heat-spreading submounts. The plating thickness is optimized and an
appropriate solder is chosen to account for the large CTE mismatch between diamond
and GaAs. The chip-on-submount can be further packaged onto a micro-channel
cooler to increase the heat removal capacity, especially for continuous-wave (CW)
operation. For quasi-CW (QCW) operation, other submount materials such as BeO
(better CTE match to GaAs and less costly than diamond) can be used.

We found that our selective oxidation process was extremely uniform within an
array and from array to array within the same sample. Thus, we believe the selective
oxidation process is well suited for VCSEL arrays even larger than 5 mm × 5 mm
and for the production of these arrays.
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Fig. 8.12 a Picture of a fully packaged 976 nm, 2D VCSEL array on micro-channel-cooler and
b CW LIV characteristics. The array achieves a maximum PCE of 51% for an output power of
13 W at 16A [26]

8.4 Results

For properly designed arrays, there is little drop in PCE compared to the single device
results. Figure 8.12 shows a 976 nm, 5 mm×5 mm VCSEL array chip fully packaged
on a micro-channel cooler and the LIV characteristics of a high-efficiency array. This
array achieves a maximum PCE of 51% (similar to a single device) at a CW output
power of 13 W.

For higher power and power-density, arrays with more closely spaced elements
were fabricated for CW and QCW (typically 1–500 µsec pulse-width and 0.1–10%
duty-cycle regime) operation. Care must be taken to avoid thermal crosstalk effects
[47, 48]. The results are shown in Fig. 8.13. The CW array has an emission area of
0.22 cm2 and was operated under constant heat-sink temperature (15◦C). A record
231 W output power was reached at a 320 A drive current, limited by thermal roll-
over, corresponding to a power-density of 1 kW/cm2. This array has a peak conver-
sion efficiency >44%. The QCW chip is smaller (0.028 cm2 area) and was designed
to operate in the 100–125 A window. The chip-on-submount was not packaged on
a micro-channel-cooler. Instead, it was tested directly on a temperature-controlled
stage maintained at 20◦C. A QCW power of 100 W is achieved at 125 A, correspond-
ing to a record 3.5 kW/cm2 power-density.

Figure 8.14a shows a fully packaged 3 mm × 3 mm 808 nm VCSEL array on
diamond submount. The emission area is 2.8 mm × 2.8 mm and has approximately
3,000 elements. The LIV results are shown in Fig. 8.14b. The array rolls over at 58 W
output power at 70 A. A peak PCE of 42% is achieved at 17 W (18 A).

Figure 8.15 shows the LIV results for a 5 mm × 5 mm 808 nm VCSEL array. The
emission area is 4.8 mm × 4.8 mm and has approximately 10,000 elements. Output
power exceeds 120 W (125 A). A peak PCE of 42% is achieved at 27 W output power
(31 A drive current).
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Fig. 8.13 a High-power 976 nm VCSEL array achieving 231 W of CW output power at 320 A.
b High-power-density 976 nm QCW VCSEL array. At 125 A, the output power is 100 W, corre-
sponding to a 3.5 kW/cm2 power-density [26]
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Fig. 8.14 a Photograph of a fully packaged 808 nm VCSEL array on diamond submount. The chip
is 3 mm × 3 mm and the emission area is 2.8 mm × 2.8 mm. b LIV characteristics of the chip [27]

The wavelength spectrum and intensity far-field profile were measured at 100 W
(125 A) for the 230 W, 976 nm array and the results are shown in Fig. 8.16. The beam
is circular, with a quasi-top-hat profile. The 1/e2 full-width divergence angle is 17◦.
Since such beam characteristics can be achieved without any optics, VCSEL arrays
present a cost-effective solution for direct pumping applications. Also, such beam
charateristics make 808 nm VCSEL arrays ideal candidates for compact, portable
hair-removal [17] and infra-red illuminator [18, 19] units. In addition, in the case
of illuminators, VCSEL arrays with a large number of elements (>100) have the
added benefit of speckle-free emission, with no interference patterns, thus greatly
improving image quality.

The spectral full-width at half-maximum (FWHM) of these arrays is only 0.8 nm,
about five times less than the spectral width of edge-emitter bars or stacks (typically
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Fig. 8.15 LIV characteristics of a 5 mm × 5 mm 808 nm VCSEL array [27]
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Fig. 8.16 a Wavelength spectrum and b far-field intensity distribution at a 100 W output power
(125 A) from the 231 W array shown in Fig. 8.13a [26]

in the 3–5 nm range). We also measured the wavelength shift as a function of the
heat-sink temperature to be 0.065 nm/K, identical to the value for single devices.
This value is five times less than that of edge-emitters (typically 0.33 nm/K). There-
fore, similarly to single-devices, high-power VCSEL arrays benefit from an intrinsic
narrow spectrum and stable emission wavelength. This is useful for many pumping
applications where the medium has a narrow absorption band.

Our current 3” production wafers have a Fabry-Pérot etalon-wavelength stan-
dard deviation of less than 1 nm. Such excellent uniformity was achieved through
optimization of the growth process for these particular VCSEL structures. From ther-
mal simulations, we expect that the spectral width will not increase significantly for
larger size (cm) chips.
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Fig. 8.17 Schematic of the
high-brightness VCSEL
array fiber-coupling
scheme [26]
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Initial reliability results on arrays operating continously (>10,000 h) at 50 W
output and 30◦C submount temperature show very little degradation (<8%),

in agreement with previous work [11] in which the authors reported more than 10,000
operating hours for a smaller 1 W array.

8.5 High-Brightness VCSEL Arrays

Certain applications, such as fiber-lasers, require that the pump light be fiber-coupled
and other applications, such end-pumping of solid-state laser rods, require that the
pump light be focused into a small, low-diverging spot. In these cases, a high-
brightness source is required. The brightness is the ratio of the output power to
the étendue (the étendue is the product of the emitting aperture area and the solid
angle into which the power is emitted). In the case of VCSELs, a high-brightness
pump can be fabricated by using a 2D array of hundreds or thousands of small low-
power devices, followed by a micro-lens array (with the same layout as the VCSEL
array) and a focusing lens to efficiently couple the power into a fiber or a small spot
(Fig. 8.17).

The purpose of the micro-lens array is to collimate the individual beams of the
array, thereby filling the emission area and reducing the divergence of the overall
beam. Such an approach has been successfully demonstrated in Ref. [49], in which
the authors used 2D VCSEL arrays of 40×40, 10 µm-diameter-aperture, multi-mode
devices. These arrays exhibited 1.2 W CW output power and the authors demonstrated
coupling with 75% efficiency into a 1 mm-diameter/0.22 NA fiber, corresponding to
a fiber-out brightness of 1 kW/(cm2 sr).

The brightness is very sensitive to the beam quality of the individual elements
in the array, as it is inversely proportional to the square of the “M2” parameter
(beam-quality parameter) [50]. Whereas M2 is in the range 1.2 for good single-
mode devices, it can rapidly rise above 10 for multi-mode devices, severely impact-
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Fig. 8.18 a LIV characteristics of a single-mode bottom-emitting 980 nm VCSEL device. The
aperture diameter is 4 µm. The device operates single-mode up to 4.2 mW (5.1 mA). b Wavelength
spectrum at 5.1 mA showing a >34 dB SMSR [26]
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Fig. 8.19 a LIV characteristics of a single-mode top-emitting 808 nm VCSEL device. The aperture
diameter is 4 µm. The device operates single-mode up to 4.7 mW (6 mA). b Wavelength spectrum
at 6 mA showing a >20 dB SMSR [27]

ing the brightness of the source. To improve the brightness of 2D VCSEL arrays,
we have developed small, high-efficiency single-mode devices at the 808 and 976 nm
wavelengths. Typical LIV and spectral characteristics are shown in Figs. 8.18, 8.19.
These devices exceed 40% PCE at 1.1–1.2 mW output power (single-mode), and
exhibit >4 mW peak single-mode power, with good side-mode suppression ratio
(SMSR).

Fiber-coupled pump modules were built at 976 nm for fiber-laser pumping applica-
tions. Figure 8.20 shows a completed module and the corresponding fiber-out power
versus current characteristic. The fiber used has a 400 µm-diameter core and a 0.46
numerical aperture (NA). Maximum fiber-out power is 40 W, corresponding to a fiber-
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Fig. 8.20 a Picture of the completed high-brightness fiber-coupled VCSEL pump module. The fiber
has a 400 µm-diameter core and a 0.46 numerical aperture; b fiber-out power characteristics [26]

out brightness of more than 48 kW/(cm2 sr). Such high-power modules are useful
for fiber-lasers because they avoid the need of multiple lower-power edge-emitter
pump modules. Furthermore, these modules are intrinsically wavelength-stabilized.
Recently, by increasing the single-mode power of the individual VCSEL elements
in the array, a very high brightness of more than 10 MW/(cm2 sr) has been demon-
strated [50].

8.6 High-Energy VCSEL Arrays

8.6.1 VCSEL-Based Active Q-Switch

There is increased interest from the military for a compact range finder to equip
the individual soldier, thus providing him with a light-weight tool for high-precision
targeting engagements. One of the main components of this micro-laser-range-finder
(µLRF) is the saturable absorber Cr-doped YAG (Cr4+ : YAG) Q-switch [51]. This
Q-switch is passive. However, a pulse-coded signal would be desired for these range-
finder applications. This means that the Q-switch needs to be actively turned on and
off and thus a series of non-evenly-spaced pulses can be sent. This way other signals
and jamming can be discriminated against.

For this purpose, we developed high-energy 5 mm × 5 mm VCSEL arrays and a
power supply for 100 nsec pulses to pump the Cr crystal [52]. The fully assembled
active Q-switch is shown in Fig. 8.21. Each array has an output energy of 220 µJ
at a 2 kA current, corresponding to a record peak power of 2.2 kW, as shown in
Fig. 8.22.



8 High-Power VCSEL Arrays 285

Crystal

Contact electrodes

Holder

Ceramic submount

VCSEL array chip

(a) (b)

Fig. 8.21 a Fully assembled VCSEL-based active Q-switch module, and b detail showing the
crystal with one of four VCSEL chip against the bottom facet [52]

Fig. 8.22 Energy and
peak-power versus current
(100 nsec pulse-width) for a
5 mm × 5 mm 2D VCSEL
array chip [52]
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The main advantage of VCSELs is that since they are not subject to COD, they
do not fail when operated at many times their roll-over CW current, at such high
output energies. Also, their unique geometry and properties allow for direct assembly
against the crystal facets, without the need for coupling optics or isolators. The detail
in Fig. 8.21b shows how one of the VCSEL array chip is directly pressed against one
of the crystal facet that is anti-reflection coated at 980 nm. In fact, the crystal is held
in place by the pressure of all four VCSEL chips against its facets. The four VCSEL
arrays provide a combined energy of close to 1 mJ into the crystal, thus providing a
means to actively control the Q-switch.
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5cm

5cm

Single VCSEL array chip

Fig. 8.23 Photograph of short-pulse array module for designator and beacon applications [52]

8.6.2 Short Pulse VCSEL Array Modules

For designator and beacon military applications, we developed large modules
of VCSEL arrays operated under very short pulses (20–100 nsec). The module
(Fig. 8.23) comprises 64 VCSEL arrays connected in series. Each array is 5 mm ×
5 mm and mounted on a removable individual carrier for easy replacement in case it
fails. The module is approximately 5 cm × 5 cm. To operate this module, a custom
power source delivering a peak current of 1.5 kA with a pulse width of 30 nsec was
developed. For this first generation module, non-optimized VCSEL arrays deliver-
ing 20 µJ at 1.5 kA (30 nsec pulse) were used, for a module total energy of 1.28 mJ.
However, these numbers were limited by the power supply.

For designator applications, low divergence is required and the high-brightness
technology discussed in Sect. 8.5 can be used. The beam divergence for designator
applications from the existing array is about 24 mrad (half-angle). High-energy large
array such as shown in Fig. 8.23 with narrow divergence can be made for designator
applications with this technology. With new arrays this number is being reduced to
8 mrad. For beacon applications, where low-divergence is not required, the module
can be used as-is. Higher-energy arrays are being developed [52].

8.7 Conclusions

It is possible to use VCSEL technology to make compact high-efficiency high-power
pump sources. High-efficiency top-emitting 808 nm and bottom-emitting 976 nm
VCSEL devices were developed for high-power arrays. The scaling behavior of
976 nm devices showed that even very large aperture devices maintain relatively high
PCE. Large 2D arrays were fabricated and record power levels were demonstrated
at 976 and 808 nm. It was also shown that many of the advantages on which low-
power single VCSEL devices built their success are preserved for these high-power



8 High-Power VCSEL Arrays 287

VCSEL arrays. These advantages include low manufacturing costs, spectral stabil-
ity and beam quality. Although the conversion efficiency of VCSELs has improved
significantly in recent years (>50%), it still lags a bit behind that of edge-emitters
(>60% for commercial products). Still, since VCSELs can operate reliably at high
temperature, the overall system efficiency could be higher using VCSELs since a
refrigeration apparatus would not be needed. For the fabrication of 808 nm VCSEL
arrays, a process was successfully developed in which the GaAs substrate is com-
pletely removed and the 10 µm-thick chips are soldered onto diamond submounts
for efficient heat removal. These 808 nm VCSEL arrays are promissing candidates
for such applications as laser-based skin treatment and infra-red illumination.

High-brightness high-power VCSEL-based pump modules emitting at 976 nm
were also fabricated. These units deliver 40 W out of a 400 µm/0.46 NA fiber, corre-
sponding to a fiber-out brightness of 48 kW/(cm2 sr) and more recent developments
yielded modules with 10 MW/(cm2 sr) brightness.

These 2D VCSEL arrays can also operate under short pulses (<200 nsec) at many
times their roll-over CW current without any COD-induced failure, making them a
reliable laser source for high-energy applications such as designators, beacons, and
active Q-switch modules. Arrays with a record peak power of 2.2 kW under 100 nsec
pulse have been demonstrated. Also, modules delivering 1.28 mJ (30 nsec pulse) have
been demonstrated.

Because of their significant and unique advantages in terms of costs, reliability,
and performance VCSELs could become the next technology of choice for compact
and efficient high-power semiconductor laser sources for many applications.
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Chapter 9
High-Contrast Grating VCSELs

Connie J. Chang-Hasnain

Abstract We review a recent invention of single-layer one-dimensional high-index-
contrast subwavelength grating (HCG) and its incorporation into a VCSEL structure.
The HCG is approximately 50 times thinner than a conventional distributed Bragg
reflector (DBR), but offers higher reflectivity with a much broader spectral width.
It provides lithographically defined control of polarization, transverse mode and
emission wavelength. Using this ultrathin reflector, the tunable mirror in a micro-
mechanical HCG-VCSELs are fabricated with a 104 times volume reduction and
more than two orders of magnitude improved tuning speed.

9.1 Introduction

Surface-emitting lasers was first proposed by K. Iga [1], however, significant
advance was made possible only after epitaxy tecnology became mature enough
for precision growth of tens pairs of distributed Bragg reflectors (DBRs) [2–4].
This rendition of surface emitting lasers, with active region sandwiched between
two highly reflecting DBRs, are referred to as vertical cavity surface emitting
lasers (VCSELs). The DBRs typically consist of layers of materials with alter-
nating high and low refractive indices. Because of the very short gain length in
VCSELs, a very high reflectivity (>99%) is required for the DBRs. Hence, the
DBRs are typically very thick, consisting of 20–30 or 50–60 pairs of alternating
index materials for 850 nm and 1550 nm VCSELs, respectively. A planar VCSEL
structure using proton implantation was first proposed and demonstrated, which
facilitated fabrication of large VCSEL arrays and multi-wavelength arrays [5, 6].
It was shown that multiple transverse mode (MM) VCSEL can be obtained with
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a large aperture [7] and directly modulated at multiple Gbps rates. The use of
MM-VCSEL as transmitter through low-cost multi-mode fiber for high speed optical
interconnect applications was first suggested and demonstrated in 1991 [8]. Trans-
mitters were developed in mid-1990s [9] and has been dominating the transceiver
market for Gbps local area netowrks.

It suffices to say that DBRs remain to be the most challenging problem for the
realization of VCSELs in various wavelength regimes. Recently, we reported a novel
mirror to replace the DBRs. This mirror consists of a single layer of one-dimensional
(1D) subwavelength grating made of materials with a large refractive index con-
trast, and hence the name high-contrast grating (HCG) [10–12]. The results in this
seemingly extremely simple geometry are a wealth of unexplored and unexpected
properties.

First of all, HCGs provide an extraordinarily broad bandwidth of high reflectiv-
ity for waves propagating in the surface-normal direction to the plane of gratings.
We reported the incorporation of HCG to a VCSEL structure with a determined
polarization direction [13, 14]. Single transverse mode emission was obtained with
a HCG as small as 4 periods [15] and as large as 12μm aperture [16]. We showed
that VCSELs performance is not compromised with an extranordinarly large dimen-
sion variation, and even its emission wavelength can be made fairly insensitive to
HCG dimensions. Yet, with an appropriate design, the HCG-VCSEL emission wave-
length can be made to vary by HCG period and duty cycle. This makes it possible
to make monolithic multi-wavelength VCSELs on one wafer with uniform epitaxy
[17]. Simulation results show that over 100 nm wavelength span can be attained.
Two dimensional lens or reflector can be made by varying the duty cycle and period
of HCGs, which are desirable to control the transverse modes of VCSEL [18, 19].
Making the HCG a movable mirror in a VCSEL, tunable VCSELs with wide tuning
range and rapid tuning speed can be achieved [15, 20]. Both will be useful to fab-
ricate cost effective multi-wavelength arrays for wavelength division multiplexing
(WDM) applicaitons. Finally, most recently, HCG with various material combina-
tions have been demonstrated and incorporated into VCSELs with 980, 1,300, and
1,550 nm wavelength regimes [16, 21–24]. In this chapter, we provide a system-
atic review of experimental and numerical simulation results demonstrating many
desirable attributes in HCG-VCSELs.

9.2 High-Contrast Subwavelength Grating (HCG)

High-Contrast Grating (HCG) is a single-layer subwavelength grating where the
refractive index contrast between the grating high index region and low index region
is relatively high. As a grating with a period smaller than the wavelength, known as
subwavelength grating, only the 0-th order diffraction exists; all the higher diffraction
orders are evanescent modes.

Several research groups studied subwavelength grating in the past a few years with
the advent of subwavelength lithography for optoelectronics. It has been reported
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that subwavelength gratings can be used to select the polarization and suppress
higher order modes for the output light of vertical cavity surface emitting lasers
(VCSELs) [25–27]. All these subwavelength gratings were fabricated on a substrate
by advanced etching technology. Since the etched surface only creates a refractive
index modulation on the substrate, there is no index contrast between the high index
region of the grating and the substrate it sits on.

In this chapter, we will focus on another type of subwavelength grating: high-
index-contrast subwavelength grating, or HCG, where the high index grating strips
are surrounded by low index material. We will show that this novel grating structure
has many unique properties with a wide range of applications.

9.2.1 HCG as Broadband Reflector

In an effort to realize an ultra-thin mirror with high reflectivity and broad spectral
width, we arrived at a simple design of HCG. Figure 9.1 shows a schematic of two
versions of subwavelength HCG mirrors. The HCG structure consists of a single layer
of periodic grating structure with a highly refractive index material that is surrounded
by low index materials. Shown in Fig. 9.1 are cases with air as the low index medium
on top and between the stripes. A second low index material is used below the grat-
ings in Fig. 9.1a [10–12], whereas the same low index material is used for case in
Fig. 9.1b [12–14]. Figure 9.1a can be realized using silicon-on-insulator (SOI) sub-
strates or GaAs on AlOx, whereas (b) on a AlGaAs substrate with a selectively
removed layer, as will be described in Sect. 9.3.

The HCG is polarization sensitive by its nature of 1D periodicity. However, high
reflectivoty can be designed to reflect light either with polarization along or per-
pendicular to the gratings, so noted transverse electric (TE) and magnetic (TM)
polarization. Figure 9.1a, b are drawn with TM and TE polarized light intentionally
to show the feasibility, respectively.

The design parameters for the structure include the indices of refraction of the
high and low index materials, grating period (�), grating thickness (t), grating
duty cycle (η), and, if applied, the thickness of the low index layer under the
grating (tL). The duty cycle (η) is defined as the ratio of the width of the high
index material with respect to the period. Using an SOI-HCG structure, broadband
(1.12–1.62 μm), high reflectivity (R > 98.5%) was reported [11]. This is the widest
bandwidth (�λ/λ > 35%), high reflectivity mirror reported by a grating structure.

Broadband reflectivity can be designed for both TE- and TM- polarized surface-
normal incidence light. Figure 9.2a, b shows an example calculated reflectivity
spectra for E-field parallel and perpendicular to the grating direction (y) for TM-
and TE-HCGs using rigorous coupled wave analysis (RCWA) [28], respectively.
As shown here, if the reflectivity is optimized for one E-field orientation (e.g. 99.5%),
the reflectivity for the other direction but is mostly significantly lower, e.g. <60%.

This difference is very large for typical VCSELs and, hence, polarization of the
lasing mode will be determined by the grating design. The HCGs in Fig. 9.2 are
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Fig. 9.1 Schematic of a TM polarized [10] (© 2004 IEEE), b TE polarized high-contrast grating
(HCG) [14] (© 2009 IEEE). The gratings are fully surrounded by low index medium, which leads to
the extraordinary broadband reflection. Thick vertical arrows show the light propagation directions.
The thin horizontal arrows attached to them show the E-field polarization directions. In a, the HCG
sits on a second low index medium, e.g. SiO2 or AlOx. Whereas, in b, the HCG can be freely
suspended
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Fig. 9.2 Calculated reflectivity spectra for surface-normal incident plane waves with E-field along
x and y directions for a TM- and b TE-HCG. The TM-HCG has an very high reflectivity for E-field
aligned in x direction but significantly lower for y direction. The opposite is true for TE-HCG. This
enables polarization selection in HCG-VCSELs [14] (© 2009 IEEE)

designed for 850 nm wavelength and consist of periodic Al0.6Ga0.4As stripes as the
high index material, surrounded by air as the low index material. It is interesting
to note that the dimensions are substantially different. For TM-HCG, the grating
parameters �, a and t are 380, 130 and 235 nm, respectively. For TE-HCG, �, a
and t are 620, 400 and 140 nm, respectively. Depending on the specific applications,
one type of HCG may be more desirable to use. Although we use Al0.6Ga0.4As/air
as an example here in designing the broadband HCG mirrors, the basic principle
can be applied to almost all systems with high refractive index contrast, such as
Si/air/SiO2, GaAs/Al2O3, GaN/air, and ZnSe/CaF2. In general, the larger the index
contrast is, the broader band it is possible to achieve.
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Fig. 9.3 Reflected power
for light polarized
perpendicularly to the
grating lines. A simple
scaling factor (6.5) applied
to the dimensions gives
completely overlapped
traces. Thick line is centered
at 1.55 μm while dashed at
10 μm [10] (© 2004 IEEE)
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One important fact is the wavelength scalability of HCG, as illustrated by Fig. 9.3.
By simply multiplying the dimensions by a constant, in this case 6.5, the reflection
band shifts from centered at 1.55–10 μm wavelength range with all features and
values being identical. This points out that different wavelength regime can basically
use the same design. Though not a surprising result from the Maxwell’s equations,
nevertheless, it is important to specifically highlight.

9.2.2 Physics of HCG

The reflectivity mechanism of an HCG is described as the following. For simplicity,
we consider the incident wave a surface-normal plane wave. Due to HCG period is
subwavelength, only the 0-th diffraction order exists in the reflected and transmitted
waves, which are plane waves. Physically, the HCG can be considered an array of
short slab waveguides with the propagation direction along the z-axis. The incident
wave excites multiple waveguide modes of the array. The first two or three modes
are propagating modes and, hence, carry energy and are most significant. The higher
order modes are below cutoff and have the form of evanescent surface-bound waves.
The incident wave excites an ensemble of these modes. After propagating through
the HCG thickness, each propagating mode accumulates a different phase. At the
exiting plane, due to a strong mismatch to the existing plane wave (the higher order
diffractions are evanescent waves), the waveguide modes reflect back not only into
themselves but also couple into each other. As the modes propagate and return to the
input plane, similar mode coupling occurs. Following the modes through one round
trip, the reflectivity solution can be attained [29–31].

The HCG thickness determines the phase accumulated by the modes, and there-
fore controls their interference, making the thickness of the HCG an important
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design parameter. Depending on the grating thickness, a constructive or destructive
interference between these two modes could occur at the output plane which thus
determines the reflectivity of the HCG [31].

Destructive interference in this case does not mean that the fields are zero every-
where. Rather, it means that the spatial mode-overlap along the bottom interface with
the transmitted plain-wave is zero, yielding a zero transmission coefficient. This pre-
vents optical power from being launched into a transmissive propagating wave, and
thus causes full reflection.

There are two major index contrasts that lead to the extraordinarily broad, high
reflectivity spectrum of HCG. The contrast between the grating bars and the medium
in-between determines the array waveguide modes: their propagation constants, field
profiles and cut-off wavelengths. With a large contrast between grating bars and space
in-between, the wavelength span that an HCG has exactly two propagating modes is
large. Furthermore, the propagation constants are rather insensitive to wavelength.
These are the main reasons for the broad band. The index contrast between the HCG
and the input and output planes are critical to control the coupling between the modes.
A large contrast results in a strong coupling and mode mixing, which is essential for
the high reflectivity as well as broad band.

Throughout this chapter, the reflectivity of HCG is simulated using the RCWA,
a broadly accepted method that uses a matrix formalism to analytically solve for
the reflected and transmitted diffraction orders of planar gratings. In addition, we
used an FDTD commercial package for purposes of verification. We also developed
analytical solution for subwavelength HCGs [29], based on mode matching between
the modes inside HCG and the free space modes outside it, as discussed above. As
the derivation is rather lengthy, it is not included here. Readers are encourage to read
the manuscript for details [29]. We have found excellent agreement between RCWA,
FDTD and our mode matching calculations.

It should be mentioned that HCG can behave as a resonator with a high quality
factor (Q) and surface-normal emission, a broadband reflector for incident wave at
any angle, and be used as the reflective cladding for hollow-core waveguides with
ultra low propagation loss [31]. A transparent HCG can be designed to achieve
tunable optical phase and used as a tailorable birefringent material. Finally, a non-
periodic HCG can be designed to function as a planar, high numerical aperture, low
loss, focusing reflectors and lenses [12, 18, 19, 32].

9.3 HCG-VCSEL Design and Fabrication

The HCG can be easily incorporated into a VCSEL in several ways. Figure 9.4
shows the schematic of a 850 nm VCSEL with a freely suspended AlGaAs HCG.
The VCSEL consists of an HCG-based top mirror, a λ-cavity layer, and a conven-
tional semiconductor-based bottom n-DBR mirror. The λ-cavity contains a multiple
quantum well active region. The top mirror consists of two parts: an HCG and an
M-pair p-doped DBR, where M is small (2∼4). The M-pair p-DBR is mainly used for
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Fig. 9.4 The cross-section schematic of HCG-VCSEL. The top mirror consists of a freely-
suspending HCG and M-pairs DBRs. M = 2 or 4. Reprinted by permission from Macmillan pub-
lishers Ltd: nature photonics [13], copyright (2007)

providing current injection into the active region while protecting the active region
during the fabrication process. While the p-DBR does increase the overall reflectivity
of the top mirror, the number of p-DBR pairs can be reduced or eliminated because
a single-layer HCG is capable of providing sufficient reflectivity (R>99.9%) as the
VCSEL top mirror. Electric current injection is conducted through the top metal
contact via the p-doped HCG layer and through the bottom metal contact via the
n-DBR. Current confinement of is achieved through the use of an aluminum oxide
aperture.

In this chapter, majority of the discussion and data will be based design of Fig. 9.4,
as there are much data on this first demonstrated structure. It is without doubt that
further advances will be made on the other newly reported structures [16, 20–24].

The HCG structure used in the VCSEL top mirror can be either TM-HCG or
TE-HCG. For 850 nm VCSELs in Fig. 9.4, the air gap distance between the HCG
and M-pairs of DBR is designed to be 5λ/4 or odd number of quarter-λ. This is a
direct result of the fact that there is little field penetration into this particular HCG,
a consequence of the broad band by design. As will be seen in Sect. 9.6 this needs
not be the case if HCG is designed differently. The smallest lithography dimension
for the HCGs is the air spacing (a); for TM-HCG, it is ∼130 nm, but for TE-HCG,
it is as large as 400 nm.

The fabrication process of the HCG-VCSEL in Fig. 9.4 is similar to that of a
standard VCSEL, including metal depositions, mesa formation etch, thermal oxida-
tion, and HCG definition. The HCG is patterned by electron-beam lithography on
poly-methyl methacrylate (PMMA) photoresist, which provides the design flexibil-
ity in terms of the grating period and duty cycle. The lithography patterns are then
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Fig. 9.5 a SEM image of fabricated TM-HCG-VCSEL, where the grating is aligned to the center of
the device mesa. b Close-up SEM image of the freely-suspended grating, where a stress-relief trench
is used to eliminate buckling of the grating. c Zoomed-in SEM image of the fabricated individual
grating stripes. Reprinted by permission from Macmillan publishers Ltd: nature photonics [13],
copyright (2007)

transferred through a wet or dry etching process. Finally, a selective etch process is
carried out to remove the GaAs sacrificial material underneath the HCG layer and to
form the freely suspending grating structure.

Scanning electron microscope (SEM) images of the fabricated HCG-VCSEL are
shown in Fig. 9.5. Figure 9.5a shows the overview of a HCG-VCSEL, with top
contact, bottom contact, and HCG labeled in the figure. HCG is patterned in the
center of the VCSEL mesa aligned with the oxide aperture. Figure 9.5b is a close-up
SEM image of the freely-suspending HCG, where a stress-relief trench is used to
eliminate buckling of the grating. Figure 9.5c shows the zoomed-in SEM image of
the fabricated individual grating stripes.

9.4 Optical Characteristics of HCG-VCSEL

9.4.1 Light–Current and Near Field Characteristics

Single mode, continuous-wave (CW) operation of HCG-VCSELs, was demon-
strated for both TM-HCG and TE-HCG at room temperature. Figure 9.6a, b shows



9 High-Contrast Grating VCSELs 299

0 0.5 1 1.5 2 2.5
0

0.2

0.4

0.6

0.8

1

Current (mA)

P
ow

er
 (

m
W

)

840 845 850 855

-80

-60

-40

Wavelength (nm)

In
te

ns
ity

 (
dB

)
>40dB11 >40dB

(a) (b)
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Fig. 9.7 Measured optical near-field beam profile of a TM-HCG-VCSEL. The optical emission has
a symmetrical, fundamental mode Gaussian beam profile [14] (© 2009 IEEE)

typical optical output power versus input current (LI) and voltage versus current (VI)
characteristics for a TM- and TE-HCG-VCSEL, respectively. The device has very
low sub-mA threshold currents and output power >1 mW. Threshold current reduc-
tion is seen with HCG-VCSELs, attributed to a much lower free-carrier absorption
associated with p-DBRs. The insets shows typical emission spectra. Single mode
emission with a >40 dB side-mode suppression ratio (SMSR) was obtained. The
high SMSR can be attributed to the optical confinement of aluminum oxide aperture
and an angular dependence of HCG reflectivity.

Figure 9.7 illustrates the near-field optical characteristics of the emission beam
from a typical TM-HCG-VCSEL. Despite the grating having a rectangular geometry,
the optical emission output remains to be a symmetrical, fundamental mode Gaussian
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profile, which is the optical mode of the laser. The beam diameter is measured to be
about 3 μm, which is characterized by the width of the 99% drop in intensity. The
near field intensity distribution for a TE-HCG-VCSEL is basically the same though
not shown here.

9.4.2 Lithographically-Defined Polarization Control

In a conventional VCSEL, polarization modes are degenerated transverse modes. Due
to the lack of polarization selection, polarization mode hopping of a VCSEL can cause
mode partition noise in an optical communication link [33].The polarization state in
VCSELs can be controlled by introducing anisotropy in the waveguide such that only
one polarization state is supported, or by providing a polarization dependent gain
or loss [34–38]. Recent progress on polarization-stable VCSELs are summarized in
Chap. 5 of this book.

The inherent reflectivity difference between TM and TE polarized light in HCG
results in a large polarization-dependant modal loss. In this section, we present
highly effective and lithographically-defined polarization mode control in HCG-
VCSEL under both CW and dynamic operation. We will use TM-HCG-VCSEL as an
example. However, similar results can also be obtained for TE-HCG-VCSELs.

A TM-HCG-VCSEL emits TM polarized light with an electric field perpen-
dicular to the grating stripes since it sees a much higher reflectivity (as shown in
Fig. 9.2). Figure 9.8a shows SEM photos of 4 TM-HCG-VCSELs fabricated on
the same wafer with the grating orientation aligned to different directions relative
to [011] crystal plane at a 30◦ step while keeping the rest of the structure exactly
the same. Polarization-resolved output power is measured through a polarization
filter as a function of its angle relative to [011] crystal plane. Figure 9.8b shows
the polarization-resolved power for the four different lasers. As the HCG is TM-
polarized, the maximum output is expected at 90◦ from the stripe orientation. The
experimental data in Fig. 9.8b indeed confirms this. For 0◦ orientated HCG, the
maximum and minimum powers at 90 and 0◦, respectively. An optical polarization
suppression ratio (OPSR) as high as 30 dB is obtained. For a 30◦, oriented HCG,
the maximum and minimum are 120 and 30◦, respectively. Similar observations
are found for the 60 and 90◦ oriented HCGs. The 30 and 60◦ HCGs have a reduced
mode discrimination with 20 dB OPSR, attributed to the gain anisotropy of the active
region. Similar behavior is found for TE-HCG-VCSELs. This clearly demonstrates
the HCG-VCSEL polarization can be lithographically determined with mode dis-
crimination as large as 25–36 dB.

Time-dependent OPSR under large-signal direct modulation for a TM-HCG-
based VCSEL was also characterized. This is a more stringent test criteria for polar-
ization mode selection, where the laser is switched from being totally off to on. In
this study, the laser was tested without a DC bias and is modulated with 5 Vpp rec-
tangular pulses, with an electrical pulse width of 1 μs width and a repetition rate
of 5 μs. Figure 9.9 shows the measured polarization-resolved emission spectra of a

http://dx.doi.org/10.1007/978-0-85729-259-9_9
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Fig. 9.8 a SEM photos of 4 identical TM-HCG-VCSELs fabricated on the same wafer with the
grating orientation aligned to different directions relative to [011] crystal plane at a 30◦ step.
b Polarization-resolved output power measured through a polarization filter as a function of its
angle relative to [011] crystal plane. The maximum and minimum outputs are 90 and 0◦ from the
stripe orientation, clearly illustrating polarization selection is determined lithographically by the
HCG orientation with mode discrimination as large as 25–36 dB [30] (© 2009 IEEE)

Fig. 9.9 Measured
polarization-resolved
optical spectra for a
TM-HCG-VCSEL
under a large-signal on-off
modulation [30] (© 2009
IEEE)

TM-HCG-based VCSEL. A very large OPSR of 28 dB is maintained showing the
effectiveness of HCG in polarization selection under dynamic modulation. Due to
the large carrier transient and chirp as well as thermal heating effects under pulsed
modulation, the measured spectrum was broadened in this case.
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Fig. 9.10 Finite difference
time-domain (FDTD)
simulation of mirror loss for
1st (solid) and 2nd (dotted)
order modes of a 6 μm
(9 period) TE-HCG and
standard top DBR (24 pairs).
The 2nd order mode sees
high mirror loss and will not
lase in HCG case, but will
lase in apertures larger than
∼3 μm in a standard VCSEL
structure

9.4.3 Transverse Mode Control

A VCSEL operates with a single longitudinal mode by virtue of its extremely short
cavity length. However, if the lateral diameter of the active region is large, multi-
ple transverse mode operation typically occur [7, 39]. For many applications, the
VCSEL’s operation in the fundamental transverse mode is important for high system
performance. Lateral transverse mode confinement of VCSEL by selective oxida-
tion has allowed the control of modal characteristics of small-aperture (<2–3 μm)

VCSELs [39]. However, the use of oxide apertures in VCSELs requires a tightly
controlled oxidation process and high power operation in the fundamental mode is
difficult to achieve. Considerable effort has been invested to achieve single-mode
operation with high output power in VCSELs, including the use of an antiguide
cavity [40], surface relief etching [37] and photonic crystal defects [41]. While
these methods have shown effectiveness in controlling emission mode, they typi-
cally require additional structural complexity and stringent fabrication control.

The HCG reflectivity can be designed to vary with incident angle, which has been
shown to be effective in transverse mode control. As large as 12 μm size VCSEL
exhibits single fundamental mode emission with a large SMSR greater than 42 dB
[16, 42]. This is in sharp contrast of oxide confined VCSEL, emitting multi-mode
typically with an aperture larger than 2 μm.

Numerical simulation is performed to study the oxide aperture size dependence on
the HCG-VCSELs performance, and the simulation results are very consistent with
the experimental observation. Figure 9.10 shows a finite difference time-domain
(FDTD) simulation of the transmitted mirror losses for the first and second order
transverse modes in a standard top DBR with 24 pairs and a 6 μm size (9 periods)
TE-HCG based mirror. The red lines show the mirror losses of the fundamental
(solid) and the second order (dotted) mode for a 6 μm TE-HCG-mirror. When the
aperture size increases, the mirror loss curve first goes down, then up, and can be
explained by the following: the HCG is designed to provide higher reflectivity for
surface-normal incident light than for incident lights with a small inclined angle.
For a specific mode, when aperture size is large, the divergence angle is small;
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a small divergence angle will experience a higher reflectivity from HCG. Therefore,
the mirror loss decreases when the aperture size increases at the beginning. However,
when the aperture size approaches the HCG size, due to the spreading of the light,
the light close to (or outside) the edge of the HCG will experience a lower reflectivity
(or little reflectivity). Therefore, when the aperture size approaches the HCG mirror
size, the mirror loss of the HCG starts to increase again. For the same size oxide
aperture, higher order transverse mode usually has a larger divergence angle (or
larger transverse k-vector). Therefore, in Fig. 9.10, the mirror loss of the second order
mode for the HCG-mirror is always higher than the mirror loss of the fundamental
mode. In fact, for a 6 μm HCG-mirror, the mirror loss of the second order mode is
so high that it never reaches the lasing condition. This explaines why HCG-VCSEL
can maintain single mode operation even when the oxide aperture size is relatively
large.

As a comparison, in Fig. 9.10, the mirror losses of a 22 pairs of DBR structures
are plotted in blue lines. Because the DBR structure has a much weaker angular
dependence for reflectivity compared to a HCG-mirror, the mirror losses for funda-
mental mode and 2nd order mode are very close to each other in DBR. When the
aperture size is larger than 2 μm, both fundamental and 2nd order mode will reach
lasing condition. Hence, the device will lase in multimode.

9.4.4 HCG Size Dependence

Since most of the simulations and analytic solutions are based on HCGs with infinite
periods, it is really interesting to investigate just how many periods of grating are
necessary to achieve lasing. To study the HCG size dependence, we fabricated a set
of TE-HCG-VCSELs with a variation in the HCG area from 2 × 2 to 8 × 8 μm2

with a step of 620 nm (period of the TE-HCG). All the devices have a 2 μm oxide
aperture. We obtained single mode CW lasing operation for all the devices with a
grating area larger than 3 × 3 μm2. The smallest HCG has as few as 4 periods or a
size of 3 μm × 3 μm × 145 nm, with a mass of just 5 pg! This means only 4 periods
of TE-HCG can already provide reflectivity as high as 99.5%. Figure 9.11 shows an
SEM image of the smallest working HCG-VCSEL. The alignment accuracy between
the HCG and oxide aperture is estimated to be 0.5–1 μm. Hence, it is perhaps possible
to have an even smaller HCG-VCSEL.

Light intensity-Current (LI) characteristics are measured for the lasing TE-HCG-
VCSELs with different grating sizes. Figure 9.12 shows the LI curves of devices with
different numbers of periods of TE-HCG. Device performance is fairly uniform for
the devices with larger TE-HCGs. Threshold is stable at about 1 mA. Once the number
of periods becomes less than 7, or the size of the HCG reaches 5 μm, the measured
laser threshold current exhibits an inverse relationship to the grating area. The device
threshold increases and slope efficiency decreases as the number of periods is further
reduced.
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Fig. 9.11 SEM image of the
freely suspended TE-HCG
with only 4 periods or a size
of 3 × 3 μm2

Fig. 9.12 Optical
characteristics for
HCG-VCSELs, showing the
light intensity versus injected
current for the set of
identical TE-HCG-VCSELs
with different grating sizes
and 2 μm oxide apertures

9.5 Fabrication Tolerance

For HCG-VCSEL, the most important parameters are associated with HCG dimen-
sions. First of all, the HCG thickness is determined by well-controlled MOCVD or
MBE epitaxial growth. Hence, most of the discussion here will focus on HCG period
and duty cycle, which are determined by lithography and etching.

Numerical simulation was performed for the fabrication tolerance of different
parameters in the HCG structure based on rigorous coupled wave analysis. The con-
tour plot in Fig. 9.13 shows the fabrication tolerance window for a fixed wavelength
of 840 nm, where both the grating period (�) and grating spacing (a) are varied. From
the simulated contour plot, we can see grating spacing a, the critical dimension in
HCG, has about ±30% fabrication tolerance while still maintaining >99.5% reflec-
tivity. Experimentally, a large number of HCG-VCSELs with different combinations
of grating spacing and period were patterned by using electron-beam lithography. In
Fig. 9.13, the white dots represent the grating spacings and periods of a large ensem-
ble of HCG-VCSELs measured by SEM. We demonstrated that the HCG structure
can have grating spacing variation from 80 to 120 nm (±20% of critical dimension
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Fig. 9.13 Simulated top
mirror reflectivity as a
function of grating spacing
and period for fixed
λ = 840 nm. The white dots
represent the combination of
grating spacing and periods
of the lasing
TM-HCG-VCSELs. [14]
(© 2009 IEEE)

a of 100 nm), and 40 nm variation in grating period (∼10% of the design period of
380 nm), while still providing enough reflectivity for the VCSELs to lase.

A lasing wavelength dependence study was performed for TM-HCG-VCSELs
with different grating spacing from 86 to 126 nm, but the same grating period of
392 nm and an oxide aperture of 2 μm. The lasing wavelength blue-shifts as little
as ∼2 nm or �λ/λ ∼ 0.2%, when the grating spacing increases by 40%. Similarly,
HCG-VCSELs with the same grating spacing (94 nm) but different grating periods,
ranging from 363 to 392 nm, were also studied. The lasing wavelength red-shifts
∼2 nm when the grating period is varied by 30 nm (∼10%). All these are drastically
different from conventional DBRs, where the wavelength shifts 1% with every 1%
of DBR dimension change [33]. This insensitivity of VCSEL wavelength HCG para-
meters arises because the particular HCG structure used here has very little power
penetration into the HGG, hence an extremely small phase-wavelength dependence
which contributes to the effective cavity length. (In Sect. 9.6, we will discuss how to
design HCG differently to achieve a large wavelength variation for multi-wavelength
array.) This is in sharp contrast with a DBR structure, whose high reflectivity comes
from interference of multiple reflections from different layers, and hence, by nature
having a large power penetration and effective length.

To study the fabrication tolerance for HCGs with non-uniform grating spacing
and period distribution within the same grating, each individual stripe of HCG was
intentionally designed and fabricated with a non-uniform and random distribution.
The average grating spacing size is 97 nm and the standard deviation is as large as
27 nm, nearly ±30% of the average. Similarly, we also studied gratings with a non-
uniform distribution of period, having an average period of 374 nm and a standard
deviation of 18 nm. Despite the large variation, a HCG-VCSEL with this random
grating still lased with threshold current ∼0.55 mA [43]. Besides these designed
fabrication errors, we fabricated several VCSELs with HCGs that were not com-
pletely etched through in parts or had lithographic defects. These VCSELs still lase
under room temperature, CW operation with reasonable threshold currents and out-
put powers. A SEM image of one such device where the HCG was etched with an
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Fig. 9.14 SEM image of a
TM-HCG-VCSEL patterned
with underexposed
photoresist. Despite obvious
imperfections, the device
still lased. Inset: Optical
power vs. current
characteristic of this device.
[14] (© 2009 IEEE)

underexposed photoresist pattern is shown in Fig. 9.14, with its LI characteristics
shown in the inset.

The large fabrication tolerance of the HCG structure originates from its broadband
nature and wavelength scalability. HCG is a broadband high reflective mirror (in this
design, the high reflectivity band �λ/λ >12% for reflectivity >99.5%). Also, by
varying the geometric dimension of HCG, the reflective spectrum of the HCG can
be scaled accordingly to achieve a high reflectivity for a specific wavelength. This
leads to the large fabrication tolerance in HCG-VCSEL fabrication.

9.6 Lithographically-Defined Multi-Wavelength
HCG-VCSELs

Wavelength division multiplexing (WDM) offers an ideal way to leverage the high
bandwidth of an optical fiber (�1 Tb/s) while using existing electronics operat-
ing close to 10 Gb/s. Consequently, monolithically-integrated, low cost, high-speed,
multi-wavelength (MW) sources are extremely desirable for both dense and coarse
WDM applications. Surface-normal emission, wafer-scale manufacturing and test-
ing makes vertical-cavity surface-emitting lasers (VCSELs) a cost effective solution
for MW sources. MW VCSEL sources can also be cost effective solutions for a wide
range of applications including local area networks, etc.

All monolithically integrated MW VCSEL arrays fabricated to date utilize thick-
ness variations either in the distributed Bragg reflector (DBR) or cavity layers to
achieve different emission wavelengths. A change in the layer thickness directly
translates to a change in the lasing wavelength due to the round trip phase condition
of a VCSEL cavity. Thickness variations achieved by leveraging the natural non-
uniformity in a molecular beam epitaxy (MBE) system [6, 44], patterned substrates
[45], nonplanar metalorganic chemical vapor deposition [46], or anodic oxidation of
a GaAs spacer layer [47] were reported. However, none of the previously reported
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Fig. 9.15 Schematic of the proposed HCG-VCSEL array. Modifying the lateral dimensions of the
HCG from VCSEL to VCSEL changes the HCG reflectivity phase, which facilitates control over
the lasing wavelength of each VCSEL. Thus, a MW VCSEL array can be created

techniques led to precise control of the lasing wavelength. In addition, due to compli-
cated fabrication processes, these techniques are not readily scalable to large arrays.

Note that the HCG discussed in previous sections are broad band reflectors, which
by nature have low wavelength-dependent phase and large tolerances to grating
dimension variations. With a different design, the phase (but not magnitude) of HCG
reflectivity can exhibit a large dependence on dimensions, leading to a wide range
of VCSEL emission wavelengths. We show HCG-VCSELs whose wavelengths are
significantly varied by tuning grating period and duty cycle (ratio between grating
width and period), while keeping the same epitaxy design (same layer thickness),
thus enabling the fabrication of MW VCSELs array using simple lithographic means.
As the laser wavelength is determined entirely by lithography, this design facilitates
precise wavelength control and arbitrary physical layout.

The VCSEL structure used in this simulation is similar to that reported in [48],
with the epitaxial top mirror being replaced by a HCG structure. A schematic
VCSEL design is shown in Fig. 9.15. The out-coupling mirror is a HCG, lithograph-
ically formed out of a semiconductor material like InP, with an air-gap underneath.
In principle, the top two layers could also be designed to be SiO2 as the low index
material and Si as the HCG as used in [10, 11].

The VCSEL wavelength is determined by the round-trip 2π phase condition
(9.1) as in any Fabry-Perot cavity:

4π
LCavity

λLasing
+ φHCG + φDBR = 2πm, (9.1)
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Fig. 9.16 Reflectivity a
magnitude, and b phase vs.
wavelength for various HCG
lateral dimensions, c The
design comprises of two
parts: the first ending at
1,565 nm and the second
beginning at 1,561 nm,
leaving a 4 nm overlap. Each
wavelength within the tuning
range has at least one
suitable HCG design

LCavity being the physical length of the cavity, λLasing being the lasing wavelength,
φHCG and φDBR being the reflectivity phases of the HCG and DBR mirrors, respec-
tively, and m is an integer. Hence, to attain a large wavelength range in λLasing with
the same epitaxy, i.e. same LCavity(φDBR being relatively insensitive to λLasing), we
need a design of HCG whose φHCG can be changed greatly with grating period and
duty cycle. In this case, by using a thicker HCG to facilitate a longer propagation
length for the HCG modes (array modes), the destructive interference condition to
yield a high reflectivity can be achieved with a larger wavelength dependence in
phase. This leads to a possibility to significantly change λLasing using only moderate
changes in HCG lateral dimensions. Figures 9.16a, b are reflectivity magnitude and
phase of HCGs with different periods and duty cycles (Fig. 9.16c), while keeping
the same thickness. It is obvious that this design is highly desirable for fabricating
lithographically-defined MW VCSEL arrays with an especially large wavelength
wavelength range.

A reasonable HCG thickness of only 900 nm is already thick enough to provide
wavelength tuning range in excess of 100 nm. The difference between the blue and
red curves (designs #1 and #2) in Fig. 9.16c is the integer m in (9.1). In this case,
there is a 4 nm wavelength window, at which two different HCG designs are suitable
for lasing. This overlap window between two different HCG designs is necessary to
make sure that the wavelength tuning range is continuous, i.e. without wavelength
gaps, at which no design works. This way, when one of the designs can no longer be
pushed to higher wavelengths, we can switch to a second HCG design (with different
dimensions) and extend the wavelength range even further.
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9.7 Tunable HCG-VCSELs

Tunable lasers are recognized as a highly desirable component for dense wavelength-
division multiplexing (DWDM) systems [49]. A wavelength-tunable semiconductor
laser has been constructed by combining an optical micro-electromechanical (MEM)
mirror with a VCSEL [49–56]. Such mechanically tunable lasers have been exten-
sively studied for various applications including optical networks, biomolecular
sensing, chemical spectroscopy and chip-scale atomic clocks. The MEM tunable
structures are desirable because they provide for a large and continuous tuning range
with high precision, and fast response. The monolithic integration of VCSEL and
MEMS brings together the best of both technologies and leads to an unprecedented
performance in wavelength tunable lasers with simple electrical control.

Previous demonstrations of MEM tunable VCSEL used a MEM design that was
relatively large, typically ∼200 μm long and 10−20 μm wide. The main reason
for such large size is due to the thickness of the top DBR held on the end of the
micromechanical structure [49]. The wavelength tuning is accomplished by applying
a voltage between the top DBR and laser active region, across the air gap. The applied
bias generates an electrostatic force, which attracts the top DBR downward toward
the substrate. This physical movement changes the optical length of the laser cavity
and thus produces a change (blue-shift) in the laser emission wavelength. In order to
achieve a large tuning range with a small voltage, the entire MEM structure must be
scaled with the DBR thickness. The large mass of the movable mechanical structures
translates into a slow tuning speed and high actuation power, as well as processing
difficulties.

The HCG is naturally suitable for forming a tunable MEM structure. With its
ultra-thin layer, 10–20 times thinner than a typical DBR, the other two dimensions
of the MEM structure can be reduced by similar numbers, resulting in a 104 times
mass reduction and close to three-order-of-magnitudes increase in tuning speed.

9.7.1 Design and Fabrication

A device schematic of the tunable VCSEL is shown in Fig. 9.17a. The device consists
of an n-doped HCG top mirror, a sacrificial layer, two (or four) pairs of p-doped DBR,
AlGaAs oxidation layer, a cavity layer containing the active region, and a bottom
standard n-doped DBR mirror, all monolithically grown on a GaAs substrate. The
main difference from the regular HCG-VCSELs is that, in the tunable structure,
sacrificial layer (to be removed to form the airgap) is typically undoped and the
HCG layer is n-doped, instead of both being p-doped. Electrical current injection is
conducted through the middle laser p-contact (via 2 pairs of p-doped DBRs above
the cavity layer) and backside n-contact (via substrate). An aluminum oxide aperture
is formed on the AlGaAs layer just above the active region to provide current and
optical confinement.
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Fig. 9.17 a Schematic of the tunable HCG-VCSEL using the highly reflective high-contrast sub-
wavelength grating as its top mirror. b Cross-section epitaxial design. The electric field generated
by reverse biasing the top two contacts creates the attractive force to pull the HCG downwards,
which in turn decreases the VCSEL cavity length and blue-tunes the emission wavelength [14]
(© 2009 IEEE)

The cross-sectional design of the device is shown in Fig. 9.17b. The HCG is
freely suspended above a variable airgap and supported via a nano-mechanical
structure. Various MEM supporting structures, including cantilever, bridge, folded-
beam (shown in Fig. 9.18), and membrane (4-fold supported bridge) are fabricated
to experimentally study their trade-offs in voltage and tuning speed. The tuning con-
tact is fabricated on the top n-doped HCG layer. The top two contacts provide a
bias across the gap between the HCG and the active region. Using a reverse bias
in this junction, the electric field resulted from the p-n junction charges attracts the
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Fig. 9.18 SEM image of the freely suspended HCG-mirror with a variety of MEM structure includ-
ing a cantilever, b bridge, c folded-beam, and d membrane. Reprinted by permission from Macmillan
publishers Ltd: nature photonics [18], copyright (2008)

HCG downwards, which thus shortens the laser cavity length and blue-shifts the
lasing wavelength. The tuning range is limited primarily by the movable distance to
approximately 1/3 of the airgap and the reverse breakdown voltage [49]. More on
the fabrication details can be found in Ref. [17].

9.7.2 Characteristics of Tunable HCG-VCSEL

The optical characteristics of tunable HCG-VCSELs are summarized. Figure 9.19
shows the output power and voltage versus current (LI and IV curves, respectively)
for a typical tunable VCSEL with TM-HCG. The TM-HCG exhibits a very low
threshold current of 200 μA and an external slope efficiency 0.25 mW/mA. We found
that compared to the regular non-tunable TM-HCG-VCSEL, the threshold current
was substantially lower. We attribute this to the lower free carrier absorption in the
n-doped HCG. In addition, the threshold current is also significantly lower compared
to standard DBR-based tunable VCSELs with 1–2 mA threshold current.

Wavelength tuning is measured by applying a reverse voltage bias across the tuning
contact and the laser contact, while a constant electrical current is applied between
the laser and backside contact. The reverse bias across the pin junction results in a
negligibly small leakage current of ∼10 nA, which does not affect the operation of
the VCSEL current injection. Figure 9.20 shows the measured wavelength tuning
spectra of a fabricated VCSEL, where the movable HCG-mirror is integrated with
a bridge nano-mechanical actuator. The laser is biased at ∼1.2 times the threshold
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Fig. 9.19 Light-current and
voltage-current curves of a
typical tunable VCSEL with
TM-HCG. The inset shows
the measured single mode
optical emission spectra with
>40 dB SMSR in both cases.
Reprinted by permission
from Macmillan publishers
Ltd: nature photonics [18],
copyright (2008)
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current and actuated under various applied voltages across the tuning contact. An
8 nm continuous wavelength tuning toward the shorter wavelength is first obtained
within 0–6 V of external applied voltage. The VCSEL stops lasing when the external
applied voltage is further increased, as the optical loss becomes larger than the laser
gain due to the phase mismatch between the HCG and M pairs of DBR. Once the
voltage reaches 9 V, the device starts lasing again but at another longitudinal mode
and continuously tunes again for 13 nm over the applied voltage range of 9–14 V.
With the total spectral overlap, an overall continuous wavelength tuning range of
18 nm is experimentally obtained.

The mechanical response of various structures is measured by applying a sinu-
soidal AC modulating voltage in addition to a DC voltage, while the VCSEL is
injected with constant current. The emission light is then collected by an optical
fiber and sent to an optical spectrum analyzer. Since the signal integration time of
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Fig. 9.21 Relative optical wavelength change of the VCSEL as a function of input frequency to
the tuning contact. a for various TM-HCG and TE-HCG-VCSEL [30] (© 2009 IEEE) b for the
smallest 4-period TE-HCG-VCSEL with −3 dB frequency ∼27 MHz [15]

an optical spectrum analyzer is much slower compared to the voltage modulation,
a spectrally broadened emission can be observed as the nano-mechanical actuator
(and hence the emission wavelength) is being modulated.

The spectral broadening is directly proportional to the magnitude of the mechan-
ical deflection. The measured response of various structures is shown in Fig. 9.21a.
For TM-HCG, we show the response for different nano-mechanical structures. The
HCGs are 12 × 12 μm2 and the mechanical structures are typically 10 μm long. The
membrane actuator exhibits the fastest mechanical resonant response with the 3 dB
frequency bandwidth of 3.3 MHz, or equivalently the tuning speed of this device
is calculated to be about 151 ns (inverse of half cycle of 3.3 MHz). The TE-HCG-
VCSEL is also shown on the same plot. As the thickness of the HCG is reduced, the
size of the HCG and mechanical structures are all further reduced.

For a 3 × 3 μm2 HCG with 3 μm long membrane bridges, the 3 dB frequency is
increased to 27 MHz, Fig. 9.21b, with an equivalent tuning time of 18 ns. Compared
to the existing DBR-based electrostatic-actuated MEM VCSEL (with tuning speed
∼10 μs), the demonstrated tunable VCSEL with an integrated mobile HCG has faster
wavelength tuning speed by close to three orders of magnitude.

9.8 Summary

The recent discoveries of high-contrast gratings have led to a wealth of new research
studies. By integrating the single-layer HCG with a VCSEL, many desirable and yet
previously unattained properties are achieved, e.g. lithographically defined polariza-
tion control and large aperture single transverse mode. We experimentally demon-
strated a very large fabrication tolerance in HCG-VCSELs with ±20% critical
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dimension variation in uniform HCGs and ±30% critical dimension variation in
random size HCGs. The VCSEL emission wavelength is insensitive to the litho-
graphical variations of HCG, which makes it especially attractive for designing and
manufacturing VCSELs for a fixed and desirable wavelength for any particular appli-
cation. A very small HCG with only 4 grating periods is enough to support lasing.
These results show that a low-cost and high-throughput fabrication process such as
nano-imprint can be implemented for HCG large volume batch processing.

We present a multi-wavelength HCG-VCSEL array design, whose wavelength
is determined by varying the lateral dimensions of the HCG. With this design,
the VCSEL epitaxy thickness remains constant for the entire array devices, which
facilitates cost-effective fabrication. The theoretically simulated wavelength range
approaches 200 nm. We believe the HCG-VCSEL reported here would enable a new
type of cost-effective WDM source suitable to accommodate the full bandwidth of
Er-doped fiber amplifier. The same concept may be applied to fabricate multiwave-
length filter and detector arrays.

We demonstrated a nano-electromechanical tunable laser by monolithically inte-
grating the lightweight, single-layer high-index-contrast subwavelength grating as
the movable top mirror of a VCSEL. The small footprint of the HCG enables the
scaling down of the mechanical actuating component, which results in a drastic reduc-
tion in mass and tuning speed. By using electrostatic actuation to control the air gap
below the HCG, a compact and efficient wavelength-tunable VCSEL with precise
and continuous tuning range is demonstrated with ultra-low power consumption.

The high reflectivity as well as the feasibility of monolithic integration with opto-
electronic devices are demonstrated. HCG design can be readily implemented on
various material systems, opening the door to the fabrication of devices in vast wave-
length regimes. The simplicity, wavelength-scalability, and versatility of the single-
layer HCG design would provide numerous benefits when fabricating surface-normal
optoelectronic devices such as VCSELs, high brightness LEDs, photo-voltaic cells,
optical filters and detectors, and micro-electromechanical (MEMS) tunable devices,
for a wide range of wavelengths.
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Chapter 10
Long-Wavelength VCSELs with Buried
Tunnel Junction

Markus Ortsiefer, Werner Hofmann, Jürgen Rosskopf
and Markus-Christian Amann

Abstract Despite the earliest work on VCSELs in the late 1970s on InP-based
materials, the further realization of VCSELs beyond 1.3 µm emission wavelength
has been significantly delayed for many years with respect to their short-wavelength
counterparts on GaAs substrates. This chapter covers the specific challenges, solu-
tions and application prospects of VCSELs in non-GaAs-based material systems
which are suitable for achieving significantly extended wavelength ranges. By using
highly advanced device concepts, since the late 1990s it became possible to overcome
the fundamental technological drawbacks related with long-wavelength VCSELs
such as inferior thermal properties and to realize lasers with remarkable device
performance. In particular and with respect to huge application opportunities in
optical communications, this chapter presents InP-based VCSELs with single-mode
output powers of several milliwatts at room temperature and well beyond 1 mW
at 85◦C, as well as modulation frequencies far above 10 GHz in conjunction with
ultra-small power consumption. While the InP-based VCSEL technology is limited to
maximum emission wavelengths around 2.3 µm, even longer emission up to the mid-
infrared wavelength range can be achieved with VCSELs based on GaSb. With their
inherent and, compared to other laser types, superior properties like enhanced tuning
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characteristics, long-wavelength VCSELs are regarded as key components for appli-
cations in optical sensing.

VCSELs have emerged as high-performance commercial products with millions
of annual units over the last decade [1, 2]. These devices are usually based on GaAs
substrates and show emission wavelengths from approximately 0.65–1.3 µm. The
ongoing success of VCSELs is particularly due to the intrinsic advantages of this
laser type as compared to the edge-emitting laser diodes. The most important features
of VCSELs are their low beam divergence leading to relaxed fiber alignment toler-
ances, the small threshold currents and high slope efficiencies leading to low electrical
power consumption, and their potential for integration to 1D and 2D laser arrays.
Additionally, VCSELs are usually longitudinal single-mode. However, the transverse
single-mode operation as well as the polarization are difficult to control in common
VCSELs. From the viewpoint of manufacturing and technology, VCSELs are supe-
rior against the edge emitters because the vertical power emission of the built-in laser
resonator requires no mirror cleaving so that an on-wafer testing is possible. Finally,
the small size of the devices increases the fabrication output.

All the VCSEL features described above also hold for the long wavelength range
beyond 1.3 µm. In addition, for geometrical reasons, the longer wavelengths make
the transverse mode and polarization control easier so that true single-mode devices
with a stable polarization may be achieved even for rather large diameters of around
5–7 µm [3]. Accordingly, long-wavelength VCSELs have a tremendous meaning for
a wide variety of applications, ranging from short to long range optical communi-
cations, parallel data transmission as well as optical measurement and gas sensing.
In many of these applications, therefore, long-wavelength VCSELs turn out to be
cost-effective and superior performance substitutes for conventional Fabry-Perot or
distributed feedback (DFB) lasers.

10.1 Special Issues for Long-Wavelength VCSELs

Intensive efforts have been paid in the past to realize VCSELs also in the long wave-
length regime above 1.3 µm. These efforts mainly had to deal with the intrinsic
difficulties of the material systems suited for the long wavelength regime. A major
drawback of long-wavelength VCSELs emitting at wavelengths of, e.g., 1.3 or
1.55 µm is that active regions cannot be grown on GaAs substrates using mature
InP-based materials such as InGaAsP or InGaAlAs. While the short-wavelength
GaAs-based devices benefit from the large index difference between GaAs and AlAs
that gives high-reflective Bragg mirrors even with relatively small numbers of layer
pairs, the long-wavelength VCSELs based on InP suffer from almost a factor of two
smaller index contrast of the InGaAsP or InGaAlAs mirror layers [4]. Accordingly,
larger numbers of layer pairs are required for reasonable mirror reflectivity. Together
with the larger layer thicknesses due to the longer wavelength, the epitaxial mirror
stacks of the InP-based VCSELs become rather thick. Considering further the small
thermal conductivity of the ternary/quaternary layers being about an order of
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Fig. 10.1 Schematic illustration of main challenges of long-wavelength VCSEL technology

magnitude smaller than GaAs and AlAs [5], the thermal resistances of equally
reflecting epitaxial mirrors for the InP-based long-wavelength VCSELs are 20–40
times larger than for their short-wavelength GaAs-based counterparts. Using AlAsSb
lattice-matched on InP, the index contrast can—in principle—be increased up to about
the same magnitude as in the GaAs-based materials [6]. However, the small thermal
conductivity still prevents an effective heat dissipation through the corresponding
epitaxial mirrors. The enhanced self-heating caused by high thermal resistances is
even more critical with respect to increased temperature sensitivity of the optical
gain for commonly used active regions in the long-wavelength range. Due to gain
saturation, stronger electrical pumping leads to unacceptable internal temperature
rise which in turn deteriorates the radiative recombination efficiency.

Furthermore, the perfected lateral steam oxidation technique of AlAs that repre-
sents an effective and well-established method in the GaAs-based devices for self-
adjusted current and photon confinement [7] is not available in the InP-based material
systems. In principal, steam oxidation can be applied onto AlAsSb, which can be
grown lattice-matched on InP [8]. However, the performance of the oxidized regions
has not yet proven to be sufficient for the realization of InP-based devices. The main
challenges for the development of long-wavelength InP-based VCSELs are summa-
rized schematically in Fig. 10.1.

As an alternative, GaAs-based approaches such as dilute nitrides, quantum dots
and strained GaAsSb or InGaAs have also been considered and promising results
have been achieved for both edge emitters and VCSELs around 1.3 µm [9–12].
Although there have been several developments for novel active region materials on
GaAs substrates, these approaches could not demonstrate reasonable performance
for wavelengths longer than 1.3 µm.

In fact, devices with remarkable performance in the long-wavelength regime have
been realized by hybrid approaches based on the wafer fusion technique [13, 14].
In this approach, the superior performance of the GaAs-based epitaxial mirrors is
combined with the mature InP-based active regions by bonding the latter ones onto
GaAs-based mirror structures. However, the wafer fusion technique is complicated,
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commonly yields large electrical resistance for current flow across the bonding inter-
faces and requires several epitaxial growth steps on different wafers.

A related approach is to use lattice-mismatched GaAs/AlAs on InP to improve
the mirror performance [15]. While this technique offers the potential for a one-step
all-epitaxial approach including the possibility for the AlAs steam oxidation, the
reliability of the metamorphic layers is an important issue. The device performance
obtained with this approach suffers from small efficiencies and moderate output
powers of single-mode devices.

Monolithic low-threshold 1.55 µm VCSELs based on InP have been presented
based on laterally etched active areas to achieve strong carrier and photon confine-
ment [16]. The stationary characteristics including the continuous wave (cw) opera-
tion up to about 85◦C are among the best results achieved so far for long-wavelength
VCSELs. The reliability, however, is an issue because the contamination of the etched
active region boundaries with ambient air may cause strong degradation as with the
related previous mushroom-type laser diodes.

This article presents VCSELs in the long-wavelength range from 1.3–2.3 µm
providing excellent performance with respect to the relevant stationary and dynamic
characteristics. The approach is based on the application of buried tunnel junctions
(BTJ) and hybrid dielectric-metallic mirrors that allow the simultaneous reduction
of heat generation and thermal resistance and thus effectively addresses the essential
challenges of the long-wavelength devices.

10.2 The Buried Tunnel Junction Concept

As stated in the preceding section, a reduction of the laser self-heating by an elaborate
thermal device management is of paramount importance to realize long-wavelength
VCSELs with reasonable performance. The internal device heating is usually caused
by electrical resistances which are dominated by the p-conducting device layers.
This is due to the higher effective mass and, consequently, lower mobility of
holes as compared to electrons (μe/μh ≈ 20) which leads to higher resistances
at heterostructures such as Bragg mirrors or in current spreading layers used for lateral
current injection. Furthermore, low metal contact resistances on p-doped materials
are difficult to achieve.

A significant reduction of the electrical series resistance can be achieved by the
substitution of p-doped layers by n-doped materials. Since in any case optical power
generation is based on radiative recombination of electrons and holes, this implies a
conversion of the charge carriers from electrons to holes.

The basic idea underlying the buried tunnel junction (BTJ) long-wavelength
VCSEL is to use a laterally structured tunnel junction within the p-side of the laser
in order to:

• convert the major part of the p-side confinement layers from p- to n-conduction to
obtain low electrical resistance and, as a consequence, reduced heat generation
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• apply low-resistive n-type contacts on both sides of the VCSEL
• reduce optical losses in the n-doped p-side layers
• enable the application of in-cavity lateral contacting with low spreading resistance

and the use of non-conducting dielectric mirrors on the p-side yielding high reflec-
tivity and significantly smaller thermal resistance than ternary/quaternary epitaxial
mirrors with equal reflectivity

• achieve effective lateral current confinement
• offering the possibility to introduce strong lateral waveguiding which is self-

adjusted to the current confinement.

It should be stressed that because of the conduction type inversion by the tunnel
junction technique the major part of the p-side of the devices becomes n-doped
and the p-side contacts become n-contacts as well. Since the heat dissipation in
the BTJ-VCSEL is accomplished through the BTJ and the thermally low-resistive
p-side dielectric mirror, the light extraction usually occurs via the n-side so that a
common epitaxial Bragg mirror can be used on the n-side irrespectively of its thermal
resistance.

The principal structure of a buried tunnel junction (BTJ) circular structure for
electrical characterization is shown in Fig. 10.2a.

The tunnel junction consists of each one heavily p- and n-doped low-bandgap
InGa(Al)As layer. The BTJ is arranged on the p-side of the diode and is laterally
restricted to diameter DBTJ which is equal to or smaller than the total diode diameter
D0. The lateral definition of the BTJ is accomplished by etching off the upper n+-
InGaAs layer and covering the remaining bottom p+-layer by moderately doped
n-InP in a second epitaxial run. Under applied reverse bias, therefore, a blocking p+n-
structure is established beneath the BTJ, while within the BTJ area the p+n+-junction
shows an ohmic behavior and a very low resistance because of the tunnel effect.

Applying an equal bias onto both the BTJ and the area beneath results in an
effective lateral current confinement to the BTJ area [17]. This is demonstrated
in Fig. 10.2b where the current densities for 22 µm-diameter BTJ and blocking
p+n-structure, respectively, are compared.

Note that these characteristics include the voltage-current characteristic of the
underlying (forward-biased) laser pn-heterojunction. With a typical 1.55 µm MQW
laser active layer region representing the pn-heterojunction, laser current densities
of the order of several kA/cm2 are relevant. As can clearly be seen in this figure, the
current densities of the BTJ are more than three orders of magnitude larger than for the
blocking p+n-structure beneath, and several kA/cm2 are achieved at total voltages as
low as 1 V. Consequently, the BTJ provides an excellent lateral current confinement
together with a small total (contact) resistance of the order 3–7·10−6 � cm2 enabling
1.55 µm devices to operate at a total bias of only about 1 V.

It should finally be noted that the epitaxial growth by MBE or MOCVD can be
performed such that the thickness difference due to etching-off the area beneath the
tunnel junction may be preserved up to the top epitaxial layer. As long as the thickness
difference is smaller than λ/4n, this will lead to a positive effective index difference
�neff between the BTJ area and the regions laterally outside the BTJ given by [18]
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�neff

neff
= �lopt

lopt
(10.1)

where lopt and Δlopt denote the optical cavity length and the difference in optical
cavity length between the BTJ region and the regions outside. With typical cavity
lengths around 3 µm and typical etching depths of 30 nm, the effective index differ-
ence can be of the order 1% of neff , i.e., about 0.03. Accordingly, the lateral
waveguiding may be as strong as for the steam-oxide-confined short wavelength
AlGaAs/GaAs VCSELs.
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10.3 Device Structures and Characteristics

10.3.1 InP-Based VCSELs

Structure

Completing the test structure of Fig. 10.2 with an n-side epitaxial and a p-side dielec-
tric mirror and mounting the device up-side down onto an integrated Au-heatsink
results in the final BTJ-VCSEL shown in Fig. 10.3. To minimize parasitic contact-
pad capacitances and enable flip-chip mounting, the VCSEL chip is passivated with
low-ε benzocyclobutene (BCB) which is qualified for high-speed semiconductor
device fabrication. Evidently, this structure resembles the previous Burrus-type LED
that showed excellent device performance and reliability [19].

The n-side epitaxial DBR consists of InGa(Al)As/InAlAs quarter wavelength
layer pairs with a calculated reflectivity beyond 99% against air as shown in
Fig. 10.4a. The composition of the high-index InGa(Al)As layer is determined by
the target emission wavelength to avoid fundamental absorption near the bandgap.
For example at 1.55 µm wavelength, the Al-content and the refractive index differ-
ence between the high-index InGaAlAs and low index InAlAs layer are 10% and
0.25, respectively. The bottom dielectric mirror deserves some consideration because
its reflectivity and thermal conductivity are decisive for the VCSEL performance.
This mirror typically consists of a hybrid combination of only a few pairs of dielec-
tric layers with a high index contrast in conjunction with a terminating Au-layer.
Figure 10.4b shows the schematic structure and calculated reflectivity for 3.5 pairs
of CaF2/ZnS layers covered with gold.

Considering the phase shift due to the complex refractive index of Au, the optical
thickness of the adjacent CaF2 layer deviates from λ /4 in order to achieve phase-
matching and maximum reflectivity. The large difference in refractive index (Δn ≈
0.8) causes a large reflection bandwidth and a high peak reflectivity of 99.9% as
shown in Fig. 10.4b. While fluorides and sulfides show negligible absorption for the
entire wavelength range of InP-based BTJ-VCSELs, the use of amorphous silicon
(a-Si) offers even higher refractive index differences against fluorides (Δn ≈ 1.8) and
has often been applied for long-wavelength dielectric VCSEL-mirrors [20]. However,
a-Si has a complex refractive index because of its absorption also for photon energies
below the bandgap energy of crystalline Si. Photodeflection spectroscopic (PDS)
investigations showed an absorption around 440 cm−1 at 1.55 µm wavelength. The
high absorption limits the reflectivity even for a larger number of mirror pairs and
leads to an additional self heating. Therefore, a-Si is not well suited as high index
layer for the telecommunication wavelengths 1.3 and 1.55 µm. On the other hand,
VCSELs with extended emission wavelengths, e.g., 2 µm, can exploit low absorption
and high refractive index differences of a-Si containing Bragg mirrors.

The thermal resistance is dominated by the dielectric layers. For comparison,
Table 10.1 shows the thermal conductivities of various III–V semiconductors and
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Fig. 10.4 a Calculated reflectivity of 32.5 pairs of an epitaxial In0.53Ga0.37Al0.1 As/InAlAs DBR.
b Calculated reflectivity and layer structure of the hybrid 3.5 pair CaF2/ZnS-Au mirror. The medium
of incidence is InP (refractive index n = 3.17 at 1.55 µm wavelength)

Table 10.1 Thermal conductivities for various III-V-semiconductors and amorphous dielectrics

Material AlAs GaAs InP In0.53Ga0.47As a-Si CaF2 ZnS

λth
( W

mK

)
91 44 68 4.5 2.2 1.4 6.8

amorphous dielectrics. The latter ones have been measured by a technique as
described in [21].

Again, Table 10.1 illustrates the marked decrease of thermal conductivity in the
ternary alloys relative to binary GaAs, AlAs and InP. Also, the thermal conductivity
of the chosen CaF2 /ZnS combination is even smaller than for the ternary InGaAs.
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Fig. 10.5 Refractive index
and longitudinal profile of
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Because of the strong index contrast, however, only 3.5 pairs of CaF2/ZnS layers are
required so that the total thermal conductivity of the CaF2 /ZnS mirror is strikingly
larger as compared to an equally well reflecting InGaAlAs/InAlAs epitaxial mirror.

A useful measure for the comparison of thermal resistances is the thermal contact
resistance ρc,th which is calculated as the sum over the products of thermal specific
resistance, i.e., 1/λth,i for layer i, and layer thickness di taken over all mirror layers

ρc,th =
N∑

i=1

di

λth,i
(10.2)

where N is the number of mirror layers. The thermal resistance for a given VCSEL
active region cross-section area A is then obtained as Rth = ρc,th/A. Calculating
ρc,th for the hybrid CaF2/ZnS-Au mirror with a reflectivity of 99.9% gives 11·
10−3 K cm2/W while the cases of equally reflecting epitaxial mirrors on
Au (18 pairs) or against InP substrate (45 pairs) yields 20·10−3 K cm2/W and
47·10−3 K cm2/W, respectively. Taking a 10 µm diameter VCSEL and neglecting
lateral heat spreading, the thermal resistances for these three mirrors are about
11200, 25000, and 60000 K/W, respectively. Assuming a small threshold current
of only 2 mA, a low-resistive design with a threshold voltage of 1 V and complete
conversion of electrical power into heat, the temperature increases by about 23, 50
and 120 K. Obviously, only in the first case (dielectric mirror) the temperature rise
is acceptable and laser operation would occur because the small T0-values of the
InP-based long-wavelength compounds around 50–80 K prevent lasing for the latter
cases. Consequently, the hybrid dielectric-Au mirror together with the low-resistive
BTJ structure represents a viable solution for long-wavelength InP-based VCSELs.

A low-resistive BTJ requires a low-bandgap n+/p+-InGa(Al)As tunnel junction
which may absorb the laser radiation due to fundamental bandgap absorption or losses
by free-carrier absorption in the heavily doped tunnel junction layers. To minimize
such losses in the BTJ-VCSEL, therefore, the BTJ must be placed exactly in a node
of the standing optical wave as illustrated in Fig. 10.5.



330 M. Ortsiefer et al.

As can be seen in the inset, the BTJ is placed in a node whereas the active region
consisting of several quantum wells (QWs) is placed in a maximum of |E |2. The
figure also shows the strong decay of the field in the dielectric mirror, while |E |2
decays rather slowly within the epitaxial mirror on the left side.

InP-based BTJ-VCSELs are designed for wavelengths between 1.3 and 2.3 µm
using a two-step epitaxial growth process. MBE is usually used for both runs. The
relevant epitaxial mirror and active region layers are adjusted in terms of compo-
sition and thickness to achieve the desired lasing wavelength. The first epitaxial
run finishes with growing the heavily doped p+-InGa(Al)As/n+-InGa(Al)As (n+ ≈
p+ ≈ 1020cm−3) tunnel junction placed at the first node of the optical field above
the active region.

After laterally defining the BTJ by dry-etching the n+-InGa(Al)As layer, the
epitaxial growth is completed by an n-InP layer and a thin n+-doped InGaAs contact
layer. In the following device processing, the n+-doped InGaAs contact layer is
completely removed on top the BTJ in order to avoid optical absoption losses.
Removal of excess heat and lowering of series resistance is significantly enhanced by
the thermally and electrically well conducting InP spreading layer. In the following
processing, the hybrid dielectric mirror is deposited and covered with a gold film.
An electroplating of the p-side contact with about 50 µm Au and the removal of
the n-InP substrate results in the VCSEL structure of Fig. 10.3. The electroplated
Au-heatsink provides mechanical stability and serves as an excellent heatsink.

Stationary Properties

Figure 10.6 shows the temperature dependent LIV-characteristics of 1.33 and
1.55 µm single-mode VCSELs. Due to the excellent thermal heat management, these
devices exhibit cw output powers at room temperature up to 3–4 mW. At temper-
atures around 80◦C, the output powers still exceed 1 mW. These values could be
achieved with relatively small BTJ diameters of only 5 µm. As can be seen from
Fig. 10.6b and 10.6d, the emission spectra show large side-mode suppression ratios
(SMSR) well beyond 30 dB over the whole temperature and current range. Typical
threshold currents of BTJ-VCSELs at room temperature are between 1 and 2 mA.
VCSELs with BTJ diameters between 6 and 10 µm show multimode emission at least
for parts of the operating range. VCSELs at 1.55 µm with large BTJ diameters of
20 µm exhibit a highly multimode emission with output powers around 12 mW.

In particular, the electrical characteristics document the superior performance
of the BTJ design. The differential series resistance of typical single-mode BTJ-
VCSELs is as small as 30–40 � which significantly reduces excess device heating
and improves dynamic properties. With respect to the corresponding photon energy at
1.55 µm wavelength (≡0.8 eV), the threshold voltage is only around 100 mV higher.
Taking into account additional quasi Fermi level splitting, the threshold voltage Vth

is even close to the theoretical limit allowed by the Bernard–Duraffourg condition

eVth ≥ WFc − WFv ≥ E ph ≥ Eg (10.3)
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Fig. 10.6 a Temperature dependent LIV-characteristics and b emission spectra of 1.55 µm single-
mode VCSEL together with far field intensity distribution. c Temperature dependent LIV-
characteristics and d emission spectra of 1.33 µm single-mode VCSEL

with WFc and WFv as quasi Fermi levels for conduction and valence band, respec-
tively, and Eg as bandgap energy.

Dynamic Properties

The characterization of BTJ-VCSELs without additional parasitics of housing and
bonding wires was based on the chip design with coplanar connectivity as depicted
in Fig. 10.3. The contact pad capacitances are significantly lowered by an approx-
imately 10 µm thick, low-dielectric constant (ε ≈ 2.5) passivation layer of BCB
(Benzocyclobutene). During manufacturing, the whole epi-structure is dry etched
down to the substrate enabling very small chip sizes around 30 µm.

In order to verify the performance of the high-speed chip layout, parasitic
responses were calculated from equivalent circuits with element values gained from
impedance measurements as depicted in Fig. 10.7b. In order to minimize multiple
numerical solutions, we used a three-element, first order equivalent circuit for fitting
as presented in Fig. 10.7a. All VCSELs under investigation feature an identical
vertical optical resonator with varying chip diameters d (c.f. Fig. 10.3). Biasing
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(b)
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Fig. 10.7 a Equivalent circuit of BTJ-VCSEL. b Real and imaginary part of chip impedance Z
against frequency for different chip diameters d. The solid lines are a fit to the three-pole filter
funtion given in (10.4). c Dependence of resonance frequency fR and modulation bandwidth f3dB
on chip diameter d

conditions were kept identical. No fluctuation of the intrinsic parameters such as the
relaxation oscillation frequency were observed whereas the 3-dB modulation band-
width f3dB decreased by 50% with increasing semiconductor chip diameter as shown
in Fig. 10.7c. Although the equivalent circuit contains only three elements (resistors
Rm and Ra , capacitance Ca), it can model the electrical impedance of BTJ-VCSELs
well and the relevant terms (Rm = 12.4 �, Ra = 33 �, Ca = 0.76 pF at d = 30 µm)
match the physical properties of the device. As a simple first-order equivalent circuit
can model the parasitics well, this investigation also justifies to model the parasitics
of these devices by a single parasitic pole.

That investigation pointed out, that the VCSELs under investigation evaluated
in this investigation where still limited by the parasitic capacitances of the space
charge region of the reverse biased blocking diode outside the BTJ. Especially for
large d which could be favorable regarding manufacturing tolerances, this problem
is obvious. Therefore the doping has been reduced to reduce these parasitics. With
reduced doping-levels of the n-InP regrowth, the parasitic roll-off frequency could
be improved from around 4.5 to 6.5 GHz enabling 3-dB bandwidths greater 10 GHz
with a 40 µm device. The small-signal modulation performance was verified on
chip level for various bias currents and temperatures. Bias currents were chosen
equally spaced when plotted versus the square-root of current above threshold. The
measurements were done using a HP8510C vector-network analyzer with matched
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Fig. 10.8 Small signal response of 1.55 µm BTJ-VCSEL at different temperatures and bias currents

calibrated photodiode. The chip was driven with a small-signal modulation amplitude
level of −6 dBm and contacted directly by a cascade microprobe. Calibration was
done to the chip plane utilizing a calibration substrate. Backscattering into the device
was tried to be avoided as this causes significant artifacts in the data. The frequeny
response can be expressed by a three-pole filter function

H( f ) ∝ f 2
R

f 2
R − f 2 + j f

2π
γ

· 1

1 + j f
f par

(10.4)

including relaxation-oscillation frequency fR, intrinsic damping γ and parasitics
characterized by f par . Curve fitting allows several intrinsic parameters such as modu-
lation current efficiency factor and thermally limited maximum relaxation oscillation
frequency to be extracted [22]. The first term of (10.4) can be directly derived by
small-signal analysis of the rate equations above threshold yielding a two-parameter
modulation transfer function. The second factor models the electrical chip-parasitics
by a single parasitic pole, which is in agreement with the equivalent circuit given in
Fig. 10.7a.

The main application for high-speed laser diodes in the wavebands around 1.3 or
1.55 µm is optical data transmission. Telecommunication standards require broad-
band performance in a wide temperature-range up to 85◦C. Figure 10.8 shows record
3-dB bandwidths as high as 12 GHz at 25◦C and 10 GHz at 85◦C, respectively. This
modulation bandwidth is sufficient for data-rates up to 17 Gb/s at room temperature
and 12.5 Gb/s up to 85◦C. Therefore, broadband optical data transmission systems
at long wavelength are now also feasible with VCSELs.

VCSEL Arrays

The surface-normal topology of VCSELs facilitates the fabrication of monolithic
one- (1D) or two-dimensional (2D) laser arrays with lithographically defined layout.
As attractive light sources for optical interconnects including high modulation
bandwidth and high coupling efficiencies into optical fibers, VCSEL arrays in the
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Fig. 10.9 Lithographic layout and microscope images of a 1×12, 1×8, 1×4 one-dimensional and
b 8×8 two-dimensional long-wavelength VCSEL arrays for optical interconnects. c Schematic
cross-section of high-power VCSEL array [27] (© 2008 IEEE)

wavelength-range around 850–980 nm have shown to be a source of interest for
optoelectronic interconnects. High data-rates up to 12.5 Gb/s have been reported
[23, 24]. Furthermore, arrays of vertical emitting near-infrared lasers in the Watt
regime are now being developed with great effort to enable new applications in
illumination, free-space optics, laser pumping or engraving [25]. Recently, mono-
lithic arrays of InP-based BTJ-VCSELs for the long wavelength regime above
1.3 µm for optical interconnects and high output powers have been presented [26].
The layout of these VCSEL-arrays is shown in Fig. 10.9. The device structure is
similar to the high-speed single laser design in Fig. 10.3. 1D arrays comprising 4,
8 and 12 devices for parallel links and wavelength division multiplexing (WDM)
upgrade solutions and 2D arrays of 8 × 8 individually addressable lasers for optical
interconnects were fabricated. All VCSELs were operating at 1.55 µm emission
wavelength but any CWDM wavelength from 1.3 to 1.6 µm is feasible. The array
pitch is 250 µm and the different chip dimensions can be taken from Fig. 10.9. The
p-contact can be accessed both at the bottom and on top of each chip. This technology
enables all kind of p- and n-contact pad designs for various mounting and housing
technologies including flip-chip design.
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The LIV-characteristics were found to be very homogeneous for all (up to 64)
devices of the arrays. The cw output power of each VCSEL exceeds 1 mW at room
temperature and the threshold current is below 1 mA. In this case the output power
is limited by the very conservative design with current apertures of 4.5 µm only.
Significantly higher single-mode output powers exceeding 1 mW up to 85◦C are
feasible. The operating voltage of these devices is as low as 1–1.5 V and therefore is
compatible with CMOS driver chips. The device impedance is around 50 � matching
RF-circuits and driver boards. The spectral homogeneity of all arrays was found to
be very high. The inherent current tunability is 5 nm. All devices are single-mode
with side-mode suppression ratio of more than 40 dB. The modulation bandwidth
exceeds 10 GHz for bias currents as low as 4.4 mA and 10 Gb/s data rates are possible
even for bias currents of 3 mA. Further, the threshold voltages of typically 0.9 V are
very low compared to other device concepts. Consequently, these devices provide
high bandwidth at very low energy cost.

Recently, we also developed large-scale monolithic arrays of InP-based
BTJ-VCSELs for the long wavelength regime above 1.3 µm with record-high output
powers. Generating higher laser powers with VCSEL arrays is an alternative to edge
emitters as VCSELs do not suffer from catastrophic optical mirror damage (COMD).
For high-speed applications such as free-space optics, parasitic capacitances should
be kept low. Therefore we used our high-speed design also for these power devices
in order to keep the potential bandwidth above 10 GHz as shown for our single
devices. This leads to a structure as shown in Fig. 10.9c. Especially for large arrays of
several hundreds of VCSELs, thermal crosstalk is an important issue limiting device
performance. The temperature-distribution of N VCSELs as disk-source on top of a
heat-sink can be expressed by

ΔT (r) = 2

√
g

π3 ·
√

N P

hλ
E ·

( r

R

)
(10.5)

where g denotes a geometrical factor, h is the pitch size and P is the heat dissipation
from each VCSEL. The thermal conductivity of the heat sink is λ. E(k) is the
complete elliptic integral of the second kind and R the radius of the whole array.
ΔT (r) is the additional temperature at a distance r from the center due to thermal
crosstalk via the heat sink.

Figure 10.10 shows the LIV-characteristics of a high-power array including 900
densely packed VCSELs with a cartesian pitch. As a first preliminary approach, the
array was glue-mounted to a copper heat-sink. Nevertheless, we achieved signif-
icantly high cw output powers exceeding 3 W at −11◦C. Power-densities up to
130 W/cm2 were realized. At room temperature, the array provides more than
2 W and high-temperature operation up to 70◦C is applicable. The driving voltages
are rather low (around 1.2 V) enabling single battery mobile operation without any
driving circuit. The wall-plug efficiency at room temperature exceeds 20% in a wide
range and maximum values of 25% can be observed at −11◦C. From (10.5) which
can be used to verify finite element solver simulations, design rules for high-power
VCSEL arrays can easily be derived. Since the power at thermal roll-over decreases
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Fig. 10.10 a LIV-characteristics of 1.55 µm VCSEL-array including 900 VCSELs with 50 µm
cartesian pitch. b Far-field angle distribution for different driving currents

linearly with temperature as can be seen in Fig. 10.10a, ΔT (r) and VCSEL power
degradation can be related. Consequently, higher power densities can be achieved by
an elaborate mounting of the chip, the usage of micro cavity coolers or sphisticated
heat spreaders. In order to check the dependency on the array size and cancel out
the mounting variations, we fabricated an array with addressable sectors and found a
good agreement with (10.5). Furthermore, this array shows very homogeneous char-
acteristics, showing equal performance with a standard deviation of less than 2.8%
of all sectors.

VCSELs with Extended Wavelengths

With respect to optical sensing applications, strong demand exists for lasers with
emission wavelengths well beyond the communication range (λ � 1.55 µm). This
spectral region comprises strong absorption lines of several important species such
as H2O (1877 nm), CO2 (2004 nm) or CO (2339 nm). The design for InP-based
BTJ-VCSELs emitting at such wavelengths is basically the same as depicted in
Fig. 10.3. For wavelengths beyond 1.7 µm, a maximum refractive index difference
of ≈ 0.32 between lattice matched InGaAs and InAlAs layers can be exploited
since no fundamental bandgap absorption occurs. The active region typically consists
of 5 heavily strained quantum wells separated by tensile strained barriers. Figure
10.11 shows the output characteristics of two laser structures designed for emission
wavelengths of 1.83 and 1.87 µm, respectively.

The dielectric back mirror of the 1.83 µm device consists of 2.5 pairs of Al2O3/

a-Si whereas the 1.87 µm VCSELs incorporates 3.5 pairs of CaF2/ZnS. As can be
seen from Fig. 10.11a, the BTJ technology enables very small apertures of only
2.5 µm diameter even at very long wavelengths together with ultralow threshold
currents of only 190µA.The 1.87µm VCSEL comprises a thermally well conducting
InP heat spreader between the expitaxial mirror and active region that lowers self
heating and enables higher output powers. Devices at 1.87 µm emission wavelength
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Fig. 10.11 a LIV-characteristics of 1.83 µm VCSEL with 2.5 µm BTJ diameter. b Temperature
dependent LIV-characteristics of single-mode 1.87 µm VCSEL with 6 µm BTJ diameter

with an aperture diameter of 6 µm as shown in Fig. 10.11 exhibit an output power
around 2 mW at room temperature. Threshold current and threshold voltage are
as low as 950 µA and 0.9 V, respectively. The threshold voltage of these lasers is
comparable to that of the VCSELs at 1.55 µm wavelength despite the smaller active
region bandgap energy. Accordingly, the comparatively higher voltage is attributed to
higher bandoffsets in the electrically conducting epitaxial mirror. Since diode lasers
are usually temperature stabilized in optical sensing setups, there is no need for
high temperature optimization. Accordingly, the present VCSELs have a moderate
mode–gain offset around 30 nm and show a steadily increasing threshold current
with temperature. The spectrum is found to be single-mode with at least 30 dB side
mode suppression ratio over the relevant current and temperature range. While BTJ-
VCSELs with wavelengths up to 2.05 µm have been commercially available for
some years, the availability of VCSELs with even longer wavelengths is desirable
for detection of, e.g., CO. This wavelength range is usually reached with mature
GaSb-based interband diode lasers showing excellent optical gain performance [28].
For InP-based DFB lasers, InAs-quantum wells with homogeneous composition and
large barrier thickness together with an optimized waveguide have been demonstrated
for 2.3 µm wavelength [29]. However, this is not viable for VCSELs regarding
a sufficient overlap of the active region with the optical field. On the other hand,
calculations show that the emission wavelength can be significantly extended by
using a triangular (V-shaped) quantum well design by keeping the total strain. Here,
an increasing amount of indium in the center of a symmetrical quantum well lowers
the transition energy. To achieve an emission near 2.3 µm wavelength, the quantum
well comprises a lattice-matched InGaAs layer after the tensile strained InGaAlAs
barrier followed by a graded sequence of layers with increasing indium content
ending with a 1 nm thick layer of pure InAs in the center of the well [30]. This
method avoids direct interfacing of tensile and heavily compressive strained layers
in barriers and wells, respectively, that would deteriorate the radiative recombination
efficiency. In addition, relevant growth parameters such as temperature and V/III ratio
have been optimized. The high crystalline quality is confirmed by X-ray diffraction
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Fig. 10.12 a X-ray diffraction pattern and simulation of a five QW active region for 2.3 µm lasing
wavelength. b Reflectivity of VCSEL basis structure (before regrowth) and low temperature photo-
luminescence measurement from a separate active region test structure

including an almost perfect match to the simulation assuming a pseudomorphic
crystalline structure. Furthermore, good optical quality is derived from the small Full
Width at Half Maximum (FWHM) value of the low temperature photoluminescence
measurement (Fig. 10.12).

The active region as described above has been implemented in a standard BTJ
design. With almost negligible absorption at 2.3 µm in amorphous silicon but
exploiting a high refractive index, these VCSELs incorporate 2.5 pairs of CaF2 /a-Si
in the hybrid back mirror. Figure 10.13 shows the output characteristics of these
electrically pumped BTJ-VCSELs at 2.36 µm emission wavelength. To the best of
our knowledge, this is the longest wavelength which has been achieved so far for any
interband InP-based laser. Single-mode VCSELs with BTJ diameters of 6 µm show
room temperature output powers of 0.5 mW with threshold current and threshold
voltage of 3.8 mA and 0.95 V, respectively. Devices with apertures of 12 µm show
multimode output power in excess of 1 mW. The maximum cw operating temperature
of these lasers is typically between 50 and 60◦C. Compared to shorter wavelength
BTJ-VCSELs, the threshold currents are increased which may be attributed to the
high mode–gain offset of more than 100 nm, higher nonradiative recombination and
larger optical losses.

Widely Tunable MEMS VCSEL

With their longitudinal and transverse single-mode operation, properly designed
long-wavelength VCSELs represent rather ideal laser sources, the electronic wave-
length tuning of which would strikingly extend their application areas. While the
wavelength of a VCSEL can be tuned electrothermally via slow (<1 MHz) current
changes over a couple of nanometers, many application would benefit from a larger



10 Long-Wavelength VCSELs with Buried Tunnel Junction 339

2345 2350 2355 2360 2365

5.5 mA
7 mA
9 mA

D
BTJ

= 6.5 µm

Wavelength (nm)

SMSR > 30 dB

0 5 10 15 20 25 30
0.0

0.2

0.4

0.6

0.8

1.0

1.2

0.0

0.5

1.0

1.5

2.0

D
BTJ

=

4 µm
6 µm
9 µm

12 µm

P
ow

er
(m

W
)

Current (mA)

20°C, CW

V
ol

ta
ge

(V
)

(a) (b)
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Fig. 10.14 Schematic cross-section of widely tunable MEMS BTJ-VCSEL

tuning range. One approach to accomplish this with miniaturized device structures
is to use some type of micro-electro-mechanical system (MEMS) with an electro-
thermally actuated mirror movement [32]. The schematic structure of a corresponding
laser is depicted in Fig. 10.14. The buttom part of the device represents a ‘half
VCSEL’-structure with missing top DBR. The latter is made independently, either
by another epitaxial step, e.g., based on GaAs/AlGaAs or can even be made entirely
by dielectrics. With the exception of the n-side layer structure, the device technology
corresponds to the above described BTJ-VCSELs.
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Fig. 10.15 Schematic tuning
characteristic of
MEMS-tunable VCSEL

The epitaxial DBR on the n-side is replaced by a current-spreading n-confinement
layer made by n-doped AlGaInAs or InP, respectively. To minimize the electrical
series resistance and to provide optimal transverse homogeneity of the current injec-
tion into the active region, a modulated doping profile has been used with high-
doped areas placed in the nodes of the standing wave field. To avoid absorption, the
n+-contact layer is removed inside the optical path area and optionally an antireflec-
tion coating can be applied improving the tuning range.

For optimal performance and to ease adjustment of the two device parts, the
moveable Bragg mirror should exhibit a curvature with a radius of curvature in
the range of a couple of millimeters. In case of epitaxial GaAs/AlGaAs DBRs this
has conveniently been achieved by applying an axial strain gradient using a graded
lattice-mismatch of the mirror layers. The latter has been accomplished by adding
2–5 % of Indium to some of the DBR layers. Such a plane-concave resonator design
can also be engineered to suppress higher-order transverse modes.

Wavelength tuning is achieved by transversely feeding a current through the
slightly n-doped epitaxial DBR. This causes heating of the membrane structure
followed by thermal expansion. The thermal expansion in turn results in a vertical
movement by which the cavity length and, hence, the laser wavelength can be
controlled. Since heating is proportional to the square of the tuning current, the wave-
length tuning also shows a square dependence on the tuning current. According to
the large free spectral range of VCSELs with their short cavities, comparatively large
continuous tuning ranges can be obtained. Because of the thermal time constants,
however, the tuning speed of this approach does not exceed 1 kHz. The observed
tuning behaviour is schematically plotted in Fig. 10.15 showing the limitations of
the tuning range by the occurence of higher-order modes and reduced fundamental
mode power yielding a reduction of the SMSR.

Requiring an SMSR of at least 30 dB in most applications, continuous tuning
of the order 50 nm in the 1.55 µm wavelength regime has been achieved and the
simultaneous spectroscopy of NH3 and CO using such a 1.55 µm tunable MEMS-
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VCSEL was reported [33]. It should finally be noted, that the proper design of the
BTJ and the MEMS-membrane enables the achievement of single-mode operation
for significantly larger aperture sizes than in the non-tunable standard BTJ-VCSELs
(e.g., 20 µm compared to 5 µm) [34].

10.3.2 GaSb-Based VCSELs

As has been shown in the previous section, InP-based VCSELs using highly
strained QW active regions may approach maximum wavelengths around 2.36 µm.

These lasers are thus suited for the spectroscopic detection of many important gases.
It should be noted that the strength of the absorption lines usually strongly increases
with wavelength and that many other important species exhibit relevant lines at
even larger wavelengths. Accordingly, gas sensing applications would benefit from
the availability of wavelength-tunable single-mode VCSELs emitting at even larger
wavelengths. For these and other applications, long-wavelength VCSELs based on
GaSb appear as a feasible option noting that edge-emitting GaSb-lasers have beeen
presented operating at room temperature up to about 3.3 µm wavelength. However,
the GaSb-based material systems such a AlGaInAsSb/GaSb revealed technologically
extremely difficult features such as a bandgap blue shifting during thermal processes
occuring, for instance, during epitaxial growth steps. This is particularly critical for
single-mode lasers such as VCSELs where the gain peak, which is determined by
the bandgap energy, requires a careful adjustment to the Bragg reflectors.

On the other hand, extensive research accomplished worldwide recently led to
considerable breakthroughs on GaSb-based VCSELs in the 2.3–2.6 µm wavelength
regime. Even current-tunable single-mode devices were presented that are based on
the BTJ device concept [35]. A schematic cross-section of the corresponding GaSb
BTJ-VCSEL structure is shown in Fig. 10.16.

As can be seen, the top-emitting VCSEL structure differs from its bottom-emitting
InP-based counterpart shown in Fig. 10.3. This is because the thermal resistance of
the 24 pairs AlAsSb/GaSb DBR is significantly smaller than that of the InP-based
DBR structures enabling the heat sinking through the DBR and the GaSb substrate
with sufficiently small active region heating. Correspondingly, the light output is
emitted through the dielectric mirror consisting of 4.5 pairs of a-Si/SiO2 layers.
The reflectivities of the epitaxial DBR and the dielectric mirror amount to 99.8 and
99.7%, respectively. Designed for 2.3 µm wavelength, the active region consists
of 5 Ga0.63In0.37As0.11Sb0.89 quantum wells embedded in Al0.33Ga0.67As0.03Sb0.97
barriers. The BTJ is made of p+-GaSb and n+-InAsSb which due to the broken
gap alignment yield efficient tunneling even for relatively low doping levels. LIV-
characteristics for the temperature range from −10 to 50◦C are shown in Fig. 10.17a
for an elliptically shaped BTJ.

The threshold voltages are just below 1 V for all temperatures. With the photon
energy around 0.5 eV, the threshold voltages are still too high indicating consider-
able series resistances, particularly in the epitaxial DBR because of the large band
offsets of the constituting layer materials. Despite the low output powers of below
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Fig. 10.16 Schematic cross-section of GaSb-based top-emitting BTJ-VCSEL [35] (© 2008 IEEE)

(a)
(b)

(b)

Fig. 10.17 a Temperature dependent LIV-characteristics of an elliptically shaped device (3.1 and
5.3 µm axes) and b room-temperature cw spectrum at a current of 11 mA [35] (© 2008 IEEE)

100 µW, these devices are well suited for tunable diode laser spectroscopy (TDLS)
applications because of their large tuning ranges. With a current tuning rate around
0.7 nm/mA, the tuning ranges amount to 8 nm at −10◦C and 3 nm at 50◦C, respec-
tively. The temperature tuning rate is 0.21 nm/K. The room-temperature spectrum
plotted in Fig. 10.17b shows a decent SMSR of about 28 dB.

In fact, just recently the successful application of the GaSb-based single-mode
BTJ-VCSELs for gas sensing at 2.3 µm has been reported [36]. Using the electro-
thermal current-tuning scheme, CO and CH4 have accurately been detected simulta-
neously over a short optical path length using wavelength modulation spectroscopy.

While the 2.3 µm wavelength has also been approached with the InP-based BTJ-
VCSELs as shown in the previous Sect. 10.3.1, the newly established GaSb-based
BTJ-VCSEL technology may straightforwardly be extended to the entire wavelength
range accessible for edge-emitting GaSb-based lasers, i.e., the 2–3.3 µm wavelength
range.
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10.4 Applications

10.4.1 Optical Communication

Smaller form factors and lower power dissipation standards in optical communica-
tion modules gear up the need for new generations of ultralow power lasers. The
10GBASE-LR (long range) standard, to be found in the IEEE 802.3ae recommenda-
tion, describes 10G Ethernet at 1.3 µm over a link of 10 km of the widely deployed
standard single mode fiber (SSMF). For the 10GBASE SR (short range) standard,
850 nm VCSELs are already used as cost-effective light sources. A prospective
approach for these applications is based on long-wavelength VCSELs. For this
purpose, the transmission performance of InP-based BTJ-VCSELs was evaluated
under direct modulation at 10.3125 Gb/s with non-return-to-zero data (231 −1 PRBS
pattern length) over an unamplified SSMF-transmission link with a length of 10 km.
With a matched photodiode receiver for the lab-environment, error-free received
powers as low as −26 dBm were evaluated. To be closer to practical VCSEL-based
communications solutions, we intentionally used a bit error rate (BER)-detector
module with lower performance for this experiment. Figure 10.18 shows the BER-
measurements for 20 and 75◦C for a back-to-back (BTB) configuration and for trans-
mission over 10 km of a SSMF. The corresponding open eye diagrams are shown
as insets. Error-free operation was achieved for all configurations and no error floor
was detected. Biasing conditions were set to achieve extinction ratios above 7 dB.
Therefore, a slight over-shoot can be seen in the eye diagrams yielding lower bit
error rates.

Further transmission experiments with VCSEL arrays in a dense wavelength
division multiplexing (DWDM) configuration were performed to highlight their
feasibility as directly modulated transmitters in broadband optical communication
systems. Error-free transmission over 20 km of the most widely deployed SSMF
links with monolithically integrated 1D arrays has been demonstrated recently at a
wavelength of 1.55 µm [38]. The transmission experiment was carried out over an
unamplified 20 km link of SSMF. A 12.5 GHz photodiode with a 10 GHz limiting
amplifier followed by a 9.33 GHz low pass filter was used. Figure 10.19a shows
the superimposed optical spectrum from four 10 Gb/s modulated channels with a
spacing of 100 GHz on the ITU-grid.

The layout of these devices is presented in Fig. 10.9a. BER-measurements of all
channels are shown in Fig. 10.19b providing error-free operation under all biasing
conditions. Note that there was no BER-penalty in between all channels with widely
spread bias from 3.3 to 7.6 mA. Corresponding eye diagrams at a BER of 10−9 are
shown as inset. The timing jitter in eye diagrams as well as the low sensitivity may
be attributed to the use of a preliminary laser-mounting used for that experiment.
At a modulation rate of 10 Gb/s, the line broadening due to adiabatic chirp was
measured to be less than the 100 or 50 GHz channel spacing, respectively. Different
from arrays of classical edge-emitters, VCSEL-arrays can be used in an upgrade
of coarse wavelength division multiplexing (CWDM) to DWDM networks due to
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Fig. 10.18 BER measurement under BTB configuration and over 10 km of SSMF at 10.3 Gb/s
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(a) (b)

Fig. 10.19 a Spectrum of a 1×4 array of electro-thermally tuned 1.55 µm VCSELs under modu-
lation at 10 Gb/s. WDM (100 GHz spacing) channels are addressed by current tuning. b BER-
performance of 10 Gb/s modulated VCSEL array over 20 km of SSMF. WDM channels are addressed
without BER-penalty. Corresponding eye diagrams are given as inset

their flat bandwidth behavior and large tuning ability. Even for DWDM grids of
50 GHz, there is no crosstalk due to adiabatic chirp. For 100 GHz/50 GHz DWDM-
grid at least four, respectively eight, channels at 10 Gb/s can be addressed only by
varying the laser biasing condition. Our transmission results highlight the potential
of VCSELs as transmitters in CWDM access networks. Moreover, optically injection
locked VCSELs can also be utilized as duplex transmitters/receivers redundantizing
separate photodetectors [39].

VCSELs and VCSEL arrays at CWDM-wavelengths from 1.3 to 1.6 µm for
10G Ethernet are feasible with the BTJ technology. Error-free data transmission
at 10.3 Gb/s over a link of 10 km SSMF as described in the 10GBASE LR stan-
dard is achieved up to 75◦C. Together with their high bandwidth and low power
consumption, these lasers are ideally suited for 10G Ethernet solutions at long
range and potential candidates for 100G Ethernet with bitrates of 8 × 12 Gb/s or
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Fig. 10.20 a BER-curves vs. received power at different operating temperatures and transmission
configurations. b Eye diagrams detected at the receiver in BTB-configuration and after 10 km
transmission for different operating temperatures

6 × 17 Gb/s. Recently, modulation bandwidths as high as 12.5 Gb/s have been
demonstrated with BTJ-VCSELs [40]. The chip is mounted in a transmitter optical
sub-assembly (TOSA) module with an LC-receptacle including an optical isolator, a
monitoring diode and a 50 � flex circuit connection. Figure 10.20 shows the results
of the temperature dependent transmission experiments over different propagation
lengths.

The 1.33 µm TOSA packaged VCSEL under test shows a maximum output power
of 1.2 mW and is evaluated under direct modulation at 12.5 Gb/s with non return to
zero (NRZ) binary data with 231 − 1 pseudo-random binary signal (PRBS) pattern
length in a BTB configuration and over 10 km transmission link of SSMF (attenua-
tion at 1.33 µm: 0.35 dB/km, dispersion at 1.33 µm: 2.5 ps/(nm·km)) without any
dispersion compensation. The signal is detected by an avalanche photodiode (APD)
with a sensitivity of −26 dBm at an extinction ratio (ER) of 10.2 dB. The APD is
then connected to the sampling oscilloscope or to the BER-tester. The bias current is
11 mA for both 20 and 70◦C and an optimal operating point is found to achieve the
same extinction ratio of 5.5 dB changing the amplitude modulation.

BER-curves as a function of the received power for BTB-configuration and after
10 km of SSMF at 20 and 70◦C are reported in Fig. 10.20a. At 70◦C in BTB-condition,
there is a slight improvement of the performances compared to 20◦C which is due
to an optimized operating point at high temperatures. However, after 10 km SSMF
propagation no difference is visible between BER measurements at 20 and 70◦C,
so the requested power at the receiver is the same at both temperatures. Eye diagrams
at different temperatures are shown in Fig. 10.20b. There is no difference over the
considered temperature range, the eyes are open also at 70◦C and there are no visible
distortions even if the electronic driver is designed to work up to 11.3 Gb/s.
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10.4.2 VCSEL-Based Optical Gas Sensing

TDLS Systems

Today, optical sensing by Tunable Diode Laser Spectroscopy (TDLS) is a fast
emerging market. Gas sensing systems are used for a wide range of applications such
as industrial process control, environmental monitoring and safety applications.

Figure 10.21 shows the absorbance of important gas lines in the discussed tran-
sitions of rotational-vibrational molecule energy states. These transitions have a
defined transition energy and can be indirectly observed by the wavelength-dependent
absorption of light. In TDLS systems, therefore, the laser wavelength is tuned across
the gas absorption line by means of temperature or current.

The temperature shift of the wavelength is about 0.1 nm/K for lasers in the
InP-based material system and about 0.2 nm/K in the GaSb-based material system.
VCSELs typically exhibit an electro-thermal current tuning rate of 0.3–0.6 nm/mA,
much higher than for edge emitting lasers and (continuous) tuning ranges of several
nanometers are feasible to monitor several absorption lines of one gas or even multiple
species. Together with single-mode operation, small linewidth and their low-cost
potential, VCSELs are ideal light sources in TDLS systems.

For gas sensing purposes an appropriate package with a temperature-controlled
heat-sink is used to fix the wavelength range by stabilizing the laser temperature.
Wavelength tuning is then usually accomplished by electro-thermal current tuning.
For VCSELs, this mechanism works up to tuning rates even in the MHz regime.

Although absorption lines at higher wavelengths usually exhibit stronger absorp-
tion, the design of a TDLS-system also has to take into account the detector
performance. Up to wavelengths of 2.6 µm, uncooled easy-to-use and cost effective
detectors with high sensitivity are available.

Direct Absorption Measurement

In Fig. 10.22a an LI-curve taken at ambient conditions of a VCSEL at 1854 nm
wavelength is shown. The absorption of water vapor at this wavelength is strong
enough to show significant dips in the detected power even for short path lengths.

The attenuation of a light beam passing an absorption cell is given by Lambert–
Beer’s law

I (λ) = I0 · e−α(λ)·L (10.6)

with α(λ) as absorption coefficient and L as absorption length. The absorption
coefficient is determined by the line-strength which can be taken from the
HITRAN-database [42] and the gas concentration. Measuring the light attenuation
after passing an absorption cell of specific length, the concentration can be readily
calculated. An appropriate calibration leads to a sub-percentage accuracy over the
whole measurement range.
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Fig. 10.21 Overview of important gas species detectable with TDLS along with underlying laser
technology. The horizontal position of a specific gas corresponds to a dominant absorption line in the
wavelength spectrum while the vertical position depicts the detection limit assuming an absorbance
of 10−5 (Courtesy of Siemens AG)
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Fig. 10.22 a LI-curve of 1.85 µm VCSEL used for direct absorption measurements. The absorption
dips of water vapor are clearly resolved even with short pathlengths (14 cm in this example). b Second
harmonic spectrum of CO-measurement at 2.36 µm wavelength obtained with an InP-based BTJ-
VCSEL [41]. The concentration and the absorption path length are 11 ppm and 40 cm, respectively.
The oscillations are due to residual interferences [31] (© 2008 IEEE)

Wavelength Modulation Spectroscopy

For measurements with higher accuracy down to ppm-levels, more sophisticated
analysis methods have to be used. The aim is to reduce residual effects from inter-



348 M. Ortsiefer et al.

fering species, etalon fringes and to increase the signal-to-noise ratio (SNR) for
achieving a better sensitivity. The path length can be increased even in compact
systems by using multi-pass cells. A significant increase of sensitivity can be obtained
by considering higher order detection signals originating from wavelength modula-
tion spectroscopy techniques [41].

In a typical setup, a sinusoidal modulation is superimposed on the laser current
resulting in a frequency variation. Simultaneously, the mean frequency is tuned
slowly by ramping the laser current. Fourier analysis and calculation of the 2nd

harmonic are then used to obtain a sensitivity level in the ppm or even ppb region
[43] (see Fig. 10.22b).

10.5 Conclusion

In summary, we discussed the particular challenges for the realization of VCSELs
for the wavelength range above 1 µm. We showed that for the InP-based devices the
poor thermal conductivity of the ternary/quaternary alloys and the lack of efficient
electrical and optical confinement are the most critical issues. The novel BTJ-VCSEL
structure was described in which a buried tunnel junction gives a self-adjusted elec-
trical and optical lateral confinement and ultra-low electrical series resistances with
consequent small Joule heating. This technique, therefore, allows the application
of conducting and strongly reflecting hybrid dielectric-metallic mirrors towards the
integrated Au-heatsink with superior thermal properties.

Applying the BTJ technique solves most of these challenges to a fairly high
degree, so that cw operation far beyond room temperature can be achieved even for
wavelengths up to about 2.3 µm. Record single-mode optical power of the order
of a couple of milliwatts at room temperature and even more than 1 mW at 85◦C
has been obtained in the 1.3 and 1.55 µm wavelength regimes. The application of
elliptically shaped BTJs lifts the polarization degeneracy and yields stable single-
mode operation with side mode suppression ratios of the order of 50 dB for 5 µm
diameter 1.55 µm devices.

With an appropriate layout of the VCSEL chips, 3-dB bandwidths exceeding
10 GHz and large signal modulation at bit rates above 10 Gb/s are achieved. The
homogeneity of neighbouring devices enables arrays for parallel data transmission
such as 64 channels at 10 Gb/s each, or for enhancing output power such as 2 W at
1.55 µm for 30 × 30 arrays.

The recent progress on GaSb-based BTJ-VCSELs has yielded application-suited
single mode and wavelength-tunable cw devices in the 2.3µm wavelength range. This
GaSb BTJ-VCSEL technology, furthermore, paves the way for electrically pumped
single-mode VCSELs for even longer wavelengths, at least up to about 3 µm.

Finally, we demonstrated the suitability of the long-wavelength BTJ-VCSELs for
applications in optical communications and gas sensing using the TDLS technique.
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Chapter 11
GaInNAs(Sb) Long-Wavelength VCSELs

James S. Harris, Hopil Bae and Tomás Sarmiento

Abstract The push to provide high-speed optical network access directly to the end
user is creating both significant pressure for the development of low-cost, high-speed
access terminals as well as opportunities for development of entirely new techno-
logical approaches compared to those now used in the optical backbone networks.
One of the most challenging is that of providing low-cost, long wavelength, single
mode lasers that can be directly modulated at 10 Gbit/s, operate un-cooled in ambient
environments and are easily packaged and coupled to fiber. Long wavelength vertical
cavity surface emitting lasers (VCSELs) on GaAs certainly have the potential to meet
these challenges. The development of MBE growth of GaInNAsSb on GaAs, issues
of VCSEL design and successful demonstration of low threshold edge emitting lasers
and the first 1530 nm monolithic VCSELs in GaInNAsSb on GaAs are described.

11.1 Introduction

The incredible growth of the Internet and data transmission are now pushing the
bandwidth requirements for metro (MAN), local (LAN) and storage (SAN) area
networks to unprecedented performance levels. Much of this is now being driven
by individuals exchanging large files with high resolution photos and videos, and
the quest to provide video on demand for high definition digital movies. Providing
high bandwidth fiber to the home (FTTH) will stress all of these networks, but most
critically, those at the local or lowest level (the last mile). Low cost, long wave-
length, single mode vertical cavity lasers (VCSELs) that can be directly modulated at
≥10 Gbit/s, operate un-cooled in ambient environments and are easily packaged and
coupled to fiber are an essential element to enable this optical revolution. While initial
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Fig. 11.1 Repeater-less transmission distance for different sources [1]

LANs could utilize GaAs based, 850 nm VCSELs that had most of the above req-
uisite properties, the bit rate push from 100 Mbit/s to 1 Gbit/s to 10 Gbit/s in the
newest systems make longer wavelength low-cost lasers essential. The requirement
for such longer-wavelength lasers is illustrated in Fig. 11.1. For 850 nm VCSELs at
100 Mbit/s, the transmission distance is 7–8 km, certainly suitable for LANs, how-
ever, at 10 Gbit/s, the transmission distance is about 50 m, not even useful for a small,
intra-building LAN [1, 2].

While InGaAsP/InP based Bragg grating and distributed feedback (DFB) lasers
have been the sources for long-haul, 1.55 µm optical fiber backbone networks for
the past three decades and clearly meet the distance criteria in Fig. 11.1, their cost
is still far too high to meet the demands of hundreds of million lasers that might be
utilized in MANs, LANs and FTTH links in a modern data communications network
architecture. Low-cost VCSELs operating in the 1.3–1.55 µm wavelength range can
certainty be a revolutionary enabler for high speed optical MANs, LANs and FTTH.

In addition to the low-cost VCSELs, there is an additional network challenge in
order to realize low cost, high bandwidth networks, and that is that a much greater
portion of the low loss fiber bandwidth must be made accessible to enable coarse
wavelength division multiplexing (CWDM) to be utilized. This requirement comes
from the necessity to operate the lasers un-cooled (i.e., no thermoelectric cooler) and
directly modulated. These two requirements translate into much larger bandwidths
required per channel (∼25 nm) compared to current dense WDM (DWDM) systems
(∼0.1 nm) employed in the fiber backbone. The primary driving force for DWDM
systems was the development of the Er-doped fiber amplifier (EDFA), which enabled
all channels within its gain region to be amplified in parallel. Unfortunately, the
EDFA gain region is only about 10% of the available low loss fiber region, which is
illustrated in Fig. 11.2 [3]. While there is work ongoing to extend the EDFA gain into
L-Band, there are still large areas of the fiber not utilized because of lack of suitable
amplifiers. This provides a second, equally compelling driving force to realize better
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high power semiconductor lasers in the 1.3–1.6 µm wavelength region to serve as
pump lasers for Raman amplifiers, which can work throughout the entire fiber low
loss region. The sole reason that EDFAs rather than Raman amplifiers dominate the
fiber backbone was availability of excellent, reliable, high power 980 nm InGaAs
pump lasers for EDFAs while there were no comparable pump lasers for Raman
amplifiers.

The above challenges and opportunities have certainly not gone unnoticed to
device and materials scientists and there has been an intense effort to realize low
cost, long wavelength VCSELs between 1.3 and 1.6 µm over the past decade [1].
Semiconductor lasers operating in the 1.3–1.6 µm region require materials with
bandgaps between 0.95 and 0.78 eV. The potential candidate alloys are shown in
Fig. 11.3. One of the requirements for alloy semiconductors is that they must be rea-
sonably closely lattice matched to readily available binary substrates (GaAs or InP).
The potential choices are thus defined by the intersection of the horizontal lines defin-
ing wavelength with the vertical lines below GaAs and InP defining lattice match.
For many years it was believed that there was no suitable alloy adequately lattice-
matched to GaAs that would emit at >1.1 µm. So InGaAsP on InP was the only
materials system available for the communications wavelengths and 100% of the
long wavelength communications lasers today are fabricated from this system.

However, the InGaAsP/InP system has several critical limitations to be used for
VCSELs in the long wavelength range, which include [4]: a) no good combination of
alloys that are lattice matched and produce a large difference in refractive index with
reasonable thermal conductivity for the distributed Bragg reflectors (DBRs) required
for VCSELs, b) T0, the temperature coefficient of laser threshold current, is quite low
compared to InGaAs/GaAs, the dominant combination for high power EDFA pump
lasers and c) the thermal conductivity of the DBR mirror or cladding layers is inferior
to GaAs based structures, resulting in greater junction heating under operation. The
InGaAsP limitations pushed exploration of several approaches, which can be divided
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into two “camps” [1]; 1) those using InGaAsP/InP quantum well active regions, but
alternative non-epitaxial approaches for the DBR mirrors and 2) those based upon
GaAs/AlAs DBR mirror technology, but a new active gain region of materials closely
lattice matched to GaAs. InGaAsP QW based VCSELs have been fabricated using
metal mirrors [5], wafer bonded AlAs/GaAs mirrors [6], combined InGaAsP/InP and
AlAs/GaAs metamorphic mirrors [7], AlGaAsSb/AlAsSb mirrors [8] and dielectric
mirrors [9]. GaAs-based VCSEL approaches include InAs quantum dot active regions
[10], GaAsSb/InGaAs Type II quantum wells [11], until Kondow et al. [4] discovered
much to everyone’s surprise, that GaInNAs was an attractive candidate because its
bandgap could be reduced sufficiently to reach the desired wavelength regions, and
most importantly, it could be grown on GaAs. This discovery was clearly far from
obvious from the known properties of all other III–V ternary and quaternary alloys
where a smaller lattice constant was usually correlated with a larger bandgap.

The large electronegativity of N and its small covalent radius cause a very
different behevaior in the energy band properties when N is added to GaAs or
GaInAs, compared to other III–V alloys. Because of nitrogen’s differences, it forms
a localized level within the band structure, but above the bandgap minimum of GaAs
as illustrated in Fig. 11.4. Because the energy of this localized level cannot cross
the parabolic conduction band of GaAs, bonding and anti-bonding orbtital bands are
formed, one moving downward and the other upward, as best described by Shan et al.
[12, 13] and known as the band anti-crossing (BAC) model. Thus instead of forming
a III–V alloy with a larger bandgap, one achieves a very dramatic decrease of bandgap
with a smaller lattice constant as illustrated in Figs. 11.3 and 11.4.

The success of these discoveries has catapulted this new material into a promi-
nent position for the development of a broad range of long-wavelength VCSEL and
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Fig. 11.4 Illustration of
band anti-crossing
model [12]
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high-power edge-emitting lasers that we believe will be the foundation of lower
cost optical networks because they not only produce the low-cost VCSELs that have
been a key focus, but they enable both Raman and semiconductor optical ampli-
fiers (SOAs) that will provide gain throughout the 1.3–1.6 µm wavelength region,
enabling the use of the full low loss fiber bandwidth which will be crucial to employ
lasers that are un-cooled and directly modulated.

Research on GaInNAs has revealed several additional factors vis-a-vis InGaAsP/
InP that could prove decisive in the race to produce low cost, long wavelength
VCSELs and high power Raman pump lasers. First, for the same bandgap mate-
rial, the conduction band well is deeper [4, 14, 15] and the electron effective mass is
larger in GaInNAs [15, 16], thus providing better confinement for electrons and
better match of the valence and conduction band densities of states. This leads
to a higher T0, higher operating temperature, higher efficiency and higher output
power [14].

Second, most of the energy band engineering used to minimize heterojunction
voltage drops use intermediate graded layers of Alx Ga(1−x) As or AlAs/GaAs super-
lattices, all of which are lattice matched to GaAs and do not require difficult compo-
sitional control over both column III and column V constituents in a quaternary layer,
such as InGaAsP, to maintain lattice match [1], thus improving device fabrication
yield.

Third, compositional control and uniformity of GaInNAs grown by MBE
[17–22] is relatively easy compared to MOVPE [23–31] or to AsP control in InGaAsP
[32, 33]. This will translate into better yield and far easier scale up to larger wafers
for lower cost.
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Fourth, VCSELs can be fabricated using AlAs oxidation for current and optical
aperture confinement. Fifth, GaInNAs on GaAs provides easy monolithic
integration with GaAs high-speed electronics that will be essential to provide low-
cost, high-speed integrated electronic drivers for direct laser modulation in high-
speed transceivers in dense local area and FTTH networks.

Finally, one element that was initially believed to be quite straightforward and a
significant advantage was use of the well-developed GaAs/AlGaAs DBR technology,
which has been very successful for low cost 850 nm VCSELs. This has turned out
to be one of the larger challenges in realizing long wavelength VCSELs because
of the conflicting requirements of low electrical resistance through the DBR (high
doping) and low optical loss, which becomes even more challenging with longer
wavelength because free-carrier loss scales with λ2 and doping. There have been
several approaches to this problem and are discussed in later sections.

11.2 Growth Issues of GaInNAs(Sb)

While the above discussion highlights the advantages of the GaInNAs/GaAs system
over the InGaAsP/InP or GaAsSb/GaAs systems, there were still very significant
challenges for GaInNAs to produce useful, reliable lasers at 1.3–1.6 µm. The first
and foremost challenge was the very low solubility of nitrogen into the InGaAs
matrix. This is due to the different basic crystal structures of the constituent alloys
and their regions of growth compatibility: InGaN is a hexagonal (wurtzite) crystal
grown at relatively high temperatures while InGaAs is a cubic(zincblende) crys-
tal grown at relatively low temperatures, creating a miscibility gap in the alloys
[18, 20–22, 24, 34, 35]. Hence, as either or both N and growth temperature increase,
phase segregation occurs and the material breaks up into microscopic regions of
InGaAs and InGaN. In order to overcome this problem, the growth has to be done
at much lower growth temperatures and under metastable growth conditions within
the miscibility gap region of the GaInNAs alloy.

MOVPE [32] has been the primary choice for commercial production of light
sources such as 850 nm VCSELs, 980 nm InGaAs EDFA pump lasers or 1.55 µm InP-
based DFB lasers. InP-based systems were dominated by MOVPE because valved
P-crackers did not exist at the outset and early MBE attempts to grow InP-based
materials presented a fire hazard when phosphorus was exposed to air. MOVPE also
had advantages over MBE for GaAs-based 850 nm VCSELs, due to higher growth
rate and particularly much easier growth of the grading/doping interfaces for low
resistance AlGaAs/GaAs DBR mirrors [1]. However, MOVPE growth of GaInNAs
is far more challening than earlier GaAs and InP based systems, because growth
must be done at much lower temperatures. When compared to MOVPE growth of
N-based wide bandgap systems which use ammonia as the N source, the growth
temperature for GaInNAs is too low to achieve reasonable cracking of either ammo-
nia or arsine [28, 29, 31, 36–38]. New sources with difficult precursor reactions and
highly non-linear incorporation ratios greatly complicate the growth compared to
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work on earlier III–V materials systems. There are also strong precursor reactions
between N and Al, complicating the growth process for lasers that often require
AlGaAs layers. In addition, the higher growth temperatures limit the N incorpora-
tion where micro-phase segregation [23, 29] begins and makes it extremely challeng-
ing to reach the N compositions needed to produce lasers beyond 1.3 µm. Carbon
and hydrogen atoms from organic precursors also complicate the growth, and hydro-
gen atoms were found to be especially problematic [39–43]. Despite these diffi-
culties, very low threshold GaInNAs-based 1.3 µm lasers grown by MOVPE have
been demonstrated. However, the best results and only commercial long-wavelength
VCSELs have come from MBE growth, especially for the 1.55 µm wavelength range
[44–49].

MBE is certainly not without its challenges in growing these metastable alloys.
Kondow’s first work [4, 50] utilized a N plasma source added to a gas source MBE
system. This system provided the insight into the potential for GaInNAs, but the
issues of H incorporation and its effect on the material [39–41] were difficult to
resolve. There is also a very strong composition sensitivity to growth temperature
[28–31] due to the low arsine cracking efficiency. Solid source MBE with an atomic
N plasma source has proven to be by far the simplest and most effective system
to enable growth at the lowest temperatures and over the largest range of N and In
compositions [51, 52].

Growth temperature is the single most critical parameter controlling growth
[18, 20, 53]. When growth temperature exceeds a critical value, MBE growth begins
to change from 2-D, layer-by-layer growth to 3-D island growth with microphase-
segregation [23, 29], and this problem is more severe as we add more In or N to
increase the wavelength. The window for good epitaxial growth is quite narrow com-
pared to other III–V alloys. Many reports have indicated that 420◦C < T < 460◦C
maintains 2-D epitaxial growth over the greatest range of small N compositions
[18, 53–55].

Along with lower growth temperature, high group-V flux has also been considered
to be essential to maintain high quality growth [20, 56], and low threshold edge
emitting lasers have indeed been succesfully demonstrated by growing under high
group-V flux. However, significant improvement in luminescence efficiency and laser
performance at longwer wavelengths has been reported by employing lower group-V
fluxes than previously considered optimum, when the growth temperature is lowered
[57] or Sb is incorporated [58].

Also instrumental for demonstrating GaInNAs 1.3–1.6 µm lasers were other
growth improvements such as addition of Sb [59–66], use of GaNAs barriers
[2, 18, 20, 23, 67–71], removal of ion damage [72–76], and post-growth annealing
[1, 2, 18, 19, 66, 68, 77–87].

The addition of Sb to GaInNAs to make GaInNAsSb was a very important step
to reaching wavelengths greater than 1.5 µm [59–66]. Before introduction of Sb,
the quality of GaInNAs showed rapid degradation going beyond 1.3 µm with more
In and N added to increase the wavelength [1, 23, 30, 31]. Sb was found to act
as a surface surfactant to maintain the 2-D layer-by-layer growth at higher In and
N compositions than could be achieved without Sb, helping to achieve significantly
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Fig. 11.5 Improved PL
efficiency and extended
wavelength by addition of
Sb [64](© 2002 IEEE)
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higher luminescence efficiency at longer emission wavelengths [59–62] as illustrated
in Fig. 11.5. It has also been found [63–65] that not only does the Sb act as a surfactant,
but that Sb is also incorporated into dilute nitride alloys, which further helps reaching
longer wavelengths.

The GaAsN barriers provided significant advantage for growth of GaInNAs QWs
by providing strain compensation for the QW/barrier pair, because the barrier is
under tensile strain while the QW is under heavy compressive strain [2, 18, 20, 23,
67–71]. This strain compensation improved luminescence efficiency of QWs and also
facilitated the growth of multiple QWs. The smaller bandgap of the GaNAs barriers
also lowered the QW confinement energy, providing an additional advantage for
reaching longer wavelengths [18]. Strain compensation through GaAsP barriers was
also shown to be important for MOVPE-grown lasers [37, 88].

In MBE, reactive nitrogen is provided by an ion plasma discharge, which could
produce energetic ions that damage the growing material. There have been reports
[72– 74] of reduced ion damage during growth by applying a voltage across deflection
plates at the exit of the plasma source to deflect ions away from the substrate. Removal
of ion damage by deflection plates was an important improvement for achieving low
threhold 1.55 µm lasers [45, 46, 75]. Protecting the wafer surface by arsenic capping
was also helpful in improving the growth quality [89].

Annealing in both GaInNAs and GaInNAsSb has a completely unique behavior
[1, 2, 18, 19, 66, 68, 77–87] compared to all similar III–V semiconductor alloys:
there is a dramatic increase in photoluminescence (PL) efficiency and a significant
blue shift (50–100 nm) in wavelength which was illustrated in Fig. 11.6. The major
mechanism for the PL efficiency improvement is believed to be the removal of non-
radiative deep level traps [90–94], which result from the very low growth temperature
required to incorporate N and In. The origin of the blue shift under annealing was
initially hypothesized to be indium [68, 69, 85] or nitrogen [1, 18, 20] outdiffusion
from the quantum wells, but later research indicates that change in nearest-neighbor
configuration of nitrogen during annealing explains this blue shift more effectively
[80], especially when the QW is of high quality with fewer point defects [55, 95–98].
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Fig. 11.6 PL intensity
improvement and
wavelength blue shift by
annealing
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Fig. 11.7 Plot of Jth with
lasing wavelength reported
for GaInNAs(Sb)-based
edge-emitting lasers.
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Due to intense efforts from many research groups, the quality of GaInNAs
and GaInNAsSb epitaxy has improved dramatically as illustrated in Fig. 11.7.
For 1.3 µm GaInNAs lasers, edge-emitting lasers have been reported with room-
temperature threshold current densities as low as 150–300 A/cm2 for MQW lasers and
250–320 A/cm2 for SQW lasers [54, 88, 96, 99–101]. Threshold current density as
low as 318 A/cm2 has also been achieved for 1.55 µm GaInNAsSb lasers [46].
T0 values above 100 K are routinely reported for 1.3 µm GaInNAs lasers [102–105],
and high CW ouput power of >8.9 W has been reported [106]. T0 values for 1.55 µm
GaInNAsSb lasers tend to be significantly lower (∼60K) probably due to Auger
recombination in the QW, or carrier leakage and defect recombination in the GaNAs
barriers. However, pulsed output power close to 1 W has been routinely achieved from
20 µm-wide edge-emitting lasers [44, 46]. In summary, the quality of GaInNAs(Sb)
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epitaxy has reached a very high and useful level despite significant challenges.
By combining such high quality QWs with the already established AlAs/GaAs DBR
technology, 1.3 µm VCSELs were realized quite early on in the research on GaIn-
NAs [52, 107–109] and 1.55 µm VCSELs have been realized more recently [47, 57,
110]. More details are discussed in the following sections.

11.3 1.3 µm GaInNAs VCSELs

As discussed in previous sections, the primary advantage of GaInNAs for VCSEL
applications is that it enables light emission at long wavelengths for materials
grown on GaAs substrates, so that we can use the DBR technology based on
AlGaAs layers, which is already a proven and well-established technology for
850 and 980 nm VCSELs. By using GaInNAs material as the active layer, 1.3 µm
or longer-wavelength VCSELs can be grown monolithically in one reactor, and
processed exactly in the same way as short-wavelength VCSELs. This all-monolithic
growth and the maturity of the DBR and processing technology can lead to lower
production cost and better reliability.

Although the GaAs/AlAs-based DBR technology is very well established for short
wavelength VCSELs, different optical properties of the DBR materials at long wave-
lengths pose additional challenges for long wavelength VCSELs. First, the contrast
in the refractive index for the DBR layers is slightly smaller at longer wavelengths,
albeit only slightly, necessitating a few additional mirror pairs to provide a given
reflectivity. A more prominent problem is that the free-carrier absorption and inter
valence band absorption (IVBA) increase proportionately to λ2. The problem is com-
pounded even further by the roughly proportional increase in the thickness of each
DBR layer (=λ/4n) for longer wavelengths. Lower doping has to be used to limit the
optical loss, but then the electrical resistance increases, which increases the operat-
ing voltage and device heating, which significantly degrades performance, including
high-speed operation. This problem has indeed made the realization of 1.55 µm
VCSELs quite challenging, especially when combined with the growth challenges
for GaInNAs(Sb) QWs for 1.55 µm emission. However, this has proven not to be
an insurmountable barrier to realizing commercially viable 1.3 µm VCSELs, as dis-
cussed below.

The first GaInNAs VCSELs were optically pumped VCSELs at 1.22 µm and
1.25 µm by Larson et al. [107, 108]. They were grown using gas-source MBE and
employing a dielectric DBR for the top reflector. Despite the novelty of the mate-
rial and its unique growth challenge stemming from the low N solubility, it took
a surprisingly short time from the first report of bandgap reduction by N incorpo-
ration [111] until the first VCSEL report. Moreover, these first VCSELs operated
continuous-wave at room temperature, which was a very promising sign of the via-
bility of GaInNAs material.

Next to follow were electrically pumped VCSELs, first in pulsed mode [52, 112],
and soon room-temperature continuous wave operation [113]. The GaInNAs QWs,
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Fig. 11.8 Output power
versus current for the first
elecrically-pumped
room-temperature(RT)
continuous-wave(CW)
1200 nm GaInNAs VCSEL
[113] (© 2000 IEEE)
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the top p-DBR and the botom n-DBR were all grown by gas source [112] or solid
source [52, 113] MBE. Due to the difficulty in MBE of smooth interface grading for
minimum electrical resistance, the threshold voltage was very high (>10 V) although
the threshold current was already quite reasonable at 1.3 mA for a 5× 5 µm aperture
[113]. The CW output power was also limited to about 0.08 mW at room temperature
[113], as illustrated in Fig. 11.8. This figure also illustrates another challenge in that
the threshold current does not scale with device size due to non-radiative recombina-
tion and leakage around the oxide barrier, both of which represent a larger fraction
of the current as the aperture decreases.

Employing tunnel junctions to replace the p-DBR with an n-DBR to reduce both
the optical loss and the electrical resistance, significantly lower voltage and increased
output power (∼0.8 mW) [109, 114] were obtained at 1.3 µm for 2µm-aperture
VCSELs grown by solid source MBE. They also achieved OC-48 capability with
these VCSELs, which means the VCSELs can be used for transmitting 2.488 Gbit/s
data over short reach (SR, ∼2 km) or intermediate reach (IR-1,∼15 km) links. How-
ever, the threshold voltage (>3 V) was still much higher than the bandgap of the active
layer.

More recently, low resistance (65 �) and high output power (>4 mW) for 1.27 µm
GaInNAs VCSELs was demonstrated by using a buried tunnel junction technique
[115], where the upper half of a VCSEL is regrown over a tunnel junction mesa
defined by lithography and etching, eliminating the additional electrical resistance
and the aperture-size controllability issue related to the oxide aperture [116, 117].
A very high modulation bandwidth of 19 GHz was reported using this technique for
1.1 µm InGaAs/GaAs VCSELs [118], so it can be reasonably expected that such
high speed modulation can be realized soon for 1.3 µm VCSELs by using buried
tunnel junctions.
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MOVPE (also known as MOCVD) is usually more suitable for mass production
due to its high throughput and is especially suited for growing VCSELs becasue of
its ability to easily grow smoothly graded interfaces for minimum electrical resis-
tance DBRs. Although MOVPE growth of GaInNAs is more challenging than MBE
growth, it didn’t take too long until the first MOVPE VCSEL was demonstrated, either
optically pumped [119] or electrically pumped [120]. The first electrically pumped
MOVPE VCSEL operated continuous-wave at room temperature at 1.26 µm wave-
length, and exhibited a low threshold voltage of 2.8 V, largely due to the smooth
grading in the p-DBR interfaces by MOVPE. Since then, many groups have reported
high-performance 1.3 µm VCSELs using MOVPE growth and a graded p-DBR, rou-
tinely achieving low threshold current (1–2 mA), low threshold voltage (<2 V), high
output power (0.8 mW or higher) [30, 121, 122], and 2.5 Gbit/s modulation [121].

10 Gbit/s modulation was achieved by using intra-cavity contacts to get rid of
DBR-related absoprtion and resistance, first by MBE [123] and then MOVPE [124]
at 1.3 µm wavelength. They achieved very low operating voltage (1.06 V at threshold
[124]), low threshold current (1.22 mA), and high output power (1.5 mW) all at the
same time for CW and single-mode emission. The same group later reported high CW
output (∼1 mW) up to 90◦C and promising reliability result, i.e., no degradation for
1500 hours at 90◦C [48] and projected MTBF of 13 million hours at 40◦C [125, 126].
10 Gbit/s modulation was also reported for tunnel-junction based 1.31 µm VCSELs
grown by MBE [49] with a wavelength as long as 1338 nm, further corroborating
the viability of the GaInNAs material and VCSELs based on it for commercial
communications applications.

Another interesting possibility is to grow GaInNAs QWs by MBE and grow DBRs
by MOVPE to take advantage of the strength of each growth technique. Shimizu
et al. reported [127] low threshold voltage (1.2 V), low differential resistance (60 �),

and low threshold current density (3.6 kA/cm2) 1.3 µm VCSELs by using graded-
interface DBRs grown in MOVPE and GaInNAsSb QWs grown by gas source MBE.
On the other hand, Louderback et al. reported successful linear and parabolic inter-
face grading in the DBR layers even by MBE growth, and their VCSELs [128]
exhibited a low threshold current of 0.95 mA, single-mode output power of 0.7 mA
and low threshold voltage of 1.93 V. Such grading operation was not regarded as
’production worthy’ for MBE due to excessive Al/Ga shutter wear [1], but newer
generations of MBE machines are capable of growing with a dozen or more sources,
so multiple-step grading is readily possible without shutter wear and with nearly the
same effectiveness as grading by MOVPE.

11.4 1.55 µm GaInNAsSb VCSELs

The realization of 1.55 µm GaAs-based VCSELs presents significant challenges for
both the distributed Bragg reflector (DBR) design and the active region growth.
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DBR Mirror Design

The design of DBRs involves the optimization of the doping profile and the hetero-
interface grading scheme to balance the competing requirements of high reflectivity,
low optical loss, low electrical resistance and low thermal impedance. The doping
profile defines the tradeoff between electrical resistance and optical loss: increasing
the doping concentration reduces the resistance but increases the optical loss and
reduces the reflectivity. This tradeoff is dramatically more pronounced at 1.55 µm
compared to 850 nm or 1.3 µm because the free-carrier absorption scales as λ2.

Furthermore, at 1.55 µm inter-valence-band absorption (IVBA) adds significantly to
the total absorption of p-type materials. The limitations are thus particularly severe
for p-doped DBRs. Not only is the absoprtion higher for p-doped materials but the
resistance of p-doped DBRs is also higher due to lower hole mobilities that reduces
bulk conductivity and larger effective masses that limit tunneling and thermionic
emission currents across the potential barriers at the heterointerfaces. Additionally,
the valence band discontinuties are, in general, larger and hence the potential barriers
for holes are higher, further increasing the resistance of p-doped compared to n-doped
AlAs/GaAs DBRs.

Knowing these challenges, different groups chose different approaches to the
p-DBR problem to demonstrate the first 1300 nm VCSEL. The three approaches
are illustrated in Fig. 11.9 and are respectively, (a) conventional graded and doped
n- and p-DBRs with current through both DBRs [113], (b) p++/n++ tunnel junction
combined with 2 n-type DBRs with current through both DBRs [109, 114] and (c)
an intracavity contacts and undoped DBRs [129]. The fundamental trade-offs boil
down to (a) known technology, but high operating voltage and very low power due to
heating, (b) complex processing and unknown reliability for the tunnel junction and
(c) limited output power and mode hoping due to current crowding. Very recently a
fourth alternative approach has emerged, which is to replace the p-type DBR with
a high contrast grating [130] that might be used in combination with either of the
above three approaches because it provides very high reflectivity with essentially a
single layer such that the poor conductivity and high absorption in p-type material
are very significantly reduced, thus opening up a much greater design space. While
this has only been demonstrated at 850 nm, it is based upon GaAs/AlAs mirrors and
we are working with Prof. Chang-Hasnain’s group at UC-Berkeley to demonstrate
this approach at 1550 nm.

Our initial focus has been to utilize the conventional p- and n-type DBR structures
(a) and minimize the resistance problems as much as possible. To lower the potential
barriers that limit carrier transport, the hetero-interfaces are usually graded. Several
grading schemes including linear, uniparabolic [131], and parabolic [132] have been
investigated. These grading methods are easily implemented in MOVPE by varying
the gas flow rates. In MBE the grading schemes are more challenging but can be
implemented by digital alloying [133] or by changing the group-III cell tempera-
tures [134]. The disadvantage of the former technique is the large number of shutter
operations that degrade the shutter mechanism while the disadvantage of the latter is
poor reproducibility due to the difficulty in obtaining stable and reproducible fluxes
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Fig. 11.9 a Conventional structure with n- and p-doped DBRs. b Structure with a tunnel junction
and two n-DBRs. c Intracavity structure

after changing the cell temperatures. When multiple group-III sources are available
step grading can be used to approximate a given profile [135].

Another complication arises from the fact that the index contrast of the Al(Ga)As/
GaAs material system is reduced at longer wavelengths and hence more mirror pairs
are needed to achieve a given reflectivity. The larger number of pairs, the thicker λ/4
layers and the limited doping imposed by the higher absorption at 1.55 µm contribute
to both higher electrical resistance and higher thermal impedance. The higher resis-
tance means that more Joule heating is generated and the higher thermal impedance
means that the heat generated is dissipated less efficiently. This self-heating effect
limits the output power and significantly degrades VCSEL performance.

Active Region Design

The emission wavelength of GaInNAs can be extended from 1.3 µm to 1.55 µm
by increasing the nitrogen content above 4% and the indium content to approxi-
mately 40%. These relatively high nitrogen and indium concentrations require very
low growth temperatures (≤390◦C) to prevent phase segregation and, consequently,
near-stoichiometric arsenic-to-group-III flux ratios must be used to minimize the
introduction of point defects, such as arsenic antisites and gallium vacancies, that
incorporate readily at low growth temperatures. Despite the difficulties in the growth
and the significant concentration of defects, edge emitting [57] and distributed feed-
back [136] lasers emitting in the 1.5 µm range have been demonstrated. However,
no GaInNAs VCSELs emitting in this wavelength range have been reported to date
and the significant decrease in PL intensity and rapid increase in laser thresholds for
λ > 1.45 µm [57] suggest that realizing a VCSEL at λ > 1.5 µm will be extremely
difficult.

As discussed in Sect. 11.2, antimony acts as a reactive surfactant, reducing the sur-
face diffussion length and supressing phase segregation. Therefore, GaInNAsSb can
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be grown at higher temperatures than GaInNAs and hence higher arsenic-to-group-III
flux ratios can be used. In addition, with higher In composition, the incorporation of
Sb is relatively insensitive to Sb flux, the Sb is acting primarily as a surface surfactant
with mono-layer surface coverage and thus incorporation is relatively constant as
long as the surface coverage is maintained and, thus precise Sb flux control is not
required. Higher As and Sb fluxes can be used and do not require precise control
since the nitrogen concentration is determined by the group III growth rate, thus only
the indium and gallium fluxes require precise control, no different than the growth of
ternary alloys like InGaAs or AlGaAs. The quinary GaInNAsSb system under these
growth conditions thus behaves like a ‘quasi-ternary’ system.

1.55 µm VCSELs

Given the difficulties outlined in the previous paragraphs, it is not surprising that
the development of 1.55 µm VCSELs has been extremely challenging and slow to
achieve success. The first electrically-injected GaInNAsSb VCSEL operating beyond
1.31 µm was reported by Wistey et al. [110]. This device operated only in pulsed
mode at 1.46 µm when cooled to −10◦C. A similar device emitting at 1534 nm when
cooled to −48◦C was later demonstrated [45]. Optically-pumped C-band VCSELs
using dielectric (SiO2/TiO2) top mirrors have also been reported [137]. Recently,
we have achieved 1528 nm electrically-injected GaInNAsSb VCSELs operating in
pulsed mode at room temperature and continuous wave up to 20◦C [138]. The growth,
fabrication and characterization of these devices is described in detail in the following
paragraphs.

The top-emitting VCSEL structures were grown monolithically by solid-source
molecular beam epitaxy (MBE) on n-type GaAs substrates. The bottom, silicon-
doped mirror consists of a 31-pair AlAs/GaAs DBR followed by a 4-pair Al0.91
Ga0.09As/GaAs DBR. The top mirror is composed of a 24-pair Al0.91Ga0.09As/GaAs
carbon-doped DBR. To reduce series resistance, the heterointerfaces were graded in
six steps over 30 nm for the p-DBR and in three steps over 5 nm for the n-DBR.
A 40 nm Al0.98Ga0.02As layer for selective oxidation was integrated into the first
AlGaAs layer above the cavity. The active region is centered in a 1-λ thick GaAs
cavity and consists of three 7 nm Ga0.59In0.41N0.028As0.946Sb0.026 quantum wells
with 20 nm GaN0.033As0.967 barriers designed for peak photoluminescence
at 1540 nm after optimal annealing. The VCSEL structure was nominally designed
to operate at 1530 nm.

The VCSELs were ex-situ annealed after growth at 670◦C for 7 min in a rapid
thermal annealing furnace under a flowing nitrogen ambient. The annealing con-
ditions were optimized taking into account the long in-situ annealing that occurs
during the growth of the top DBR. Device fabrication consists of Ti-Pt-Au evapo-
ration and lift-off to form ring p-contacts. Next, mesas are defined by dry etching. Wet
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Fig. 11.10 Pulsed
room-temperature LIV curve
of a 17 µm aperture VCSEL

Fig. 11.11 Optical spectrum
of a 17 µm aperture VCSEL
at 1.2-times threshold
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oxidation is then used to form the oxide aperture. Finally, the n-contact Au-Ge-Ni-Au
is evaporated on the backside and annealed at 420◦C for 1 min.

Figure 11.10 shows the pulsed room-temperature (25◦C) light output power and
voltage versus current (L–I–V) curves of a device with a 17 µm diameter current
aperture. The threshold voltage is 5.9 V and the threshold current at 25◦C is 18.18 mA,
which corresponds to a threshold current density of 8.3 kA/cm2. By comparison,
edge-emitting lasers using a similar active region have threshold current densities in
the 2.0 kA/cm2 range [139]. The optical spectrum measured at 1.2 times the threshold
current is shown in Fig. 11.11. The emission wavelength is 1528 nm.

Continuous-wave (CW) operation was observed for small-aperture devices at
15◦C and lower temperatures. Figure 11.12 shows the CW L–I curves of a 7 µm
diameter current aperture device at different temperatures. At 15◦C the threshold
current is 2.87 mA, which corresponds to a threshold current density of 7.5 kA/cm2.

The peak output power is severely limited by heating effects, mainly due to the high
series resistance of the p-type DBR.
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Fig. 11.12 Continuous wave
L-I curves for a 7 µm
aperture VCSEL at different
temperatures
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By using a tunnel junction to convert electrons into holes the p-type DBR can be
replaced by an n-type DBR, which has lower electrical resistance and lower absorp-
tion losses. Another possibility is to use the tunnel junction in an intracavity con-
tacted structure similar to those developed for InP-based VCSELs [116, 140–142].
In these VCSELs current cofinement is achieved by either selectively etching the
tunnel junction [142, 143] or using epitaxial regrowth of a buried tunnel junction
(BTJ) [116, 140]. The regrowth step necessary to form the BTJ adds complexity
to the fabrication process while the undercut tunnel junction presents mechanical
stability concerns. In contrast to InP-based VCSELs, GaAs-based VCSELs can use
AlAs oxidation to provide carrier and optical confinement. This greatly simplifies
the fabrication process.

11.5 Summary

Fiber to the home (FTTH) and broadband metro and local area networks (MANs
and LANs) that can deliver high-speed access to the desktop will require very
large numbers of low-cost lasers that can be operated without thermoelectric tem-
perature control and be directly modulated at 10 Gbit/s. They will also have to
cover the entire low-loss fiber region from 1.3–1.6 µm to enable coarse wavelength
division multiplexing (CDWM) architectures that will allow direct modulation and
operation over a wide temperature range. Because of the proven low-cost fabrica-
tion, high-speed capability and reliability of 850 nm GaAs-based VCSELs, longer-
wavelength devices based upon the same fundamental materials technology are
extremely attractive for these large scale, low-cost applications. The challenge is
thus to extend the quantum well active region and optimize VCSEL design to oper-
ate between 1.3 and 1.6 µm. We have made significant progress in meeting both the
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materials and device design challenges to realize such devices and certainly 1.3 µm
devices can be commercially realized. As described in Sect. 11.4, there are still some
remaining challenges to realize useful VCSELs at >1.3 µm and particularly out to
1.55 µm. Fortunately, progress in the materials and fabrication areas have enabled
very good performance for edge emitting lasers at 1.55 µm and results on VCSELs
provide a far more clearly defined set of challenges to optimize the design and one
should expect that low-cost, GaAs-based VCSELs covering the entire 1.3–1.55 µm
wavelength range will become available in the next 1–5 years, depending entirely
upon the level of effort that is invested into overcoming these final obstacles.
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Chapter 12
Red Emitting VCSEL

Michael Jetter, Robert Roßbach and Peter Michler

Abstract This chapter describes the progress in development of vertical-cavity
surface-emitting lasers (VCSEL) emitting in the red spectral region around 650 nm
for data transmission over polymer optical fibers (POF). First, growth issues of red
VCSEL using two different material systems, namely AlGaAs and AlGaInP, are
introduced. In particular, the optical and electrical state-of-the-art characteristics as
low threshold currents (≤1 mA) and high output powers (several mW) are presented
with a special focus on emission wavelength. Also the thermal budget and heat
removal in the devices are pointed out with regard to the geometry of the VCSEL.
Small-signal modulation response in terms of maximum resonance frequency in
dependance on temperature behavior are discussed. Applications of these devices
in optical interconnects are described and digital data transmission at data rates up
to 2.1 Gbit/s over step-index POF is reported. These properties make red emitting
VCSEL perfectly suited for high-speed low power consuming light sources for optical
data communication via POF. By introducing InP quantum dots as gain material in
red emitting VCSEL nearly temperature independent record low threshold current
densities of around 10 A/cm2 could be observed.

12.1 Introduction

Vertical-cavity surface-emitting lasers (VCSEL) captivate with their circular beam
profile, low beam divergence and low threshold current. In the last decades GaAs
based devices emitting in the near infrared (around 850 nm) have become successfully
commercially available mostly as transmitters for data communication. However, for
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Fig. 12.1 Attenuation versus
wavelength of standard step
index (SI) POF [6]. The
dashed lines indicate the
regions of attenuation
minima in the visible
spectral range

applications where pointing, scanning, beam alignment, or display are important the
visibility of VCSEL is essential. Also the shortened wavelength holds advantages in
performance for optical imaging applications as laser printing or optical recording
where higher resolutions due to smaller spot sizes are produced. To move to these
shorter wavelengths aluminum can be incorporated into the GaAs quantum wells
to increase their band gap. Even though AlGaAs provides a direct band gap for
wavelength down to about 640 nm, the adverse effects of oxygen and its associated
non-radiative deep levels as well as population of the indirect minima inhibit laser
performance rapidly below 750 nm. Here, for visible wavelengths below 700 nm the
AlGaInP system, which can be grown lattice matched to GaAs, provides the oppor-
tunity to fabricate Al-free ternary GaInP quantum wells. Decreasing the wavelength
in this material system is attended by a reduction of the carrier confinement energy
leading to a higher temperature sensitivity. This is one of the major concerns for red
emitting VCSEL. In particular, for their major application as optical data transmitters
in polymer optical fiber (POF) network systems it is essential to move their wave-
length down to 650 nm reaching a rather narrow minimum of attenuation of the POF
(Fig. 12.1). In this area the true red emitting VCSEL can prove its superiority to the
commonly used light emitting diodes (LEDs) due to much higher modulation band-
width (GHz), lower power consumption and easy fiber coupling due to the circular
beam profile and additionally low divergence.

The fast epitaxial development of red VCSELs in the 1990s resulted in the
first demonstration of an undoped photopumped VCSEL structure consisting of an
AlGaInP active region embedded in AlGaAs distributed Bragg reflectors (DBRs) by
Schneider in 1992 [1]. In the following years doped structures were fabricated fight-
ing doping and heat dissipation problems ending in an electrically pulsed VCSEL
device in 1993 [2, 3] and shortly afterwards in continuous wave lasing at room
temperature [4, 5].
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12.2 VCSEL Structure

In contradiction to AlGaAs based VCSEL which where mostly grown by molecular
beam epitaxy (MBE) the AlGaInP system, providing direct band gap energies of
1.9 up to 2.35 eV, is grown almost exclusively by metal-organic vapor-phase epitaxy
(MOVPE). This material system is well established for high-brightness LEDs, red
edge-emitting lasers, and especially for red VCSEL.

12.2.1 AlGaInP Active Zone

For emission wavelengths around 650 nm (Alx Ga1−x )0.51In0.49P grown lattice
matched to GaAs is used providing the highest quantum efficiencies at the high
carrier densities required for laser operation. At the desired wavelengths AlGaInP
exhibits the higher bandgap and greater Γ and X band separation in comparison
to AlGaAs material. The active layer consists of a 1-λ optical cavity made of
(Al0.33Ga0.66)0.51In0.49P barriers and (Al0.55Ga0.45)0.51In0.49P spacer layers where
compressively strained GaInP quantum wells (QWs) are embedded. For p-doping
of the active zone both Mg and Zn can be used. However, due to the high activation
energies relatively low hole concentrations (< 1018 cm−3) can be achieved. In addi-
tion, these dopants trend to diffusion, especially during the long growth times and
high temperatures for a complete device structure. For better doping efficiency in the
AlGaInP system substrates oriented 6◦ towards the [111]A direction are used [7].
The miscut also contributes to a higher confinement energy for the QWs as a result
of the more disordered growth of the barrier material. The disordering is supported
by relatively high growth temperatures around 750◦C [8]. This results in a higher
band gap energy (�E ≈ 70–100 meV) compared to the growth on exact orientated
substrates [9].

12.2.2 Distributed Bragg Reflectors

To avoid absorption in the red spectral region Al0.50Ga0.50As/AlAs mirror pairs
instead of GaAs/AlAs have to be used for the bottom n-type distributed Bragg reflec-
tor (DBR). The small refractive index step between both materials necessitates a high
number of mirror pairs to achieve sufficient reflectivity. Therefore, usually 45 or more
λ/4-pairs of Al0.50Ga0.50As/AlAs are grown to achieve a stopband width of around
40 nm. For n-type doping Si from Si2H6 or SiH4 is used. Mostly disilane is chosen
due to its independence of the incorporation site on substrates with miscut [10, 11].
To achieve better heatspreading near the cavity the topmost layer of the bottom DBR
can be made of optically matched AlAs with a thickness of (2k + 1)λ/4 without
disturbing the mirror reflectivity (Fig. 12.2). The layer thickness and its binary com-
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p-DBR p-DBR

AlAs heat spreading layer AlAs heat spreading layer
AlGaIn Pactive zone AlGaInP active zone

Oxide aperture Oxide aperture

n-DBR
n-DBR

GaAs substrate

Fig. 12.2 Illustration of a VCSEL structure with oxide aperture and AlAs heat spreading layer
underneath the AlGaInP active zone. A scanning electron microscope (SEM) cross-section picture
of a VCSEL cleaved in the middle of the mesa reveals the high structural integrity

Fig. 12.3 a Simulation of band bending in p-type DBRs (Al0.50Ga0.50As/Al0.95Ga0.05As, p =
1018 cm−3) with abrupt (dotted line) and linearly graded interfaces (solid line) over a grading
distance of 0.1 λ. b Current-voltage characteristics of VCSEL with abrupt (dotted line) and linearly
graded (solid line) interfaces. The voltage drop can be reduced by 2 V [14]

position leads to a better heat dissipation in comparison to the ternary AlGaAs and
the DBR superlattice [12].

The top p-type DBR consists of more than 30 λ/4-pairs of Al0.50Ga0.50As/
Al0.95Ga0.05As with linearly graded interfaces to reduce the electrical series
resistance. Former studies have shown that the band bending at abrupt interfaces
causes high barriers of around 160 meV for the holes which can be reduced by the
gradual change in the composition (Fig. 12.3a) [13]. By increasing the grading length
the barrier height decreases, but reflectivity decreases also and an additional number
of DBR-pairs have to be inserted to level out these losses. With this method it is
possible to reduce the voltage drop of a VCSEL with graded DBR compared to the
comparable VCSEL structure with abrupt DBR by 2 V (Fig. 12.3b).

To further decrease the ohmic resistivity of the p-type DBR the carrier concentra-
tion has to be increased. The p-dopants normally show a high tendency for diffusion,
which could lead to a shift of the p-n-junction of the device or even worse disturb
the quantum wells [15]. Because of its lower diffusion coefficient compared to Zn,
carbon is the almost ideal p-dopant in the AlGaAs material system [16]. A very
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elegant method for C-doping is the intrinsic carbon doping with the rest adducts of
the metal-organic precursors (e.g. trimethylgallium (CH3)3Ga). With this method
carbon concentrations in Alx Ga1−x As up to 1020 cm−3 could be demonstrated
[17, 18]. In the normal growth mode of AlGaAs the parameters are chosen to sup-
press the C-incorporation. By lowering both V/III ratio and growth temperature, the
incorporation of carbon can be increased [18]. Unfortunately, oxygen incorporation
is also supported at these unfavorable growth conditions. Therefore, using an exter-
nal carbon source as CBr4 is more established due to its flexibility in controlling
carrier concentration while growing at ideal growth conditions for the device achiev-
ing doping levels up to 5 × 1019 cm−3 [19, 20].

In the first years of development of red VCSEL AlGaInP was used to fabricate
visible DBRs avoiding the use of different material systems for the DBRs (AlGaAs)
and the active zone (AlGaInP) [21]. It seemed that the epitaxial growth is compli-
cated by the need to precisely control two distinct material systems, with very differ-
ent p-type doping characteristics. In addition, the design and growth of the optical
cavity/DBR interfaces is complicated by uncertainty in the band lineups and refrac-
tive index profiles at these interfaces. However, the VCSEL device structure imposes
stringent requirements for composition and thickness control to maintain precise opti-
cal thicknesses (to within 1% absolute). This issue complicates the use of AlGaInP-
based DBRs because of the additional difficulty in composition control and lattice
matching in very thick (>10 µm) structures composed of In-containing quaternary
compounds. Furthermore, because of the low refractive index differential available
with this system [22] compared to AlGaAs [23], only narrow stopband widths could
be fabricated with more than 60 mirror pairs for the bottom DBR.

12.2.3 Oxide Aperture

The invention of native-oxide defined apertures [24, 25] allows to fabricate VCSEL
with well defined thermal budget as well as well defined wave guiding. To realize
an oxide aperture, the advantage of high oxidation selectivity of the Alx Ga1−x As
material system can be used. A few percent change in the aluminum content for
xAl ≥ 90% leads to a drastic change of the oxidation rate by more than an order of
magnitude [26]. In Fig. 12.4 a SEM cross-section picture of a VCSEL mesa structure
is shown where the development of the oxide aperture in the Bragg layer stack due to
the high selectivity can be directly observed by the darker contrast. In addition to the
definition of photon and carrier confinement, there is also the possibility to control
the scattering losses in the cavity, improving spectral mode quality and photon losses,
by positioning the oxide aperture in a field node of the standing wave field inside the
VCSEL structure [27, 28].

In fact, due to the short cavity length, VCSEL can oscillate in a single longitudinal
mode. However, the modal behavior depends strongly on the transverse dimension
of the device and on the confinement mechanism. In VCSEL with oxide aperture
diameters of around 6 µm, only the fundamental transverse mode is supported by the
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Fig. 12.4 Cross-section and top view of a VCSEL mesa with oxide aperture, captured with a
scanning electron and plain optical microscope, respectively

Fig. 12.5 Beam profile of a
655 nm VCSEL with an
aperture diameter of around
6 µm in single transverse
mode operation

cavity, but, due to the small active region, the emitted power is, in general, quite low
(∼1 mW) [29]. In Fig. 12.5 the beam profile of a 655 nm VCSEL with an aperture
diameter of 6 µm is shown. Both in vertical and in horizontal direction the beam shape
exhibits gaussian profile. On the other hand, VCSEL with bigger aperture diameters
offer higher optical power, but single-mode operation is possible only over a limited
range of injection currents close to threshold [30].

12.2.4 In-Situ Reflection Measurement

As the complete laser structure contains around 180 layers, it is very sensitive to
key device parameters as layer thickness, stop band tuning and cavity resonance.
Therefore it is essential to control these critical properties of the VCSEL during
growth. For this purpose in-situ reflectance measurement setups are used [31–35].
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Fig. 12.6 Reflectivity
fingerprint during growth of
a 660 nm VCSEL: red
indicates high reflectivity,
blue low reflectivity. The
black lines accentuate the
stopband edges of both
bottom and top DBR. The
dashed line in between
indicates the spectral
position of the cavity
resonance [31]

In Fig. 12.6 the development of the reflectance of the bottom and top DBR of
a red VCSEL versus energy is shown. During the growth of the n-DBR the stop
band, the region with strong reflectance, shows up at around 1.75 eV (708.5 nm) at
a growth temperature of 750◦C. After the growth of the cavity at around 7,500 s a
characteristic minimum in the reflectance (cavity resonance) can be seen at 1.75 eV.
Due to the limited resolution of the setup this feature disappears with increasing
number of top mirror pairs. Finally, at around 12,500 s the structure cools down after
the growth and the maximum of the reflectance shifts to the desired value of 670 nm
(1.85 eV) at room temperature.

12.3 Device Characteristics of Red VCSEL

High temperature sensitivity of light output power is still a big challenge for red
VCSEL. In addition, the POF attenuation spectrum in Fig. 12.1 shows a quite nar-
row dip around 650 nm and the carrier confinement in the AlGaInP material system
decreases with almost every nanometer below 670 nm resulting in an even higher
temperature sensitivity. Record output power was presented for 673 nm devices
of nearly 12 mW and for short wavelength VCSEL at 650 nm of around 4 mW
[30, 36, 37]. Here, long wavelength VCSEL show continuous-wave (CW) lasing
at temperatures up to 80◦C (666 nm) and 650 nm devices up to 65◦C [37–40]. In Fig.
12.7a typical P(I)-curves are plotted for different temperatures of a 660 nm VCSEL
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Fig. 12.7 Typical input–output characteristics of two 660 nm VCSEL devices (80 µm mesa diam-
eter) at different temperatures. VCSEL (a) has an aperture diameter of 25 µm (threshold current
Ith = 2.5 mA, 20◦C) and VCSEL (b) of 3.5 µm (Ith = 500 µA, 20◦C)

device. The big aperture of 25 µm leads to a maximum output power of nearly 3 mW
due to the large pumped area of the active zone. Simultaneously, the maximum oper-
ating temperature is only 45◦C which is caused by the high current which is needed
to achieve lasing operation as current density defines the lasing threshold. In contra-
diction, the P-I curves of a further device with a smaller aperture diameter of 3.5 µm
is shown in Fig. 12.7b. The smaller pumped volume leads to smaller threshold cur-
rents and therefore the heat generation is reduced resulting in a maximum operating
temperature of nearly 70◦C. However, the maximum output power is also decreased
down to <1 mW which is adequate for POF applications and simultaneously ensures
eye-safety for the user.

12.3.1 Heat Dissipation Model

In order to gain a deeper insight into the temperature influence over the perfor-
mance of red VCSEL, the whole device has been simulated using a two-dimensional
cylindrical heat dissipation model [41]. The model includes ohmic heating of the
device as well as photonic cooling, taking into account specific T0 (≈100 K) and
T1 (≈80−100 K) values of the threshold current rise and quantum efficiency fall
with temperature, respectively. Especially the influence of the oxide aperture width
(Da) on the internal heating was analyzed. This model reveals that the thermal resis-
tivity Rth strongly depends on the diameter of the active region Da and on the diameter
ratio of active to passive mesa Da/Ds according to

Rth = 4d

πk D2
s

+ 1

2k Da
·
(

1 − Da

Ds

)3/2

(12.1)

where Ds is the outer mesa diameter (see Fig. 12.4), d the thickness of the device
and k the thermal conduction coefficient. The resulting Rth versus the aperture size
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Fig. 12.8 Simulation of
thermal resistance Rth versus
aperture diameter Da for
different mesa diameters Ds
according to (12.1)

Da for different mesa diameters is plotted in Fig. 12.8. With increasing aperture
diameter the thermal resistance Rth decreases as well as for increasing outer mesa
diameters. However, there is no drastic improvement of Rth neither for larger mesa
sizes (Ds > 100 µm) nor wider apertures (Da > 25 µm). This results indicates that
the ratio Da/Ds must be properly chosen.

With these calculations the internal temperature can be figured out

Tint − THS = Rth ·
[
U0 I + Rs I 2 − Popt

]
(12.2)

depending on current density j (with j = 4I/(π D2
a )) for different aperture sizes Da,

with THS as the heat sink temperature, U0 the forward voltage, Rs the series resis-
tance and Popt the photonic cooling. In Fig. 12.9a the calculated data of the internal
temperature is shown as a function of current density for different outer mesa and
aperture diameters. Small mesa diameters and big apertures sizes lead to an increased
self-heating of the device (dashed curve in Fig. 12.9a). This combination allows only
small current densities to achieve a given internal temperature (dashed horizontal line,
40◦C). By reducing the aperture diameter (12.1) predicts a higher thermal resistiv-
ity. But the applied current is decreased simultaneously reducing ohmic heating and
therefore a higher current density can be achieved. An enlargement of the mesa
diameter leads to an improved heat spreading keeping the device at low internal
temperatures at high current densities. In summary, big mesa diameters support heat
spreading and therefore low internal temperatures could be found. Due to small aper-
tures widths only small currents are needed to achieve lasing and additional current
induced heat generation is suppressed.

To compare the calculated results with real devices, VCSEL were fabricated with
the same outer mesa and aperture diameters as for the simulation. Figure 12.9b
shows the dependence of the internal temperature as function of the current density
for these different devices. The internal temperature of red VCSEL is determined by
measuring the emission wavelength. From the temperature shift of the reflectivity
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Fig. 12.9 Comparison of a calculated and b measured internal temperatures of 660 nm VCSEL
devices with different outer mesa diameters and aperture sizes. Big mesas and small aperture
diameters allow the highest current densities at a given internal temperature (dashed horizontal
line)

Fig. 12.10 Simulated
input–output characteristics
for different aperture
diameters at a given outer
mesa diameter of 90 µm

dip of the in-situ control of the epitaxial growth (Fig. 12.6), the relation between
wavelength and temperature is deduced to 0.04 nm/K [31]. Figure 12.9b displays
the excellent agreement of the experimental data with calculations confirming that
smaller aperture sizes increase the internal temperatures most slowly with rising
current density.

With this model the theoretical maximum output power Pmax in dependence of
the aperture size for a given mesa diameter can be calculated. The model predicts a
maximum output power (∼3 mW) at around Da = 20 µm aperture size (Fig. 12.10)
for a device with a mesa diameter of 90 µm. Going from the maximum to smaller
apertures, Rth increases and limits dramatically the light output, which results also
from the decrease of the active device area. By increasing the aperture diameter
the operating current has to be increased to achieve comparable current densities,
resulting in strong heating by the series resistance. This heating begins to limit Pmax
of the devices and leads to a decrease of the optical output power.
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Fig. 12.11 Optical emission
characteristics for an
AlGaInP-based 660 nm
VCSEL device under pulsed
electrical excitation (200 Hz
repetition rate, 0.3 µs pulse
width) at different
temperatures

12.3.2 High Temperature Results

The high temperature optical properties of AlGaInP based VCSEL can be analyzed
if the influence of ohmic heating in the p-cladding region during CW operation
can be neglected. By applying short pulses to achieve lasing operation at elevated
temperatures, the internal temperature can be kept near to the heat sink temperature
and the intrinsic thermal properties can be obtained. Therefore, output power under
pulsed operation is measured as a function of heatsink temperature. Devices with
8.8 µm aperture size and an outer mesa diameter of 88 µm are mounted on a copper
block which was heated by a heating coil. The temperature is measured on the
copper surface right beneath the laser chip and P(I)-curves were recorded with 0.3 µs
short pulses and a repetition frequency of 200 Hz [42]. The Cu heatsink temperature
and thus the temperature of the VCSEL could be varied in a range between room
temperature and more than 170◦C (Fig. 12.11). At this maximum temperature the
device exhibits a maximum output power of >0.1 mW (660 nm). Even though the
threshold current was Ith = 150 mA, which is nearly two orders of magnitude
higher than at room temperature, this shows the capability of red AlGaInP VCSEL
for future applications even in rough environment when efficient heat removal will
be employed.

12.3.3 Modulation Bandwidth

Fast data communication is one key application for VCSEL. In 1996 red VCSEL
(670 nm) achieved over 2 GHz in small-signal bandwidth measurements [44]. So
far, small-signal resonance frequencies fr have been reported for 670 nm devices of
11 GHz [45] and for 656 nm VCSEL of 3.75 GHz [46], respectively. As the para-
sitic resistance-capacity-product limits the modulation bandwidth, it is essential to
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(a) (b)

Fig. 12.12 a Schematic cross-sectional view of a high-frequency (HF) optimized VCSEL. b Mod-
ulation response of a 650 nm VCSEL with 12 µm aperture diameter under various bias currents
(Ith = 2.6 mA). [43]

reduce the resistance of the VCSEL, mainly of the top p-type DBR as described in
Sect. 12.2.2. Additionally, changing the VCSEL design (Fig. 12.12a) by using a 3 µm
layer of polyimide [47] for passivation, the parasitic capacitance can be reduced. With
this method modulation bandwidths of more than 5 GHz [48] for a 650 nm VCSEL
with 3.5 µm aperture diameter were achieved (Fig. 12.12b).

Using rate equations, an analytic model [49] was fit to the modulation response
against frequency data for each bias condition to extract the resonance frequency and
damping factor. The result is shown in Fig. 12.13a. The slope of this graph gives a
K-factor of 0.36 ns obtained using the relationship [50]:

γ = K · f 2
r + 1

τ
(12.3)

where fr is the resonance frequency, γ is the damping factor and τ is the carrier
lifetime.

fmax,−3 dB = 2
√

2π

K
(12.4)

leads to a maximum possible intrinsic −3 dB cut-off frequency of 25 GHz estimated
from the K-factor [45].

12.3.4 Modulation Limits

From the light-current characteristics the photon density S0 can be evaluated. The
data follows the relationship [49]:

ωr =
√

vgrΓr
dg
dn

(1 − β)τph

√
S0. (12.5)
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Fig. 12.13 a Damping rate γ versus square of the resonance frequency fr to evaluate the K-factor.
b Resonance frequency against square root of the photon density (

√
S0) of VCSEL with 7 µm and

12 µm oxide aperture [48]

vgr is the group velocity, dg
dn is the differential gain coefficient, Γr is the filling

factor of the standing wave, β is the spontaneous emission factor and τph is the
photon lifetime. Using parameters appropriate for these devices, a differential gain
coefficient of 1.15×10−16 cm2 can be estimated. Figure 12.13b also reveals that the
maximum modulation bandwidth of a VCSEL depends mainly on one parameter: the
photon density S0 inside the quantum wells, as expected from rate equation analysis.

By observing the temperature shift of the emission wavelength as mentioned in
Sect. 12.3.1 the intrinsic temperature in dependence on the DC drive current density
of the VCSEL with different aperture diameters can be analyzed. Figure 12.14a shows
the result against current density. As expected from analysis of (12.2), the device with
a smaller aperture size allows higher current densities at a given temperature.

From rate equations S0 is found to be proportional to current density:

S0 = Γ τph

eV
(I0 − Ith). (12.6)

Γ is a filling factor, e is the elementary charge, and V is the active volume.
The knowledge of the internal temperature and optical output power allows

to plot directly the temperature versus current density (Fig. 12.14b). The internal
temperature increases with photon density and current density, respectively, until the
temperature induced carrier loss in the quantum wells limits recombination. There-
fore, the photon density decreases at higher internal temperature in close analogy
to the roll-over of the output power at high currents. In Fig. 12.14 the VCSEL with
smaller aperture has the higher current density or photon density at a constant internal
temperature (dashed horizontal line). This diagram shows that smaller oxide aperture
sizes cause higher photon densities due to a better temperature behavior. By improv-
ing the temperature behavior of the VCSEL it is possible to improve its modulation
limit.
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Fig. 12.14 a Internal temperature of two different 650 nm VCSEL as a function of driving current
density. b Behavior of photon density for increasing DC drive currents and therefore increasing
temperatures in the device. For temperatures above 50◦C (dashed horizontal line) the photon density
decreases [43]

Fig. 12.15 Eye pattern at
1.25 Gbit/s modulation
bandwidth (660 nm VCSEL)
over 5 m step-index POF
measured at the POF
Application Center in
Nuremberg. The time unit
per division is 200 ps. The
vertical scale is 35 mV per
division

12.3.5 Data Transmission

The FTTH (fiber to the home) council Europe predicts that in 2012 about 15 millions
households will be equipped with broadband glass fiber connections with data rates
in the Gbit/s range [51]. To offer this bandwidth to the end user device, convenient
in-house networks have to be developed. Here, the data communication with a red
VCSEL as the opto-transmitter via POF is preferable due to user-friendly handling
(visible light), easy fiber coupling (1 mm fiber core diameter) and mechanical stabil-
ity. Therefore, the modulation performance in combination with perfect wavelength
matching to the POF attenuation minimum at 650 nm is of great importance.

Only a few years after the development of red 670 nm VCSEL large-signal mod-
ulation bandwidths of 1.5 Gbit/s were reported [44]. Data rates of 1.25 Gbit/s at
temperatures of up to 60◦C could be measured over 1 m SI-POF with 665 nm devices
[52]. With even shorter wavelength VCSEL (660 nm) it is possible to achieve data
rates of 1.25 Gbit/s via 5 m SI-POF at temperatures from 20◦C (Fig. 12.15) up to
55◦C [53]. Finally, the same device offered maximum error-free data transmission
up to 2.1 Gbit/s [54].
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Fig. 12.16 Lifetime measurements of 660 nm VCSEL driven at a constant small currents around
3–4 mA and different temperature and b at constant temperatures (90◦C) driven at different
currents

12.3.6 Reliability

Reliability plays a major role in every application. At an operating temperature
of 20◦C and a constant current of 4 mA red 660 nm VCSEL show no degradation
over a continuous operating time of more than 4,500 h (solid line in Fig. 12.16a)
[52]. Accelerated ageing studies are difficult as the devices do not show reasonable
output powers at elevated temperatures (>80◦C). Therefore, reliability investigations
have to be done in a cyclic manner. The devices are driven at a certain current and
temperature has to be brought down periodically to room temperature to determine
the optical output power. No device failures or significant power losses (occasional
jumps possibly due to modal instabilities) were observed even for devices that were
operated for more than 1,400 h at 80◦C at a small current of 3 mA (dashed line in Fig.
12.16a). In Fig. 12.16b the maximum optical output power during high stress ageing
studies are shown. At temperatures of around 90◦C and high currents, the device
driven at 15 mA degrades very fast in the first 100 hours in comparison to the other
one operated at 8 mA (Fig. 12.16b). The high current density leads to fast ageing of
red VCSEL devices with an ageing acceleration factor which was found to be [55]

λI =
(

Ia

Iop

)5

, (12.7)

where Ia is the ageing current for accelerated ageing, Iop is the moderate oper-
ating current and λI the resulting ageing acceleration factor. Visual inspection of
the electroluminescence in the apertures of seriously degraded devices has revealed
a consistent failure signature in the form of a dark spot at the periphery of the
current aperture [30]. This failure signature exhibits always the same orientation
with respect to the crystal axes. The authors suspect that a plausible explanation
may be some form of conductivity anisotropy in the semiconductor layers due to the
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off-axis substrate orientation, leading to localized current crowding and accelerated
defect formation [56, 57].

12.4 Quantum Dot Based Red Emitting VCSEL

For a laser device with low threshold current, it is essential to decrease the pumped
mode volume by using an oxide aperture above the cavity [58] and thereby decreas-
ing the active volume for lowest power consumption. By using zero-dimensional
quantum dots (QDs) as the active medium of semiconductor lasers, theory has pre-
dicted splendid properties compared to higher dimensional media [59, 60], such as
low thresholds and broader gain spectra. In the In(Ga)As/GaAs material system,
which emits in the near-infrared spectral region, laser physics and development have
reached a high level and are best understood [61]. Low threshold current densities jth
of around 113 A/cm2 for micropillar lasers in the InGaAs/GaAs material system with
a QD density of 5×109 cm−2 were achieved [62]. World record transparency current
density value of 6 A/cm2 for one QD layer with a QD density of 1 × 1011 cm−2 in
the InGaAs/GaAs material system was reached [63]. It is also preferable to fabricate
QDs at shorter wavelengths as active emitters for on-board optical interconnects and
polymer optical fiber (POF) applications or as single-photon emitters as common
silicon-based avalanche photo diodes have their highest photon detection efficiency
in the red spectral range [64–66]. InP QDs embedded in AlGaInP barrier mater-
ial are capable of emitting light in the red up to the green spectral range [67–69].
For such InP/AlGaInP QDs as active layer for edge-emitting lasers with emission
wavelengths around 660 nm, jth of around 300 A/cm2 (single QD layer) at room
temperature were achieved [70, 71]. In comparison, multiple quantum well VCSELs
in the red spectral region and GaInP/AlGaInP material system exhibit low jth values
in the range of around 2 kA/cm2 at 293 K [39].

A single layer of self-assembled InP-QDs was grown using the Stranski–
Krastanow growth mode [72] by depositing several monolayers (ML) of InP. The
QDs were sandwiched in between (Al0.20Ga0.80)0.51In0.49P as barrier material sur-
rounded by a one wavelength-thick (Al0.55Ga0.45)0.51In0.49P cavity spacer [73]. The
growth was interrupted for 20 s directly after the deposition of the QDs in order to
ripen the QDs. Atomic force microscope measurements were used to determine the
surface density of the QDs of around 5.5×1010 cm−2. To form a current aperture for
electrical pumping, an Al0.98Ga0.02As oxidation layer was inserted above the cavity.
The oxide aperture leads to a number of QDs of 5 × 103 to 1 × 105 lying spatially
under the respective aperture opening while the pumped volume is expected to be
larger due to current spreading between the active region and the current constric-
tion layer. Post-growth standard lithography, wet oxidation and evaporation of ohmic
contacts were used to fabricate single VCSEL devices. A ring contact with 20 µm
opening window was used for current injection through the upper DBR [74].

An overview spectrum in Fig. 12.17 shows the laser emission line at 290 K due
to the cavity resonance positioned at 653 nm. The input–output characteristics of
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Fig. 12.17 a Overview emission spectra of an electrically pumped red emitting InP-QD based
VCSEL with an aperture diameter of around 16 µm at room temperature. b Input–output charac-
teristics of the QD-VCSEL shown in a. The change from linear to super-linear regime around and
above jth of 10 A/cm2 is a strong hint on lasing. At 300 A/cm2 the intensity begins to saturate due
to the low quantity of QDs contributing to the lasing mode

a QD-based VCSEL is given in Fig. 12.17. As the current density is continuously
increased from 1 × 10−2 A/cm2 to around 10 A/cm2 in Fig. 12.17, the integrated
intensity over all modes increases linearly. The further increase in current density
results in a super-linear increase in integrated intensity whose position was identified
as jth of the laser. Finally, even higher current densities result in saturation of output
power. This can be explained due to the fact that the number of QDs which match
optically and spatially to the mode is reduced and underlies the probability to be
under the electrically pumped area. At the current stage of development, the overall
efficiency of such InP-QD based VCSEL was estimated to be below 1%.

Finally, jth was evaluated out of Fig. 12.17 for temperatures in a range from 100
to 290 K. The results are shown in Fig. 12.18. It appears that jth is nearly temperature
independent which might originate from a broad gain contribution of the QD ensem-
ble in general and besides from three-dimensional carrier confinement as predicted
[60]. Also, lowest jth values of around 10–30 A/cm2 were observed.

As mentioned above, only 5 × 103 to 1 × 105 InP-QDs are lying spatially under
the aperture opening while the number of QDs that match spectrally to the cavity
resonance is between around 7 and 160. This is due to the large QD ensemble with
its broad emission spectra of around 170 meV and cavity detuning being in a range
of around 114 meV at 300 K as shown in Fig. 12.18. The surprising effect that such a
small number of QDs can exhibit enough gain to lasing might be explained by non-
resonant dot-cavity coupling mechanisms [75–77]. In Ref. [77], the authors showed
in detail that 2–4 QDs in a photonic crystal cavity being optically pumped provide
sufficient gain for lasing and they reason that with cooperation from the surrounding
non-resonant QDs emission into the lasing mode becomes feasible. In this case, a
perfect spectral dot-cavity alignment is not essentially needed.
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Fig. 12.18 a jth of a red InP quantum dot VCSEL and a common quantum well based VCSEL
with four quantum wells as a function of temperature. The measurement shows that jth of the QD
VCSEL is nearly constant over the investigated temperature range. b Reflection measurement and
electroluminescence spectra from the QD-VCSEL. The electroluminescence was taken to the edge
of the sample to avoid influences of the microcavity while the reflection was measured from the top
of the sample. A large detuning of cavity resonance and QD electroluminescence maximum was
observed

12.5 Conclusion

In summary, the particular challenges for the optimization and realization of red-
emitting AlGaInP based VCSEL were discussed. Up to now devices with remark-
able CW output powers of up nearly 12 mW at 673 nm and around 4 mW at 650 nm
were fabricated. Lasing was shown even at 80◦C for 666 nm devices and up to 65◦C
for 650 nm VCSEL. Using a heat dissipation model the temperature behavior could
be improved by choosing appropriate mesa and aperture geometries. Under pulsed
excitation AlGaInP VCSEL are capable of lasing even at 170◦C. In view of data trans-
mission 670 nm devices achieved resonance frequencies of 11 GHz and 5.7 GHz for
650 nm VCSEL. From a K-factor analysis a maximum modulation bandwidth of
around 25 GHz could be estimated. Large-signal modulation bandwidth measure-
ments of red VCSEL showed error-free data rates of 1.25 Gbit/s even at 60◦C over
POF. Reliability tests showed that red VCSEL are suitable for applications even in
harsher environment. By replacing GaInP quantum wells by InP quantum dots as
gain material in red emitting VCSEL nearly temperature independent record low
threshold current densities of around 10 A/cm2 could be observed.

12.6 Outlook

Red AlGaInP VCSEL have been successfully developed in the last 15 years showing
high output powers and improved temperature behavior as well as high modulation
bandwidths. However, in the past for each special requirement a different VCSEL
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design was processed. For practical usage especially in red VCSEL’s major applica-
tion as transmitters in POF based optical networks, it has to combine all the required
specifications in one device. To achieve high data rates red AlGaInP VCSEL have to
perfectly match the POF attenuation minimum at 650 nm. Unfortunately, with almost
every nanometer below 670 nm the laser performance degrades and temperature sen-
sitivity increases. Many investigations and calculations have shown that controlling
the heat generation and heat removal results in a threefold improvement. With a lower
thermal budget in the device and enhanced heat dissipation the temperature sensi-
tivity can be reduced. This results in higher output powers and increased achievable
current densities at higher temperatures which imply higher modulation bandwidths.
Using quantum dots as the active material the threshold current will be decreased to
very low values with a very low temperature sensitivity. This remedial action may
reduce the heat generating current and may lead to red emitting VCSEL with high
performance in all mentioned required specifications.
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Chapter 13
GaN-Based VCSELs

Shing-Chung Wang, Tien-Chang Lu, Hao-Chung Kuo
and Jun-Rong Chen

Abstract This chapter first briefly reviews the background of the development of
GaN-based edge-emitting lasers and key technical issues and approaches. Then we
present the design considerations and fabrication technology for the development of
GaN-based vertical-cavity surface-emitting lasers (VCSELs). The technical issues
and approaches for fabricating high-quality and high-reflectivity GaN distributed
Bragg reflectors (DBRs) are discussed. The trade-offs among the three kinds of GaN
microcavity structures are compared. Fabrication processes and key performance
characteristics of hybrid and double dielectric microcavities for optically pumped
GaN VCSELs are presented. The key approaches to achieve electrically pumped GaN
VCSELs are analyzed and recent developments in electrically pumped GaN VCSELs
are described. The future prospects of enhancing the GaN VCSEL performance and
operation temperature are discussed. Finally the emerging applications for nitride-
based VCSELs are briefly described.

13.1 Introduction

Gallium nitride and its most relevant alloys such as InGaN and AlGaN have many
unique properties suitable for fabrications of various photon emission devices includ-
ing light-emitting diodes (LEDs) and edge-emitting laser diodes (LDs). By varying
the alloy composition, different photon emission can be obtained over a wide range
of energy from 0.7 to 6.2 eV, covering the wavelength range from infrared to ultravio-
let. In addition, the GaN-based materials have large exciton binding energy of about
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26 meV for bulk GaN layers [1] and about 40−50 meV for quantum-well (QW)
structures [2]. This property has attracted much attention in the research field of
single-photon emitters [3] and dynamical Bose–Einstein condensates [4]. Besides,
the GaN material has large LO phonon energy making it a potential candidate for
development of high temperature quantum cascade laser [5].

However, there are several key technical issues in realization of nitride-based
laser devices. These include no suitable GaN substrate material, difficulty in p-
doping, and relatively high defect densities of epitaxially grown films. In 1989,
Akasaki and co-workers first realized the p-type GaN films by using Mg-doping as
an acceptor impurity and activated the Mg acceptors by post low-energy electron-
beam irradiation treatment [6]. Subsequently, the first GaN-based homojunction LED
was reported by Akasaki et al. in 1992 [7]. Thereafter, ultra-bright InGaN/GaN
double-heterostructure LEDs were demonstrated by Nakamura et al. in 1994 [8].
Most of these LED devices reported were grown on foreign substrate such as sapphire.
In 1996, first GaN-based edge-emitting laser with InGaN multiple quantum wells
(MQWs) was reported by Nakamura et al. [9]. This laser was operated at room-
temperature (RT) under continuous-wave (CW) conditions with a relatively short
lifetime. The lifetime and output power of the laser diodes were later improved to
more than 10,000 h and 420 mW in 1998 [10, 11]. These breakthroughs in the edge-
emitting laser performance were attributed to the improvement of crystal quality
and the p-type conductivity control [12, 13]. The edge-emitting GaN-based LDs
have since been rapidly developed and currently been developed successfully into
commercial applications such as high density optical storage systems. However, the
development of GaN-based vertical-cavity surface-emitting lasers (VCSELs) has
been relatively slow even though the idea of such a VCSEL has been proposed by Iga
et al. since 1979 [14]. In the following, we will discuss those critical technical issues
limiting the development of GaN-based VCSELs and describe the key approaches
to these issues in detail.

VCSELs have become one kind of most important semiconductor lasers due to
many inherent advantages and promising applications [15–17]. In contrast with the
well-developed GaAs- and InP-based red and infrared VCSELs, the lasing action
of GaN-based VCSELs is mostly reported under optical pumping conditions. There
are three critical difficulties in fabricating electrically pumped GaN VCSELs. One
is the lack of suitable substrates, leading to much higher defect densities in GaN
films. Another is the difficulty in growing high-quality and high-reflectivity GaN-
based distributed Bragg reflectors (DBRs) due to the large lattice mismatch between
GaN and AlN layers. The other is to obtain low-resistive p-type GaN layers, orig-
inated from the high activation energy of Mg dopants. Despite the material quality
or fabrication problems, the desirable breakthrough in the realization of GaN-based
VCSELs makes many research groups devoted to the growth and fabrication of
GaN-based VCSELs. The first demonstration of the RT optically pumped GaN-based
VCSELs has been reported by Redwing et al. in 1996 [18]. The fully epitaxial VCSEL
structure consists of a 10 µm GaN active region sandwiched between 30-period
Al0.12Ga0.88N/Al0.4Ga0.6N DBRswith the reflectivity values of about 84−93% from
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the theoretical prediction. The relatively low reflectivity results in the high threshold
pumping energy of ∼ 2.0 MW/cm2 and the employment of thick GaN gain layer.
Furthermore, Arakawa et al. fabricated an In0.1Ga0.9N VCSEL and observed the
lasing action at 77 K in 1998 [19]. The 3-λ cavity made of an In0.1Ga0.9N active
layer was grown on 35-pair Al0.34Ga0.66N/GaN DBRs with the reflectivity of 97%.
The top-DBR consisting of 6-pair TiO2/SiO2 multi-layer providing the reflectivity
of 98% was evaporated on the top of the active layer to form the hybrid VCSEL
structure (i.e., the VCSEL structure consisting of a semiconductor grown mirror and
a dielectric deposited mirror). The emission linewidth significantly decreased from
2.5 to 0.1 nm after the threshold condition. Thereafter, Song et al. demonstrated a
VCSEL structure consisting of InGaN MQWs and 10-pair SiO2/HfO2 top and bot-
tom DBR by using laser lift-off technology in 1999 [20]. Since the reflectivity of
top and bottom DBRs were 99.5 and 99.9%, respectively, the cavity quality fac-
tor (Q-factor) is larger than 600 in their experiments. In the same year, Someya et
al. reported the RT lasing at blue wavelengths in hybrid GaN-based VCSELs [21].
Lasing action was observed at a wavelength of 399 nm under optical excitation and
the emission linewidth decreased from 0.8 nm below threshold to less than 0.1 nm
above threshold. In 2005, crack-free fully epitaxial nitride microcavity using lattice-
matched AlInN/GaN DBRs has been reported by Carlin et al. [22]. The optical cavity
was formed by a 3λ/2 GaN cavity surrounded by lattice-matched AlInN/GaN DBRs
with reflectivity values close to 99%. The cavity mode was clearly resolved with
a linewidth of 2.3 nm. Other optically pumped results reported in recent years are
aimed at improving the device performance and investigating the physical mecha-
nisms [23–30]. In this chapter, we will take the research results from Wang’s group
as the examples to describe the performance characteristics of optically pumped
GaN-based VCSELs by employing a double dielectric DBR VCSEL structure
[27, 28] and a hybrid DBR VCSEL structure [29, 30]. It was not until 2008 that the
first electrically pumped GaN VCSEL was demonstrated at 77 K under CW opera-
tion by Wang et al. [31] and recently the RT CW GaN VCSEL was also reported by
Nichia Corporation [32].

In this section, we present the brief development history of GaN-based VCSELs
and describe the recent breakthroughs in demonstration of optically pumped and elec-
trically pumped GaN-based VCSELs. In following Sect. 13.2, we discuss the design
considerations and fabrication of GaN-based VCSELs. The issues and technical
approaches of fabrication of high-reflectivity GaN DBRs are highlighted. The trade-
offs among the three kinds of typical GaN microcavity structure are also described.
In Sects. 13.3 and 13.4, we present the fabrication processes and performance char-
acteristics of optically pumped and electrically pumped GaN VCSELs respectively.
In Sect. 13.5, the critical approaches to achieve electrically pumped GaN VCSELs
are analyzed and the future prospects of enhancing the laser performance and opera-
tion temperature are discussed. Finally in Sect. 13.6, we summarize this chapter and
briefly discuss the emerging applications for nitride-based VCSELs.
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13.2 Design and Fabrication of GaN-Based VCSELs

The evolution of nitride-based light-emitting devices suffered many obstacles,
such as the absence of lattice-matched substrates [33], low activation ratio of
p-type (Al)GaN [34], large mobility difference between electrons and holes [35],
crystal-structure- and strain-induced quantum-confined Stark effect (QCSE) [36],
etc. These problems have been widely investigated in nitride-based LEDs and LDs.
Nevertheless, the most difficult challenge for nitride-based VCSELs is the lattice-
mismatched nitride-based DBRs. High-quality and high-reflectivity DBRs are nec-
essary to achieve threshold condition due to the relatively short gain region of a
VCSEL [15, 16]. In general, there are three kinds of material systems used in
nitride-based DBRs, including AlN/GaN, Al(Ga)N/(Al)GaN, and AlInN/GaN. The
AlN/GaN DBRs offer the highest refractive index contrast among the III-nitride
compounds and provide highly reflective structures together with a large stopband
width. However, the large lattice mismatch between AlN and GaN is up to 2.4%,
which generally results in a tensile strain and the formation of cracks. These cracks
tend to grow into V-shaped grooves and seriously affect the reflectivity of the DBR
due to scattering, diffraction, and absorption. To prevent the formation of cracks,
the AlxGa1−xN/AlyGa1−yN system is usually used to reduce the strain in the whole
DBR structure. Nevertheless, the refractive index contrast decreases with increas-
ing Al composition in GaN or Ga composition in AlN, which leads to a reduced
stopband width and the requirement of increased number of pairs to achieve high
reflectivity. An alternative approach was proposed by Carlin and Ilegems [37]. They
demonstrated high-reflectivity AlInN/GaN DBRs near lattice matched to GaN. The
20-pair DBRs exhibited a peak reflectivity over 90% and a 35 nm stopband width at
515 nm. Although this kind of DBR has been reported, the growth of high-quality
AlInN film is difficult due to the composition inhomogeneity and phase separation
in AlInN, which results from large mismatch of covalent bond length and growth
temperature between InN and AlN [38]. The related progress in the growth of highly
reflective nitride-based DBR can be found in the review paper [39].

In order to obtain high-reflectivity and large-stopband DBRs for nitride-based
VCSELs, Wang’s group is keeping on the study of growing high-quality AlN/GaN
DBRs. In their previous study, they reported the growth of crack-free AlN/GaN DBRs
with insertion of 5.5 periods of AlN/GaN superlattice (SL) [40]. Figure 13.1 shows
cross-sectional transmission electronic microscopy (TEM) images of the SL DBR
structure. The lighter layers represent AlN layers while the darker layers represent
GaN layers. The interfaces between AlN and GaN layers are sharp and abrupt in
low-magnification TEM image, as shown in Fig. 13.1a. The arrows indicate the
SL insertion positions. Figure 13.1b shows the cross-sectional TEM image of one
set of 5.5-pairs AlN/GaN SL insertion layers under high magnification. Detailed
observations by this TEM image reveal that the V-shaped defects in the AlN layers
are always observable at the GaN-on-AlN interfaces and filled in with GaN. These
V-shaped defects have been reported earlier and could be due to various origins such
as stacking mismatch boundaries and surface undulation [41]. The GaN/AlN SL
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Fig. 13.1 a Low-magnification cross-sectional TEM image of the SL DBR structure. b High-
magnification cross-sectional TEM image of the SL DBR structure. The 5.5-pair AlN/GaN SL can
be observed clearly

insertion layers were ended by one more AlN layer to identify the changing from
the AlN layer to the GaN layer. Here a set of GaN/AlN SL insertion layers can be
seen as a quasi alloy of an AlxGa1−xN layer for a low refractive index quarter-wave
layer in the DBR structure. The effect of the SL insertion layers on the structural
characteristics of the nitride DBRs is relevant to the mechanism of strain relaxation.
The relaxation process of AlN/GaN SL layers keeps relatively better coherency, i.e.,
GaN and AlN SL layers are fully strained against each other. Therefore, the SLs
behave like effective bulk layers which have in-plane lattice constant between bulk
GaN and AlN DBR layers [42]. The subsequent growth of five-pair AlN/GaN DBR
could follow the AlN/GaN SLs, which will make the DBR layers suffer relatively
smaller strain as compared with DBR layers grown on bulk GaN layer. Consequently,
the insertion of the SL layers during the growth of the DBR layers could act as strain
buffers between DBRs and the underlying GaN bulk layer because the in-plane lattice
constants of the SL layers are close to those of the AlN layers in the DBRs.

Another consideration of the VCSEL design is the thickness and position of
the InGaN/GaN MQWs inside the GaN microcavity. Typically, the cavity length
of VCSELs is on the order of few half operating wavelengths. In such a short
cavity device, the electromagnetic waves would form standing wave patterns with
nodes (electromagnetic wave intensity minima) and anti-nodes (electromagnetic
wave intensity maxima) within the GaN microcavity. The location of the InGaN/GaN
MQWs with respect to the anti-nodes can significantly affect the coupling of laser
mode with the cavity field. The proper alignment of the MQWs region with the
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Fig. 13.2 Schematic representation of the relation between refractive index and longitudinal optical
field for a typical hybrid DBR VCSEL

anti-nodes of the cavity standing wave field patterns will enhance the coupling and
reduce laser threshold condition. As a result, the precise layer thickness control in the
VCSEL fabrication is important. Wang’s group used ten pairs InGaN/GaN MQWs to
form a λ/2 optical thickness to fully overlap with one standing wave pattern in order
to have more thickness tolerance during the fabrication and to have a higher longi-
tudinal confinement factor with respect to the total cavity length. Figure 13.2 shows
the refractive index value in each layer and the simulated standing wave patterns
inside the hybrid DBR VCSEL structure. Since the bottom AlN/GaN DBR and the
GaN cavity are epitaxially grown, the precise layer thickness can be controlled by the
in-situ monitoring system. By fixing a specific monitor wavelength, the thickness of
each quarter-wavelength GaN and AlN, and GaN cavity can be precisely controlled
by following the reflectance signals during the metal organic chemical vapor depo-
sition (MOCVD) growth. The total reflectance signal at 460 nm for the half-cavity
structure is shown in Fig. 13.3. The relative reflectivity is gradually saturated with
increasing number of DBR pairs, as shown in Fig. 13.3a. The AlN/GaN SL layers
are inserted in to AlN/GaN DBR at the time indicated as SL. The cavity thickness
and positions of MQWs can also be in-situ monitored by observing the oscillation
periods during the growth, as shown in Fig. 13.3b. After the growth of nitride-based
half cavity, an eight-pair of Ta2O5/SiO2 dielectric mirror was deposited by electronic
beam evaporation as the top DBR reflector to form the hybrid microcavity.

Because of the difficulty of growing high-quality and high-reflectivity nitride-
based DBRs, the possible design of GaN based blue-VCSELs has been proposed by
Iga in 1996 [43]. The corresponding structural designs for nitride-based VCSELs
can be classified into three major types, as shown in Fig. 13.4. The first one is
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tric DBR VCSELs. c Hybrid DBR VCSELs

monolithic grown vertical resonant cavity consisting of epitaxially grown III-nitride
top and bottom DBRs (Fig. 13.4a). The advantage of the fully epitaxial microcavity
is the controllable cavity thickness which is beneficial to fabricate microcavity struc-
ture. However, VCSELs require extremely high-reflectivity DBRs (i.e., high cavity
Q-factor). The fully epitaxial nitride microcavity is very difficult to achieve this
requirement although the related results have been reported [22, 44]. The second one
is vertical resonant cavity consisting of dielectric top and bottom DBRs (Fig. 13.4b).
The double dielectric DBR VCSELs can exhibit high cavity Q-factors because of
the high-reflectivity DBR, which are relatively easy to fabricate. The large refractive
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index contrast in dielectric materials can make high-reflectivity and large-stopband
DBR with less number of pairs. The drawback of the double dielectric DBR VCSEL
is the difficulty of controlling the cavity thickness precisely and the complicated
fabrication process due to the employment of laser lift-off technique [27]. In addi-
tion, the thickness of the GaN cavity should keep as thick as possible to avoid the
damage of the InGaN/GaN MQWs during the laser lift-off process. Such a thick cav-
ity length could increase the threshold condition and reduce the microcavity effect.
Although the cavity layer can be polished and thinned using chemical-mechanical
polishing (CMP) technique, the smooth surface is another key issue for high-quality
GaN cavity [32]. The third one is the VCSEL structure combining an epitaxially
grown DBR and a dielectric type DBR which compromises the advantages and dis-
advantages of the above two VCSEL structures (Fig. 13.4c) [29, 30]. The hybrid
DBR VCSEL can eliminate the complex process and keep the feasibility of copla-
nar contacts with dielectric DBR mesas for the future electrically pumped VCSEL
applications. The major requirement for the fabrication of hybrid DBR VCSEL is
to grow high-reflectivity and high-quality nitride-based DBRs. Wang’s approaches
to the realization of GaN-based VCSELs are mainly based on the double dielectric
DBR VCSELs and the hybrid DBR VCSELs. The device performances of these two
VCSEL structures will be analyzed and discussed in the following sections.

13.3 Optically Pumped GaN-Based VCSELs

13.3.1 Optically Pumped Hybrid DBR VCSEL

The hybrid DBR GaN-based VCSELs were grown in a low-pressure high-speed
rotating-disk MOCVD system. Two-inch diameter (0001)-oriented sapphire sub-
strates were used for the growth of AlN/GaN DBR and cavity. During the growth,
trimethylgallium (TMGa), trimethylindium (TMIn) and trimethylaluminum (TMAl)
were used as group III source materials and ammonia (NH3) as the group V source
material. Then, the growth process was as follows. The substrate was thermally
cleaned in hydrogen ambient for 5 min at 1100◦C, and then a 30 nm thick GaN nucle-
ation layer was grown at 500◦C. The growth temperature was raised up to 1100◦C
for the growth of a 2 µm GaN buffer layer. Then the 29 pairs of AlN/GaN DBR
with six AlN/GaN superlattice insertion layers were grown under the fixed chamber
pressure of 100 Torr similar to the previous reported growth conditions [40]. In order
to reduce the tensile strain between the AlN and GaN, they inserted one superlattice
into each five DBR periods at first twenty pairs of DBR. Then the superlattice was
inserted into each three DBR periods for the remaining nine pairs of DBR to reduce
the tensile strain. The overall AlN/GaN DBRs has 29 pairs with six superlattice
insertion layers. On top of this 29-pair AlN/GaN DBR is a 790 nm-thick Si-doped
n-type GaN cladding layer. The MQW active region consists of ten 2.5 nm-thick
In0.2Ga0.8N QWs and 7.5 nm-thick GaN barrier layers. A 120 nm-thick Mg-doped
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Fig. 13.5 Room-temperature reflectivity spectrum and PL spectrum of whole GaN-based
microcavity

p-type GaN cladding layer was grown on top of the MQWs to form a 5-λ cavity in
optical thickness for center wavelength of 460 nm. Here, they chose 460 nm as the
designed lasing wavelength mainly due to the consideration of the higher absorption
of the indium tin oxide (ITO) layer at shorter wavelength for the further electrically
pumped GaN VCSELs. Besides, the grown epilayer thickness is easier to monitor at
this wavelength by the in-situ monitor system. After the growth of nitride-based half
cavity, an eight pairs of Ta2O5/SiO2 dielectric mirror was deposited by electronic
beam evaporation as the top DBR reflector to form the hybrid microcavity.

The experimental results obtained from the performance characteristics of opti-
cally pumped VCSELs provide useful information for further development of elec-
trically pumped VCSELs. It allows the estimation of the threshold condition of the
designed VCSEL structure and provides better understanding of the material prop-
erties. From the reflectivity spectrum of the full VCSEL structure, the accuracy of
the cavity thickness can be assured. Figure 13.5 shows the RT reflectivity spectrum
of whole microcavity under near normal incidence. The peak reflectivity is about
97% with a large stopband of 70 nm originated from the large refractive index con-
trast between Ta2O5 and SiO2 layers. The irregular long wavelength oscillations of
the reflectivity spectrum arise from the modulation of the respective top and bottom
DBR spectra. On the other hand, the short wavelength oscillator is relatively regular,
which only results from the top dielectric DBR since the short-wavelength light is
absorbed by GaN layer. The photoluminescence (PL) emission spectrum of the full
microcavity was measured at room temperature and shown in Fig. 13.5 as well. The
excitation source is a 325 nm He-Cd laser and the cavity resonance mode at 464.2 nm
with a full-width at half-maximum (FWHM) value of 0.61 nm is clearly observed.
The cavity mode dip is located at reflectivity curve corresponding to the emission
peak. This indicates that the InGaN/GaN MQWs emission peak was well aligned
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with the hybrid microcavity. The cavity Q-factor was estimated from the λ/�λ to
be about 760.

To examine the lasing action, they measured the emission intensity of the hybrid
microcavity with increasing pumping power using a microscopic optical pumping
system. The optical pumping of the samples was performed using a frequency-tripled
Nd:YVO4 355 nm pulsed laser with a pulse width of ∼ 0.5 ns at a repetition rate of
1 kHz. The pumping laser beam with a spot size ranging from 30 to 60 µm was
incident normal to the VCSEL sample surface. The light emission from the VCSEL
sample was collected using an imaging optic into a spectrometer/CCD (Jobin-Yvon
Triax 320 Spectrometer) with a spectral resolution of ∼ 0.1 nm for spectral out-
put measurement. Figure 13.6 shows the emission intensity at RT from the hybrid
GaN-based VCSEL as a function of the excitation energy. A distinct threshold char-
acteristic can be found at the threshold excitation energy of ∼55 nJ corresponding to
an energy density of 7.8 mJ/cm2. Then the laser output increased linearly with the
pumping energy beyond the threshold. A dominant laser emission line at 448.9 nm
appears above the threshold pumping energy.

The laser emission spectral linewidth reduces as the pumping energy above the
threshold energy and approaches 0.17 nm at the pumping energy of 82.5 nJ. In order
to extract the spontaneous coupling factor β of this cavity from Fig. 13.6, they
normalized the vertical scale and re-plotted it in a logarithm scale as shown in the
inset in Fig. 13.6. The difference between the heights of the emission intensities
before and after the threshold roughly coincides with the value of β [45]. The β

value of this hybrid GaN-based VCSEL estimated from the inset of Fig. 13.6 is
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about 6 × 10−2. The alternative approach to estimating the β value is based on the
approximation equation which can be expressed by [46, 47]

β = Fp

1 + Fp
(13.1)

with

Fp = 3

4π2

Q
Vc/(λ/n)3 (13.2)

where Fp is the Purcell factor, Q is the cavity quality factor, λ is the laser wavelength,
Vc is the optical volume of laser emission, and n is the refractive index. Since the
photoluminescence spectrum of the hybrid DBR VCSEL showed a narrow emission
peak with FWHM of 0.61 nm, cavity quality factor was estimated to be 760. The
refractive index is 2.45 for the GaN cavity. For the estimation of the optical volume,
they used the spot size of the laser emission image which was about 3 µm and the
cavity length of about 9.5λ with considering the penetration depth of the DBRs.
By using these parameters, the Purcell factor of about 2.9 × 10−2 was obtained and
they estimated the β value to be about 2.8 × 10−2, which has the same order of
magnitude as the above β value estimated from the inset in Fig. 13.6. This β value is
three order of magnitude higher than that of the typical edge emitting semiconductor
lasers (normally about 10−4–10−5 [47]) indicating the enhancement of the sponta-
neous emission into a lasing mode by the high quality factor microcavity effect in the
VCSEL structure. The variation of the laser emission intensity with the angle of the
polarizer was also measured and showed nearly a cosine square variation. The result
shows that the laser beam has a degree of polarization of about 89%, suggesting a
near linear polarization property of the laser emission.

13.3.2 Optically Pumped Dielectric DBR VCSEL

The schematic fabrication flowchart for dielectric DBR VCSELs is shown in
Fig. 13.7. The layer structure of the GaN-based cavity, grown on a (0001)-oriented
sapphire substrate by MOCVD is described as followed: a 30 nm nucleation layer,
a 4 µm GaN bulk layer, MQWs consisting of 10 periods of 5 nm GaN barriers and
3 nm In0.1Ga0.9N wells, and a 200 nm GaN cap layer. The peak emission wavelength
of the MQWs for the as-grown sample was obtained to be 416 nm. Then, the dielec-
tric DBR consisting of 6-pair SiO2/TiO2 was evaporated on the top of GaN-based
cavity. The stopband center of the DBR was tuned to 450 nm. The reflectivity of the
SiO2/TiO2 DBR at 414 nm is obtained to be 99.5%. Next, in order to enhance the
adhesion between the epitaxial layers and silica substrate, an array of disk-like pat-
terns with the diameter of 60 µm was formed by standard photolithography process
and the SiO2/TiO2 DBR mesas were formed by the buffer oxide etcher. The wafer
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Fig. 13.7 Schematic process flowchart of the dielectric DBR VCSELs incorporating two dielectric
DBRs fabricated by the laser lift-off technique

was then mounted onto a silica substrate, which is nearly transparent to the wave-
length of the excitation light and the VCSEL. A KrF excimer laser radiation at 248 nm
was guided into the sample from back side of the sapphire to separate the sapphire
from the epitaxial layers [48]. After the laser lift-off process, the sample was dipped
into the H2SO4 solution to remove the residual Ga on the exposed GaN buffer lay-
ers. In the next step, the sample was lapped and polished by diamond powders to
smooth the GaN surface since the laser lift-off process left a roughened surface. The
mean surface roughness of the polished GaN surface measured by the atomic force
microscopy (AFM) is about 1 nm over a scanned area of 20 × 20 µm2. However, to
prevent the possible damage of the quality in MQWs during the lapping process, the
4 µm GaN bulk layer was preserved. Finally, the second DBR consisting of 8-pair
SiO2/Ta2O5 was deposited on the top of the polished GaN surface. The reflectivity
of the SiO2/Ta2O5 DBR at 414 nm is 97%. The stopband center of the DBR was also
tuned to 450 nm. The thickness of the whole epitaxial cavity was equivalent to the
optical thickness of 24.5 emission wavelengths. The optical thickness of the MQWs
covered nearly half of the emission wavelength right between two adjacent nodes.

Figure 13.8 shows the laser emission intensity from the dielectric DBR VCSEL as
a function of the pumping energy at room temperature conditions. A clear evidence of
threshold condition occurred at the pumping energy of Eth = 270 nJ corresponding
to an energy density of 21.5 mJ/cm2. The output laser intensity from the sample
increased linearly with the pumping energy level beyond the threshold energy. The
estimated carrier density at the threshold is in the order of 1020 cm−3 assuming that
the pumping light with the emission wavelength of 355 nm has experienced a 60%
transmission through the SiO2/Ta2O5 DBR layers and undergone a 98% absorption
in the thick GaN layer. According to the report by Park [49], the gain coefficient
of InGaN at this carrier density level is about 104 cm−1. Wang et al. estimated the
threshold gain gth of the VCSEL using the equation gth ≥ 1/(ξLa)× ln(1/(R1R2)),

where ξ is the axial enhancement factor, La is the total thickness of the InGaN MQWs,
and R1 and R2 are the reflectivities of the dielectric DBRs. Since the active region
covers half of the emission wavelength, ξ is unity. They obtained an estimated gain
coefficient of about 104 cm−1 which is consistent with the above gth value estimated
from the carrier density. This also proved that the quality of the MQWs had been
kept after the laser lift-off and lapping process. The inset shown in Fig. 13.8 is the
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Fig. 13.8 Laser emission intensity as a function of the exciting energy at room temperature con-
ditions for the dielectric DBR VCSEL. Inset: Laser emission intensity versus pumping energy in
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the threshold corresponds roughly to the value of β. The dash lines are guides for the eye

laser emission intensity as the function of pumping energy in a logarithmic scale.
From the logarithmic data, the spontaneous coupling factor β was estimated from
the difference between the heights of the emission intensities before and after the
threshold condition. The estimated β was about 1.1 × 10−2. Since the cavity volume
of this dielectric DBR VCSEL is large than the above hybrid DBR VCSEL, the Purcell
factor and the spontaneous coupling factor shall be lower accordingly.

Figure 13.9 shows the evolution of the VCSEL emission spectrum with the pump-
ing energy at room temperature. When the pumping energy is below the threshold,
the spontaneous emission spectrum shows multiple cavity modes. The mode spacing
is about 7 nm corresponding to a cavity length of 4.3 µm, which is nearly equal to the
thickness of the epitaxial cavity. The linewidth of a single cavity mode is 0.8 nm as
shown in the inset of Fig. 13.9. The cavity quality factor estimated from the linewidth
is about 518. Considering the optical absorption of GaN layer, an estimated effective
cavity reflectivity based on this Q-factor is about 97%, which is close to the cavity
reflectivity formed by the two dielectric DBRs. This result indicates the laser cavity
structure was nearly intact after the laser lift-off process. As the pumping energy
increased above the threshold, a dominant laser emission line appeared at 414 nm
with a narrow linewidth of about 0.25 nm. The lasing wavelength is located at one
of cavity modes near the peak emission wavelength of the InGaN MQWs. The laser
emission polarization contrast between two orthogonal directions was measured as
well. A degree of polarization of about 70% is estimated. The lower degree of polar-
ization in comparison to the hybrid DBR VCSEL could be due to the smaller Q-factor
for this dielectric DBR VCSEL.
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13.4 Electrically Pumped GaN-Based VCSELs

13.4.1 Electrically Pumped Hybrid DBR VCSEL

To fabricate the VCSEL structure for electrical excitation, additional processes for
current injection are necessary. Since the epitaxially grown bottom AlN/GaN DBR
was un-doped and non-conductive, the epitaxially grown wafer should be further
processed to form the intra-cavity co-planar p- and n-contacts for current injection.
First, the mesa region was defined by photo-lithography and etched using an induc-
tively coupled plasma reactive ion etching system with Cl2/Ar as the etching gases
to expose the n-GaN layer for the n-contact formation. Then a 0.2-µm thick SiNx
layer was used as the mask to form a current injection and light emitting aperture
of 10 µm in diameter, which was then deposited an ITO as the transparent contact
layer. Since the ITO locates just next to the VCSEL microcavity, the thickness of
240 nm corresponding to 1-λ optical length (λ = 460 nm) has to be accurate to
match the phase condition and reduce the microcavity anti-resonance effect. The
ITO was annealed at 525◦C under the nitrogen ambient to reduce the contact resis-
tance as well as to increase transparency thus reducing the internal cavity loss. A
high transmittance of about 98.6% at λ = 460 nm was measured for the deposited
ITO after the annealing. Then the metal contact layer was deposited by the electron
beam evaporation using Ti/Al/Ni/Au (20/150/20/1000 nm) and Ni/Au (20/1000 nm)
as the n-type electrode and p-type electrode to form co-planar intra-cavity contacts,
respectively. Finally, an eight-pair Ta2O5/SiO2 dielectric DBR (measured reflec-
tivity of about 99% at λ = 460 nm) was deposited on top of the ITO layer to
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Fig. 13.10 Structure of electrically pumped hybrid GaN VCSEL. a The schematic diagram of the
intra-cavity GaN VCSEL. b SEM image for the VCSEL with the intra-cavity with two co-planar p-
and n-contacts for current injection. c The vertical surface emission image of a GaN VCSEL chip
at an injection current of 1 mA. The crack line under the p-contact wire bond was occurred during
the chipping process

form the top DBR mirror and complete the full hybrid microcavity VCSEL device.
Figure 13.10a shows the schematic of the electrically pumped hybrid GaN-based
VCSEL structure. Figure 13.10b shows the scanning electron microscopy (SEM)
image of the completed VCSEL devices. For VCSEL performance characteriza-
tion, the fabricated VCSEL devices were diced into an individual device size of
120 µm × 150 µm and packaged into the TO-can. The packaged VCSEL device was
mounted inside a cryogenic chamber for testing under the 77 K condition. Figure
13.10c shows the optical microscopy image of a GaN VCSEL sample device at an
injection current of 1 mA. The GaN VCSEL sample was placed inside a liquid nitro-
gen cooled chamber at 77 K and tested under CW current injection condition using
a CW current source (Keithley 238). The emission light was collected by a 25 µm
diameter multimode fiber using a microscope with a 40× objective (numerical aper-
ture = 0.6) and fed into the spectrometer (Triax 320). The system has a focal distance
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Fig. 13.11 Cross-sectional SEM image of the whole hybrid GaN-based VCSEL structure with
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of 320 mm and a grating of 1800 lines/mm with a spectral resolution of 0.15 nm.
The output from the spectrometer was detected by a charge-coupled device (CCD)
to record the emission spectrum. The spatial resolution of the imaging system was
about 1 µm as estimated by the diffraction limit of the objective lens. The cross-
sectional SEM image of the whole hybrid VCSEL structure is shown in Fig. 13.11.

Figure 13.12a shows the reflectivity spectra of crack-free 29-pair AlN/GaN DBR
with six SL insertion layers and 8-pair Ta2O5/SiO2 DBR, respectively. A high peak
reflectivity of 99.4% with a spectral bandwidth of ∼ 25 nm was observed from the
29-pair AlN/GaN DBR. The flat-topped stopband indicates the high crystal quality
of the AlN/GaN DBRs. The 8-pair Ta2O5/SiO2 DBR shows a peak reflectivity of
about 99% at 460 nm. The hybrid microcavity quality factor Q of the fabricated
GaN VCSEL without the ITO layer was estimated from the PL spectrum of the
VCSEL structure as shown in Fig. 13.12b. The VCSEL structure was also excited
by a CW 325 nm He-Cd laser with a laser spot size of about 1 µm in diameter. From
the PL emission peak of 454.3 nm and a narrow linewidth of 0.21 nm, the cavity
Q-factor can be calculated by λ/�λ to be about 2200. This Q value is larger than
that of the previous optically pumped VCSEL structure, which may originates from
the improvement of AlN/GaN DBR reflectivity and the better sample quality. On the
other hand, the Q value is slightly higher than the value obtained from the whole
VCSEL structure with intra-cavity ITO contact layer due to the additional absorption
loss of the ITO.

Figure 13.13a shows the light output power versus injection current and current-
voltage characteristics (typical L-I-V characteristics of a laser) of the VCSEL sample
at 77 K. The turn-on voltage is about 4.1 V, indicating the good electrical contact of
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Fig. 13.13 a The light output intensity versus injection current and current-voltage characteristics
of GaN VCSEL measured under the CW condition at 77 K. b The logarithm light output intensity
as a function input current at 77 K. The two solid lines are guides for the eye

the ITO transparent layer and the intra-cavity structure. The series resistance of the
VCSEL is about 1200 � at the driving current of 2.5 mA due to the small current
injection aperture. The laser light output power showed a distinct threshold char-
acteristic at the threshold current Ith of about 1.4 mA then increased linearly with
the injection current beyond the threshold. The threshold current density is esti-
mated to be about 1.8 kA/cm2 for a current injection aperture of 10 µm in diameter.
The corresponding threshold carrier density is about 2.6 × 1019 cm−3, estimated
by assuming that the carrier lifetime of InGaN MQW is 6.4 ns and the internal
quantum efficiency is 0.9 at 77 K [50]. However, according to the observation from
CCD image, the injected carriers are not uniformly spreading over the whole 10 µm
current aperture, resulting in the spatial non-uniformity in the emission intensity [28].
The actual area for carrier localizations appearing in the current aperture should be
much smaller than the 10 µm current aperture. The carrier localization area was esti-
mated to be about 30−50% of the total aperture. Then the carrier density for the
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lasing spots should be in the range of 5.2–8.7 × 1019 cm−3. Furthermore, they also
estimated the threshold gain coefficient gth of the current injection VCSEL operated
at 77 K using the equation:

gth ≥ Leff − da

da
〈αi〉 + 1

2da
ln

(
1

R1R2

)
(13.3)

where Leff is the effective cavity length, 〈αi〉 is the average internal loss inside the
cavity, da is the total thickness of the multiple quantum well and R1, R2 are the
reflectivities of the top and bottom DBR mirrors, respectively. Since the internal
loss inside the cavity mainly came from the ITO absorption, a threshold gain coef-
ficient value was obstained to be about 8.8 × 103 cm−1, which is a reasonable
value for the carrier density in the range of 5.2–8.7 × 1019 cm−3. Furthermore,
the spontaneous emission coupling factor β of the VCSEL sample was estimated
from Fig. 13.13b, which is the logarithm plot of the Fig. 13.13a. The extracted
β value is about 7.5 × 10−2 for the GaN VCSEL. Moreover, the β value was
also estimated from the Purcell factor Fp using the approximation equation as that
shown in expressions (13.1) and (13.2). The cavity Q value is about 1800 based
on the emission linewidth of 0.25 nm near the threshold. The optical volume Vc is
estimated to be about 1.2 × 10−11 cm3 for an emission spot size measured to be
about 3 µm. The cavity length is about 10.5λ considering the thickness of the ITO
and the penetration depth of the DBRs. By using these parameters, a Purcell fac-
tor could be estimated to be about 7.9 × 10−2 and an estimated β value of about
7.4 × 10−2 was then obtained. This value is close to that obtained above from
Fig. 13.13b. The high β value of the microcavity VCSEL could be responsible for
low threshold operation of the laser.

Figure 13.14 shows the laser emission spectrum at various injection current lev-
els. A dominant single laser emission line at 462.8 nm appears above the threshold
current. The inset in Fig. 13.14 shows the light emission linewidth at various injec-
tion current levels. The laser emission spectral linewidth reduces suddenly with the
injection current above the threshold current and approaches the spectral resolution
limit of 0.15 nm at the injection current of 1.7 Ith. Another inset in Fig. 13.14 shows
the CCD image of the spatial laser emission pattern across the 10 µm emission aper-
ture at a slightly below the threshold injection current of 1 mA. The non-uniform
emission intensity across the emission aperture with several bright emission spots
was observed. Earlier report showed that InGaN MQWs tend to have indium inho-
mogeneity [51]. Therefore, the non-uniformity in the emission intensity across the
aperture could be due to the indium non-uniformity that creates non-uniform spatial
gain distribution in the emitting aperture. Actually, the lasing action mainly arises
from those spots with brightest intensity as indicated in the inset of Fig. 13.14.
The spatial dimension of these bright spot clusters is only about few µm in
diameter. Similar result was also observed and reported recently for the optically
pumped GaN VCSELs [28]. The polarization characteristics and far-field pattern
(FFP) of the laser emission were also measured. The laser emission has a degree
of polarization of about 80% and the FWHM of the FFP is about 11.7◦ in both
horizontal and vertical directions.
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Fig. 13.14 The laser
emission spectrum at
different injection current
levels measured at 77 K.
Inset: The light emission
linewidth at various injection
current levels and the CCD
image of the emission from
the aperture
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The further breakthrough of CW electrically pumped hybrid DBR VCSELs has
been achieved at RT by Wang’s group in 2010 [52, 53]. A thin ITO layer of 30 nm
and a thin heavily doped p-type InGaN contact layer are the main improvements in
device structures for reducing the optical loss and the contact resistance. Moreover,
an AlGaN electron blocking layer on the top of the InGaN MQWs was employed to
prevent the electron leakage current [54]. At 300 K, the laser has a threshold current
at 9.7 mA corresponding to 12.4 kA/cm2. The laser emission wavelength is 412 nm
with a linewidth of about 0.5 nm. The laser has an estimated spontaneous emission
coupling factor of about 5 × 10−3.

13.4.2 Electrically Pumped Dielectric DBR VCSEL

The RT CW electrically pumped dielectric DBR VCSEL was firstly demonstrated
by Nichia Corporation in 2008 [32]. The VCSEL structure was grown on a (0001)-
oriented sapphire substrate by MOCVD. The active region consisted of two-pair
9 nm-thick InGaN QWs and 13 nm-thick GaN barrier layers. For the purpose of elec-
trical pumping, an 8 µm current aperture was formed by photolithography process.
They employed a 50 nm ITO layer as a p-type contact and current spreading layer.
Subsequently, an 11.5-pair SiO2/Nb2O5 DBR was deposited to form the backside
mirror. The sample was then bonded on a Si substrate and the sapphire substrate was
removed by laser lift-off technique. Then, the n-type GaN was thinned to be about 7λ

using CMP technique. Finally, a 7-pair SiO2/Nb2O5 DBR was formed to complete
the VCSEL structure. Figure 13.15 shows the schematic sketch of the GaN-based
dielectric DBR VCSEL with a vertical current injection configuration.

Figure 13.16a shows the light output intensity versus injection current and current-
voltage characteristics of the dielectric DBR VCSEL. The lasing behavior was clearly
observed and the threshold current was 7.0 mA. The output power was about 0.14 mW
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Fig. 13.15 Schematic sketch of the GaN-based dielectric DBR VCSEL with a vertical current
injection configuration [32]

Fig. 13.16 a The light output intensity versus injection current and current-voltage characteristics
of the dielectric DBR VCSEL. b The laser emission spectrum at different injection current levels
measured at RT [32]

at an injection current of 12 mA. Figure 13.16b shows the laser emission spectrum
at different injection current levels measured at RT. The spontaneous emission peak
with many higher-order transverse modes is observed when the input current is lower
than the threshold current. The peak intensity of the fundamental transverse mode
is increased and the emission linewidth becomes narrower with increasing input
current. When the input current is about 1.1 Ith the lasing wavelength is 414.4 nm
and the FWHM is about 0.03 nm.
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13.5 Future Perspectives

The lasing action of GaN-based hybrid DBR VCSELs by optical pumping at RT and
CW electrical pumping at 77 K were demonstrated by Wang et al. in 2008 and the RT
CW electrically pumped dielectric DBR VCSEL was reported by Higuchi et al. in the
same year. Recently, Wang’s group also demonstrated CW electrically pumped GaN-
based hybrid DBR VCSELs at RT in 2010. The next challenge of the GaN-based
VCSELs is to improve the laser performance. The difficulties in improving hybrid
DBR VCSEL structures may be due to several important issues. The current crowding
in the intracavity contacted structure is an important problem which induces a high
operation voltage and heat generation. It is well known that the performance of semi-
conductor laser will degrade with the increasing device temperature because of the
broadening gain spectra, increased nonradiative recombination, and electron leakage.
These heat-induced problems are especially serious in nitride-based VCSELs due
to the relatively large thermal resistance in multi-layer DBR and the smaller size of
current aperture [52], and QCSE-induced electron current leakage [54]. In addition,
heat dissipation limited by the poor thermal conductivity of the sapphire substrate
significantly affects the device performance. These issues should be the main physi-
cal mechanisms limiting the breakthrough of lasing action. The advanced design for
improving the laser performance of GaN VCSELs will be an important issue. It has
been reported that the use of polarization-matched InGaN/AlInGaN MQWs enables
an independent control over interface polarization charges and bandgap and has been
suggested as a method to reduce electron leakage current [56]. On the other hand,
conventional GaAs-based VCSELs mostly use the wet oxidation technique to achieve
effective index guiding structures. However, the design of intra-cavity structure has
the problems with an effective confinement of an optical field in a radial direction of
standard nitride-based VCSELs [57]. Additionally, several technical issues should
be considered. These include the design of a transparent and good current spread-
ing contact structure for carrier injection, improvement of the spatial uniformity of
InGaN MQW active region because of relative small light emission aperture of the
current injection device, enhancement of p-type GaN layer conductivity, and fur-
ther increase of the high reflectivity of DBRs for the reduction of threshold current.
It is necessary to overcome these problems to achieve high-performance RT CW
GaN-based VCSELs.

13.6 Summary

We have presented an overview of the current state of the art in the development
of GaN-based VCSELs. The technical approaches, fabrication processes, and key
performance characteristics of optically pumped and electrically pumped GaN-based
VCSELs are introduced in this chapter. The design considerations and fabrication
technology of two types of GaN-based VCSEL structures: hybrid DBR VCSELs and
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double dielectric DBR VCSELs have discussed. The first CW electrically pumped
GaN VCSEL has been demonstrated at 77 K by Wang’s group in 2008. The laser
action occurred at a threshold current of 1.4 mA with an emission wavelength at
462.8 nm in blue wavelength. In the same year, Nichia reported RT CW GaN VCSEL
by using wafer bonding and laser lift-off. The threshold current was about 7 mA at an
emission wavelength of 414 nm. These electrically pumped GaN VCSELs are only
the first step to achieve high-performance RT CW GaN VCSELs, which is a future
challenge for all the researchers devoted to the development of GaN VCSELs.
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VCSEL Applications



Chapter 14
VCSEL-Based Transceivers for Data
Communications

Kenneth P. Jackson and Clint L. Schow

Abstract The data communications (datacom) transceiver market has experienced
tremendous growth over the last fifteen years due in large part to the use of vertical-
cavity surface-emitting lasers (VCSELs) and multimode optical fibers. This chapter
reviews the evolution of 850 nm laser-based datacom transceivers beginning with the
early use of AlGaAs edge-emitters to the adoption of VCSELs where their unique
attributes have enabled significant performance enhancements and cost reductions
in transceiver designs.

14.1 Introduction

In 2009 over 18 million 850 nm wavelength VCSEL-based datacom transceivers
were sold resulting in revenue of almost US$ 500 million. The size and scope of
this market has grown tremendously over the last fifteen years, driven primarily by
the use of VCSELs. VCSEL technology, along with the use of multimode optical
fibers, have been key enablers for low-cost optical interconnects. These low cost
optical interconnects are attractive solutions for a wide range of data communications
applications including storage and local area networks (SANs and LANs) as well as
system interconnects for high performance computing (HPC).

VCSELs for datacom transceivers have evolved from the early days when they
were used as replacements for short wavelength edge-emitting lasers to today,
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where the advantages of VCSELs allow cost and performance optimizations, not
readily achievable with traditional 1,300 or 1,550 nm wavelength sources and single-
mode optical fiber technologies.

In this chapter, VCSEL-based transceivers are reviewed. Beginning with the ear-
liest developments of datacom transceiver designs using edge-emitting lasers, to the
introduction of VCSELs, this chapter focuses on the requirements and the unique
attributes of VCSELs which have enabled low-cost, high volume, manufacturable
transceivers. This chapter will also discuss present and future transceiver develop-
ments which continue to lower the cost and further increase the performance of these
solutions for an expanding range of applications.

14.2 Early Datacom Transceivers

The use of 850 nm wavelength VCSELs for datacom transceivers has its origins in
the mid 1980s when the growth in computer processing speeds drove the need for
even higher speed interconnects [1]. Fiber-optic interconnects offered advantages
in terms of distance and bulk. Light-emitting diodes (LEDs) were the technology
of choice used in these early implementations. However, they were mostly lim-
ited to data rates of a few hundred Mb/s and the optical power coupled in to the
fiber was relatively low. Increasing the speed of these devices generally resulted
in lower emitted optical powers requiring high efficiency fiber coupling and high-
sensitivity (∼ −30 to −35 dBm), wide bandwidth receivers which led to higher cost
transceivers. Laser-based solutions, on the other hand, were capable of launching
higher optical powers while operating at greater modulation speeds. This enabled
longer distance links, or more importantly, links having multiple fiber connections
and higher overall link loss. The use of laser sources in optical interconnects sim-
plified receiver designs and ultimately led to lower cost solutions. Unfortunately,
most of the lasers available were optimized for long-distance telecommunications
applications and were therefore expensive. In contrast to telecommunication links,
most data communications links are relatively short and the optical-to-electrical con-
version costs can be a significant fraction of the overall link cost that also includes
fiber and fiber installation.

In the 1980s, audio compact discs (CDs) were gaining in popularity and fueled
significant investments in the manufacturing infrastructure of 780 nm wavelength,
edge-emitting AlGaAs lasers. This investment resulted in low-cost lasers which could
also be used for multimode fiber data links [2]. These edge-emitting sources were
designed to have an optical self-pulsation. This self-pulsation resulted in devices
having a relatively low coherence (Fig. 14.1) which minimized noise arising from
optical back-reflections in the disc reading system. This self-pulsation effect was also
helpful in minimizing modal noise in multimode optical fiber data links. Telecom-
munications applications demanded lasers with narrow spectral line widths in order
to minimize chromatic dispersion to achieve long link distances. This narrow spec-
tral width results in a relatively coherent source (Fig. 14.2) which when used in
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Fig. 14.1 Fringe visibility as
a function of optical path
length difference for a
self-pulsating, 780 nm
AlGaAs edge-emitting laser.
Fringe visibility is a measure
of the source coherence
length, which for this type of
source is relatively low. Low
coherence minimizes the
effects of modal noise
making such sources
attractive solutions for
multimode fiber data links

Fig. 14.2 Fringe visibility
(coherence) as a function of
optical path length difference
for a narrow linewidth,
telecom-grade, edge-
emitting laser. The envelope
of the visibility is relatively
high (i.e. high coherence)
making this type of source
unsuitable for multimode
data links where mode
selective loss may be present

a short distance multimode fiber link having multiple optical connectors, will suf-
fer from “bit-error-rate-floors” arising from the time-varying effects of the source
and mode-selectivity in the fiber network [3]. Self-pulsating, edge-emitting lasers
greatly minimized this phenomenon and along with their relatively low-cost quickly
became the sources of choice for short distance data communications interconnects.
Figure 14.3a shows an oscilloscope response for a self-pulsating laser modulated
at a data rate of 220 Mb/s. Because the frequency of the optical self-pulsation is
higher than the bandwidth of the receiver at the remote end, the resulting wave-
form at the receiver output is free of deleterious modulation or noise effects (see
Fig. 14.3b). This type of laser was common for datacom transceivers operating at
220, 266 and 531 Mb/s (see Fig. 14.4), the latter two data rates being part of the
ANSI Fibre Channel standard for quarter- and half-speed physical link definitions,
respectively [4].
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Fig. 14.3 a Transmitted optical eye diagram for a self-pulsating, edge-emitting, AlGaAs, 780 nm
laser modulated at 220 Mb/s. Signal captured using a wide-bandwidth optical-to-electrical converter.
b Electrical eye diagram from a 220 Mb/s multimode data link receiver after filtering the waveform
from a. (Courtesy of D. Siljenberg)

Fig. 14.4 Example of an early optical data link card (circa 1991) which used a self-pulsating
edge-emitting, 780 nm, AlGaAs laser. The module shown is a “dual” card in that entire duplicate
transceiver functions were located on the same PC board. One-half of the module provided full-
duplex (bi-directional) data transfers at a rate of 220 Mb/s
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Fig. 14.5 a Modulated waveform of an edge-emitting, AlGaAs, 780 nm laser with high frequency
relaxation oscillations (rising edge of a string of “ones”). Useful data rates for this type of laser were
in the one gigabit per second range where these oscillations could be filtered out by the receiver.
b Electrical eye diagram from a one-gigabit per second multimode data link receiver after filtering
the waveform from a

14.3 The Need for VCSELs

The ever increasing need for high data throughput required even faster laser sources.
The CD-laser industry was motivated to achieve higher storage densities and
so moved to shorter wavelengths, modulation speeds were a secondary concern.
As the data communications industry approached data rates of 1 Gb/s in the mid
1990s, self-pulsating edge-emitting lasers, with oscillation frequencies sufficiently
high to be adequately filtered by the receiver, were increasingly difficult to fabri-
cate. As a consequence, early 1 Gb/s datacom transceivers utilized a variant of the
self-pulsating laser—one that exhibited high frequency oscillations that damped out
relatively quickly (on the order of a bit period). The oscillatory behavior resulted in
lasers whose coherence lengths were relatively short and therefore well-suited for
multimode fiber interconnects. These relaxation oscillations were sufficiently high in
frequency that the receiver on the remote end adequately filtered them out providing
a communications channel with high fidelity (Fig. 14.5a, b).

Unfortunately, the AlGaAs edge-emitting laser solution was short-lived. Data
rates continued to increase at a rapid pace and a new low-cost laser technology was
required. VCSELs were an attractive solution because they could be designed to
operate at much higher speeds and over greater temperature ranges than the AlGaAs
edge-emitting lasers at the time. VCSELs were also relatively inexpensive to man-
ufacture due to wafer scale fabrication and testing in contrast to edge emitters that
must be cleaved into “bars” before initial optical testing. Early VCSEL devices were
fabricated with relatively large optical emission apertures having a narrow beam
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Fig. 14.6 VCSEL coherence
length (fringe visibility) as a
function of optical path
length difference. VCSELs
have relatively low
coherence which minimizes
modal noise making them an
attractive technology for
multimode fiber data links
[5] (© 1994 IEEE)

divergence. This enabled the optical output to be efficiently coupled to a multimode
fiber while relaxing the laser-to-fiber alignment tolerance. Large aperture VCSELs
also have better thermal characteristics and higher manufacturing yields as well as
low contact resistance and therefore low operating voltages, a critical requirement
for operation with 3.3 V power supplies that were supplanting the previous indus-
try standard 5 V supplies. In addition, large aperture devices emit light in multiple
transverse spatial modes. These transverse modes are beneficial in that they reduce
the coherence of the source in ways similar to the longitudinal modes of the self-
pulsating edge-emitting laser (Fig. 14.6) [5, 6]. As a consequence, large aperture
VCSELs are well-suited in suppressing modal noise as well as enabling simple,
low-cost laser-to-fiber coupling approaches for multimode optical fiber data links.

14.4 VCSEL Technology and the Drive for Lower Costs

VCSELs and multimode optical fiber technologies enabled data communications
links having significant cost advantages over long-distance, single-mode fiber based
telecommunications links. However, in the continuing effort to compete with shorter
length copper interconnects, the industry pushed for even lower costs, higher densities
and greater modulation speeds to address the increasing data throughput needs. This
drive resulted in several key developments enabling VCSEL-based transceivers to
penetrate application spaces that were traditionally served by copper. These devel-
opments included changes in packaging (in part enabled by the properties of the
VCSEL) and changes to the kinds of functions contained in the datacom transceiver.

Due to the circularly symmetric emission beam and large aperture of a VCSEL,
the optical components that provide the laser-to-fiber coupling, commonly referred
to as transmit optical subassemblies (TOSAs) could be simplified. Packages for
edge-emitting lasers consisted of machined headers and lids with optically trans-
parent, anti-reflection-coated windows (referred to as TO-56). With the use of
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Fig. 14.7 Cross-section of an early 780 nm AlGaAs edge-emitting laser SC TOSA (transmit optical
subassembly) (circa 1991). Although inexpensive relative to alternatives at the time, this approach
is expensive when compared to the low-cost approaches used today with VCSELs (see Fig. 14.9).
(Courtesy of D. Karst)

VCSELs and the relaxed alignment tolerances, lower-cost, stamped, TO-46 packages
could be used. In addition, these TOSAs could be molded using plastic materials.
Figures 14.7, 14.8, and 14.9 show the chronological evolution of TOSAs begin-
ning with assemblies optimized for edge-emitters (Fig. 14.7) and progressing to
VCSEL-based plastic TOSAs (Fig. 14.9a, b). Edge-emitting laser-based TOSAs con-
sisted of machined stainless-steel housings with precision ceramic inserts in which
the optical fiber ferrule was inserted. The various piece parts were held together using
a combination of solder and laser welding. These approaches, although less expen-
sive than the existing 1310 nm, single-mode fiber based, telecom solutions at the
time, were relatively costly. VCSELs, with emission apertures about 3× larger than
edge-emitters, are more tolerant of misalignments and therefore can be assembled
into plastic housings using adhesives. In addition, because of the relaxed alignment
tolerance, the subassembly can provide adequate fiber coupled power over a wider
operating temperature range even in the presence of relatively large temperature
induced refractive index changes that shift the focal point.

In the late 1990s, the basic TOSA, shown in Fig. 14.8, gave way to a smaller format
leading to increased density (Fig. 14.9). Many datacom transceivers were compatible
with the industry-standard SC duplex multimode fiber connector (e.g. GBICs, GLM,
1 × 9 transceiver modules). However, as the width of the electrical signal interface
decreased through parallel to serial migration, a smaller optical interface was needed
to match, offering narrower transceivers and thus higher densities along the edge
of the host printed circuit board. A number of optical connection interfaces such as
MT-RJ, MU and LC were considered. Today the dominant interface is the duplex LC
(Fig. 14.9). The transceiver form factor that utilizes this optical interface is referred
to as the Small Form-factor Pluggable (SFP) (Fig. 14.10). A fixed, pin-through-hole
module, referred to as the Small Form-factor Fixed (SFF), is also offered.
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Fig. 14.8 Cost-reduced SC TOSA of Fig. 14.7. Changes in materials (molded plastic body and
lens) and reduction of piece parts (down to three) led to significantly lower costs

Other significant developments leading to lower costs with higher density and
performance was the removal or re-partitioning of various functions contained in
the transceiver. Early on the routing of high-speed signals on a large host system
printed circuit board was challenging. To minimize the risk, transceiver electrical
interfaces utilized multiple, parallel, signal lines operating at modest data rates.
Figure 14.11 shows a Gigabit Link Module (GLM) which accepted a two-byte wide,
10 bits/byte, 53 MHz, parallel electrical signal. The on-board serializer converted this
signal to a 1 Gb/s data stream. This 1 Gb/s signal was impressed on the optical output
of the laser by modulating with a laser driver circuit. The optical signal was then
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Fig. 14.9 VCSEL-based LC
TOSA common in the
industry today. Housing and
lens are combined into a
single molded piece typically
made from Ultem�.

a Cross-sectional view.
b Overall external view.
(Courtesy of D. Gaio)

Fig. 14.10 Typical small
form-factor pluggable (SFP)
transceiver. The LC optical
connector interface along
with the high-speed serial
electrical interface enabled
higher density transceiver
interconnects. The SFP
transceiver is hot-pluggable
and can be installed by the
end-customer [7] (Courtesy
of JDSU)

coupled to a multimode optical fiber with a TOSA which accommodates the fiber con-
nector ferrule. A duplex optical fiber allowed for simultaneous, bi-directional opera-
tion. The adjacent optical subassembly contained an optical receiver which converted
the incoming 1 Gb/s optical data into an electrical signal that was then de-multiplexed
or deserialized into two 10 bit wide electrical data streams. In the mid-1990s,
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Fig. 14.11 Gigabit Link Module (GLM), circa 1995. This module is sometimes referred to as a
“y-axis” pluggable as opposed to “z-axis” pluggable shown in Figs. 14.10 and 14.12. The GLM was
installed at the factory and was not readily removed in the field thus limiting customer flexibility

this architecture gave way to the GBIC (GigaBit Interface Converter) (Fig. 14.12) that
removed the serializing/deserializing function from the optical transceiver and inte-
grated it into the electronics on the host side of the interface. This greatly simplified
the transceiver, lowered the component costs and reduced its size, but required users to
manage 1 Gb/s electrical interfaces. Unlike GLMs, GBICs were also hot-pluggable
in the field, providing users greater flexibility in terms of network configuration,
performance and cost optimization.

Other changes to transceiver functions involved combining the laser driver (trans-
mit) and post-amplifier (receive) into a single integrated circuit [8]. With proper
design, the transmit and receive sections can be adequately isolated resulting in neg-
ligible on-chip cross-talk. Such designs can lead to lower costs due to a single chip
having fewer I/Os, fewer packages and less test complexity than the two-chip solution
(Fig. 14.13a, b).

All laser-based datacom transceivers also require certifications by government
agencies to ensure they adhere to specified laser safety standards. Early laser-based
transceivers utilized a control circuit, referred to as Open Fiber Control in order to
meet the least restrictive of the laser product safety standards ([4], App. I, pp. 308–
314). The Open Fiber Control circuit (Fig. 14.14) utilized the fact that the transceiver
was a duplex link, so that when light incident on the receiver portion of the transceiver
was interrupted, the transmit portion was immediately turned off. The laser was then
pulsed with a low duty cycle at a power level below the maximum eye safety limit.
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Fig. 14.12 GigaBit Interface
Converter (GBIC) module,
circa 1998. The GBIC
was hot-pluggable,
hot-swappable in the field
giving customers greater
flexibility and the ability to
optimize configuration and
deployment costs

When the fiber connection was restored, a DC detection circuit in the receiver would
detect the connection and both the near and far-end transceivers would be restored to
full power, returning the link to operation. In the late 1990s, the laser safety standards
were effectively relaxed as more biological data was accumulated and considered. As
a result, the acceptable maximum emission limits were increased thus eliminating the
need for this control circuitry. The elimination of this circuitry reduced the number
of components, simplified test complexity, and ultimately led to even lower costs.

14.5 Today’s VCSEL-Based Transceivers

The relentless drive for higher data rates continues unabated. Around 1999, the
IEEE 802.3 standards organization began work on the next generation of Ethernet,
10 Gb/s or ten times the previous generation. As the committees debated physical
form factors and interfaces for the new 10 Gb/s standard, it was determined a 4-
lane, parallel interface, called XAUI, was optimal for the same reasons as the GLM
noted above for 1 Gb/s data rates. The XENPAK and X2 form factors (see Fig.
14.15) were larger, in part to accommodate the longer distance solutions (e.g. 10 km)
using InGaAsP-based sources required for 10 Gb Ethernet. Eventually, a narrower
form factor having a serial interface (XFP) gathered momentum, which provided
the customer with more ports per linear inch on the edge of the card–an important
parameter from an overall system cost point of view. This XFP form factor is recently
giving way to the SFP+ form factor (Fig. 14.16) which is essentially the same as the
SFP form factor mentioned earlier.

It has become increasingly challenging for current datacom transceiver manu-
facturers to sustain a longstanding trend of cost reductions. Figure 14.17a, b shows
the progression of datacom interconnects as a function of time and associated costs.
Using the metric of $ per Gb/s, cost reductions are approximately 2× every six years.
But the relatively easy cost reductions have been made, for example: device changes



442 K. P. Jackson and C. L. Schow

Fig. 14.13 a Top-level
image of the combined laser
driver and post amplifier
chip referred to as the Media
Interface Controller Chip
(MICC). To minimize
on-chip crosstalk the two
functional blocks were
separated with an isolation
area. b Electrical eye
diagram output of the laser
drive section operating at
1.06 Gb/s [8] (© 1997 IEEE)

(VCSELs), material changes (plastic optics), higher levels of electronic integra-
tion, and increased yields due to better manufacturing uniformity of optoelectronic
devices. Over the last few years, attention has been paid to minimizing packag-
ing complexity and therefore cost and applying higher speed circuit technologies
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Fig. 14.14 Simplified functional block diagram showing the Open Fiber Control features of an
early laser-based data communications transceiver

Fig. 14.15 Xenpak, X2 and XFP, 10 Gb/s transceiver Form-factors. The Xenpak and X2 transceivers
have a 4-lane, parallel electrical interface at 3.125 Gb/s per lane. The optical interface is a duplex
SC fiber connector. The XFP has a serial electrical interface operating at a data rate of over 10 Gb/s.
The optical interface is a duplex LC fiber connector

to correct and adapt for design and/or manufacturing variations in the various com-
ponents.

One example has been to eliminate unnecessary packaging components.
Figure 14.18a, b show an optical receiver in which the submount/de-coupling capac-
itor has been eliminated so that the photodiode is placed directly on top of the
transimpedance amplifier chip. With proper use of differential signals and the use of
on-chip filtering, the design can perform as well as the traditional receiver utilizing
multiple external components. Such designs lead to lower costs due to fewer com-
ponents and less complexity. More recently, the desire to reduce packaging costs
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Fig. 14.16 Small
Form-factor Pluggable
“plus” (SFP+) transceiver.
This form factor is currently
used with 8 and 10 Gb/s
applications and is
essentially the same form
factor as the one used with
lower data rates (Courtesy of
Sumitomo Electric Device
Innovations U.S.A.)

has resulted in using approaches which are common in parallel optical intercon-
nects (the subject of another chapter of this book). In this case, the VCSEL or PD
die is placed directly on a substrate (e.g. printed circuit board) containing the laser
driver. This approach eliminates the traditional TO-can and its associated terminal
interfaces. These approaches subject the optoelectronic devices to an uncontrolled,
non-hermetic atmosphere and VCSEL and photodiode suppliers have enhanced the
ruggedness of the die so they can tolerate this potentially hostile environment. These
so called “chip-on-carrier” approaches can result in even lower costs, as the number
of packages and packaging interfaces are reduced or eliminated.

Another cost-reduction approach gaining in popularity is based on well-known
electronic dispersion compensation (EDC), where signal distortion is removed using
adaptive equalization [9–11]. In this instance, a signal may become distorted from
the bandwidth-distance limitation of the multimode fiber which limits the maximum
distance of the link for a given data rate. This is a key and persistent problem for
datacom users in which a particular length of installed fiber can become obsolete as
the data rates continue to increase. Also, signal distortion may be due to the use of
long copper traces connecting host circuits to the optical transceiver modules, or the
distortion may be caused by the use of lower speed and therefore lower cost com-
ponents having slow rise and fall times. This EDC approach involves incorporating
the equalization function in the host side electronics where the extra circuitry adds
minimal complexity, power dissipation and cost.

Figure 14.19 shows an oscilloscope photograph of the eye diagram of a distorted
signal, in this case, caused by the use of a relatively long length of multimode optical
fiber operated at a data rate where the bandwidth of the fiber degrades the signal.
As can be seen, the equalization circuitry removes the distortion and produces
error-free communications. Such approaches may enable even lower cost transceiver
solutions.

14.6 Future of VCSEL-Based Transceivers

While current VCSEL transceivers are offered at speeds up to 12.5 Gb/s, the develop-
ment of next-generation Ethernet, Fibre Channel, and Infiniband standards continues
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Fig. 14.17 a Progression of data transfer rate of transceivers over time. Date used is approximately
the year in which volume shipments occurred. b Associated costs of transceivers normalized to
cost per Gb/s. Note: Parallel interconnects denoted as 4× and 12× with Single Data Rate (SDR),
Double Data Rate (DDR) and Quad Data Rate (QDR) are included for comparisons
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(a) (b)

Fig. 14.18 a Mechanical drawing of an optical receiver used in many data communications trans-
ceivers today. The receiver consists of a photodetector placed directly on top of the transimpedance
amplifier (TIA) which is placed in a TO-46 header. b Top view photograph of device. (Courtesy of
Gennum Corporation)

Fig. 14.19 Oscilloscope response of a 10 Gb/s data pattern showing electrical waveform input to
the equalizer circuit (bottom) and the resulting output waveform after the equalizer removes the
“channel” degradation [9] (© 2003 IEEE)

to motivate the development of higher-speed devices. Serial data rates are expected
to exceed 20 Gb/s within the coming years, and many research efforts are focused
on extending data rates up to 40 Gb/s. VCSELs emitting at 850 nm have been oper-
ated at data rates from 30 Gb/s [12] to 40 Gb/s [13]. Longer-wavelength devices
have also achieved impressive speeds, with devices at 980 nm [14], and 1,100 nm
[15] attaining 30 to 40 Gb/s data rates. These research achievements illustrate the
potential of VCSELs to keep pace with ever-increasing data rates, but are not repre-
sentative of true production-level devices. For commercial offerings, reliability must
be proven and a range of specifications must be met with high-yield: spectral width,
RIN, threshold current, series resistance, etc. Product-ready VCSELs for >20 Gb/s
applications will likely require several years of development.
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While worldwide high-speed VCSEL research can be expected to continue to
set and break speed records, the VCSEL device itself is only one component of
a transceiver module. For serial transceivers to continue to extend to higher data
rates, technologies beyond the VCSELs must be improved. Improvements in key
areas must be realized, including: higher-performance device and module packaging
that maintains low assembly and test cost, higher bandwidth photodiodes that are
compatible with low-cost coupling to MMF, and higher speed and lower-power dis-
sipation driver and receiver electronics with higher integration and added function
(e.g. equalization).

Developing low-cost receivers for >20 Gb/s links is likely to be at least as chal-
lenging as producing the corresponding VCSELs. Typically, the gain and bandwidth
of transimpedance amplifiers are closely linked, and both are constrained by the pho-
todiode capacitance. A lower photodiode capacitance translates into a smaller RC
time constant that can be exploited to yield either greater bandwidth or higher tran-
simpedance gain. However, reducing photodiode capacitance typically is achieved
by shrinking the active diameter of the detector. Coupling from multimode fiber to
small-diameter photodiodes then becomes more difficult to do in a cost effective man-
ner as greater magnification is required that reduces alignment tolerances. Receiver
sensitivity is also reduced as data rates are scaled due to a larger required band-
width, resulting in less available link budget. Research efforts are underway to help
alleviate some of the trade-offs in receiver circuit design, and new transimpedance
amplifier architectures have been specifically designed to tolerate large photodiode
capacitances [16, 17].

Reducing power consumption is also becoming a much greater priority in
recent years in the design of large-scale networks and computing systems. This
emphasis on low-power operation is migrating down to the transceiver level. Con-
tinuing to develop VCSELs with lower thresholds and higher slope efficiencies will
help to reduce transmitter power consumption, but innovation in circuit design will
also be required as data rates continue to increase. Today, nearly all analog chips
for multimode transceivers are built using SiGe Bi-CMOS, a technology that has
not been advancing as quickly as CMOS. Relentless scaling may begin to make
CMOS advantageous for building analog driver/receiver chips, eventually supplant-
ing Bi-CMOS as the circuit technology of choice for multimode transceiver electron-
ics. No matter what process technology is utilized, the energy efficiency of multimode
transceivers, typically expressed in mW consumed per Gb/s transferred (mW/Gb/s
or pJ/bit), must be improved over current products. In addition, as data rates move
beyond 20 Gb/s, accumulated jitter, contributed by the optical and the electrical links
at the transceiver input and output will become a severe problem. To allow reason-
able jitter budgets for system design, it is likely that some re-timing will be required
in the transceivers: at least re-clocking the serial data and perhaps returning to the
inclusion of complete serialization/deserialization within modules.

Finally, the unique structure of VCSELs allows them to be readily populated into
large two-dimensional arrays. This feature enables a dimension of scaling not eas-
ily achieved with edge-emitting lasers: deploying parallel optical interconnects to
offer higher bandwidth optical data buses. Chapter 16 of this book discusses imple-

http://dx.doi.org/10.1007/978-0-85729-259-9_16
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mentations of parallel VCSEL-based optical interconnects in detail. While parallel
optical interconnects are poised for rapid growth in the coming years, driven by
bandwidth hungry high-end computing and networking applications, next-generation
serial VCSEL transceivers will continue to be a high growth, high-volume market
owing to their low production cost and continually improving performance.
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Chapter 15
Low-Cost Optical Video Links Based
on VCSELs

Hyun-Kuk Shin

Abstract The history of introduction and current status of VCSEL based optical
video link modules which have emerged as one of the main applications of VCSELs
are described. The structure and characteristics of VCSELs in optical video links are
summarized. The technical issues of the next generation optical video links for the
mass market are discussed.

15.1 Introduction

As graphic signal was digitalized in the late 1990s, DVI (Digital Visual Interface),
one of several digital interfaces, has rapidly emerged as a standard of the digital
graphic data transmission in PC industry [1]. With the spread of DVI, the demand
of optical video link for the long distance transmission, usually referred to as the
distance longer than 10 m, has also been issued.

Though the use of laser or LED was considered for a long distance transmission
when almost all graphic signals were transmitted in an analog way in the past, it
could not become popular due to the high cost of analog signal transmission through
optical fiber. So, very thick and shielded coaxial cables were used instead of optical
fiber for many years.

However, unlike analog interface whose bandwidth was only 100–200 MHz per
each color, the speed of digital interface easily exceeded Gbps per color, and naturally,
optical video link using semiconductor laser was introduced. As HDMI (High Defi-
nition Multimedia Interface) standard targeting the home TV market was distributed
in 2002, demand for optical video link was further increased [2].
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DVI standard was introduced right after 850 nm VCSEL was applied to Giga-
bit Ethernet transceiver, and the speed per channel was similar. Therefore 850 nm
VCSEL applied to the optical video link module for DVI quickly. In 2000, the first
optical video link module that completely supported the DVI standard was announced
[3]. Since then, various optical video link modules were developed by several com-
panies, and most of the products used 850 nm VCSEL. The concept of the optical
module and technical issues will be described in Sect. 15.2, and the characteristics
of the VCSELs used in the transmission of signals with regard to DVI or HDMI will
be explained in Sect. 15.3.

DVI and HDMI are basically a multi-channel interfaces, and due to the advantages
of VCSEL where multi-channel can be easily implemented and it is convenient in
terms of package, low cost and small size optical video links could be made. And on
the back of advantages of optical video links that can maintain the quality of signals
regardless of the location of display equipment, diversified display systems could
be configured. Accordingly, although it is not easy for us to find them sometimes,
the VCSEL optical video link modules can be found in a variety of places. Some
interesting application areas are shown in the Sect. 15.4.

High-resolution large screen display has rapidly been implemented, and new stan-
dards such as DisplayPort have been adopted following DVI and HDMI in order to
respond to continuous increase in the speed of graphic signal transmission. The new
interface requires a 10 Gbps bandwidth or higher, and the optical video link module
is expected to be more critical in the design of display system.

In addition to external link module, the transmission speed of graphic signal
inside the display equipment is also rapidly increasing along with higher resolution
and higher refresh rate. Therefore the optical video link module that has been applied
only to the industrial market and some high-end A/V system markets is expected to
develop into the huge volume market for the use inside the display equipment. In order
to successfully enter such mass market, further miniaturization of the module may
be necessary as well as the reduction of manufacturing cost. In addition, technical
breakthrough is required to reduce the number of optical fibers. The technical issues
to achieve such improvements will be described in the Sects. 15.5 and 15.6.

15.2 Optical Video Link Modules for DVI and HDMI

Graphic signals in DVI and HDMI are transmitted in the format of TMDS (Transition
Minimized Differential Signaling) [4]. Though a different signal format, LVDS had
been widely used in the internal interface that transmits signals to LCD panel from
the main board of a laptop PC or a LCD TV, TMDS was chosen as a standard of
external interface owing to the function of skew compensation and other advantages.
Fortunately, TMDS could make the implementation of optical link easy. LVDS signal
for which DC balance was not considered cannot be easily transmitted through optical
fiber without additional coding, but as 8B/10B coding is applied, the TMDS signal
for which DC balance was considered to a great degree could be easily connected
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Fig. 15.1 World first DVI
optical video link module

Fig. 15.2 Directionality of
DDC signals in DVI

through optical link. In this regard optical video link module was developed as DVI
was used to display equipment.

Figure 15.1 shows the DVI optical video link module that was commercialized
for the first time in 2000. The product was made to support SXGA resolution, the
highest resolution in the market at that time. Seven 850 nm oxide VCSELs and seven
PIN photodiodes (PDs) were used to support transmission speed up to 1.08 Gbps per
each channel.

In addition to four VCSELs corresponding to three colors and one clock, three
VCSELs were used in order to transmit DDC (Display Data Channel) signals. The
function of DDC signal is to read the information of a display device and enables
graphic source to transmit appropriate graphic signals, and its protocol complies with
IC widely used in the bus between ICs [5, 6].

As DDC signals consist of two-way channels including Clock and Data, the clock
is used only in one direction in most display devices (Fig. 15.2).

In order to support bi-directional data channel, two pairs of VCSEL-PD and uni-
directional clock channel, one pair of VCSEL-PD is used. The DC balance was not
considered at all, but since the highest speed is only 400 kbps, optical transmission
is possible. However, due to the presence of bi-directional signal, it is impossible to
connect electric signals to optoelectronic device directly, and it requires additional
circuit part that determines the direction of signal.

The optical transmission block of the Fig. 15.1 product is shown in Fig. 15.3.
As there is a circuit part that detects the direction of signal transmission between
source or display and VCSEL operation part, VCSEL connected to source or display
is turned on, and accordingly, the direction of data transmission is determined. The
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Fig. 15.3 The schematic of optical transmission of DDC signals

Fig. 15.4 Size of a copper
DVI cable

fact that Gbps graphic signals and kbps DDC signals can be transmitted through the
use of the same VCSEL well demonstrates that VCSEL has wide range of application
as well as price competitiveness.

The product of Fig. 15.1 looked like a copper cable and could be conveniently
used in a way of ‘plug and play’. It led various active optical cable products which
were released afterwards by several companies.

One of the most important design points in the active optical cable product is
limitation of size. It is natural for customers to want the same size of the DVI optical
active cable as the DVI copper cable. Otherwise, it is not easy to directly connect to
display related devices with many ports. The size of typical DVI copper cable, which
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Fig. 15.5 An example of
optical connector for optical
video link

Fig. 15.6 Structure of
H-PCF

is shown in Fig. 15.4 is not so big, usually 49 mm(L) × 40 mm(W) × 16 mm(H).

Considering the space for DVI connector and control circuit of DDC signal in addition
to seven channels OE/EO conversion part, there remains little room in pure optical
packaging. Therefore it can hardly contain the popular TO packages, and so direct
coupling is frequently used between VCSEL and optical fiber. Figure 15.5 shows
the example of VCSEL package structure used in the actual product. VCSEL chip
is positioned one after another within a narrow partition in order to block optional
crosstalk and coupled with fiber bundle.

Another important issue in the active optical cable product is to select fiber or
cable. In order to implement small size products, passive alignment process is advan-
tageous. So a larger core optical fiber such as hard core polymer clad fiber (H-PCF)
was used initially (Fig. 15.6).

Such a fiber, with core diameter 200 µm or larger, does not require alignment and
polishing, so it is advantageous at a time of mass production. But since the price of
the fiber is usually higher than multi mode optical fiber (MMF) and because of large
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Fig. 15.7 Optical video link
module for DVI using hybrid
cable

core, the efficiency of light incident on PD may be very low without lens. For this
reason, MMF was used recently more often than H-PCF.

In the case of MMF, passive alignment is possible in principle, but in that case,
great precision might be required in making packaging components. If low-price
parts are used instead of high-price precision parts, alignment of multiple channels
should be done in a small space.

In order to overcome the difficulties described in the above, plastic optical fiber
(POF) with core diameter around 100 µm can be used as a tradeoff between H-PCF
and MMF. The development of perfluorinated POF that can support the speed of
multi Gbps with loss being 0.06 dB per meter or lower in the band of 850 nm opened
a new possibility in optical video link [7].

Among various optical fibers, MMF is most commonly used, and it seems due to
the consideration of the price, availability and packaging cost. However, if the price
of POF is reduced significantly, the POF may be widely used owing to the advantages
of POF such as flexibility of fiber and easy coupling with laser output.

On the surface, active cable products look similar to copper cable products, but
since it has optical conversion part, it requires separate power supply for the operation
of TX and RX. In particular, all optical products are divided into transmitter part (TX)
and receiver part (RX) and need separate power supplies.

In order to remove such inconvenience, optical video link module that includes
electric wires in a cable for transmission of power and low speed DDC signal was
commercialized right after as shown in Fig. 15.7. The product used hybrid cable
including optical fiber and electric wire was not technologically improved but pro-
vided better function of unified power supply. In particular, if sufficient electric
current is supplied in the graphic source, it can be operated without a separate power
adapter, which is very convenient for users.

In addition to 4-strip fiber optic that connects 4 VCSEL-PIN PDs, a hybrid cable
that consists of 5 pairs of UTP (Unshielded Twisted Pair) wires is used. Many strips
in UTP are for DDC, power transmission and GND.
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Fig. 15.8 Optical video link
module transmitting graphic
signals only

The product of active optical cable like that in Fig. 15.1 or 15.7 was accepted by
the market well, maybe due to its familiar look and ease of use. However, in some
cases, it requires a lot of time and money to install or remove the product since it
cannot go through the conduit due to the large size of modules at both ends. Therefore
there was demand, from system integrators, for a function to attach or detach optical
fiber so that they can install the fiber through conduit easily.

In order to respond to such demand, a product where optical fiber can be attached
or detached while optoelectronic conversion part was connected to source or display
was soon introduced.

A product in which fiber can be attached or detached that transmits only the
graphic signals through the use of a 4-channel LC patch cord was announced in 2001
Fig. 15.8. Due to the restriction in size, LC connectors are more widely used than ST
and SC form factors. 850 nm VCSEL TO package is used, and the structure is not
much different from what is frequently used in a VCSEL transceiver.

The concept of a breakout cable with solid jacket where 4 LC ferrules are placed
at both ends was very convenient, and it resolves problems in system installation and
construction.

One of the problems of such product was that there was no space to send and
receive DDC signals while 4 TO packages were already being inside.

In order to send the suitable data without the channel for DDC, a method to store
the appropriate information of display device on TX part of the optical video link
module and to enable a graphic source to send appropriate data communicating with
TX part was developed.

The optical video link module that transmits DVI signals went through numerous
improvements, and currently, many companies are manufacturing various products
for a wide range of applications.

How the optical video link module is being used will be described in Sect. 15.4.
In DVI, the optical video link module has been recognized to be efficient in a long-

distance transmission, but it was not rapidly distributed in HDMI that was established
after DVI targeting the consumer market in 2002.
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Table 15.1 Comparison between DVI and HDMI

DVI HDMI

Height (mm) 15.5 10.0
Length (mm) 48.8 34.8
Width (mm) 39.5 20.0
Maximum number of pixels 1600 × 1200 1920 × 1080
Additional signals other than graphic DDC DDC,CEC
Encryption No Yes
DDC check once at beginning every 200 µs

Fig. 15.9 Optical video link
for HDMI

One of main reasons was that optical parts technology was not good enough to
supply the optical video link module suitable for HDMI.

From the perspective of the optical video link module, difference between DVI
and HDMI can be summarized as in Table 15.1.

Size may be one of the most serious restrictions on the design of the optical video
link module for HDMI. As seen in the table, the allowed volume of optic conversion
part for HDMI is reduced down to a quarter or even smaller size compared to DVI’s.

For the purpose of drastic reduction in size, the development of a small package
that enables passive alignment between VCSEL array and fiber array has become
one of the most important issues. Recently several companies announced the devel-
opment 4-channel or 8-channel optoelectronic conversion modules which are inte-
grated in a small package. In several cases of such modules, VCSEL or PD array
are mounted on silicon optical bench and coupled with fiber ribbon through passive
alignment [8]. However, despite numerous attempts, packaging that can implement
HDMI size has not yet been commercialized.
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Fig. 15.10 Optical and CAT5 video link for HDMI

In order to avoid the size problem prior to the completion of a new technology, a
product with optoelectronic conversion part in the middle of cable as seen in Fig. 15.9
was commercialized in 2005. Some products avoided the problem of size by using
the short copper cables to connect optical module with display equipments. Either
way, 4 pairs of VCSEL-PIN PD were used, and both types of products show that we
can hardly solve the size problem with the present status of technology.

As described in Table. 15.1 another difference between HDMI and DVI is that,
in HDMI, DDC should be communicated without any interruptions. And more-
over there is an additional bi-directional channel, called CEC, in HDMI. There are
several ways to meet such differences, adding more VCSEL channels or implement-
ing MUX/DEMUX of different signals and so on. In any case, it results in increasing
the size. After all, the box type product as seen in Fig. 15.10 was announced first.

High speed graphic signals are transmitted by four VCSELs and low speed
bi-directional signal by CAT5 cable, so it adopts an eclectic method. Transmitting
all signals including HDMI by small optical module is a task to be done in the future.
For the transmission of two signal groups of different characteristics in small mod-
ule, a combination of optical and wireless may be considered in the future. In such
concept, VCSEL and optical fiber may be used for high speed graphic signal and
wireless communication for low speed DDC or CEC signal [9].

Finally let us consider the difference of bandwidth problem. Bandwidth is deter-
mined by the number of pixels, the number of color bits and refresh rate. As for
the number of pixels, there is not much difference between HDMI and DVI, around
2 million pixels for highest resolution.

However, there is considerable difference in color bits. HDMI that started with
24 bit color like DVI has expanded the number of color bits up to 48 bits along with
the establishment of HDMI 1.3 standard in 2006 [2].

Accordingly, it requests 2.97 Gbps per channel at a total of 8.8 Gbps much higher
from existing 1.485 Gbps per channel at a total of 4.4 Gbps. From the perspec-
tive of optical transmission, the range can be easily covered, but in the future
when all signals are transmitted through one optical fiber, cost will be burdensome.
In addition, a next-generation large screen display with 4–8 million pixels that goes
beyond 1080p or UXGA is expected to be commercialized, and a higher bandwidth
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is likely to be necessary. In this regard, up to 30 Gbps of high speed parallel optical
interconnection may be introduced.

15.3 VCSEL in Display Interconnection Module

As mentioned in the introduction, 850 nm VCSEL was chosen as the most suitable
light source of the optical video link because the transmission distance was less
than 1 km in most display systems and multi channel optical link was used with the
transmission speed one to two Gbps per each channel. Though similar characteristics
were required for VCSEL in optical video link compared with VCSEL transceivers
in datacom market, whereas a difference in priority exists.

One of the biggest differences is again the limit of the packaging size. As men-
tioned in the previous section the size of optical video link might be determined
by that of copper cable in the market. To implement four or seven channels optical
transmission module in a size of DVI connector, we can hardly use TO package, and
even more difficult for HDMI. Accordingly, as described in the previous section,
direct coupling in small size package without lens was often used.

In that case, we need package structure that can adjust coupling efficiency of
multiple channels while maintaining the distance between VCSEL and optical fiber
at 200µm or less. As for VCSEL, we may need to have a small divergence angle
for high coupling efficiency frequently necessary for the transmission quality. The
small divergence angle is often from small operating current, and so we need to try
to reduce the driving current.

On the other hand, in order to acquire sufficient optical output power in this
low driving current, the large slope of the light versus current (L–I) curve may be
desirable. For a large L–I slope, the reflectivity of top mirror may be reduced a little
bit. In the products in Figs. 15.1 and 15.7 the transmissivity of top mirror was almost
doubled by the deposition of SiN on the top mirror.

In the case of direct coupling between VCSEL and optical fiber, another important
issue is the degradation of high frequency signal transmission quality. Without lens,
the coupling efficiency may be different depending upon the transverse modes. The
higher order transverse modes usually have smaller coupling efficiency compared
with the lower order modes. Differences in coupling efficiency among transverse
modes may increase overshoot and increase/reduce rising time causing the degrada-
tion of high speed data transmission quality.

In order to get the better signal transmission quality, it is desirable to raise the
bandwidth of VCSEL higher than actual data transmission rate. High frequency
characteristics of VCSEL can be expressed in many different variables, and one of
them, relaxation oscillation frequency (ROF) expresses high frequency modulation
characteristic of VCSEL in an appropriate way. One of simple ways to improve
ROF is to reduce the size of active area of VCSEL, and it can be easily applied.
VCSEL with better high frequency characteristic may compensate the degradation
of transmission quality caused by simple packaging.
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In most optical communication modules, APC (Automatic Power Control) cir-
cuit is used to maintain the constant optical output power from VCSEL in various
environments. It adjusts the drive current of VCSEL depending upon the output cur-
rent of PD for power monitoring on which a portion of optical output of VCSEL is
incident. The PD for power monitoring is usually located near to VCSEL and it cap-
tures the light reflected by the cap window of the package. If the temperature rises,
optical output of VCSEL is reduced and optical input of monitor PD is reduced. If
output electric current of monitor PD is reduced, diver IC increases input electric
current of VCSEL to maintain optic output constantly.

Though the APC circuit is desirable for the reliable operation of VCSEL over the
wide range of temperatures, it is not easy to apply it to optical video link module due
to a limited space. Without APC, VCSEL in optical video link module operates at a
constant drive current. Therefore, we should limit the change of optical output power
of VCSEL as temperature changes over operating temperature range, usually 0 to
50◦C or −10 to 70◦C depending upon the application. According to the experience
of the author, the maximum allowed change of optical output power was about 1 dB.

One of the most critical issues without APC is related with the threshold current.
The threshold current usually changes with temperature. Without APC the fixed oper-
ating current may become lower than the threshold current at a certain temperature.
In such case, we may not get the suitable high frequency response of VCSEL and so
the eye pattern may be jeopardized suddenly. To avoid the problem, we needed to set
the low value of drive current higher than the threshold current all over the operating
temperature range. It means that we increase the low value of VCSEL drive current
at some temperature, and accordingly extinction ratio (ER) may be reduced.

Fortunately, optical video link, transmitting signals between two designated
points, can do the job well with lower ER than optical data communication.
In order to obtain higher ER, the threshold current should be small so that the low
value of VCSEL drive current can be small as well as the temperature variation of
the threshold current itself becomes small.

In the case oxide type VCSEL, the less oxidation diameter means the lower thresh-
old current and the larger ROF. Therefore we may obtain the better high frequency
characteristics, the better temperature characteristics and larger ER by making the
oxide diameter small. However, the smaller active area makes the VCSEL more sen-
sitive to external stimulation including electrostatic damage, and it may reduce the
lifetime of VCSEL. In this regard, appropriate tradeoff is necessary to find a suitable
value of oxide diameter.

In Fig. 15.11 the temperature variations of threshold current and optical out-
put power of VCSEL with oxide diameter of 10 µm is shown. As the temperature
increases to 70◦C from normal temperature, the change of optical output power is
less than 1 dB. Figure 15.12 shows the high frequency characteristics of VCSEL.
ROF is measured to be about 8 GHz, much higher than the necessary bandwidth,
1–2 Gbps.

Though, as described above, 850 nm VCSEL has been used in most optical video
links, a long wavelength 1.3µm VCSEL, which is being rapidly commercialized,
may be considered as a promising light source too [10]. In some applications, we
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Fig. 15.11 Temperature characteristics of small aperture VCSEL

Fig. 15.12 Temporal response of a VCSEL showing relaxation oscillations (no electrical filtering
has been applied)

need longer transmission distance about a few kilometers using long wavelength
laser and single mode optical fiber. Moreover, considering that most installed optical
fibers are single mode fibers, it may become appealing to system integrators.

In addition, at a time of sending graphic signals through single channel optical
fiber, which will be discussed in Sect. 15.5, the data speed becomes several times
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higher than before. With multi mode optical fiber, the transmission distance may be
limited considerably. In this regard, a combination of long wavelength VCSEL and
single mode fiber which can maintain hundreds of meters of transmission distance
may be preferred to 850 nm VCSEL and multi mode fiber. Due to its higher price
in the early time of commercialization, the application of long wavelength VCSEL
may be limited to high end system that requires a long distance transmission. As the
price gap is narrowed along with the development of mass production technologies,
it is expected to replace 850 nm VCSEL in most single fiber products.

15.4 Applications of Optical Video Links

Recently, the number of large screen display systems has rapidly increased. As the
prices of LCD/PDP panels are dramatically reduced the price of flat-screen display
equipment has continuously decreased too. Accordingly, large display systems are
installed in many places. One of the most important issues in such display systems is
a connectivity problem that is to connect and control the display equipments of the
system. The low cost optical video link module based on VCSEL is a key component
of the digital connectivity to enable an effective configuration of the display system.

This section introduces several interesting applications of optical video links and
describes some design points of them. The applications introduced might not be the
most important ones in the market at the moment, but they could be interesting ones
with good potential in the future.

15.4.1 Train Display System

Figure 15.13 shows the picture of display equipments in the metro train. System
composition is shown in Fig. 15.14. Similar systems can be used not only in metro
train but also in other transportations like ships or airplanes.

Graphic signals stored in the server in an engine room are transmitted to display
equipments in passenger cars. In typical metro trains, the distance between two
adjacent cars is 30–50 m and TV is installed in two locations in each car. Therefore
the typical connection distance of optical video link would be about 30 m. In the
train, there are many kinds of copper cables for power, control signals and sensors,
and so minimal number of optical fibers is usually preferred.

In the system of Fig. 15.13 electrical serialization was used to reduce the number
of fibers to two. Since the resolution of the TV was not so high, the transmission
speed was about 2 Gbps per channel even after the reduction of the number of fiber
channels.

Another issue is the operating temperature. The temperature within the train can be
much higher than 50◦C which is the maximum operating temperature of most optical
video link products. If you think about the subway train without an air-conditioner in
the summer, you may imagine how high the temperature can go up. In some cases, it
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Fig. 15.13 The picture of display system inside metro train

can be 80◦C or higher. Moreover, the temperature inside optical module can be even
higher by 10 to 15◦C. So, it is desirable to use VCSEL with very stable characteristics
according to temperature change.

15.4.2 Elevator System

This kind of system is to provide multimedia information including weather and
advertisements in a building from the displays installed in a lobby and elevator.

Figure 15.15 shows the simple concept of the system, and Fig. 15.16 shows an
example of a display in an elevator connected by optical video link. In the elevator
display systems, they want to use pre-installed optical fiber, which is usually single
mode fiber. In addition, the number of available optical fibers is quite limited, so
optical video link in this system should use one single mode fiber in most cases.
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Fig. 15.14 The concept of display system in train using optical video link

Fig. 15.15 The concept of elevator display system using optical video links

Since the display is small in an elevator, the resolution is low. Moreover, the
refresh rate may be low too, for example 30 Hz instead of normal 60 Hz. It means
that the bandwidth can be at most ∼2 Gbps after serialization of the graphic data.
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Fig. 15.16 Display inside
elevator connected by optical
video link

Fig. 15.17 Medical system
using optical video links

15.4.3 Medical Application

There have been developed many kinds of medical equipments which need high
resolution large screen display equipments. For examination, there are CT, MRI, PET
and digital X-ray systems. For surgery, we may find high definition endoscope. These
systems adopt highest resolution display equipments. Figure 15.17 shows application
of optical video link in CT or MRI.

Since the noise caused by EMI can result in fatal consequences, copper hybrid
cable is not allowed to be used in many cases, and so, optical video links with-
out copper, such like Figs. 15.1 or 15.8 are used. Excellent EMI characteristics and
high reliability are required. Thus more attention to the reliability of VCSEL in this
application is essential.

In addition to the above-mentioned applications, optical video link is being used
in more and more new applications. In the stadium of Olympic opening ceremony, in
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major international airports and in the train station, we can find, large screen displays
connected by optical video links using 850 nm VCSEL.

15.5 Reduction of the Number of Fibers

Most optical video link modules described by now use optical fibers of four channels
or more. It was natural since DVI and HDMI had four channels of graphic signals.
But, in real applications, it is not so convenient, especially for average consumers, to
plug many lines of optical fibers. In addition smaller number of optical fibers looks
better, and as mentioned in the previous section there might be a limitation on the
number of usable optical fibers. So there has been strong demand for the reduction of
the number of fiber channels. The reduction of the number of optical fibers has been
one of the key issues in optical telecommunication market, and WDM and TDM
were commercialized many years ago. It is interesting that there are similar attempts
again in very short distance data transmission like optical video links.

Like optical telecommunication, the similar technologies have been suggested
to reduce the number of fibers in the optical video links, and some products have
already been commercialized.

The product using CWDM technology will be described first. Figure 15.18 shows
optical video link module transmitting DVI graphic signals with one channel optical
fiber. It contains CWDM module, where GaAs VCSEL of four different wavelengths
around 850 nm are used [11]. If 770–860 nm wavelength is used, the wavelength
spacing is about 30 nm, large enough in most applications. Though CWDM is not a
new technology, it may be important that it can be implemented in such a small size.

Since the number of channels is four in the product of Fig. 15.18 there is no
channel for DDC or CEC in HDMI. To transmit all the signals of DVI/HDMI in
one optical fiber, we may need two more channels in CWDM, one from TX to RX
and the other in the reverse direction. The 6 channels CWDM technology for such
purpose has also been announced and is expected to be commercialized soon. There
are also many efforts by several companies to develop low cost CWDM technologies
for optical video links.

In addition to CWDM, serialization/de-serialization (SER/DES) technologies
have also been developed to reduce the number of optical fibers. It serializes
DVI/HDMI graphic signals into one channel, and additional signals like DDC, serial
data, audio and USB can be mixed too. One of the main issues of SER/DES for opti-
cal video links may be the minimization of redundant data. If it fails to reduce the
redundant data, the required bandwidth may become too high and the result would
be high cost solution not suitable for optical video links.

The transmission speed after the serialization depends upon the SER/DES tech-
nology. In Fig. 15.19 there is shown an example of one-fiber HDMI optical link using
SER/DES developed by a small venture company. By reducing the redundant data,
they succeeded in reducing the transmission bandwidth by about 4 Gbps. An opti-
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Fig. 15.18 Optical video link using internal CWDM optical sub-assembly

cal bi-directional transceiver is used for the transmission of the bi-directional DDC
signal.

The above-mentioned one-fiber optical video link is what the industry should
pursue in the future. But currently, it may cost much compared with the existing
multi-fiber products, and the application of one-fiber optical video link might be
limited to high end display systems such as broadcasting system or military system.
Low cost one-fiber optical video link as the next generation product is dealt in the
next section.

15.6 Optical Video Link for a Mass Market

Optical video links based on VCSEL is in a very early stage of the commercial-
ization, and they are used only in the small portion of connections between display
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Fig. 15.19 One-fiber optical video link for HDMI

equipments. In this section, I would like to deal with technical issues to enter a mass
consumer market beyond special niche applications.

First of all, let us discuss the potential of active optical cable. HDMI is more
suitable than DVI for such mass market since it was designed for consumer elec-
tronics. As mentioned in Sect. 15.2, we should have appropriate optical component
technologies in order to make a small size and low cost active optical cable for
consumer use.

In consideration of HDMI connector size, the area of array packaging component
can hardly be larger than 7 × 3 mm2, and its thickness not more than 2.5 mm. And,
the area of VCSEL drive IC or amplification IC may not be larger 5 × 5 mm2, which
means the pitch of lead should be smaller than 50 µm.

In addition, there is little room for optical alignment, and if we use multi mode
optical fiber as before, the precision of optical packaging should be maintained 5 µm
or less. For such precision packaging, we may need the array packaging components
with the precision of 2−3 µm, and the uniformity of optical output power of VCSEL
array should be small, for example within ±10%. In such a small size packaging,
optical and electrical crosstalk between the adjacent channels may matter as the speed
is increased. The speed of 5 Gbps/channel transmission may be necessary not in the
distant future with increased resolution and color-depth. The component technologies
used in active optical cables for Infiniband, which have been commercialized recently
may be useful in the development of HDMI optical cable too [12].

If low price HDMI active optical cables are commercialized, consumers may buy
them like high end copper cables such as component cables. The technologies for
such active optical cables may be applied to a wide range of digital interfaces so
that the market of active optical cable can be expanded much more and furthermore.
It has been forecasted that, in the near future, the market of HDMI active optical
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Table 15.2 Requirements of optical video links for TV

External optical video link Internal optical video link

Number of fibers 1 to 4 1
Target price ∼ $100 $10 ∼ 30
Power consumption <∼ 3 W not so important
Size small thin
Additional signals not necessary serial data (RS etc.)

Fig. 15.20 One-fiber option
using SER/DES and a
bi-directional optical
sub-assembly (OSA)

Fig. 15.21 One-fiber option
with SER/DES and optical
triplexer

cables would grow very fast [13]. In order to enter such a promising market, we need
to develop the technologies as described above.

Active optical cable is still outside the display equipment and may be still high
end product, not a consumer one. The next step for a consumer mass market may
be to put optical video link inside TV to connect with other display equipments, as
considered by several major TV manufacturers.

For such application to be installed inside TV, the number of optical fiber must be
one. The general requirements of optical video link inside TV are summarized and
compared with those for ordinary external optical video links in Table 15.2.

Optical module should be thin to be used inside TV since flat panel TV is becoming
thinner and thinner. The thickness of optical module may be required to be as thin as
7–8 mm. As for the implementation of single fiber, we can do the job with CWDM or
with SER/DES. With CWDM technology only, we can hardly meet the target price.
It may be a very difficult task to make CWDM module with six or more wavelengths
at such a low price. Therefore we had better make use of SER/DES technology to
reduce the number of fibers.

Using SER/DES technology for optical video link inside TV we may have two
possibilities as shown in Figs. 15.20 and 15.21 .

In Fig. 15.20 we have just one channel for data transmission, and a bi-directional
optical transceiver is used for optical communication. In this case, the 5–10 Gbps
bandwidth may be used and it means that transceiver may cost much.

Not to use very high speed optical transceiver as well as high speed silicon ASIC,
we may use two channels for the transmission of data as in Fig. 15.21 where we
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need an optical triplexer instead of a bi-directional optical transceiver. The decision
between the two options would be made depending upon the cost structure. In the
long run, the approach of Fig. 15.20 will prevail owing to its simple optical structure.
We may expect the price of 5 or 10 Gbps bi-directional optical transceiver would be
reduced considerably in the near future.

However, if the resolution of display increases, we will face the same problem
again, then between 20 Gbps bi-directional optical transceiver and 10 Gbps optical
triplexer.

It may be important which structure would be chosen for the first generation
product. It may become a de-facto standard so that the same concept may be easily
adopted for a higher resolution too. Moreover, owing to the mass production of the
same structure, the low price key components can be supplied well.

Another interesting application of optical video link inside TV may be to transmit
the graphic signals from main board to LCD panel. It is a kind of internal board to
board interface. At this moment, electrical wires are used to send the data in LVDS
form [14]. It does not contain bi-directional signals, just from main board to LCD
panel, and the fiber may be fixed to the module or detachable. It is simpler interface
than HDMI and we may have more design freedom except for the lower target price
than HDMI optical video link inside TV.

The main issue is bandwidth and the number of wires. With increase in resolution,
the number of electric wires has increased too, and with two many number of wires,
it may cause a difficulty in TV design. The typical number of electric wires of such
internal interface is 10 pairs at the condition of 1080p resolution, 10 bit per color
and 60 Hz refresh rate. As the refresh rate of the flat panel TV is rapidly increasing
from 60–120 Hz recently and 240 or 480 Hz in the near future, we can estimate the
increase of the number of necessary electrical wires. It may increase up to 80 pairs at
a refresh rate of 480 Hz, and even more if we want to have more color bits as HDMI
1.3 defines.

Accordingly, there would be a strong demand for a simple optical video link to be
used for internal interface between main board and LCD panel inside TV. The com-
mercialization of this kind of very short distance optical link may not be so simple.
It has to compete with low price copper technology of which the production tech-
nology is improved continuously. However, considering that the required bandwidth
of internal interface rapidly increases, optical video link may be used for internal
interface not in the distant future.

We have examined the possibility of consumer mass market of optical video links.
HDMI active optical cable is expected to enter the consumer market in the near
future, but it is still the high end product with limited applications. As the bandwidth
of display interface increases, optical video link would be used inside TV. With the
current technologies, we may be able to develop optical video link to be used inside
TV regardless of internal LVDS or external HDMI interface. The development of
manufacturing technology of optical video link may determine when it may be used
in volume competing with low cost copper wires.
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15.7 Conclusion

A variety of optical video link modules, that is being used or is expected to be applied
in the future, have been described. We focused on DVI video links for industry market
as well as HDMI ones for consumer applications. Besides them, there are several
kinds of digital video interfaces available including LVDS, SDI and DisplayPort.
It means that we can expect bigger potential of market from optical video links
[15, 16].

Since the commercialization of DVI optical video link was done in 2000, optical
video links have been applied to high end systems. But the application area has been
expanded rapidly so that we can find optical video link in a variety of applications
as described before. In part, it was because that the demand of bandwidth rapidly
increased as the resolution of the display became higher and higher. And in part, it
was owing to the nice characteristics of 850 nm VCSEL with which low cost and
small size packaging was made possible, and so, the price competitive optical video
links were developed.

After the introduction of optical video links with multiple number of optical
fibers, there have been much effort to develop the technologies to reduce the number
of optical fibers. VCSEL CWDM and SER/DES may be the key technologies to
reach the target of single-fiber optical video link, and some products are alread-
commercialized.

As the bandwidth of internal/external interfaces of digital TV increases, there
may be an opportunity for optical video link to be used inside TV. To make such
a potential be a real market, we need a thin and low price VCSEL bi-directional
transceiver or VCSEL triplexer together with a suitable SER/DES technology running
the bandwidth 5 to 10 Gbps.

Up to now, 850 nm VCSEL was used in most optical video links where the trans-
mission distance was not longer than several meters. As the number of optical fibers
is reduced, long wavelength 1.3µm VCSEL may become another candidate of the
light source in optical video links. It may give us enough transmission distance even
with the higher bandwidth through a single optical fiber. In the long run, when the
manufacturing cost of 1.3µm VCSEL is reduced enough, it is highly probable for it
to replace 850 nm VCSEL currently being used.
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Chapter 16
Progress in VCSEL-Based Parallel Links

Daniel M. Kuchta

Abstract This chapter covers most aspects of VCSEL-based parallel optical links
during the period of 2000–2010, a period of tremendous advancement in this
field both in research and in commercial deployment. Section 16.1 introduces the
topic. Commercial activities are covered in Sect. 16.2. Section 16.3 covers research
activities in this field. Deployment of these technologies in large systems, super-
computers and test beds is discussed in Sect. 16.4. Advances in multi-fiber, mul-
ticore fiber and multi-fiber connectors for parallel links is the topic of Sect. 16.5.
Section 16.6 discusses reliability for parallel links and its application to large systems.
Finally, Sect. 16.7 concludes the chapter with future applications for VCSEL-based
parallel links.

16.1 Introduction

VCSEL-based parallel optical links have come a long way since their commercial
introduction in the late 1990s. By November 2008, the top 3 supercomputers listed
on the TOP500.org website [1] and more notably, the world’s first two petaflop
machines all used VCSEL-based parallel optical links for high speed input/output
(I/O). The commercial market has also come a long way in the past 10 years although
not nearly as far as predicted. In 1997 there was essentially no market for VCSEL-
based parallel links as most companies sold hundreds of units mostly for evaluation
purposes. The market size in 1998 was estimated at US$59M with a fantastic 5 year
growth projection of almost US$900M by 2003 [2]. Today’s market(US$80M in
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Fig. 16.1 Current limits of electrical cabling technology as a function of distance and data rate

2008) is about a factor of 10 lower than that projection due in part to the “Telecom
Bubble” of the early 2000s which affected all companies producing and researching
parallel links and in part due to advances in copper cable and connector technology
which proved to be lower in cost. By late 2008, there was a prediction that the market
for parallel links will reach US$2.4B in the next 5 years.1 While this prediction may
not be realized due to the recession of 2009, the trend in consumption of parallel
links is certainly growing with an estimated consumption of 50K units in 3Q07 to
100K units in 3Q08.2

Today VCSELs are a key solution for most of the major serial datacom standards:
Fibre Channel 1, 2, 4, 8G, Ethernet 1, 10 GbE and recently 100 Gigabit Ethernet
(GbE). VCSEL-based parallel links have been adopted by several parallel datacom
standards: InfiniBand (IB) SDR, DDR, and QDR, and Ethernet 40 and 100 GbE and
they will almost certainly be a part of emerging higher data rate standards such as IB
EDR (up to 12 channels parallel at 26 Gb/s/ch) and Fibre Channel 16 G (14.025 Gb/s).

On the research front, quite a few groups have demonstrated direct modulation
of single VCSELs above 30 Gb/s [3–9] so there is room for VCSELs to grow and
participate in even higher data rate standards yet to be proposed (e.g., Fibre Channel
32 G is expected to be 28 Gb/s).

The data rate–distance products for both serial and parallel VCSEL links has
grown, partially due to faster VCSELs and photodiodes but also due to multimode
fiber tuned to the VCSEL’s wavelength (OM3 fiber bandwidth peaks around 850 nm)
and smaller core multimode fiber (∼26–32 μm). Figure 16.1, shows the approxi-
mate boundary between all electrical and optical interconnects in terms of speed
and distance. This boundary has historically moved to the right over time due to
improvements in electrical interconnects (equalization, low loss dielectrics, surface

1 Information Gatekeepers Inc. (2009) Active optical cables market report.
2 Lightcounting Transceiver Market Survey Results Q3-2008.
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mount connections, back drilled and/or blind vias), but cost, size, and flexibility pres-
sures from optical solutions have slowed this movement recently as system designers
choose optical over electrical for distances that electrical can cover. DDR IB active
cables (described later in Sect. 16.2) are one example of this.

It has been 10 years since a book chapter on VCSEL-based parallel links was
published [10]. During that period there were not any general review papers on
this topic although there were a few papers that did cover the subject a bit in gen-
eral [11, 12] and a few papers that reviewed activities within a particular company
[13–15] or country [16]. This chapter will pick up from where Hahn and Giboney left
off in ∼1999–2000 and cover both commercial and research activities in VCSEL-
based parallel links, Sects. 16.2 and 16.3, deployment of these technologies in large
systems and test beds, Sect. 16.4, cables and connectors for parallel links, Sect. 16.5,
reliability for parallel links, Sect. 16.6, and future applications, Sect. 16.7.

16.2 Commercial VCSEL-Based Parallel Links Since ∼2000

At the turn of the century the fiber optic industry was white hot with many companies
offering VCSEL-based serial link products and quite a few of them were also offering
parallel link products. It was a period when new opto companies seemed to be created
on a monthly basis. Dr. Ingo Schmale maintained the website www.paralleloptics.org
from late 2000 until 2005 which proved to be a very useful resource for keeping track
of the many new companies and their parallel link offerings during this hectic period.3

Table 16.1 lists many of the products that were at one time available and compares
several technical parameters: maximum data rate, number of channels, area, volume,
energy efficiency, wavelength, receiver sensitivity, jitter and miscellaneous features.
Unfortunately, primarily due to the burst in the telecom bubble, almost all of these
products are no longer available and most of these companies either do not exist or
no longer sell fiber optics.

Infineon (spun off from Siemens) had the strongest presence early on with its line
of Paroli parallel links [15].4,5 These devices were all based on 850 nm VCSELs
that were coupled to fiber through a block of ribbon fiber that was polished at
45◦ and mounted over the VCSELs (similar to the OETC package concept of
the early 1990s [17]). One of the first offerings had a 22 channel wide electrical
interface that was multiplexed up to 11 optical channels plus a clock at 1 Gb/s. It was
one of the very few to incorporate an electrical multiplexer (MUX). All other parallel
link modules did a straight 1:1 electrical to optical (E to O) and O to E conversion.
The early Paroli links used an SMC fiber connector (simplex MT ferrule based) but

3 Web page: http://www.paralleloptics.org which now only exists on internet archives such as
http://www.archive.org.
4 Paroli V23814-K1306-M230 datasheet.
5 Paroli V23832-T1231-M1 and V23832-R211-M1 datasheet.

http://www.paralleloptics.org
http://www.archive.org
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Fig. 16.2 Early Paroli I
module [15] (© 2000 IEEE)

later versions were built around the MTP/MPO connector. Figure 16.2 shows the
early Paroli module with the lead frame package interface.

The VCSEL-based parallel link offered by Cielo Inc. was unique in that it is the
only one built around long wavelength (1,310 nm) VCSELs and single mode ribbon
fiber.6,7

In late 2001, Emcore Inc., Picolight Inc., and Gore Inc. came together and created
the “SNAP12” multi-source agreement which ended up driving the entire indus-
try to a common packaging format and outer dimensions. Many companies would
offer a SNAP12 compliant product without actually signing on to the multi-source
agreement (MSA). The SNAP12 parallel module had a 100 pin, 1.27 mm pitch, Z
pluggable MEG-Array connector as the electrical interface.8 The optical interface
was a 12 fiber MTP/MPO connector. In between these two interfaces most compa-
nies inserted a flexible printed circuit board to bend the electrical signals 90◦ and
permit the optical signals to be aligned in a straight path with a simple lens to the
VCSELs and photodiodes. The SNAP12 concept was a separate Tx and Rx module
although in roughly the same time period, Agilent Inc. and Zarlink Inc. founded the
POP4 MSA (with Primarion, Emcore and OptoIC as supporting members) which put
4 VCSELs and 4 photodiodes into the SNAP12 package to create a 4 + 4 transceiver.
The SNAP12 and POP4 are still available today from a few vendors with data rates
up to 10 and 5 Gb/s/ch respectively. A top and bottom view of a SNAP12 module is
shown in Fig. 16.3.

6 Cielo Inc., Preliminary Product Brief dated March 2001. The author personally witnessed this
technology demonstrated on the Exhibit Floor of an OFC conference.
7 Compoundsemiconductor.net article dated 26 June 2001.
8 MEG-Array Connector System (2002) Datasheet and application notes. FCI USA, Etters, PA.
Web page: http://www.fciconnect.com.

http://www.fciconnect.com
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Monitor Photodiode
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12ch VCSEL or Photodiode Array

Laser Diode Driver
Or Receiver IC

Flex circuit
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Connector

Fig. 16.3 Left: SNAP12 modules showing top and bottom view (courtesy Avago Technologies
Inc.), right: typical internal components

A number of companies were in competition for high fiber count parallel links:
Aralight, Xanoptix, and Teraconnect. Their internal packaging concepts were very
similar. They used an electrical flex to bend the electrons and flip-chip mounted
the 850 nm VCSELs directly on to the driving IC then thinned the VCSEL sub-
strate to permit light emission though the substrate. Aralight and Teraconnect would
offer separate Tx and Rx modules of 36 and 24 channels respectively.9,10 [21–23].
Aralight’s optical interface was three 12 ribbon fiber pigtails with three 12 chan-
nel MTP connectors. Teraconnect offered a 24 fiber pluggable MTP interface. The
TeraLink-48 was two separate 24 fiber interfaces and was essentially a 24 Tx and
24 Rx packaged side by side.11 A very notable exception to these high fiber count
modules were the ones produced by Xanoptix.12,13 The Xanoptix XTM-72 had a
2D array of 36 VCSELs and of 36 photodiodes flip-chip mounted (separately) onto
a transceiver IC with subsequent substrate removal. The optical interface was the
pluggable 72 fiber MTP which remains one of the highest fiber count connectors to
date. The Xanoptix 2D VCSEL array was actually four times larger than the fiber
count as four closely spaced VCSELs were coupled to each fiber. The additional
3 VCSELs were provided both to increase yield and to increase reliability through
sparing. The electrical interface for the Xanoptix and Teraconnect high fiber count

9 Aralight Inc. ARL-36 series product brochure.
10 Teraconnect Inc. TeraLink-24 TC-T24T-320E and TC-T24R-320E datasheet.
11 Teraconnect Inc. TeraLink-48 TC-T48T-320E and TC-T48R-320E datasheet.
12 Tyco Electronics Fiber Optics Catalog #1307895, revised 9-2004, High Speed PARA-OPTIX
Transceivers.
13 Tyco Electronics technical datasheet #TDS1511223, XTM-72 PARA-OPTIX Transceiver, revi-
sion 5, dated 7 May 2004.
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Fig. 16.4 Left: Xanoptix XTM-72 module, right: XTM-72 internal components view (reprinted
with the permission of Tyco Electronics Corporation, US)

Fig. 16.5 Image of
TeraLink-24 showing the
MTP interface on one end
and the 200 pin MEG-Array
connector on the other (from
[32])

modules was the 300 pin version of the FCI MEG-Array. The Xanoptix parallel link
modules are also notable as they appeared to be one of the first to offer an adjustable
amplitude and pre-emphasis on the optical receiver’s electrical interface. Figure 16.4
shows the 72 fiber Xanoptix module along with an unassembled version showing
the internal components, most notably the flex. Figure 16.5 shows the TeraLink-24
module.

The OptoCube produced by Corona (later acquired by Emcore) remains one of the
smallest and lowest profiles of the parallel link modules produced in this time period.
The OptoCube electrical interface was the 1 mm pitch Z pluggable socket, HiLoTM,

made by ISI Inc.14 although the very first version had a solder ball interface. The
external optical interface accepted a bare MT ferrule which was held in place with
a clip. Internally the OptoCube was also unique as the VCSELs and photodiodes
were mounted face down on a glass substrate with patterned electrical traces which
was scribed into two pieces held together by the metal from the electrical traces. The
piece of glass with the OE’s on it was bent up 90◦ to mate with the MT ferrule. The

14 Interconnect Systems Inc. HiLo board to board interconnect system, http://www.isipkg.com.

http://www.isipkg.com


482 D. M. Kuchta

Fig. 16.6 Image of the
OptoCube module with the
pin grid array interface
(courtesy Emcore Inc.)

Fig. 16.7 Left: 4 channel radiation hardened VCSEL transceiver, right: cross section showing com-
ponent location and optical coupling path [28] (© 2005 IEEE)

horizontal portion of the glass substrate was connected by wire bonds to the driver
or receiver IC. Figure 16.6 shows an image of the OptoCube with the pin grid array
interface.

In early 2002 Peregrine Inc. came out with an 850 nm 4 + 4 transceiver module
constructed of VCSELs and photodiodes that are flip-chip mounted face down on a Si
on sapphire transceiver IC.15 Since sapphire is transparent at 850 nm the light can be
emitted and detected through the IC substrate. A few years later Peregrine would offer
what appears to be the only radiation hardened parallel link based on 850 nm VCSELs
in both a SNAP12-like package and a smaller version for harsh environments [28].
Figure 16.7 is an image of the radiation hardened 4 channel transceiver and a cross
section showing the internal components and the optical coupling path.

Although technically a parallel link but one without parallel fiber, Blaze Inc. (later
Aduro and now Omron ) entered the parallel market very early with a coarse wave-
length division multiplexing (CWDM) offering based on VCSELs with wavelengths
ranging from ∼780 to 865 nm.16 At one point they claimed to have had a 12 fiber

15 Peregrine Semiconductor Inc. PE97201 Product brief and press release dated 6/8/2004.
16 Aduro Inc. Afterburner SX4-Tx, SX4-Rx technical specification Rev. 1.3 and 1.4, 11/1/2003.
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Fig. 16.8 Left: Complete 4 wavelength VCSEL transmitter on flex, right: cross section of wave-
length MUX with ray tracing [26] (© 2001 IEEE)

Fig. 16.9 Xloom AVDAT 4x
transceiver designed to
directly replace an electrical
CX4 connector (courtesy
Xloom Inc.)

version with 4 wavelengths per fiber at 3.125 Gb/s for a total throughput of 150 Gb/s
[26, 27]. Figure 16.8 shows a recent implementation of the 4 wavelength version
along with a cross section of the wavelength MUX and the optical path of one of the
VCSELs.

Xloom Inc. has created a POP4-like parallel transceiver but with a package and
footprint that is designed to directly replace a copper cable connector at the edge of
a printed circuit board.17 This parallel link becomes a direct replacement for copper
cables. Figure 16.9 shows both sides of this copper replacement transceiver.

Avago Technologies recently announced a new, very small (10 × 12ch) 120 Gb/s
VCSEL-based parallel link technology called “MicroPod” [31]. The MicroPod sets
the record for commercial parallel optical bandwidth density. The outer dimensions
are 8 × 9 × 5 mm3 and were designed in such a manner to permit placement of
the next module as close as 1 mm away. Key to the size reduction was the use of
a new right angle photon turning connector called PRIZM LightTurn developed by
US Conec Ltd.18 Figure 16.10 shows an image of the MicroPod.

17 Xloom Communications Inc. AVDAT 4x Product brief.
18 US Conec Ltd. website: http://www.usconec.com.

http://www.usconec.com
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Fig. 16.10 Avago
Technologies Inc. MicroPod
module. This is the smallest
VCSEL-based parallel
module currently available
commercially (courtesy
Avago Technologies Inc.)

Fig. 16.11 Two examples of active cable, left: DDR IB with CX4 connector interface (courtesy
Emcore Inc.) and right: 12ch QDR IB with CXP connector interface (courtesy Finisar Inc.)

The newest entry to the parallel market is a technology known as “active
cable”.19,20 Active cable has an electrical interface on each end but a non-removable
optical interface in-between. The optical ribbon is permanently attached; there are
no optical connectors in the path. These cables are designed to plug directly on to
copper cable ports that have the ability to supply power. There are several advantages
to making active optical cable. One is that the optical interface no longer has to be
interoperable with other vendors nor does it have to meet any standards specifica-
tions. Only the electrical interfaces must meet the standards. In between, the actual
optical technology used (e.g. OE devices and fiber type), can be hidden from the user.
The active cable concept is similar to the Seamless Migration link that Gore proto-
typed in the mid-1990s but without the removable optical interface [33]. Although
most of the active cables used today use 850 nm VCSELs and multimode glass fiber
there are some that are not VCSEL-based [34]. Another advantage is that the optical
interface does not need to be eye safe since it is closed and tradeoffs can be made
to the optical interfaces to lower costs and increase yield since the vendor controls
both ends of the optical link. The active cable concept is seen as a stepping stone
for users and systems that are not quite ready to put optics deeper in the system or
have a need for a mixture of copper and optics in the same system, perhaps for cost
reasons (Fig. 16.11).

19 Emcore Inc., Emcore Cable Connects, High performance 20 Gbps optical cables, product spec-
ification. See also Zarlink Inc. ZLYNX ACTIVE OPTICAL CABLE ZL60615 specification.
20 Finisar Inc. C.Wire product brief. See also Hitachi Cable Ltd. Infinigreen product specification.
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16.3 Research Activities in VCSEL-Based Parallel Links

The last decade also saw a lot of research into VCSEL-based parallel optical links.
Table 16.2 lists many of the notable research efforts in parallel optical links and
compares properties such as number of channels, maximum data rate, area, volume,
energy efficiency, VCSEL wavelength, distance, receiver sensitivity, crosstalk and
jitter.

At the end of the 1990s HP (later Agilent) was completing its DARPA sponsored
PONI project [35, 36]. This effort developed a 12 channel separate Tx and Rx module,
850 nm, VCSEL-based parallel link with ICs juxtaposed to the OEs, attached to a flex
and aligned normal to an MT-based optical connector. The electrical interface was
a ball grid array intended to be directly soldered to a printed circuit board. Between
the fiber connector and the OEs was an image fiber face plate. Data rates as high as
1.25 Gb/s/ch were demonstrated. This technology would later be commercialized as
the SNAP1221 with the BGA replaced by the demountable MEG-Array connector
and the image fiber coupler replaced with a lens array.

Also at the end of the 1990s IBM had an internal effort to commercialize a 12 chan-
nel 850 nm VCSEL-based transceiver called LITEBUS [37]. Although nominally
based on the earlier Jitney project [38], LITEBUS used substantially different pack-
aging technologies, while retaining just the 850 nm VCSEL array and the GaAs MSM
OEIC TIA (metal–semiconductor–metal optoelectronic integrated circuit trans-
impedance amplifier). Similar to PONI, the VCSELs and detectors were mounted on
a flex bent up 90◦ to aligned fibers but these fibers were mounted in a Si V-groove
coupler. The ICs were mounted on the other end of the flex. The module had a BGA
interface and was intended to be soldered to a printed circuit board. error-free opera-
tion with all 24 channels operating (12 Tx + 12 Rx) at 1.25 Gb/s for a total throughput
of 15 Gb/s was achieved. Unfortunately, due to the downturn in the fiber optics indus-
try and a lack of a real market for parallel optics at that time, LITEBUS was never
commercialized. Figure 16.12 shows the LITEBUS transceiver package.

McGill University, in collaboration with BAE Systems, produced a number of
very high channel count parallel links starting with a 256 channel device and
later demonstrating one with 1,080 VCSELs and 1,080 photodiodes mounted on a
single IC [39–41]. These efforts are among the first to directly solder VCSELs and
photodiodes on top of CMOS ICs. Because these OEs are 850 nm, their substrates
had to be removed or thinned substantially to permit the light to exit (or enter). The
large IC with 1,080 VCSELs and photodiodes was configured as 540 channels using
differential optical signaling. Although the channel counts were very high and single
channel operation could be demonstrated above 400 Mb/s, multi-channel operation
was limited to much lower data rates. One interesting side note of this work is the
use of an FPGA as a flexible low cost parallel pattern generator. Much of this tech-
nology would later appear commercially in the transceivers produced by Xanoptix
and Teraconnect.

21 http://www.snapoptics.org now only available at http://www.archive.org.

http://www.archive.org
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Fig. 16.12 Left: IBM 12 channel parallel transceiver ca. 2000 showing dual ribbon cable, right:
exploded parts view [37] (© 2000 IEEE)

Fig. 16.13 Left: Exploded parts view of POSH module [79] (© 2005 IEEE), right: assembled POSH
receiver [43] (© 2004 IEEE)

Agilent Laboratories followed their PONI project with a corporate sponsored
project with the acronym POSH (Parallel Optical Super Highway) [42, 43]. POSH
was similar to PONI in terms of the electrical package (BGA to PCB and internal flex
circuit) but changed the optics in several key ways. The biggest change was from
wire bonded 850 nm OEs to flip-chip soldered 990 nm VCSELs and photodiodes.
There were also changes in the optical coupler to a polymer or pyrex refractive lens
(half diffractive vortex lens for the transmitter) and changes in the heat sink to a
heat pipe design. To balance the front end of the receiver IC, POSH used a 2 × 12
photodiode array with one row dedicated as a dummy load. Although intended as a
12 channel 10 Gb/s/ch link, the demonstrated performance only reached 9 Gb/s/ch
due to lower than desired receiver bandwidth. POSH was one of the first paral-
lel projects to start reporting crosstalk which becomes noticeable at the 10 Gb/s/ch
data rate. The measured crosstalk was negligible on the Tx and 1.3 dB on the Rx.
Figure 16.13 shows an exploded parts view of the POSH technology and a completed
POSH receiver.

NEC has been actively involved in parallel link research and pre-commercializa-
tion efforts throughout this decade and continuing forward. NEC ended the 1990s
with a parallel link based on 1.3 μm edge emitter arrays [80] and emerged at the
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Fig. 16.14 NEC PETIT
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(courtesy NEC)
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beginning of this decade with an 850 nm VCSEL-based transceiver called MCM-
type OIP [61]. This was a large 304 pin PQFP intended to house an LSI chip. Its
optical interface was 6 + 6 at 1.25 Gb/s/ch and used a polymer waveguide with a 45◦
mirror as the coupler to fiber. This effort did not last long and was quickly succeeded
by NEC’s PETIT parallel link [60, 81]. PETIT started out as a 4 + 4 at 3.125 Gb/s/ch
using 850 nm VCSELs and MSM PDs. Originally there was no laser diode driver IC,
only a TIA IC for the receiver. The PETIT module did not bend electrons for the opto
coupler but rather bent photons. It used the low profile “PT” connector which was an
array of 12 fibers with a 45◦ turning mirror.22 An image of the PETIT module within
a clamping spring and the PT connector are shown in Fig. 16.14. A later version
of PETIT separated the Tx and Rx into separate housings with a 60 pin pluggable
electrical interface with IC included in the Tx and Rx. The ultimate version of PETIT
merged the Tx and Rx plus ICs into a single package with a 62 pin BGA interface
and increased the per channel speed to 10 Gb/s [59, 60]. The MSM PD was replaced
with a PIN PD. The VCSELs, PDs, and ICs were flip-chip mounted on a resin film
which was transparent to 850 nm and a planar micro-lens array was inserted between
this resin film and the PT connector. Figure 16.15 shows an image of the inside of the
PETIT module and a cross section showing the internal components and the optical
path through the resin film. Other features such as optical pre-emphasis on the Tx and
adjustable electrical amplitude and pre-emphasis on the Rx were added. Recently
NEC has increased the channel count to 12 and moved back to separate packages
for Tx and Rx, this time using a very compact LTCC with the ICs on the top and
the VCSELs and photodiodes mounted on the sides to wrap-around electrical traces
[57, 58]. The PT connector has been replaced with fibers in V-grooves on a Si optical
bench. Figure 16.16 shows an image of this version of the NEC parallel optical link.
Very recently, NEC has set the record for 12 channel high speed link performance at
20 Gb/s/ch using a very compact 9 × 14 mm2 package with IC, microcontroller, and
VCSEL or PD mounted on an alumina substrate [62]. The optical output is normal
to this substrate.

22 Japan Printed Circuit Association Standard No. JPCA-PE03-01-06S-2005.
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Fig. 16.15 Picture and cross section of NEC PETIT module showing internal components and the
optical path through the resin film [60] (© 2005 IEEE)
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Fig. 16.16 Left: Drawing of NEC 12 channel parallel link module on LTCC substrate showing
dimensions. The VCSELs are mounted on the edge of the LTCC, right: picture of the module [58]
(reprinted with permission from JIEP)

Research efforts into parallel links using multiple wavelengths per fiber started off
the decade with activities such as Lucent’s 4 × 10 Gb/s/ch CWDM demonstration
using 4 VCSELs with 7 nm separation starting at 815 nm [48]. A few years later,
Lawrence Livermore National Laboratory (LLNL) would publish a 40 channel par-
allel link also using 4 wavelengths, 825, 845, 977 and 988 nm and a combination of
proximity coupling (2 VCSELs side by side coupled into 1 fiber) and optical filters
as splitters/combiners [47]. But the biggest CWDM effort during this period by far
and one that does not appear to have been surpassed in many of the key performance
metrics, even today, is Agilent’s DARPA sponsored MAUI project [49–52].
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Fig. 16.17 Left: Exploded view of MAUI Tx and Rx OSAs, right: MAUI Tx assembly on flex
showing BGA connection point [50] (© 2005 IEEE)

The MAUI project adopted much of the technology developed under the POSH
project but instead of one 12 channel VCSEL array flip-chip bonded to the IC,
it bonded four 12 channel arrays for a total of 48 channels, again relying on the
transparent substrate at 980 nm. It also inserted an optical MUX and demultiplexer
into the fiber coupler based on dichroic filters. There were four discrete wavelengths
with a 30 nm separation starting at 980 nm. The MAUI link also set the bar for
energy efficiency at 6 mW/Gb/s. The OSA (separate Tx and Rx) were mounted on a
flex circuit with a 180 pin BGA interface on a 0.5 mm pitch. The sub-components that
comprise the MAUI OSA and an assembled MAUI Tx are shown in Fig. 16.17. For
testing all 48 channels, Agilent used a custom pseudorandom bit sequence generator
ASIC for speeds up to 6 Gb/s/ch. At 10 Gb/s/ch they split and amplified the signal
from a high speed bit error rate tester. They reported a crosstalk penalty of 2.5 dB
at 10 Gb/s/ch with all 48 channels operating simultaneously but unfortunately not
all channels were error-free at this rate due to the receiver IC. Error-free 48 channel
operation was achieved at 9 Gb/s/ch yielding a 432 Gb/s link over 12 multimode
fibers. Agilent did not take the MAUI technology in to commercialization and there
is very little current research activity into CWDM parallel links. A recent effort in
this area is a demonstration of a 1.5 μm wavelength 12 channel VCSEL array with
4 nm spacing [82, 83]. Presumably this will be used for a parallel link, perhaps over
single mode fiber.

IBM had an internal research effort in collaboration with Picolight Inc. to explore
the limits of the SNAP12 packaging starting in late 2002 [65]. To the extent possible,
much of the SNAP12 technology was preserved, e.g., optical coupler, MEG-Array
connector, assembly steps and heat sinking. The flex circuit was redesigned to support
10 Gb/s/ch and the ICs were replaced first with high speed SiGe circuits and later
with lower power CMOS [66, 67]. A fully functioning error-free link at 120 Gb/s
over 300 m of OM3 fiber was demonstrated. Key to this demonstration was the
development of a low cost multi-channel pattern generator and error detector built
around 10 GbE PHY ASICs. This low cost tester also permitted a detailed crosstalk
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Fig. 16.18 Left: 120 Gb/s transmitter on low cost tester, right: internal view of modified flex circuit
[65] (© 2003 IEEE)

investigation as individual channels could be turned on and off as aggressors or
victims. Figure 16.18 shows a fully assembled 120 Gb/s transmitter mounted on the
low cost testing stations and an internal view of the front and back side of the modified
flex circuit. Frequency domain techniques were also used to characterize the crosstalk
of the individual link components. The flex circuit and MEG-Array connector were
found to have <40 dB crosstalk out to 20 GHz. The VCSELs on the other hand were
found to have much higher crosstalk if they were common cathode type and very
low crosstalk for the semi-insulating substrate isolated contact type. The coupling
between neighboring VCSELs was found to be primarily electrical in nature, with
little or no optical crosstalk. The electrical crosstalk exhibited a capacitive type
characteristic due to the coupling of all bond pads through the conductive substrate.
All photodiodes studied were constructed on semi-insulating substrates and thus had
very low crosstalk. Receiver crosstalk which tends to be the largest component of
link crosstalk was found to be due to coupling within the IC. Today, a SNAP12 link
at 10 Gb/s/ch is commercially available from Avago Technologies (formerly Agilent,
formerly HP) [30].

About the same time that the IBM–Picolight interaction was completed, IBM
started its DARPA sponsored Terabus project with Agilent [71]. This effort was one
of the first, aimed at parallel links faster than 10 Gb/s/ch. In addition, the channel
density exceeded the 250 μm limit of conventional glass fiber pitch density. The
original Terabus link was comprised of a separate 48 channel Tx and 48 channel
Rx. The 2D-arrays of substrate emitting 985 nm VCSELs included an integrated
lens array etched on the substrate side. A similar substrate illuminated companion
2D PIN PD array was fabricated, also with an integrated substrate lens array. The
985 ± 5 nm wavelength specification was carefully chosen as a balance between PIN
PD Urbach absorption tails from the InP substrate [84] which extend out past 970 nm
and the longer wavelength absorption tails from polymer waveguide materials that
extend down to 1,000 nm from the long wavelength side. The 2D OE arrays were
flip-chip soldered to CMOS ICs using fluxless AuSn solder which is more likely
to be manufacturable and more reliable than the previous flip-chip efforts that used
PbSn and In solders [44, 39]. The CMOS ICs were subsequently flip-chip soldered
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Fig. 16.19 Left: Image of Terabus 16 + 16 channel transceiver IC showing flip-chip mounted
VCSEL and photodiode array, right: cross section schematic view of Terabus packaging scheme
[68] (© 2009 IEEE)

to a Si carrier which was to be attached to a parallel circuit board containing a 1D
array of polymer waveguides, 45◦ turning mirrors and a 2D coupling lens array. Open
eyes were obtained from the 48 channel Tx at data rates up to 20 Gb/s/ch (operated
one at a time) and up to 14 Gb/s/ch from the 48 channel Rx. A second generation
of the Terabus link moved away from the separate Tx and Rx to a 16 + 16 channel
transceiver that was packaged on an organic carrier instead of a Si carrier [68–70].
The new transceiver IC had two variations, a 15 Gb/s/ch version that operated at
9 mW/Gb/s (Tx + Rx power) and a lower power 10 Gb/s/ch version that operated at
<5 mW/Gb/s. An image of this 16 + 16 channel transceiver and a schematic view
of the Terabus packaging concept is shown in Fig. 16.19. Ultimately the Terabus
project moved away from the 985 nm OEs to 850 nm. There were several reasons
for this, one was a larger selection of low loss polymers for the waveguides and the
other was a larger selection of vendors already producing reliable low-cost VCSELs
and PDs at 850 nm. The first 850 nm Terabus link was a 24 + 24 channel transceiver
at 12.5 Gb/s/ch with ICs and OEs flip-chip mounted on a silicon carrier with optical
vias (holes) for coupling the light through the silicon carrier to the printed circuit
board mounted below [72].

While Terabus was transmitting 850 nm light through holes in silicon, another
DARPA sponsored parallel link project involving the University of Delaware and
Peregrine Inc. flip-chip bonded 850 nm OEs to a silicon-on-sapphire CMOS IC and
transmitted the light through the transparent sapphire substrate [78]. These designs
were all 4 + 4 transceivers starting at 500 Mb/s/ch with a wider 16 channel electrical
interface and eventually ending up with a 2.7 Gb/s/ch interface [76, 77]. One inter-
esting feature of the silicon-on-sapphire technology is the ability to integrate a Si
monitor PD in the emission path of the VCSEL.

In an effort to bring parallel links ever closer to the VLSI ICs that are the source of
the very high speed data, Toshiba has developed a miniature package which they call
the “OE Ferrule” [73, 74]. This package mounts VCSEL or PD arrays on a lead frame
that is part of a plastic ferrule holding the fiber ribbon. This OE ferrule is then wire
bonded to an laser diode driver or TIA IC to complete the EO-to-OE conversion. Data
rates up to 10.7 Gb/s/ch were demonstrated including the ICs and up to 13.5 Gb/s/ch
without the ICs. The “OE Ferrule” is shown in Fig. 16.20 alongside a regular MT
ferrule for size comparison.
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Fig. 16.20 Left: A comparison of the Toshiba “OE Ferrule” with a regular MT ferrule, right: close-
up of the “OE Ferrule” showing dimensions and VCSEL attachment contacts [74] (© 2008 IEEE)

In an effort to reduce the vertical height of fiber-based parallel link modules, AIST
embarked on two separate efforts. The first was an approach similar to several others
which involved the use of 45◦ mirrors cut on to the end of fibers in a Si V-groove
block structure [54]. The difference here is that higher index (�n = 1.9%) graded-
index 50 μm core diameter (GI-50) fiber was used. A 4 channel 10 Gb/s/ch 850 nm
link was demonstrated [55]. Later, this high numerical aperture (NA) fiber would be
used in a 90◦ coupler with the fiber bent in a very tight 2 mm bend radius [85]. The
higher NA fiber is used to reduce the bending loss from such a tight bend. The outer
glass diameter is also reduced to 125 μm to maintain fiber reliability for such a tight
bend. A 12 channel separate Tx and Rx was demonstrated [53]. The total height of
the module, including the fiber connector is only 6 mm. Figure 16.21 shows several
views of the components comprising AIST’s low profile parallel link.

While almost all of the fiber-based parallel modules have the fibers coming off the
top or the side of the module, NGK developed a pin grid array package with the fiber
connector on the pin (bottom) side of the package [63]. This concept has optical vias,
in the form of a 40 μm core waveguide inserted into holes in the plastic package.
A 4 channel 10 Gb/s/ch separate Tx and Rx using 850 nm VCSELs and PDs was
demonstrated. This packaging concept is shown in Fig. 16.22. The coupling losses
due to the optical vias appear to be a bit large, 1.5 dB. Recently, NGK appears to have
moved away from this concept with a completely different package: VCSELs wire
bonded to a ceramic submount with electrical through-vias attached on the edge of
another ceramic package which has metallization on one edge [64]. A 12 channel
850 nm Tx at 10 Gb/s/ch was demonstrated.

Another research effort in parallel links using tight bend radius fiber was under-
taken by Furukawa. Nicknamed u-POEM (see Fig. 16.23), they demonstrated a
12 channel 5 Gb/s/ch separate Tx and Rx parallel link using 850 nm VCSELs and
photodiodes and ICs mounted on a ceramic carrier [45]. A 0.5 mm pitch LGA is
used to make contact to a printed circuit board. The optical coupler is comprised
of butt-coupled fibers on a 250 μm pitch with a tight 5 mm 90◦ bend. The tight
bend fiber is a special 50/80/250 (core/clad/overcoat) MMF on a 250 μm pitch with
�n = 2%. This high NA fiber had a low bending loss of <0.5 dB for 5 mm bend
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Fig. 16.21 Left: Exploded view of the components comprising AIST’s low profile 12 channel
parallel module [56] (© 2009 IEEE), upper right: transparent view of the optical connector showing
the tight bend radius fiber [56] (© 2009 IEEE), lower right: image of the assembled module on a
test card [85] (© 2008 IEEE)

Fig. 16.22 Conceptual view of NGK’s parallel link package with an optical via in the package and
a fiber connector beneath the package [63] (© 2005 IEEE)

radius but also had a low bandwidth of 200 MHz × km which appears to be ade-
quate at 10 Gb/s provided the link length is limited to ∼20 m. Another version of the
u-POEM did not use the tight fiber bend coupler but rather an array of fibers on a
125 μm pitch with a 45◦ mirror polished on the end. This version was a separate 4
channel Tx and Rx on a 250 μm pitch (using every other fiber) and operated up to
10 Gb/s/ch. Recently, Furukawa appears to have moved away from the use of 850 nm
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Fig. 16.23 Left: Conceptual view of Furukawa’s u-POEM V-pack module, center: image of
u-POEM with connector attached, right: pluggable version of u-POEM. (courtesy Furukawa Electric
Co., Ltd.)

VCSELs to a longer 1,100 nm wavelength. This move appears to be based in part
due to the higher BW of InGaAs quantum-well-based VCSELs, high bandwidth of
OM2 fibers at this wavelength, and a potential to realize lower power dissipation
[46]. A 12 channel separate Tx and Rx at 10 Gb/s/ch has been packaged similar to
the u-POEM with the tight bend radius fiber although the bend radius of the fiber
coupler was reduced from 5 mm to a very tight 1 mm.

There have been several research efforts to extend the flex-based packaging con-
cepts to longer lengths of flex that permit the optical interface to fit into spaces much
smaller than the electrical interface. One such example is a collaboration between
IBM and Intexsys Photonics which placed 12 channel 850 nm OEs and ICs (separate
Tx and Rx) at the end of a liquid crystal polymer flex (for lower electrical loss).
The flex assembly was shaped to fit into a hole in a printed circuit board containing
embedded polymer waveguides [86]. Another example is a collaboration between
Xyratek and UCL called the StorLite project which placed a 4 + 4 10 Gb/s/ch 850 nm
VCSEL transceiver at the end of a fairly long flex so that it could reach and connect
to an optical backplane containing polymer waveguides [75].
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16.4 Deployment of Parallel Links in Large Systems
and Test Beds

An important step in the progress of the development of VCSEL-based parallel links
is the move away from the lab bench bit error rate (BER) testing and into system
test beds and ultimately into real systems. This section will describe a number of
system test beds and several real very large scale High Performance Computing
(HPC) systems that use parallel optical links for high speed I/O.

The first HPC system to use VCSEL-based parallel optics in a significant way
was IBM’s Advanced Simulation and Computing (ASC) Purple system installed at
Lawrence Livermore National Laboratory starting in 2005.23 By June 2006 this sys-
tem was ranked #3 on the Top500.org list and was operating at over 100 Teraflops.
The ASC Purple system has over 12,000 Power5 processors interconnected as a
Symmetric Multiprocessor (SMP) system using IBM’s proprietary Federation switch
and interconnect fabric.24 The interconnect fabric links are 12 + 12 at 2.5 Gb/s/ch. For
cost reasons, copper cables were used for links shorter than 20 m. But for longer dis-
tances, optical links with SNAP12 modules at either end were employed. The ASC
Purple system comprised 17,000 links totaling over 140 miles of which approx-
imately 3,000 were optical links with individual lengths ranging from 20–80 m.
VCSEL-based parallel optics were chosen for the distance capability in this appli-
cation. Figure 16.24 shows the ASC Purple system and the rear view of one of the
racks.

In an effort to study the issues associated with bringing parallel optics ever closer to
the processor, Agilent teamed with IBM to create two system test beds with parallel
optical links attached to the top surface (processor side) of a ceramic multichip
module (MCM). The first test bed used a repackaged version of the POSH module
with the flex redesigned to attach to much smaller (0.2 mm) and tighter pitch (0.5 mm)
pads on the MCM surface [87]. Test signals were applied to the top of the MCM
and error-free operation at 8 Gb/s/ch was demonstrated over an MCM-to-MCM link.
The second test bed incorporated many more channels using the MAUI optical link
hardware [79]. Some of these channels went to test pads on the MCM while others
were routed through the MCM and LGA to a mother board with a test ASIC with
InfiniBand ports. The test signals applied to the top of the MCM were demonstrated
at 8 Gb/s/ch and the ASICs established a 4x SDR (2.5 Gb/s/ch) IB link through the
optics (limited by the speed of the IB SDR interface). Figure 16.25 shows several
views of this test bed hardware.

Another HPC system that was an early adopter of parallel optical links is the Mare
Nostrum System at the Barcelona Supercomputing Center in Spain.25 By June 2005,
the fully configured system debuted at #5 on the Top500.org list and was the fastest

23 Lawrence Livermore National Laboratory website: https://asc.llnl.gov/computing_resources/
purple/.
24 IBM Redbook. An Introduction to the New IBM Eserver pSeries High Performance Switch,
http://www.redbooks.ibm.com/redbooks/pdfs/sg246978.pdf.
25 Barcelona Supercomputing Center: http://www.bsc.es/.

https://asc.llnl.gov/computing_resources/purple/
https://asc.llnl.gov/computing_resources/purple/
http://www.redbooks.ibm.com/redbooks/pdfs/sg246978.pdf
http://www.bsc.es/
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Fig. 16.24 Top: ASC Purple
installation at Lawrence
Livermore National
Laboratory (photo courtesy
of LLNL), bottom: rear view
on ASC Purple rack showing
the optical fibers [79]
(© 2005 IEEE)
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Fig. 16.25 a Rear view of ceramic carrier showing ASIC and MAUI flex attachment points, b side
view, c optics attachment view and, d entire test bed board [79] (© 2005 IEEE)

computer in Europe at 62 Teraflops. Mare Nostrum is based on IBM’s Blade Center
and comprises 2,560 JS21 blades each containing two dual core PowerPC 970MP
processors for a total of 10,240 CPUs. The system uses a Myrinet network to connect
the blade chassis to the 12 Myrinet switches.26 This connection is achieved using
approximately 5000 of the POP4 optical links (4 + 4 at 2.5 Gb/s/ch 850 nm VCSELs).
The optical links were chosen due to the interconnect length and the ease of cable
management from the optical ribbon fiber. Figure 16.26 shows the Mare Nostrum
installation and a view of the Myrinet switches with the ribbon fibers.

Pushing above the 2.5 Gb/s rate of the previous systems and test beds, IBM put
together a system trial of a 3.2 GB/s SMP link over optics [88]. The system used
IBM’s model x460 which has 4 CPU sockets per chassis and 3 high speed SMP ports
to connect up to 8 chassis to form a 32 socket SMP. Two VCSEL-based parallel
link solutions were investigated. The first used six SNAP12 modules placed at the
rear of the chassis (farthest from the CPUs) and the other used four of Emcore’s
OptoCube modules and a fiber shuffle to place the optics deep into the center of the
system closer to the CPUs. The OptoCube version also placed the very low speed
(<100 kHz) system service signals on to the fiber ribbon using a fiber shuffle. Both
versions were subjected to a variety of system tests and performed equally well. Many
of the tests were run with different electrical amplitudes and pre-emphasis settings
that were part of the electrical SMP ports used to drive the copper cables. It was

26 Myricom Inc.: http://www.myri.com/.

http://www.myri.com/
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Fig. 16.26 Left: Mare Nostrum installation at the Barcelona Supercomputing Center, right: parallel
fibers exiting the Myrinet switches (courtesy of Barcelona Supercomputing Center, see footnote
25)

ultimately found that the optical links could be operated error-free with the electrical
signaling amplitudes dialed down to their minimums and the pre-emphasis turned
off. At this setting, copper cables do not work. A 7 W power savings was realized
under these conditions resulting in a net power savings for the optical link. This is one
of the first cases where optics could be shown to be a lower power solution than an
electrical cable. The SNAP12 version was eventually used in a TPC-E benchmark test
with two x460 chassis configured as an 8-way SMP with five ServerRaid-6M SCSI
adapters in one chassis (forces increased traffic over the optical link) and external
connections to a rack containing 4 TB of disk storage. The TPC-E test simulates
the online transaction processing work load of a brokerage firm with 100,000 users
generating multiple transactions per second.27 The benchmark test found the system
with 2.5 m fiber links performed the same as the 2.9 m copper links. Going to distances
much longer than copper cables can support, the performance dropped to 98% at
12.5 m and 92% at 45.2 m. Although performing well in the system test bed, neither
optical solution was commercialized due to the cost compared with the copper cables.
Figure 16.27 shows the model x460 system, a view with the cover removed showing
the optical SMP link and a view of the OptoCube version of the SMP link.

There have been several system demonstrations and test beds using VCSEL-
based parallel links, blind mate connectors and optical backplanes. NEC in partic-
ular envisioned optical backplanes with parallel optical links and used the term
“generation-free” to emphasize that while electrical backplanes need to be re-
characterized or replaced with each change in data rate, optical ones do not. NEC
demonstrated this generation-free concept by building a large switch card with a
switch LSI IC mounted on an MCM and surrounded by four of its PETIT modules (2
Tx and 2 Rx) [89]. Each MCM could have up to 160 + 160 Gb/s of optical I/O. Four
of these MCMs were mounted on a card which had 3 blind mate optical connectors

27 Transaction Processing Performance Council Benchmark E, http://www.tpc.org/tpce/default.
asp.

http://www.tpc.org/tpce/default.asp
http://www.tpc.org/tpce/default.asp
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Fig. 16.27 Left: IBM eServer model 460, center: 3 port optical SMP link embedded in the center
of the system, right: enlarged view showing Emcore OptoCube optical modules
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Fig. 16.28 NEC 160 Gb/s switch card with 4 switch LSI modules each surrounded by 4 PETIT
modules. Three blind mate optical connectors are located on the top left to mate with an optical
backplane (reprinted from [89] with permission from SPIE)

on the back edge, each of which held 4 MT ferrules. Figure 16.28 shows an image
of this switch card. A special optical backplane was developed by AIST for this test
bed which used tight bend radius 50/80/125 MMF to reduce the vertical height of
the blind mate receptacle from 39.5 mm to 23 mm. The tight bend fiber also allowed
the connectors to be placed on a tighter pitch. NEC later packaged five PETIT mod-
ules around a 20 × 20 cross-point switch and demonstrated 10 Gb/s/ch transmission
though the optical backplane and switch [90]. A block diagram and picture of this
cross-point switch module is shown in Fig. 16.29.

IBM pursued a hybrid approach to the optical backplanes through a prototype
Blade Center system that had both a high speed electrical backplane and an optical
pass through fabric [91]. This approach acknowledged that for short blade-to-blade
communication within the same chassis, the lowest cost approach would be a wired
connection but for the longer chassis-to-chassis connections the cost effective way
appears to be optical. To demonstrate this concept a Blade Center-H chassis was
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Input/Output  4x10 Gbps/ch

Electrical Interface (on BGA Package)
Input/Output  4x10 Gbps/ch

PETIT (14x14 mm)

BGA Package (60x60 mm)

20x20 Cross-point 
Switch LSI

PETIT

PETIT

PETIT PETIT PETIT

20x20 Cross-point 
Switch LSI

PETIT(14x14 mm)

BGA Package (60x60 mm)

20x20 Cross-point 
Switch LSI

Fig. 16.29 Left: Block diagram of NEC’s 20 × 20 cross-point switch LSI surrounded by 5 PETIT
modules, right: photograph of the switch module showing its small size [60] (© 2005 IEEE)

modified to have a row of 14 optical blind mate connectors (one per blade) placed
behind the electrical midplane. Short ribbon jumpers connected the midplane con-
nectors to 8 quad MT adapters on the rear of the chassis. A DDR IB daughter card
was modified to replace the two 20 Gb/s IB electrical interfaces with a pair of modi-
fied POP4 optical modules. The POP4 optical modules had to be modified since the
space between the daughter card and the blade was 13 mm at its maximum and could
not accommodate the large POP4 package with a protruding MTP connector. DDR
IB connections were made between blades up to 41 m of fiber (twice the distance
of the longest copper cable for DDR IB) and various MPI benchmark tests were
performed.28 It was found that the 200 ns latency of the longer fiber cable could only
be noticed when the packet size was less than 1 kB. A small Linux cluster using
several blades across two modified chassis and a SDR IB switch was put together to
demonstrate an all optically connected cluster. A view from the rear of the modified
Blade Center chassis and an image of the optical DDR IB daughter card is shown in
Fig. 16.30.

In mid-2008 IBM announced that it had built the world’s first Petaflop (1015 flops)
HPC system, known as the Roadrunner system [92]. This system, installed at Los
Alamos National Laboratory, was built of ∼270 racks holding some ∼1000 Blade
Center chassis with over 3000 triblade nodes. (A triblade is an AMD Opteron blade
with 2 Cell blades attached as accelerators.) All the chassis are connected to IB
switch racks optically, using about 55 miles of active optical cables (close to 5000
individual links). Each active cable contains a 4 channel 850 nm Tx and 4 channel Rx
at each end with a 12 channel optical ribbon in between. The active cable has a DDR
IB electrical connector and gets its electrical power through this connector as well.
The choice of active optical cable over an active electrical cable was made for several

28 Open MPI organization, http://www.open-mpi.org/.

http://www.open-mpi.org/
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Fig. 16.30 Left: Internal view of modified Blade Center chassis showing blind mate optical connec-
tors and ribbon fiber routing, right: optically enabled DDR IB daughter card for blades (reproduced
with permission from APEX/JJAP [91])

reasons. The primary reason appeared to be the cost of the technology. Other reasons
included a lower BER specification (10−15 while active copper cables specified
10−12), no exposed optical connector to get dirty or damaged, a tighter bend radius
and smaller cable bulk to permit easier routing and to not block as much of the cooling
air. The 5000 optical cables also helped in meeting the electromagnetic emissions
compliance requirements. The 100 m distance specification also permitted greater
flexibility in the layout of the machine room floor. The Roadrunner system was
ranked #1 on the TOP500.org list in June 2008 and would retain that ranking for 3
more ranking cycles. Figure 16.31 shows a front view of two compute racks from
Roadrunner and a rear view of one of the switch racks.

Around the same time that IBM announced the Roadrunner system, there was
a second Petaflop system announced by Cray Inc. called Jaguar, built for the
Dept. of Energy29 and a smaller system (487 Gflops) built for NASA, by SGI, called
Pleiades.30 These two systems occupied the #2 and #3 positions on the TOP500.org
list and notably, they also used active optical cable for their high speed intercon-
nects. The Jaguar system used 3000 active optical cables with lengths ranging up to
60 m. Active optical cable was chosen as the only solution for cable to interconnect
this large system which is spread over 2 floors. The Pleiades system has 24 miles
of high speed cabling of which 20 are active optical cable which was chosen pri-
marily for distance. The active optical cable in Pleiades is a combination of DDR
and QDR data rates. The maximum length of copper cabling in Pleiades is 7 m.
A view of NASA’s Pleiades supercomputer is shown in Fig. 16.32.

Around the time of publication of this book, IBM will have announced a new
HPC system building-block that is entirely interconnected by VCSEL-based parallel
links. This system is called Power 775. The basic unit of this system is a drawer that

29 National Center for Computational Sciences located at the Oak Ridge National Laboratory,
http://www.nccs.gov/computing-resources/jaguar/.
30 NASA Advanced Supercomputing Division, http://www.nas.nasa.gov/.

http://www.nccs.gov/computing-resources/jaguar/
http://www.nas.nasa.gov/
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Fig. 16.31 Left: Front view of two compute racks from IBM’s Roadrunner system showing 4 Blade
Center chassis each with 3 triblades and an active optical cable, right: rear view of an IB switch
rack showing 2 switches and ∼532 active optical cables

Fig. 16.32 A view of
NASA’s Pleiades
supercomputer showing
active optical cables
connecting compute racks
(photo courtesy of NASA)

contains 256 processor cores which are electrically connected to 8 hub switch chips.
The hub switch chips connect optically to hub switches in different drawers using
the Avago MicroPod [31], see Fig. 16.10. Each hub switch chip is surrounded by
56 MicroPods for a total bandwidth of more than 3 Tb/s. Each drawer contains up
to 448 MicroPods and more than 5000 fibers [93]. This system, if fully configured,
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Fig. 16.33 Left: Back view of the PT connector, right: conceptual side view showing how the PT
connector would work with a VCSEL-based optical module [94] (© 2008 IEEE)

2048 drawers, would contain over 5 million VCSELs and fibers and would consume,
roughly, what was the world market volume for parallel links just 2 years hence. The
decision to use VCSEL-based parallel links in this system was based on a number
of factors. One was IBM’s sucessful experience with VCSEL links in it’s three prior
systems: ASC Purple, Mare Nostrum, and Roadrunner. Others were the low cost of
the parallel link solution and also the low power dissipation. But the main reason
was the ability to package the parallel links in such a manner that allowed them to be
placed directly on the ceramic carrier and in very close proximity to the hub switch
chips. An electrical cable with this packaging density and bandwidth does not exist.

16.5 Fibers and Connectors for Parallel Links

In an effort to increase bandwidth density both at the OE module and that of the
bulkhead/bezel, a number of different avenues have been and are being pursued. At
the OE module level custom connector interfaces which are smaller than an MTP
pluggable connector have been prototyped such as the NEC PETIT PT connector
(footnote 22), Toshiba “OE Ferrule” [73], MU with tight bend radius [95], PRIZM
LightTurn (footnote 18) and MT ferrule only with metal clip [96]. Figure 16.33 shows
an image and a conceptual side view of the PT connector and Fig. 16.34 shows the
Furukawa μ-Joint ferrule compared to a standard MT ferrule. In manufacturing there
are a number of connector-less active cable vendors, Emcore, Zarlink, and Finisar for
example, which produce internal OE sub-assemblies which are somewhat smaller
than an MTP interface. Internally some of these designs may still use the MT ferrule.
In addition, there are other efforts to increase OE module density by directly coupling
to waveguides on printed circuit boards, e.g., Terabus [71], and StorLite [75].

At the bulkhead/bezel, efforts to increase density typically use higher fiber count
MT ferrules in an MTP or MPX connector. Ferrules with as many as 72 fibers can
be obtained today although they are not at the minimum in terms of the cost per
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Fig. 16.34 Size comparison
of the standard MT ferrule
with fibers on a 250 μm
pitch and Furukawa’s
μ-Joint ferrule with fibers on
a 125 μm pitch (courtesy
Furukawa Electric Co., Ltd.)
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fiber due primarily to the lack of volume and perhaps also due to yield. Other size
reductions at the bezel/bulkhead use the multi-fiber MU connector which is much
smaller than the MT-based connectors. Fiber ribbons with 50/80 fiber on a 125 μm
pitch have been prototyped but have yet to appear commercially perhaps due to a
lack of a standard. Figure 16.34 shows a size comparison of the standard MT ferrule
and a new ferrule with fibers on a 125 μm pitch. CWDM is one another approach to
reducing fiber bulk by putting different channels on separate wavelengths in the same
fiber. Another approach is to put more cores into a single 250 μm diameter fiber. Four
10 μm cores on a 62.5 μm pitch has been demonstrated within a 125 μm diameter
glass fiber [97] and 37 10 μm cores on a 31.25 μm pitch has been demonstrated
within a 250 μm diameter photonic crystal fiber [98]. Recently, there was a VCSEL-
based multimode, multicore fiber demonstration using a 7 core fiber with 26 μm
diameter graded-index cores on a 39 μm pitch hexagonal pattern. A custom matching
6 channel 850 nm VCSEL array was coupled to a 100 m sample of this fiber with
each channel running simultaneously at 20 Gb/s for a total single fiber bandwidth of
120 Gb/s [99].

The fibers and connectors for parallel links have not made as much progress over
the last 10 years as the optoelectronic modules at each end of the link. Polymer
waveguides on printed circuit boards or flex circuits have already been realized at a
density that glass fibers may have difficulty reaching (e.g., 30 μm cores on a 62.5 μm
pitch), but have yet to be commercialized. Ribbon fiber pitch could probably be
pushed down by another factor of two to 62.5 μm but going below that level does
not seem likely. One of the early 30 Gb/s VCSEL link demonstrations used a special
graded-index 32 μm core diameter (GI-32) multimode fiber [100]. Smaller cores are
useful for these higher data rates since the photodiode diameter needs to be below
30 μm to achieve the desired bandwidth. A 30–32 μm core fiber could be coupled to
a 20–30 μm diameter photodiode with a simple lens and still have some alignment
tolerance. A VCSEL can also be coupled with good efficiency into a 30 μm core
fiber. If the cladding for smaller core fiber can be reduced to a 10 μm wide annulus
around the core, then fiber diameters could be as small as 50 μm and ribbons could
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have a 62.5 μm pitch. But, this is perhaps the limit for glass fiber density as the fiber
becomes very fragile and connectorization becomes more difficult.

16.6 Reliability for Parallel Links

The reliability of parallel links used in large systems is a primary concern for a
number of reasons. One is that there is a real need to keep the system up and running
for as long as possible and to minimize the number of application restarts. Another
is that the cost of field replacement can be high and field replacement is often very
difficult if not impossible.

This section will look at the reliability requirement for VCSELs in parallel links.
VCSEL failure physics and analysis can be found in many references [101–105].
Although photodiodes, ICs, packages and fibers can also fail, VCSELs are often the
sole focus of reliability discussions as their failure rates tend to dominate the overall
failure rate and in parallel links can add up to be more than the sum of all the other
components together.

There are three modes of VCSEL failure: infant mortality, normal wearout and
random failures. It is assumed that a suitable burn-in and screening process is in place
with mature VCSEL manufacturers so that infant mortalities will not be in the field
population and are thus left out of this discussion. VCSEL wearout has been shown
to follow log-normal statistics. The failure rate λ is time dependent and is given by

λ(t) =
√

2 exp
{−(ln2(t/tm))/(2σ 2)

}
√

π tσ erfc
{
(ln(t/tm))/(

√
2σ)

} .

The cumulative survivor function R is R(t) = 0.5 erfc{(ln(t/tm))/(
√

2σ)} and the
cumulative failure function F is F = 1 − R. The failure rate is characterized by two
parameters, tm, the median time to fail (not the same as the mean time between fails
MTBF) and σ, the spread (variance) of the distribution. σ is related somewhat to the
quality of the VCSEL manufacturing line. A small σ means that the fails will be
closely spaced in time around the median time. A large σ means that the fails will be
spread out in time most notably to earlier times. σ generally varies between 0.3 (for
mature well tuned processes) to 0.8 (for a new device still undergoing development)
for today’s oxide-confined VCSELs. When plotted on a log-normal plot, the VCSEL
cumulative failure distribution ideally appears as a straight line, see for example
Fig. 16.35. The mean time to failure (MTTF) (which is related to the median time by
MTTF = tm exp{σ 2/2}) is often quoted in hundreds of years or millions of hours (for
ambient temperatures around 40◦C) and is an impressive number. However, due to the
log-normal behavior, failures can often be seen in as little as one year. When engineers
review VCSEL log-normal plots they often look at the early tails of the distribution
and in particular either the time to 1% fails or time to 0.1% fails. In Fig. 16.35,
the time to 1% fails is 2 × 105 hrs. VCSELs are assumed to be independent devices
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Fig. 16.35 Example accelerated reliability data plotted on a log-normal plot. In this example
ln(tm/(1 hr)) = 13.07 and σ = 0.34 (reprinted from [106] with permission from SPIE)

(failures are not correlated). This appears to be borne out by the field experience. The
exception is when devices have experienced an electrostatic discharge (ESD) event.
In this case, the fails are correlated. A collection of N devices with log-normal fail
rate will have an overall cumulative failure function of F = 1 − RN.

Table 16.3 shows a comparison of the time to 1% cumulative fails for ser-
ial and parallel (12 channel) links using data for 1996 proton-implanted 1 Gb/s
VCSELs (tm = 2.3 × 105 hrs, σ = 1.57) and 2008 oxide-confined 10 Gb/s VCSELs
(tm = 2.3 × 105 hrs, σ = 0.34). Back in 1996 it would have been rather costly
to have deployed 12 channel parallel links as the replacement rate would have
been unacceptably high. With today’s VCSEL wearout characteristics, replacement
due to wearout in the first 10 years should be rather rare. It is at this level of
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Table 16.3 A comparison of array wearout lifetimes between early proton-implanted VCSELs and
today’s oxide-confined VCSELs

1996: 1 Gb/s proton-
implanted VCSEL,
70◦C, 10 mA

2008: 10 Gb/s
oxide-confined
VCSEL, 70◦C, 7 mA

1% cumulative fails (1 − R) 0.7 years 24.8 years
1% cumulative fails (1 − R12) 0.2 years 18.8 years

reliability that the random defect level dominates. Random defects are VCSEL
device imperfections that are able to go undetected through the normal burn-in
and screening processes. Random defects are characterized by a constant failure
rate λ which is often converted to FIT (failures in time). 1 FIT represents 1 fail-
ure in 109 (1 billion) device hours. FIT is a convenient figure to work with as the
total failure rate due to random defects of a parallel link is simply the sum of the
individual FIT rates of all of the components. The reliability function R becomes
R(t) = exp{−λt}. In the early days of serial link deployment, the random defect
level was often overlooked or ignored. For example suppose 105 serial links were
deployed for 1 year, i.e., ∼1 billion device hours. At a VCSEL FIT of 20, about 20
devices would have failed due to random defects. Typically, if the 105 links were
distributed to many customers, each customer would likely see one or fewer ran-
dom fails per year. But future HPC machines could have as many as 105 parallel
(10–12 channels) links in a single system. Then the 20 FIT level per VCSEL would
result in 4 link fails every week! This is unacceptable and would have a big impact
on system performance. One approach to dealing with this is to reduce the FIT level
through enhanced screening and higher quality production. But even at a FIT level
of 2 per VCSEL, about 2 links per month would need replacement in a large system,
which is still rather costly. The other approach is to use sparing. Here, the high speed
link is designed to be 10 or 11 lanes wide with the 12 channel module having one or
two spare lanes. In the case of an 11 channel link with 1 spare the reliability function
R11 is given by (see also [107])

R11(t) = R(t)11 + 11 R(t)10

x=t∫
x=0

f (x)R(t − x)dx,

where f (t) is the failure probability density function which is given by

f (t) = exp{−(ln2(t/tm))/(2σ 2)}√
2πσ t

for log-normal wearout and f (t) = λ exp{−λt} for random defects. R11 needs to
include both the wearout and random defect effects, but for the early deployment
period (first 5 years) where the random defects dominate, the wearout statistics can
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Fig. 16.36 Effective FIT rate versus time for a 12 channel parallel link module with one spare
channel and an individual FIT = 10 for each VCSEL, tm = 106 hrs, σ = 0.5

be dropped and R11 becomes R11(t) = exp{−11λt}(1+11λt). The failure rate with
sparing becomes time dependent. Note there is a subtlety here depending on whether
the spare is a hot or a cold spare. The case for R11 shown here is for a cold spare
but the difference between hot and cold sparing for VCSELs can be shown to be
insignificant if the wearout reliability is high. For a large system with 105 parallel
links, each consisting of 11 lanes with 1 spare and 20 FIT per VCSEL, the expected
fail rate is approximately linear with time and reaches 1.1 fails/year at the end of
3 years. Figure 16.36 plots an example calculation of the effective module FIT for
the case of a 12 channel module with one spare, an individual VCSEL FIT of 20,
tm = 106 hrs and σ = 0.5. The combined FIT is linear with time for the first 15 years
then increases rapidly as wearout starts to become noticeable.

In practice the total FIT rate of a parallel link will be the sum of all the components
in the link, many of which cannot be easily spared (e.g., driver and TIA ICs). Figure
16.37 shows a sample calculation of the cumulative failures over time for a system
comprising 1,000 links. Each link is assumed to be 12 channels with one spare, an
individual VCSEL FIT = 20, tm = 106 hrs, σ = 0.5 and a total unspared component
FIT = 50. In this case, 2 links are expected to have failed by the end of the first 5 years.
With sparing, the VCSEL no longer becomes the dominant source of unreliability in
parallel optics links.

16.7 Outlook for VCSEL-Based Parallel Links

This moment in time appears to be an inflection point in the use of parallel optical
links for a number of reasons. One is that parallel optical links are able to com-
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Fig. 16.37 Cumulative failures over time for a system compromising 1,000 links. Each link is
defined as a 12 channel module with 1 spare, an individual VCSEL FIT = 20, tm = 106 hrs, σ = 0.5
and total unspared component FIT = 50

pete economically with copper cables at shorter distances than ever before and
copper cables are running into distance limitations that put severe constraints on
system layout. Another reason is that the next generation of Ethernet, 100-Gigabit
Ethernet (100-GbE) is about to complete its standard specifications, which, for the
first time, does not include a serial PMD (physical layer, medium dependent) but
rather contains a series of parallel PMDs [108]. Of particular interest for VCSEL-
based parallel links are the 40 Gbase-SR4 and 100 Gbase-SR10 specifications. These
two call for either 4 or 10 lanes at 10 Gb/s over OM3 multimode fiber with distances
up to 100 m. Both of these standards will be initially served by active optical cable
offerings. The 4 channel version will use cables based on the QSFP MSA31 and
the 12 channel will use cables based on the CXP specification from the InfiniBand
Trade Association (IBTA).32 InfiniBand has had 4-wide and 12-wide parallel link
specifications in its standard since its first release but specified only the electrical
connector interface. Very few companies implemented the 12 channel version. One
exception is IBM which used 12 channel DDR IB links for its Parallel Sysplex
application.33 Many companies implemented the 4 channel DDR and QDR IB inter-
faces which have seen volume use of active cables. Now, with the release of the
CXP specification, IB links will likely be deployed in 12x width and the CXP active

31 QSFP specifications used to be available at http://www.qsfpmsa.org which has been disbanded.
32 InfiniBandTM Architecture Specification Release 1.2.1 Annex A6: 120 Gb/s 12x Small Form-
factor Pluggable (CXP). Available from the IBTA at http://www.infinibandta.org.
33 IBM Redbook. IBM System z10 Business Class Technical Overview, http://www.redbooks.
ibm.com/redbooks/pdfs/sg247632.pdf, pp. 101–104.

http://www.qsfpmsa.org
http://www.infinibandta.org
http://www.redbooks.ibm.com/redbooks/pdfs/sg247632.pdf
http://www.redbooks.ibm.com/redbooks/pdfs/sg247632.pdf
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cables, now bi-directional 12 + 12 over 24 fibers, will also be used for 100-GbE using
10 of the 12 channels with 2 as spares or used for system management functions.

InfiniBand has increased its data rate with each new specification by factors of
2. The next generation, called FDR, will be 14 Gb/s/ch and the generation after that,
called EDR for Enhanced Data Rate, will likely be 26 Gb/s/ch and will include both
4x and 12x widths. The FDR standard is expected to be finalized by 2011 and EDR
by 2013 and will be readily satisfied by high speed VCSEL technology. Beyond
EDR is HDR, expected to be specified at 40 Gb/s/ch. This too seems to be within the
reaches of directly modulated VCSELs although devices capable of >30 Gb/s are
at the state of current research efforts (see also Chap. 7 of this book).

Ethernet increases the bandwidth of successive generations by factors of 10. The
next generation after 100-GbE would thus be 1-TbE (Terabit Ethernet). Again, a
VCSEL-based parallel solution seems plausible with 48 fibers at 22 Gb/s/ch although
a bi-directional optical cable would be a bit unwieldy with 96 fibers. A revival of
VCSEL-based CWDM , in the style of the Agilent MAUI project [52], or the use of
multicore fiber may be a reasonable solution to keep the fiber count near 24 or 48
fibers.

The research trends in parallel links indicate that they are certainly headed for
higher speed, small package size, and lower energy per bit. It is possible that the link
width may increase slightly to 16+16 to accommodate parallel I/O connections such
as PCI Express. The trend also shows parallel links moving closer to the ICs which
are the source of data and toward use in shorter connections which are currently the
domain of copper wiring. At a certain point the density and speed increases will move
parallel links away from glass fibers to polymer waveguides on printed circuit boards
or flex for very short (<1 m) board-to-board and MCM-to-MCM interconnects.

In summary, although VCSEL-based parallel links have come a long way since
the early research demonstrations in the 1990s, they have only relatively recently
seen serious field deployment. Deployment is at a turning point where the bandwidth
and distance demands could use all of the benefits offered by parallel optics. If the
cost comes down enough, people in the not so distant future will wonder what copper
cables were once used for.
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Chapter 17
VCSELs for Optical Mice and Sensing

Martin Grabherr, Holger Moench and Armand Pruijmboom

Abstract A real mass application for VCSELs is their use in optical mice and
sensing. As illumination source for sensing applications VCSELs offer a better
performance than LEDs. The even more advanced approach of laser self-mixing
interference sensors allows a next step in integration, accuracy and new application
fields. This chapter summarizes the major requirements towards VCSELs in illumina-
tion for sensing applications and gives typical specifications. A detailed description
of the production process and the achieved reproducibility makes clear that these
VCSELs are ideally suited for production in large quantities. In the second half of
the chapter the self-mixing interference method is described in more detail and a
highly integrated two axes laser Doppler interferometer is shown. This product is
designed for a laser mouse but offers a number of other sensing applications.

17.1 Introduction

Optical mice for computers are mass products with billions of mice sold already. The
market of lasers for computer mice and optical finger navigation devices for, e.g.,
smartphones exceeds the datacom laser market in numbers and is the second largest
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laser market behind optical storage. Strong further growth is expected because of the
superior performance of the laser based input devices.

From a computer user point of view the replacement of the mechanical ball based
mouse by the optical mouse was an important step forward mainly because it helped
to reduce reliability and contamination issues related to the mechanical mouse. In
the optical mouse a light source (LED) illuminates a patterned surface (mouse pad or
desk) and a CMOS sensor plus image processing analyses the movements between
subsequent image frames. The technology relies on visible structures on the surface
and is limited in the maximum detectable velocity by the frame rate of the sensor
system and the pitch of repetitive patterns [1].

The LED illumination can be replaced by laser illumination yielding several
advantages. The coherent laser light induces a speckle pattern, which creates a
detectable structure even on a uniform surface or superimposed to a repetitive pat-
tern. Therefore the laser mouse offers a more reliable tracking independent from the
surface structure. Furthermore the laser illumination allows for simpler optics and
higher system efficiency and therefore reduced (battery-) power consumption.

A more advanced approach is based on self-mixing interference in the laser cavity
and uses the laser not only as light source but also as detection and demodulation
system [2]. This technology is described in detail in Sect. 17.3. The VCSEL tech-
nology allows the integration of a photodiode underneath the VCSEL structure. This
system can replace a laser illumination and a separate CMOS detector (both with
independent optics) by just one VCSEL device with a lens in front. Based on the
physical nature of the observed effect (Doppler interferometry) the system is com-
pletely independent of the surface structure and allows reliable detection over a wide
range of velocities. This technology allows the integration of a two axes laser Doppler
velocity sensor including optics and signal processing electronics into a package of
less than 0.2 cm3 volume [3]. While this system makes a superior mouse it can also
enable many applications beyond the mouse.

In the following sections we describe the major requirements towards the VCSELs
used in mouse applications as well as design and processing aspects. The major goal
is to define a structure that can be mass-produced with high yield and reliability.

17.2 VCSELs as Ideal Illumination Source for the Optical Mouse

The emission profile of the VCSEL is circular and reasonably small divergent. This
reduces the requirements on the optics in the illumination path and allows a simple
system.

VCSELs offer very low threshold currents and therefore low power consumption.
This is especially important for battery powered devices.

In the mouse application the laser illuminates the surface underneath the mouse
and a speckle pattern is created on this surface. Changes in this pattern related to
different modes emitted by the laser will create disturbing artefacts and have to be
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avoided. This means that the laser has to emit only in one single mode and with stable
polarization.

17.2.1 General Requirements and Benefits of VCSELs
Over Edge Emitters

Different from edge emitters VCSELs emit only one single longitudinal mode.
Single-transverse-mode operation can be achieved if the diameter of the active area
is made small enough. Due to the advantageous current confinement by wet thermal
oxidation electro-optical characteristics of these devices are most attractive for appli-
cations that require close to ideal laser sources with minimized power dissipation.
Having the disadvantage of a relatively high effective index step incorporated into
the optical cavity which is unavoidable in oxide confined VCSELs results in only
small active diameters that allow for single-mode operation. Active diameters of only
4 µm are challenging to manufacture with high yields due to the very low tolerance
in aperture diameter, which must be controlled within ±0.25 µm. Another challenge
is the very high sensitivity to electrostatic discharge (ESD) of these devices which
demands for an extremely well controlled production environment.

The laser output power should stay below the eye safety limit of 0.5 mW. This is
well feasible in a small diameter single-mode VCSEL.

17.2.2 VCSEL Production and Typical Characteristics

High volume production of single-mode VCSELs requires both, reproducible supply
of epitaxial wafers and superior control of unique semiconductor processing tech-
nology [4]. At Philips U-L-M Photonics the epitaxial wafers are grown by solid
source MBE . The reactor is capable of growing five 3-inch wafers in parallel.
Special geometries of wafer holders and effusion cells result in good homogene-
ity of the cavity resonance across the 3 inch VCSEL wafers. In azimuthal direction,
the homogeneity of the resonance dip is extremely good and values stay within a
±0.5 nm range (±0.06%) as shown in Fig. 17.1.

In radial direction, variation is slightly increased and taking edge exclusion area
not into account, wavelength variation amounts to ±1.5 nm (±0.2%). The stable
material flux in the reactor enables a small wavelength variation from run to run.
For 20 runs, representing 100 wafers or roughly 3 million devices, the wavelength
variation is as small as ±3 nm.

Frequently, optical gain and doping profiles are checked on calibration wafers,
but most of the feedback to epitaxial growth is derived from quality checks during
processing, like spatially resolved reflectance measurements, transmission line model
(TLM) measurements, and temperature dependent threshold current characteristics.

Compared to standard datacom VCSEL technology, the aperture size of the
devices must be controlled extremely well. As a first major requirement the mesa



524 M. Grabherr et al.

Fig. 17.1 Azimuthal cavity
resonance variation of MBE
grown 850 nm VCSEL
structure
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etching that exposes the sidewall of the highly aluminum containing confinement
layer must be controlled well in terms of mesa geometries. Precise control of mesa
height and mesa diameter is achieved by advanced reactive-ion etching (RIE) using
in-situ control (Fig. 17.2) and self aligned hard mask technology.

Secondly, important parameters for the subsequent oxidation process are process
temperature and material composition. Temperature homogeneity across the wafer
during the formation of the apertures must be better than ±0.5◦C. Ga content of the
current blocking layer is much more crucial [5], but can be controlled epitaxially very
well. Oxide layer thickness is chosen to be larger than 30 nm although contribution
to optical confinement is rather strong, but oxidation rates are much more sensitive
on thickness variations for thinner layers [6]. Finally carbon concentration plays an
important role for the homogeneity of the current confinement layer and needs to
be controlled precisely with variations of less than ±5% during the growth of the
current confinement layer, too.

High volume production needs a further reduction of costs and the main cost driver
needs to be addressed: the footprint of the chip. Today, typical VCSEL chips are still
based on a 250 × 250 µm2 footprint cell. This is mainly due to limitations in dicing
and die attach. As a first step scribe and break has been chosen for die separation,
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Fig. 17.4 LIV curves (left) and single-mode spectra (right) of devices from 3 different positions
across the wafer

since typical dicing streets already consume 25% of the chip area. In addition Philips
U-L-M Photonics has established dicing processes that allow for further reduction
of the footprint down to 200 × 200 µm2 (Fig. 17.3), which gives a direct increase of
parts on wafer by another factor of 1.56. All in all the number of parts on wafer can
be increased by almost a factor of 2 compared to common technology.

The light–current–voltage (LIV) characteristics across the 3 inch wafer are very
homogeneous as can be seen in Fig. 17.4. Typical values are 0.4 mA threshold current,
0.6 W/A slope efficiency, and 1.5 mA as typical operating current which is given by
the eye safety limit of approx. 0.5 mW. Corresponding operating voltages are in the
range of 2–2.2 V. In the following, the most extreme variation across the wafer along
the maximum gradient is depicted. All variations of process parameters like oxide
aperture, doping profiles and wavelength variations sum up to only slight variation
of threshold current in the order of 100 µA and only 150 mV operating voltage at
2 mA laser current. The output power at 2 mA laser current ranges between 0.7 and
0.9 mW. The LI curves do not show any kinks, which indicates that no significant
amount of power is transported in higher order modes within the entire current range
up to 2 mA. The spectra in Fig. 17.4 show that the side-mode suppression ratio is
more than 10 dB even at maximum laser current.
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Fig. 17.5 Far-field distribution for different currents

The far-field distribution measured using a pin hole and a photodiode in a 20 cm
distance shows nice Gaussian single-mode characteristics as can be seen in Fig. 17.5.
The beam divergence typically amounts to 12◦ FWHM and is pre-defined by the small
size of the current aperture and the wave guiding given by the oxide aperture.

The three typical lifetime regimes of a product lifecycle are the infant mortality
period, followed by the intrinsic failure period, and finally the wear out phase. Dur-
ing the first hours of operation, the failure rate can be elevated due to processing
defects, mechanical stress, etc. By carrying out burn-in procedures these so called
early failures can be screened out. For the presented single-mode VCSELs, a burn-
in of 16 h at 100◦C ambient temperature and operation at maximum ratings results
in a detected early failure rate of 200 ppm. The intrinsic or random failure rate is
as low as 10 FIT (failures in time) based on several 100 million total test hours.
The wear out behaviour is characterized by a pretty well defined time slot where
all devices fail, and can be described by a lognormal distribution (Fig. 17.6) with
small standard deviation, which typically amounts to 0.25. The failure mechanism
can be accelerated by increasing the ambient temperature which allows for signifi-
cantly reduced testing time. The according activation energy has been compiled into
0.7 eV. At 50◦C ambient temperature the mean time to failure (MTTF) value is far
in excess of 10,000 hours. Particular attention has to be taken for ESD protection.
Due to the small aperture size of only 4µm in diameter, oxide confined single-mode
VCSELs show ESD damage threshold of only 50 V. Though challenging, assembly
is still controlled in standard industrial environment.
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Fig. 17.7 Photographs of the surface grating on top of the mesa (left), the mesa (center) and the
VCSEL structure (right)

17.2.3 Polarization Stabilization

Polarization controlling elements that can be implemented in VCSEL processing
have been investigated, as more applications demand for single-polarization laser
emission on top of single-mode operation. In general the ideas are based on break-
ing the symmetry of the circular cavity. Eliptically shaped mesa and apertures,
higher-order substrates, or external mechanical stress are among the proposed
approaches. In all these cases the effect of polarization control is too weak or the
drawback for electro-optical performance is too strong. These topics are discussed
extensively in Chap. 5 of this book.

We use an approach developed by Ulm University (see Chap. 5 of this book) that
makes use of a shallow etched surface grating (Fig. 17.7) [7] which offers multiple
advantages. No change in the established manufacturing platform for conventional
single-mode VCSELs is required and the additional technological steps, like nano-

http://dx.doi.org/10.1007/978-3-642-24986-0_5
http://dx.doi.org/10.1007/978-3-642-24986-0_5
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imprint-lithography (NIL) [8], can easily be implemented into the existing process
flow. The polarization control mechanism is strong enough to guarantee the polar-
ization behavior by design. The pattern of surface grating is calculated and designed
by a full vectorial model [9] in a way that the polarization control is strong enough
and at the same time no negative impact on output power is induced.

17.3 SMI Laser Doppler Interferometry

Optical feedback interferometry or self-mixing interferometry (SMI) is a well-known
sensing principle for velocity and distance measurements. In conventional laser appli-
cations, optical feedback is unwanted, since it enhances the intensity noise of the
laser, increases the linewidth, and can even lead to chaotic behavior of the laser.
Sometimes the non-linear response of the laser to optical feedback is beneficial. For
example, feedback provided by an external mirror is used for laser mode selection
or linewidth narrowing [10]. This is also the case in optical feedback interferometry.
Here, interference inside the cavity between laser light and external feedback is used.
For a thorough treatment giving a theoretical background and an overview of this
field we refer to the literature [11].

The main advantage from a cost-perspective point of view of self-mixing over
other arrangements of interferometry, is that several functions are provided by the
laser. The laser is not only the source of coherent light, but also an active filter due to
its narrow optical bandwidth. Moreover, the active medium of the laser cavity acts as
an amplifier and finally as an optical mixer. This makes the laser sensitive to extremely
small fractions of feedback. We obtained reliable SMI signals with a fraction as small
as ∼10−4 of the laser output back-reflected onto the laser mirror. Based on the SMI
technology remote measurements have been achieved over a distance up to several
meters, on a wide variety of surfaces and independent from contamination from other
light sources.

17.3.1 Velocity Measurement

If the laser is aimed at a scattering object (see Fig. 17.8), a small portion of the
scattered light reflects back into the cavity where it mixes with the strong laser field.
When the movement of the object has a component along the direction of the laser
beam, the phase of the reflected light continuously shifts with respect to the original
laser light, resulting in a periodic variation of the feedback into the laser cavity at a
frequency, equal to the Doppler frequency, according to [12]

fDoppler = 2v · cosφ

λ
. (17.1)
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Fig. 17.8 Coherent laser
light aimed at a moving
surface is scattered back
partially in the direction of
source

Laser & detector

Lens

Reflecting
object 

Here v · cosφ is the velocity component along the direction of the laser beam in
Fig. 17.8, and λ the wavelength of the undisturbed laser. Thus the feedback from
this moving object generates a changing interference signal inside the laser cavity
with this Doppler frequency, and hence the laser output power is modulated with a
frequency, from which the velocity of the scattering object can be derived, according
to (17.1).

In reality, the exact response of the laser on the external feedback is more com-
plicated, due to the coupling between the electric field and the carrier density.
When the amount of feedback is low, this non-linear effect is small and the laser
output modulation is sinusoidal. As the feedback increases, the shape of the signal
becomes more and more inharmonic.

17.3.2 Direction of Motion and Distance

In the manner described above, one can only determine the magnitude of the velocity.
In principle it is possible to detect the direction of motion from the inharmonic
shape of the self-mixing signal. It is however easier to use a frequency modulation
technique. In a semiconductor laser, a current modulation also leads to a shift in the
wavelength of the emitted light. As a result, when changing the injection current I,
the phase of the light will increase by 360◦ for every additional wavelength that fits
on the round-trip length d from the source to surface and back to the source. Every
360◦ phase rotation causes one minimum and one maximum in the power P of the
emitted light. The number of these “undulations” �n as a function of the wavelength
variation is �λ given by

�n = �λ
d
λ2 . (17.2)

A decrease in wavelength has a similar effect as a scattering object moving away
from the source, whereas an increase in wavelength mimics an object moving towards
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Fig. 17.9 Modulation of the laser current and resulting power fluctuations depending on the direc-
tion of movement of the scattering object

the source. If a triangular modulation of the laser current is used (see Fig. 17.9), the
wavelength will decrease and increase periodically, mimicking periodical move-
ments away from and towards the source. The power measured by a monitor diode
will vary in time with the frequency of this triangular modulation, but now with
superposed on it, the undulations with a frequency f0, which can be determined from
(17.2) by

f0 = dλ

dI
· dI

dt
· d
λ2 . (17.3)

The subscript in f0 denotes that the scattering object does not move. In this case, the
undulation frequency is the same during the up- and down-segment of the triangular
modulation. An additional change of the frequency, by the Doppler frequency, occurs
for a moving object. When the object is moving away, the Doppler frequency will
add to f0 during a decrease in wavelength, while it is subtracted from f0 when the
wavelength increases:

fup = f0 − fDoppler ; fdown = f0 + fDoppler. (17.4)

Note that (17.3) can also be used to directly determine from f0 the distance d/2 to
a stationary scattering object. To determine the distance to a moving object, f0 must
be derived from (17.4) and can be expressed as

f0 = (
fup + fdown

)
/2. (17.5)
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17.4 VCSEL as Integrated Laser Doppler Interferometer

Vertical cavity surface emitting lasers are ideal light sources for self-mixing inter-
ferometry from both an economic as well as functional point of view. Because they
can be made by wafer-scale processing, they are relatively inexpensive as compared
to edge-emitting lasers. Due to its extremely short cavity length of the order of the
wavelength, a VCSEL operates in a single longitudinal mode, which avoids signal
distortions due to mode beatings. It has low power consumption and the circular
output beam allows simpler optics than for side-emitting lasers.

An integrated device has been developed on the basis of our VCSEL technology,
which combines laser and photodiode in one monolithic device. The specific require-
ments for velocity and distance measurement with the SMI technology have been
translated into specifications for the VCSEL itself.

17.4.1 VCSEL with Integrated Photodiode

An advanced approach for integrating a photodiode (PD) with a VCSEL structure is
placing the PD inside the cavity without additional contact or spacer layer. Actually
the PD is integrated into the bottom DBR which now consists of a first part of 16
n-DBR layer pairs and 2 p-doped DBR pairs followed by the 100 nm thick absorbing
GaAs layer, which is placed symmetrically around an antinode of the standing wave
pattern in order to get maximum responsivity and maximum contrast of stimulated
versus spontaneous emission [13]. The bottom reflector is completed by additional
22 pairs of n-doped DBR layer pairs. The intra-cavity contact in the central n-doped
DBR part is used as both, VCSEL cathode and monitor anode. The additional pn-
junction between VCSEL cathode and PD anode is not shortened, but driven in
forward direction and thus just adding an additional voltage drop to the monitor diode
bias voltage. The resulting three-terminal device comprises a p-i-n-p-i-n structure as
described in Fig. 17.10. The according top-view photograph of a real device is shown
on the right-hand side.

The LIV characteristics of the VCSEL with integrated intra-cavity photodiode
(Fig. 17.11) show low threshold currents of 0.6 mA up to 30◦C ambient tempera-
ture. Typical operating currents of 2 mA provide up to 0.5 mW single-mode output
power. The according voltage drop across the laser structure is less than 2 V at room
temperature. In conclusion, there is no substantive drawback for the performance
of the VCSEL by integrating the intra-cavity photodiode in comparison to standard
single-mode VCSELs (see Fig. 17.4).

In Fig. 17.12 the laser output power is again depicted versus the laser current
(lower part of the diagram) for three ambient temperatures, −10, 30, and 80◦C. The
according monitor current, measured for the intra-cavity photodiode is plotted versus
the same laser current scale.
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Fig. 17.10 Schematic of a VCSEL with integrated intra-cavity photodiode and according top-view
picture of a processed die with a small footprint of 200 × 200 µm2

Fig. 17.11 Temperature
dependent LIV
characteristics of a VCSEL
with integrated intra-cavity
photodiode
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Below laser threshold, the monitor current is increasing linearly with laser current
due to the contribution of spontaneous emission to the emitted light. Above threshold,
the monitor current is increasing far stronger with output power, as the contribution of
stimulated emission to the monitor current is dominant. This is due to the intra-cavity
approach and the positioning of the absorption layer in an antinode of the standing
wave pattern. The monitor currents are in the order of several 100 µW and can easily
be processed for power monitoring or self-mixing. In combination with the excellent
linearity of the monitor signal with output power the dominating stimulated emission
is most advantageous for laser power tracking.

17.4.2 Single-Mode VCSEL

For use in self-mixing interference sensors, it is beneficial to use single-transverse-
mode VCSELs. Figure 17.13 shows the optical spectrum of such a VCSEL. The
fundamental mode has a peak at 857 nm and the first higher order peak turns up at a
wavelength approximately 0.6 nm smaller. The side-mode suppression ratio (SMSR),
defined as the ratio between the fundamental mode and the first side-mode, is about
23 dB at 1.0 mA for this VCSEL.

Both peaks will contribute to a self-mixing signal with roughly the same frequency,
but with random phases. The resulting self-mixing undulation signal U (t) detected
by, e.g., a monitor diode, will be the linear addition of the signals resulting from each
peak:

U (t) = A0 cos

(
4πvt

λ
+ 2π f0_0t + φ0

)
+ A1 cos

(
4πvt

λ
+ 2π f0_1t + φ1

)
,

(17.6)
where v is the speed of the object, λ is the wavelength, and f0_0 and f0_1 are the
undulation frequencies for a still object resulting from the fundamental mode and first
side-mode, respectively. A0 and A1 are the electrical undulation signal amplitudes
of the detector and these are proportional to the optical power of main and side-
mode, respectively. The optical frequency offset of the peaks is so high (�1 GHz)
that mixing of the peaks does not result in an additional detector signal at base-band
frequencies. As the two laser modes are spatially orthogonal, their speckle patterns
are independent and therefore φ0 and φ1 are uncorrelated phase offsets. If the two
modes are narrowly spaced, we can rewrite this equation as:

U (t) = A0 cos

(
4πvt

λ
+ 2π f0t + φ0

)
+ A1 cos

(
4πvt

λ
+ 2π f0t + φ1(t)

)
.

(17.7)
Here φ1(t) includes the time dependent phase offset due to the small difference

between f0_0 and f0_1. In case φ0 equals φ1, the undulation amplitude is A0 +
A1. When they differ by π the amplitude is A0 − A1. Therefore, the peak-to-peak
variation in undulation amplitude as a fraction of the undulation of the fundamental
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Fig. 17.13 Optical spectrum
of a single-mode VCSEL
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frequency is 2A1/A0. The fractional peak-to-peak variation in the electrical power of
the undulation signal is given by ((A0 + A1)

2 − (A0 − A1)
2)/A2

0 = 4A1/A0. Using
SMSR = 10 log(A0/A1) dB, this can be written as 4·10−SMSR/(10 dB). This means
for instance, that if a 50% (or 3 dB) peak-to-peak variation is considered acceptable
to the sensor system, a lower limit of 9 dB for SMSR should be used.

17.4.3 dλ/dI Requirements

Another important VCSEL design parameter for the use in laser self-mixing sensors
is dλ/dI . It results from the resistive heating of the laser when a current is applied
and therefore depends on its specific heat, its volume, and its electrical resistance.
The very small volume of a VCSEL is therefore very beneficial for using it for self-
mixing interferometry. The electrical resistance depends on the VCSEL aperture.
Figure 17.14 shows dλ/dI and SMSR as measured on VCSELs with differently
designed aperture diameters.

It can be seen from Fig. 17.14 that for large wavelength swing and high SMSR
the VCSEL diameter should be made as small as possible. The smallest aperture
that can be used will be limited by the yield at which it can be made reliably and by
degradation properties that become worse for the smallest apertures.

17.4.4 Philips “Twin-Eye” Product

One of the unique features of the Philips Twin-Eye integrated laser self-mixing inter-
ference sensor is its very small form factor of less than 0.2 cm3 (see Fig. 17.15). It
employs two VCSELs to measure the velocity in x- and y-direction and the height
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Fig. 17.14 dλ/dI and
SMSR as measured on
VCSELs with different
aperture diameters
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Fig. 17.15 Philips Twin-Eye
laser sensor in its 0.2 cm3

small package

above the surface, as described above. The integrated photodiode measures the
fluctuations in laser power and the photocurrent is injected into an application-specific
integrated circuit (ASIC). The ASIC converts this signal into a digital signal and
applies a fast Fourier transformation (FFT) to determine the undulation frequency
and thus the speed relative to a scattering surface. It also allows automatic current sav-
ing mechanisms for battery powered applications and guarantees eye safety without
any manual adjustment of the laser current.

The system-in-package (SiP) includes capacitors for high- and low-pass filters.
On top of the package a lens is placed that is made of material resistant to hand and
wave soldering. The lens has two inner spheres, which share the outer sphere. The
VCSELs are placed off-axis with respect to the inner spheres such that the two beams
exit the lens with an angle of 90◦ with respect to each other and an angle of 30◦ with
respect to the surface normal (see Fig. 17.16). As the sensor aims at applications in,
e.g., computer mice, the focal point is designed a few millimeters above the lens. As
a result, the sensor is only sensitive to surfaces in its vicinity. This is, however, not
a fundamental limit.

The ASIC includes control systems to give a predictable resolution as a function
of speed, in a regime from 0.1 mm/s to 4 m/s (Fig. 17.17). The resolution stays very
high and constant even for relatively high velocities. Unlike pattern recognition based
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Fig. 17.16 Drawing of the
package, two VCSELs on
top of the ASIC and the
orthogonal laser beams
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Fig. 17.17 The resolution in counts per inch (CPI) of the Twin-Eye laser sensor as a function of
speed, for different distances of the sensor to the surface. The figure shows a predictable resolution
in a speed regime from 0.1 mm/s to 4 m/s, independent of the distance. The resolution data represents
the averages of measurements over 3 different X–Y directions, with angles between 0 and 360◦,
which are chosen differently for every height

optical mice the SMI based laser sensor does not require an excessively increasing
computing speed for higher velocities.

17.5 More SMI Applications

SMI based laser Doppler interferometry offers unique advantages especially in com-
bination with the VCSEL with an integrated photodiode described above. With an
appropriate optics it allows remote measurements up to a few meters (the ultimate
limit is half the coherence length of the VCSEL). We were able to realize mea-
surements on a wide variety of targets down to a diffuse reflectivity below 0.1%.
Furthermore the measurement is not disturbed by any surface pattern nor by environ-
mental light. Laser Doppler interferometry allows to measure velocity and distance
simultaneously.
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Besides the use as input device, many other applications can be envisioned
where contactless measurement is required. This includes diverse topics like veloc-
ity measurement in automotive applications [14], flow measurements [15] or range
finders [16].

17.6 Summary

Lasers have found a major market in computer and smartphone input devices. Used
as a light source in standard optical mice a VCSEL offers optimum performance in
terms of mode and polarization stability, power consumption and lifetime. Advanced
manufacturing technology allows reliable, high yield production of tens of millions
of VCSELs.

Self-mixing interference based laser Doppler interferometry enables a further
step in product integration. The VCSEL with an integrated photodiode acts as a
light source, a spectral filter, a detector and a demodulator simultaneously. This
measurement technology combines remote measurements of velocity and distance
at high accuracy. The VCSEL based device has been optimized to optimally match
the needs of SMI based measurements. Furthermore an integrated product has been
brought to the market which combines the measurement along two orthogonal axes,
all optics and signal processing electronics in a package with a volume of less than
0.2 cm3.
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Chapter 18
VCSEL-Based Laser Printing System

Nobuaki Ueki and Naotaka Mukoyama

Abstract There is an endless demand for improved image quality and higher
speed in printer applications. To meet market requirements, in 2003 we launched
DocuColor 1256 GA, the world’s first VCSEL-based electrophotographic printer
utilizing a 780 nm single-mode 8 × 4 VCSEL array. The printer features 2,400 dots
per inch (dpi) resolution, which is still the highest level in the industry, and a speed of
12.5 pages per minute (ppm). A two-dimensional VCSEL array makes it much easier
to increase the pixel density and printing speed by simultaneously scanning the 32
beams on the photoconductor in the light exposure system. Adopting VCSELs as a
light source also contributes to reduced power consumption, because the operating
current of VCSELs is extremely small and the wall-plug efficiency is very high. In
this chapter, we explain the key technologies of VCSELs in light exposure system
of laser printer, as well as their required characteristics to assure high image quality.

18.1 Introduction

FUJI XEROX began research and development on single-mode VCSEL arrays in
1995 to investigate the possibility of using them as a novel light source for laser
printing system. Following extensive work on prototype array fabrication, qualifi-
cation (reliability) studies, and development of sub-systems in electrophotographic,
or so-called xerographic, processes, we demonstrated the first VCSEL-based light
exposure system [1, 2].

The main component of the light exposure system is called a raster output scanner
(ROS). A schematic diagram of a xerographic polygon ROS system is shown in
Fig. 18.1; it comprises a laser, a polygon mirror, and an f − θ lens.
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540 N. Ueki and N. Mukoyama

Fig. 18.1 Schematic
diagram of xerographic
polygon ROS system

The modulated laser light containing the image information is radiated onto the
polygon mirror. The polygon mirror is rotated with a motor and reflects the laser beam
to the f − θ lens. The f − θ lens scans the beam across the entire photoconductor
region, generating an electrostatic latent image. The photoconductor is rotated and
the scanning sequence repeated continuously until a latent image of the entire page
is created. A collimator lens, a cylindrical lens, or a reflection mirror, which are not
illustrated, may also be located in the light path to precisely adjust the beam to the
appropriate location. Charged toner is then supplied and attached to the photocon-
ductor by electrostatic force, and this toner is then transferred to the paper and fused
thermally or mechanically.

The main parameters that determine the image resolution and printing speed are
the rotational frequency and the number of facets in the polygon mirror, and the
number of light beams from multiple sources. These parameters are related by [3]

R = 60VD

Nm
, (18.1)

where R (rpm) is the polygon mirror rotational frequency, V (mm/s) is the printing
speed, D (dot/mm) is the print density, N is the number of facets in the polygon
mirror, and m is the number of beams guided to the photoconductor.

It is reasonable to assume that R of the polygon mirror should be set higher if
we want to improve the resolution or increase the printing speed. However, there
are practical limits to the rotational frequency due to the motor’s mechanical sta-
bility. For example, to develop a printer with 2,400 dpi resolution and 500 mm/s
printing speed using a single laser beam, the required polygon mirror rotational
frequency would exceed 230,000 rpm. This is far beyond the capability of cur-
rently available polygon mirror motors. In addition, this approach involves numerous
problems, including increased mechanical vibrations to the lens, which deteriorates
the printer’s reliability, as well as causing vibration noise and increasing the printer’s
power consumption and temperature.

As found from (18.1), increasing m is an alterative solution, without the need
to increase the polygon mirror rotational frequency. Several light exposure systems
using multiple discrete edge-emitting lasers have been proposed before
[3, 4]. However, these methods make use of fiber arrays or waveguides to adjust
the individual beams, and this is a tedious task. Adopting monolithic edge-emitting
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lasers instead of discrete lasers is one possible solution. In fact, edge-emitting lasers
containing two or four monolithic light sources are available on the market. How-
ever, when considering a higher number of beams, VCSELs have an advantage over
edge-emitting lasers in that two-dimensional arrays can be produced with greater
ease. This VCSEL-ROS strategy should significantly improve the image resolution
or the printing speed, and this was the main motivation of our work.

18.2 VCSELs for Printer Applications

In this section, we describe the requirements of VCSELs for ROS system in printers.
Although the parameters taken into account have quite similar requirements to those
of conventional edge-emitting lasers, the actual target values differ according to the
ROS specifications.

First, the laser wavelength is an important factor to determine the optical design
of the system. The region at which the photoconductor possesses the highest and
most stable sensitivity mainly determines the laser wavelength to be adopted. Inor-
ganic photoreceptors, such as amorphous silicon and/or As2Se3, are sensitive in the
visible wavelength region, whereas phthalocyanine pigments, which are widely used
organic photoconductor (OPC) materials, show the highest sensitivity in the near-
infrared region. We selected VCSELs emitting in the 780 nm region based on our
wide experience in handling this type of photoconductor.

Second, each VCSEL must emit a Gaussian-like beam profile and operate in a
single transverse mode. This is because the beam shape is directly reflected in the
image profile. A multimode beam profile is difficult to focus and will result in fluc-
tuations in the latent image.

The VCSEL must also emit sufficient output power to produce a latent image at
the photoconductor. In an ROS system, the power from a single beam is described
by [3]

P = 4π f

Nηm
VS, (18.2)

where P (mW) is the power required per beam, f (mm) is the focal length of the
f − θ lens, S (mJ/mm2) is the sensitivity of the photoconductor, and η is the light
transmission efficiency from the laser to the photoconductor. Equation (18.2) means
that the power emitted from a single beam can be relaxed by increasing the number
of laser beams. Although the output power of a single-mode VCSEL tends to be
smaller than that of an edge-emitting laser due to the relatively small active region,
the array design can compensate for this drawback.
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Fig. 18.2 Schematic
cross-sectional structure of
an oxide-confined VCSEL
with a contact-metal
aperture. Inset depicts a
magnified view of the
metal-aperture region

18.3 Structure and Characteristics of VCSEL Array

Next we describe the structure of the VCSEL array and its characteristics.
A cross-sectional view of a single-mode VCSEL is shown in Fig. 18.2.

The epitaxial layers consist of Alx Ga1−x As semiconductor materials grown on a
GaAs substrate. First, 40.5 pairs of Al0.3Ga0.7As/Al0.9Ga0.1As layers are grown to
construct the n-type distributed Bragg reflector (DBR) mirror. A one-wavelength-
thick Al0.6Ga0.4As spacer layer including three Al0.11Ga0.89As quantum wells is
then provided as an active layer to obtain a gain peak at 766 nm. Then, 24 pairs of
Al0.3Ga0.7As/Al0.9Ga0.1As with graded layers are grown to construct the p-DBR
mirror, followed by a p-GaAs cap layer. An AlAs layer, which will later be oxidized,
is included in the p-DBR mirror to compose a lateral current funneling and optical
confinement region.

The mesa was fabricated by using a conventional reactive ion etching (RIE)
process with chlorine mixture gas, followed by selective oxidation to the AlAs at
340◦C in a wet oxidation furnace. After the oxidation process, the mesa was covered
with a SiNx passivation layer by plasma-enhanced chemical vapor deposition under
low temperature. The function of the passivation layer is not only to prevent degen-
eration of the etched surface, but also to control the mechanical stress induced by
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Fig. 18.3 Microscope image
of an 8 × 4 single-mode
780 nm VCSEL array

the oxidized mesas. Finally, a Ti/Au p-electrode and a Au/Ge/Au n-electrode were
deposited on each side of the wafer, respectively.

The contact-metal aperture was fabricated on the p-GaAs cap layer. The metal-
aperture size (Dm) was adjusted to suppress the undesirable higher order lateral
modes oscillating in the active region, in accordance with an oxide-aperture size
(Dox). It has been estimated that the round-trip loss of higher order modes is maxi-
mized when the difference between the oxide-aperture and the metal-aperture sizes
is between 0 and 1.0 µm. Details of the design concept and calculation have been
published elsewhere [5]. The fabricated 8 × 4 single-mode VCSEL array after the
packaging process is shown in Fig. 18.3.

Figure 18.4 shows the L–I–V characteristics of the 8 × 4 VCSEL array at room
temperature. A very low threshold current of 0.3 mA and a maximum optical out-
put power of more than 4 mW were obtained. Single-mode operation was main-
tained up to 3 mW of output power for all 32 beams. The standard deviations of the
threshold current and the power at 3 mA for this array were 0.5 and 5%, respec-
tively. Due to the relatively narrow oxide-aperture size used to maintain stable
fundamental mode oscillation, the differential resistance was approximately 200 �

near 1 or 2 mW. This is a distinct feature of VCSELs for ROS compared with con-
ventional edge-emitting lasers.

The measured spectrum of typical emission is shown in Fig. 18.5. The peak
emission wavelength was around 787 nm. The side-mode suppression ratio (SMSR)
exceeded 30 dB at 1.2 mW of optical output power, which is considered sufficient
for use as the light source of the ROS.

Figure 18.6 is a plot of the near-field pattern (NFP) of one VCSEL operating
at 1.4 mW, showing the intensity versus position at the radiation surface. The 1/e2
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Fig. 18.4 L–I–V
characteristics of the
8 × 4 VCSEL array

Fig. 18.5 Typical emission
spectrum from a device
measured at 1.2 mW

Fig. 18.6 Typical near-field
pattern from one VCSEL
measured at 1.4 mW. Inset
depicts laser spot observed
by CCD camera

mode field diameter was estimated to be less than 2 µm. The laser spot shape was
nearly circular.

The two-dimensional distribution of the beam divergence angle for the 8 × 4
VCSEL array at 0.5 mW is shown in Fig. 18.7. The minimum and maximum val-
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Fig. 18.7 Distribution of the
beam divergence angle
(FWHM) for the 8 × 4
VCSEL array at 0.5 mW

ues were 13.20 and 13.74◦, respectively. Their standard deviation in the array was
below 5%.

The VCSELs were produced in our fabrication line using a proprietary in situ
monitoring method to control the oxide-aperture size [6]. As a result, highly uniform
characteristics with less than 5% variation in both output power and beam divergence
angle were obtained.

18.4 VCSEL Driver IC

Next we discuss the method used to drive the VCSELs for ROS.
The relation between image density, printing speed, and the time for a laser to

emit a single dot is basically given by [3]

1

tp
= 4π f

N

VD2

m
, (18.3)

where tp (s) is the time required to emit a single dot, and f (mm) is the focal length
of the f − θ lens. The other symbols are the same as those in (18.1) and (18.2).

If we assume 2,400 dpi resolution, 500 mm/s speed, and 32 beams from a VCSEL,
the typical time to emit a single dot is estimated to be on the order of 10 ns. However,
it is relatively difficult to drive a single-mode VCSEL within 10 ns using a con-
ventional current-drive IC. We found that the turn-on speed was not fast enough
due to the VCSEL’s high series resistance. This issue is schematically illustrated in
Fig. 18.8a.

To reduce the turn-on time, we have investigated a voltage-drive IC instead of a
current-drive one. Although the time constant was significantly reduced by using this
method, we observed a gradual power rise after the VCSEL was turned on, as shown
in Fig. 18.8b. It was found that the series resistance of the VCSEL was reduced due
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Fig. 18.8 Wave patterns of current, voltage, and laser power based on three different driving
methods

to the temperature rise during turn-on, and this led to an increase in bias current,
resulting in an output power rise. This power rise is unacceptable from the viewpoint
of image quality [7].

To solve this problem, we developed a custom ASIC called voltage/current
complementary drive IC to turn on the VCSEL rapidly without any gradual changes
in the output power. This ASIC initially functions in a voltage-drive mode to rapidly
turn on the VCSEL, and shifts to a current-drive mode that continuously stabilizes
the output power of the VCSEL. This driving method is explained in Fig. 18.8c.

The voltage/current complementary driving method eliminates power fluctua-
tions on the photoconductor at the initial and final points of operation, which would
otherwise degrade the image quality. The improved image quality achieved by means
of the voltage/current complementary drive IC was verified through sensory
evaluation tests.

18.5 Image Quality

In this section, we describe an actual print sample with 2,400 dpi resolution realized
by our VCSEL technology.

Figure 18.9 illustrates a comparison of the image quality of some samples achieved
with a conventional 600 dpi resolution system and our novel system with 2,400 dpi
resolution. The 600 dpi image exhibited some jaggy lines, whereas the 2,400 dpi
image produced with the VCSELs showed smoother edges.

In addition to improved monochrome line drawing, the 2,400 dpi resolution allows
excellent color gradation and halftones, though they cannot be adequately represented
on the pages of this book.
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Fig. 18.9 Comparison of image quality between 600 dpi and 2,400 dpi print samples

Fig. 18.10 VCSEL-based multi-function laser printer (left: DocuColor 1256 GA) and on-demand
publishing system (right: DocuColor 8000 Digital Press)

18.6 VCSEL-Based Printer Products

Examples of VCSEL-based printers are shown in Fig. 18.10. The laser printers we
developed have achieved a resolution as high as 2,400 dpi, which is still the highest
level performance demonstrated in electrophotographic printers. This technology is
currently being extended to high-end tandem color machines (2,400 dpi, 80 ppm) to
capture a share of the on-demand publishing market. The number of VCSEL arrays
shipped worldwide in laser printers to date exceeds 500,000 (corresponding to more
than 16 million lasing spots), and no field failures have been reported.

VCSEL-based light exposure system is undoubtedly recognized as being a key
technology in meeting the market needs for high-resolution, high-speed printers.
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18.7 Summary

We have developed a new light exposure system for laser printer applications utilizing
8 × 4 VCSEL arrays. By adopting a VCSEL array as a light source, the rotational
frequency of the polygon mirror can be reduced while simultaneously achieving high
resolution and high speed.

The VCSEL array operates in the 780 nm wavelength region in a single trans-
verse mode up to 3 mW. The VCSEL array emits Gaussian-like beam profiles with
uniform divergence angles showing a standard deviation of less than 5%. Due to our
proprietary in situ oxidation monitoring process, uniform L−I−V characteristics
showing excellent run-to-run reproducibility were obtained.

In addition, we developed a unique voltage/current complementary drive IC to
drive the VCSELs smartly with stable output power, which is the most important
factor in image quality control.

We believe that VCSEL-based laser printers will satisfy the market’s never-ending
demand for high-quality laser printing.
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Pumping. See Laser pumping
Purcell factor, 413, 415, 420

Index 555



Q
QCSE. See Quantum-confined Stark

effect (QCSE)
Q-factor, 34, 405, 409, 412
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Rollover, thermal. See Thermal rollover

S
SAN. See Storage area network (SAN)
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modeling, 43, 93, 97, 329, 335, 386
resistance, 45, 265, 266, 276, 323, 325,

327, 329, 341, 387
rollover, 23, 45, 93, 96, 109, 114, 127, 133,

187, 285, 335, 391
shift

of gain. See Gain, red-shift
of mode. See Mode shift (thermal)

Threshold
condition. See Lasing threshold condition
current, 31, 35, 44, 267, 269–272, 275,

299, 303, 311, 330, 363, 419, 459
density, 31, 361
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Transceiver. See Datacom transceivers
Transfer matrix method, 33
Transimpedance amplifier (TIA), 443, 447,

485, 489, 493, 510
Transmitter optical sub-assembly
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