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Foreword

The WDM Revolution

This book is the first of four about wavelength division multiplexing
(WDM), the most recent technology innovation in optical fiber commu-
nications. In the past two decades, optical communications has totally
changed the way we communicate. It is a revolution that has fundamentally
transformed the core of telecommunications, its basic science, its enabling
technology, and its industry. The WDM innovation represents a revolution
inside the optical communications revolution and it is allowing the latter
to continue its exponential growth.

The existence and advance of optical fiber communications is based on
the invention of the laser, particularly the semiconductor junction laser,
the invention of low-loss optical fibers, and on related disciplines such as
integrated optics. We should never forget that it took more than 25 years
from the early pioneering ideas to the first large-scale commercial deploy-
ment of optical communications, the Northeast Corridor system linking
Washington and New York in 1983 and New York with Boston in 1984.
This is when the revolution got started in the marketplace, and when op-
tical fiber communications began to seriously impact the way information
is transmitted. The market demand for higher capacity transmission was
helped by the fact that computers continued to become more powerful and
needed to be interconnected. This is one of the key reasons why the ex-
plosive growth of optical fiber transmission technology parallels that of
computer processing and other key information technologies. These tech-
nologies have combined to meet the explosive global demand for new in-
formation services including data, internet, and broadband services—and,
most likely, their rapid advance has helped fuel this demand. We know
that this demand is continuing its strong growth as internet traffic, even by
reasonably conservative estimates, keeps doubling every year. Today, we
optical scientists and engineers are naturally puzzling the question why this
traffic growth does not appear to be matched by a corresponding growth

xvii
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in revenue. Another milestone in the optical communications revolution
we remember with pride is the deployment of the first transatlantic fiber
system, TATS, in 1988 (today, of course, the map of undersea systems de-
ployed in the oceans of the globe looks like a dense spider web). It was
around this time that researchers began exploring the next step forward,
optical fiber amplifiers and WDM transmission.

WDM technology has an interesting parallel in computer architecture.
Computers have a similar problem as lightwave systems: both systems
trends—pulled by demand and pushed by technology advances—show
their key technological figure of merit (computer processing power in one
case, and fiber transmission capacity in the other) increasing by a factor
100 or more every ten years. However, the raw speed of the IC technologies
computers and fiber transmission rely on increases by about a factor of 10
only in the same time frame. The answer of computer designers is the use of
parallel architectures. The answer of the designers of advanced lightwave
system is similar: the use of many parallel high-speed channels carried by
different wavelengths. This is WDM or “dense WDM.” The use of WDM
has other advantages such as the tolerance of WDM systems of the high
dispersion present in the low loss window of embedded fibers, the fact that
WDM can grow the capacity incrementally, and that WDM provides great
simplicity and flexibility in the network.

WDM required the development of many new enabling technologies,
including broadband optical amplifiers of high gain, integrated guided-
wave wavelength filters and multiplexers, WDM laser sources such as
distributed-feedback (DFB) lasers providing spectral control, high-speed
modulators, etc. It also required new systems and fiber techniques to com-
pensate fiber dispersion and to counteract nonlinear effects caused by the
large optical power due to the presence of many channels in the fiber. The
dispersion management techniques invented for this purpose use system
designs that avoid zero dispersion locally, but provide near-zero dispersion
globally.

Vigorous R&D in WDM technologies led to another milestone in the
history of optical communications, the first large-scale deployment of a
commercial WDM system in 1995, the deployment of the NGLN system
in the long-distance network of AT&T.

In the years that followed, WDM led the explosive growth of optical
communications. In early 1996, three research laboratories reported pro-
totype transmission systems breaking through the Terabit/second barrier
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for the information capacity carried by a single fiber. This breakthrough
launched lightwave transmission technology into the “tera-era.”” All three
approaches used WDM techniques. Five years later, in 2001 and exactly
on schedule for the factor-100-per-decade growth rate, a WDM research
transmission experiment demonstrated a capacity of 10 Tb/s per fiber. This
is an incredible capacity: recall that, at the terabit/sec rate, the hair-thin fiber
can support a staggering 40 million 28-K baud data connections, transmit
20 million digital voice telephony channels, or a half million compressed
digital TV channels. Even more importantly, we should recall that the
dramatic increase in lightwave systems capacity has a very strong impact
on lowering the cost of long-distance transmission. The Dixon-Clapp rule
projects that the cost per voice channel reduces with the square root of the
systems capacity. This allows one to estimate that the above technology
growth rate reduces the technology cost of transmitting one voice channel
by a factor of ten every ten years. As a consequence of this trend, one finds
that the distance of transmission plays a smaller and smaller role in the
equation of telecom economics: An internet user, for example, will click a
web site regardless of its geographical distance.

WDM technology is progressing at a vigorous pace. Enabled by new
high-speed electronics the potential bit-rate per WDM channel has in-
creased to 40 Gb/s and higher, broadband Raman fiber amplifiers are being
employed in addition to the early erbium-doped fiber amplifiers, and there
are new fibers and new techniques for broadband dispersion compensa-
tion and broadband dispersion management, etc.. The dramatic decrease
in transmission cost, combined with the unprecedented capacities appear-
ing at a network node as well as the new traffic statistics imposed by
the internet and data transmission have caused a rethinking of long-haul
and ultra-long-haul network architectures. New designs are being explored
that take advantage of the fact that WDM has opened up a new dimen-
sion in networking: it has added the dimension of wavelength to the clas-
sical networking dimensions of space and time. New architectures are
under exploration that are transparent to bit-rate, modulation format,
and protocol. A recent example for this are the recent demonstrations
of bit-rate transparent fiber cross-connects based on photonic MEMS
fabrics, arrays of micromirrors fabricated like integrated silicon integrated
circuits.

Exactly because of this rapid pace of progress, these volumes will make
a particularly important contribution. They will provide a solid assessment
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and teaching of the current state of the WDM art serving as a valuable basis
for further progress.

Herwig Kogelnik

Bell Labs

Lucent Technologies
Crawford Hill Laboratory
Holmdel, NJ 07733-0400
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Chapter 1 | Overview

Achyut K. Dutta

Fujitsu Compound Semiconductors Inc., 2355 Zanker Rouad,
San Jose. CA 95131, USA

Niloy K. Dutta

Department of Physics and Photonics Research Center
University of Conneciicui, Storrs, CT 06269-3046, USA

Masahiko Fujiwara

Networking Research Laboratories, NEC Corporation,
34, Miyukigaoka, Tsukuba, Ibaraki, 305-8501. Japan

1.1. Prospectus

With the recent exponential growth of Internet users and the simultaneous
proliferation of new Internet protocol applications such as web browsing,
e-commerce, Java applications, and video conferencing, there is an acute
need for increasing the bandwidth of the communications infrastructure
all over the world. The bandwidth of the existing SONET and ATM net-
works is pervasively limited by electronic bottlenecks, and only recently
was this limitation removed by the first introduction of wavelength-division
multiplexing (WDM) systems in the highest capacity backbone links. The
capacity increase realized by the first WDM systems was quickly
exhausted/utilized, and both fueled and accommodated the creation of new
Internet services. This, in turn, is now creating a new demand for band-
width in more distant parts of the network. The communication industries
are thus at the onset of a new expansion of WDM technology necessary to
meet the new and unanticipated demand for bandwidth in elements of the
telephony and cable TV infrastructure previously unconsidered for WDM
deployment. The initial deployments of WDM were highly localized in
parts of the communications infrastructure and supported by a relatively
small group of experts. The new applications in different parts of the net-
work must be implemented by a much larger group of workers from a
tremendous diversity of technical backgrounds. To serve this community

1

WDM TECHNOLOGIES: ACTIVE Copyright 2002, Elsevier Science (USA)
OPTICAL COMPONENTS All rights of reproduction in any form reserved.
$35.00 ISBN: 0-12-225261-6



2 Dutta, Dutta, and Fujiwara

involved with the optical networking, a series of volumes covering all WDM
technologies (from the optical components to networks) is introduced.

Many companies and new start-ups are trying to make the WDM-based
products as quickly as possible, hoping to become leaders in that area. As
the WDM-based products need wide knowledge, ranging from components
to network architecture, it is difficult for the engineers to grasp all the
related areas quickly. Today, engineers working specifically in one area
are always lacking in the other areas, which impedes the development of
the WDM products. The main objective of these volumes will be to give
details on the WDM technology varying from the components (all types) to
network architecture. We expect that this book and series will not only be
useful for graduate students specifically in electrical engineering, electronic
engineering, and computer engineering, but that instructors could consider
it for their courses either as the textbook or a reference book.

Because the major developments in optical communication networks
have started to capture the imagination of the computing, telecommunica-
tions, and opto-electronics industries, we expect that industry professionals
will find this book useful as a well-rounded reference. Through our wide
experience in industries on the optical networking and optical components,
we know that there are many engineers who are expert in the physical layer,
but still must learn the optical system and networks, and corresponding
engineering problems in order to design new state-of-the-art optical net-
working products. We had all these groups of people in mind while we
prepared these books.

1.2. Organization and Features of the Volumes

Covering this broad an area is not an easy task, as the volumes will need to
cover everything from optical components (to be/already deployed) to the
network. WDM includes areas of expertise from electrical engineering to
computer engineering and beyond, and the field itself is still evolving. This
volume is not intended to include any details about the basics of the re-
lated topics; readers will need to search out the reference material on more
basic issues, especially the undergraduate-level books for such materials.
These references together with this series of books can provide a system-
atic in-depth understanding of multidisplinary fields to graduate students,
engineers, and scientists who would like to increase their knowledge in
order to potentially contribute more to these WDM technologies.
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An important organizing principle that we attempted while preparing
the contents was that research, development, and education on WDM tech-
nologies should allow tight coupling between the network architectures and
device capabilities. Research on WDM has taught us that, without sound
knowledge of device or component capabilities and limitations, one can
produce architecture that would be completely unrealizable; new devices
developed without the concept of the useful system can lead to sophis-
ticated technology with limited or no usefulness. This idea motivated us
to prepare this series of books, which will be helpful to professional and
academic personnel, working in different area of WDM technologies.

This series on various areas of WDM technologies is divided into four
volumes, each of which is divided into a few parts to provide a clear concept
among the readers or educators of the possibilities of their technologies in
particular networks of interest to them. The series starts with two complete
volumes on optical components. Because many of the chapters relate to
components, we decided to publish one volume for active and one volume
for passive components. This format should prove more manageable and
convenient for the reader. Other volumes are on optical systems and optical
networks. Volume I gives a clear view on the WDM components, especially
all kinds of active optical components. Volume 1II, covering key passive
optical components, follows this. Volume III covers WDM networks and
their architecture possibly implementable in near-future networks. Finally,
Volume IV will describe the WDM system, especially including a system
aspects chapter implementable in the WDM equipment. All of these vol-
umes cover not only recent technologies, but also future technologies.
Chapter 1 of that volume’s contents, each volume will explain to accom-
modate users who choose to buy just one volume. This chapter contains
survey of this volume.

1.3. Survey of Volume I

WDM TECHNOLOGIES: ACTIVE OPTICAL COMPONENTS

Unlike most of the available textbooks on optical fiber communication,
our Volume I covers several key active optical components and their key
technologies from the standpoint of WDM-based application. Based on
our own hands-on experience in this area for the past 25 years, we tend
to cover only those components and technologies that could be practically
used in the most WDM communication. This volume is divided into five
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parts; Part I: Laser sourccs, Part II: Optical Modulators, Part III: Photode-
tectors, Part IV: Fabrication Technologies, and Part V: Optical Packaging
Technologies. Next, we briefly survey the chapters of each part to attempt
to put the elements of the book into context.

Part I: Laser Sources

Ever since the invention of the semiconductor laser in 1962 [1], devel-
opment has been on going to improve performance and functionality for
optical communication application. This part covers several kinds of laser
sources being used in the optical networks from the edge to core net-
works. Each chapter provides the current network application and future
direction.

Chapter 2: Long-Wavelength Laser Source

Semiconductor lasers, especially 1.3 pm and 1.55 pm wavelengths, have
been widely used as the transmitter source in optical communication since
their invention. Now, in each transmission system, whether a short- or
long-haul application, long-wavelength semiconductor lasers fabricated on
InP substrate are being used, and their performance has been improved
tremendously. The fabrication technologies, performance characteristics,
current state-of-the-art, and research direction of long-wavelength laser
diodes are examined in Chapter 2 by Niloy K. Dutta, a pioneer of the laser
diode.

Chapter 3: High-Power Semiconductor Lasers
for EDFA Pumping

The introduction of two technologies, WDM and optical amplifier, makes
it possible to increase the capacity and transmission distances, respec-
tively, helpful in extending the optical domains from core to edge. The
realization of the optical amplifier, especially using the Er-doped fiber
base and later the Raman amplifier, is possible because of tremendous im-
provement of high-power laser diodes of wavelengths 1.4 um and 0.98 pm
for use in pumping. The trends of high-power semiconductor laser
along with the design, fabrication, characteristics, reliability, and packag-
ing, are described in Chapter 3 by A. Kasukawa, a pioneer in the pump
laser.



1. Overview 5

Chapter 4: Tunable Laser Diodes

In a WDM transmission system whether in long- or short-haul appli-
cations, optical sources capable of generating a number of wavelengths
are required. From the viewpoint of system complexities and cost, es-
pecially with WDM applications, it is very unrealistic to use an optical
source for each wavelength. This drives the development of the tunable
laser diodes, with tunability ranges from a few nanometers to whole c-band
wavelengths. Tunable lasers offer many compelling advantages over fixed
wavelength solutions in optical networks in that they simplify the planning,
reduce inventories, allow dynamic wavelength provisioning, and simplify
network control software. This is also expected to be a feature in opti-
cal network developments spanning nearly all application segments, from
access/enterprise through metropolitan and long-haul networks, which has
lead to a variety of desired specifications and approaches. Gert Sarlet, Jens
Buus and Pierre-Jean Rigole describe design and performances of different
kinds of tunable semiconductor laser diodes in Chapter 4.

Chapter 5: Vertical Cavity Surface-Emitting
Laser Diodes (VCSELSs)

A cornerstone of the optical network revolution is the semiconductor laser,
the component that literally sheds light on the whole industry. The most
prevalent semiconductor laser in telecommunication has been the edge-
emitting laser, which has enabled many facets of today’s optical revolution
in the long-haul application. Its improvement, along with other optical
components, has increased the data rate from OC 3 to OC 192, and very
soon to OC 768, and distances from a few kilometers to thousands of
kilometers. The dense WDM (DWDM) application is also possible due to
the semiconductor laser’s improvements.

The edge-emitting laser enabled the first wave of optical networking. The
next wave will be enabled by laser technology that substantially
reduces costs and improves performance. That technology is the verti-
cal cavity surface-emitting laser (VCSELSs). After its invention in 1979
(2], 850-nm VCSEL development quickly evolved into successful com-
mercial components for data communications in the mid 1990s. The ben-
efits are so compelling in the application that 850-nm VCSELs com-
pletely replaced the edge-emitting lasers as the technology of choice. The
benefits and success of 850-nm VCSELs are now driving its develop-
ment to apply to telecommunication applications where more expensive
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edge-emitting lasers are currently used, and in 1999 VCSEL entered into
the third generation of development. In Chapter 5, K. Iga, an inventor
of VCSELSs, and Fumio Koyama describe the progress of VCSELs in a
wide range of optical spectra based on GalnAsP, AlGalnAs, GalnNAs,
GalnAs, AlGaAsSb, GaAlAs, AlGalnP, ZnSe, GalnN, and some other
materials.

Part II: Optical Modulators

The presence of chirp in direct modulation laser diodes limits the transmis-
sion distance, and the effect is more pronounced as the bit rate increases.
This limitation can be overcome by using the external modulation tech-
nique. This part covers two kinds of key external modulators frequently
used in telecommunications.

Chapter 6: Lithium Niobate Optical Modulators

More than 25 years have passed since the invention of the titanium-diffused
waveguides in titanium niobate [3], and the associated integrated optic
waveguide electrooptic modulator [4]. In the beginning, while the data rate
was low, electrooptic mechanisms had to compete with the direct mod-
ulation technique. Later, with an increase of the data rate, electrooptic
modulators using lithium niobate (LN) have been considered to be the best
technique for long-distance transmission. In Chapter 6, Raj Madabhushi of
Agere Systems describes the design and progress of LN modulators. Raj
has lengthy experience with LN modulators in University and in different
industries in North America and Japan.

Chapter 7: Electroabsorption Modulators

The EA modulator is another external modulator that can be fabricated
using semiconductor laser technology. The main advantage of the EA mod-
ulator over the LN modulator is that EA can be monolithically integrated
with a laser diode and semiconductor amplifier on the single substrate
for higher functionality Beck Mason of Agere Systems explains the basic
principle design, fabrication, and characterization of the EA modulator,
including its progress, in Chapter 7. Current developments on the 40G EA
modulator are also included in this chapter.
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Part III: Photodetectors

The heart of a receiver for any optical transmission system is the optoelec-
tronics component that is used as the photodetector. This part covers two
kinds of key photodetectors frequently used in optical communication.

Chapter 8: P-I-N Photodiodes

K. Taguchi has many years of experience in designing various photode-
tectors for optical communication. In Chapter 8, Taguchi describes basic
concepts, details, design, and fabrication of PIN-type photodiodes com-
posed mainly of InGaAs as a light absorption layer with no internal gain.
The photonic integrated circuit including the photodetector is also included
in this chapter.

Chapter 9: Avalanche Photodiodes

The first avalanche photodiode (APD) made commercially available for
long-wavelength optical communication (1.3-mm wavelength window)
and frequently useful in the 1980s was Germanium APD (Ge-APD). Limi-
tations of Ge-APD performances are dark current, multiplication noise, and
sensitivity at longer wavelength window at 1.55 um—these are material-
induced parameters. To respond to higher sensitivity APDs at both 1.3 pm
and 1.55 pm, InGaAs-based APDs are introduced. Chapter 9, by M.
Kobayashi, and T. Mikawa, pioneers in APD, describes the design,
fabrication, and reliability of avalanche photodiodes with an internal gain
for optical communication. This chapter also includes various APDs from
Ge-APD. Recent progress and the future direction of APD are also included
in this chapter.

Part IV: Fabrication Technologies

Some of the great advances in semiconductor laser performances in recent
years can be traced to advanced fabrication technology. This part pro-
vides the advanced fabrication technology of the semiconductor photonics
devices.
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Chapter 10: Selective Growth Techniques and Their
Application in WDM Device Fabrication

The recent trend of DWDM application necessitates the cost-effective pho-
tonics device. Device fabrication strongly affects the device performance
and production yield, particularly for the complicated integrated photonics
devices. Recent development in fabrication technology make it possible
to reduce the cost and improve performance of the photonics devices. In
Chapter 10, J. Sasaki and K. Kudo describe the selective area growth for
multiwavelength laser diode and EA modulator integrated LD fabrication.
Details of growth mechanism for controlling the band energy are also in-
cluded in this chapter.

Chapter 11: Dry-Etching Technology for Optical Devices

Today’s advanced dry-etching technology enables the high-performance
and low-cost photonic devices. Their development is also underway in dif-
ferent research organizations and academia, focusing on the future mono-
lithic integration of high functional photonics devices on the single wafer.
In Chapter 11, S. Pang, pioneer in dry etching, describes the dry-etching
technologies for the fabrication of high-performance photonics devices.

Part V: Optical Packaging Technologies

Today more than 50% of the total cost in optical module is accounted
for by the packaging and assembly technologies. The main reason is that
packaging technology is not yet matured and all industries are using their
respective proprietary technology. No design guideline has been published
for designing the photonic device. This part, comprising two chapters,
covers the packaging technologies for optical components.

Chapter 12: Optical Packaging/Module Technologies:
Design Methodology

Chapter 12 by A. K. Dutta and M. Kobayashi describes the design method-
ologies as required systematically for optical package/module design. Dif-
ferent kinds of optical packages are also included for giving insight about
the optical packages. For the most part, emphasis is on different design
considerations, necessary for high-pcrformance and cost-effective optical
package. Related examples are also included.



1. Overview 9

Chapter 13: Packaging Technologies for Optical Components:
Integrated Module

Integrating multiple optical functions monolithically into the single device
is akey step to lowering the costs of the optical networks. Integrating multi-
ple functions into the single device can reduce the cost of labor, packaging,
and testing. The primary challenges to monolithic integration are finding
a material that can perform multiple functions and understanding the im-
pact that concatenating functions has on fabrication yields. The integration
technology is not matured enough to apply to the field-implementable op-
tical devices. Prior to available monolithic integration technology, the path
to integration will take the sequential steps, from packaging the discrete
optical devices together in the modules, eventually leading to monolithic
integration. In Chapter 13, A. K. Dutta and M. Kobayashi review the tech-
nologies available for integrating multifunctional devices into the modules.
Future directions on various optical module technologies are also included
in this chapter.
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2.1. Introduction

Phenomenal advances in research results, and development and applica-
tion of optical sources have occurred over the last decade. The two primary
optical sources used in telecommunications are the semiconductor laser
and the light-emitting diode (LED). The LEDs are used as sources for low
data rate (<200 Mb/s) and short-distance applications, and lasers are used
for high data rate and long-distance applications. The fiber optic revolu-
tion in telecommunications, which provided several orders of magnitude
improvement in transmission capacity at low cost, would not have been
possible without the development of reliable semiconductor lasers. Today,
semiconductor lasers are used not only for fiber optic transmission but also
in optical reading and recording (e.g., CD players), printers, Fax machines,
and in numerous applications as a high-power laser source. Semiconduc-
tor injection lasers continue to be the laser of choice for various system
applications, primarily because of their small size, simplicity of operation,
and reliable performance. For most transmission system applications the
laser output is encoded with data by modulating the current. However, for
some high data rate applications, which require long-distance transmission,
external modulators are used to encode the data.

This chapter describes the fabrication, performance characteristics, cur-
rent state of the art, and research directions for semiconductor lasers and,
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integrated laser with modulators. The focus of this chapter is laser sources
needed for fiber optic transmission systems. These devices are fabricated
using the InP material system. For early work and thorough discussion of
semiconductor lasers, see Refs. [1-4].

The semiconductor injection laser was invented in 1962 [5-7]. With
the development of epitaxial growth techniques and the subsequent fab-
rication of double heterojunction, the laser technology advanced rapidly
in the 1970s and 1980s [1-4]. The demonstration of CW operation of the
semiconductor laser in the early 1970s [8] was followed by an increase
in development activity in several industrial laboratories. This intense de-
velopment activity in the 1970s was aimed at improving the performance
characteristics and reliability of lasers fabricated using the AlGaAs mate-
rial system [1]. These lasers emit near 0.8 pm and were deployed in early
optical fiber transmission systems (in the late 1970s and early 1980s).

The optical fiber has zero dispersion near 1.3 um wavelength and has
lowest loss near 1.55 pm wavelength. Thus semiconductor lasers emitting
near 1.3um and 1.55um are of interest for fiber optic transmission ap-
plication. Lasers emitting at these wavelengths are fabricated using the
InGaAsP/InP materials system, and were first fabricated in 1976 [9]. Much
of the fiber optic transmission systems around the world that are in use or
are currently being deployed utilize lasers emitting near 1.3 pm or 1.55 um.

Initially these lasers were fabricated using liquid phase epitaxy (LPE)
growth technique. The development of metal-organic chemical vapor de-
position (MOCVD) and gas source molecular beam epitaxy (GSMBE)
growth techniques in the 1980s, not only improved the reproducibility of
the fabrication process but also led to advances in laser designs such as
quantumn well lasers and very high speed lasers using semi-insulating Fe
doped InP current blocking layers [10].

2.2. Laser Designs

A schematic of a typical double heterostructure used for laser fabrication is
shown in Fig. 2.1. It consists of n-InP, undoped In;_,Ga,P,As;_,, p-InP
and p-InGaAsP grown over (100) oriented n-InP substrate. The undoped
In;_,Ga,PyAs;_, layer is the light-emitting layer (active layer). It is lattice
matched to InP for x ~0.45y. The band gap of the In;_,Ga,P,As;_,
material (lattice matched to InP), which determines the laser wavelength,
is given by [11]

Eg(eV) = 1.35 — 0.72y + 0.12y°.
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Fig. 2.1 Schematic of a double heterostructure laser.

For lasers emitting near 1.3um y ~ 0.6. The double heterostructure ma-
terial can be grown by LPE, GSMBE, or MOCVD growth technique. The
double heterostructure material can be processed to produce lasers in sev-
eral ways. Perhaps the simplest is the broad area laser (Fig. 2.1), which in-
volves putting contacts on the p- and n-side and then cleaving. Such lasers
do not have transverse mode confinement or current confinement, which
leads to high threshold and nonlinearities in light vs. current characteris-
tics. Several laser designs have been developed to address these problems.
Among them are the gain guided laser, weakly index guided laser, and
buried heterostructure (strongly index guided) laser. A typical version of
these laser structures is shown in Fig. 2.2. The gain guided structure uses
a dielectric layer for current confinement. The current is injected in the
opening in the dielectric (typically 6 to 12 um wide), which produces gain
in that region and hence the lasing mode is confined to that region. The
weakly index guided structure has a ridge etched on the wafer, a dielectric
layer surrounds the ridge. The current is injected in the region of the ridge,
and the optical mode overlaps the dielectric (which has a low index) in the
ridge. This results in weak index guiding.

The buried heterostructure design shown in Fig. 2.2 has the active re-
gion surrounded (buried) by lower index layers. The fabrication process
of DCPBH (double channel planar buried heterostructure) laser involves
growing a double heterostructure, etching a mesa using a dielectric mask,
and then regrowing the layer surrounding the active region using a second
epitaxial growth step. The second growth can be a single Fe doped InP
(Fe:InP) semi-insulating layer or a combination of p-InP, n-InP, and
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Fig. 2.2 Schematic of a gain guided, weakly index guided, and strongly index guided
buried heterostructure laser.

Fe:InP layer. Generally MOCVD growth process is used for the growth
of the regrown layer. Researchers have often given different names to the
particular buried heterostructure laser design that they discovered. These
are described in detail in Ref. 12, For the structure of Fig. 2.2, the Fe
doped InP layer provides both optical confinement to the lasing mode and
current confinement to the active region. Buried heterostructure lasers are
generally used in communication system applications because a properly
designed strongly index guided buried heterostructure design has supe-
rior mode stability, higher bandwidth, and superior linearity in light vs.
current (L. vs I) characteristics compared to the gain guided and weakly
index guided designs. Early recognition of these important requirements
of communication-grade lasers led to intensive research on InGaAsP BH
laser designs all over the world in the 1980s. It is worth mentioning that
BH lasers are more complex and difficult to fabricate compared to the gain
guided and weakly index guided lasers. Scanning electron micrograph of
a capped mesa buried heterostructure (CMBH) laser along with the laser
structure is shown in Fig. 2.3. The current blocking layers in this structure
consist of i-InP (Fe doped InP), n-InP, i-InP, and n-InP layers. These sets of
blocking layers have the lowest capacitance and are therefore needed for
high-speed operation. An optimization of the thickness of these layers is
needed for highest speed performance. The laser fabrication involves the
following steps. One-micron-wide mesas are etched on the wafer and the
current blocking layers consisting of i-InP, n-InP, i-InP, and n-InP layers
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Fig. 2.3 Schematic of a BH laser and scanning electron photomicrograph of the same
laser.

are grown on the wafer with an oxide layer on top of the mesa in place.
The oxide layer is then removed and a third growth of p-InP cladding layer
and p-InGaAs contact layer is carried out. The wafer is then processed using
standard lithography, metallization, and cleaving techniques to produce the
lasers.

The light vs. current characteristics at different temperatures of an
InGaAsP BH laser emitting at 1.3 um are shown in Fig. 2.4. Typical thresh-
old current of a BH laser at room temperature is in the 5 to 10 mA range.
For gain guided and weakly index guided lasers, typical room temperature
threshold currents are in the 25-50 mA and 50-100 mA range, respectively.
The external differential quantum efficiency defined as the derivative of the
L vs I characteristics above threshold is ~0.25 mW/mA/facet for a cleaved
uncoated laser emitting near 1.3 um.
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Fig. 2.4 Light vs. current characteristics of an InGaAsP buried heterostructure laser emit-
ting at 1.3 pm.

An important characteristic of the semiconductor laser is that its output
can be modulated easily and simply by modulating the injection current.
The relative magnitude of the modulated light output is plotted as a function
of the modulation frequency of the current in Fig. 2.5 at different optical
output powers. The laser is of the BH type (shown in Fig. 2.3), has a cavity
length of 250 um, and the modulation current amplitude was 5 mA. Note
that the 3-dB frequency to which the laser can be modulated increases
with increasing output power and the modulation response is maximum at
a certain frequency (w,). The resonance frequency w, is proportional to
the square root of the optical power. The modulation response determines
the data transmission rate capability of the laser, for example, for 10 Gb/s
data transmission, the 3-dB bandwidth of the laser must exceed 10 GHz.
However, other system level considerations, such as allowable error-rate
penalty, often introduce much more stringent requirements on the exact
modulation response of the laser.

A semiconductor laser with cleaved facets generally emits in a few Jon-
gitudinal modes of the cavity. Typical spectrum of a laser with cleaved
facets is shown in Fig. 2.6. The discrete emission wavelengths are sepa-
rated by the longitudinal cavity mode spacing, which is ~10 A for a laser
(A ~ 1.3um) with 250-um cavity length. Lasers can be made to emit in a
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single frequency using frequency selective feedback, for example, using a
grating internal to the laser cavity as described in Section 2.3.

2.3. Quantum Well Lasers

So far we have described the fabrication and performance characteristics of
regular double heterostructure (DH) laser that has an active region ~0.1 to
0.2 um thick. Beginning in the 1980s, lasers with very thin active regions,
quantum well lasers, were being developed in many research laboratories
[13-22]. Quantum well (QW) lasers have active regions ~100 A thick,
which restricts the motion of the carriers (electrons and holes) in a di-
rection normal to the well. This results in a set of discrete energy levels
and the density of states is modified to a “two-dimensional-like” density
of states. This modification of the density of states results in several im-
provements in laser characteristics such as lower threshold current, higher
efficiency, higher modulation bandwidth, and lower CW and dynamic spec-
tral width, All of these improvements were first predicted theoretically and
then demonstrated experimentally [23-32].

The development of InGaAsP QW lasers was made possible by the de-
velopment of MOCVD and GSMBE growth techniques. The transmission
electron micrograph (TEM) of a multiple QW laser structure is shown in
Fig.2.7. Shown are four InGaAs quantum wells grown over n-InP substrate.
The well thickness is 70 A and they are separated by barrier layers of In-
GaAsP (A ~ 1.1 um). Multiquantum well (MQW) lasers with threshold
current densities of 600 A/cm? have been fabricated [33]. The schematic
of a MQW BH laser is shown in Fig. 2.8. The composition of the InGaAsP
material from the barrier layers to the cladding layer (InP) is gradually
varied in this structure over a thickness of ~0.1 pm. This produces a graded
variation in index (GRIN structure), which results in a higher optical con-
finement of the fundamental mode than that for an abrupt interface design.
Larger mode confinement factor results in lower threshold current. The
laser has a MQW active region and it utilizes Fe doped semi-insulating
(SI) InP layers for current confinement and optical confinement. The light
vs. current characteristics of a MQW BH laser is shown in Fig. 2.9. The
laser emits near 1.5 um. The MQW lasers have lower threshold currents
than regular DH lasers. Also, the two-dimensional-like density of states
of the QW lasers makes the transparency current density of these lasers
significantly lower than that for regular DH lasers [30]. This allows the
fabrication of very low threshold lasers using high reflectivity coatings.
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Fig. 2.7 The transmission electron micrograph of a multiquantum well laser structure.
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Fig. 2.8 Schematic of multiquantum well buried heterostructure laser.

The optical gain (g) of a laser at a current density J is given by
g =a(J — o), 2.1

where a is the gain constant and Jy is the transparency current density.
Although a logarithmic dependence of gain on current density [23] is often
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Fig. 2.9 Light vs. current characteristics of a multiquantum well buried heterostructure
laser at different temperatures.

used in order to account for gain saturation, a linear dependence is used
here for simplicity. The cavity loss « is given by

o =a.+ (1/L)In(1/R1Ry), (2.2)

where ¢, is the free carrier loss, L is the length of the optical cavity, and
Ry, R; are the reflectivity of the two facets. At threshold, gain equals loss,
hence it follows from (2.1) and (2.2) that the threshold current density (J,4)
is given by

Jin = ac/a+ (1/La)In(1/R Ry) + Jo (2.3)
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Fig. 2.10 Light vs. current of a quantum well laser with high reflectivity coatings on both
facets.

Thus for a laser with high reflectivity facet coatings (R;, Ry ~ 1) and with
low loss (a, ~ 0), Js ~ Jo. For a QW laser, Jy ~ 50 A/cm? and for a DH
laser, Jo ~ 700 A/cm?, hence it is possible to get much lower threshold
current using QW as the active region.

The light vs. current characteristics of a QW laser with high reflectivity
coatings on both facets is shown in Fig. 2.10 [33]. The threshold current
at room temperature is ~1.1 mA. The laser is 170 pm long and has 90%
and 70% reflective coating at the facets. This laser has a compressively
strained MQW active region. For lattice matched MQW active region, a
threshold current of 2 mA has been reported [34]. Such low-threshold lasers
are important for array applications. Recently, QW lasers were fabricated
which have higher modulation bandwidth than regular DH lasers. The cur-
rent confinement and optical confinement in this laser is carried out using
MOCVD grown Fe doped InP lasers similar to that shown in Fig. 2.2.
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Fig. 2.12 Modulation response of multiquantum well high speed lasers. (Morton ez al.
[35h

The laser structure is then further modified by using a small contact pad
and etching channels around the active region mesa (Fig. 2.11). These mod-
ifications are designed to reduce the capacitance of the laser structure. The
modulation response of the laser is shown in Fig. 2.12. A 3-dB bandwidth
of 25 GHz is obtained [35].
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2.3.1. STRAINED QUANTUM WELL LASERS

Quantum well lasers have also been fabricated using an active layer whose
lattice constant differs slightly from that of the substrate and cladding
layers. Such lasers are known as strained quantum well lasers. Over the
last few years, strained quantum well lasers have been extensively inves-
tigated all over the world [36—43]. They show many desirable properties
such as (i) a very low threshold current density and (ii) a lower linewidth
than regular MQW lasers both under CW operation and under modulation,
The origin of the improved device performance lies in the band-structure
changes induced by the mismatch-induced strain [44, 45]. Figure 2.13
shows the band structure of a semiconductor under tensile and compres-
sive strains. Strain splits the heavy-hole and the light-hole valence bands at
the I" point of the Brillouin zone where the bandgap is minimum in direct
bandgap semiconductors.

‘I'wo material systems have been widely used for strained quantum well
lasers: (i) InGaAs grown over InP by the MOCVD or the CBE growth tech-
nique [36—40] and (ii) InGaAs grown over GaAs by the MOCVD or the
MBE growth technique [41-43]. The former material system is of impor-
tance for low-chirp semiconductor laser for lightwave system applications,
while the latter material system has been used to fabricate high-power lasers
emitting near 0.98 pm, a wavelength of interest for pumping erbium-doped
fiber amplifiers.
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The alloy Ings3Gag47As has the same lattice constant as InP. Semi-
conductor lasers with an Ing 53Gag 47As active region have been grown on
InP by the MOCVD growth technique. Excellent material quality is also
obtained for In;_, Ga, As alloys grown over InP by MOCVD for nonlattice-
matched compositions. In this case the laser structure generally consists
of one or many In;_,Ga,As quantum well layers with InGaAsP barrier
layers whose composition is lattice matched to that of InP. For x < 0.53
the active layer in these lasers is under tensile stress, while for x > 0.53
the active layer is under compressive stress.

Superlattice structures of InGaAs/InGaAsP with tensile and compressive
stress have been grown by both MOCVD and CBE growth techniques over
an n-type InP substrate. Figure 2.14 shows the broad-area threshold current
density as a function of cavity length for strained MQW lasers with four
Ing 65Gag 35As [39] quantum wells with InGaAsP (A ~ 1.25um) barrier
layers. The active region in this laser is under 0.8% compressive strain.
Also shown for comparison is the threshold current density as a function
of cavity length of MQW lattice-matched lasers with Ing 53Gag 47As wells.
The entire laser structure, apart from the quantum well composition, is
identical for the two cases. The threshold current density is lower for the
compressively strained MQW structure than for the lattice-matched MQW
structure.
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Fig. 2.14 Broad-area threshold current density as a function of cavity length for strained
and lattice-matched InGaAs/InP MQW lasers. (Tsang et al. [39])
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Fig. 2.15 Threshold current of buried heterostructure In,Ga;_, As/InP MQW lasers plot-
ted as a function of In concentration x. (Temkin et al. [46])

Buried heterostructure (BH) lasers have been fabricated using compres-
sive and tensile strained MQW lasers. The threshold current of these lasers
as a function of the In concentration is shown in Fig. 2.15 {46]. Lasers
with compressive strain have a lower threshold current than do lasers with
tensile strain. This can be explained by splitting of the light-hole and heavy-
hole bands under stress {47, 48]. However, more recent studies have shown
that it is possible to design tensile strained lasers with lower threshold
{37, 42].

Strained quantum well lasers fabricated using In; _, Ga, Aslayers grown
over a GaAs substrate have been extensively studied {41, 43, 49-54].
The lattice constant of InAs is 6.06 A and that of GaAs is 5.654 A. The
In; _,Ga,As alloy has a lattice constant between these two values, and to
a first approximation it can be assumed to vary linearly with x. Thus, an
increase in the In mole fraction x increases the lattice mismatch relative
to the GaAs substrate and therefore produces larger compressive strain on
the active region.
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Fig. 2.16 Typical In,_,Ga,As/GaAs MQW laser structure.

A typical laser structure grown over the n-type GaAs substrate is shown
in Fig. 2.16 [41] for this material system. It consists of a MQW active region
with one to four In;_,Ga, As wells separated by GaAs barrier layers. The
entire MQW structure is sandwiched between n- and p-type Alp3Gag7As
cladding layers, and the P-cladding layer is followed by a p-type GaAs
contact layer. Variations of the structure with different cladding layers or
large optical cavity designs have been reported. Emission wavelength de-
pends on the In composition, x. As x increases, the emission wavelength
increases and for x larger than a certain value (typically ~0.25), the strain
is too large to yield high-quality material. For x ~ 0.2, the emission wave-
length is near 0.98 um, a wavelength region of interest for pumping fiber
amplifiers [49]. Threshold current density as low as 47 A/cm? has been
reported for Ing,GaggAs/GaAs strained MQW lasers [52]. High-power
lasers have been fabricated using Ing2Gag g As/GaAs MQW active region.
Single-mode output powers of greater than 200 mW have been demon-
strated using a ridge-waveguide-type laser structure.

Frequency chirp of strained and unstrained QW lasers has been in-
vestigated. Strained QW lasers (InGaAs/GaAs) exhibit the lowest chirp
(or dynamic linewidth) under modulation. The lower chirp of strained QW
lasers is consistent with a small linewidth enhancement factor (a-factor)
measured in such devices. The a-factor is the ratio of the real and imaginary
part of the refractive index. A correlation between the measured chirp and
linewidth enhancement factor for regular double-heterostructure, strained
and unstrained QW lasers is shown in Table 2.1. The high efficiency, high
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Table 2.1 Linewidth Enhancement Factor and Chirp of Lasers.
FWHM = Full Width at Half Maximum

Linewidth Enhancement FWHM Chirp at

Laser Type Factor 50 mA and 1 Gb/s (A)
DH Laser 5.5 12

MQW Laser 35 0.6

Strained MQW Laser

InGaAs/GaAs, A ~ | um 1.0 0.2

Strained MQW Laser

InGaAsP/InP, A ~ 1.55pm 2.0 0.4

power and low chirp of strained and unstrained QW lasers make these
devices attractive candidates for lightwave transmission applications.

2.3.2. OTHER MATERIAL SYSTEMS

A few other material systems have been reported for lasers in the 1.3-um
wavelength range. These are the AlGalnAs/InP and InAsP/InP materials
grown over InP substrates and more recently the InGaAsN material grown
over GaAs substrates.

The AlGalnAsP/InP system has been investigated with the aim of pro-
ducing lasers with better high-temperature performance for uncooled trans-
mitters [S55]. This material system has a larger conduction band offset than
the InGaAsP/InP material system, which may result in lower electron leak-
age over the heterobarrier and thus better high-temperature performance.
The energy band diagram of a GRINSCH (graded index separate confine-
ment heterostructure) laser design is shown in the Fig. 2.17. The laser
has five compressively strained quantum wells in the active region. The
300-um-long ridge waveguide lasers typically have a threshold current of
20 mA. The measured light vs. current characteristics of a laser with 70%
high reflectivity coating at the rear facet is shown in Fig. 2.18. These lasers
have somewhat better high-temperature performance than InGaAsP/InP
lasers.

The InAsP/InP material system has also been investigated for 1.3-um
lasers {56]. InAsP with an arsenic composition of 0.55 is under 1.7%
compressive strain when grown over InP. Using MOCVD growth tech-
nique buried heterostructure lasers with InAsP quantum well, InGaAsP
(A ~ 1.1 um) barrier layers, and InP cladding layers have been reported.
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Fig. 2.17 Band diagram of a AlGalnAs GRINSCH with five quantum wells. (Zah et al.
{55

The schematic of the laser structure is shown in Fig. 2.19. Typical threshold
current of the BH laser diodes are ~20 mA for 300-pm cavity length.

The material InGaNAs when grown over GaAs can have very large
(~300 meV) conduction band offset, which can lead to much better high-
temperature performance than the InGaAsP/InP material system [57].
The temperature dependence of threshold is characterized by 1,(T) =
1,exp(T/T,), where T, is generally called the characteristic temperature,
Typical 7T, values for InGaAsP/InP laser are ~60-70 K in the temperature
range of 300-350 K. The predicted 7, value for the InGaNAs/GaAs system
is ~150 K and recently 7, = 126 K has been reported for a InGaNAs laser
emitting near 1.2 um [57].

2.4. Distributed Feedback Lasers

Semiconductor lasers fabricated using the InGaAsP material system are
widely used as sources in many lightwave transmission systems. One mea-
sure of the transmission capacity of a system is the data rate. Thus the drive
toward higher capacity pushes the systems to higher data rates where the
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Fig. 2.18 Light vs. current characteristics of a AlGalnAs quantum well laser with five
wells. (Zah. er al. [55])

chromatic dispersion of the fiber plays an important role in limiting the dis-
tance between regenerators. Sources emitting in a single wavelength help
reduce the effects of chromatic dispersion and are therefore used in most
systems operating at high data rates (>1.5 Gb/s).

The single wavelength laser source used in most commercial transmis-
sion systems is the distributed feedback (DFB) laser where a diffraction
grating etched on the substrate close to the active region provides frequency
selective feedback which makes the laser emit in a single wavelength. This
section reports the fabrication, performance characteristics, and reliability
ot DFB lasers [58].
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Fig. 2.19 Schematic of a buried heterostructure InAsP/InGaAsP quantum well laser.
(Kusukawa ef al. [56])

The schematic of our DFB laser structure is shown in Fig. 2.20. The fab-
rication of the device involves the following steps. First, a grating with a
periodicity of 2400 A is fabricated on a (100) oriented n-InP substrate using
optical holography and wet chemical etching. Four layers are then grown
over the substrate. These layers are (i) n-InGaAsP (A ~ 1.3 um) wave-
guide layer, (ii) undoped InGaAsP (A ~ 1.55 um) active layer, (iii) p-InP
cladding layer, and (iv) p-InGaAsP (A ~ 1.3 um) contact layer. Mesas are
then etched on the wafer using a SiO, mask and wet chemical etching.
Fe doped InP semi-insulating layers are grown around the mesas using the
MOCVD growth technique. The semi-insulating layers help confine the
current to the active region and also provide index guiding to the optical
mode. The SiO- stripe is then removed and the p-InP cladding layer and
a p-InGaAsP contact layer are grown on the wafer using the vapor phase
epitaxy growth technique. The wafer is then processed to produce 250-um-
long laser chips using standard metallization and cleaving procedures. The
final laser chips have antireflection coating (<1%) at one facet and high
reflection coating (~65%) at the back facet. The asymmetric facet coatings
help remove the degeneracy between the two modes in the stop band.

The CW light vs. current characteristics of a laser are shown in Fig.
2.21. Also shown is the measured spectrum at different output powers.
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Fig. 2.21 CW light vs. current characteristics and measured spectrum at different output
powers. Temperature = 30°C.
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Fig. 2.22 Measured far field pattern parallel and perpendicular to the junction plane.

The threshold current of these lasers is in the 15 to 20 mA range. For
high fiber coupling efficiency, it is important that the laser emit in the
fundamental transverse mode. The measured far field pattern parallel and
perpendicular to the junction plane at different output powers of a device
is shown in Fig. 2.22. The figure shows that the laser operates in the funda-
mental transverse mode in the entire operating power range from threshold
to 60 mW. The full width at half maximum of the beam divergences parallcl
and normal to the junction plane are 40° and 30° respectively.

The dynamic spectrum of the laser under modulation is an important
parameter when the laser is used as a source for transmission. The measured
20dB full width is shown in Fig. 2.23 at two different data rates as a function
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Fig. 2.23 Measured chirp as a function of bias.

of bias level. Note that for a laser biased above threshold, the chirp width
is nearly independent of the modulation rate.

2.4.1. TUNABLE LASERS

Tunable semiconductor lasers are needed for many applications. Exam-
ples of applications in lightwave transmission systems are (i) wavelength-
division multiplexing where signals at many distinct wavelengths are
simultaneously modulated and transmitted through a fiber and (ii) coherent
transmission systems where the wavelength of the transmitted signal must
match that of the local oscillator. Several types of tunable laser structures
have been reported in the literature [59—64}. Two principle schemes are
(1) multisection DFB laser and (ii) multisection distributed Bragg reflector
(DBR) laser. The multisection DBR lasers generally exhibit higher tunabil-
ity than do the multisection DFB lasers. The design of a multisection DBR
laser is shown schematically in Fig. 2.24 [59]. The three sections of this
device are (i) the active region section that provides the gain, (it) the grating
section that provides the tunability, and (iii) the phase-tuning section that
is needed to access all wavelengths continuously. The current through each
of these sections can be varied independently. The tuning mechanism can
be understood by noting that the emission wavelength A of a DBR laser
is given by A = 2n A where A is the grating period and n is the effective
refractive index of the optical mode in the grating section. The latter can
be changed simply by varying the current in the grating section.
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Fig. 2.24 Schematic of a multisection DBR laser. The laser has a MQW active region.
The three sections are optically coupled by the thick waveguide layer below the MQW
active region. (Koch ez al. [59])

50 |
2 L
E
— 30 — -
=
w
c
[a g
>
(&)
w
(/)]
< 10 | K%\\\}%\X -
T Q\\X

_10 | ]

1520 1522 1524 1526 1528 1530

WAVELENGTH (nm)

Fig. 2.25 Frequency tuning characteristics of a three-section MQW DBR laser. (Koch
et al. [59])

The extent of wavelength tunability of a three-section DBR laser is
shown in Fig. 2.25 [61]. Measured wavelengths are plotted as a function of
phase-section current for different currents in the tuning section. A tuning
range in excess of 6 nm can be obtained by controlling currents in the
grating and phase-tuning sections.
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An important characteristic of lasers for applications requiring a high
degree of coherence is the spectral width (linewidth) under CW operation.
The CW linewidth depends on the rate of spontaneous emission in the laser
cavity. For coherent transmission applications, the CW linewidth must be
quite small. The minimum linewidth allowed depends on the modulation
format used. For differential phase-shift keying (DPSK) transmission, the
minimum linewidth is approximately given by B/300 where B is the bit
rate. Thus, for 1-Gb/s transmission rate, the minimum linewidth is 3 MHz.
The CW linewidth of a laser decreases with increasing length and varies
as a?, where « is the linewidth enhancement factor. Because « is smaller
for a multiquantum well (MQW) laser, the linewidth of DFB or DBR
lasers utilizing MQW active region is smaller than that for lasers with
regular DH active region. The linewidth varies inversely with the output
power at Jow powers (<10 mW) and shows saturation at high powers.
The measured linewidth as a function of output power of a 850-um-long
DFB laser with MQW active region is shown in Fig. 2.26. The minimum
linewidth of 350 kHz was observed for this device at an operating power
of 25 mW. For multisection DBR lasers of the type shown in Fig. 2.24,
the linewidth varies with changes in currents in the phase-tuning and the
grating sections. The measured data for a MQW three-section DBR laser
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Fig. 2.26 Measured CW linewidth plotted as a function of the inverse of the output power
for a MQW DFB laser with a cavity length of 850 um.
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Fig. 2.27 Measured CW linewidth as a function of wavelength for a 3-section MQW
DBR laser. (Koch et al. [61])

is shown in Fig. 2.27. Measured linewidths are plotted as a function of
phase-section current for different currents in the tuning section.

2.5. Surface-Emitting Lasers

Semiconductor Jasers described in the previous chapters have cleaved facets
that form the optical cavity. The facets are perpendicular to the surface of
the wafer and light is emitted parallel to the surface of the wafer. For many
applications requiring a two-dimensional laser array or monolithic inte-
gration of lasers with electronic components (e.g., optical interconnects),
it is desirable to have the laser output normal to the surface of the wafer.
Such lasers are known as surface-emitting lasers (SEL). A class of surface-
emitting lasers also have optical cavity normal to the surface of the wafer
[65—72]. These devices are known as vertical-cavity surface-emitting lasers
(VCSEL) in order to distinguish them from other surface emitters.

A generic SEL structure utilizing multiple semiconductor layers to form
a Bragg reflector is shown in Fig. 2.28. The active region is sandwiched
between n- and p-type cladding layers, which are themselves sandwiched
between the two n- and p-type Bragg mirrors. This structure is shown using
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Fig. 2.28 Schematic illustration of a generic SEL structure utilizing distributed Bragg
mirrors formed by using multiple semiconductor layers. DBR pairs consist of AlAs
(711 A thick) and Al ;GaggAs (605 A thick) alternate layers. Active layer could be
either a quantum well or similar to a regular double heterostructure laser.

the AlGaAs/GaAs material system, which has been very successful in the
fabrication of SELs. The Bragg mirrors consist of alternating layers of low-
index and high-index materials. The thicknesses of each layer is one-quarter
of the wavelength of light in the medium. Such periodic quarter-wave-thick
layers can have very high reflectivity. For normal incidence, the reflectivity
is given by [73]

_ (1 — na/ny(ny/n3)*N)?
(1 4+ na/ni(na/n3)2¥)?’

where n3, n3 are the refractive indices of the alternating layer pairs, nq, 1|
are the refractive indices of the medium on the transmitted and incident
sides of the DBR mirror, and N is the number of pairs. As N increases, R
increases. Also for a given N, R is larger if the ratio of ny/n3 is smaller.
For a AlAs/Alp ) Gago As set of quarter-wave layers, typically 20 pairs are
needed for a reflectivity of ~99.5%. Various types of AlGaAs/GaAs SELs
have been reported [74-82].

2.4)
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Fig. 2.29 Typical reflectivity spectrum of a SEL stack.

For a SEL to have a threshold current density comparable to that of an
edge-emitting laser, the threshold gains must be comparable for the two
devices. The threshold gain of an edge-emitting laser is ~100 cm™!. For
a SEL with an active-layer thickness of 0.1 um, this value corresponds
to a single-pass gain of ~1%. Thus, for the SEL device to lase with a
threshold current density comparable to that of an edge emitter, the mirror
reflectivities must be >99%.

The reflectivity spectrum of a SEL structure is shown in Fig. 2.29. The
reflectivity is >99% over a 10 nm band. The drop in reflectivity in the
middle of the band is due to the Fabry-Perot mode.

The number of pairs needed to fabricate a high-reflectivity mirror de-
pends on the refractive index of layers in the pair. For large index differences
fewer pairs are needed. For example, in the case of CaF; and ZnS, for which
the index difference is 0.9, only 6 pairs are needed for a reflectivity of 99%.
By contrast for a InP/InGaAsP (A ~ 1.3 um) layer pair, for which the index
difference is 0.3, more than 40 pairs are needed to achieve a reflectivity of
99%.

Five principal structures (Fig. 2.30) used in SEL fabrication are (i) etched
mesa structure, (ii) ion-implanted structure, (iii) dielectric isolated struc-
ture, (iv) buried heterostructure, and (v) metallic reflector structure.
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Threshold current of ~0.3 mA has been reported for InGaAs/GaAs SEL
devices. A SEL design has been demonstrated whose output can be fo-
cussed to a single spot [80]. The laser has a large area (~100 um dia) and it
has a Fresnel-zone-like structure etched on the top mirror (Fig. 2.31). The
lasing mode with the lowest loss has 7 phase shift in the near field as it
traverses each zone. The laser emits 500 mW in a single mode.

An important SEL structure for the AlGaAs/GaAs material system is
the oxide aperture device [81] (Fig. 2.32). AlAs has the property that it
oxidizes rapidly in the presence of oxygen to aluminum oxide, which forms
an insulating layer. Thus by introducing a thin AlAs layer in the device
structure it is possible to confine the current to a very small area. This
allows the fabrication of very low threshold (<0.2 mA) and high bandwidth
(~14 GHz) lasers.

Central to the fabrication of low-threshold SELs is the ability to fabricate
high-reflectivity mirrors. In the late 1970s, Soda et al. [83] reported on a
SEL fabricated using the InP material system. The surfaces of the wafer
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Fig. 2.32 Schematic of a selectively oxidized SEL consisting of AlGaAs/GaAs multilay-
ers and buried aluminum oxide layers. AlGaAs layers with higher Al content are oxidized
more.

form the Fabry-Perot cavity of the laser. Fabrication of the device involves
the growth of a double heterostructure on an n-InP substrate. A circular
contact is made on the p-side using an SiO; mask. The substrate side
is polished making sure that it is parallel to the epitaxial layer, and ring
electrodes (using an alloy of Au-Sn) are deposited on the n-side. The laser
had a threshold current density of ~11 kA/cm? at 77 K and operated at
output powers of several milliwatts.

InGaAsP/InP SELs have been investigated by many researchers over
the last few years [83—-89]. Many of the schemes utilize alternating lay-
ers of InP and InGaAsP to produce Bragg mirrors [86] (Fig. 2.33). The
refractive index difference between InGaAsP (A ~ 1.3 um) and InP lay-
ers is smaller than that in GaAs SELs, hence InGaAsP/InP SELs utilize
more pairs (typically 40 to 50) to produce a high-reflectivity (>99%)
mirror. Such mirror stacks have been grown by both chemical beam epi-
taxy (CBE) and MOCVD growth techniques and have been used to fabri-
cate InGaAsP SELs. Room-temperature pulsed operation of InGaAsP/InP
SELs using these mirror stacks and emitting near 1.5 um have been re-
ported [88].
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An alternative approach is using the technique of wafer fusion [89, 90].
In this technique the Bragg mirrors are formed using GaAs/AlGaAs system
grown by MBE and the active region of InGaAsP bounded by thin InP layers
is formed by MOCVD. The post type structure of a 1.5-um wavelength
SEL formed using this technique is shown in Fig. 2.34 [89]. The optical
cavity is formed by wafer fusion of the InGaAsP quantum well between
the Bragg mirrors. Room-temperature CW threshold current of 2.3 mA has
been reported for the 8-um diameter post device [89].

2.6. Laser Reliability

The performance characteristics of injection lasers used in lightwave sys-
tems can degrade during their operation. The dominant mechanism re-
sponsible for the degradation is determined by any or all of the several
fabrication processes including epitaxial growth, wafer quality, device



2. Long-Wavelength Laser Source 45

Ti/Au/Ni
p-AlGaAs/GaAs 4
mirror 1st fused
interface

quantum-well 2nd tused

active fayer \ / interface

3

\

n-AlAs/GaAs
mirror

T
n-contact
Ni/AuGe/Ni/Au

Fig. 2.34 Schematic of a InGaAsP SEL fabricated using water fusion. (Babic et al. [89])

processing and bonding [91-101]. In addition, the degradation rate of de-
vices processed from a given wafer depends on the operating conditions,
viz., the operating temperature and the injection current. Although many of
the degradation mechanisms are not fully understood, extensive amounts
of empirical observations exist in the literature, which have allowed the
fabrication of InGaAsP laser diodes with extrapolated median lifetimes in
excess of 25 years at an operating temperature of 20°C [93].

The detailed studies of degradation mechanisms of optical components
used in lightwave systems have been motivated by the desire to have a rea-
sonably accurate estimate of the operating lifetime before they are used in
practical systems. For many applications, the components are expected to
operate reliably over a period in excess of 10 years, so an appropriate reli-
ability assurance procedure becomes necessary, especially for applications
such as an undersea lightwave transmission system where the replacement
costis very high. The reliability assurance is usually carried out by operating
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the devices under a high stress (e.g., high temperature) which enhances the
degradation rate so that a measurable value can be obtained in an operating
time of a few hundred hours. The degradation rate under normal operat-
ing conditions can then be obtained from the measured high-temperature
degradation rate using the concept of an activation energy [93].

The light output vs. current characteristics of a laser change after stress
aging. There is generally a small increase in threshold current and a decrease
in external differential quantum efficiency following the stress aging. Aging
data for 1.3 um InGaAsP lasers used in the first submarine fiber optic cable
is shown in Figure 2.35 [91].

Some lasers exhibit an initial rapid degradation after which the operating
characteristics of the lasers are very stable. Given a population of lasers,
it is possible to quickly identify the “stable” lasers by a high stress test
(also known as the purge test) [91, 92, 102, 103]. The stress test implies
that operating the laser under a set of high stress conditions (e.g., high
current, high temperature, high power) would cause the weak lasers to fail
and stabilize the possible winners. Observations on the operating current
after stress aging have been reported by Nash et al. [91]. It is important to
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point out that the determination of the duration and the specific conditions
for stress aging are critical to the success of this screening procedure.

The expected operating lifetime of a semiconductor laser is generally de-
termined by accelerated aging at high temperatures and using an activation
energy. The lifetime (¢) at a temperature T is experimentally found to vary
asexp (—E/kT), where E is the activation energy and k is the Boltzmann
constant [104, 105]. The operating current of good lasers increases at a rate
of less than 1%/khr of aging time at 60°C operating temperature. Assuming
a 50% change in operating current as the useful lifetime of the device and an
activation energy of 0.7 eV, this aging rate corresponds to a light-emitting
lifetime of greater than 100 years at 20°C.

A parameter that determines the performance of the DFB laser is the
side mode suppression ratio (SMSR), that is, the ratio of the intensity of
the dominant lasing mode to that of the next most intense mode [105]. The
SMSR of good DFB lasers does not change significantly after aging, which
confirms the spectral stability of the emission.

For some applications such as coherent transmission systems, the abso-
lute wavelength stability of the laser is important. The measured change in
emission wavelength at 100 mA before and after aging of several devices
is shown in Fig. 2.36. Note that most of the devices do not exhibit any
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Fig. 2.36 Change in emission wavelength after aging is plotted in the form of a normal
probability distribution.
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change in wavelength and the standard deviation of the change is less than
2 A. This suggests that the absolute wavelength stability of the devices is
adequate for coherent transmission applications.

2.7. Integrated Laser Devices

There have been a significant number of developments in the technology
of optical integration of semiconductor lasers and other related devices on
the same chip. These chips allow higher levels of functionality than that
achieved using single devices. For example, laser and optical modulators
have been integrated, serving as simple monolithic transmitters.

2.7.1, LASER ARRAYS

The simplest of all integrated laser devices are one-dimensional arrays
of lasers, LEDs, or photodetectors. These devices are fabricated exactly
the same way as individual devices except the wafers are not scribed to
make single-device chips but left in the form of a bar. The main required
characteristics of a laser array are low threshold current and good electrical
isolation between the individual elements of the array. The schematic of
two adjacent devices in a 10-channel low threshold laser array is shown in
Fig. 2.37 [106]. These lasers emit near 1.3 um and are grown by MOCVD
on p-InP substrate. The lasers have multiquantum well active region with
five 7-nm-thick wells as shown in the insert of Fig. 2.37. The light vs.
current characteristics of all the lasers in a 10-element array are uniform.
The average threshold current and quantum efficiency are 3.2 mA and
0.27 W/A respectively. The cavity length was 200 um and the facets of

oxide
n-InGaAsP
] 1 100 nm
7

p-InP n-InP 10
n-InP

n-InP 'w ' zﬁ’ vy 100

/- -, active layer
p-InP p-InP InGaAsP/InP
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Fig. 2.37 Schematic of two adjacent devices in a laser array.
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the lasers were coated with dielectric to produce 65% and 90% reflectivity
respectively [106].

The vertical-cavity surface-emitting laser (SEL) design is more suitable
for the fabrication of two-dimensional arrays than the edge-emitting laser
design. Several researchers have reported two-dimensional arrays of SELs.
Among the individual laser design used are the proton implanted design
and the oxide confined design. These SELs and SEL arrays have been
fabricated so far using the GaAs/AlGaAs material system for the emission
near .85 um.

2.7.2. INTEGRATED LASER MODULATOR

Externally modulated lasers are important for applications where low
spectral width under modulation is needed [107-110]. The two types of
integrated laser modulator structures that have been investigated are the
integrated electroabsorption modulated laser (EML) and the integrated
electrorefraction modulated laser. The electrorefraction property is used
in a Mach-Zehnder configuration to fabricate a low-chirp modulated light
source.

For some applications it is desirable to have the laser and the modula-
tor integrated on the same chip. Such devices, known as electroabsorption
modulated lasers (EMLs), are used for high data rate transmission sys-
tems with large regenerator spacing. The schematic of an EML is shown
in Fig. 2.38 [111]. In this device, the light from the DFB laser is cou-
pled directly to the modulator. The modulator region has a slightly higher
bandgap than that of the laser region, which results in very low absorption
of the laser light in the absence of bias. However, with reverse bias, the
effective bandgap decreases, which results in reduced transmission through
the modulator. For very high-speed operation, the modulator region capac-
itance must be sufficiently small, which makes the modulator length small,
resulting in low on/off ratio. Recently, very high-speed EMLs have been
reported using a growth technique where the laser and modulator active re-
gions are fabricated using two separate growths, thus allowing independent
optimization of the modulator bandgap and length for high on/off ratio and
speed. Operation at 40 Gb/s has been demonstrated using this device [111].

EML devices have also been fabricated using the selective area epitaxy
growth process [112]. In this process the laser and the modulator active
region are grown simultaneously over a patterned substrate. The patterning
allows the materials grown to have slightly different bandgaps, resulting
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in separate laser and modulator regions. EMLs have been fabricated with
bandwidths of 15 GHz and have operated error free over 600 km at 2.5 Gb/s
data rate.

Anintegrated laser Mach-Zehnder device is shown in Fig. 2.39. This de-
vice has aridge-waveguide-type DFB laser integrated with a Mach-Zehnde:
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modulator, which also has a lateral guiding provided by a ridge structure.
The Mach-Zehnder traveling wave phase modulator is designed so that the
microwave and optical velocities in the structure are identical. This allows
good coupling of the electrical and optical signal.

2.7.3. MULTICHANNEL WDM SOURCES

An alternative to single channel very high speed (>20 Gb/s) data trans-
mission for increasing transmission capacity is multichannel transmission
using wavelength division multiplexing (WDM) technology. In WDM
systems many (4, 8, 16, or 32) wavelengths carrying data are optically
multiplexed and simultaneously transmitted through a single fiber. The
received signal with many wavelengths is optically demultiplexed into
separate channels, which are then processed electronically in a conven-
tional form. Such a WDM system needs transmitters with many lasers at
specific wavelengths. Itis desirable to have all of these laser sources on a sin-
gle chip for compactness and ease of fabrication, like electronic integrated
circuits.

Figure 2.40 shows the schematic of a photonic integrated circuit with
multiple lasers for a WDM source [113]. This chip has 4 individually ad-
dressable DFB lasers, the output of which are combined using a waveguide-
based multiplexer. Because the waveguide multiplexer has an optical loss
of ~8 dB, the output of the chip is further amplified using a semiconductor
amplifier. The laser output in the waveguide is TE polarized and hence an
amplifier with a multiquantum well absorption region, which has a high
saturation power, is integrated in this chip.

2.7.4. SPOT SIZE CONVERTER (S5C) INTEGRATED LASER

A typical laser diode has too wide (~30° x 40°) an output beam pattern
for good mode matching to a single mode fiber. This results in a loss of
power coupled to the fiber. Thus a laser whose output spot size is expanded
to match an optical fiber is an attractive device for low loss coupling to the
fiber without a lens and for wide alignment tolerances. Several researchers
have reported such devices [114, 115]. Generally they involve producing a
vertically and laterally tapered waveguide near the output facet of the laser.
The tapering needs to be done in an adiabatic fashion so as to reduce the
scattering losses. The schematic of a SSC laser is shown in Fig. 2.41 [115].
The laser is fabricated using two MOCVD growth steps. The SSC section is
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about 200 um long. The waveguide thickness is narrowed along the cavity
from 300 nm in the active region to ~100 nm in the region over the length
of the SSC section. The laser emits near 1.3 pm, has a multiquantum well
active region, and a laser section length of 300 um. A beam divergence of
13° was obtained for this device. Beam divergences of 9° and 10° in the
lateral and vertical direction have been reported for similar SSC devices
[115].

2.8. Summary and Future Challenges

Tremendous advances in semiconductor lasers have occurred over the last
decade. The advances in research and many technological innovations have
led to the worldwide deployment of fiber optic communication systems
that operate near 1.3 um and 1.55 um wavelengths and compact storage
disks that utilize lasers for read/write purposes. Although most of these
systems are based on digital transmission, lasers have also been deployed
for carrying high-quality analog cable TV transmission systems. However,
many challenges remain.

The need for higher capacity is pushing the deployment of WDM-based
transmission, which needs tunable or frequency settable lasers. An impor-
tant research area would continue to be the development of lasers with very
stable and settable frequency. Integration of many such lasers on a single
substrate would provide the ideal source for WDM systems.

The laser to fiber coupling is also an important area of research. Recent
developments in spot size converter integrated lasers are quite impressive
but some more work, perhaps, needs to be done to make them easy to
manufacture. This may require more process developments.

Although WDM technology is currently being considered for increasing
the transmission capacity, the need for sources with very high modulation
capability would remain. Hence research on new mechanisms for very high
speed modulation is important.

The surface-emitting laser is very attractive for two-dimensional arrays
and for single wavelength operation. Several important advances in this
technology have occurred over the last few years. An important challenge
is the fabrication of a device with characteristics superior to that of an edge
emitter.

Finally, many of the advances in laser development would not have
been possible without the advances in materials and processing technology.
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The challenges of much of the current laser research are intimately linked
with the challenges in materials growth, which include not only the in-
vestigation of new material systems but also improvements in existing
technologies to make them more reproducible and predictable.
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ABSTRACT

Optical fiber communication systems using WDM (wavelength-division multiplex-
ing) are being introducing in long-haul networks to manage the explosive increase
in transmission capacity. Erbium-doped fiber amplifier (EDFA) is one of the key
components to support WDM systems. High power lasers emitting at both 980 nm
and 1480 nm are essential for pumping sources for EDFA. In this chapter, state-of-
the-art high power pumping lasers are reviewed. An ultra-high output power of over
500 mW has been realized under stable lateral mode operation in both 980 nm and
1480 nm lasers. These high output power laser modules are of great importance for
the application of Raman amplifiers as well as EDFA application.

In this chapter, epitaxial growth, design, fabrication, and lasing characteristics
will be given.

3.1. Introduction

3.1.1. BACKGROUND

The optical fiber communication systems have realized large transmission
capacity. However, bit rate increase utilizing a traditional TDM (time-
division multiplexing) cannot manage explosive demands for larger trans-
mission capacity triggered by data communication and the Internet. The
urgent demands for larger transmission capacity have driven the system
planner to introduce WDM systems instead of the TDM systems to make
the best use of installed optical fibers.

WDM systems are thought to be the most cost-effective way to han-
dle the increasing transmission capacity using the established transmis-
sion technologies. WDM systems, by using multi-channel single-frequency
lasers such as distributed feedback lasers with slightly different wave-
lengths determined by ITU (International Telecommunication Union), total
throughput transmission capacity can be increased by the number of lasers
(channels).
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Fig. 3.1 Transmission capacity trend Transmission capacity of 1Tbps can be achieved
in wavelength-division multiplexing (WDM) technology by increasing channel counts.

A transmission capacity trend is illustrated in Fig. 3.1 for both commer-
cial and laboratory demonstrations. Total transmission capacity of more
than 100 Gbps can easily be realized by using the established 2.5 Gbps and
developing 10 Gbps technology. Extremely large transmission capacity of
more than 1Tbps will be realized in the near future utilizing WDM systems.

On the other hand, strict specifications are required for optical devices
in terms of wavelength, because WDM systems utilize the wavelength
regime. Single-frequency lasers used in the systems, for example, have to
control the absolute lasing wavelength to meet the ITU grid as well as
wavelength separation. The wavelength separations according to ITU, for
example, are set to be 1.6 nm (200 GHz), 0.8 nm (100 GHz) and 0.4 nm
(50 GHz), depending on the WDM channels (bit rate). In addition to the
strict requirements in wavelength control, the signal light source has to have
high output power in order not only to extend the transmission distance but
to compensate the insertion loss caused by the many optical components
such as wavelength couplers used in WDM systems.

In order to amplify the signal light source in an efficient way, optical
amplifiers are the key component to support WDM systems. Erbium-doped
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fiber amplifiers (EDFAs), which will be described later, have the advantage
over the traditional O/E and E/O amplification because of their excellent
amplification characteristics such as high speed, simultaneous amplifica-
tion of many channels, and so forth.

Higher pumping power can make it possible to produce higher signal
output power. Therefore, high power semiconductor lasers are the one of
the key devices for pumping of EDF In this chapter, high power semicon-
ductor lasers are described in terms of design, fabrication, characteristics,
reliability, and packaging.

3.1.2. ERBIUM-DOPED OPTICAL FIBER AMPLIFIERS (OFA)

It is no exaggeration to say that the invention of the optical fiber amplifier
is the innovation needed to realize the WDM system. The erbium-doped
fiber amplifier especially, is very attractive for practical application because
light amplification occurs in the wavelength range of 1500 nm-band, which
is the low loss wavelength region of the conventional silica fiber.

Figure 3.2 illustrates the configuration of EDFA. It consists of EDF,
pumping laser module, WDM coupler to couple the pumping light into

Signal light 0 .
r:1550nm [l ‘ Er d fiber ___J_U-I-ﬂ

Pumping laser

A 980nmM/1480nm Amplified

Absorption and emission
of Er-doped fiber

Fig. 3.2 Configuration of Erbium-doped fiber amplifier (EDFA) EDFA consists of
Erbium-doped fiber, pumping laser module, WDM coupler, and optical isolator. In a prac-
tical application, 1480 nm pumping is used as a booster amplifier and 980 nm pumping is
used as a pre-amplifier. 1550 nm wavelength is effectively amplified by optical pumping.
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EDF, optical isolator to prevent the lasing in the EDF, and optical fiber.
High power laser modules emitting at wavelengths of 980 nm and 1480 nm
are used for pumping sources as an effective pumping of EDFE. Efficient
power conversion can be realized by a 1480 nm pump, while low noise
amplification can be realized by a 980 nm pump. In a practical application,
1480 nm pumping is used as a booster amplifier and 980 nm pumping is
used as a pre-amplifier. To increase both channel counts and bit rate, high
power operation of pumping power is inevitable. The approaches for high
power lasers with single lateral mode operation (narrow stripe geometry)
are given, followed by epitaxial growth, laser performance, laser module
performance, and future challenges.

3.2. High Power Semiconductor Lasers

3.2.1. SEMICONDUCTOR MATERIALS

Figure 3.3 shows the relationship between materials and the wavelength.
1480 nm lasers can be fabricated. We can use the established technology for
telecommunication lasers emitting at 1300 nm and 1550 nm——-conventional

Wavelength (nm)

jI | | | | | ] | 1
700 | 960 1100 1:300, 1500 '
800 17000 ; 12‘00 | 1400 1600
AIGaAsIGaAs (lattlce-maFched)
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i | | < »
i | | »

| ‘ InGaA#PIInP
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Fig. 3.3 Active layer materials to get a wavelength from 700nm to 1600 nm
GalnAsP quantum well (both lattice-matched and strained-layer) on InP can emit 1480 nm
light. InGaAs strained-layer quantum well on GaAs substrate can emit 980 nm light.
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GaxIn|_xAsyP;_, quaternary compound on InP substrate—to fabricate
1480 nm lasers. On the other hand, 980 nm lasers cannot be fabricated
by use of lattice-matched material. The wavelength of around 980 nm
emitted from semiconductor lasers has been the forbidden wavelength
region that cannot be covered by conventional short wavelength GaAs-
based lasers (wavelength shorter than 900 nm) and InP-based long wave-
length lasers (wavelength longer than 1200 nm). The concept of strained-
layer quantum wells [1,2], however, made it possible to realize 980 nm
lasers as well as to make rapid progress of the epitaxial growth tech-
nique to grow high-quality very thin strained-layer material. 980 nm lasers
can be fabricated by use of intentionally lattice-mismatched In,GaAs
layer on GaAs substrate. In,GaAs strained-layer has a large lattice con-
stant with respect to GaAs. If the layer thickness is controlled within
a critical thickness calculated by Mathew’s law, the layer can be grown
with high crystalline quality on GaAs substrate even if the InGaAs layer
has a large amount of strain. This condition is approximately given by
e *L; <20nm% [3], where ¢ is the amount of strain and L, is the layer
thickness.

Strained-layer GalnAsP instead of lattice-matched system on InP sub-
strate is also used for 1480 nm lasers since the concept of strained-layer
quantum can improve the lasing characteristics drastically.

Let’s explain the quantum wells and strained-layer quantum wells used
in high-performance 980 nm and 1480 nm lasers. Quantum wells are made
up of two different materials with a layer thickness less than 20 nm to show
quantum-confined effect. High material gain can be obtained with fewer
carriers because carriers are effectively confined to the quantized state
formed by the quantum well. Especially, the use of compressive strain into
the quantum wells can change the modification of valence band structure
in such a way that the effective mass of heavy-hall becomes light. As a
result, the Bernard-Durgaffourg condition (Fermi-level separation larger
than energy bandgap) can be satisfied with less carrier density. Thus, lower
threshold current density and higher quantum efficiency can be obtained in
strained-layer quantum well lasers.

Strained-layer quantum well laser wafer can be grown by metal-
organic chemical vapor deposition (MOCVD) for both 980 nm and
1480 nm.

In general, 980 nm lasers are grown by both MOCVD and MBE
(molecular beam epitaxy), and 1480nm lasers are mainly grown by
MOCVD because of the presence of phosphorous, which will be explained
later.
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3.2.2. APPROACH FOR HIGH POWER OPERATION

In a practical application, a laser diode module, the so-called pig-tailed
module is used. The laser diode has to be designed in such a way that
high-power operation is obtained with a narrow and circular beam for high
coupling into a single-mode fiber (SMF). It should be noted that highly
reliable operation under high output power has to be realized. For these
purposes, buried heterostructure (BH) is widely used for 1480 nm lasers
and ridge waveguide (RWG) structure is widely used for 980 nm lasers.
The limiting factors for high-power operation under continuous wave
(CW) condition in these narrow stripe lasers are categorized into two phe-
nomena; one is roll-over phenomenon due to the increase of tempera-
ture in the active layer or increase of invalid current, and the other is
catastrophic phenomenon mainly due to the optical mirror damage. The
schematic explanation of these phenomena is shown in Fig. 3.4. The former

Maximum output power - Limiting factor -

Light output power

roll-over

1480nm LD

Injection current

Fig. 3.4 Two mechanisms to limit the maximum light output power of narrow stripe
lasers emitting at 980 nm and 1480 nm “Kink” and catastrophic optical damage are the
major factors for 980 nm lasers, while thermal roll-over is most important for 1480 nm
lasers. Note that COD is the sudden death failure.
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is often observed in 1480 nm lasers, and the latter is the sudden death
phenomenon called catastrophic optical mirror damage (COD), observed
mainly in 980 nm lasers. Detailed explanation for the COD is reported in [4].

Let’s explain how to attain high power operation in solitary lasers. The
output power from the front facet, Py, is given by the following equation
if COD has not occurred:

| Oy Iac
Py =n; I -1 — (T 3.1
S =R TR ot am ”‘)(IMHL) T Gb
1-R, \ R,

where, 7; is the internal quantum efficiency, «; is internal loss, «,, is the
mirror loss, [ is the injection current, [, is the threshold current, I, is the
effective current that contributes to the lasing, I; is the leakage current,
R, is the facet reflectivity of rear facet, R is the facet reflectivity of front
facet, and ©(T) is the parameter related to the decrease of light output
power due to the temperature rise of the active layer (&(T) < 1).

From Eq. (3.1), the following actions are thought to be effective for high
power operation.

A. realization of high internal efficiency (#;)

B. realization of low internal loss («;)

C. introduction of asymmetric coating for higher front facet power
(otm)

D. suppression of leakage current (1)

E. high thermal dissipation (&(T)).

Structural optimizations have to be made because contradictory items
are included in the list. The introduction of long cavity, for example, is
effective for low thermal resistance, however, increase of the threshold
current and decrease of external quantum efficiency are observed in long
cavity lasers. The detailed explanations to realize the preceding items are
given as follows.

Items A and B are the results expected by use of strained-layer quan-
tum well active layer. The use of compressive strain in the quantum wells
can change the modification of valence band structure in such a way that
the effective mass of heavy-hall becomes light. As a result, the Bernard-
Durgaffourg condition (Fermi-level energy separation larger than energy
bandgap) can be satisfied with less carrier density. Thus, fewer carriers are
needed for population inversion as compared to lattice-matched QW lasers,
resulting in less nonradiative recombination.
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. In order to achieve high internal quantum efficiency, structures of

both quantum wells and optical confinement layers such as com-
position and thickness have to be optimized carefully. Introduction
of strained-layer quantum wells into the active layer is indispens-
able for this purpose. The use of GRIN-SCH (graded-index
separate-confinement-structure) is very effective for high inter-

nal quantum efficiency, which will be described in detail

later.

. Introduction of quantum well structure, especially strained-layer

quantum well, is effective for low internal loss. Strained-layer
quantum well laser can provide low threshold current and high
differential quantum efficiency operations due to low internal loss
even if a long cavity is used.

. Cleavage of semiconductor material is used to make Fabry-Perot

lasers, thus, an equal amount of light is emitted from both sides
of the mirror. The output power from the rear facet is not so im-
portant because it is used only for back-monitor in a practical
application. Therefore, asymmetric facet coatings composed of
dielectric mirror are used to increase the output power from the
front facet. Low reflective coating (several %) is used for the
front facet and high reflective coating (95%) is used for the
rear facet.

. The reduction of leakage current leads to the suppression of

temperature rise of the active layer, thus leading to high power
operation.

. It is possible to reduce the temperature rise in the active layer by

the use of long cavity (low electric and thermal resistance) and
junction down bonding on heat sink material with high thermal
conductivity such as diamond and AIN.

The approaches from A to E are the general methods to achieve high

light output power for all kinds of semiconductor lasers. 1480 nm lasers
are more difficult than 980 nm lasers in terms of high power operation
due to poor temperature characteristics of threshold current and quantum
efficiency, resulting from poor electron confinement in the wells and non-
radiative recombination. We will next examine theoretical consideration
for high power operation, i.e., the threshold current and the differential
quantum efficiency calculated for 1480 nm lasers, together with output
beam profile.
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3.2.3. EFFECTS OF OPTICAL LOSS ON THRESHOLD
CURRENT DENSITY AND QUANTUM EFFICIENCY

Low threshold current density and high quantum efficiency are desirable
for high light output power operation with low power consumption. The
threshold current density and quantum efficiency are affected by the optical
loss. The optical loss in the GaInAsP/InP material (A = 1300-1550 nm) is
larger than that of the (In)GaAs/AlGaAs system (A = 800-1100 nm) due
to the intervalence band absorption loss [5]. The gain of the quantum well
laser diodes tends to saturate at higher carrier density, therefore, it is very
important to investigate the effect of the optical loss on the threshold current
density and differential quantum efficiency. The threshold current density,
Jun. is calculated from Eq. (3.2), and the differential quantum efficiency,
N4, is calculated by (3.3).

1 1 1
Jin = Ny Ji —{ o, + =1 32
th w Oexp[NwFSQWGO(a + 7 n(R,R2)>} (3.2)

where N, is the number of wells, Jy is the transparent current density,
I"sow is the optical confinement factor per well (see Appendix), Gy is the
gain coefficient to describe the quantum well gain G as G = G In (J/Jp).

_ (#) (3.3)
Na = Ni a,L—Hn(%) .

The threshold current density, calculated using Eq. (3.2), versus cavity
length is plotted in Fig. 3.5. The parameter is the internal loss. Small in-
ternal loss is effective in the reduction of the threshold current density. For
example, the threshold current density of the QW lasers with «; of 5 cem™!
is 20% lower than that of the LD with ¢; of 15 cm™!. These internal losses
are the actual values for 1480 nm lasers with GRIN-SCH and SCH, as will
be described in Section 3.3.6.

From Fig. 3.5, reductions of both internal loss and mirror loss are nec-
essary in order to reduce the threshold current density. It is theoretically
verified that cavity loss should be designed to be as low as possible for
the low-threshold current density in a quantum well laser. This is due to
the logarithmic form of the gain of quantum well lasers resulting from the
step-like density of state. Owing to the high material gain and low loss
propertics in QW lasers, low-threshold current density is obtained for long
cavity lasers.
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Fig. 3.5 Threshold currentdensity versus cavity length as a parameter of internal loss
(1480 nm laser) Threshold current density decreases with cavity length. The threshold

current density of the laser with internal loss of 8 cm™! is about 20% lower than that of the

laser with internal loss of 15 cm™'.

The differential quantum efficiency is plotted in Fig. 3.6 as a function of
cavity length. The parameter is the internal loss. Internal quantum efficiency
of 84% is used in this calculation, which is a reasonable value for 1480 nm
lasers using strained-layer quantum wells. On the other hand, n; more
than 90% is obtained for 980 nm lasers. Small internal waveguide loss
is effective for improving both threshold current density and differential
quantum efficiency.

Next, let us consider the output beam property of the laser because
laser modules, which include SMF and optics to couple the laser beam
into SMF, instead of solitary lasers are used for EDFA application. It is,
therefore, important to achieve a narrow and circular output beam in order
to get high coupling efficiency. The calculation of far-field pattern (FFP)
will be given in Fig. 3.23.



3. High Power Semiconductor Lasers for EDFA Pumping 69

o
®

o
(o))

0.4
Internal Loss : 15cm™?
0.2
0 | | 1 | |
0 200 400 600 800 1000 1200

Differential Quantum Efficiency (%)

Cavity Length (um)

Fig. 3.6 Differential quantum efficiency versus cavity length as a parameter of in-
ternal loss (1480 nm laser) Differential quantum efficiency decreases with cavity length.
Internal quantum efficiency of 84% is assumed. Internal quantum efficiency more than 90%
is obtained for a well-designed 980 nm laser.

From the viewpoint of both electrical and optical properties, the introduc-
tion of GRIN-SCH structure as the optical confinement layer in strained-
layer quantum well active layer is more suitable for high power operation.
By optimization of composition and thickness of the GRIN-SCH layer, high
power operation with narrow and circular output beam, which is effective
for high coupling efficiency into SMF, can be achieved.

In the following section, fabrication and lasing characteristics of both
1480 nm and 980 nm lasers are separately described.

3.3. 1480 nm Lasers

Fabrication, such as MOCVD growth including buried heterostructure, and
lasing characteristics are described.
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Fig. 3.7 Schematic diagram of MOCVD apparatus Numbers in parentheses indicate
the number of source materials and mass flow controllers. The growth sequence is controlled
by a computer.

3.3.1. EPITAXIAL GROWTH—MOCVD

The low pressure MOCVD apparatus [6] is shown in Fig. 3.7. MOCVD ap-
paratus has a vertical reactor and a carbon susceptor coated with SiC heated
by RF coil. The reactor is designed not to expose apparatus to the air in
case of loading the wafer by use of a preparation chamber. Either single
or multiple two-inch wafers can be grown in the MOCVD. The MOCVD
apparatus is carefully designed to minimize the dead volume, and employs
the quick run-vent switching systems. In addition, in order to grow the
GalnAs(P) layers ranging from the wide bandgap (bandgap wavelength of
0.95 pm) to the narrow bandgap (bandgap wavelength of 1.65 um), two or
three source materials are equipped for group III and V. Each source ma-
terial has independent controllable mass flow controllers (MFCs), having
different flow rates. Numbers in the parentheses in Fig. 3.7 indicate the
number of source materials and MFCs. The procedures of setting growth
pressure (Automatic Power Control), growth temperature (Automatic Tem-
perature Control), gas flow rate, and gas switching are controlled by a
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computer to ensurc reproducible growth. MOCVD apparatus designed for
mass production is available at present.

Epitaxial growth was carried out at a temperature of around 600°C and
a low pressure of 76 Torr. Trimethylindium (TMIn) and triethylgallium
(TEGa) for group I11, and phosphine (PH3) and arsine (AsH3) for group V
are typically used. Hydrogen selenide (H2Se) and diethylzinc (DEZn) are
used for n-type and p-type dopants, respectively.

3.3.2. EPITAXIAL GROWTH OF GalnAsP ON InP

Here we describe the results obtained with GalnAs(P) layers with different
energy gap wavelengths, grown using the conditions shown in Table 3.1.
Figure 3.8 shows the room-temperature photoluminescence (PL) spectra of
a GalnAs(P) layer, sandwiched by InP layer, with different composition,
that is, 0.95, 1.0, 1.05, 1.1, 1.2, 1.3, 1.50 um bandgap wavelengths. The
full widths at half maximum of the PL spectra are around 45 meV. Lattice
mismatching was measured less than 0.1%.

To realize a complicated laser structure with GRIN-SCH, it is nec-
essary to grow GalnAsP multiple-step layer. In the GalnAsP/GalnAsP
system, unlike the GaAs/AlGaAs system [7], it is very difficult to grow
real graded-index change [8] because the simultaneous control of lattice
matching and composition are required for the growth of the quaternary
layers that form the GRIN-SCH region. Therefore, either single step or
step-like index change [9—11] rather than graded-index change [12] was
used. Using the growth condition given in Table 3.1, GRIN-SCH structure
consisted of quaternary layers with bandgap wavelengths of 0.95, 1.0, 1.05

Table 3.1 MOCVD Growth Condition

Growth temperature 600°C

Growth pressure 76Torr
Total flow rate 61/min.
Group 111 TMIn, TEGa
Group V PHj, AsH;
V/II ratio 225
Growth rate 2.3 um/h (InP)
1.7 um/h (GalnAsP)
Dopant DEZn (p-type)

H,Se (n-type)
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Fig. 3.8 Room-temperature PL spectra FWHM of the PL spectra are around 45 meV.
Lattice mismatching was measured less than 0.1%.

and 1.1 pm, grown on an InP substrate. The SIMS profile and transmission
electron microscope (TEM) image of QWs with GRIN-SCH structure us-
ing the new gas line system is shown in Fig. 3.9. TEM observation was
done using composition analysis by thickness fringes (CAT) method [13].
The step-like changes in the upper and lower GRIN-SCH regions and the
periodic change in MQW region were confirmed. In this CAT TEM pho-
tograph, composition changes are identified by step-like displacements in
the dark/bright thickness fringes that run vertically in Fig. 3.9. Nearly ideal
hetero-interfaces between GalnAsP/GalnAsP with different composition
could be grown.

3.3.3. EPITAXIAL GROWTH OF GalnAs(P)/InP
QUANTUM WELLS

The GalnAsP/InP quantum wells having different thicknesses are evalu-
ated by 4K photoluminescence. The PL was excited using the 5145 A line
of a Kr laser and detected by a liquid N, cooled Ge detector. GalnAsP
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ingle-quantum wells (SQWs), lattice matched to the InP substrate, were
repared on an InP substrate with a 300 nm-thick GalnAs reference layer.
[he thicknesses of SQWs are 1.2, 2.5, 5nm, and 10nm separated by a
y nm-thick InP layer. The quantum well thickness is determined from trans-
nission electron microscopy (TEM) observation. Figure 3.10 shows the PL
nergy upshifts of the SQW structures versus the well thickness. The calcu-
ated optical transition energy between the first electron level and the first
ieavy-hole level is also shown. The calculation was made using the enve-
ope function approximation assuming the conduction band offset (AE.)
0 be 30% and 50% of the bandgap difference (AEg). For GalnAsP, the
ffective masses used were 0.059 mg for the electron and 0.50 mg for the
ieavy-hole. For InP, the effective masses used were 0.077 my for the elec-
ron and 0.56 mg for the heavy-hole. In this experiment, most of the data
re in close agreement with the theoretical curves for AE. = 0.35AE;.
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Fig. 3.10 PL energy upshifts of the SQW structures versus well thickness The cal-
culated optical transition energy between the first electron level and the first heavy-hole
level for AE./AE; = 0.35 is shown.

However, it is difficult to determine the actual band offset ratio from the
present data alone.

The PL linewidth versus the well width is shown in Fig. 3.11. The narrow
PL linewidth indicates the sharpness of the QW structure interfaces. The
dotted curve in the figure is the calculated linewidth broadening E due to
a total (both hetero-interfaces) geometric well width fluctuation L, of one
monolayer (ap/2 = 0.293 nm) using the relationship

E = (dE/dL,)L,

where E is the energy upshift due to quantum size effect in the well with
finite-height barriers. For well width narrower than 2 nm, broadening due to

well width fluctuation becomes very severe and is the dominant contribution
to PL linewidths.
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Fig. 3.11 PL line width versus well thickness Total well width fluctuation of one
monolayer obtained.

As described previously, GalnAsP lattice-matched InP with various
composition as well as high-quality QWs with sharp hetero-interfaces can
be grown in an MOCVD system. Of course, high-quality AlGaAs on GaAs
material can be grown in both MOCVD and MBE.

3.3.4. BURIED HETEROSTRUCTURE LASERS

A buried heterostructure (BH) laser is essential to achieve a low threshold
current, fundamental transverse-mode operation. Therefore, BH lasers are
widely used for 1480 nm lasers. BH lasers using all MOCVD technique
are very attractive in terms of the fabrication of large-scale very uniform
characteristics. Here, the fabrication process of the BH laser is given first,
then the static characteristics of BH lasers are described.

All epitaxial growths including selective growth for BH structure
using MOCVD process ensure the high yield process using a 2-inch wafer.
The BH laser is fabricated by three-step MOCVD, as described following.
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Fig. 3.12 Fabrication procedure of a BH laser by MOCVD A three-step MOCVD
process is required. SiO, overhang is important for a flat surface after the 2nd growth.

The fabrication procedure of a BH laser is schematically shown in Fig.
3.12.

(1) DH structure was prepared by first-step MOCVD (Fig. 3.12 (a)).
The TEM photograph of a cross-sectional view of the active layer
for 1480 nm laser is shown in Fig. 3.13. The active layer is made
up of 1% compressively strained quantum wells (4 nm thick)
separated by GalnAsP (10 nm thick) with a bandgap wavelength of
1.2 um. The number of wells is five. GRIN-SCH layer, composed
of two different GalnAsP, sandwiches the strained-layer active
layer. Very sharp hetero-interfaces are obtained through the
MOCVD growth optimization.
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Fig. 3.13 TEM cross-sectional view of a 1480 nm laser The dark gray area in the
center portion shows the GalnAsP compressively strained quantum wells (five QWs) sep-
arated by tensile-strained barriers. Step-wise change in the composition layer is used for
separate-confinement-heterostructure (SCH).

(2) The narrow stripe mesa with around 2 pm width, having 2 um
height, is prepared by photolithography and wet chemical selective
etching using HC/H3PO4 and H,SO4/H,0/H,0; solutions for InP
and GalnAs(P) layers, respectively, using the SiO; as an etching
mask. This etching procedure provides the undercutting beneath
the Si0O; mask. It is found that about 1 pm undercutting is essential
for achieving planar surface after MOCVD regrowth. The active
layer width is set to be around 2.0 um to achieve fundamental
transverse mode operation (Fig. 3.12 (b)).

(3) A current blocking layer consisting of p- and n-InP layers is grown
selectively using SiO; as a mask in the second MOCVD (Fig.

3.12 (¢)). As mentioned in Section 3.2.2, current confinement
structure is very important for high power operation. Layer thick-
ness and carrier concentration of current blocking layer have to be
designed carefully. This process might also affect the laser long-
term reliability.

(4) After removing the SiO, mask and p-GalnAsP layer, the p-InP
embedding layer and p-GalnAsP contact layer is grown in the third
MOCVD growth (Fig. 3.12 (d)).
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Fig. 3.14 SEM photographofaBHlaser Almost flat surface is obtained by optimizing
the mesa formation and MOCVD regrowth condition,

Figure 3.14 shows a scanning electron microscope photograph of a
BH GRIN-SCH-MQW laser. An almost flat surface was realized using
all MOCVD growth. Flat surface helps to get a good die attach onto the
heat sink.

3.3.5. DEPENDENCE OF NUMBER OF QUANTUM
WELLS ON THRESHOLD CURRENT AND
QUANTUM EFFICIENCY

It is important to optimize the number of wells because a theory pre-
dicts that threshold current density depends critically on this parameter for
GalnAs(P)/InP MQW lasers. In this section, the dependence of the light
output characteristics on the number of wells is investigated experimentally
for 1480 nm SCH-MQW lasers [14]. The relationship between threshold
current, quantum efficiency, and cavity length is shown in Fig. 3.15 as a
parameter of the number of wells. The active layer structure investigated
is shown in Fig. 3.16. The internal loss of lasers with QW active layer is
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Fig. 3.15 Relationship between threshold current, quantum efficiency, and cavity length
The parameter is number of welis [14].

much smaller than that of lasers with bulk active layer. The internal loss
decreases with small number of wells, however, steep decrease of quantum
efficiency and steep increase of threshold current were observed for a cav-
ity length less than 750 pm. This is due to the increased threshold carrier
density. The carrier overflow into the optical confinement layer induces the
additional loss. The lasers with five quantum wells give the maximum light
output power. A light output power over 250 mW is obtained.
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Fig. 3.16 Quantum well active layer structure Single-step SCH is used for this
investigation [14].

3.3.6. DEPENDENCE OF SCH STRUCTURE ON THRESHOLD
CURRENT AND QUANTUM EFFICIENCY

As mentioned in the previous section, internal waveguide loss plays an
important role in quantum efficiency. Here, we discuss the effect of SCH
structure on internal loss of 1480 nm lasers. As described in Section 3.2,
the small internal loss is very important for low-threshold current density
and high differential quantum efficiency operations.

In this section, low internal waveguide loss in the GRIN-SCH QW lasers
is described. First, the internal waveguide losses of QW lasers with GRIN-
SCH structure and QW lasers with SCH structure are compared. Then, the
reason for the low internal waveguide loss obtained in GRIN-SCH QW
lasers is discussed in detail.

Internal waveguide loss is obtained from the relationship between the
inverse differential quantum efficiency and cavity length, because differ-
ential quantum efficiency 7,4 is given by Eq. (3.3). The internal waveguide
loss «; is given by

o = dge + Daetac + (1 = Tac)tey. 34)

a,. isthe scattering loss resulting from the roughness of the hetero-interfaces
and imperfection of the BH mesa. In this case, hetero-interfaces are smooth
enough to neglect the scattering loss, and a relatively wide mesa of about
2 umis used so that the electric field is well confined in the mesa. Therefore,
scattering loss is neglected in this consideration. I' ... is the optical confine-
ment factor in the quantum wells, and «,, and «,, are the absorption losses
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Fig. 3.17 Schematic diagram of quantum well active region Number of quantum
wells is five and SCH thickness is 120 nm for both structures.

of the active layer and cladding layer including the optical confinement
layer. First, the internal waveguide loss and internal quantum efficiency are
compared between SCH-MQW lasers and GRIN-SCH-MQW lasers, as
shown in Fig. 3.17. The MQW structure with GalnAs (6.5 nm each) quan-
tum wells (well number: 3, 5, and 7), separated by GalnAsP (A; = 1.3 um,
15 nm each) barriers, is prepared. GRIN-SCH structure is made up of the
four-step GRIN-SCH (A, = 1.3, 1.2, 1.1, 1.05, 1.0 pm, 30 nm thick each)
and SCH structure consists of 120-nm-thick GalnAsP (Ag = 1.3 um) layer.
The total thickness of MQW region including the optical confinement layer
(SCH and GRIN-SCH) is the same for both structures. The inverse differen-
tial quantum efficiency (r;;l) is plotted in Fig. 3.18 as a function of cavity
length for SCH-MQW and GRIN-SCH-MQW lasers with five quantum
wells. From this figure, the internal waveguide losses are 13 cm™! and
8 cm~! for SCH-MQW lasers and GRIN-SCH-MQW lasers, respectively.
The internal quantum efficiencies are 84% for both structures.

By solving Eq. (3.4) using the different number of wells (different optical
confinement factor), we can calculate the absorption coefficients of the
active and cladding layers, and obtained values are summarized as follows:

Internal Waveguide Loss (cm™)

Number of Wells GRIN-SCH SCH
1 43 No lasing
2 4.6
5 7.0 13.0
7 11.0 15.0

The absorption loss coefficient «,, is calculated to be 120 cm™! for both
cases. This value is almost the same as reported for 1.5 um lasers and it is
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Fig. 3.18 Inverse differential quantum efficiency versus cavity length Internal losses
are 13 cm~! and 8 cm™' for SCH and GRIN-SCH QW lasers, respectively.

considered to the intervalence band absorption loss [5]. On the other hand,
the absorption loss of the cladding layer including the optical confine-
ment layer is different between SCH and GRIN-SCH structures. The a,, is
2.5 cm™~! for the GRIN-SCH structure and 6.5 cm™~! for the SCH structure.
It should be noted that these values include the free carrier absorption loss
in the p-InP cladding layer whose carrier concentration is 1 x 10'8 cm=3.

Here, let’s discuss the lower «,, observed in GRIN-SCH-MQW lasers.
The internal waveguide loss ¢; can be rewritten as follows.

o = age + Dae@ae + Toctoe + (1 = Tae — Toc)ex (3.9)

The I',. and «,. are the optical confinement factor and the absorption
loss of the optical confinement layer, respectively. The first term of the
righthand side of the equation is almost the same for the same MQW
layer because I',. is almost the same for both structures. The difference
between these structures is the optical confinement factor in the optical
confinement layer (I',.) with a bandgap wavelength of 1.3 pm (1.3 um-Q).
The optical field is calculated by solving the Maxwell’s equations.
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Fig. 3.19 Calculated optical field for SCH and GRIN-SCH QW lasers.

The calculated optical field is shown in Fig. 3.19 for both structures. The
optical fields are almost identical for both structures. The optical confine-
ment factors in the MQW (including barriers) layer are 14.7% and 13.2%
for SCH-MQW and GRIN-SCH-MQW lasers, respectively. The I',,. of the
SCH-MQW laser is calculated to be 26.7%, which is about 4 times larger
than that of a GRIN-SCH-MQW laser (6.8%). Therefore, the absorption
loss of the 1.3 um-Q layer (I'ycctpc) in SCH-MQW lasers is larger than that
of GRIN-SCH-MQW lasers because the 1.3 um-Q layer has an optical loss
tor the lasing wavelength.

From the preceding discussion, the low internal loss in GRIN-SCH-
MQW lasers is attributed to the waveguide structure, mainly the difference
of the 1.3 um-Q layer thickness. This smaller «; gives the larger n,; in
GRIN-SCH-MQW lasers.

Next, the detailed explanation was made in order to explain the re-
sults obtained to clarify the effect of the loss on the waveguide structure.
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The internal loss is rewritten as
a; = g + Dyage + (Cscy + Tp)asch (36)

where 'y, ['scy, and I g are the optical confinement factors in the quantum
well, SCH, and barrier layers, respectively. ;. and ascy are the absorption
coefficients in the quantum well and SCH layers.

When the increase of absorption loss due to the injected carrier is taken
into account, loss of the quantum well and SCH layers are given by

Oge = Ogc0 + bn
ac acQ (3.7)
OscH = OscHo + cn

where a0, ®scho are the intrinsic absorption coefficients of the quantum
well and SCH layers, respectively. b and ¢ are the absorption loss coeffi-
cients caused by the injected carriers. n is the carrier density. If we assume
the linear gain relationship, the gain is expressed by

g =aln—n), (3.8)

where a is the gain coefficient and n, is the value required for transparency.
At threshold, the following condition is satisfied.

l—‘u)glh = + ap. (39)
From Egs. (3.3), (3.6)—(3.9), by eliminating n,

ﬁ'1=ﬁ~“<l+ ol )
a0 In (%)

aiy = o + Dy (oge +bny) + (Tscy + Tg)(ascho +cny)  (3.10)
b r r
77iM=(1__—£_w)ni (3.11)

From Eq. (3.10), the difference in the internal waveguide loss for the struc-
tures would arise from the difference of the product of the optical con-
finement factor in the optical confinement layer and the absorption loss
induced by the carriers in the optical confinement layer, since the opti-
cal confinement factor and the absorption loss are almost same for both
structures.

First, let us consider the absorption loss induced by the carriers in the
optical confinement layer. The carrier distribution of the QW lasers with
SCH and GRIN-SCH structure is shown in Fig. 3.20 in the case of carrier
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Fig. 3.20 Calculated results of the potential distribution, Fermi-level, and current density
distribution for SCH and GRIN-SCH QW lasers [15].

density of 5 x 10'® cm™2 in the quantum wells [15]. From this figure,
carrier density in the GRIN-SCH Iayer is much lower than that of SCH
layer, because carriers concentrate around the active region in the GRIN-
SCH structure due to the potential profile formed by GRIN structure. In
this particular case, carrier density in the SCH layer is about as high as
1 x10'® cm~3, while in the GRIN-SCH is about 5 x 10'7 cm™3. Itis reported
experimentally [16] that the GalnAsP layer with a bandgap wavelength
of 1.3um for 1.53 um lasing wavelength has an absorption coefficient of
da/dn = (1—3) x 1077 cm?. Therefore, the absorption losses induced by
the carriers in the optical confinement layer are calculated to be 10-30cm ™!
for the SCH structurc and 5-15 cm™! for the GRIN-SCH structure. How-
ever, the actual value of the absorption is obtained by multiplying the optical
confinement factor in the optical confinement layer.

Next, the optical confinement factor in the optical confinement layer is
calculated for both structures. The optical confinement factor in the 1.3 um
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Fig. 3.21 Schematic diagram of 1480 nm GRIN-SCH QW lasers with different waveguide
structure.

waveguide layer is 27% for the SCH structure, 6.8% in the GRIN-SCH
structure. Therefore, the absorption losses in the optical confinement layer,
which is defined as ascy = Cscr(de/dn)n, are 2.7-8.1 cm™! for the SCH
structure and 0.34-1.0 cm™! for the GRIN-SCH structure. The loss of
the GRIN-SCH structure is about eight times smaller than that of SCH
structure. The absorption loss of the quaternary layers other than 1.3 um-Q
in the GRIN-SCH layer could be neglected because the optical confinement
factor of these layers is less than 5% and the absorption loss coefficient
with respect to carriers is small due to the wide bandgap.

In order to verify this assumption cxperimentally, four types of GRIN-
SCH QW BH lasers (referred to as Type A, B, C, and D hereafter), shown in
Fig. 3.21, are prepared [17]. The structure of multiple-quantum well is the
same in these lasers, that is, five lattice-matched GalnAsP (g = 1.55 pm;
6.5 nm thick each) quantum wells. The bandgap wavelengths of the barrier
layer are 1.3 um in Type A, B, and C, and 1.2 pm in Type D, respectively.
The SCH layer was composed of step GRIN. The compositions of GRIN-
SCH layers are as follows;

Type Bandgap Wavelength (um) Thickness (nm)

A 1.3 120

B 1.3/1.2/1.1/1.05 30/30/30/30
C 1.3/1.2 20/20

D 1.2/1.1 20/20

The description “1.3 um-Q(20 nm)” means the bandgap wavelength
(1.3 um) and thickness (30 nm) of the SCH layer. The threshold current for
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these L.Ds is about 15-20 mA for 900 pm-long cavity without facet coating,
However, the LD with a SCH layer consisting of 1.1 pm-Q(20 nm)/1.0 um-
Q(20nm) showed high threshold current due to a small optical confine-
ment factor. Therefore, this device was not considered in the following
discussion.

Figure 3.22 shows the (I'y 30.scy + T'1.30-8)/ Ty versus n;y and ;.
As predicted by Egs. (3.10) and (3.11), n;p decreases and «; s increases
with the increase of (I'y 3p.scu + T'1.30-8)/ T'w. Thus, it is experimentally
demonstrated that the use of a SCH layer with wider bandgap and thinner
thickness gives a higher differential quantum efficiency. The enhanced
internal quantum efficiency obtained in the GRIN-SCH structure could be
attributed to the high current injection efficiency into the quantum wells.

The decrease of optical confinement factor is also effective in obtaining
the narrow far field angle. The FWHM of the far field patterns perpendicular
to the junction plane (6, ) is calculated. Figure 3.23 shows the 8, versus
the thickness of each quaternary layer for type A, B, C, and D in Fig.
3.21. In this calculation, each quaternary layer is equal in thickness. The
6, decreases as the layer thickness decreases. The FWHM of the 8, is
typically in the range of 20-30 when the width of the active layer is 2 pm.
The quaternary layer thickness of 20 nm gives the 6, of 20-30.
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Fig. 3.23 FWHM of FFP perpendicular to the junction plane for Type A, B, C, and D.

Of course, single lateral mode has to be realized. In BH structure, cut-off
width for higher lateral mode is given by

A

2,/n§ﬁ— n2

where n.g is the effective refractive index of the active region, n; is the
refractive index of the surrounding layer, and A is the wavelength. The
higher order cut-off width is approximately 2 um for 1480 nm lasers.

W, =

3.3.7. HIGH POWER OPERATION

As a result of high differential quantum efficiency resulting from high
internal quantum efficiency and low internal waveguide loss described in
the previous section, high power operation can be achieved in BH GRIN-
SCH QW lasers.

The dependence of the light output power on the cavity length is shown
in Fig. 3.24. The maximum light output power increases with cavity length.
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Fig. 3.24 Light output power versus injection current characteristics of 1480 nm laser
for various cavity lengths. Maximum light output power increases with increase of cavity
length. Light output power of 500 mW is obtained. Both low thermal resistance and low
electric resistance help to increase the roll-over current level.

An ultra-high light output power of 500 mW is obtained for a 1.5 mm-long
device. The SCH layer consists of two-step GRIN of 1.2 um-Q(20 nm)/
1.1 um-Q(20 nm) (Type D structure). The lasers were coated with AR (8%)
and HR (95%) coatings and were bonded with junction down configuration.
The FWHM of the FFPs parallel and perpendicular to the junction plane
were 20 and 25 degrees, respectively, at a light output power of 100 mW
(Fig. 3.25).

Highly reliable operation must be achieved as with conventional FP
and DFB lasers because optical fiber amplifiers are used for long-haul
trunk line and submarine optical communication systems. Output power
of pumping lasers is extremely high as compared to conventional signal
lasers. Reliability tests under high temperature and high output power have
to be investigated. Figure 3.26 shows the aging test result at high power
conditions for 800 um-long lasers. The aging test has been performed at
35°C, 60°C under automatic power control mode. The output power is
set to be 80% of the maximum output power at the given temperature,
determined by the thermal rollover, which is 180 mW at 35°C and 120 mW
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Fig. 3.25 FFPs vertical and parallel to the junction plane for a 1480 nm BH laser
at 100mW A narrow and circular output beam is obtained for well-designed waveguide
structure.
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Fig. 3.26 Aging test results for 1480 nm lasers under high temperature and high
power No appreciable change in driving current is observed. Highly reliable operation
can be achieved.
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at 60°C. Stable operation has been confirmed after 20,000 hours without
appreciable increase of driving current. The activation energy of 0.62 eV
is derived from various aging test conditions. Extremely high reliability
of 100 million hours as a mean time to failure (MTTF) is estimated at an
output power of 150 mW, which corresponds to the module output power of
120 mW (reasonable coupling efficiency into an SMF of 80% is assumed).
Highly reliable operation under higher light output power is obtained using
long cavity lasers more than 1 mm.

3.4. 980 nm Lasers

3.4.1. LASER STRUCTURE

The noise figure of a fiber amplifier pumped by 980 nm wavelength is lower
than that of fiber amplifiers pumped by 1480 nm wavelength, making it very
attractive for practical applications.

Material candidates for 980 nm lasers are compressively strained InGaAs
quantum wells for the active layer, while for the cladding layer there is a
choice of conventional AlGaAs [18-22] layer or novel InGaP [23] layers.
The use of InGaP cladding layer material might have the advantage over
AlGaAs in terms of less oxidized property and slow surface recombination
velocity, which are thought to be effective methods for suppressing COD.
Either MOCVD or MBE is used or epitaxial growth.

As mentioned previously, transverse-mode stabilized laser structure is
used for efficient coupling to SMF. Ridge waveguide structure is widely
used as shown in Fig. 3.27. This laser structure is grown by MOCVD.
Recently, other laser structures such as buried ridge waveguide structure
and self-aligned-structure (SAS) have been investigated [24].

First, 980 nm ridge waveguide laser is explained. The active layer is
made up of double InGaAs compressive-strained quantum wells separated
by a GaAsP tensile-strained barrier layer to realize strain compensation.
The ridge width is around 4 pm. The ridge is formed by wet chemical etch-
ing. The ridge width and off-ridge height have to be controlled precisely
for stable lateral mode operation. As with 1480 nm lasers, highly reliable
operation is required. One of the key items for high reliability operation is
to overcome the COD. Detailed explanation for COD is found in Ref. [4].
Key technology for this is facet passivation [25]. Several approaches have
been reported; cleavage laser bars in the ultra-high-vacuum atmosphere
and in-situ facet passivation, facet passivation using high thermal
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Fig. 3.27 Schematic diagram of a 980 nm ridge waveguide laser Ridge width around
4 um is used for stable lateral mode operation. InGaAs/GaAsP Al-free strain-compensated
QWs are used for highly reliable operation at high output power. AR/HR asymmetric facet
coatings are used for high output power from front facet.

conductivity material, and formation of so-called “window structure” near
the facet.

The self-aligned structure (SAS), shown in Fig. 3.28, is the other can-
didate for high power operation. In the first growth, DH structure, which
includes the first cladding layer and current blocking layer, is prepared.
After etching the current blocking layer, the second cladding layer and
contact layer are grown in the second growth. Because the etching has to
be stopped above the active layer, an etch-stopping layer is introduced for
better controllability. In general, overgrowth on Al-containing layer is very
difficult; either GaAs or InGaP, lattice matched to GaAs, is used as the
surface layer to avoid the oxidation. In addition, regrowth of the second
AlGaAs cladding layer on the AlGaAs first cladding and current block-
ing layers has to be investigated carefully for high reliability. The lateral
optical confinement can be controlled by a refractive index step between
center channel and outer regions. The thickness of the first cladding layer
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Fig. 3.28 Schematic diagram of a 980 nm self-aligned structure laser The channel
width (bottom width) is 2.2 pm.

and composition of first cladding, second cladding, and current blocking
layers are the parameters to control the refractive index step. The refractive
index difference is set to be around 3.5 x 1073 under a channel width of
around 2 um.

3.4.2. LASER CHARACTERISTICS

Light output power versus injection current characteristics is shown in
Fig. 3.29 for a 980 nm ridge waveguide laser with 1500 um-long cavity.
Light output power more than 600 mW is achieved with a slope efficiency
as high as 0.94 W/A. FFP parallel to the junction plane is also shown
in Fig. 3.29 at various output powers. Stable lateral mode operation up
to 500 mW is confirmed, however, “beam steering” is observed at higher
output power. Although output beam is elliptical, high coupling efficiency
into an SMF is achieved by optimizing a coupling scheme. Using wedge-
shaped fiber that is specially designed for beam shape, coupling efficiency
as high as 80% was achieved.
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Fig. 3.29 Light output power versus injection current characteristics for a 1500 mm-long
980 nm laser. Light output power over 500 mW is obtained. Kink current is 700 mA in this
case. FFPs parallel to the junction plane are also shown at various output powers. Stable
single-lobe FFP is obtained up to 500 mW. “Beam steering” phenomenon is observed at
550 mW for this device.

Note that highly stable lateral mode operation has to be realized. FFP
perpendicular to the junction plane is almost determined by the layer
structure, and it is very stable for QW laser structure. However, FFP parallel
to the junction plane depends on a lateral confinement scheme, i.e., buried
heterostructure, ridge waveguide structure, and so on. A BH laser provides
strong optical confinement (strong index guiding; index step in the order of
several %), therefore, refractive index change (decrease of refractive index
of the active layer induced by plasma effect) does not affect the FFP. How-
ever, ridge waveguide structure provides weak optical confinement (weak
index guiding; index step in the order of 10~3), so lateral FFP could change
due to the temperature rise in the active layer and carrier distribution, which
can cause the so-called “beam steering.” The beam steering phenomenon is
shown in Fig. 3.29. FFP parallel to the junction plane remains single-lobe,
however, peak position shifts slightly. A slight change in FFP degrades
the coupling efficiency dramatically and a large “kink” in the L-I curve is
observed.

Long-term aging results are shown in Fig. 3.30 under condition of 60C,
250 mW. No appreciable change in driving current has been observed after
5000 hours. SAS lasers also can provide high power operation with highly
reliable operation.
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Fig. 3.30 Aging test results for 980 nm lasers under high temperature and high power
No appreciable change in driving current is observed. Highly reliable operation can be
achieved by use of proper facet passivation.

3.5. Laser Modules

Figure 3.31 shows a photograph of the 1480 nm package. It consists of a
laser, a back monitoring photodiode, a thermistor, a thermoelectric cooler,
and lens. Two lenses, collimating and focusing lenses, are used for the
coupling into the SMF. A very high coupling efficiency of 80% is obtained
by optimizing the coupling scheme. When a ridge waveguide structure
laser, which has an elliptical beam profile, is used, lensed fiber is used for
high coupling efficiency.

The characteristics of 980 nm and 1480 nm laser modules are described.
Light output power versus injection current characteristics for 980 nm and
1480 nm laser modules are shown in Fig. 3.32 and Fig. 3.33, respectively.
Very high coupled powers of 300 mW are used for both 980 nm laser module
and 1480 nm laser module.

Several types of laser modules have been fabricated for WDM appli-
cation. Wavelength stabilized laser module is one example. Lasing wave-
length can be stabilized by use of fiber Bragg grating. In general, lasing
wavelength of FP lasers shifts to longer wavelength with a temperature
coefficient of 0.5 nm/degree in the 1480 nm wavelength. By using a fiber
Bragg grating with narrow pass band, stable lasing wavelength for both



Fig. 3.31 Photograph of a 1480 nm pig-tailed laser module Compact size (30 mm
(L) x 13 mm (W) x 8 mm (H)) packaging is widely used. Over 300 mW coupled power is
obtained.
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Fig. 3.32 Light output power versus injection current characteristics for a 980 nm pig-
tailed laser module. A coupling efficiency of approximately 75% is obtained using a lensed
fiber. Over 300 mW coupled power is obtained.
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Fig. 3.33 Light output power versus injcction current characteristics for a 1480 nm pig-
tailed laser module. A coupling efficiency of approximately 85% is obtained.

current and temperature can be achieved. Especially, high power, wave-
length stabilized laser modules in the 1420-1520 nm wavelength range are
attractive as pumping sources for Raman amplification.

3.6. Future Prospects

The history for power improvement in narrow stripe (single lateral mode op-
eration) 1480 nm lasers is shown in Fig. 3.34. Drastic power improvement
has been achieved by technological innovations such as the introduction
of quantum well active and strained-layer quantum well active layers. By
using a strained-layer quantum well active layer, maximum output power
of about 500 mW was achieved.

The importance of the temperature dependence of the output charac-
teristics of 1480 nm is shown in Fig. 3.35. Here, two kinds of active layer
materials, conventional GalnAsP and AlGalnAs, are used. Due to the differ-
ence of the so-called characteristic temperature, T, lasers with AlGalnAs
active layer can provide higher output. Similarly, lower thermal resistance
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Fig. 3.35 Calculated light output power versus injection current characteristics for
1480 nm lasers AlGalnAs active layer on InP substrate is the possible candidate to get
higher power operation. This is due to the temperature insensitive threshold current and
quantum efficiency. The reduction of thermal resistance can improve the light output power.
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can improve the output drastically. This is because longer wavelength laser
is influenced by the poor temperature characteristics due to the Auger
recombination and other nonradiative recombination. New technological
innovations such as novel active layer structure and some consideration for
active layer material can lead to further output power improvement in the
future. Other material candidates, for example, GalnNAs quantum wells
on GaAs substrate, are promising due to excellent temperature character-
istics, even though much attention has to be paid for the realization of high
crystalline quality for highly strained material over 2%. Lower dimensional
quantum well structure such as quantum dot is also promising.
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Appendix

OPTICAL CONFINEMENT FACTOR

Optical confinement factor I' is the very important parameter that describes
the laser action as given in the content. It is derived from Maxwell’s equation
for the multi-layer waveguide. The calculation model of the multiplayer
waveguide structure is shown in Fig. 3.36. x- and y-axes are perpendicular
and parallel to multilayers, respectively. Optical field propagates along the
Z-axis.

In lattice-matched and compressive-strained MQW lasers, lasing mode
is fixed to be transverse electric field (TE) mode, where electric field £
has only y-component and magnetic field H for y-direction is zero, i.e.,
E =(0,E, 0)and H = (H,, 0, H;). Thus the Maxwell’s equation for TE
mode can be given as

1 OE,
Hy=— —, (A.1)
iwy 92
1 0E,
Hy=—— =2, (A2)
iwpg 0x
aH, 0H,
= — — =iwkE,, (A.3)

a3z ax
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Fig. 3.36 Multi-layer waveguide structure for the calculation of the optical confine-
ment factor A; and B; corresponding to the amplitude of electric field propagating
upward and downward, as appeared in the equation, are computed with the boundary con-
ditions of the continuity of electric and magnetic fields.

where w, &, o are angular frequency of propagated light, permittivity, and
permeability in vacuum, respectively. Assuming z-dependence of E, as
exp(—ipz) with propagation constant of 8, we can obtain

Py + (kgn* ~ BHE, =0 (A4)
dx?2
where 7 is the refractive index. kg is defined by using the relationship of
e = gon? as
0
2m\?
k2 = e = (T) . (A.5)

From Eq. (A.4), electric field E, can be given by using constants A and B
as

E, = Aexp(—iyx) + Bexp(iyx), (A.6)
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where y is defined as

y = \/kgn* — B2 (A7)

Substituting Eq. (A.6) into Eq. (A.2), H, is expressed as

H {—iy Aexp(—iyx) + iy B(iyx)). (A.8)

=

iwpg

Equations (A.6) and (A.8) are consistent in each layer. Boundary conditions
for the jth layer are the continuity of both £, and H, at the boundaries with
the (j — D)th layer and (j + )th layer, i.e. x = x;_; and x = x;. We must
consider one interface because another one can be the boundary condition
for the adjacent layer. Here, we consider the interface at x = x;_;. The
boundary conditions are

Ajexp(—iy;xj—1) + Bjexp(iy;jxj-1)
= Aj_exp(—iyj_i1x;—1) + Bj_1exp(iy;—1x;-1), (A9)
vil—Ajexp(—iyjx;—1) + Bjexp(iy;jx;-1)}
= yj-t{~Aj_rexp(—iyj_1xj-1) + Bj_1exp(y;—1x;-1)},
where j means that the parameter is for material of the jth layer. This
equation can be simplified by using the matrix formula as

Aj Aj_
Mlj( f):sz_l( / ‘), (A.10)
Bj Bj_l
where M1; and M2; are defined as

exp(—iy;xj_1) exp(iyjxi_1)
Mljz( p ViXj-1 pyj-Il)’

—yjexp(—iyjxj—1) vjexp(iy;x;-1)
(A.11)

exp(—iy;x;) exp(iy;x;)
M2, __:( P VJ' j p 'J j .
—yjexp(—iy;jx;) vjexp(iy;x;)

Then, we can obtain

A, Ay
=M;_ 12
(Bj) Mj I(Bj_]>’ (A )
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and the matrix M; is defined as
Mj =M} \M2;. (A.13)

Consequently, (A;, B;) for electric field with any j can be obtained by

using
Aj Ag
=M;_1M;_»... M . A.14
(B,-) 1M O(BO) (A.14)

Assuming the total number of layer is N, Ag and By must be zero. Then
we can obtain

ANy1 = M2 By, (A.15)
0 = My, By, (A.16)
where
M M
< 1 ‘2) = MyMy_ ... M. (A.17)
My My

From Eq. (A.15), By # 0 is required. Therefore, it is satisfies Eq. (A.16)
that M>; must be zero. The propagation constant b that results in My; =0
is the solution of this waveguide. Here, if we assume that the Oth layer is
the infinite cladding layer, M, can be approximated to be unity. After 8 is
computed, we will know any electric field E, by substituting the obtained 8
into Eq. (A.14). The optical confinement layer I (N, I"sow) will be obtained
by

 JowlEsPax

== (A.18)
[ |Ey |2 dx

where the numerator means summation of the integration for all QWs and
the denominator is the normalization factor.
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This chapter gives an overview of tunable laser diodes that are at this writing
(autumn 2001) considered suitable for applications in wavelength-division
multiplexed (WDM) fiber optic communications. For a more comprehen-
sive review of tunable laser diodes, the reader is referred to the book by
Amann and Buus [1].

Most of these tunable lasers consist of a longitudinal integration of sec-
tions with different functionality. Typically, one has an active section pro-
viding the optical gain for the laser oscillator, one or more filter sections with
a(tunable) frequency selective transmission or reflection characteristic, and
a phase shifter section for fine-tuning of the cavity resonance frequencies.

Lasers in which the frequency selection and tuning functions are ex-
ternal to the semiconductor structure are discussed separately. Typically,
the frequency selectivity in an external cavity tunable laser is provided by
an external diffraction grating, which reflects only a small fraction of the
optical spectrum back into the semiconductor optical amplifier (SOA) sup-
plying the gain (cf. Chapter 8 in [ 1]). The center frequency of the light that is
reflected back into the SOA can be tuned by rotating the diffraction grating.

In the first section of the chapter, the relevant physical mechanisms en-
abling electronic control of the emission frequency of a monolithic semi-
conductor laser are presented. Next, we run through the main requirements
posed on tunable lasers for WDM applications. The remaining sections
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present various types of tunable lasers, beginning with the basic integrated
tunable laser, the distributed Bragg reflector (DBR) laser, followed by more
advanced DBR-type lasers with wider tuning range, such as the sampled or
super-structure grating DBR laser or the grating coupler with sampled re-
flector laser. Another section deals with mechanically tuned lasers, which
include external-cavity lasers and vertical-cavity surface-emitting lasers.
We also look at selectable sources and arrays, which provide an alternative
to tunable lasers. Finally, we address the integration of additional func-
tions such as modulation, amplification, and wavelength control, and we
conclude the chapter with a comparison of the various technologies.

4.1. Electronic Frequency Control

Figure 4.1(a) shows a simplified equivalent circuit of a laser oscillator.

For laser operation at a frequency v two requirements need to be fulfilled
simultaneously: the roundtrip cavity gain G(v) should be unity and the
roundtrip phase ¢ (v) should be an integer multiple of 2.

Gy)=1
® 4.1)

2wy
=—2 L, =2nk
o) = — Zn; ,=2n

Here c is the speed of light in vacuum. The summation over / represents the
optical length of the laser cavity, i.e., the sum of the optical lengths of the
different concatenated sections, where the optical length of a section / is
defined as the product of the physical length L; with the effective refractive
index n;.
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Fig. 4.1 Simplified representations of a (tunable) laser oscillator: equivalent circuit (a)
and block diagram showing the concatenation of active (gain), phase shifter, and filter
sections (b).
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We assume for simplicity that the roundtrip cavity gain G can be written
as the division of a frequency-independent gain factor A by a frequency
dependent loss factor H(v) (Fig. 4.1(b)).

G() 4.2)

~ H(v)
The phase condition defines a set of discrete frequencies vy, the so-called
cavity modes. The laser will oscillate at the frequency v, among this set
of frequencies, which requires minimal pumping of the laser to fulfil the
gain condition G(v,) = 1, i.e., the cavity mode frequency v, for which
the loss H(v,) is minimal. The emission frequency can be tuned either by
changing the frequency of minimal cavity loss A or by shifting the set of
frequencies vg, which requires altering the roundtrip phase condition. Both
mechanisms are illustrated in Fig. 4.2.

If the frequency of minimal loss is adjusted while maintaining a pre-
set roundtrip phase, the lasing frequency at first remains fixed at v,
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Fig. 4.2 Two basic mechanisms to tune the emission frequency of a laser: changing the
frequency of minimal cavity loss (a) and/or changing the roundtrip phase (b). In (a) the
lasing mode hops from one cavity mode frequency v, to the next as the loss minimum
is tuned. In (b) the cavity mode frequencies v; change continuously. The lasing mode is
the longitudinal mode with lowest roundtrip loss, i.e. the cavity mode that falls within the
shaded region.
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(Fig. 4.2(a)). The gain level A adapts automatically to compensate for the
varying losses H (v,), such that the gain condition continues to be fulfilled.
At a certain point, though, an adjacent cavity mode (mode n + 1) will
experience a lower loss and the oscillation frequency will jump to that
mode.

Alternatively, the optical length of the cavity can be adjusted, which
shifts the position of the cavity modes in a continuous manner (Fig. 4.2(b)).
Accordingly, the oscillation frequency will also change continuously, albeit
within a limited range. Because of the gain condition, the tuning range is
limited to a range centered on the frequency of minimal loss with a width
equal to the mode spacing Av = v, —v,_ (indicated by the shaded area in
Fig. 4.2(b)). When the emission frequency reaches the edge of this range,
it jumps discontinuously to the cavity mode at the other edge.

In a tunable laser the three principal functions are providing optical
gain, tunable frequency selective filtering, and changing the optical length
of the cavity to achieve phase resonance at the appropriate frequency. This
is illustrated by the block diagram in Fig. 4.1(b). Note that in practice the
different functions cannot always be entirely separated. Tuning the loss
minimum will, for example, often also affect the roundtrip phase. In the
following paragraphs, we briefly describe the physical mechanisms that
can be used to electronically tune the filter transfer function or the phase
resonance frequencies.

In optical filters, two types of parameters govern the filter transfer func-
tion: the physical dimensions and the refractive indices of the different
elements that make up the filter. The same applies to the roundtrip phase
condition, as can be seen from Eq. (4.1). For monolithically integrated
lasers no change of any mechanical parameter can be used for tuning. This
only leaves the effective refractive index of the optical waveguide as a
tuning parameter.

Figure 4.3 shows a cross-section of a typical InGaAsP/InP waveguide,
as is used in various laser structures. For application in the tuning sections,
the bandgap energy E, (= Ec — Ev) of the quaternary InGaAsP matenial is
chosen sufficiently larger than the energy 2 v of the photons generated by the
laser, such that the material is transparent for these photons. The effective
refractive index can be seen as a weighed average of the refractive indices
of the different layers that build the waveguide. The weight of a certain
layer’s refractive index is related to the fraction of the optical power of the
waveguide mode that is confined within this layer. Thus, the effective index
is a function of the refractive indices of the different layers that build the
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Fig. 4.3 Typical InGaAsP/InP waveguide structure with energy band diagram, refractive
index profile, and intensity distribution of the waveguide mode. The core InGaAsP layer
has both a higher refractive index, yielding optical confinement, as well as a lower band-gap
energy (E, = E¢c — Ev), yielding confinement of injected carriers.

optical waveguide and their physical dimensions. Electronic variation of the
refractive index of any of these layers, e.g. the InGaAsP core layer, yields a
change of the effective refractive index of the waveguide. If this waveguide
is part of an optical filter, the frequency of maximal transmission/reflection
of the filter will vary accordingly. If, on the other hand, the waveguide is
part of a phase shifter section, then the optical length of this section will
change and the phase resonance frequencies will move.

In practice, three physical mechanisms can be used to change the refrac-
tive index of a semiconductor: injecting free carriers, applying an electrical
field, and changing the temperature.

4.1.1. CARRIER-INDUCED INDEX CHANGE

In the InGaAsP/InP double heterostructure waveguide as depicted in
Fig. 4.3, the undoped InGaAsP core layer is sandwiched between a p-doped
and an n-doped InP cladding layer. If the resulting p-i-n diode is forward-
biased, majority carriers flow from the doped cladding layers to the undoped
core layer (holes from the p-doped layer, electrons from the n-doped layer).
Because of the higher bandgap of the InP cladding layers, the injected car-
riers are confined to the InGaAsP layer and thus high hole densities P and
electron densities N can be attained (N = P because of charge neutrality).
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The injected electron-hole plasma is the source of a number of effects
influencing the refractive index [2-3].

Band-Filling

The injected electrons occupy the lowest energy states in the conduction
band, just as the injected holes fill the states in the valence band closest
to the band edge (which is the same as saying that electrons are removed
from the upper energy states in the valence band). Consequently, on average
higher photon energies hv are required to excite electrons from occupied
energy states in the valence band to empty energy states in the conduction
band. This causes a reduction of the absorption coefficient a(v) (i.e., the
material absorption per unit length) for photon energies hv slightly above
the nominal bandgap energy.

Bandgap Shrinkage

Electron—electron interactions at the densely populated states at the bottom
of the conduction band reduce the energy of the conduction band edge E¢.
A similar correlation effect for holes increases the energy of the valence
band edge Ey. The sum of these effects causes a bandgap shrinkage, which
lowers the minimum photon energy for which significant absorption occurs.

Free-Carrier Absorption (Intra-Band Absorption)

A free carrier can absorb a photon and move to a higher energy state within
a band. The excess energy is released in the form of lattice vibrations as
the carrier relaxes toward its equilibrium state,

Inter-Valence Band Absorption

For holes, another important absorption mechanism exists: inter-valence
band absorption (IVBA). In this case, transitions occur between the heavy-
hole valence band and the spin-orbit split-off valence band [4-5].

Through the combination of these effects, the absorption as a function of
the photon frequency «(v) changes significantly with carrier density. The
absorption coefficient is proportional to the imaginary part of the refractive
index n”.

a(v) = —2?#’(1}) 4.3)
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Because changes in the imaginary part (An") and the real part (An’) of the
refractive index are linked through the Kramers-Kronig relations,

2 [e o] /A " / N [e o] A /
An'(v) = —P/ VARQW) jy o € P/ (V)
T Jo vZ—w? 272 J,

these effects also yield a change in refractive index, even at photon energies
below the bandgap. It appears that for typical carrier densities
(~10" cm™3), and for photon energies sufficiently (~0.1 eV) below the
bandgap energy, the refractive index decreases linearly with the carrier
density N [3].

Y (44

/ /

9
W (N) = nj + 5%1\/ with - <0 (4.5)

Normal values for dn’'/d N at frequencies around 193 THz (wavelengths
around 1.55 pm) are on the order of — 1029 cm3. The effective refractive
index n.y of the waveguide obviously also decreascs linearly with carrier
density.

n/

aN N (4.6)
Here I' is the optical confinement factor of the mode propagating along
the waveguide, i.e., the ratio of the mode power in the corc layer to the to-
tal mode power (see e.g. [1]). Through careful design of the core material
composition, the core dimensions, and the cladding doping, effective index
variations up to —0.04 can be achieved [3].

Unfortunately, at the same time the absorption losses in the core layer
increase linearly with carrier density, mainly due to free-carrier and inter-
valence band absorption (for the same photon energies of about 0.1 eV
below the bandgap). The coupling between changes in the real and the
imaginary part of the refractive index (at a particular photon frequency v)
is commonly described by means of the linewidth-enhancement factor (also
called chirp parameter, or alpha factor).

Reff(N) = nego+ T

_an'/oN 227rv An’

5 = 4.7
an" JON c A«

oy =

A typical value for InGaAsP material with a bandgap wavelength of 1.3 um
in the 193 THz frequency range is —20. Because the loss and (effective)
index changes of the waveguide both scale with the confinement factor, the
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alpha factor of the waveguide equals the alpha factor of the core material
(except for certain extreme cases).
The carrier density N is determined by the current / through the forward-
biased hetero-junction, as described by the carrier density rate equation.
AN _ T _ (AN +BN?+CNY) (4.8)
dt gLwd
Here ¢ is the electron charge and L, w, and d are the length, width, and
thickness of the core respectively. The terms between brackets describe the
nonradiative, radiative, and Auger recombination processes respectively.
Because the injected electron-hole pairs recombine, a sustained current
must be applied to the tuning section in order to maintain a certain carrier
density. The injection-recombination process has a time constant in the
nanosecond range, which limits the tuning speed.

Another disadvantage is the parasitic heating of the waveguide due to the
nonzero series resistance of the tuning diode (Joule heating) and the non-
radiative recombination processes. The resultant thermal tuning partially
counteracts the carrier-induced tuning (see Section 4.1.3). If very accurate
tuning is required, the thermal effects will reduce the tuning speed. Indeed,
because of the large time-constants of thermal processes (ranging from
microseconds to milliseconds), it will take a long time before the refractive
index has completely stabilized.

4.1.2. ELECTRIC-FIELD-INDUCED INDEX CHANGE

In bulk III/V-semiconductors, the electric-field dependence of the absorp-
tion and the refractive index is rather weak. Two effects change the re-
fractive index when an electric field is applied: the linear electrooptic (or
Pockels) effect and the quadratic electrooptic (or Franz-Keldysh) effect
[6-7]. Typical strengths for both effects in InGaAsP material, at photon
energies below the bandgap, are [7]

Anpockels & —3 - 10—llm/v - €

4.9
Anpg =~ +1-1078m?/v? . £2 @9
Hence, these effects counteract each other and even with a strong applied
field (¢ ~ 107 V/m) the refractive index change is only on the order of 104,

However, in multiquantum well (MQW) structures these changes are
greatly enhanced by the quantum confined Stark (QCSE) effect [8-9].
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Fig. 44 The quantum confined Stark effect. By applying an electric field & perpendicular
to a quantum well structure (a), the band edges are tilted (b). Consequently, the electron
and hole wavefunctions are shifted with respect to each other and their cnergy diffcrence
(i.e. the effective bandgap energy) is reduced [1, 8].

In this case, the core of the tuning waveguide consists of a number of
thin “well” layers (a few nanometers thick) with low bandgap, separated
by thicker “barrier” layers with higher bandgap (Fig. 4.4). In the narrow
potential wells quantization effects occur: the conduction and valence band
are split up into a number of sub-bands. The effective bandgap energy, i.e.,
the energy difference between the first order sub-bands in conduction and
valence band, is larger than the bandgap of the corresponding bulk material.

If an electric field is applied perpendicular to the quantum wells, the
band edges are tilted. Consequently, the electron and hole wavefunctions
are shifted with respect to each other and their energy difference (i.e., the
effective bandgap energy) is reduced. This also shifts the absorption edge to
lower frequencies and thus modifies the refractive index, even at frequen-
cies below the absorption edge, as can be seen from the Kramers-Kronig
relation (Eq. 4.4). Of course, significant changes of the refractive index
only occur for photon energies near the bandgap energy, where significant
absorption also occurs. Hence, a careful adjustment of the laser frequency
and quantum well structure is required. The refractive index changes are
normally on the order of 1073 to 1072, depending on how close the laser
wavelength is to the bandgap wavelength of the quantum well. The chirp
parameter « g is usually only about 10 {10]. Using more complicated quan-
tum well structures, consisting of two asymmetric coupled quantum wells,
somewhat larger refractive index changes are achievable with a higher alpha
factor and therefore lower losses [11-12].
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What matters for applications in tunable lasers is the change in effective
refractive index of the waveguide (Eq. 4.6). Because quantum wells are
very thin, the optical confinement I" in a single quantum well is low (only a
few percent). By stacking a number of quantum wells separated by barrier
layers into a multiquantum well (MQW) structure, the confinement factor
is roughly multiplied by the number of wells. Nevertheless, even then the
confinement is still much lower than in the bulk waveguide core that is
used for the carrier-induced tuning (0.1-0.2 versus 0.4-0.7), because a
significant part of the mode field is located within the barrier layers. Thus,
the maximum effective index change that can be achieved with electrooptic
effects is only about 2 - 1073,

On the other hand, electric-field-induced tuning also has some advan-
tages. Just as the bulk waveguide core used for carrier-induced tuning, the
(undoped) MQW structure is placed between a p-doped and an n-doped
cladding layer. In order to apply a strong electric field to the MQW, the p-
i-n diode is now reverse-biased, which means that almost no current flows
and no extra heat is generated. Furthermore, no carrier concentrations have
to be built up, so the tuning can be almost instantaneous. The tuning speed
is only limited by parasitic capacitances and inductances and the rise time
can be on the order of a few tens of picoseconds.

4.1.3. THERMALLY-INDUCED INDEX CHANGE

The refractive index of 11I/V-semiconductors also exhibits considerable
temperature dependence. A well-known rule of thumb is that the emission
wavelength of a single-mode InGaAsP/InP laser emitting in the 1550 nm
(193 THz) region increases with temperature at a rate of approximately
0.1 nm/K [13]. Accordingly, the temperature coefficient of the refractive
index dn’/dT is about 2 - 10~ K~!. Notc that with thermal tuning the
confinement factor is always 1, because both core and cladding of the
waveguide are heated. Heating the entire laser, however, has the disad-
vantage that the threshold current increases and the differential efficiency
(change in output power per unit change in drive current) decreases. More-
over, driving a laser at high temperatures for longer periods reduces the
lifetime of the device. Hence, the temperature variation usually has to be
limited to a few tens of degrees.

If the heating is only applied to the tuning section(s) of the laser, and
the thermal isolation is sufficient to avoid excessive heating of the active
section, higher temperatures can be accepted. Usually resistive heating
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is used. In practice this is done by reverse-biasing the tuning diode as
described in Section 4.1.1 [14], by integrating a resistor in the top InP
cladding layer [15], or by placing thin-film resistive heaters on top of the
waveguide [16]. A major advantage of this method is that the heating only
has a limited influence on the absorption losses in the tuning waveguide,
yielding a high alpha parameter. Probably the largest drawback of thermal
tuning is the slow response speed, which can range from microseconds to
milliseconds.

Some heat is also generated when carrier-induced tuning is used, due
to the nonzero resistance of the tuning diode and the nonradiative recom-
bination processes (see Section 4.1.1). It should be noted that the carrier
effects decrease the refractive index, whereas the thermal effect increases
the refractive index. This ultimately limits the tuning range achievable
using carrier injection. At low tuning currents, the carrier-induced refrac-
tive index change is dominant and the refractive index decreases. At some
point, though, the thermal tuning efficiency becomes larger than the carrier-
induced tuning efficiency, since carrier density increases sub-linearly with
current (see Eq. (4.8)), whereas the temperature increases super-linearly
with current. If the current is raised beyond that point, the refractive index
slarls to increase again.

4.1.4. COMPARISON OF TUNING MECHANISMS

The tuning mechanisms are compared in Table 4.1, which summarizes
the typical parameter values mentioned in the preceding paragraphs. The
electric-field-induced tuning has the advantages of low power consumption

Table 4.1 Comparison of the Physical Mechanisms for
Electronic Refractive Index Variation, Quoting Typical
Parameter Values [1]

Parameter Carriers Electric Field  Temperature
An’ —0.05 —0.01 0.01

r 0.5 0.2 1

Angy -0.025 —0.002 0.01

oy —20 —10 Large
3-dB bandwidth 100 MHz >10 GHz <1 MHz

Power consumption Large Negligible Very large
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and very high tuning speed, but on the other hand, only small effective
index changes are achievable, with considerable absorption losses. Thermal
tuning yields larger index changes and is the easiest to implement, but it
requires a very high electrical input power and has a low response speed.
At present, the preferred mechanism seems to be carrier-induced tuning,
which has so far yielded the largest tuning ranges, at reasonable tuning
speeds (if the parasitic thermal effects can be neglected), yet at the cost of
considerable power consumption.

4.2. Characteristics of Tunable Lasers

4.2.1. TUNING RANGE—TUNING ACCURACY

The frequency tuning range is naturally the first property by which a tunable
laser is evaluated. When tuning ranges of different lasers are compared,
care has to be taken though that comparisons are made on the same basis.
Normally three different types of tuning are distinguished: continuous,
discontinuous, and quasi-continuous tuning. Figure 4.5 illustrates the basic
frequency versus control current (or voltage) characteristics for these tuning
schemes.

Continuous Tuning

Continuous tuning is the ideal scheme from a practical point of view
(Fig. 4.5(a)). The laser frequency can be tuned smoothly, in arbitrarily small
steps, by adjusting a single control parameter (or multiple control param-
eters, provided there is a 1-to-1 relation between any two of these parame-
ters). Continuous tuning over a small range can, for example, be achieved by

(a) (b) ()

Continuous Discontinuous Quasi-continuous

Frequency
Frequency
Frequency

~

~
Control current /voltage 2

N
ol S
."‘ R -7

Controt current / voltage Control current/voltage Control current/voltage 1

Fig. 4.5 Emission frequency versus control current(s) or voltage(s) for continuous (a),
discontinuous (b) or quasi-continuous tuning (c).
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merely adjusting the optical length of the cavity, without changing the fre-
quency of minimal roundtrip loss (Fig. 4.2(b)). In that case, the continuous
tuning range is limited to somewhat less than the cavity mode spacing Av.

If the cavity modes and the frequency of minimal loss are tuned simul-
taneously, larger continuous tuning ranges are possible. In most tunable
lasers, however, this requires synchronized adjustment of at least two con-
trol parameters. Owing to the stringent requirement that the same cavity
mode has to remain the lasing mode across the entire tuning range, the
tuning range is smallest in the continuous tuning scheme. The present
record value is about 13 nm or 1.6 THz for lasers emitting in the 193 THz
frequency region [17]. On the other hand, for the longitudinally integrated
tunable lasers that will be described further on, the continuous tuning range
is usually limited to a few 100 GHz [18].

Discontinuous Tuning

Larger tuning ranges can be achieved if sudden, discontinuous frequency
changes are allowed for. An example was already given in Fig. 4.2(a).
When the frequency of minimal roundtrip loss is tuned without adjusting
the roundtrip phase, the emission frequency initially remains constant. Only
when a cavity mode adjacent to the lasing mode experiences a lower loss
does the laser frequency jump to this adjacent mode. In practice the tuning
of the loss minimum is always accompanied by some tuning of the cavity
modes, as is illustrated in Fig. 4.5(b).

Here the tuning range is not limited by the tunability of a single longitu-
dinal mode, but rather by the tunability of the roundtrip loss minimum. An
upper limit is naturally also imposed by the bandwidth of the optical gain
in the active section of the laser. Nonetheless, if the active section consists
of a multiquantum well (MQW) structure, this bandwidth can be more than
100 nm (12.5 THz around 193 THz). Discontinuous tuning ranges of more
than 100 nm have indeed already been demonstrated [19-20].

Quasi-Continuous Tuning

Quasi-continuous tuning is achieved by joining overlapping continuous
tuning ranges in order to get full frequency coverage over a wider range.
Quasi-continuous tuning thus requires the adjustment of at least two control
parameters. The principle is illustrated in Fig. 4.5(c) for two controls. By
setting an appropriate combination of the two parameter values, the laser
can be tuned to any frequency within a wide range. Still, there is no 1-to-1



118 Gert Sarlet ef al.

relation between the two controls across the entire range, so there is no
possibility to tune smoothly from one frequency to any other frequency.
Continuous tuning is only achievable over the ranges corresponding to
individual control 2 versus control 1 curves. Referring to Fig. 4.2, quasi-
continuous tuning is for example accomplished by tuning a cavity mode
and the loss minimum synchronous over a range equal to the longitudinal
mode spacing, then resetting the cavity modes to their original locations,
and subsequently tuning the next cavity mode simultaneously with the loss
minimum, etc.

For dense wavelength-division multiplexing (DWDM) applications, a
typical requirement for the tuning range is complete frequency coverage
across the entire C-band (i.e., roughly from 192 to 196 THz) or L-band
(i.e., from 187 to 191 THz). With monolithically integrated tunable laser
diodes, this has so far only been achieved in the quasi-continuous tuning
regime (see e.g. [21-22]). With mechanically tuned lasers, described in
Section 4.5, truly continuous tuning is possible over such a wide range.
The number of frequency channels that can effectively be used in these
bands is mainly limited by the accuracy with which the laser can be tuned
to a particular channel. The present version of ITU-T Recommendation
G.692, “Optical interfaces for multi-channel systems with optical ampli-
fiers,” which contains specifications for WDM systems, proposes a channel
grid with 50 or 100 GHz channel spacing, anchored at 193.1 THz [23]. At
50 GHz spacing, about 80 channels would be available in both C- and L-
band. For these multi-channel systems, a frequency accuracy of +10% of
the channel separation is commonly required. Therefore, if one wants to
reduce the channel spacing by a factor N, the frequency accuracy has to be
improved by the same amount.

In the case of quasi-continuous tuning, the control of a tunable laser can
be quite complicated, because two or more parameters have to be adjusted
simultaneously to change the laser frequency. Therefore, the laser is usu-
ally built into a module containing a microprocessor and drive electronics
that allow easy, command-based control of the laser frequency and output
power. The set-points for the different frequency channels are stored in a
look-up table in an EPROM (erasable, programmable read-only memory).
When the laser has to be tuned to a particular channel, the microprocessoi
controller interprets the incoming command, reads the appropriate values
from the look-up table, and adjusts the control currents/voltages accord-
ingly. The initial frequency error is hence mainly limited by the accuracy
of the procedure that was used to generate this look-up table (assuming
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the current/voltage sources have ample resolution and are sufficiently
accurate). Some form of feedback control can also be applied to improve
the accuracy and stability of the emission frequency.

4.2.2. OTHER CHARACTERISTICS
Side Mode Suppression Ratio

Previously, we implicitly assumed that the laser was always emitting in a
single longitudinal mode. Still, this is only true if all cavity modes other than
the lasing mode experience a roundtrip loss that is sufficiently higher than
the roundtrip loss of the lasing mode. For applications in optical commu-
nication systems, this is an essential requirement because fiber dispersion
is proportional to the spectral width of the carrier wave, which means that
multi-mode operation would seriously limit the achievable transmission
distance. The spectral purity of a laser is quantified by the side mode sup-
pression ratio (SMSR), which is defined as the ratio of the power in the
dominant mode to the power in the strongest side mode. The SMSR is
usually expressed in decibels (Fig. 4.6). For telecom applications, a SMSR
of at least 30 dB, preferably even 40 dB, is required.

It was already mentioned that semiconductor lasers have a very wide
gain bandwidth (several THz). Because typical mode spacings are below
100 GHz (corresponding to a cavity length of 400 pm or more), this means
that without any filtering the laser may oscillate in more than one longi-
tudinal mode simultaneously. How this filtering can be implemented will
be illustrated in the following sections. Apart from designing a sufficiently
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Fig. 4.6 Definition of the side mode suppression ratio (SMSR): ratio of the power in the
main (lasing) mode to the power in the strongest side mode (usually expressed in dB).
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narrow intra-cavity filter, care also has to be taken that a cavity mode is
more or less aligned with the loss minimum of the filter (see Fig. 4.2).
Even with a filter bandwidth comparable to the mode spacing, one can still
get two-mode operation, namely in the case when the loss minimum lies
halfway between two cavity modes.

Output Power

For communication applications, a fiber-coupled power of a few mW is
needed. If tunable lasers are used as spares, or replacements, for fixed
wavelength single frequency lasers, they will have to satisfy the same power
requirements as these lasers. In addition, all of the tuning mechanisms
described in Section 4.1 not only change the refractive index, but also
to some extent the losses, so one has to consider the variation of output
power across the tuning range. These variations have to be kept as low as
possible, either by cleverly designing the laser or by adjusting the active
section drive current (e.g., by using some form of feedback control).

Linewidth

For many applications, the spectral linewidth is an important characteristic
of single-mode laser diodes, e.g., for coherent communication systems
using optical heterodyne detection. For coherent systems, a linewidth of
no more than a few MHz is required. However, for systems using direct
detection, the linewidth can be at least an order of magnitude larger. Of
course, a prerequisite for narrow linewidths is that the current and/or voltage
sources that drive the laser exhibit low noise levels.

In lasers that use the quasi-continuous or discontinuous tuning schemes,
the linewidth can vary significantly. The linewidth is relatively low as long
as the lasing mode and the loss minimum are more or less aligned, but
singularities in the linewidth arise at the mode boundaries, where frequency
jumps occur [24].

With respect to linewidth, the three tuning mechanisms behave quite
differently. Thermal and field-induced tuning have negligible effects on
the linewidth, provided the lasing mode coincides with the loss minimum,
However, when carrier-induced tuning is used, considerable linewidth
broadening is observed [25], more than can be expected from the classic
Schawlow-Townes-Henry theory [26] (even when taking into account the
broadening due to increased losses). This excess broadening is attributed to
injection-recombination shot noise in the tuning section(s) [27]. The shot
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noise of the carrier injection and recombination processes causes carrier
density fluctuations, which lead to refractive index and loss variations.
These in turn produce fluctuations of the instantaneous laser frequency that
finally lead to a broadened spectral line. This broadening can be avoided to
a large degree by using a voltage source (low internal resistance) instead of
a current source (high internal resistance) to bias the tuning section(s) [28].

4.3. Distributed Bragg Reflector Laser

After the distributed feedback (DFB) laser, the distributed Bragg reflector
(DBR) laser is the most common design for a single-mode laser diode [29].
The basic DBR laser consists of two longitudinally integrated sections: an
active section and a reflector section (Fig. 4.7). The waveguide core of
the active section has a bandgap matching the desired emission frequency
and hence provides optical gain if sufficient carriers are injected. The core
material of the reflector in contrast has a higher bandgap, such that the
material is transparent (passive) for the laser light. Along the reflector
section, a diffraction grating is embedded in the waveguide, yielding a
periodic modulation of the effective refractive index of the waveguide.

This grating can, for example, be obtained by periodically varying the
thickness of the waveguide core. The grating pattern is commonly defined
by a holographic process, in which a photo-resist layer is exposed by two
interfering beams of ultraviolet light. The angle of the beams is chosen such
that an interference pattern with period A is generated. Subsequently, the
resist is developed and the grating pattern is etched into the semiconductor
material. Finally, the etched grating structure is overgrown with the top
cladding layer, which has a higher bandgap and a lower refractive index
than the core layer. Because the effective index of the waveguide increases
with the thickness of the high-index core layer, it exhibits the same periodic
variation as the thickness of the core layer.

Distributed
Bragg Reflector

Active section

Pl

AR coating

Fig. 4.7 Longitudinal cross-section of a 2-section distributed Bragg reflector (DBR) laser.
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Because of the grating, the passive section reflects light back in a narrow
frequency band. This can be understood intuitively as follows. Every tooth
of the grating reflects a small amount of light. Reflections from consecutive
teeth of the grating have a phase difference that depends on the ratio of the
wavelength in the material A/ny to the grating period A. Here A = c/v is
the vacuum wavelength, ¢ is the speed of light in vacuum, and n is the aver-
age effective index. If the wavelength in the material equals twice the grating
period, successive reflections interfere constructively and a strong overall
reflection is obtained. This condition defines the Bragg frequency vg:

_ C
T 2n4(vp)A

If there is a mismatch between the frequency of the incident light and the
Bragg frequency, the reflection is much lower. To avoid interference be-
tween reflections from the grating and reflections from the end facet, an
anti-reflection (AR) coating is usually applied to the facet.

A more quantitative analysis of the reflectivity of a Bragg grating is
usually performed using the coupled-mode theory [30]. The modulated
effective refractive index is written as

VB

(4.10)

n'(z) = nq + Re[An e/ o] 4 .. (4.11)

where 89 = /A, and An; is first-order Fourier component of the refractive
index modulation, which is assumed to be much smaller than n,4. The model
is based on the scalar wave equation for the electric field

82E / L1 2

- Tl +jn)k]"E=0 (4.12)
9z

where E is the complex amplitude of a field with frequency v, which is as-
sumed to be independent of the x and y coordinates, and kg = 27 v/c is the
free-space propagation constant. Assuming that n” « n’ and Any < ny,
we have

[(n" + jn")kol® = B* + 2jBL + 4B Re[xe! PPr+P] (4.13)

with 8 = ngko the mode propagation constant, { = n"kg = —a/2 the
mode field gain coefficient, and « the so-called coupling coefficient (usually
expressed in cm™!):

TVvAn,

K= (4.14)

c
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The coupling coefficient is a measure for the strength of the backward
scattering by the grating structure. In principle, the periodic index modula-
tion generates an infinite set of diffraction orders, but in the vicinity of the
Bragg frequency, i.e., AB = B — By <« By, only two modes are more or
less in phase synchronism. These are the two counter-propagating waves,
which are coupled due to the Bragg scattering. We can therefore expand
the electric field in the forward and backward propagating modes.

E(z) = R(z)e P 4 S(z)eiP? (4.15)

where the functions R (z) and S(z) vary slowly as a function of z, so that their
second derivatives in Eq. (4.12) can be neglected. If we insert Eq. (4.15) into
the wave equation Eq. (4.12), take into account all of the above assumptions,
and collect terms with identical phase factors (exp(—jBoz) and exp(jfoz),
respectively), we obtain the coupled-mode equations

dR e i
— - T@ —JAPR = jkme %S

dZS | (4.16)
2z + (@ — jAB)S = jke!?R

By solving these coupled first-order differential equations, it can be shown
that the field reflectivity of a distributed Bragg reflector of length L is given
by

_ —jk*e~1?sinh(y L)

~ ycosh(yL) — (¢ — jAB)sinh(y L)

r(v) .17

where
yi= k> + (¢ — jAB)? (4.18)

Figure 4.8 shows a characteristic power reflectivity spectrum R(v) = |r(v)}
of a distributed Bragg reflector with « L = 1.5,

In 1977, Okuda and Onaka proposed the first integrated tunable laser
diode, which was essentially a tunable 2-section DBR laser [31]. Indeed, if
the effective refractive index of the DBR section can be changed electroni-
cally, the frequency of minimal roundtrip loss (i.e., the Bragg frequency vg)
can be shifted, thus enabling discontinuous tuning of the laser frequency
[32] (see Fig. 4.2(a)). In order to make quasi-continuous tuning possible,
an additional phase shifter section is needed [33] (Fig. 4.9). This section
has the same structure as the DBR, except for the grating. The roundtrip
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Fig. 4.8 Power reflectivity spectrum of a distributed Bragg reflector with k L = 1.5.

Phase Distributed

Active section section Bragg Reflector

A

AR coating

Fig. 4.9 Longitudinal cross-section of a 3-section tunable distributed Bragg reflector
(DBR) laser.

phase condition in this case reads (see Eq. (4.1)):

21V

— (2naLa +2npLp) + Ga(v) = 21k (4.19)

Here n, and L, are the effective index and length of the active and phase
section; ¢y = —arg(r) is the phase of the reflection from the grating.

If the laser is biased above threshold, the carrier density in the active sec-
tion is clamped. Changing the active section current therefore has no effect
on the index of the active section (if thermal effects are neglected). The in-
dex of the phase section, on the other hand, can be adjusted electronically,
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Fig. 4.10 Tuning characteristic of a 3-section DBR laser. Contour plot of frequency as
a function of DBR and phase current (20 GHz increments). The dashed line indicates a
possible trajectory for continuous tuning.

e.g., through current injection, Using this a cavity mode can be tuned to
the Bragg frequency.

Figure 4.10 displays a tuning characteristic of such a 3-section DBR
laser. The cavity mode hops are easily discernible by the fact that at the hops
multiple frequency contours coincide. Continuous tuning is possible along
curves that lie approximately halfway between two mode hop contours,
as the one indicated by the dashed line. For these points, the SMSR is
normally higher than 30 dB. This particular laser has a quasi-continuous
tuning range of approximately 1 THz (8 nm), which is a typical value for
DBR lasers. The tuning range is limited by the maximum index change
Any that can be reached in the DBR section (see Section 4.1.2).

Al)B,max — Ang max (4.20)
VB na,g(vB)
where
on
na.g(V) = ng(v) +v—=2 4.21)

ov
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represents the group effective index, which includes the dispersion of n4(v)
around vg. Through careful optimization of the waveguide structure [3],
the tuning range for carrier-induced tuning can be increased to about 2 THz
[34-35].

Note again that absorption losses in the DBR and phase sections increase
with the applied current. If the active section current is kept constant during
tuning, the output power from the front facet generally varies by 1 to 2 dB.

4.4. Increasing the Tuning Range of DBR-Type Lasers

The tuning ranges of conventional DBR lasers, 1 to 2 THz, are significantly
smaller than the available gain bandwidth of MQW semiconductor material
(more than 10 THz) and Erbium-doped fiber amplifiers (about 4 THz in the
C- or L-band). Consequently, a lot of research effort has been devoted to
the development of integrated lasers with extended tuning ranges, beyond
the Av/v = —An/n, limit. The basic principle behind all schemes that
have been developed for wide tuning is that a refractive index difference
is changed rather than the index itself. Therefore, the relative frequency
change is equal to a relative change in index difference, which can be
significantly larger for similar absolute refractive index variations. In the
following paragraphs, we will describe the two most common schemes:
one using a Vernier effect between two comb reflectors and the other using
the broad tunability of a grating assisted co-directional coupler.

4.4.1. USING A VERNIER EFFECT BETWEEN TWO
COMB REFLECTORS

The Vernier caliper, invented by the French scientist Pierre Vernier (1580-
1637), is a well-known tool for high-resolution length measurements. The
principle is illustrated in Fig. 4.11. The caliper consists of two graduated
scales, a main scale like a ruler and a second scale, the Vernier, which
slides parallel to the main scale. The two scales have a small relative pitch
difference, e.g. 1 /20, such that a shift of the slider by an amount éx leads to
a shift of the point where tick marks on both scales coincide by an amount
Ax = 20 - éx. In other words, any change in position is enhanced by a
factor equal to the inverse of the relative pitch difference.

The same principle can be applied to a tunable laser, if the laser has two
mirrors with comb-shaped reflectivity spectra [36] (Fig. 4.12). The mirrors
are designed such that the peak spacing of the front mirror (& 7) and the rear
mirror (8, ) differ by a small amount A§. Lasing can then only occur in the
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Fig. 4.11 A Vemier caliper, using two scales with a pitch difference of 1/20. A shift of
the lower scale by an amount §x leads to a shift of the point where tick marks on both scales
coincide by an amount Ax = 20 - §x.

frequency range where two peaks coincide, since the cavity roundtrip loss
is inversely proportional to the product of both mirror reflectivities. The
phase section can again be used to adjust the longitudinal modes, such that
a mode can be aligned with the loss minimum.

If one of the mirrors is tuned by A4, two adjacent peaks coincide and a
large change in frequency is obtained. If the phase section is simultaneously
adjusted such that a cavity resonance is aligned with the coincident peaks,
the frequency changes by an amount § ¢ (—3§,) if the rear (front) mirror is
tuned by A§. Thus, the tuning enhancement is either F 4 1 or — F, where
F is defined by:

ns=2o (4.22)
F  F+1

The coincidence of two particular peaks is often called a “super-mode”
and the large frequency changes observed when applying the Vernier tuning
mechanism are consequently called “super-mode” jumps.

A few simple design criteria for the mirrors can easily be derived:

+ The reflection peaks should be sufficiently narrow (relative to the
mode spacing Av) to suppress all cavity modes but one.

+ The difference in peak spacing Aé should be comparable with the
width of the reflection peaks. If Ad is too large, there is a region
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Fig. 4.12 Vernier principle applied to a tunable laser, which has two mirrors with comb-
shaped reflectivity spectra. Lasing can only occur in the frequency range where reflection
peaks coincide.

where the laser frequency is unpredictable during the tuning of a
single reflector over an amount A4d. If A$ is too small, the overlap
of adjacent reflector peaks is too large and cavity modes at these
frequencies are insufficiently suppressed.

» Care has to be taken that only one pair of peaks coincides at the same
time within the gain bandwidth of the laser (especially if F is an
integer). This can be done either by designing the mirrors such that
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strong reflection peaks only occur within a sufficiently limited
bandwidth, or by making sure that all other possible coincidences
fall outside of the gain bandwidth. Ideal reflectors have a limited
number of uniform reflection peaks.

Intermediate tuning, from one longitudinal mode to the adjacent one, is
obtained by tuning both reflectors simultaneously. True continuous tuning
(fine tuning), requires synchronized adjustment of the two reflectors and the
phase section. For full frequency coverage over a wide range (i.e., quasi-
continuous tuning), a number of requirements have to be met. The front
and rear reflectors must be tunable over at least 8¢ and §,, respectively. At
the same time, the phase section should allow tuning of the cavity modes
by more than the mode spacing Av.

Practical implementations of this Vernier tuning scheme look much like
the 3-section DBR laser in Fig. 4.9, but with distributed Bragg reflectors
on both sides. The gratings in the DBR sections are modified to obtain
multiple reflection peaks. Two examples are discussed following.

4.4.2. SAMPLED GRATING DBR

The sampled grating (SG) is technologically the simplest way to obtain a
reflectivity spectrum that has periodic maxima [37]. The sampled grating
is nothing more than a conventional uniform grating with an appropriate
grating pitch A, multiplied by a sampling function with period Aj, as
shown in Fig. 4.13. It can be fabricated essentially in the same way as an
ordinary Bragg grating. The grating pattern is again defined by exposing a
photo-resist layer with the interference pattern of two ultraviolet beams. By
periodically masking off part of the photo-resist layer (period A ), the resist
is only exposed in the regions with width A,. In the following etch step,
the sampled interference pattern is then transferred into the semiconductor.

A qualitative idea of the shape of the reflectivity spectrum can easily
be derived from the coupled-mode theory, which says that every spatial
Fourier component of the refractive index modulation contributes a peak
to the reflection spectrum (see Section 4.3). The Fourier components of
the sampled grating are of course obtained by convolution of the Fourier
transforms of the uniform grating and of the sampling function. The uniform
grating has a single Fourier component with a coupling strength «,, given
by Eq. (4.14), at a spatial frequency 1/ A, which corresponds to the Bragg
frequency vg according to Eq. (4.10).
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Fig. 4.13 Principle of the sampled grating. In real space, the uniform grating is multiplied
by a sampling function. In Fourier space, this corresponds to a convolution of the respective
spectra. According to the coupled-mode theory, every spatial Fourier component of the
refractive index modulation contributes a peak to the reflection spectrum [37].

The Fourier transform of the sampling function, on the other hand, con-
sists of a comb of peaks with a spatial frequency spacing of 1/A;.
The modulation function is given by (/ is an integer)

1 1Ay <z <IA+ A,
F(z) = (4.23)
0 IA;+Ag <z < (I + 1A

from which the amplitudes of the Fourier components are easily obtained
as

As ; sin(mkA,/As)
E— F A _g__g_ —jmkAg/As 2
/ e As  mkAg/A, @.24)

The convolution of these Fourier transforms exhibits peaks centered at
1/A, with spacing 1/A;. This leads to strong reflections at frequencies vy
(see Eq. (4.10)):

= (l+k 4.25
= e \A AT) (42
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The reflection peak spacing is determined by the sampling period Aj.

¢

é= -y = 4.26
Vk+1 — Vi 2ngAs ( )
where n, is the group refractive index.
on
ng(v) =n(v) +v— 4.27)
av

The coupling coefficients at the frequencies v, are equal to the product
of the coupling coefficient of the unsampled grating «, with the Fourier
components £ of the sampling function

ke = Kk Fy (4.28)

If we assume that only one diffracted order is phase matched at any fre-
quency, then the overall reflectivity can be written as the sum of the con-
tributions of the separate Fourier components. In other words, the overall
reflectivity is the sum of the reflectivities of individual gratings with Bragg
frequencies v, and coupling coefficients «; (see Eq. (4.17)):

_ —jky sinh(yx L)
T = ; Vecosh(nl) — € — jdposimhpl) )

with
Ve = lkal? + (¢ — jAR)?

2y ] k (4.30)
ABry = —n(v) — n(— + —)
c A

As

Here L is the length of the sampled grating. Fig. 4.14 shows the result
of a more detailed calculation for a sampled grating DBR consisting of
8 periods with length A; = 65um, which leads to a peak spacing § =
0.6 THz (n, = 3.85).

If waveguide losses are neglected ({ = 0), then the peak power reflec-
tivity at the frequency v is simply given by

R(v) = |r(vp)]? = tanh?(Jix |L) = tanh®(| Fe|k, L) (4.31)
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Fig. 4.14 Reflection spectrum of a sampled grating DBR, consisting of 8 periods with
length A; = 65 um. Parameters: sampling duty cycle A;/A; = 10%, unsampled coupling
coefficient x, = 200cm ™!, peak spacing § = 0.6 THz (n, = 3.85).

For order zero, and with L, = LA,/ A, the total length of grating the peak
power reflectivity becomes

R(vg) = tanh®(| Folk, L) = tanh?(k, LA,z /As) = tanh?(i, Lg) (4.32)

This is nothing less than the peak reflectivity of a uniform Bragg reflector
with coupling coefficient «,, and length L. If x, L, < 0.5, we can approx-
imate the reflectivity of peak k by (Ikx]L)?. From Eq. (4.24) it is clear that
the envelope of the reflectivity peaks becomes broader as the sampling duty
cycle Ag/As is reduced. For small duty cycles, the number of peaks within
the 3 dB bandwidth of the envelope is approximately equal to the inverse
of the duty cycle [37]. Reducing the duty cycle requires increasing the
unsampled coupling coefficient «, to maintain the same peak reflectivity
(at constant sampled grating length L). Unfortunately, the technological
limit for gratings in InGaAsP/InP waveguides is about 300 cm~!. The ex-
ample in Fig. 4.14 assumes a coupling coefficient x, = 200cm™! and a
sampling duty cycle A,z /A; =10%, resulting in about 11 peaks within the
3 dB bandwidth.
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4.4.3. SUPER-STRUCTURE GRATING DBR

Although it is technologically the simplest way to obtain a comb reflector,
the sampled grating does not exhibit the optimum reflection spectrum. Ide-
ally one should have a number of equally spaced, equally strong reflectivity
peaks within a limited bandwidth, with close to zero reflectivity outside that
bandwidth. The above approach of periodically sampling a uniform Bragg
grating in order to obtain multiple reflection peaks around the Bragg fre-
quency can be extended to other types of periodic modulation [38]. Any
modulation function that has a comb-shaped Fourier spectrum can be ap-
plied. These more general periodically modulated gratings are commonly
called super-structure gratings (SSGs). The sampled grating consists of
a digital on/off variation of the coupling coefficient «, so the first option
one could think of is a smoother periodic modulation of ¥. However, with
existing etching technology this is very difficult to implement. A second
option is a variation of the grating frequency (or phase). The drawback is
that this requires direct writing of the grating pattern on the semiconductor
substrate with an electron beam, a slow and hence costly procedure.

The first demonstration of such a super-structure grating consisted of a
periodic linear chirp of the grating frequency f = 1/A [39] (Fig. 4.15).
Within the super-period of length A, the grating frequency f is varied
from f, = 1/Ag to f = 1/ Ayp.

Z_IAS Z_lAA
A (fo—f)=fo+ A

1
(l — %)AS <7< (1 + E)A_Y

The grating modulation function has a magnitude of one and a quadratic
phase term:

1
f)= E(fa + fo) + Af (4.33)

for

z — LA

F(z) = explj2n(f(2) — fo)z]l = exp [ﬂﬂAf Z] (4.34)

s

As a result, the Fourier coefficients are given in terms of Fresnel integrals

[40].

1 As/2 2k by
Fe= f F(oye i %z = A f eCdu  (435)
As Jon 2 a
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Fig. 4.15 Schematic of a linearly chirped super-structure grating. Solid lines indicate the
ideal linear frequency chirp, equivalent to a quadratic relative phase variation. Dotted lines

indicate practical implementations: discrete frequency changes or discrete phase changes
(with uniform grating pitch).

where

T JImarh, P T amara,
a= %,/2nAfAs(—l h—k) (4.36)

—ZnAfAs

b=t amara(+1— -7k
= — T s [ —
2 MASA,

Strong reflection peaks are obtained in the frequency interval determined
by the minimal and maximal grating frequency (see the Bragg condition,
Eq. (4.10)):

fa < 2n(W)v/c < fp 4.37)

Due to the limited resolution of the e-beam lithography, a truly continuous
chirp cannot be accomplished. For this reason, the first super-structure grat-
ings were made by varying the grating frequency in discrete steps [39-40],
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as indicated by the dotted lines in Fig. 4.15. For these first implementa-
tions, reflection characteristics were rather poor due to the limitations of
the e-beam lithography [20]. Fabrication becomes simpler and more reli-
able if the same grating pitch can be used throughout the SSG. This can
be achieved if the discrete frequency steps are replaced by discrete phase-
shifts. Indeed, any frequency modulation can also be regarded as a phase
modulation.

We already noticed previously that a linear frequency chirp is equivalent
to a quadratic change in the phase ¢ of the super-structure grating (measured
relative to the phase of a uniform grating with frequency fp), as follows:

¢(2) = / 2n(f(2) — fode = %AfAs[(zz/As —2)?—1] (4.38)
—A/2

In practice, this phase variation is approximated by discrete phase-shifts
of e.g. w/10 with a quadratically varying density [20]. Figure 4.16 shows
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Fig. 4.16 Reflection spectrum of a super-structure grating with quadratic phase variation,
consisting of 8 periods with length A; = 65 um. Parameters: peak-to-peak phase variation
of 3.057, coupling coefficient x, = 67 cm™!, peak spacing § = 0.6 THz (n, = 3.85).
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the reflection spectrum of an 8-period grating with a peak-to-peak phase
variation of 3.05 7. Note that although the coupling coefficient «,, is only
one-third of the value used for the sampled grating in Fig. 4.14 and both
gratings have the same length L, the 11 reflection peaks within the 3 dB
bandwidth are on average stronger for the SSG.

For a sampled grating, the number of peaks N is inversely proportional
to the sampling duty cycle A,/ A, while the peak reflectivities are directly
proportional to the duty cycle (for constant length L and coupling coeffi-
cient k). In other words, the peak reflectivities of the SG decrease as 1/ N
when the number of peaks N increases. In a frequency- or phase-modulated
SSG on the other hand, reflectivities only decrease approximately as 1/+/N,
because in this case, according to Parseval’s theorem,

Z |Fp 2 =1 (4.39)
k

In order to get similar reflectivities for the SG as for the SSG (for a given
number of peaks N), either the grating length L or the coupling coefficient
k. has to be increased by roughly +/N (i.e., 3.3 for 11 peaks).

Still, with a quadratic phase variation, the envelope of the reflection
peaks is not yet rectangular. To obtain this, the phase variation can be
optimized numerically [41-42]. The target reflectivity spectrum consists
of N uniform peaks, with zero reflectivity outside the band. Because of
Eq. (4.31) and Eq. (4.39), this can be expressed by following trial function
(for given length L and coupling coefficient «,,).

| 1 & R(vk))2
C = —2: 1~ 4.40
(#(2)) N 2 ( R (4.40)
where
Ry = tanh®(k, L/v/'N) 4.41)

The target reflectivity Ry is the maximum reflectivity that can be
achieved for N uniform peaks, and if all N peaks have reflectivity Ry,
out-of-band reflectivity will automatically be zero.

Figure 4.17 shows the optimized phase variation for N = 11. Reflectiv-
ity spectra were calculated using a transfer matrix method. The super-period
was divided into 51 sections of equal length, with a discrete phase-shift at
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Fig. 4.17 Optimized grating phase variation for a multi-phase-shift (MPS) SSG with 11
reflectivity peaks. Discrete phase-shifts were equally spread over the super-penriod (51 per
period), and their values were optimized numerically in order to obtain a rectangular reflec-
tivity envelope.

each interface. The phase variation was initialized to the parabolic curve
used to caiculate the spectrum in Fig. 4.16. Subsequently, the phase-shifts
were optimized numerically using a simulated annealing algorithm, com-
bined with the downhill simplex method of Nelder and Mead [43-44]. The
optimization procedure was repeated a few times, and the best result was
retained. At first sight, the result in Fig. 4.17 looks quite different from
the curve in [41]. On closer inspection though, an excellent match is found
provided the phase curve is inverted and is shifted by half the super-period.
Changing the sign of the phase of course merely corresponds to calculating
the reflectivity from the other end of the SSG-DBR (replace z by —z in
Eq. (4.11)), and should therefore yield the same result.

The corresponding reflection spectrum is plotted in Fig. 4.18. The peak
reflectivities are clearly highly uniform, and very close to the target value
of 0.61. Consequently, the reflectivity is also negligible outside the band
of 11 peaks.
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Fig. 4.18 Reflection spectrum of the MPS-SSG with phase variations as shown in Fig.
4.17, consisting of 8 periods with length A, = 65 pm. Parameters: coupling coefficient
Kk, = 67 cm™', peak spacing 8 = 0.6 THz (n, = 3.85). The target reflectivity Ry is 0.61.

4.4.4. SG-DBR AND SSG-DBR LASERS

The longitudinal cross-section of a SG-DBR laser is sketched in Fig. 4.19.
Both cavity mirrors consist of sampled grating Bragg reflectors. The differ-
ence in reflection peak spacing 8, which is required for the Vernier-tuning,
is obtained by applying different sampling periods A; to front and rear
reflector (see Eq. (4.26)). Apart from the specifics of the grating design,
the cross-section of a super-structure grating (SSG)-DBR laser is evidently
identical.

Shown in Fig. 4.20 is the Vernier-tuning characteristic of a SSG-DBR
laser, in which both reflectors have 7 uniform reflectivity peaks. It is clearly
visible that if either the front reflector or the rear reflector is tuned, large
frequency jumps (super-mode jumps) of about 0.7 THz are obtained. At
one particular super-mode jump the frequency jumps from one end of the
spectrum to the other. If both reflectors are tuned simultaneously, such that
a particular pair of reflector peaks is kept aligned, smaller frequency hops
of approximately 50 GHz are observed. These correspond to longitudinal
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Fig. 4.19 Longitudinal cross-section of a tunable sampled grating (SG) DBR laser. Apart
from the specifics of the grating design, the cross-section of a super-structure grating (SSG)
DBR laser is identical.
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Fig. 420 Tuning characteristic of a SSG-DBR laser. Contour plot of frequency as a
function of front and rear reflector currents (10 GHz increments). Both SSG reflectors have
7 uniform reflection peaks.
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mode hops. If one runs through the diagram from top-left to bottom-right,
one finds more or less the same frequency for points that are 7 super-mode
jumps apart, consistent with the number of reflectivity peaks.

In order to accomplish quasi-continuous tuning over the depicted range
of about 5 THz, one has to add the third tuning dimension: the phase sec-
tion control. Tuning a SG-DBR or SSG-DBR laser to a particular frequency
is hence achieved in three steps. First, either the front reflector or the rear
reflector is tuned to align the appropriate pair of reflector peaks (coarse tun-
ing). Then, both reflectors are tuned simultaneously to bring the coincident
peaks to the correct frequency (medium tuning). Finally, the phase section
current is adjusted to align a cavity mode with the coincident reflector peaks
(fine tuning).

4.4.5. COMBINING A CO-DIRECTIONAL GRATING
COUPLER WITH A COMB REFLECTOR

Instead of using a Bragg reflector as intra-cavity tunable filter, one could
look for alternative filters that are more widely tunable. One option is the
grating-assisted co-directional coupler (GACC) filter [45-46] (Fig. 4.21).
This filter consists of two parallel, asymmetric waveguides. The dual-
waveguide structure supports two guided modes R and S. Because of the
asymmetry, one mode (R) is mainly confined in the lower waveguide, while
the other (§) has most of its power in the upper waveguide. Parallel to both
waveguides, there is a grating layer with a periodically varying refractive
index. At the input, mainly mode R is excited. Without the grating, there
would only be a weak coupling between the two modes, and only little
power would be transferred from the lower to the upper waveguide. With
the grating, efficient coupling is obtained in a limited frequency band.

WG2
WG1

Fig. 4.21 Longitudinal and lateral cross-section of a grating-assisted co-directional cou-
pler (GACC) filter. Also shown are the field distributions of the two modes R and § of the
asymmetric dual-waveguide structure.
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Fig. 4.22 Vector diagram for contra-directional (a) and co-directional (b) coupling
between two waveguide modes with propagation constants S and s, by a periodic structure
with period A (propagation constant k, = 2m/A).

In Section 4.3 we described the coupling in a single waveguide be-
tween a right-propagating mode R and a left-propagating mode S, by a
periodic refractive index modulation with period A. Both modes have the
same transverse field distribution, but opposite propagation constants g =
—Bs = 2mvn/c. Efficient coupling between the modes is obtained if the
periodic structure provides phase matching between the two modes, i.e.
Bs = Br —k,, where k, = 27/ A is the propagation constant of the grating
(Fig. 4.22(a)). This condition immediately translates to the Bragg condition
(4.10).

In the co-directional coupler, the periodic structure should provide cou-
pling between the two modes R and S propagating in the same direction,
with different propagation constants Sg = 2mvng/c and fs = 2mwvng/c
(Fig. 4.22(b)). Here ng and ng are the effective indices of modes R and §.
Phase matching again occurs when s = g — k,.

The coupling frequency v, is hence given by:

v = ¢ (4.42)
Alng(ve) — ng(ve)]

Because (ng — ns) < ng, it is clear that the period A required for
co-directional coupling is much longer than the period needed for contra-
directional coupling. As the power transfer from lower to upper waveguide
is only efficient near the coupling frequency, this structure can be used
as frequency selective filter. In a laser cavity one could have the light in
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the upper waveguide reflect back at the facet, while making sure that the
light that remains in the lower waveguide is either absorbed or lost through
diffraction. In that way, only light with frequencies close to the coupling
frequency is efficiently coupled back to the gain section, which in the
configuration of Fig. 4.21 would be connected to the lower waveguide on
the lefthand side.

Because the coupling frequency depends on an index difference, a small
change of either ng or ng can yield a large tuning [46—48].

AV max _ A(ng — n§)max (4.43)

Ve NR g —Nsg

Here ng, 4 and ng , are the group effective indices of modes R and § (see
Eq. (4.27)).

Let us assume that A(ng — ng) = Ang is equal to the effective index
change Any in the DBR structure. Then the tuning enhancement factor F,
1.e. the ratio of the tuning range of the GACC to the tuning range of a DBR
(Eq. 4.20), is found as

Nd.g

F= > 1 (4.44)

nR'g — ng,g
By means of a coupled-mode analysis, it can be shown that the power

transfer through the coupler (neglecting absorption and scattering losses)
is described by [49]

— « in2 3 2
O T th [LVi? +(a8)?] (4.45)
where
_Br—Bs m
AB =" i (4.46)

In Eq. (4.45) « represents the grating coupling coefficient. Complete
power transfer is possible at zero detuning (A8 = 0), when the grating
length is equal to the coupling length L.

L.= 2 (4.47)
2k

Figure 4.23 shows a typical power transfer characteristic of a GACC.
With the parameters used in the figure, and assuming ng , = ng, 4, we obtain
a tuning enhancement factor F of about 9.6. Unfortunately, the GACC
filter bandwidth is also much larger than that of a DBR (compare with
Fig. 4.8). From (Eq. (4.45)), the filter full width at half maximum (FWHM)
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Fig. 4.23 Power transfer of a grating-assisted co-directional coupler (GACC) filter. Para-
meters: np =3.307, ng , =3.95,n5 =3.205, n5, =3.54, v, = 193 THz and x =28 cm™!.

bandwidth is calculated as [49-50]

AVvewaym ~ 0.8; (4.48)
LC(”R.g - nS,g)

With the parameters from Fig. 4.23 this gives a bandwidth of approxi-
mately | THz. On closer inspection, both the tuning range (Eq. (4.43)) and
the 3 dB bandwidth (Eq. (4.48)), are inversely proportional to the group
index difference, and the ratio is

Av
DVEWHM 0.8 ¢ (4.49)
AVe max VeL:A(nR — n§)max

The only parameter that allows reducing the bandwidth without affect-
ing the tuning range is the coupler length L. In a laser cavity, the filter
bandwidth has to be measured relative to the longitudinal mode spacing.
Because increasing the coupler length at the same time reduces the mode
spacing, it is difficult to obtain both a large tunability and sufficient mode
selectivity in a tunable laser with a GACC filter [49-50]. Typically, the
side mode suppression ratio is only about 20 dB.
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Fig. 424 Longitudinal and lateral cross-sections of a grating-assisted coupler with rear
sampled or super-structure grating reflector (GCSR) laser.

In order to take advantage of the broad tunability of the GACC filter,
without having to trade-off tunability for selectivity, it was proposed to
combine the GACC filter with a sampled or super-structure grating DBR
{46, 51, 52]. Due to its broad tunability, the GACC can be used to filter
out one of the reflectivity peaks of the SG- or SSG-DBR. The narrow
reflectivity peaks on the other hand supply the required selectivity.

When this dual filter structure is integrated into a laser cavity, together
with a phase shifter section for fine tuning of the cavity modes, one ob-
tains the so-called GCSR laser depicted in Fig. 4.24 [53]. Note that in the
phase and reflector sections, the lower waveguide is planar, such that the
light that is not coupled to the upper waveguide in the GACC diffracts and
cannot couple back to the active section. Alternatively, one could replace
the lower waveguide core material with absorptive material in those sec-
tions. Figure 4.25 plots typical reflection and transmission characteristics of
the intra-cavity filters. The photograph in Fig. 4.26 shows the laser (with a
length of approximately 2 mm) mounted on a ceramic carrier, with bonding
pads for the different laser contacts. On the carrier, one also finds a ther-
mistor, which is used in the control loop stabilizing the laser temperature.
The coplanar line can be used to apply a high-frequency modulation signal
to the active section.

As for a SG- or SSG-DBR laser, tuning the GCSR laser to a particular
frequency is done in three steps. First, the coupler is tuned to filter out the
appropriate reflector peak (coarse tuning). Then, coupler and reflector are
tuned simultaneously to bring the reflector peak to the correct frequency
(medium tuning). Finally, the phase section current is adjusted to align a
cavity mode with the selected reflector peak (fine tuning).
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Fig. 4.25 Power reflectivity of the super-structure grating DBR and power transfer of the
grating-assisted co-directional coupler of a GCSR laser.
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Fig. 4.26 Photograph of a GCSR laser on a ceramic carrier with bonding pads for the
different laser contacts and a thermistor (for temperature control). The coplanar line can
be used to apply a high-frequency modulation signal to the active section. The actual laser
chip is about 2 mm long.
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One of the main advantages of the GCSR laser with respect to the SG-
and SSG-DBR lasers is the lower variation of the output power across the
tuning range. From Section 4.1.1 we know that when a section is tuned,
the absorption losses in that section increase. Because the light generated
in a SG- or SSG-DBR laser has to propagate through the front reflector,
the output power will vary more with tuning in these lasers. On the other
hand, the combination of two narrowband filters in the SG- and SSG-DBR
devices provides better suppression of neighboring cavity modes than the
combination of a narrowband and a broadband filter in the GCSR. This
effect is enhanced by the fact that the effective cavity length is typically
shorter in these lasers (and hence the cavity mode spacing is larger). Another
disadvantage of the GCSR laser is that the laser structure is more difficult
to fabricate (compare Fig. 4.19 and Fig. 4.24).

4.5. External Cavity Tunable Lasers

Instead of using completely monolithic structures, tunable lasers can be
based on hybrid structures where the frequency selective element is placed
externally to the laser. These external cavity lasers (ECLs) will be described
in this section. A detailed discussion of cavity design and coupling optics,
as well as an extensive list of references can be found in [54].

In addition to the “bulk optics” external cavity lasers we will also con-
sider lasers using MEM (micro electromechanical) technology, as well as
tunable vertical cavity surface emitting lasers (VCSELs).

4.5.1. CONVENTIONAL EXTERNAL CAVITY LASERS

Traditional external cavity lasers consist of a laser chip and an external
reflector. By using a grating as the external reflector, turning of the grating
will lead to a tuning of the lasing wavelength. In the past, tuning ranges in
excess of 240 nm have been reported [55].

Because the cavity length is much larger than for a solitary semicon-
ductor laser, the photon lifetime is much longer, resulting in a very narrow
spectral linewidth. Values in the kHz range can be obtained, as opposed
to MHz for a solitary laser. In order to suppress multi-cavity effects, the
laser facet facing the external cavity is usually anti-reflection (AR) coated.
The laser output is usually taken from the facet at the other end of the laser,
the reflectivity of this facet may also be modified by a coating in order to
increase the available power.
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Fig. 4.27 Schematic of an external cavity laser.

Mirror Output beam
(rotating)

Fixed

grating

Fig. 4.28 Littman-Metcalf cavity.

If the external feedback is provided by a simple grating with a grating
period A, and the angle of incidence on the grating is € (Fig. 4.27), then
the lasing wavelength A is determined by the Bragg condition

A =2Asin(9) (4.50)

Turning the grating changes the angle of incidence and hence tunes the
wavelength. However, when the wavelength changes, the ratio between
wavelength and cavity length changes, leading to hops between cavity
modes. In order to achieve phase continuous tuning (i.e., tuning with the
laser remaining in the same longitudinal mode), it is necessary to change
the cavity length by exactly the same relative amount as the wavelength.
Simultaneous change of the cavity length and the grating angle can be
achieved with a special mechanical mounting of the grating, e.g. [56], or
by rotating the grating around an optimized pivot point, e.g. [57].

An alternative cavity design, the Littman-Metcalf cavity [58], uses a
fixed grating and a rotating mirror (Fig. 4.28). In this configuration the
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part of the beam directly reflected from the grating (Oth order) forms the
output beam, and the 1st order diffracted beam is reflected by the mirror.
Again tuning without longitudinal mode hops can be achieved by selecting
the pivot point for the mirror. The reflectivity of the rear facet of the laser
can be increased by applying a high reflectivity (HR) coating, which will
increase the power efficiency of the laser.

When a semiconductor laser is tuned away from the maximum gain, the
threshold current will increase. Consequently, in the case of wide tuning,
the output power will vary during tuning, unless the laser current is varied to
compensate. Constant power operation can be achieved by using a monitor
diode and a relatively simple control circuit.

A particular advantage of ECLs is that they can use semiconductor lasers,
which are specifically designed for high output power. In addition, there
is a degree of freedom in the selection of facet reflectivities; this makes
it possible to have a structure with a high power efficiency. However, the
traditional ECLs involve delicate mechanics, they tend to be quite bulky,
and in order to ensure spectral stability the demand on mechanical stability
is very high. Consequently, they have remained a specialist, low-volume
product with a relatively high unit price.

4.5.2. MEM EXTERNAL CAVITIES

A relatively new development is the use of a micro electromechanical
(MEM) structure to form a micro-ECL. The device described in [59], and
shown in Fig. 4.29, has a footprint of only about 2 mm by 3 mm. The small
size means that the device is mechanically robust. Although this MEM-ECL
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Fig. 4.29 MEM-ECL with Littman-Metcalf cavity [59].
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is clearly aimed at the telecom transmitter market, its performance (40 nm
continuous tuning, +7 dBm fiber coupled power over the whole range)
certainly makes it a candidate for test and measurement applications as well.
Switching from one WDM channel to another is relatively slow (15 ms),
but wavelength stabilization, using a wavelength locker, is simple. Truly
continuous tuning is possible, and probably a good deal faster than for a
standard ECL.

4.5.3. TUNABLE VCSELs

Since the late 1980s there has been a rapid development of vertical-cavity
surface-emitting lasers (VCSELS). In these lasers, the light propagates per-
pendicular to the plane defined by the active layer. The optical feedback is
provided by Bragg reflectors, consisting of layers with alternating high and
low refractive indices, instead of the cleaved facets of edge-emitting lasers.
Because of the very short cavity length, very high (>99%) reflectivities are
required, and the reflectors typically have 20 to 30 layer pairs. An advan-
tage of the short cavity length is that the mode spacing is large compared
with the width of the gain curve, such that, if the resonant wavelength is
close to the gain peak, single-longitudinal-mode operation occurs. As an
example, a cavity length of about 10 um will give a mode spacing of about
30 nm. It should be noted, however, that if the diameter of the active region
is large, multi transverse-mode operation might occur.

One of the particular advantages of VCSELs is that the spot size can
be made compatible with that of a single-mode optical fiber, making the
coupling from laser to fiber easier and more efficient. The VCSEL structure
also makes it possible to fabricate very high-density two-dimensional laser
arrays. Most VCSELs are fabricated using the AlGaAs material system,
with one or more strained InGaAs quantum wells as the active material; tor
these lasers, the wavelength is usually close to 1 um. However, VCSELs are
now also being fabricated for the longer wavelengths of interest for fiber
optics.

A tunable VCSEL can be made by having an electrostatically deflectable
mirror suspended over the active region. A wide continuous tuning range
(limited by the longitudinal mode spacing), with a single voltage control
is then possible. An example of a tunable VCSEL is shown in Fig. 4.30.

A tuning range of 40 nm with 7 mW fiber coupled power has been
achieved with this laser. One of the special features of the device is the use
of optical pumping using a 980 nm pump laser incorporated into the tunable
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Fig. 430 Tunable VCSEL [60].

laser module. Wavelength control is obviously simple because it depends
on a single tuning voltage only, but tuning speed may be an issue.

4.6. Selectable Sources and Arrays

Laser arrays, where each laser in the array operates at a particular wave-
length (orin alimited wavelength range), are an alternative to tunable lasers.
In their simplest form, these arrays have separate outputs for each array ele-
ment. More sophisticated structures incorporate a combiner element, which
makes it possible to couple the output to a single optical fiber without the
use of complicated external coupling optics. If each laser in the array can
be tuned by an amount exceeding the wavelength difference between the
array elements, a very wide total wavelength range can be achieved.

This section reviews various diode laser array structures. Some array
designs can, at least in principle, work at several wavelengths simultane-
ously. However, this is likely to give rise to cross-talk problems, and most
array structures are therefore designed to work at a single wavelength at a
time.
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Itis an advantage of alaser array that each element operates at a particular
wavelength. This makes the control easier than that of a monolithic tunable
laser (e.g., SG-DBRs or GCSRs). However, many array designs require a
larger or more complicated chip.

4.6.1. DFB ARRAYS

There have been several reports on arrays of DFB lasers where all the array
elements operate at different optical frequencies. The different frequencies
can be obtained either by varying a structural parameter (e.g., stripe width)
from laser to laser, thereby changing the effective refractive index of the
structure, or by changing the grating period (this requires e-beam writing).
In order to form a practical device the lasers must be integrated with a
combiner in order to have a common output waveguide.

Standard DFB lasers usually have one AR-coated and one HR-coated
facet. For integrated lasers in an array the facets will have to be non-
reflecting. This is necessary to avoid the yield problem that occurs in
AR/HR devices because the relative position of a facet relative to the grating
cannot be controlled. In order to have a single, well-defined lasing mode,
a DFB laser with two nonreflecting facets must have a quarter wavelength
phase shift in the center of the grating. Note that an equivalent phase shift
may be introduced by other means, for example by varying the stripe width,

The structure described in [61] has six DFB lasers integrated with a com-
biner, an amplifier, and a modulator, as well as monitor detectors (Fig. 4.31).
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Fig. 431 DFB (selectable) array [61].
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The amplifier is included in order to compensate for the splitting loss caused
by the combiner, and the insertion loss due to the modulator. The emission
frequency of a given laser can be aligned to the ITU channel plan by a
moderate degree of temperature tuning.

Fabrication of a DFB laser to a specified wavelength is very difficult,
but in an array, the accuracy of the wavelength spacing can be very high.
This means that if one array element is fine-tuned to its design frequency
(e.g., thermally), then all the other array elements will automatically be at,
or very close to, their respective design frequencies. Use of an array also
makes it possible to have redundancy in order to improve the reliability, by
having two lasers for each wavelength.

4.6.2. CASCADED DFB LASERS

An alternative to a parallel array of DFB lasers is the cascading of lasers.
Several grating sections with different periods and separate electrodes can
be formed on a single active waveguide. Only one section is biased high
above threshold at any time, with the sections in front of it being biased
close to threshold and working as amplifiers. In an extension of this concept,
two sets of three cascaded DFB lasers were integrated with a combiner to
form a single output. Using a 50°C temperature change, a total tuning range
of 30 nm (i.e., 5 nm tuning per laser, consistent with 0.1 nm tuning per °C)
was demonstrated [62]. This structure is shown in Fig. 4.32.

Arrays or cascaded DFB lasers are obviously not practical for addressing
a large number of channels unless a high degree of temperature tuning

Output
—
AR CL
Coated Facet

Fig. 4.32 Structure with two sets of three cascaded DFB lasers [62].
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Fig. 4.33 AWG laser structure [63].

is used. This will in turn reduce the tuning speed, and some of the control
simplicity advantage will be lost.

4.6.3. AWG BASED STRUCTURES

The arrayed waveguide grating (also known as phased array) multi-
wavelength laser has an array of semiconductor optical amplifiers (SOAs)
on one side of a waveguide grating (Fig. 4.33).

The SOAs are coupled to the waveguide grating via a star coupler. On the
other side of the waveguide grating another coupler provides output through
a single waveguide, which may contain a common amplifier. Wavelength
selectivity is provided by the AWG, and the lasing frequency is selected by
turning on the appropriate element in the SOA array.

The operation of the AWG can be explained as follows, Because the
array elements have different lengths, light (with a given wavelength) will
be subject to different delays; consequently the phase front of the combined
light at the output of the array will be tilted. The amount of tilt is wavelength
dependent, and light at different wavelengths will be focused on different
output waveguides.

In [64] a slightly more elaborate structure is described. This structure
has 5 SOAs on one side of the AWG and 8 on the other. The structure is
designed in such a way that 40 (= 5 x 8) optical channels with a 100 GHz
frequency spacing are available.
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Simultaneous operation of an AWG laser at several optical frequencies
has been demonstrated, but cross-talk is likely to prevent this from be-
ing a practical proposition. Other functions, such as modulation, may be
integrated on the chip as well.

AWG laser chips are usually quite large, with a side length ranging from
some millimeters to more than a centimeter. In spite of the long cavity
length, and corresponding small mode spacing, it has been found experi-
mentally that the spectral properties are surprisingly good, with clean lon-
gitudinal single-mode operation. It is thought that this is due to a nonlinear
wave-mixing phenomenon, which is actually helped by the small mode
spacing.

The AWG laser becomes increasingly attractive over a traditional array
as the element number N increases because it does not suffer from the
inherent 1/N combiner loss present in a conventional combiner.

4.7. Integration Technology

Sections 4.3 and 4.4 of this chapter describe tunable lasers consisting of a
longitudinal integration of sections with different functionality. These have
an active section providing the optical gain and one or more filter sections
with a tunable frequency selective characteristic. For optical transmitter
applications, more functions can be added, such as modulation for encod-
ing of data, power amplification for power management, or wavelength
locking to ensure frequency stability during the lifetime of the device.
Integrating these features on chip is an attractive cost-effective solution
compared to hybrid integration.

Monolithic integration requires that the sections added to the device are
optically and electrically decoupled from the laser. Indeed, any external
feedback to the laser cavity might lead to unacceptable frequency or output
power variations. Consequently, any air-semiconductor facets external to
the laser cavity have to be antireflection coated to reduce the power reflec-
tivity to the order of 107>, For DBR and GCSR lasers, one of the cavity
mirrors is a cleaved facet. To enable integration on that side of the cavity,
the facet mirror has to be replaced by an “on-chip” mirror, e.g., by using a
deeply etched Bragg grating [65] (i.e., a grating with a high coupling co-
efficient and hence wide reflectivity bandwidth) or an etched mirror [66].
On the Bragg reflector side, the integration is of course straightforward.
Consequently, SG-DBR lasers are well suited for integration. Figure 4.34
illustrates the integration of a DBR with a semiconductor optical amplifier
and a modulator on the front and a detector on the back.



4. Tunable Laser Diodes 155

) On-chip
Modulator ~ Amplifier mirror Active Phase  Reflector Detector

AR coating AR coating

Fig. 4.34 DBR laser with integrated amplifier, modulator and detector.

Technologically, integration challenges the state-of-the-art in fabrica-
tion, involving several epitaxial growths and regrowths as well as tech-
niques such as selective area growth [67].

Modulation

The modulation functionality can be added either by using direct modula-
tion of the gain current or by integrating a modulator. High-speed direct
modulation in DBR lasers has been demonstrated [68]. However, it causes
significant frequency excursions during the rising and falling edges of the
optical pulses, which limits the transmission distance due to the dispersion
in standard single-mode fiber and can even degrade the side mode suppres-
sion ratio to an unacceptable level. In GCSR and SG-DBR lasers, direct
modulation is limited to bit rates of about 2.5 Gbit/s. This is a consequence
of the lower intrinsic bandwidth of these lasers compared to ordinary DBR
lasers, because of the longer cavity [69-70].

There are several types of modulators that are suitable for integration.
Most common is the electroabsorption modulator, which is often integrated
with DFB lasers but has also successfully been integrated with DBR [71]
and SG-DBR lasers [72]. In order to achieve a sufficient extinction ratio
across a wide wavelength range, an electroabsorption modulator can require
quite large bias voltages. Consequently, modulators based on refractive in-
dex changes, such as Mach-Zehnder and guiding/antiguiding modulators,
might be preferable for widely tunable lasers. For more details on modu-
lators the reader is referred to Chapter 8 in [73].

Amplification

Amplification is required to boost the output power and/or equalize the
output power of widely tunable lasers over the tuning range (without equal-
ization the power can vary by 3 to 6 dB). Integration of a semiconductor
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optical amplifier (SOA) has been demonstrated both for DBR [71] and
SG-DBR lasers [74]. The integration of an SOA is simplified by the fact
that the same material can be used for both the active section and the SOA.
Using an extra SOA for power control has the advantage of decoupling
the power control and frequency control. Indeed, adjustment of the power
through control of the gain current of the active section of the laser also
affects the frequency of the laser and therefore requires a frequency control
loop to be included.

It should be noted that the inclusion of an SOA adds amplified spon-
taneous emission (ASE) to the emission spectrum over a wide frequency
range, which might have an impact on system design.

Wavelength Locker — Power Monitor

Wavelength, mode, and power stability are important issues for tunable
lasers. Typically, it is required to maintain stable single-mode emission (i.e.,
no mode hops) and a constant output power, with less than 3 GHz frequency
drift, over a 20-year lifetime. This in turn sets high requirements on the
material quality (i.e., a low density of defects) in multi-section tunable
lasers. Such high material quality is unfortunately not readily achieved with
today’s fabrication technology. Hence, control loops for power, frequency,
and mode stabilization are necessary.

Wavelength stabilization requires a wavelength dispersive element
(a wavelength filter). An example of such a filter is shown in Fig. 4.35.
By taking the ratio of the signals from the two detectors, a wavelength-
dependent but power-independent signal is obtained.

Power Filter 1 Detector 1
splitter ]

Laser light input

Filter 2 Detector 2

Fig. 4.35 Schematic of a wavelength locker.
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A good wavelength locker should give a frequency resolution of about
0.1 GHz and have a sufficient locking range around each frequency at
which the laser 1s aimed to operate (e.g., all multiples of 50 GHz within the
C-band). A wavelength locker, enabling wavelength measurements within
a30nmband, has been integrated with a SG-DBR laser [75]. The dispersive
element consisted of a two-mode interference waveguide and a Y-branch
splitter. The frequency resolution was limited to 55 GHz due to a parasitic
reflection at the Y-branch. In order to reach the appropriate frequency reso-
lution, both the filter design and the fabrication process have to be improved.

The aging of the integrated wavelength locker itself might be an issue,
but because only passive waveguides and simple detectors are used, the
degradation should be much less than that of the laser sections with current
injection.

4.8. Comparison of State-of-the-Art Tunable Lasers

Table 4.2 summarizes state-of-the-art characteristics of some of the laser
types that were introduced previously. All lasers can achieve a side mode
suppression ratio (SMSR) of more than 30 dB across their entire tuning
range. A very noticeable difference between the laser types is the tun-
ing speed. This difference is due to the different tuning mechanisms—
electronic (changes in the carrier density), thermal, or mechanical—used
in the different laser types.

OPTO+ in France have demonstrated a DBR laser with an output power
of more than 13 dBm across a 2 THz tuning range [76]. To obtain this high
output power, the phase section was omitted and thermal tuning was used
instead to align a cavity mode with the Bragg reflectivity peak. This of
course has the disadvantage that the tuning becomes very slow. The same
applies to the temperature-tuned DFB cascade [82].

External cavity lasers [59,79] tend to have higher output power and nar-
rower linewidth than the DBR-type lasers, but the fact that they are tuned
mechanically has several disadvantages. The laser cavity is built up from
discrete components that have to be precisely aligned, which increases
assembly and packaging costs. The mechanical tuning also makes the de-
vices sensitive for shock and vibration. Furthermore, the tuning speed is
still quite slow. Finally, it still remains to be proven that these lasers can live
up to the stringent reliability requirements imposed on lasers for telecom
applications. Similar comments apply to the optically pumped MEMS-
VCSELSs described in [80-81].
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Table 4.2 Comparison of State-of-the-Art Tunable Laser Characteristics (*Single Cascade of 3 DFB Lasers)

DBR SG-DBR GCSR ECL MEMS-VCSEL DFB Cascade
Recent References [76] [77] [22, 78] [59, 79] [80, 81] [82]*
Tuning mechanism Thermal +  Electronic  Electronic  Mechanical Mechanical Thermal
electronic
Tuning range (THz) <2 >4 >4 >4 >4 <2
# channels <40 >80 >80 >80 >80 <40
(50 GHz channel spacing)
Freq. stability with locker (GHz) +3 +3 +3 +3 £3 +3
Freq. stability without Good Good Good Poor Poor ?
locker (GHz)
Output power (dBm) >13 >3 >3 >10 >6 >3
Power uniformity without 2-3 4-5 2-3 ? 2-3 ?
control (dB)
SMSR (dB) >35 >35 >35 >40 >40 >40
Linewidth (MHz) <25 <25 <25 <5 <10 <10
Tuning speed >1s <20 ns <20 ns >1ms >10 ps >1s
Reliability Good Good Good ? ? ?
Power consumption Low Low Low High High High
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Electronically tuned DBR-type widely tunable lasers—like the GCSR,
SG-DBR, and SSG-DBR lasers-——have demonstrated quasi-continuous
tuning ranges exceeding the bandwidth of (either C- or L-band) Erbium-
doped fiber amplifiers. (In the case of 3-section DBR lasers, typically 3
different lasers are required to cover this bandwidth.) These widely tun-
able lasers generally have somewhat lower output power than the 3S-DBR
and the ECL. Additionally, the SG-DBR and SSG-DBR have the disad-
vantage of relatively large output power variation across the tuning range.
As was explained previously, this is because in these lasers light generated
in the active section has to traverse a reflector section in which absorption
losses increase with tuning (see Section 4.1). The fact that these lasers are
all monolithic keeps assembly and packaging costs low. Furthermore, they
allow the integration of additional components like an optical amplifier
(to boost the output power) or an electroabsorption modulator. Because
these lasers are the only ones switching at nanosecond speeds, they are
also key-enablers for future optical packet switching systems.
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ABSTRACT

The vertical-cavity surface-emitting laser (VCSEL) becomes a key laser device in
optical high-speed LANs by taking the advantage of low power consumption and
high speed modulation capability. This device also enables ultra-parallel data transfer
in digital equipment and computer systems. Another important feature is its wide
range of continuous wavelength tunability, which is utilized in single-mode silica
fiber systems for metropolitan area networks (MANs). In this chapter, we will re-
view its history, structures, and design concept. Then, we introduce the progress of
VCSELs, covering the spectral band for optical communication by looking at their
fabrication technology, and performance issues such as threshold, output power, po-
larization, modulation, reliability, and so on. Lastly, we will touch on some applied
systems.

Key Words:  Surface-emitting laser, Vertical-cavity surface-emitting laser, VCSEL, Laser
array, Distributed Bragg reflector, DBR, Gigabit Ethernet, LAN, Interconnect, Microlens.

5.1. Introduction

The structure of a surface-emitting (SE) laser or vertical-cavity surface-
emitting laser (VCSEL) is substantially different from that of conventional
stripe lasers. For example, the vertical cavity is formed with the surfaces of
epitaxial layers, and light output is taken from one of the mirror surfaces
as shown in Fig. 5.1.

As seen from Table 5.1, the vertical-cavity surface-emitting laser
(VCSEL) [1, 2] is meeting the 3rd generation of development as we enter
a new information technology era in the 3rd millennium. The VCSEL is
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Table 5.1 History of VCSEL Research

I 1977 First idea and initial demonstrations
1988  CW and device feasibility study
I 1999  Production and extension of applications
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Fig. 5.1 A model of vertical-cavity surface-emitting laser (VCSEL).

being applied in various optical systems such as optical fiber networks, par-
allel optical interconnects, laser printers, high-density optical disks, and so
on. We first review its history and the progress of VCSELSs in wide spectral
ranges covered by various III-V compound semiconductors.

It is recognized that one of the present authors (K. Iga) suggested a
VCSEL device in 1977, and the first device came out in 1979, where we
used GalnAsP/InP for the active region, emitting 1300 nm-wavelength
light [3]. In 1986, we made a 6 mA threshold GaAs device [4]. Then we
employed the metal-organic chemical vapor deposition (MOCVD) for its
crystal growth, and the first room-temperature continuous wave (CW) laser
using GaAs material was demonstrated in 1988 [5]. After that, in 1989,
Jack Jewell of AT&T demonstrated a GalnAs VCSEL exhibiting a few
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mA threshold [6]. These two experiments encouraged researchers to get
into the technical field of vertical-cavity surface-emitting lasers. Sub-milli-
ampere threshold devices were demonstrated by improving the quality of
the active region and laser cavity.

Since 1992, VCSELs based on GaAs have been extensively studied [7-9]
and some 980, 850, and 780 nm devices have been commercialized and uti-
lized in various optical systems. In 1993, the author’s group demonstrated a
1300 nm room-temperature CW device [10]. A wafer fusion technique en-
abled us to operate 1550 nm VCSELSs at higher temperatures [11]. In 1993,
a room-temperature high-performance CW red color AlGalnAs device
was demonstrated [12]. Since 1996, green-blue-ultraviolet device research
has been ongoing [13, 14]. Since 1999, VCSEL-based optical tranceivers
have been introduced into Giga-bit/sec Ethernet and high speed local area
networks.

The initial motivation of surface-emitting laser invention was fully mono-
lithic fabrication of the laser cavity. The current issues include, based on
this concept, high speed modulation capability at very low power consump-
tion level, reproducible array production, inexpensive moduling, and so on.
The VCSEL structure may provide a number of advantages as follows:

|. Laser devices can be fabricated by a fully monolithic process,
yielding very low-cost production.

2. Laser cavity can be completed before separation into individual
chips.

3. Ultra-low threshold operation is expected from its small cavity
volume reaching micro-Ampere levels.

4. Dynamic single-mode operation is possible.

5. High-speed modulation beyond 10 GBits/s is possible even at low
driving ranges.

6. Wide and continuous wavelength tuning is possible.

7. Temperature independent operation is allowable, which yields no
power controller operation.

8. Power conversion efficiency is greater than 50%.

9. High power and low power devices are subject to design.

10. Device has high reliability due to completely embedded active
region and passivated surfaces.

11. Vertical and circular beam is inherently provided.

12. Coupling to optical fibers is easy due to good mode matching from
single mode through thick multi-mode fibers.
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13. Bonding and mounting are easy.
14. Modules and packages costs are cheap.

15. Densely packed and precisely arranged two-dimensional laser
arrays can be formed.

16. Vertical stack integration of multi-thin-film functional optical
devices can be made intact to VCSEL resonator, taking the
advantage of micro-machining technology(MEMS) providing
polarization independent characteristics.

17. Integration is compatible together with LSIs.

In this chapter, we will review the progress of VCSELs in a wide
range of optical spectra based on GalnAsP, AlGalnAs, GaInNAs, GalnAs,
AlGaAsSb, GaAlAs, AlGalnP, ZnSe, GalnN, and some other materials.

5.2. Scaling Laws

5.2.1. THRESHOLD CURRENT

The physical difference of vertical-cavity surface-emitting lasers
(VCSELs) and conventional stripe geometry lasers is summarized in
Table 5.2. The major point is the cavity length. That of VCSELs is on the

Table 5.2 Comparison of Parameters Between Stripe Laser and VCSEL

Parameter Symbol Stripe Laser Surface Emitting Laser

Active layer thickness d 100 A-0.1 um 80 A-0.5um

Active layer area S 3 x 300 um? 5 % Spm?

Active volume 14 60 pm? 0.07 pm?

Cavity length L 300um =l pum

Reflectivity Ry, 0.3 0.99-0.999

Optical confinement & =3% =4%

Optical confinement & 3-5% 50-80%
(transverse)

Optical confinement & 50% 2 x 1% x 3 (3QW’s)
(longitudinal)

Photon lifetime 7 =1 ps =1 ps

Relaxation frequency fr <5 GHz >10 GHz

(Low current levels)
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Table 5.3 Applications of VCSELs

Technical Fields Systems
1. Optical communications  LANs, Optical links, Mobile links, etc.
2. Computer optics Computer links, Optical interconnects,
High speed/Parallel data transfer, etc.
3. Optical memory CD, DVD, Near field, Multi-beam, Initializer, etc.
4. Optoelectronic Printer, Laser pointer, Mobile tools,
equipments Home appliances, etc.
5. Optical information Optical processors, Parallel processing, etc.
processing
6. Optical sensing Optical fiber sensing, Bar code readers,
Encoders, etc.
7. Displays Array light sources, Multi-beam search-lights,
8. Illuminations High efficiency sources, Micro illuminators, etc.

Adjustable illuminations, etc.

order of the wavelength, whereas that of stripe lasers is about 300 um. This
provides us with substantial differences in laser performance.

The threshold current I, of vertical-cavity surface-emitting lasers can
be expressed by the equation with threshold current density Jy, as

eV By
Ni Nspon

~

Ith =

N3 (5.1)

where ¢ is electron charge, V is the volume of active region, Ny, is the
threshold carrier density, B,y is the effective recombination coefficient, 7;
is injection efficiency (sometimes referred to as internal efficiency), and
Nspon 1S Spontaneous emission efficiency.

As seen from Eq. (5.1), we recognize that it is essential to reduce the
volume of the active region in order to decrease the threshold current.
Assume that the threshold carrier density does not change much, if we
reduce the active volume, we can decrease the threshold as we make a
small active region. We compare the dimensions of surface-emitting lasers
and conventional stripe geometry lasers as already shown in Table 5.2. It
is noticeable that the volume of VCSELSs could be V = 0.06 um?>, whereas
that for stripe lasers it remains as V = 60 pm3. This directly reflects that
the typical threshold of stripe lasers is ranging mA or higher, but that for
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VCSELs is able to be less than mA by a simple carrier confinement scheme
such as proton bombardment. It could even be as low as micro-Ampere by
implementing sophisticated carrier and optical confinement structures as
will be introduced later.

An early stage estimation of threshold showed that the threshold current
can be reduced proportional to the square of the active region diameter.
However, there should be a minimum value originating from the decrease
of optical confinement factor that is defined by the overlap of optical mode
field and gain region when the diameter is becoming small. In addition
to this, the extreme minimization of volume, in particular in the lateral
direction, is limited by the optical and carrier losses due to optical scattering,
diffraction of lightwave, and nonradiative carrier recombination, and other
technical imperfections.

5.2.2. OUTPUT POWER AND QUANTUM EFFICIENCY

If we use a non-absorbing mirror for the front reflector of the VCSEL, the
differential quantum efficiency ny from the front mirror is expressed as

by /DRy
T /Ly (1/JR/R,)

where « is the total internal loss, and R, and R, are front and rear mirror
reflectivity.
The optical power output is expressed by

(5.2)

Py = ﬂd’h‘ponCEgl (I < 1Ip)
= ndnsponCEgIIh + ndEg(I —Ip) (U= 1y) (5.3)

where E, is bandgap energy, C is spontaneous emission factor, and 7 is
driving current. On the other hand, the power conversion efficiency np far
above the threshold is given by

P, E Iy E
np = V:I = Udvj‘(l — f') = 77(175 = g (5.4)
where V}, is a bias voltage and the spontaneous component has been ne-
glected. In the case of a surface-emitting laser, the threshold current could
be very small, and therefore, the power conversion efficiency can be rel-
atively large, i.e., higher than 50%. (The power conversion efficicncy is
sometimes called wall-plug efficiency.)




5. Vertical-Cavity Surface-Emitting Laser Diodes 173

The modulation bandwidth is given by
frap = 1.55f, (5.5)

where f, denotes the relaxation frequency, which is expressed by the
equation,

1 T, [ 1
= —{—=1 5.6
f 2t \ 1, (llh ) 60
The photon lifetime 7, is given by
neg/c
T, = 5.7
F a+apy (5-7)

When the threshold current 7y, is negligible to the driving current /, f, can
be expressed as

I
mt, \ Tp I

. 1 i ninsponl
27T\ Tp eBygNZV

(5.8)

The relaxation frequency is inversely proportional to the square root of the
active volume and it can be larger, if we can reduce the volume as small as
possible.

The photon lifetime is normally on the order of pico-sec, which can
be made slightly smaller than stripe lasers. Because the threshold current
can be very small in VCSELSs, the relaxation frequency could be relatively
higher than stripe lasers even in low driving ranges. The threshold carrier
density Ny, can be expressed in terms of photon lifetime, which represents
the cavity loss and is given by using Eqs. (5.3) and (5.7);
+ 1 1 11

(c/nep) (dg/dN) & Tp
It is noted that the threshold carrier density can be small when we make the
differential gaindg/d N, confinement factor £, and photon lifetime 7, large.

The tuning wavelength bandwidth A of semiconductor laser is deter-
mined by its free spectrum range, as follows:

N{h = Nz

5.9

A-Q
dA =

(5.10)
2nyrLoy
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This is inversely proportional to an effective cavity length L.y and an
effective refractive index n.g. This means that the effective cavity length in
VCSELs can be as large as almost one wavelength and very wide continuous
tuning range is available.

5.2.3. CRITERIA FOR CONFIRMATION OF LASING

When we face a new or ultra-low threshold device, the existence of a
break from the linear increase of light output versus injection current
(I-L) characteristic is an easy observation for checking the lasing oper-
ation. Sometimes, a nonlinearity is observed in the I-L characteristic, but
this does not necessarily confirm laser oscillation. Even with a non-lasing
sample this can be seen owing to “filtering effect” and electron-hole plasma
emission, nonradiating floor, and so on. The methods to definitely confirm
the laser operation of the vertical cavity, for example, are as follows;

1. Break or kink in current vs. light output (/-L) characteristic
2. Narrow spectral linewidth (<1 A).

3. Difference of near-field pattern (NFP) and far-field pattern (FFP)
between the emissions below and above the threshold.

4. Linearly polarized light of the emission above the threshold.

5.3. Device Structures and Design

5.3.1. DEVICE CONFIGURATION

As already shown in Fig. 5.1, the structure common to most VCSELs
consists of two parallel reflectors that sandwich a thin active layer. The re-
flectivity necessary to reach the lasing threshold should normally be higher
than 99.9%. Together with the optical cavity formation, the scheme for
injecting electrons and holes effectively into small volume of active region
is necessary for current injection device. The ultimate threshold current
depends on how to make the active volume small as introduced in the pre-
vious section and how well the optical field can be confined in the cavity to
maximize the overlap with the active region. These confinement structures
will be presented in the later sections.

5.3.2. MATERIALS

We show some choices of the materials for VCSELs in Fig. 5.2. Here are
some of the problems that should be considered for making vertical-cavity
VCSELs, as discussed in the previous section,
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Fig. 5.2 Materials for VCSELS in wide spectral bands.

1. design of resonant cavity and mode-gain matching

2. multi-layered distributed Bragg reflectors (DBRs) to realize high
reflective mirrors

3. optical losses such as Auger recombination, intervalence band
absorption, scattering loss, and diffraction loss

4. p-type doping to reduce the resistivity in p-type materials for CW
and high efficiency operation. If we wish to form multi-layer DBRs,
this will become much more severe.

5. heat sinking for high temperature and high power operation

6. COD (Catastrophic Optical Damage) level, very important for high
power operation

7. Crystal growth at reasonably high temperatures (e.g., higher than
half of melting temperatures)

5.3.3. CURRENT INJECTION SCHEME

Let us consider the current confinement for VCSELs. Some typical models
of current confinement schemes reported so far are as follows:

1. Ring electrode type: This structure can limit the current flow in the
vicinity of the ring electrode. The light output can be taken out from
the center window. This is easy to fabricate, but the current cannot
completely be confined in a small area due to diffusion.
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2. Proton bombardment type: We make an insulating layer by proton
(H+) irradiation to limit the current spreading toward the surround-
ing area. The process is rather simple and most commercialized
devices are made by this method.

3. Buried-Heterostructure (BH) type: We bury the mesa, including the
active region, with a wide gap semiconductor to limit the current.
The refractive index can be small in the surrounding region, res-
ulting in formation of an index-guiding structure. This is an ideal
structure in terms of current and optical confinement. The problem
is that the necessary process is rather complicated, in particular, in
making a tiny 3D device.

4. Air-post type: The circular or rectangular air-post is used to make a
current confinement. It is the simplest means of device fabrication,
but nonradiative recombination at the outer wall may deteriorate the
performance.

5. Selective AlAs oxidation type: We oxidize AlAs layer to make a
transparent insulator.

6. Oxidized DBR type: The same method is applied to oxidize DBR
consisting of AlAs and GaAs. This is one of the volume confinement
methods and can reduce the nonradiative recombination.

By developing fine process technology, we could reach laser perfor-
mance expected from the theoretical limit.

5.3.4. OPTICAL GUIDING

Some optical confinement schemes were developed for VCSELSs. The fun-
damental concept is to increase the overlap of the optical field with the gain
region.

1. Fabry-Perot type: The optical resonant field is determined by two
reflectors, which form a plane parallel to the Fabry-Perot cavity.
The diffraction loss increases if the mirror diameter gets too
small.

2. Gain-guide type: We simply limit the field at the region where the
gain exists. The mode may be changed at higher injection levels
due to spatial hole burning.

3. Buried Heterostructure (BH): As introduced in the previous section,
an ideal index-guiding structure can be formed.
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4. Selective AlAs oxidation type: Due to the index difference between
AlAs and the oxidized region, we can confine the optical field as
well by a kind of lens-effect.

5. Anti-guiding type: The index is designed to be lower in the
surrounding region to make a so-called anti-guiding scheme. The
threshold is rather high, but this structure is good for stable mode in
high driving levels.

5.3.5. TRANSVERSE AND LONGITUDINAL MODE

The resonant mode in most surface-emitting lasers can be expressed by
the well-known Fabry-Perot TEM mode. The near-field pattern (NFP) of
fundamental mode can be given by the Gassiann function

E = Egexp {—%(r/s)z} (5.1

where E is optical field, r is lateral distance, and s denotes the spotless.

The spot size of normal surface-emitting lasers is several microns and
relatively large compared with stripe lasers, say, 2-3 um. In the case of
multi-mode operation, the mode behaves like the combination of multiple
TEM,,,. The associated spectrum is broadened due to different resonant
wavelengths.

The far-field pattern (FFP) associated with Gaussian near field can be
expressed by Gaussian function and spreading angle A as given by the
equation

2A0 = 0.64(A/2s) (5.12)

Here, if s = 3um and A = 1 um, A8 = 0.05 (rad) = = 3°. This kind of
angle is narrower than conventional stripe lasers.

5.3.6. POLARIZATION MODE

The VCSEL generally has linear polarization without exception. This is due
to a small amount of asymmetric loss coming from the shape of the device or
material. The device grown on (100)-oriented substrate polarizes in (110)
or equivalent orientations. The direction cannot be identified definitely
and sometimes switches over due to spatial hole burning or temperature
variation. In order to stabilize the polarization mode, special care should
be taken. This issue will be discussed later.
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5.4. Surface-Emitting Laser in Long Wavelength Band

5.4.1. GalnAsP/InP VCSEL

The first surface-emitting laser device was demonstrated by using GalnAsP/
InP system in 1978 and published in 1979 [3]. The importance of 1300 or
1550 nm devices is currently increasing, because parallel lightwave systems
are really needed to meet the rapid increase of information transmis-
sion capacity in local area networks (LANs). However, the GalnAsP/InP
system conventionally used in trunk communication systems with the help
of a temperature controller has some substantial difficulties for making
VCSELs due to the following reasons;

1. The Auger recombination and inter-valence band absorption
(IVBA) are noticeable.

2. The index difference between GalnAsP and InP is relatively small
to make DBR mirrors.

3. Conduction band offset is small.

A hybrid mirror technology is being developed. One technique is to
use a semiconductor/dielectric reflector [15]. Thermal problems for CW
operation are extensively studied. A MgO/Si mirror with good thermal
conductivity was demonstrated to achieve the first room temperature CW
operation at 1300 nm surface-emitting lasers [ 10]. Better results have been
obtained by using Al,O3/Si mirrors [16].

The other technique is epitaxial bonding of GalnAsP/InP active region
and GaAs/AlAs mirrors, where 144°C pulsed operation was achieved by
optical pumping. The CW threshold of 0.8 mA [17] and the maximum
operating temperature up to 69°C [11] have been reported for 1550 nm
VCSELs with double-bonded mirrors {17]. More recently, the maxi-
mum operation was achieved at 71°C [18]. In 1998, a tandem structure of
1300 nm VCSEL optically pumped by 850 nm VCSEL was demonstrated to
achieve 1.5 mW of output power [19]. However, the cost of wafer consump-
tion in wafer fusion devices may become the final bottleneck of low-cost
commercialization.

For the purpose of improving the performance of 1300 nm and 1550 nm
wavelength VCSELs, a good thermal conductive mirror consisting of
MgO/Si was employed and the first room-temperature CW operation was
achieved at 1300 nm (4]. The AlGalnAs/InP system can provide a good
temperature characteristic due to large conduction band offset, and together
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with an AlAs/AllnAs superlattice MQB for oxide aperture and a good tem-
perature characteristic was demonstrated in edge emitters [20].

The AlAs/GaAs mirror has advantages in both electrical and thermal
conductivity. A wafer fusion has been adopted to combine the GalnAsP/InP
active layer and AlAs/GaAs DBRs. A 1550 nm VCSEL exhibiting 66°C
CW operation and 0.8 mA threshold using selective AlAs oxidation was
reported [11]. The direct growth of AlAs/GaAs DBR on InP based active
layer was also demonstrated [21]. A photo-pumped 1300 nm VCSEL with
an integrated 850 nm pump VCSEL was demonstrated exhibiting a few
mW and operation up to 80°C [19].

Recently, a GaAsSb QW on GaAs substrate has been demonstrated for
the purpose of 1300 nm VCSELs [22]. An AlGaAsSb/GaAs system has
been found to form a good DBR {23]. A tunnel junction and AlAs oxide
confinement structures may be very helpful for long wavelength VCSEL
innovation [24, 25].

5.4.2. AlGalnAs/AlGalnAs VCSEL

The AlGalnAs lattice matched to InP is also considered. This system may
exhibit a larger conduction band offset than the conventional GalnAsP
system. Moreover, we can grow a thin AlAs layer to make the native oxide
for current confining aperture like the GaAs/AlAs system. The preliminary
study has been made to demonstrate a stripe laser in the author’s group,
where a large Ty was demonstrated [20]. By using this system the first
monolithic VCSEL was fabricated demonstrating room-temperature CW
operation [26].

5.4.3. LONG WAVELENGTH VCSELs ON GaAs SUBSTRATE

The long-wavelength VCSEL formable on GaAs as shown in Fig. 5.3 will
have a great impact on the realization of high-performance devices [27].
Every GaAs based structure can be applied and a large conduction band
offset is expected. GaInNAs system has been pioneered by Kondow er al.
[28] by a gas source molecular beam epitaxy (GSMBE) and 1190 nm
stripe lasers were fabricated, where the nitrogen content is 0.4%. Room-
temperature CW operation of horizontal cavity lasers has recently been
obtained exhibiting the threshold current density of 1.5 kA/cm?. Also,
stripe geometry lasers were demonstrated having the threshold of 24 mA
at room temperature [29]. It is reported that the characteristic temperature
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is 120 K at around room temperature [29]. Some 1300 nm edge-emitting
lasers and a 1186 nm VCSELSs were demonstrated [30].

If we can increase the nitrogen content up to 5%, the wavelength band of
13001550 nm may be covered. In particular, GaAs/AlAs Bragg reflectors
can be incorporated on the same substrate, and AlAs oxidation is utilized.
Some consideration of device design was presented [31]. In any case, this
system will substantially change the surface-emitting laser performances
in the long wavelength range. We achieved a lasing operation in GalnNAs
edge emitters grown by chemical beam epitaxy (CBE) demonstrating Ty >
270K and a VCSEL as shown in Fig. 5.4 [32, 33].
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During the research of GalnNAs lasers we found that a highly strained
GalnAs/GaAs system containing large In-content (£40%) can provide an
excellent temperature characteristic [34], i.e., operating with Ty > 200K
[35]. This system should be viable for A > 1200 nm VCSELs for silica-
fiber-based high speed LANs [36].

A quantum dot structure is considered as a long-wavelength active
layer on GaAs substrate. Room temperature continuous wave operation
of 1300 nm GalnAs-dot VCSEL was reported with a threshold current of
0.5 mA [37].

5.5. Surface-Emitting Laser in Mid-Wavelength Band

5.5.1. 980-1200 nm GalnAs/GaAs VCSEL

The GalnAs/GaAs strained pseudomorphic system grown on a GaAs sub-
strate emitting at 980 nm of wavelength exhibits a high laser gain and
has been introduced into surface-emitting lasers together with using GaAs/
AlAs multi-layer reflectors [38]. A low threshold (1 mA at CW) has been
demonstrated by Jewell et al. [6] The threshold current of vertical-cavity
surface-emitting lasers has been reduced down to sub-milliampere orders
in various institutions in the world. Very low thresholds reported before
1995 were 0.7 mA [7], 0.65 mA [8], 0.2 mA [39]. Moreover, a threshold
of 91 uA at room-temperature CW operation was reported by introducing
the oxide current and optical confinement [40]. The theoretical expectation
was 10 pA or less, if some good current and optical confinement structure
could be introduced.

It has been made clear that the oxide aperture can function as a focusing
lens, since the central window has a higher index and the oxide region
exhibits a lower index. This provides us some phase shift to focus the light
toward the center axis to reduce the diffraction loss. The Al-oxide is effec-
tive both for current and optical confinements and solves the problems on
surface recombination of carriers and optical scattering. The author’s group
demonstrated 70 uA [41, 42] of threshold by using oxide DBR structure,
the university of Texas achieved 40 pA [43], and USC reported 8.5 uA [44].

In 1995, we developed a novel laser structure employing a selective
oxidizing process applied to AlAs, which is one of the members of the multi-
layer Bragg reflector [41, 42, 45]. The active region is three quantum wells
consisting of 80 A GalnAs strained layers. The Bragg reflector consists
of GaAs/AlAs quarter wavelength stacks of 24.5 pairs. After etching the
epitaxial layers, including the active layer and two Bragg reflectors, the
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sample was treated in the high-temperature oven with water vapor, which
is bubbled by nitrogen gas. The AlAs layers are oxidized preferentially
with this process and native oxide of aluminum is formed at the periphery
of the etched mesas. It is recognized from the SEM picture that only AlAs
layers in DBR have been oxidized [41]. The typical size is a 20 um core
starting from a 30 um mesa diameter. We achieved about 1 mW of power
output and submicro-ampere threshold. The nominal lasing wavelength
is 980 nm. We have made a smaller diameter device having a 5 um core
started from a 20 um mesa. The minimum threshold achieved is 70 pA at
room-temperature CW operation [41].

A relatively high power, higher than 50 mW, is becoming possible [46].
Power conversion efficiency of 50% is reported {47]. Also, high efficiency
operation at relatively low driving levels, i.e., a few mA, became possible,
which has been hard to achieve in stripe lasers. This is due to the availability
of low resistive DBRs incorporating an Al-oxide aperture. Actually, in
devices of about 1 um in diameter, higher than 20% of power conversion
efficiencies was reported [48, 49].

Regarding the power capability, near 200 mW has been demonstrated
by a large size device at the University of Ulm [50]. In a two-dimensional
array involving 1000 VCSELs with active cooling, more than 2 W of CW
output was achieved [51].

In these low power consumption devices, high-speed modulation is pos-
sible in low driving currents around 1mA as well. This is especially impor-
tant in low power interconnect applications enabling > 10 Gbits/s transmis-
sion or 1 Gb/s zero-bias operation [52]. Actually, transmission experiments
over 10 Gbits/s and zero-bias transmission have been reported. We mea-
sured an eye diagram for 10 Gbits/s transmission experiment through a
100 m multimode fiber [53].

Finally, VCSELSs in this wavelength may find a market in 10 Gigabit
LANSs together with high speed detectors and silica fibers. In many ways,
GalnAs VCSELs show the best performance and research to challenge the
extreme characteristics will be continued.

5.5.2. 980-1200 nm GalnAs/GaAs VCSEL ON GaAs (311)
SUBSTRATE

Most VCSELs grown on GaAs (100) substrates show unstable polariza-
tion states due to isotropic material gain and symmetric cavity structures.
VCSELSs grown by MBE on GaAs (311)A substrates, however, show a very
stable polarization state [54]. Also, trials of growth on (GaAs)B substrates
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Fig. 5.5 Schematic structure of polarization controlled VCSEL on (311) GaAs substrate
(after Nishiyama et al. [60]).

by using MOCVD have been performed [55-57]. Single transverse mode
and polarization mode controlled VCSELs had not been realized at the
same time.

In this section, we introduce a single transverse mode and polarization
controlled VCSEL grown on a GaAs (311)B substrate. Both higher-order
transverse modes and a non-lasing orthogonal polarization mode are well
suppressed with a suppression ratio of over 25 dB [58].

The schematic structure of a fabricated top-emitting VCSEL grown on
GaAs (311)B by low pressure MOCVD is shown in Fig. 5.5 [59, 60].
The bottom n-type distributed Bragg reflector (DBR) consists of 36 pairs
of Aly7Gag3As/GaAs doped with Se. The top p-type DBR consists of
21 pairs of Zn-doped Alp7Gag 3As/GaAs and a 70 A thick AlAs carbon
high-doping layer inserted at the upper AlGaAs interface by the carbon
auto-doping technique proposed by us.[53] The active layer consists of
three 8 nm-thick Ing2Gag gAs quantum wells and 10 nm GaAs barriers
surrounded by Alp2GaggAs to form a cavity. An 80 nm-thick AlAs was
introduced on the upper cavity spacer layer to form an oxide confinement.
We oxidized the AlAs layer of etched 50 pm x mx 50 pm mesa at 480°C
for 5 minutes in an N»/H,O atmosphere by bubbling in 80°C water and
formed an oxide aperture of 2.5um x 3.0 um.

Figure 5.6 shows a typical current-light (I-L) of a 1150nm highly
strained GalnAs/GaAs VCSEL under uncooled operation [61]. The thresh-
old current is below 1 mA at room temperature, which is comparable to
the value reported for non-(100) substrate VCSELs. The threshold voltage
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is 1.5 V and the maximum output power is 1 mW at 4 mA. We changed
the ambient temperature by maintaining drive current so as to obtain 1mW
output at room temperature as shown in Fig. 5.6(a). The change of output
power was not so large and the result indicates no necessity of a thermo
cooler and power controller in system applications.

In other devices, a large side mode suppression ratio (SMSR) of over 35
dB and an orthogonal polarization suppression ratio (OPSR) of over 25 dB
were achieved at the same time against the entire tested driving range
(I < 161y). The single polarization operation was maintained at 5 GHz
modulation condition [57, 60].

The selective oxidation of AlAs is becoming a standard current and op-
tical confinement scheme for mA threshold devices. Technology of mode-
stable lasers using (311)B substrate is demonstrated for polarization con-
trol [S6]. We have obtained completely single-mode VCSEL by employing
most of the available advanced techniques. We performed a transmission
experiment using 1200 nm VCSEL and single-mode silica fiber as shown
in Fig. 5.7 [62]. It should be noted that we could use a high-performance

2.5 Gbps NRZ
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Vpp=0.7V

5|

Bit error rate

te—-—12

-10

Received power (dBm)

Fig. 5.7 Data transmission experiment of 1.2pm GalnAs/GaAs multi-wavelength
VCSEL (after Arai et al. [62]).
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VCSEL and silica fiber for single-mode transmission. We show its poten-
tiality in Fig. 5.8.

5.6. Surface-Emitting Lasers in Near Infrared-Red Band

5.6.1. 850nm GaAlAs/GaAs VCSEL

A GaAlAs/GaAs laser can employ almost the same circular buried hetero-
structure (CBH) as the GalnAsP/InP laser. In order to decrease the thresh-
old, the active region is also constricted by the selective meltback method.
In 1986, the threshold of 6 mA was demonstrated for the active region 6 um
diameter under pulsed operation [4]. It is noted that a micro-cavity of 7 um
long and 6 um in diameter was realized.
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The MOCVD grown CBH VCSEL was demonstrated by a two-step
MOCVD growth and fully monolithic technology [63]. The first room-
temperature CW operation was achieved [5]. The lowest CW threshold
current was 20 mA. The differential quantum efficiency is typically 10%.
The maximum CW output power is about 2 mW. The saturation of the
output power is due to a temperature increase of the device. Stable single-
mode operation is observed with neither sub-transverse modes nor other
longitudinal modes. The spectral linewidth above the threshold is less than
1 A, which is limited by the resolution of the spectrometer. The mode
spacing of this device was 170 A. The side mode suppression rate (SMSR)
of 35 dB is obtained at /1, = 1.25. This is comparable to that of well-
designed DBR or DFB dynamic single-mode lasers.

Sub-mA thresholds and 10 mW outputs have been achieved. A power
conversion efficiency of 57% has been demonstrated [64]. Some com-
mercial optical links have already been to market. The price of low-skew
multimode fiber ribbons may be a key issue for inexpensive multimode-
fiber-based data links.

As for the reliability of VCSELSs, 107 hours of room-temperature oper-
ation is estimated based on the acceleration test at high temperature using
proton-defined devices [65]. In 1998, some preliminary test results began
to be reported on oxide-defined devices exhibiting no substantial negative
failures.

5.6.2. 780 nm GaAlAs/GaAs VCSEL

The VCSEL in this wavelength was demonstrated in 1987 by optical pump-
ing, and the first current injection device was developed by Y. H. Lee of
AT&T Bell [9]. He moved to KAIST and continues to study VCSELs in
this wavelength. If we choose the Al content x to be 0.14 for Ga;_, Al As,
the wavelength can be as short as 780 nm. This is common for compact
disc lasers. When the quantum well is used for the active layer, blue shift
should be taken into account. The active layer Gay geAlp 14 As is formed by a
superlattice consisting of GaAs (33.9 A), and AlAs (5.7 A), with 14 periods.
The DBR is made of AlAs-Alg35Gag g5 As-Alg3Gag 7As-Alg 35Gag esAs as
1 period. The n-DBR has 28.5 pairs and p-DBR consists of 22 pairs. The
threshold in 1991 was 4-5 mA and the output was 0.7-0.8 mW. Later on,
the MQW made of Al content (x = 0,1/0.3) was introduced and a threshold
of 200 pA and output of 1.1 mW were demonstrated [66].
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5.6.3. AlGalnP RED VCSEL

Generally, the light-emitting device may have more severe operating prob-
lems in short wavelength regions than in longer ones, because the pho-
ton energy is large, and p-type doping is technically harder to perform.
If aluminum (Al) is included in the system, the degradation due to Al-
oxidation is appreciable. The AlGalnP/GaAs system emitting red color in
the 630-670 nm range is considered as a laser for the first-generation digi-
tal video disc system. GalnAlP/GaAs VCSELs were developed and room-
temperature operation exhibiting a submilliampere threshold and 8 mW
output and 11% of conversion efficiency have been obtained [67]. The
wavelength is 6720 nm with oxide aperture of 2 um x 3 pm. The threshold
is 0.38 mA, the output is 0.6 mW, and the maximum operation temperature
is 85°C [12]. The red color VCSEL emitting 650 nm can match to the low
loss band of plastic fibers. Short distance data links using 1 mm diame-
ter plastic fibers having a graded index have been developed. This system
provides very easy optical coupling. VCSELs can match nicely to this
application.

5.7. Surface-Emitting Lasers in Green-Blue-UV Band

Visible surface-emitting lasers are extremely important for disk, printers,
and display applications, in particular, red, green, and blue surface emit-
ters may provide much wider technical applications, if realized. The ZnSe
system is the material to provide CW operation of green-blue semicon-
ductor lasers operating over 1000 hours. It is supposed to be good for
green lasers and the metal-organic chemical vapor deposition (MOCVD)
may be a key to getting reliable devices into mass production. We have
developed a simple technique to get a high p-doping by an ample diffu-
sion of LiN to ZnSe. Also, a dielectric mirror deposition was investigated
and relatively high reflectivity was obtained to provide an optical pumped
vertical cavity. Some trials regarding optical pumped and current injection
surface-emitting lasers have been made [14].

The GaN and related materials can cover wide spectral ranges green
to UV. The reported reliability of GaN-based LEDs and LDs [68, 69] ap-
pears to indicate a good material potentiality for surface-emitting lasers
as well. The optical gain is one of the important parameters to estimate
the threshold current density of GaN-based VCSELs. The estimation of
linear gain for GaN/Alp 1GapoN quantum well is carried out using the
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density-matrix theory with intraband broadening. The transparent carrier
density of GaN is higher than other III-V materials such as GaAs, presum-
ably originating from its heavy electron and hole masses. Generally, the
effective masses of electrons and holes depend on the bandgap energy. Thus
it seems that the wide-bandgap semiconductors require higher transparent
carrier densities than do narrow-bandgap materials. The introduction of
quantum wells for wide-bandgap lasers is really effective. This result indi-
cates that the GaN/Alp, | GagoN QW is useful for low-threshold operation
of VCSELs.

The trial for realizing green to UV VCSELSs has just started. Some op-
tical pumping experiments have been reported [14, 70]. It is necessary to
establish some process technologies for device fabrication such as etching,
surface passivation, substrate preparation, metalization, current confine-
ment formation, and so on. We have made a preliminary study to search for
dry etching of a GaN system by a chlorine-based reactive ion beam etch,
and it was found to be possible.

The GaN system has large potentialities for short wavelength lasers.
AIN/GaN DBR and ZrO/SiO, DBR are formed for VCSELs [71], and
some selective growth techniques were attempted [72]. A photo-pumped
GalnN VCSEL was reported [14]. Also we are trying to grow GalnN/GaN
on silica glass for large-area light emitters [73].

5.8. Innovating Technologies

5.8.1. ULTIMATE CHARACTERISTICS

By overcoming any technical problems, such as making tiny structures,
ohmic resistance of electrodes, and improving heat sinking, we believe
that we can obtain a 1pA device. Many efforts toward improving the
characteristics of surface-emitting lasers have been made, including sur-
tace passivation in the regrowth process for buried heterostructure, micro-
fabrication, and finc epitaxies.

As has been previously introduced, very low thresholds of around 70 pA,
40 uA, and 10 pA were reported by employing the aforementioned oxida-
tion techniques. Therefore, by optimizing the device structures, we can
expect a threshold lower than micro-amperes in the future {74, 75].

The efficiency of devices is another important issue for various appli-
cations. By introducing the oxide confinement scheme the power conver-
sion efficiency has been drastically improved due to the effective current
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confinement and the reduction of optical losses. Also, the reduction of driv-
ing voltage by innovating the contacting technology helped alot. As already
mentioned, higher than 57% of power conversion efficiency (sometimes
called wall-plug efficiency) has been realized. The noticeable difference
from the conventional stripe laser is that high efficiency can be obtained at
relatively low driving ranges in the case of VCSELSs. Further improvement
may enable us to achieve very high efficiency arrayed devices not attained
in any other types of lasers.

The high-speed modulation capability is very essential for communica-
tion applications. In VCSELs, 10 Gbits/s or higher modulation experiments
have been reported. It is a big advantage for VCSELSs systems that over
10 Gbits/s modulation is possible at around 1 mA driving levels. This char-
acteristic is very preferable for low power consumption optical interconnect
applications.

The reliability of devices is a final screening of applicability of any com-
ponents and systems. A high-temperature acceleration life test of proton-
implanted VCSELs showed an expected room-temperature lifetime of
over 107 hours. There is no reason why we cannot have very long life
devices with VCSELs, because the active region is completely embed-
ded in wide gap semiconductor materials and the mirror is already
passivated.

The lasing performance of VCSELs will be improved by optimizing and
solving the following issues; a) improvement of crystal quality, b) quantum
structures (strain, wire/dot, modulation doping), ¢) polarization control,
d) wavelength control, e) high power and low operation voltage.

Micro-etching technology is inevitably required to make reproducible
arrayed VCSELs. We have prepared ICP (Inductively Coupled Plasma)
etching for well controlled and low damage etching of GaAs and InP
systems [76].

In order to further achieve substantial innovations in surface-emitting
laser performances, the following technical issues remain unsolved or not
yet optimized;

1. AlAs oxidation and its application to current confinement and
optical beam focusing

2. Modulation doping, p-type and n-type modulation doping to
quantum wells/barriers

3. Quantum wires and dots for active engines



5. Vertical-Cavity Surface-Emitting Laser Diodes 191

4. Strained quantum wells and strain compensation

. Angled substrates such as (311A), (311B), (411), etc.

6. New material combinations such as GaInNAs/GaAs for long
wavelength emission, etc.

7. Wafer fusion technique to achieve optimum combination of active
region and mirrors

9]

8. Transparent mirrors to increase quantum efficiency and output
power

9. Multi-quantum barriers (MQRBs) to prevent carrier leakage to
p-cladding layer
10. Tunnel junction.

Among them, the AlAs oxidation technology looks to be the most im-
portant technology to confine the current to reduce the threshold. Moreover,
the oxidized layer works to give some amount of phase shift to focus the
beam, providing an index-guiding cavity.

A tunnel junction was introduced in surface-emitting lasers [77]. Re-
cently, the reverse tunnel junction began to be utilized for effective carrier
injection and a novel self-aligned current aperture was proposed [24].

5.8.2. POLARIZATION STEERING

A wide variety of functions, such as polarization control, amplification, de-
tecting, and so on can be integrated along with surface-emitting lasers by
stacking. The polarization control will become very important for VCSELs
[78]. One of the methods is to incorporate a grating terminator to a DBR.
The other method includes the utilization of quantum wires and off-angled
substrate, where we can differentiate the optical gain between one lateral
direction and the perpendicular direction [54]. As already introduced, rea-
sonably low threshold and well-controlled polarization behavior has been
demonstrated by a (311)A and (311)B substrate. The device formation on
(311)B GaAs substrates employing MOCVD methods has been attempted
by solving the difficulties of crystal growth and p-type doping. We have
achieved 260 uA of CW threshold and single transverse and single polar-
ization operation. The orthogonal Polarization Suppression Ratio (OPSR)
of about 30 dB was obtained. We have shown single-mode operation in a
(311)B-based InGaAs/GaAs VCSEL under DC and 5 Gbits/s modulation
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condition [60]. At high-speed modulation conditions, some deterioration
of OPSR was observed. Later, we achieved more stable operation by opti-
mizing the device structure. The use of angled substrates, which provides
us differential gain in two orthogonal polarizations, will be very effec-
tive to control the polarization independent of structures and the size of
devices.

5.9. VCSEL-Based Integration Technology

A wide variety of functions, such as frequency tuning, amplification, and
filtering, can be integrated along with surface-emitting lasers by stack-
ing. Another possible way of moduling is to use the micro-optical bench
(MOB) concept [79] to ease the assembling of components, as shown in
Fig. 5.9.

A tunable VCSEL [80] is attractive as a widely tunable laser because
of its short cavity structure. The first wide continuous wavelength tuning
was demonstrated using a micromechanical external mirror [81]. Follow-
ing that, tunable Fabry-Perot filters and VCSELs with a micromachined
distributed Bragg reflector (DBR) were demonstrated [82, 83]. Microma-
chined filters/VCSELs have various advantages, such as wide wavelength

Multi Wavelength
VCSELs(MUX)
Optical PD (DEMUX)
Fiber

iRy
— = Ul

| I

PMLs Mirror WDM
Filters

Fig. 5.9 WDM module based on stacked planar optics (after Aoki et al. [79]).
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Fig. 5.10 (a) Schematic structure of (a) micromachined tunable filter and (b) SEM picture
of MEMS GaAlAs/GaAs vertical cavity filter (after Amano et al. [85]).

tuning ranges and two-dimensional array integration. We previously pro-
posed a novel technique for wavelength stabilization and wavelength trim-
ming in a VCSEL using a micromachined DBR mirror tuned by differ-
ential thermal expansion [84]. We demonstrated an optical filter using
vertical cavity configuration [85]. In Fig. 5.10, its concept is shown, which
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demonstrates a Fabry-Perot filter fabricated by micro electromechnical
system (MEMS) technology. By employing an additional compensation
layer, a temperature independent filtering characteristic was obtained as
shown in Fig. 5.11 [85].

5.10. VCSEL Application to WDM Networks

Lastly, we consider some possible applications including optical intercon-
nects, paralle] fiber-optic subsystems, WDM networks, and so on. We per-
formed an experiment of >10 Gbits/s modulation of VCSELs and trans-
mission via 100 m multi-mode fibers, The bit-error-rate (BER) is shown in
Fig. 5.12 [53].

Multi-wavelength lasers are very important in massive transmission of
optical signals. By using a selective crystal growth in metal-organic chem-
ical vapor deposition (MOCVD), we achieved a multi-wavelength VCSEL
array as shown in Fig. 5.13(a). The cavity length of each device can be tuned
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during the crystal growth. The experimental result is shown in Fig. 5.13(b).
Multi-wavelength transmission was also demonstrated.

Long wavelength VCSELSs should be useful for silica-based fiber links
providing ultimate transmission capability by taking the advantage of sin-
gle wavelength operation and massively parallel integration. The devel-
opment of 1200-1550 nm VCSELs may be one of the most important
issues in surface-emitting laser research for metropolitan area networks
(MAN). 1550 nm VCSELSs with MEMS tunable functions have been attract-
ing much interest for use in high end MAN systems. Electrical pumped
tunable VCSELs with a tuning range of 20 nm [86] and photo-pumped
tunable VCSELs with a tuning range of over 50 nm were demonstrated

[87].
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Fig. 5.13 (a) Schematic and (b) lasing spectra of multiwavelength VCSEL array on pat-
terned substrate (after Arai ef al. [62]).

5.11. Summary

The technology for high-performance VCSELs has matured. In practi-
cal 850 nm devices, sub-mA thresholds and 10 mW outputs have been
achieved. A power conversion efficiency of >50% has been demonstrated.
As for the reliability of VCSELSs, 107 hours of room-temperature operation
are estimated. Life test results on oxide-defined devices exhibited higher
reliability. The Gigabit Ethernet has already been in the market by the use
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of multimode-fiber-based optical links. This system is being extended to
10 Gigabits/s Ethernets.

The importance of 1300 or 1550 nm devices is currently increasing
for metropolitan area networks (MAN). A 1550 nm VCSEL with MEMS
tunable functions began to be introduced into a high-end MAN system. One
of the viable materials for long wavelength emitters is a GalnNAs system
that can be formed on GaAs substrate.

In order to control the polarization of VCSEL output, (311)B substrate
has been introduced and >30dB of orthogonal polarization suppression
ratio (OPSR) was obtained even in high-speed modulation conditions.

The VCSEL itself is basically an exploratory device which has gen-
erated a Gigabit Ethernet and fiber channel applications. It is emerging
into a higher class of data communication system such as 10 Gigabit
Ethernet, high-speed LANs, optical interconnects, optical links, and so on.
Moreover, long-wavelength VCSELs have been developed toward long-
distance metropolitan area networks (MANS). It is noted that a continuous
and wide-range wavelength tunability is a unique solution among many
other candidates for this purpose. It may be a disruptive technology to
replace distributed feedback (DFB) lasers.

It is found that temperature dependence upon threshold and quantum
efficiency could be removed by properly designing the device structure
and material. The highly strained GalnAs/GaAs emitting 1200 nm band is
one of the candidates. The GalnNAs system may follow.
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6.1. Introduction and Scope

With the advent of the laser, a great interest in communication at the
optical frequencies was created. A new era of optical communication was
launched in 1970, when an optical fiber, having 20 dB/km attenuation,
was fabricated at the Corning Glassworks. Dr. Kaminow and his team {rom
Bell Labs reported the concept of electrooptic light modulators [1]. At the
same time, Miller [2], coined the term “Integrated Optics™ and heralded the
beginning of efforts in development of a number of optical components,
including light sources, waveguide devices, and detectors. The demand for
fiber-optic telecommunication systems and larger bandwidth requirements
has increased tremendously in the past 10 years. External modulators arc
extensively developed and used for these systems, with the bandwidth rang-
ing from 2.5, to 10, and presently 40 GHz. High-speed LiNbO3 (Lithium
Niobate, LN) optical waveguide external modulators have the advantages
of superior chirping characteristics, wider bandwidths, and low insertion
losses over the direct modulation of the lasers.

The system performance of high-speed digital communication systems
is limited by fiber dispersion. The optical communication system degra-
dations caused by the fiber dispersion problems can be reduced by the
zero-chirp or negative-chirp capabilities of the LiNbO3 optical modula-
tors. The LiNbO3 modulator technology, which started in the late 1960s at
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Bell Labs (AT&T/Lucent Technologies), advanced in terms of the mate-
rial properties, fabrication process, and various modulation schemes over
the years [3—15]. Until the middle of the 1980s, a number of researchers
in universities, research laboratories, and corporations all over the world
made tremendous contributions in improving the optical and electrooptical
characteristics [16-55].

Although the electrooptic characteristics were greatly improved over the
years, practical realization of the Lithium Niobate modulators for use in ac-
tual systems was not possible until the early 1990s. The stable operation of
these devices was highly limited by the bias-voltage-induced drift (DC drift)
and the temperature-induced drift, which made these devices unsuitable for
practical applications in optical communication systems, This caused many
corporations/companies to slowly reduce the development activities, with
a few exceptions. Limited development activities were being carried in the
United States, Europe, and Japan, with a view to solving these reliability
problems in addition to improving the bandwidth. The breakthrough came
in the late 1980s and early 1990s. Bell Labs-Lucent Technologies in the
United States and Fujitsu/NTT/NEC in Japan were successful in develop-
ing low-drift modulator technologies. In the last few years, the business
opportunities have increased, and there is a strong demand and supply
for these LiNbO3 modulators, as per the optical communication industry’s
requirements.

The increase in use of the WDM (wavelength-division multiplexing) in
high-speed and long-haul fiber systems necessitates the use of high-speed
modulators. Significant advances have been made in recent years in the
design and performance of these modulators. The aim of this work is to
review the basic results and progress of the technology. A total review
of the field is out of the scope of this work, and several books and spe-
cial papers [3—15] can be referred to for more details. In this chapter, the
emphasis is more on the design, fabrication, and various characteristics that
are required by the system applications and the state-of-the-art in achieving
these characteristics.

The chapter is organized to give the progress, general methods, design
aspects, fabrication, and reliability of the lithium niobate optical modula-
tors. Section 6.2 treats the types of optical modulation and various physical
effects that control the modulation. Section 6.3 gives the general structures,
principle of operation, and design methods. The emphasis is on velocity
matching and microwave attenuation reduction. Section 6.4 deals with the
fabrication methods and the reliability aspects.
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6.2. Optical Modulation

6.2.1. INTRODUCTION

It is possible to realize various optical devices by externally controlling
the lightwave propagating in the optical waveguide. Optical modulators
are the devices, made of optical waveguides on some material with special
properties, where the information is placed on the lightwave externally,
imposing time-varying change on the lightwave, The information content
is then related to the bandwidth of the imposed variation. Similarly, the
switches are the devices that change the spatial location of the lightwave
with respect to the switching signal. These modulators and switches are
the important components in almost all the optical communication systems.
The materials have physical properties such as electrooptic effect, acousto-
optic effect, magnetooptic effect, and thermooptic effect. In this section
the basic modulation types and the electrooptic effect are discussed. The
details for other physical effects, such as, acoustooptic and magnetooptic,
can be obtained from reference [5].

6.2.2. TYPES OF MODULATIONS

The optical waveguide structures are formed in a material with a physical
etfect such as electrooptic effect, and it is then possible to achieve modu-
lation by external application of the signal. This is an operation where the
information content is placed on a coherent lightwave. A modulator alters
the detectable properties of a lightwave, in response to the applied exter-
nal signal. The desired modulation characteristics depend on the system
characteristics and system applications.

The modulation types include intensity or amplitude modulation, phase
modulation, frequency modulation, and polarization modulation.

The intensity modulators are those in which the intensity or amplitude
of the coherent lightwave varies with a time-varying signal. In this case,
for the plane wave of E(t) exp{j(w! — @)}, the intensity will be given by
E(t) x E*(1) or E?, which will vary as a function of the applied signal.

In phase modulation, the phase of the lightwave responds to the applied
signal. If the electric field of the lightwave when no signal is applied is
E exp{j(wt — ¢)}, when the signal is applied the field is shifted in phase
by an amount Ag. The field will then become E(t) exp{j(wt — ¢ + Ap)}.
If the signal is time varying, the A also varies with time. The amplitude
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of the first side band and carrier amplitude are related to the Bessel
functions.

In polarization modulation, using the electrooptic effect, the polarization
states of the lightwave respond to the signal applied. In general, when there
is no signal applied, the lightwave emerges as a linearly polarized light.
The vector amplitude of such a plane-polarized wave can be represented as
E =xExexp{j(wt — )} + yEyexp{j(wt — ¢)}. For Ex = Ey, the polar-
ization is 45° to the x axis. The amplitude when the signal is applied can be
represented as E = x Ex exp{j(wt—¢ + ®x)}+yEyexp(j(wt—¢ + Py)},
with ®x and ®y functions of the applied signal and time. This expression
is that of an elliptical polarized light. The phase shiftis A® = &x — &y, If
A is zero the light is plane polarized, and if A® = 7 then the light is also
plane polarized, but rotated through 90° from the previous plane-polarized
light of A® =0. These changes, from linear to elliptical polarization,
are the characteristics of polarization modulators that use the electrooptic
effect. In the case of magnetooptic polarization modulators, the light re-
mains linearly polarized, but rotated in direction as a function of the applied
signal. These polarization modulators are usually used as switches.

The last method is frequency modulation, in which the frequency or the
wavelength is changed with the applied signal. The detection of such frequ-
ency shifts gives rise to more complicated heterodyne system applications.

6.2.3. ELECTROOPTIC EFFECT

The electrooptic effect is in general defined as a change of refractive index
inside an optical waveguide in optical aniisotropic crystals, when an exter-
nal electric field is applied. If the refractive index changes linearly with the
amplitude of the applied field, it is known as the linear electrooptic effect or
the Pockels effect. This effect is the most widely used physical effect for the
waveguide modulators. The details can be learned from the existing litera-
ture (for example, Ref. [5]); here some of the basic fundamentals are given.

The dielectric tensor [¢] of these anisotropic crystals such as LiNbO3
can be represented as follows, when the asymmetric diagonal components
are made zero:

€11 0
el = £22 6.1)

0 €33
Assuming the relation between the dielectric constant and the refractive
index nj, as ¢;; = n? (j = 1,2,3), the index of the ellipsoid can be
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2 2 2
X y b4
S+ttt (6.2)
ny ny on;

When the x, y, z are chosen to be parallel to the principal dielectric axis of
the crystal, the linear change in the refractive index coefficients due to the
applied electric field E is given by

] 3
[3]-$re

j=1

(6.3)

where i = 1,2,3,4,5,6 and j = 1,2, 3 are associated with the x, y, z
axes respectively and r;; is known as the electrooptic constant. Equation

6.3, when written in a matrix form (the 6 x 3 [r;;] matrix),

—

ri
rai
r3i
Fay
rsi
re1

is called the electrooptic tensor.

12
r2
r3
rq2
rs2
Y62

AK]
3
ra3
ra3
rs3

re63

(6.4)

In the case of an anisotropic crystal such as LiNbOs, ny = n, = n,
represents the ordinary refractive index and n, = n, is the extraordinary
refractive index. Then the electrooptic tensor becomes

0
0
0
0

rsi

| —722

-
ra
0
rs)
0
0

AK]
ri3
r33
0
0
0

(6.5)

.

Assuming Ex = Ey = 0 and Ez # 0, and the light is propagating in
the x direction, it can be written, from Egs. (6.2) to (6.5),

y2

Z2

n2(1 —0.5r;3n2 EZ)

+ nZ(l —0.5r33n2 EZ)

(6.6)
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The change in refractive index can be
An, =0.5r3 ng Ez, An, = 0.5r3 ng Ez (6.7)

For LiNbO3, 713 =30.8x 10" 2 m/V,r;3 =8.6 x 10712 m/V,ry, =3.4x
10712 m/V, r3 =28.0x 1072 m/V,n,=2.2,and n, =2.15at A= 1.5 um.

6.3. Basic Principles of the Modulator Design
and Operation

6.3.1. INTRODUCTION

In this section, the basic principles of operation and design considerations
are discussed, vis-a-vis the characteristics of optical modulators based on
the dielectric crystals, such as Lithium Niobate (LiNbQ3) [15].

The block diagram of a single-channel time-division multiplexing(TDM)
communication system and the multi-channel wavelength-division multi-
plexing systems (WDM) are given in Fig. 6.1. TDM systems basically
consist of the transmitter and receivers, connected through the fibers. The
transmitter part consists of a laser, which provides the coherent optical
(light) wave, and the modulator (either external or the direct modulation of
lasers), where the desired signal is modulated and is placed on the coher-
ent lightwave. The light is then propagated/transmitted through the fiber,
using amplifiers/boosters for transporting to the destination. At the receiver
end the light is demodulated and the signal is separated from the coherent
lightwave for the final processing, depending on the application.

In the case of wavelength-division multiplexing (WDM), a number of
channels are used in a way similar to a TDM system, except that each
channel is propagated at a single wavelength/frequency. At the transmitter

oo |- O Qs (rec |

(a)

L)

Fig. 6.1 The high-speed long-haul optical communication system components, for
(a) time-division multiplexing (TDM) and (b) wavelength-division multiplexing (WDM)
applications.
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side the individual channels are multiplexed into a single path and transmit-
ted through the fiber. At the receiver end, the optical wave is demultiplexed
into various wavelength channels and detected, as in TDM.

The direct modulation of lasers is limited by the achievable bandwidth,
chirp, or dispersion, and the ability to be transmitted to longer distances.
The advantages for short-distance applications include small device size
and cost effectiveness. On the other hand, external modulators are bulky
and costly and increase the system requirements. But the advantages, such
as large bandwidths and capability to propagate long distances, make these
external modulators the winners in optical communication systems. The
external modulators include devices made of the dielectric crystals such
as lithium niobate and lithium tantalite, semiconductors including GaAs,
InP, InGaAs etc., and polymers such as PMMA. The lithium-niobate-
based modulators have the advantages of large bandwidth capabilities, low
chirp characteristics, low insertion loss, better reliability, and mature man-
ufacturing capabilities. The disadvantages include higher driving voltages,
large size of the device, and cost. The semiconductor modulators have the
advantages of smaller size, low driving voltages, relatively low cost (for
large volumes), and compatibility of future integration with other semi-
conductor devices. The disadvantages inciude large insertion loss, smaller
transmission distances, chirp, and manufacturing yields. The polymers are
just emerging and although they can achieve large bandwidths and low
driving voltages, their long-term reliability is still being investigated. In
today’s marketplace, lithium niobate external modulators are widely used,
especially for applications of more than a few Gb/s.

Figure 6.2 shows a generic trend of the spced of the systems that are in
practical use, in terms of the date of deployment. Starting with 0.4/1.6 Gb/s
systems in the early/late 1980s, through 2.4/10 Gb/s in the early/late 1990s,
systems in the early 2000s need 40 Gb/s optical components. Due to the
advantages of the lithium niobate external modulators, it is expected that a
large market share will be held by these devices at 40 Gb/s.

6.3.2. BASIC STRUCTURE AND CHARACTERISTICS
OF THE MODULATORS

In general, the Mach-Sender interferometer type structure is used in the
lithium-niobate-based intensity modulators [55-60]. The basic operational
structure is shown in Fig. 6.3. The modulator basically consists of an
input straight waveguide, an input Y branch waveguide, which divides
the incoming light into two parts, then an interferometer consisting of
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Fig. 6.2 The progress of the systems in practical use as commercial systems, as a function
of time since 1980, vis-a-vis the speed or bandwidth of these systems.

two arms, to which the signal can be applied in the form of voltage, then
another output Y branch waveguide, which combines the two waves from
the interferometer arms, and finally an output straight waveguide.

When there is no signal/voltage applied (V = 0), the input wave (field)
will be divided in two equal parts, E4 and Eg. At the interference arms
these waves propagate with the same amplitude and phase and recombine
at the output Y branch and propagate in the output waveguide without any
change in the intensity (Fig. 6.3 (a)). When voltage is applied, it changes the
phase of the two waves at the interferometer arms, and when the applied
voltage, V, equals the voltage required to achieve a w phase shift, Vp,
the output waves from the interferometer have the same amplitude, but a
phase difference of 7. The output light will become zero by destructive
interference (Fig. 6.3 (b)). For the values of the voltage between V and V,,
output power varies as

Pow = 0.5{(IEsl — IEgI)? +2IE4I - IEgl cos® Ap}  (6.8)
=0.5P, - (K1 + K2cos’(mV/2Vy) (6.9)

where the phase shift
200 =V Vy (6.10)

Figure 6.3.(c) shows the output intensity as the function of switching/
driving voltage, which is represented by Eq. (6.9).
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Fig. 6.3 The principle of operation of the Mach-Zehnder intensity modulators (a) when
no voltage is applied across the two arms, on-state, (b) when a voltage equivalent to a

phase shift, between the arms is applied, off-state, (c) with the output power of the modulator
as a function of the applied voltage.
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Driving Voltage
The change in the index as a function of voltage is
An(V) = n33r;3VI/2G (6.11)

The phase difference in each arm of the interferometer will be ¢ and as
the voltage is applied on both arms, the push—pull effect can be used and
the total phase difference will be 2¢, and

20=nV )V,

The driving/switching voltage V, = AG/Z nz ri3 L (6.12)
The voltage length product Vol =AG [2nrul (6.13)

where A is the wavelength of operation (say, 1.5), n, is the extraordinary
refractive index of the LiNbO3; waveguide (say, 2.15 at A1.5 pm), r33 is
the electrooptic coefficient, 30.8 x 107'2 m/V, V is the voltage applied,
I" is the overlap integral between optical and electric (RF) fields (usually
a value of 0.3 to 0.5), G is the gap between the electrodes, and L is the
electrode length.

Depending on the crystal orientation (z-cut, x-cut, or y-cut), the elec-
trode configuration, whether they are placed on the waveguides or on the
sides of the waveguide, will result in the use of vertical or horizontal fields
(Fig. 6.4). The overlap integral, I', is better for the z-cut compared to an
x-cut. The driving voltage will be less in the case of the z-cut crystal
orientation/vertical field, due to the large overlap factor. But, there is a
need to place a dielectric layer between the electrode and the waveguides,

M 27
Horizontal Electric field Vertical Electric field
(a) (b)

Fig. 6.4 The normally used electrode configurations and the respective field conditions,
(a) horizontal field used for the x- or y-cut crystal orientations, (b) vertical field used for
the z-cut crystal orientation, with the electrodes placed above the waveguides.
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to minimize the waveguide insertion loss, for a TM mode propagation.
This will increase the driving voltage. The parameters of the dielectric
layer, usually a SiO layer, can be used as a design parameter to achieve
larger bandwidths.

Extinction Ratio and Insertion Loss

If Iy is the intensity at the output of the modulator, when no voltage is
applied, Iyax is the maximum intensity, and /i, is the minimum intensity
when the voltage is applied, then

the insertion loss is defined as 10 log(/y.x/ o), (6.14)
and

the extinction ratio, ER, is 10 log(Imin/ Imax)- (6.15)

Chirp

In the case of small-signal applications, the dynamic chirp &(z) is the
instantaneous ratio of the phase modulation to amplitude modulation of
the transmitted signal and expressed as [53]
dw/dt
a(t) = _ dYjdr (6.16)
[(1/21d1/d1)]
where W and ! are the phase and intensity of the optical field and ¢ denotes
the time. In case of the intensity modulator using a Mach-Zehnder type
(Fig. 6.3), the « can be represented in a simplified form,

__ AB2+ ABI
AB2 — ABSI

_AV2+ AV
TAV2 - AVI

AB1, AB2 are the electrooptically induced phase shifts, and AV 1, AV?2
are the peak-to-peak applied voltages of the two arms of the interferometer.

Although this expression can be applied in general to the small-signal
region, it can also be applicable, to a large extent, for the large signal
region, due to the shape of the switching curve. Also, the value of « can
take — or -+ values and the chirp can be used to advantage, depending on
the optical transmission system. For systems that operate, away from the

(6.17)



218 Rangaraj Madabhushi

zero-dispersion wavelength region, and depending on the fiber used for
transmission, a negative chirp can be advantageous to achieve low disper-
sion penalties [53, 64]. In general, for a z-cut lithium niobate intensity
modulator, with a traveling wave type electrode, the value can be —0.7.
Depending on the crystal orientation and type of electrode structure, the
value can be zero (x-cut modulator).

Common Electrode Structures

The simple electrode structure, consisting of two symmetric electrodes
on both interferometer waveguides, otherwise known as lumped electrode
structure, is shown in Fig. 6.5 (a). Figure 6.5 (b) shows the equivalent cir-
cuit of such a lumped electrode structure. The source part is represented
by a voltage source, Vique, and load resistance, Rjo.q. The modulator
part is represented as a capacitance, Cyod- The bandwidth in this case is
limited by the RC (load resistance and modulator capacitance) and can be

Rlond

77777727, 77777777
01420227, 100077247,

(a)
(b)

4//////////////////1 I’/I/I///Ai r//////////////////
1 J f

(d)

(e)

Fig. 6.5 The commonly used electrode structures, for a z-cut oriented lithium niobate opti-
cal modulator, (a) asymmetrical lumped electrode structure, (b) the RC equivalent circuit of
the lumped electrode structure, (c) the equivalent circuit of a traveling wave electrode struc-
ture. The commonly used traveling wave electrode structures (d) a CPW (Coplanar Waveg-
uide) electrode structure and (e) the ACPS or Asymmetric Coplanar Stripline structure.
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given by 1/2V; Ri0adCmod, hence, it is difficult to achieve large bandwidths.
The widely used electrode structure for larger bandwidths is the traveling
wave electrode structure, where the modulator electrode structure is de-
signed to be an extension of load resistance. Figure 6.5 (c) shows the
equivalent structure of this design. The modulator is designed to have the
characteristic impedance, Zpo4. The widely used traveling wave electrode
structures are shown in Fig. 6.5 (d) and (e). Figure 6.5. (d) shows the struc-
ture of a CPW Coplanar electrode structure [56, 57], which consists of
a central signal electrode and two ground electrodes on both sides of the
signal electrode, whose widths are assumed to be sufficiently larger than
the signal (or central) electrode structure. Figure 6.5 (e) shows the ACPS,
Asymmetric Coplanar Stripline or ASL, Asymmetric stripline electrode
structure [58, 62], which consists of a central signal and one ground elec-
trode, where the ground electrode width is assumed to be sufficiently larger
than that of the signal electrode. In both of these cases the bandwidth is no
more limited by the capacitance of the modulator, but is dependent on the

velocity matching and microwave attenuation of the electrode structures.
The other important characteristics include

Optical: Wavelength of operation, optical return loss, maximum
power, polarization dependency, etc.

Electrooptic and microwave characteristics: Bandwidth (frequency
response), microwave attenuation, characteristic impedance, etc.

Mechanical and long-term stability: size, temperature, and DC drift
stability, humidity and shock and vibration stability, fiber pull strength,
etc.

These are the characteristics that need to be addressed by the modulator
designer, fromthe initial stage. The waveguide technology is mature enough
to satisfy most of the characteristics. The most important characteristics that
need special attention from the design point of view are larger bandwidths
and lower driving voltages, which will be discussed in detail in the next
section.

6.3.3. DESIGN CONSIDERATIONS OF MODULATORS

The usual system requirements are larger bandwidths with lower driving
voltages, due to the limitations of available low driving voltage drivers.
Bandwidth and driving voltage of lithium niobate modulators are in a trade-
off relationship. One has to be sacrificed for the other. Modulator design
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concentrates on optimizing various parameters and finding ways to achieve
both larger bandwidths and lower driving voltages [65-97].

6.3.4. BANDWIDTH

The bandwidth of a modulator is dependent on the velocity mismatch
between the optical and microwave (RF) and the microwave attenuation
of the electrode structure. The velocity mismatch can be controlled by the
electrode and buffer layer parameters. But once the electrode/buffer layer
parameters get fixed, the microwave attenuation («) gets fixed. In other
words, the microwave attenuation, which gets fixed by the electrode/buffer
layer parameters, limits the achievable bandwidth, even though perfect
velocity matching is achieved. The driving voltage or V;, is also dependent
on the electrode/buffer layer parameters.

Velocity Matching

As the effective refractive indices of the optical wave (2.15, for TM mode,
at 1.55 pm) and the microwave (4.2) are different, a velocity mismatch
exists between the two fields, which are propagating simultaneously. This
mismatch limits the achievable optical bandwidth value. It is possible to
reduce the microwave refractive index to that of the optical refractive index,
by optimizing the electrode and buffer layer parameters. Figure 6.6 shows
the cross-sectional view of the Ti-diffused LiNbO3; Mach-Zehnder modu-
lator with CPW electrode structure. The parameters that are controlled and

G w G
+— > —P—>

11172772, 2

WLPLIILILIP2A V2707 10224227,

Teledrode

FPAPILILPLPP 117171, ULl L Ll

Toutrer Buffer layer

S

LiNbO; substrate Ti:LINbO; optical waveguide

Fig. 6.6 The cross-sectional view of the Ti-diffused LiNbO; Mach-Zehnder modulator
with a CPW electrode structure.
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optimized are W, the width of the signal electrode, G, the gap between the
signal and ground electrodes, Telectrode, the thickness of the electrode, Tyyfrer,
the thickness of the buffer layer, and ¢, the dielectric constant of the lithium
niobate crystal. Highly accurate optical waveguide simulation methods and
tools are needed to design these modulators. The WKB method, finite ele-
ment method, etc., are used to solve the two-dimensional analysis. There is
some commercial software available for three-dimensional analysis also.
But most of the optical and microwave field analysis tools give a general
trend as the calculation, and the actually measured characteristics usually do
not agree completely. There is a need to improve the simulation techniques,
incorporating the measured experimental values of various parameters, in
order to achieve a better simulation tool. Here the general design crite-
ria are discussed, where the various parameters used here are optimized
using the experimental results. Care should be taken in modifying these
parameters with the measured and fabricated conditions. In the following
design, two-dimensional finite element analysis is used for the microwave
analysis, to calculate the capacitance, effective microwave index, and the
characteristic impedance. The BPM (beam propagation method) or PBM
(propagation beam method) is used for optical field analysis. The details
can be obtained from various references, including, [S8-60, 62, 66-69].
Here the results are given.

The parameters used include the refractive index (TM modes) at 1.55 pm
of wavelength, n, at 2.15, the dielectric constants of the z-cut LiNbO3 28
for z direction and 43 in other directions. The buffer layer is assumed to
be Si0O; with the dielectric constant of 3.9. Figure 6.7 (a) and (b) show
the microwave rcfractive index n,, and the characteristic impedance Z as
functions of the electrode width to gap ratio, W/ G, buffer layer thickness,
and electrode thickness. It can be observed that n,, decreases by increas-
ing the buffer layer and the electrode thickness. Similar results can be
observed for the characteristic impedance. Figure 6.8 shows the results as
functions of the buffer layer and electrode thickness for a fixed W/G of
7/28. A set of optimized design parameters to achieve the velocity match-
ing and characteristic impedance of nearly equal to 50 2 are W = 7 um,
G = 28 um, Tyugter = 1.1 pm, Tejecroge = 1.1 wm. For these values the
Am = 2.15 (n,, —n, = 0) and Z = 48.5 Q. These values depend on var-
ious experimental factors and fabrication conditions. Hence, care should
be taken that the necessary optimization is achieved in incorporating the
experimental values with the modulator design parameters.
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Fig. 6.7 The calculated values of (a) microwave refractive index n,,, and (b) characteristic
impedance Z as functions of the electrode width-to-gap ratio, W/ G, buffer layer thickness,
and electrode thickness.
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Fig. 6.8 The calculated values of (a) microwave refractive index n,,, and (b) characteristic
impedance Z as functions of the buffer layer thickness and the electrode thickness for a
fixed value of the electrode width-to-gap, W/ G, ratio.
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Optical Response Function

The bandwidth of a modulator can be obtained from the optical response
function, which can be defined as

[1 —2e %L cos2u + e~ 2211/2

D =D+ G (©18)

where
u=nfL{n, —n,/C (6.19)
a =oyf'?/(201oge) (6.20)

oy = microwave attenuation constant, f = frequency, n,, = effective mi-
crowave index, n, = effective optical index, (r,, —n,) = velocity mis—
match, L = length of electrode, C = velocity of light.

The units of optical response in dB, are given as

Optical response in dB, electrical is 20 log{ H (f)} 620
and
Optical response in dB, optical is 10 log{ H(f)} (6.22)

Sa1 response is the electrical or microwave response, which can be
approximated by Eq. (6.20), under the assumption that the microwave
attenuation is mainly due to the stripline conductor loss. The approximate
relation between the microwave response S3; and the optical response can
be represented as follows:

6 dB value of S5 corresponds to approximately to the
3 dB value of the optical response in dB, electrical or
1.5 dB value of the optical response in dB, optical,

taking into consideration the exponential factors of Eq. (6.18).

Care should be taken in understanding the difference between the band-
widths (optical response) represented in dB, electrical, and dB, optical,
as they are different in system use. The 3 dB bandwidth, when repre-
sented in dB, optical, shows very large bandwidths, but, in reality, the band-
width values will be much smaller when they are seen in 3 dB, electrical,
values. For example, referring to Fig. 6.9 (a) and (b), for ap = 0.4 dB/{cm
(GHz)'/2}, the 6 dB, S,; bandwidth is approximately 16 GHz. The cor-
responding optical bandwidth, when represented, under dB, electrical, is
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Fig. 6.9 The relation between (a) the electrical response and (b) the optical response, as
functions of the frequency of operation and the microwave attenuation constant, for a fixed
electrode length of 4 cm.
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18 GHz, whereas the optical bandwidth, when represented in dB, optical,
is 72 GHz. Under these values, the modulator will be useful for system
applications at 20 Gb/s, and not at 80 Gb/s. It will be misleading to say that
the modulator can be used for an 80 Gb/s system, just because the optical
bandwidth in dB, optical, is 72 GHZ. Figure 6.9 (a) shows the calculated
values of Sy, the microwave attenuation, as functions of frequency, and
various assumed values of the microwave attenuation, ag, for a fixed elec-
trode length of 4 cm. Figure 6.9 (b) is the corresponding optical response,
the left axis in dB, electrical, and the right axis in dB, optical. In this case,
the perfect velocity matching condition (n,, — n, = 0), is assumed. It is
seen that the bandwidth increases tremendously when the microwave at-
tenuation is decreased. From both these figures, it is very evident that, even
when a perfect velocity matching is achieved, the bandwidth is limited by
the microwave attenuation. Thus, reduction of microwave attenuation is
the key in achieving very large bandwidths.

The velocity matching using the thick electrodes and thick buffer layer
is in ACPS electrode structure (Fig. 6.5) reported by Ref. [58]. For an
electrode length of 2 cm, a driving voltage of 5.4 V, a bandwidth of
20 GHz, and a microwave attenuation of 0.67 dB/{cm (GHz)!/?} was
achieved. One drawback of the ACPS structure is the resonance problem
at higher frequencies, and there is a need to reduce the chip thickness and
width. In the case of CPW electrode structure, thick electrodes and buffer
layer are utilized in refs. [68, 69]. For an electrode length of 2.5 ¢cm, a driv-
ing voltage of 5 V, a bandwidth of 20 GHz with a microwave attenuation of
0.54 dB/{cm (GHz)'/2} was achieved. The issue with a CPW electrode was
higher microwave loss due to the higher order mode propagation. Reduc-
tion of chip thickness is needed.

Another structure where velocity matching is achieved uses a shielded
plane above the electrode structure [57]. The idea is to put a metal above the
electrode structure, with an air gap between of the order of 5 microns. For
an electrode length of 2 ¢cm, a driving voltage of 5.2 V, bandwidth of 20 GHz
and a microwave attenuation of .67 dB/{cm (GHz)'/2} was achieved. The
issues include difficulty of manufacturing and higher microwave loss.

Microwave Attenuation Components and Reduction Techniques

Reduction of microwave attenuation is the main factor to achieve very
large bandwidths. Figure 6.10 shows the general structure of the CPW
electrode. As mentioned earlier, to achieve velocity matching and required
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Fig. 6.10 The generic structure of the CPW electrode structure, showing the stripline
region, the bends, and the tapered regions.

characteristic impedance, the design deals mainly with the stripline region.
In this region the signal electrode width and gap are of the order of a few
microns to a few tens of microns. When this structure is to be connected to
outside RF connectors, having dimensions of a few hundreds of microns
order (say, the K-connector is 280 pm, the V-connector 220 pm), there is a
need to include a bend region, tapered region, and the connector matching
contact pad region. The external RF connector can be directly placed, or
wire/ribbon bonded, with or without ceramic CPW structures in between.
All these components are sources of microwave attenuation and need to be
designed with minimum loss.

The total microwave attenuation of the electrode structure can be sub-
divided broadly into the following factors [77, 81, 83, 89-91, 96]:
1. Stripline conductor loss: This is the main component of the loss, and
is dependent on the electrode and buffer layer parameters. These parame-
ters are already optimized when the velocity matching design is completed.
This loss has a root frequency relationship with the frequency (as given by
Eq. (6.20)). In general, the surface area/volume of the electrode structure
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limits this loss. Increase of the electrode thickness and width decreases this
loss.

Simply, increasing the electrode width, W, may decrease the microwave
attenuation, but it will also make the gap, G, become large, in order to
maintain the same W/ G ratio for velocity matching. This in turn increases
the driving voltage. A novel electrode structure, with a two-layer structure,
with different widths in the upper and lower portions, is reported [77]. This
structure has two layers of electrodes, the lower layer with the standard W,
G values say, 7 and 28 pum, and another upper portion, with W/, G’ as say,
25 and 100 pm. This structure keeps the driving voltage small, as the lower
portion has a smaller gap, but, at the same time, has minimum microwave
attenuation, due to increase in the signal electrode dimensions. One issue of
this structure is the degradation of Sy, the RF return loss, due to proximity
of the upper signal electrode of width W’ to the lower ground electrode gap,
G. The reason for this is the degradation of the characteristic impedance
from the designed 50 ohm value, as the W /G changes, in effect to W//G.
Improved structures are shown in Ref. [15]. A bandwidth of 18 GHz and
DC driving voltage of 3.3 V, with a microwave attenuation constant of
0.36 dB/{cm (GHz)'/?}, was the lowest reported achievable value at that
time [77].

2. Dielectric loss: This loss is an inherent loss of the crystal, and
depends on the dielectric constant and tan$ of lithium niobate and can-
not be controlled by design. This loss is directly proportional to frequency.
This becomes a real issue, usually after 30 GHz. Reduction of the above-
mentioned stripline loss will ease the impact of this loss.

3. Higher order mode propagation loss: This loss is more prominent
for the traveling wave electrode structure, including the CPW structure.
It is always desirable to have a single-mode propagation structure, but,
as explained earlier, the tapers and the contact pad regions, due to their
large dimensions, always contribute to the multimode propagation, which is
lossy. This loss can be reduced by reducing the substrate thickness [27, 69],
but this reduction in substrate thickness necessitates the need of extra pack-
aging techniques for fiber attachment, etc.

4. Losses due to bends, tapers: The bends and tapers increase the mi-
crowave attenuation. These can be reduced to some extent by proper design
considerations. The bends can be designed as straight 90 degree bends, with
a 45 degree cut at the edge, or curved bends with smaller bend radius. The
tapers are designed with smooth and unabrupt transition regions.
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Fig. 6.11 The electrical response characteristics of the CPW electrode structure, as the
function of frequency, for the cases of the structure that is fully connectorized, before/after
the modifications, and that with a probe measurement.

5. The connector to contact pad loss and other package related loss:
These losses are very critical for bandwidths above 25 GHz, and proper
design considerations are needed. These problems are more severe for the
modulators at 40 GHz applications. Reduction in size of the contact pad,
taper widths, taper lengths, and the bends can be optimized [88] to achieve
low loss. Figure 6.11 shows the S>; microwave attenuation measurements.
The experiments were carried out with a probe measurement, the pack-
aged device without the above-mentioned improvements for the losses,
and that with the improvements. The probe measurements give the chip’s
S) characteristics, without the losses associated with the connector, the
connector to contact pad and other package losses. It can be observed that
the improvements on the package-related losses increase the achievable
bandwidths to a large extent, especially above 25 GHz. Figure 6.12 shows
the results of Ref, [88], with all the above-mentioned microwave attenu-
ation improvements. For an electrode length of 4 cm, the driving voltage
is 3.3 V, and the bandwidth is 26 GHz with the microwave attenuation of
0.3 dB/{cm (GHz)!/?}.

It is also possible to reduce the microwave attenuation by increasing the
buffer layer thickness [89). The big problem will be the increase of driving
voltage.
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Further reduction of the microwave attenuation is needed to achieve
much larger bandwidths of 80 GHz/160 GHz.

6.3.5. DRIVING VOLTAGE REDUCTION

The driving voltage is given by Eq. 6.12. The driving voltage reduction
can be realized, mainly by increasing the electrode length or I, the overlap
integral, between the optical and RF waves, or decreasing G, the gap be-
tween the two arms of the interferometer. There is a limit to decreasing G.
If the arms are too close, there is a problem of mode coupling between
these two arms. This will cause a degradation of extinction ratio. Also G
is the parameter that became fixed in earlier velocity matching design.
Increasing the electrode length poses problems on the achievable band-
width due to microwave attenuation problems.
The overlap integral, I, can be represented as

G [ E*(x, y)e(x, y)dx dy
V [ E*(x, y)dx dy

where, E(x, y) and €(x, y) are the optical and microwave/electrical fields
at a point P(x, y) in the crystal. V is the applied voltage across the elec-
trodes, G is the electrode gap. The optical field can be calculated using
BPM calculations and the electric field, using the finite element analysis
[55-60, 68]. The overlap integral needs to be as large as possible and it
depends on the waveguide fabrication parameters and diffusion parame-
ters. The waveguide parameters include the titanium thickness, titanium
concentration, and the gap between the electrodes. The diffusion parame-
ters include the diffusion time and temperature. All these parameters are
to be optimized, in order to achieve strong mode confinement. Also, the
position of electrodes vis-a-vis the waveguide position dictates the overlap
integral value. The other important parameter is the buffer layer thickness.
As the buffer layer thickness is increased, the driving voltage increases as
the overlap integral decreases. Thicker buffer layers are needed to achieve
the velocity matching, as explained previously. Figure 6.13 shows the driv-
ing voltage as a function of the buffer layer thickness. Once the velocity
matching condition is obtained, the buffer layer thickness and the achiev-
able driving voltage get fixed. The optimization of the waveguide/electrode
parameters to achieve a strong confinement remains to achieve the lower
driving voltages, in the usual cases.

(6.23)
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Fig. 6.13 The driving voltage as the function of the buffer layer thickness.

Another method to reduce the driving voltage is the use of a dual elec-
trode structure [65, 86]. In this structure (Fig. 6.14 (a)), where the two
arms of the interferometer are driven by two independent signal elec-
trode structures, the driving voltage can be reduced by approximately half.
This structure has the advantage of controlling chirp value. As can be ob-
served from Eq. (6.17), by individually controlling the voltages applied to
the two arms, it is possible to obtain a zero chirp or a negative/positive
chirp.

Another method (Fig. 6.14. (b)) of reducing the driving voltage is use of
a ridge waveguide structure, at the two arms of the interferometer [73, 78,
79, 84]. By etching rides in the region, the overlap integral can be made
larger. At the same time, it possible to design a modulator to achieve both
velocity matching and required characteristic impedance. A bandwidth of
30 GHz, driving voltage of 3.3 V for an electrode length of 3 cm is achieved.

Another method (Fig. 6.14. (c)) of controlling the thickness of the buffer
layer, across the waveguides, to achieve both large bandwidth and low
driving voltage is reported in [83, 88, 90, 95]. The thickness is varied so
that both the velocity matching condition and the low driving voltage are
achieved at the same time. For the electrode lengths of 4 cm and 3 cm,
driving voltages of 2.5 V and 3.3 V and bandwidths of 25 GHz and 32 GHz
were achieved respectively.
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Thus, the various design parameters can be optimized to achieve large
bandwidth, low driving voltage modulators. Further innovations and im-
provements will be needed to achieve further increase in bandwidths.

6.4. Modulator Fabrication Methods and Reliability

6.4.1. FABRICATION METHODS

Lithium niobate wafers, of optical grade, with high surface homogeneity
and flatness are used to make these devices. These wafers are obtained
from the crystals grown using the Czochralski method, under controlled
conditions. These wafers are available commercially, in sizes of 3 or 4
inches (75 or 100 mm), in various crystal orientations, x- or y- or z-cut, in
different thicknesses.

There are two methods to make waveguides using the Lithium Nio-
bate wafers for these modulators: the thermal in-diffusion and the proton
exchange.

Proton Exchange waveguides: A method of making the waveguides in
LiNbO; is the Proton Exchange (PE) [33-36]. Using acid baths (proton
rich) such as C¢HsCOOH, at lower temperatures of 120-250°C, it is pos-
sible to make waveguides. The Li~ ions in LiNbO3 are exchanged with
protons, H*, from the acids, resulting in the higher refractive index part
on the surface of the wafer, in the form of H,Li;_,NbQOs, where x usually
>{.5. The proton exchange waveguides need to be annealed at higher an-
nealing temperatures, after proton exchange. The initial issues of the proton
exchange waveguides were non-uniformity stability problems of the refrac-
tive index and the degradation of electrooptic characteristics. Annealing
operation is very critical in solving these problems. In proton exchanged
layers, there is an increase in the extraordinary refractive index and no
change, or in some cases a decrease, in the ordinary refractive index. Also,
the proton exchange is possible in z-cut and x-cut orientations, as the acid
etches, chemically, the y-cut wafers.

Thermal in-diffusion: The waveguides are usually made by in-diffusion
of titanium metal strips, at temperatures ranging from 950 to 1050°C, for
5 to 10 hours [17, 32, 37]. The fabrication of the modulators involves the
fabrication of the optical waveguides, buffer layer formation, and electrode
layer formation. The general steps are shown in Figs. 6.15 and 6.16. The
optical grade LiNbQOj wafers (substrates) are inspected for surface flatness,
in order to achieve uniformity of modulator characteristic across the wafer
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and inside each modulator element chip. High yield and uniform charac-
teristics are the key factors for volume manufacturing. The various photo
masks for the waveguide structure and electrode structures are made. The
titanium metal strips fabrication can be done in two ways. One is the lift-
off method, in which the photo resist pattern is first made and the titanium
metal is coated, resulting in the required titanium strip structure. The other
method is first coating the substrate with titanium metal, then making the
photo resist pattern, and finally etching the extra Ti metal. Figures 6.15
and 6.16 show the difference in these two methods. The latter process is
explained in detail.

Titanium metal of thickness a few hundred microns (the thickness is
dependent on the single mode requirements, Ti concentration etc.), is
coated on the substrate, either using electron beam evaporation or sput-
tering method. Then the pattern of the modulator waveguide structure is
transferred on to the titanium metal using photo resist patterning technique.
Then the titanium is etched, except the areas where the modulator pattern
is required. After removing the photo resist and cleaning, the substrate is
placed in the diffusion chamber and the titanium in-diffusion is carried
out. During this process, care is taken in suppressing the out-diffusion
of lithium ions from the surface. The out-diffusion of lithium results in
unwanted surface planar waveguides, which degrades the waveguide char-
acteristics. The methods include the use of covered platinum enclosures,
water vapor atmosphere during the diffusion, etc. The in-diffused titanium
forms the waveguide structure with increased refractive index, vis-a-vis the
non-diffused substrate region.

The next step will be deposition of the buffer layer, which is usually
SiO;, or doped SiO;. It can be deposited by electron beam evaporation
or sputtering. Then a thick photo resist is coated and the patterning of
the electrode structure (either CPW or ACPS) is carried out. Usually, the
thickness is of the order of 15 to 35 pm and care is taken in making the
walls of the pattern as straight as possible. Then, the gold electrodes, of
thickness 10 to 30 um, are electroplated. The edge straightness and the
surface grain size of the electroplated gold electrode play an important
role in the performance of the modulator in terms of microwave attenua-
tion and characteristic impedance. Once the wafer processing is done, the
wafer is inspected and tested for performance, depending on the require-
ments of the modulator. Then, various modulator chips are cut and edge
polished. The chips are packaged in the hermetically sealed packages, after
the input/output fibers are attached and the necessary connections to the
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external connectors are made. The presence of OH ions on the surface will
degrade the reliability of the device. Hermetical packaging is needed to
avoid contamination of the surface by OH ions.

6.4.2. RELIABILITY

The long-term reliability was the main performance parameter that is vital
for using these devices for commercial and practical systems. The DC
drift and temperature stability (and humidity drift) are the main long-term
reliability issues [31, 45, 70, 78, 80, 85].

DC Drift

DC drift is the optical output power variation under the constant DC bias
voltage application. Figure 6.17 (a) shows the output power of the modu-
lator as a function of the applied voltage. The broken line shows the output
power as a function of applied voltage when only AC voltage is applied
(and no DC is applied, at t+ = 0) and the solid line shows the same, after
t = 11, when DC voltage is also applied in addition to the previous AC
signal voltage. The shift between these two curves, AV, is the measure
of the DC drift. When these types of modulators are used in practical sys-
tems, the signal is usually applied at the center of the switching curve (i.e.,
middle of the maximum/minimum), which is known as the driving point.
Once the shift due to DC drift occurs, there is a need to bring back the
driving point voltage to the previous operating point, using an automatic
bias control circuit (ABC circuit) or feedback control circuits (FBC cir-
cuit). It is desirable to minimize this shift, and in most cases, a negative
shift is more desirable, as it facilitates smaller voltage application, through
the ABC circuit. The actual mechanism of the DC drift and its causes are
not yet well understood. But the cause can be attributed to the movement
of ions, including OH ions, inside the lithium niobate substrate and the
buffer layer. It is influenced by the balance of the RC time constants, in
both horizontal and vertical directions in the equivalent circuit model, as
shown in Fig. 6.17 (b). It was also found that the DC drift is more affected
by the buffer layer. In the circuit model of Fig. 6.17 (b), all layers, includ-
ing the LiNbO; substrate, the Ti:LiNbO; optical waveguide and the buffer
layer, are represented in terms of resistances R and capacitances C, in both
vertical and horizontal directions of the crystal.
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voltage, with and without the DC applied voltage, and (b) the equivalent RC circuit model
of the structure, with vertical and horizontal components.

It is experimentally proved that the DC drift can be reduced by decreasing
the vertical resistivity of the buffer layer or by increasing the horizontal
resistivity of the buffer layer (or that of the surface layer). The surface layer
is the boundary layer between the buffer layer and the substrate.
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Fig. 6.18 The long-term reliability of the z-cut lithium niobate modulator, (a) the DC drift
characteristics as a function of the aging time at 85°C, and (b) the thermal (temperature)
drift as a function of time.

The reduction of the vertical resistivity is obtained by doping the SiO;
buffer layer using TiO; and InO3 [80]. The increase of the horizontal
surface resistivity can be obtained by making a slit in Si/SiO, [87]. In
both cases, the movement of ions, especially between the two interferom-
eter arms (waveguides) is arrested. Fig. 6.18 (a) [87] shows the DC drift
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characteristics of the z-cut modulators at 85°C, for a few thousand hours
for an applied DC voltage of 10 V. The accelerated DC drift measurement
was done at higher temperatures to assess the modulator’s operation at
room temperature. It can be observed that, between 0 and 50 hours, the
DC drift stays negative and tends to saturate after 1000 hours. The DC
drift variation is less than 30% and the saturation shows that the modulator
can be operated for longer periods. It can be estimated, from the acceler-
ated DC drift measurements and the activation energy of approximately
1.0 eV, that the long-term stability can be proved, in the form of DC drift
variations of less than 30% for more than 25 years at room-temperature op-
eration. These values are more than sufficient for using the feedback control
circuits.

Thermal Drift

Thermal drift is the optical output power variations under temperature
changes. Once the temperature changes, the Piezoelectric charges are
induced on the surface of the LN substrate. This causes a surface charge
distribution across the two arms of the interferometer, affecting the elec-
tric field. This results as a shift in the switching curve and the driving
point/operation point shifts, similar to the DC drift. Hence, in order to
reduce this thermal drift, there is a need to distribute or dissipate the charges
that are accumulated on the LN surface and between the electrodes.

A method in which the charges are dissipated using the semiconductor
layers like Si [48] and other materials was proved to reduce the thermal
drift. Another method, using a Si double slit and reduction of the resistivity
by one order of magnitude, was reported [92]. Figure 6.18 (b) shows the
thermal drift, the horizontal axis denotes the time in minutes, the right
vertical axis shows the thermal drift in V, and the left vertical axis shows
the temperature. The temperature of the modulator is increased from room
temperature (25°C) to 65°C in around 5 minutes. The modulator is then
kept at that temperature for around 15 minutes and then the temperature is
reduced to 5°C. The modulature is then kept at that temperature for around
15 minutes and brought back to room temperature. During this cycle, the
thermal drift is changed from +3.5 V to —3 V. Without the Si double slit
stricture and without reducing the Si resistivity, the modulators had much
higher drift values (3 to 4 times higher than that given above), and were
previously unusable for practical system applications.
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6.5. Summary and Conclusion

In this chapter, the progress of the lithium niobate optical modulator tech-
nology is reviewed. The research and development in this technology, all
over the world, has produced tremendous improvement in device character-
istics, especially long-term reliability. This in turn, established the lithium
niobate modulators as the most promising external modulators, increasing
the system functionality. The deployment of LiNbO3 external modulators
for high-speed long-distance fiber optic communication systems [91-98]
is proof of the technological evolutions in all these years. The versatility,
and development of various other devices, such as polarization controllers,
switches, and wavelength filters, mean the lithium niobate device technol-
ogy will greatly influence the long-term usage and marketplace superiority
in future years.

ACKNOWLEDGMENTS

The present chapter, on the progress of lithium niobate devices technology, represents the work and
achievements of a number of researchers and developers all over the world for many years. Due to
limitcd space available, it is not possible to refer to and acknowledge all of their valuable contributions
or to thank them individually. The author is grateful to all of them.

Most of this work was done when the author was working with NEC Corporation, Japan. The author
is thankful to all the colleagues, including M. Kondo, T. Hosoi, T. Miyakawa, T. Kambe, Y. Uematsu,
and other researchers and the management at NEC Corporation, Central Research labs, Kawasaki,
Japan. The author is also thankful to Prof. S. Kawakami and Prof. Minakata of Tohoku University,
Sendai, Japan, who introduced the author to the lithjum niobate technology, during his Doctorate period.
The author is also thankful to Agere Systems (formerly Lucent Technologies Microelectronics group)
for their kind support since the author joined them in 1999.

Finally, I am very grateful for all their support, in all these years, to my wife Hitomi and my parents,
Krishnamachari and Ranganayaki.

References

1. 1. P. Kaminow, T.J. Bridges, and E. H. Turner, “Electrooptic light modulators,”
Appl. Opt., 5 (1966) 1612-1614.

2. S. E. Miller, “Integrated Optics: an introduction,” Bell Sys. Tech. Journal, 48
(1969) 2059-2069.

3. 1. P. Kaminov, ed., An Introduction of Electrooptic Devices (Academic Press,
NY, 1974).

4. H. F. Taylor and Y. Yariv, “Guided wave optics,” Proc. IEEE, 62 (1974)
1044—1060.



10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

6. Lithium Niobate Optical Modulators 243

. T. Tamir, ed., “Integrated Optics,” Topics in Applied Physics, 2nd ed.,

(Springer-Verlag, NY, 1979).

R. G. Hunsperger, Integrated Optics: Therory and Technology (Springer-

Verlag, NY, 1982).

R. C. Alferness, “Waveguide electrooptic modulators,” IEEE Trans.

Microwave Theory Tech., MT-30 (1982) 1121-1137.

. R. C. Alferness and J. N. Walpol, eds., “Special issue on Integrated Optics,”
IEEE J. Quantum Electron., QE-22 (1986) 803-988.

. L. D. Hutcheson, Integrated Optical Circuits and Componets (Marcel Decker,

NY, 1987).

J. T. Boyd, ed., “Special issue on integrated optics,” J. Lightwave Technol., 6

(1988) 741-1159.

S. K. Korotky, J. C. Campbell, and H. Nakajima, “Special issue on photonic

devices and integrated optics,” IEEE J. Quantum Electron., QE-27 (1991)

516-849.

K. Kawano, “High-speed Ti:LiNbO3 and semiconductor optical modulators,”

IEICE Trans. Electron., E76-C (1993) 183-190.

K. Komatsu and R. Madabhushi, “Gb/s range Semiconductor and Ti:LiNbO3

guided-wave optical modulators,” IEICE Trans. Electron., E79-C (1996)

3-13.

F. Heismann, S. K. Korotky, and J. J. Veslka, “Lithium niobate integrated

optics: selected contemporary devices and system applications,” Optical Fiber

Telecommunications IIIB (Academic Press, NY, 1997).

R. Madabhushi, “High speed modulators for coding and encoding,” Short

course, SPIE Photonics west, international conference (Jan. 2001).

I. P. Kaminov, J. R. Caruthers, E. H. Turner, and L. W. Stulz, “Thin-

Film LiNbO; electro-optic light modulator,” Appl. Phys. Lett., 22:10 (1973)

540-542.

R. V. Schmidt and I. P. Kaminov, “Metal-diffused optical waveguides in

LiNbO3,” Appl. Phys. Lett., 25:18 (1974) 458—-460.

W. E. Martin, “A new waveguide switch/modulator for integrated optics,”

Appl. Phys. Lett., 26 (1975) 562-564.

M. Papuchon, Y. Combemale, X. Mathieu, D. B. Ostrawski, . Reober, A. M.

Roy, B. Sejourne, and M. Wemner, “Electrically switched optical directional

couplers,” Appl. Phys. Lett., 27 (1975) 289-291.

H. Kogelnik and R. V. Schmidt, “Switched directional couplers with alternat-

ing AB.” IEEE J. Quantum Electron., QE-12 (1976) 396-401.

W. K. Burns, A. B. Lee, and A. F. Milton, “Active branching waveguide

modulator,” Appl. Phys. Lett., 29 (1976) 790-792.

T. R. Ranganath and S. Wang, “Ti-diffused LiNbO1 branched-waveguide mod-

ulators: performance and design,” IEEE J. Quantum Electron., QE-13 (1977)

290-295.



244 Rangaraj Madabhushi

23

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

. M. Izutsu, Y. Yamane, and T. Sueta, “Broad-band traveling wave optical mod-
ulator using LiNbQO; optical waveguide,” IEEE J. Quantum Electron., QE-13
(1977) 287-290.

V. Ramaswamy, M. D. Divino, and R. D. Standley, “Balanced bridge modu-
lator switch,” Appl. Phys. Lett., 32 (1978) 644—645.

M. Minakata, T. Yamada, and S. Uehara, “Optical intensity modulator using
a pair of optical gate couplersand conventional phase shifters,” Trans. IEICE
Japan, E-61 (1978) 148-151.

K. C. Gupta, R. Garg, and J. Bahl, Microstrp Lines and Slotlines (Artech
House, Dedham, MA, 1979).

M. Minakata, S. Uehara, K. Kibota, and S. Saito, “Temperature stabilized
optical waveguide modulation,” Rev. ECL 26 (1978) 1139-1151.

M. Minakata, “Efficient LiNbO; balanced bridge modulator/switch with an
ion-etched slot,” Appl. Phys. Lett., 35 (1979) 40-42.

0. Mikami and S. Zenbutsu, “Modified balanced bridge switch with two
straight waveguides,” Appl. Phys. Lett., 35 (1979) 145-147,

K. Kubota, J. Noda, and O. Mokami, “Traveling wave optical modulator using
a directional coupler LiNbO3 waveguide,” IEEE J. Quantum Electron., QE-16
(1980) 754-762.

S. Yamada and M. Minakata, *“DC drift Phenomenon in LiNbQ; optical waveg-
uide devices,” Japan J. Appl. Phys., 20 (1981) 733-737.

J. L. Jackal, V. Ramaswamy, and S. P. Lyman, “Elimination of out-diffused
surface guiding in titanium-diffused LiNbO3,” Appl. Phys. Lett., 38:7 (1981)
509-511.

J. L. Jackal, C. E. Rice, and J. J. Veselka, “Proton-exchange for high index
waveguides in LiINbOj3,” Appl. Phys. Lett., 41:7 (1982) 607-608.

A. C. G. Nutt, K. K. Wong, D. F. Clarke, P. J. R. Laybourn, and R. M. De
La Rue, “Proton-exchange lithium niobate slab and stripwaveguides; char-
acterization and comparisions,” 2nd ECIO conference, Tech. Dig., (1983)
53-56.

M. D. Michell, J. Botineau, S. Neveu, S. Sibillot, D. B. Ostrowski, and
M. Papucheon, “Independent control of refractive index and profiles in proron
exchange Lithium Niobate guides,” Opt. Lett., 8:2 (1983) 114-115.

A. Yi-Yan, “Index instabilities in proton exchanged LiNbO; waveguides,”
Appl. Phys. Lett., 42:7 (1983) 633-635.

R. A. Becker, “Comparision of guided-wave interferometric modulators fab-
ricated on LiNbQOj; via Ti indiffucion and proton exchange,” Appl. Phys. Lett.,
41:9(1983) 131-133.

C. M. Gee, G. D. Thurmond, and H. W. Yen, “17-GHz bandwidth electrooptic
modulator,” Appl. Phys. Lett., 43 (1983) 998-1000.

R. C. Alfemess, C. H. Joyner, L. L. Buhl, and S. K. Korotky, “High-speed
traveling-wave directional coupler switch/modulator for A = 1.32 um,” IEEE
J. Quantum Electron., QE-19 (1983) 1339-1343.



40

41.

42.

43,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

6. Lithium Niobate Optical Modulators 245

. S. K. Korotky and R. C. Alferness, “Time and frequency domain response of
directional coupler traveling wave optical modulators,” J. Lightwave Technol.,
LT-1 (1983) 244-251.

R. A. Becker, “Traveling wave electrooptic modulator with maximum
bandwidth-length product,” Appl. Phys. Lett., 45 (1984) 1168-1170.

R. C. Alferness, S. K. Korotky, and E. A. Marcatili, “Velocity-matching
techniques for integrated optical traveling wave switch/modulators,” IEEE J.
Quantum Electron., QE-20 (1984) 301-309.

C. H. Bulmer and W. K. Burns, “Linear interferometric modulators in
Ti:LiNbOs3,” J. Lightwave Technol., LT-2 (1984) 512-523.

. S. K. Korotky, G. Eisenstein, R. C. Alferness, J. J. Veselka, .. L. Buhl,
G. T. Harvey, and R. H. Read, “Fully connectorized high-speed Ti:LiNbO3;
switch/modulator for time division multiplexing and data encoding,” IEEE J.
Lightwave Technol., LT-3 (1985) 1-6.

R. A. Becker, “Circuit effect in LiNbO; channel waveguide modulators,” Opt.
Lett., 10 (1985) 417419.

H. Haga, M. Izutsu, and T. Sueta, “LiNbO; traveling wave light modulator/
switch with an etched groove,” IEEE J. Quantum Electron., QE-22 (1986)
902-906.

I. Sawaki, H. Nakajima, M. Seino, and K. Asama, “Thermally stabilized z-cut
Ti:LiNbO3 waveguide switch,” Proc. CLEO’86, Paper MF2 (1986) 46-47.
L. McCaughan and S. K. Korotky, “Three electrode Ti:LiNbO; optical switch,”
J. Lightwave Technol., LT-4 (1986) 324-329.

J. P. Donnelly and A. Gopinath, “A comparision of power requirements of
traveling-wave LiNbO; optical couplers and interferometric modulators,”
IEEE J. Quantum Electron., QE-23 (1987) 3041.

S. K. Korotky, G. Eisenstein, R. S. Tucker, J. J. Veselka, and G. Raybon,
“Optical intensity modulation to 40 GHz using a wave-guide electrooptic
switch,” Appl. Phys. Lett., 50 (1987) 1631-1633.

K. Miura, M. Minakata, and S. Kawakami, “A broad band traveling optical
modulator with high efficiency,” IEICE Technical report, OQE87-26 (1987)
(in Japanese).

C. R. Giles and S. K. Korotky, “Stability of Ti:LiNbO; waveguide modu-
lators in an optical transmission system,” Technical digest topical meeting
on Integrated and Guided-wave opticsm, Santa Fe, Washington, Paper MES
(1988).

K. Koyama and K. Iga, “Frequency chirping in external modulators,” J. Light-
wave Technol., 6 (1988) 87-95.

D. W. Dolfi, M. Nazarathy, and R. L. Jungerman, “40 GHz electrooptic mod-
ulator with 7.5 V drive voltage,” Electron. Lett., 24 (1988) 528-529.

R. Madabhushi, “A study of an antenna coupled optical ¥ branch and its
applications,” Doctorate thesis for Doctor of Electronics Engineering, Tohoku
University, Sendai, Japan, 1989.



246

56.

57.

58.

59.

60.

61.

62.

63.

65.

66.

67.

68.

Rangaraj Madabhushi

K.Kawano, T. Nozawa, M. Yanagibashi, and H. Jumonji, “Broad band and low
driving power LiNbO; external optical modulators,” NTT Review, 1 (1989)
103-113.

K. Kawano, T. Kitoh, H. Junmoji, T. Nozawa, and M. Yanagibashi, “New
traveling wave electrode Mach-Zehnder optical modulator with 20GHz band-
width and 4.7V driving voltage at 1.52um wavelength,” Electron. Lett., 25
(1989) 1382-1383.

M. Seino, N. Mekada, T. Namiki, and H. Nakajima, “33-GHz-cm broadband
Ti:LiNbO3; Mach-Zehnder modulator,” Proc. ECOC, Paper ThB22-5 (1989)
433-435.

M. Rangaraj and M. Minakata, “A new type of Ti:LiNbO; integrated optical
Y branch,” IEEE Photonic. Technol. Lett., 1 (1989) 230-231.

M. Rangaraj, M. Minakata, and S. Kawakami, “Low loss integrated optical Y
branch,” J. Lightwave Technol., 7 (1989) 753-758.

N. Kuwata, H. Nishimoto, T. Harimatsu, and T. Touge, “Automatic bias control
circuit for Mach-Zehnder modulators,” (In Japanese), IEICE Spring National
Convention, paper B-976 (1990).

M. Seino, N. Mekada, T. Yamane, Y. Kubota, M. Doi, and T. Nakazawa,
“20-GHz 3dB-bandwidth Ti:LiNbO3; Mach-Zehnder modulator,” Proc.
ECOC’90 (Amsterdam, Post deadline session, 1990) 999-1002.

R. L. Junferman, C. Johnson, D. J. McQuate, K. Saloma, M. P. Zurakowski,
R. C. Bray, G. Conrad, D. Cropper, and P. Hernday, “High speed optical
modulator for application in instrumentation,” J. Lightwave Technol., 8 (1990)
1363-1370.

A. H. Gnauck, S. K. Korotky, J. Veselka, J. Nagel, C. T. Kemmerer, W. J.
Minford, and D. T. Moser, “Dispersion penalty reduction using an optical
modulator with adjustable chirp,” IEEE Photonic. Technol. Lett., 3 (1991)
916-928.

S. K. Korotky, J. J. Veselka, C. T. Kemmerer, W. J. Minford, D. T. Moser,
J. E. Watson, C. A. Mattoe, and P. L. Stoddard, “High-speed low-power op-
tical modulator with adjustable chirp parameter,” Proceedings of Top. Meet.
Integrated Photon. Res, Paper TuG2 (Monterey, CA, 1991).

K. Kawano, T. Kitoh, H. Junmoji, T. Nozawa, M. Yanagibashi, and T. Suzuki,
“Spectral-domain analysis of coplanar waveguide traveling-wave electrodes
and their applications to Ti:LiNbO3; Mach-Zehnder optical modulators,” IEEE
Trans. Microwave Theory Tech., MT-39 (1991) 1595-1601.

H. Chung, W. S. C. Chang, and E. L. Adler, “Modeling and optimization of
traveling wave LINbQj; interferometric modulators,” IEEE J. Quantum Elec-
tron., QE-27 (1991) 608-617.

M. Rangaraj, T. Hosoi, and M. Kondo, “A wide-band Ti:LiNbO3 optical modu-
lator with a conventional coplanar waveguide type electrode,” IEEE Photonic.
Technol. Lett., 4 (1992) 1020-1022.



69.

70.

71.

72.

73.

74.

75.

76.

77.

78.
79.

80.

81.

82.

83.

84.

6. Lithium Niobate Optical Modulators 247

G. K. Gopalakrishna, C. H. Bulmer, W. K. Burns, R. W. McElhanon, and
A. S. Greenbelt, “40 GHz, low half-voltage Ti:LiNbO; intensity modulator,”
Electron. Lett., 28 (1992) 826-827.

M. Seino, T. Nakazawa, Y. Kubota, M. Doi, T. Yamane, and H. Hakogi, “A
low DC drift Ti:LiNbO3; modulator assured over 15 years,” Proc. OFC’92,
Post Deadline papers, PD3 (1992).

D. W. Dolfi and T. R. Ranganath, “50 GHz velocity matched broad wavelength
LiNbO; modulator with multimode active region,” Electron. Lett., 28 (1992)
1197-1198.

W. K. Burns, M. M. Hoverton, and R. P. Moeller, “Performance and modeling
of proton exchanged LiTaO; branching modulators,” J. Lightwave Technol.,
10 (1992) 1403-1408.

K. Noguchi, O. Mitomi, K. Kawano, and M. Yanagibashi, “Highly efficient
40-GHz bandwidth Ti:LiNbQO; optical modulator employing ridge structure,”
IEEE Photonic. Technol. Lett., 5 (1993) 52-54.

K. Kawano, “High-speed Ti:LiNbO; and semiconductor optical modulators,”
IEICE Trans. Electron., E76-C (1993) 183-190.

S. K. Korotky and J. J. Vesalka, “RC circuit model of long term Ti:LiNbO; bias
stability,” technical digest topical meeting on Integrated Photonics Research,
paper FB3 (San Francisco, 1994) 187-189.

G. K. Gopalakrishnan, W. K. Burns, R. W. McElhanon, C. H. Bulmer, and
A. S. Greenbelt, “Performance and modeling of broad band LiNbQOj3 traveling
waveoptical intensity modulators,” J. Lightwave Technol., (1994) 1807-1819.
R. Madabhushi and T. Miyakawa, “A wide band Ti:LiNbO3 optical modula-
tor with a novel low microwave attenuation CPW electrode structure,” Proc.
100C’95, WD1-3, paper, (Hong Kong, 1995).

O. Mitomi, Proc. I0OC’95, Paper PD1-8 (Hong Kong, 1995) 15-16.

K. Noguchi, O. Mitomi, H. Miyazawa, and S. Seki, “Broadband Ti:LiNbO;
optical modulator with a ridge structure,” J. Lightwave Technol., 13 (1995)
1164-1168.

M. Seino, T. Nakazawa, M. Doi, and S. Taniguchi, “The long term reliability
estimation of Ti:LiNbO; modulator for DC drift,” Proc. I00C’95, Paper PD1-
8 (Hong Kong, 1995) 15-16.

K. Komatsu and R. Madabhushi, “Gb/s-Range semiconductor and Ti:LiNbO;
guided-wave optical modulators,” IEICE Trans. Electron., E79-C (1996) 3-13.
K. Noguchi, O. Mitomi, and H. Miyazawa, “Push-pull type ridged Ti:liNbO;
optical Modulator,” [EICE Trans. Electron., E79-C (1996) 27-31.

R. Madabhushi, “Wideband Ti:LiNbO3 optical modulator with a low driving
voltage,” Proc. OFC’96, Paper ThB3, San Jose.

K. Noguchi, O. Mitomi, and H. Miyazawa, “L.ow voltage and broad bandit;
LiNbO; optical modulator operating in the millimeter wave region,” Proc.
OFC’96, Paper ThB2 (San Jose, USA, 1996) 205-206.



248 Rangaraj Madabhushi

85

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

. H. Nagata, N. Mitsugi, K. Kikuchi, and J. Minowa, “Lifetime estimation for
hermatically packaged 10 Gb/s LiNbO; optical modulators,” Optics & Photon.
News, 7 (1996).

M. Doi, S. Taniguchi, M, Seino, G. Ishikawa, H. Ooi, and H. Nishimoto,
“40Gn/s integrated OTDM Ti:LiNbO3 modulators,” Technical Digest Inter-
national Topical Meetings on Photonics in Switching, Paper PThB1 (Sendai,
1996).

T. Kambe, R. Madabhushi, Y. Uematsu, and M. Kitamura, “DC-drift sup-
pressed LiNbO; optical modulator with a novel Si double slit structure,”
Paper 11C1-1, 2nd Opto-Electronics & Communications Conference,
OECC’97 (Seoul, Korea, 1997).

R. Madabhushi, Y. Uematsu, and M. Kitamura, “Wide-band Ti:LiNbO;
optical modulators with reduced microwave attenuation,” Proc. 100C’97/
ECOC’97, TulB (Edinburgh, UK, 1997).

R. Madabhushi, “Microwave atenuation reduction techniques for wide-
band Ti:LiNbOj3 optical modulators,” IEICE Trans. Electron., E§1-C (1998)
1321-1327.

R. Madabhushi, Y. Uematsu, K. Fukuchi, and A. Noda, “Wide-band Ti:
LiNbO; optical modulators for 40 Gb/s applications,” Proc. ECOC’98
(Madrid, Spain, 1998) 547-548.

T. Kambe, Y. Urino, R. Madabhushi, Y. Uematsu, and M. Kitamura, “Highly
reliable & high performance Ti:LiNbO; optical modulators,” Proc. LEOS’98,
Paper ThiS (Florida, USA, 1998) 87-88.

K. Noguchi, O. Mitomi, and H. Miyazawa, “Millimeter-waveTi:LiNbO; op-
tical modulator,” J. Lightwave Technol., 16 (1998) 615-619.

W. K. Burns, M. M. Hoverton, R. P. Moeller, A. S. Greenblatt, and R. W.
McElhanon, “Broadband reflection traveling wave LiNbO3 modulators,” IEEE
Photonic. Technol. Lett., 10 (1998) 805-806.

K. Noguchi, O. Mitomi, and H. Miyazawa, “Frequency-dependent propoga-
tion characteristics of coplanar waveguide electrode on 100 GHz Ti:LiNbO;
optical modulator,” Electron. Lett., 34 (1998) 661-663.

R. Madabhushi, “High speed LiNbO; optical modulators for telecommunica-
tions,” Proc. IPR’99, Invited paper RTuK5-1, (Santa Barbara, USA, 1999).
W. K. Burns, M. M. Hoverton, R. P. Moeller, A. S. Greenblatt, and R. W.
McElhanon, “Broad-band reflection traveling wave LiNbO; modulator,” [IEEE
Photonic. Technol. Lett., 10 (1999) 805-806.

W. K. Burns, M. M. Hoverton, R, P. Moeller, R. Krahenbuhl, A. S. Green-
blatt, and R. W. McElhanon, “Low drive voltage Broadband LiNbGO; mod-
ulators with and without Etched ridges,” J. Lightwave Technol., 17 (1999)
2552-2555.



Chapter 7 | Electroabsorption Modulators
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7.1. Introduction

7.1.1. FIBER OPTIC COMMUNICATIONS

Electroabsorption modulated sources offer many potential advantages for
current and next-generation fiber optic communication systems. EA mod-
ulators offer advantages over other modulator types in size, cost, drive
voltage, and compatibility with monolithic integration. In order to better
understand the role of EA modulated sources in fiber optic communication
systems we can first examine a conceptual system to see where they fit in.
A generic optical communication system is composed of three main parts,
a transmitter, a communication channel, and a receiver. In the vast major-
ity of telecommunications systems data is transmitted digitally in either
unipolar NRZ or unipolar RZ format using amplitude shift keying (ASK).
This is also sometimes referred to as intensity modulation or on off keying
(OOK) because the light is turned on and off to represent either a one or
a zero bit. A simple conceptual diagram of a fiber optic communication
system is shown in Fig. 7.1, The function of the transmitter element is to
convert an electrical data signal into optical form and couple this optical
signal into the communication channel. The transmitter typically consists
of an optical source and some means of modulating that source either
directly or externally, to encode the data onto the transmitted lightwave.
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Fig. 7.1 A conceptual diagram of a fiber optic communication system showing the three
basic elements of transmitter, communication channel, and receiver.

The communication channel provides a medium to transport the optical
signal from the transmitter to the receiver without distorting it. In the most
basic implementation this can be simply a single-mode optical fiber. How-
ever, for longer distance or higher capacity systems the channel can in-
corporate amplifiers, dispersion compensators, regenerators, polarization
mode dispersion compensators, and other elements to maintain the fidelity
of the transmitted optical signal.

The optical receiver converts an incoming optical signal at the output of
the communication channel back into an electrical data signal. It usually
consists of a photodiode, electrical amplifier, and a clock and data recovery
circuit.

7.1.2. MOTIVATION FOR EXTERNAL MODULATION

For short distance or low bit rate communication systems a directly modu-
lated laser can be used as a transmitter. However, this technique has many
limitations that preclude its use for longer distances or higher bit rates. The
maximum modulation bandwidth for a semiconductor laser is limited by its
relaxation resonance frequency, which can be approximated by Eq. (7.1) [2]
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for alaser above threshold. (where a is the differential gain, v, is the optical

group velocity, N, T, and V), are the photon density, photon effective life-

time, and optical cavity volume). From the second part of the equation we

see that the bandwidth is proportional to the injection efficiency #;, and the

difference between the operating current and the threshold current.
veaN, vea

2
OF: = v, ni ) (7.1)

This proportionality between the frequency response and the photon den-
sity places an upper limit on the extinction ratio for direct modulation.
Typically, directly modulated lasers are only capable of achieving extinc-
tion ratios between 6 and 8 dB and are not practical for bit rates greater
than 10 GB/s. There is a further limitation, which restricts the use of di-
rectly modulated sources in long haul or high bit rate systems. This is the
undesirable frequency modulation response or frequency chirping of the
laser output, which accompanies the amplitude modulation. Modulating
the current in the active region of a semiconductor laser modulates both the
photon density and the carrier density. The modulation of the carrier den-
sity changes the gain, and also changes the index of refraction of the active
region. This causes a shift in the operating wavelength of the laser. This
undesirable frequency shift broadens the modulated spectrum of the laser
and increases the penalty for transmission through fiber links with nonzero
dispersion. Directly modulated lasers are generally only used for low bit
rate applications or in 1.31 um wavelength systems, which operate at the
dispersion zero for standard single-mode fiber. This precludes their use in
long haul or DWDM systems that depend on erbium-doped fiber amplifiers.

7.1.3. PRINCIPLE OF EA MODULATORS VS.
ELECTROOPTIC MODULATORS

These fundamental limitations on direct modulation for fiber optic
transmitters-——limited bandwidth, large frequency chirp, and low extinc-
tion ratio—are the primary motivation behind the development of external
optical modulators. Optical intensity modulators can be categorized into
two main types based on the physical phenomenon that they use to mod-
ulate the light. One category contains modulators that rely on the elec-
trooptic effect to change the effective index of a waveguide and modulate
the phase of an optical signal. This type of modulator typically employs a
Mach-Zehnder interferometer geometry to convert the phase change into
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Fig. 7.2 Comparison of electrooptic and electroabsorption based optical modulators.

an intensity modulation. A common example of this type of modulator is
a LiNbOj based Mach-Zehnder modulator, widely used in 2.5, 10, and 40
GB/s communication systems. The other category of modulators we will be
discussing in this chapter are based on the electroabsorption effect, which
changes the absorption in an optical waveguide to modulate the intensity of
a lightwave passing through it. Schematic examples of these two different
modulator types are shownin Fig. 7.2. There are a number of advantages and
disadvantages associated with each of these classes of modulators, but in
general they both offer substantial benefits over direct modulation. Among
these benefits are low or negative chirp, high extinction ratio, and band-
widths that are high enough to support data rates up to 0C768 and beyond.

7.14. ADVANTAGES AND BENEFITS OF EA MODULATORS

In the following sections of the chapter we will investigate the design,
fabrication, characterization, and transmission performance of electroab-
sorption modulated sources. They are and have been key components in the
evolution of optical communication systems. Compared with the LiNbO3
alternative EA modulators are more compact, less expensive, compatible
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with monolithic integration, and offer lower drive voltages. However, fab-
rication complexity and open questions concerning the fidelity with which
they transmit information make the exact role of EA modulators in ad-
vanced communication systems somewhat unclear. Later in the chapter we
will describe more complex integrated devices that combine EA modula-
tors with lasers, semiconductor optical amplifiers, and other EA modulators
to perform more complex data modulation functions.

7.2. Electroabsorption

7.2.1. FRANZ-KELDYSH EFFECT

The electroabsorption effect for optical intensity modulators is based on
one of two phenomenon: the Franz-Keldysh effect for bulk modulators or
the quantum-confined Stark effect for multiple quantum well devices. The
Franz-Keldysh effect allows electron-hole excitation with below band gap
photons due to the possibility of lateral carrier tunneling under an applied
electric field. All energies in principle are possible for these transitions
along the electric field since the energy gap between the valence and con-
duction bands is a triangular potential well with a height £ and width w
given by Eq. (7.2) [2], where F is the applied electric field.

Eq h E (7.2)
w=— = - — .
eF’ Y

For a given nonzero field the tunneling probability depends exponentially
on the barrier height, so even for a photon with zero energy there is still
a finite probability of such transitions (Fig. 7.3). The reduction in the re-
quired photon energy for ionization is proportional to the product of the
applied electric field and the effective tunneling length. For p-i-n based
structures very high electrical fields on the order of 200 to 300 kV/cm can
be generated with only a few volts of bias. This enables large changes in
the absorption coefficient to be realized. For photon energies below the
bandgap the absorption due to the Franz-Keldysh effect apk can be made
to vary from a few cm~! at low fields (~10 kV/cm), to almost 2000 cm™!
at high fields (~250 kV/cm) [1, 2]. This is very promising for modulators
requiring high switching contrast and low insertion loss. One significant
advantage of bulk active layer modulators that rely on the Franz-Keldysh
effect is the large spectral width of the absorption change that this effect
yields. This makes them less sensitive to temperature and more suitable for
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Fig. 7.3 Schematic illustration of below bandgap absorption of a photon in a semicon-
ductor under an applied electric field.

use with widely tunable lasers than devices based on the quantum confined
Stark effect [3].

The absorption coefficient for a bulk semiconductor in the presence of
an electric field can is given by Eq. (7.3) [4] where » is the refractive index
of the material, ¢ is the velocity of light, e is the charge on an electron, m,
and my, are the electron and hole effective mass, w is the frequency of the
light, E. and E, are the conduction and valence band energies, and Py is
the matrix element for photon absorption.

|
1 —h F)2]3 1
Aa=R0§F(|:Egh—02]) WhCrCGFZ[(; ;z]’ l:_+_1_
F w Mo me  mMp

2e2C2 (2u\ 3
d R= = 7.3
an hwncm? <h2 ) 7-3)

The function F(x) is given by Eq. (7.4), where Ai(x) is the Airy function
and H (x) is the unit step function.

F(x) = |Ai’(x)|* — x|Ai (x)12 - %«/—xH(—x) (7.4)

For the case when the photon energy is below the bandgap the last part of
Eq. (7.4) drops out, and if we replace the Ai (x) and Ai’(x) with their asymp-
totic expressions we get the following approximation for the absorption



7. Electroabsorption Medulators 255

change:

Aa = R _e_<_i_) Fe-(3)(E2) " (22) " (1) (1.5)
2uh \ Eg — how

This expression shows that the change in absorption due to the Franz-
Keldysh effect is inversely proportional to the difference between the
bandgap and the photon energy. Perhaps the most interesting part, however,
is that it shows a newly linear dependence of the absorption change on the
electric field F.

7.2.2. QUANTUM CONFINED STARK EFFECT

Excitonic effects have a very dramatic influence on the optical properties
of semiconductors, particularly near the band edge. Below the band edge
there is a strong excitonic resonance in the absorption and emission behav-
ior. This causes a strong enhancement of the absorption process above the
bandgap, especially in three-dimensional systems. Confining the exciton
in a quantum well greatly increases the binding energy along with the os-
cillator strength. This increased binding energy allows the exciton to exist
up to much higher temperatures than in a three-dimensional system. In
a conventional three-dimensional semiconductor system an applied elec-
tric field ionizes the exciton state by pulling apart the electron—hole pair.
However, in a quantum well when a field is applied in thc transverse di-
rection to the well the exciton is not ionized due to the confinement of
the electron and hole states. Because of this exciton transitions can per-
sist at electric fields as high as 100 kV/cm. In quantum well structures
the dominant effect in the electroabsorption response is the quantum con-
fined Stark effect. There are several effects that contribute to this. The
most significant is the change in the intersubband energies. As the field
is applied the bands become tilted and the electrons and holes no longer
see a simple square potential well. The field pushes the electron and hole
wavefunctions to opposite sides of the well, which reduces the intersub-
band separation or quantum well bandgap. This increased separation in the
electron and hole wavefunctions also has the effect of reducing the exci-
ton binding energy, which counters the shift in the intersubband energies.
However, this effect is generally about ten times smaller than the shift in
the bandgap although it does result in a significant increase in the exci-
ton linewidth [8]. In Fig. 7.4 we show a schematic of a strain compensated
quantum well structure with compressive strain in the well and tensile
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Fig. 7.4 Quantum Confined Stark Effect in a strained quantum well structure. (a) Quantum
well with bound states and wavefunctions under zero field. (b) Effect of an applied electric
field on the quantum well subband energies.

strain in the barriers. Note the splitting between the light-hole and heavy-
hole subbands. This is due in part to the difference in their effective masses,
which affects the bound state energy levels (E,) in the well. These energies
can be determined for a square potential well of width d and height AE,
by solving the characteristic equations for symmetric and anti-symmetric
states (7.5) [2].

tan

2mw?E, | (AEC

- 1/2
2V E, — 1) (symmetric)

_
[2muw?E AE 1/2
tan % _ng;_z" -1l = ( E,,C — 1) (antisymmetric)

—

(7.6)

A more significant effect is the fact that the light-hole and heavy-hole band
energies are significantly different both in the well and in the barrier as
a result of the deformation potentials. For strained material there is both
a hydrostatic and a shear component to these. The hydrostatic strain causes
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a similar shift in the light-hole and heavy-hole valence band energies, how-
ever the shear component splits the degeneracy between the heavy-hole and
light-hole bands. The net result of these effects is that we see a substan-
tially different bandgap for absorption of light polarized with the electric
field in the plane of the quantum well (TE) than for light polarized with
the electric field perpendicular to the plane of the well (TM). Later in this
chapter we will discuss how this phenomenon can be used advantageously
in the design of multiple quantum well electroabsorption modulators. The
effect of applying an electric field to the well can be seen in Fig. 7.4(b)—
the electron and hole wavefunctions have been pushed to either side of the
well and the effective bandgap has been reduced for both TE and TM po-
larized light. In principle these quantum well states are quasi-bound states
in the presence of an electric field, because there is a finite probability thai
electrons and holes will eventually tunnel out of the well. This probability
increases significantly with increased field strength.

An exact calculation of the intersubband separation for a quantum well
in the presence of an electric field is beyond the scope of this text. There is
a complete theoretical model by Debernardi and Fasano [5] that includes
the effects of valence band mixing and coulomb effects. However, this
problem generally is solved either with a variational approach or with the
application of numerical techniques beyond the scope of this text. There
are a number of efficient numerical techniques for handling this problem;
among them is the transmission matrix method used by Johnson and Eng
[6], and Gathak et al. [7]. The simulated absorption spectrum for a quantum
well in the presence of an electric field is shown in Fig. 7.5. This calcula-
tion was performed using the transmission matrix method to solve for the
changes in the intersubband energies. The effect of the electric field on the
exciton peak can be clearly seen from this figure. As the field increases
and the peak shifts to longer wavelengths, there is also a substantial in-
crease in the broadening factor for the exciton caused by the reduction in
the binding energy. Eventually at very high fields the exciton absorption
peak disappears. For a typical operating wavelength that is detuned from
the band edge by approximately 40 nm, a large part of the increase in the
absorption is due to the broadening of the exciton linewidth.

While the exact calculation of the change in the quantum well bandgap
under an applied electric field is quite difficult, an approximate solution
can easily be derived using perturbation theory. This approach can give
reasonable results for low electric fields. Adding a term to account for the
electric field perturbation to the Hamiltonian for the unperturbed quantum
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Fig. 7.5 Simulated absorption spectra for a quantum well structure in the presence of an
applied electric field.

well yields
H=H,+eF .7

The ground state eigenfunction for H, has an even parity so the first-order
correction is zero, thus the second-order correction must be used, which
gives the following change in the ground state energy [8]:

1 (15 m*e? F2w*
From this simple expression we can see that the change in the ground
state subband energy has a quadratic dependence on the electric field F
and increases strongly with increasing well width w. It also increases with
increasing effective mass m*. This would seem to suggest that for the
highest modulation efficiency a wide well would be optimum. However, as
the well width is increased the exciton binding energy is reduced and the
overall change in absorption is not as great even though the change in the
intersubband separation is large.
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7.2.3. INDEX CHANGE KRAMERS KRONIG RELATION

One important property of electroabsorption modulators that must be con-
sidered is how the changes in the absorption spectrum for the material affect
the index of refraction at the operating wavelength. The real and imaginary
components of the index of refraction are not independent but are related to
each other by a set of dispersion relations called Kramers-Kronig relations.
These were first derived independently by H.A. Kramers (1927) and R. de
L. Kronig (1926). They are general relations between the real and imag-
inary components of a response function. The dispersion relation for the
index of refraction n in terms of the absorption coefficient & can be written
as Eq. (7.9).

he / G (1.9)

In this equation P represents the Cauchy principle value of the integral

defined as
o E-a 00
P/ = lim [/ +/ } (7.10)
0 a—01] Jo E+a

For optical intensity modulators it is more important to characterize the
change in the index of refraction, which can be related directly to the
change in the absorption spectrum using Eq. (7.11) [1]. Because the effect
of the absorption at a given wavelength on the index of refraction at an-
other wavelength is inversely proportional to the separation between these
wavelengths, and also the effect of the electric field on the absorption is
small for wavelengths far from the bandgap, the change in the index of
refraction can be reliably estimated using the absorption spectrum over a
limited range of wavelengths centered on the bandgap. This facilitates the
use of Eq. (7.11) with either calculated or measured data for the absorption
change in a semiconductor.

A2 M= y(h, V) —a(h, 0
An(ho, V) = 2—0— (lim/ o, V) —e@.0)
0

72 \e—~0 A2
© g, V) —alr,0

+/ il 2) “2( )dA) 7.11)
Aote Ap— A

The desired behavior for an electroabsorption modulator active region is to
experience a significant change in absorption at the operating wavelength
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with a minimum change in the index of refraction. In particular it is often
desirable to see a small reduction in the index of refraction at the operating
wavelength as the absorption increases. This leads to optimal dispersion
tolerance for transmission of signals over standard single-mode optical
fiber. The relationship between the change in the index of refraction and
the change in the absorption is typically characterized by the Henry alpha
parameter (7.12) [9]; this is somewhat analogous to the linewidth enhance-
ment factor for semiconductor lasers.
An

@H == (@4 /ho)(An/Aa)r=y, (7.12)
Some people refer to this as the chirp parameter, which can lead to confusion
with the chirp parameter C for Gaussian pulses defined by Eq. (7.13) [9].
The chirp parameter C only applies to a Gaussian pulse whereas the alpha
parameter is a more general parameter describing the relationship between
the amplitude and phase modulation properties of a device.

a C
dw = ——(f = —t (7.13)

The main source of confusion comes from the fact that a negative alpha
parameter leads to positive chirp. That is an increase in the instantaneous
frequency of the pulse from the leading to the trailing edge. For transmission
of a pulse in an optical fiber the broadening depends on the relative signs
of the group velocity dispersion parameter 8, and the chirp parameter C. A
Gaussian pulse will broaden monotonically with transmission distance if
B>C > 0. However, if 8>C < 0 it will undergo an initial narrowing stage be-
fore broadening monotonically. For standard single-mode fiber (SMF 28)
B, is approximately —20 ps%/km in the 1550 nm wavelength range indi-
cating anomalous dispersion, thus a positive chirp parameter or a negative
alpha parameter is desirable for a modulator transmitting light through
these fibers. The group velocity dispersion defined in Eq. (7.14) [9] is more
typically specified by D, the dispersion parameter in units of [ps/(nm-km)].

_ dzﬂ _ )\2
B = T D(%) (7.14)

If we reexamine the simulated absorption curves shown in Fig. 7.5 we can
see that there is an increase in the absorption for wavelengths longer than
the wavelength of operation. This will lower the index of refraction in the
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waveguide and contribute to positive chirp. However, the strong increase
in the absorption for wavelengths below the operating wavelength will
raise the index of refraction and contribute to negative chirp. This will be
somewhat offset by the sharp reduction in the absorption of the exciton
peaks at 1420 and 1500 nm, which will also contribute to positive chirp.
However, the effect of the absorption change on the chirp diminishes as
the separation from the operating wavelength increases so the effect will
not be as strong as the changes in absorption that are closer in wavelength.
[t is clear from this analysis that as the detuning between the operating
wavelength and the quantum well bandgap is reduced the chirp performance
for a modulator will be improved.

7.2.4. DISPERSION PENALTY

In order to better understand the importance of the modulator chirp and its
effect on transmission performance we can look at the pulse broadening of
chirped Gaussian pulses propagating in an optical fiber. We can define an
input Gaussian pulse with a chirp C as

. 2
A(O,t):Aoexp[—H’C(i)] (7.15)

2 1,

where A, 1s the initial amplitude and 7, is the half-width of the pulse at
the 1/e intensity point. It is related to the full width at half maximum by

Trwam = 2v/In()T, (7.16)

The linear propagation of pulses in an optical fiber can be described by
Eq. (7.17) where ¢’ is measured in a reference frame moving with the pulse
at the group velocity, i.e. (¢ =t — z/v,) [9].
3A i 1 9%A 1, %A 2

| — = ——aA ~Pr— — =B—= ) —VIAI"A 7.17

Yor T 2 +(2’Bzaﬂ 6’33(9:'3) viAl (7.17)
The three different terms on the righthand side of the equation represent
the absorption, dispersion, and nonlinearity respectively. If we consider
operation at a wavelength far from the dispersion zero then the higher order
dispersion effects can be neglected. Additionally we can assume that we are
operating at a power level where the nonlinear dispersion is not significant.
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Then the equation can be rewritten using the normalized amplitude U (z, t)
defined as

Az, 1) = U(z, 1) Ay exp (—%z) (7.18)

Then the equation for the dispersion induced pulse broadening simply
becomes [10]

U 1, 3%
| — = =fr—- 7.1
Yor =3P (7-19)
This can be solved analytically to give Eq. (7.18), which defines the shape
of a chirped Gaussian pulse after propagating a distance z in an optical
fiber.

U( t)—( fo )ex ( d+icx” )
SO\ o ima1i0) P\ — g 1 i0)]
(7.20)

The benefit of considering Gaussian pulses is evident because the pulse
retains its Gaussian shape at the output enabling the output pulse width to
be written in a simple form (7.21), which clearly indicates the effect of the
relative signs of the chirp and group velocity dispersion on the pulse width.

T, Ch\' | (B2\')?

2=[0+5F) + (%) ] 720
We can now use the broadening factor defined in Eq. (7.21) to estimate
the dispersion penalty for a transmission link. The width of the Gaussian
pulse can be defined by its root mean square (RMS) width o, which is
related to the 1/e width by (o = T,/~/2). This factor can then be used as
a criterion on the maximum bit rate. A commonly used criteria is that the
limiting bit rate must be given by (4Bo < 1). This ensures that 95% of
the pulse energy remains within the bit slot. From Eq. (7.20) we see that
the transmitted pulse remains Gaussian but that its peak power decreases
due to the dispersion induced pulse broadening. We can define the power
penalty for the transmission as the required increase in received power to
compensate this reduction. This is given by

P = 10log(Th/T),) (7.22)
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Fig. 7.6 Theeffect of chirp parameter on the dispersion-induced power penalty for optical
fiber transmission systems.

If we now plug in the relationship for the pulse broadening (7.21) and
perform a substitution to replace T, with the bit rate we have an expression
for the chirp induced power penalty.

P =5log[(1 +8CBB’L)? + (88:B%L)?| (7.23)

In Fig. 7.6 we have plotted the dispersion penalty as a function of the effec-
tive dispersion parameter 8, B>L for positive values of the group velocity
dispersion. For fibers with normal dispersion (i.e., positive f,) the plot
would be the same, however the sign of the C parameter would be re-
versed. This plot shows that there is an initial reduction in the dispersion
penalty for positively chirped pulses. However, if the chirp is too high then
the penalty quickly increases beyond the penalty for unchirped pulses.
Regardless of the magnitude of the positive chirp there will always be a
distance beyond which the zero chirp case has a smaller dispersion penalty.
This distance is defined as

~1

L=—r— 24
4CB, B? (7.24)
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As an example if we consider a fiber optic transmission system with an
80 km span operating at 10 GB/s and the effective dispersion parameter is
0.16 corresponding to a 8, of —20 ps?/km or a dispersion D of 17 ps/nm-km,
then the minimum dispersion penalty would be 1 dB for a chirp factor of
0.8. For an equivalent transmission penalty with a negative chirp of —0.8
the transmission distance would be only 20 km. This shows the critical
nature of the source chirp for 10 GB/s systems. Ironically, at 40 GB/s the
effect is not as important. Because the effective dispersion parameter varies
with the square of the bit rate, the equivalent distances at 40 GB/s would
be only 5 km for C = 0.8 and 1.25 km for C = —0.8. For these higher
bit rate systems even with optimized chirp parameters only very short span
lengths are possible for low dispersion penalties. Because of this most
40 GB/s systems incorporate dispersion-managed transmission links. For
these applications the residual fiber dispersion can be either positive or
negative so a near zero modulator chirp is desirable.

It is important to remember that this result is based on the assumption
that we have Gaussian shaped pulses, which is not generally correct for real-
world transmission systems. These systems have pulse shapes with steeper
leading and trailing edges that are better characterized by higher order
functions. This condition is more difficult to analyze and will generally
result in an increased dispersion penalty when compared to the Gaussian
pulse shape.

7.3. EA Modulator Design

The design of an electroabsorption modulator involves a large number of
optical and electrical considerations. In its simplest form an EA modulator
consists of a semiconductor optical waveguide, with a PIN diode struc-
ture. The optical waveguide is formed by sandwiching a higher index of
refraction (lower bandgap) core layer between two lower index of refrac-
tion (higher bandgap) cladding layers (Fig. 7.7). Lateral confinement for
the waveguide can be achieved in a number of different manners, forming
a shallow ridge in the upper cladding layer, etching a deep ridge all the way
through the core layer, or regrowing around a deep etched ridge to form
a buried heterostructure (Fig. 7.8). Typically the upper cladding layer is
acceptor or p-type doped, the core layer is an undoped or intrinsic semi-
conductor, and the lower cladding layer is donor doped making it n-type.
This gives the device a basic PIN diode structure where the active layer
is in the intrinsic or I region. This active layer is composed of a material
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Fig. 7.7 Simple conceptual longitudinal cross section of an EA modulator.
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Fig. 7.8 Different structures for achieving lateral index guiding.

that has a bandgap energy that is slightly greater than the photon energy
for the wavelength of light at which the device is intended to operate.
This difference between the nominal bandgap energy and the operating
wavelength is referred to as the detuning energy and is typically expressed
in units of nm. Applying a reverse bias to the device creates a strong field in
the intrinsic layer that shifts the absorption edge in the material to lower en-
ergies via the Franz-Keldysh effect in bulk semiconductor active layers, or
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the quantum confined Stark effect in quantum well active layers. This shift
in the absorption edge is used to modulate the intensity of a lightwave
propagating in the optical waveguide. The design of the optical waveguide
properties strongly affects the insertion loss and extinction ratio for the
device, whereas the design of the electronic properties of the device most
critically affects the bandwidth, and saturation power. These two aspects of
the design are intimately connected to each other and also to the fabrication
processes available for the creation of the device. Each has a significant
impact on the other and a careful methodology is necessary in order to
achieve an efficient design.

The first step in the design process is to identify the desired performance
parameters for the device. The selection of these parameters will depend
critically on the application for which the modulator is intended. The main
application space for EA modulators is for high-speed long-distance dig-
ital transmission in fiber optic communication systems. The first step in
designing an EA modulator for this type of application is to select the
operating bit rate for the transmitter. This determines the minimum 3dB
bandwidth requirement for the EA modulator, which sets an upper limit on
the junction capacitance. Because the junction capacitance scales with the
area of the junction, the bandwidth requirement ultimately limits the device
size. Because the width of the device is generally limited to a fairly narrow
range by the requirement that the waveguide only support a single mode,
the limit on the device size can be thought of as a limit on the total device
length. Thus as the bandwidth requirement for the device increases, the
size decreases. For shorter modulators a greater change in the absorption
coefficient for the device is required in order to achieve the same extinction
ratio as in a longer modulator. However, increasing the absorption per unit
length and reducing the overall modulator size decreases the power level
at which it begins to saturate. Despite this the output power requirement
increases for systems operating at higher bit rates. The result of this is that it
gets increasingly difficult to scale the EA modulator performance to higher
and higher bit rates. Oftentimes this necessitates choosing fundamentally
different technologies as the bandwidth requirements increase.

7.3.1. WAVEGUIDE DESIGN

The design of the optical waveguide for an EA modulator is coupled to
the selection of the active absorbing layer. This layer also forms a major
component of the waveguide core. It is generally good practice to limit the
size of the waveguide such that it only supports a single transverse mode.
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This places an upper boundary on the thickness and the width of the waveg-
uide core. Because it is also desirable to limit the insertion loss of the device
in the on state, the waveguide must be designed to have a mode size that
is compatible with low loss coupling to optical fiber. To begin with we
will derive a simple procedure for calculating the effective index and the
transverse mode function for a dielectric waveguide. Full calculation of
the transverse amplitude function for an arbitrary two-dimensional struc-
ture requires a numerical solution. However, a good approximate solution
can be found using the effective index technique. In this technique the 1D
effective index is solved for each of the three lateral regions of the waveg-
uide as if they were infinite slab waveguides. In the case of the buried ridge
the effective index of the regions on either side of the core is just the index
of the regrown semiconductor. For clarity we will first set the conventions
for describing the waveguide with reference to Fig. 7.9. The transverse
direction will be the x direction normal to the plane of the surface of the
device. The lateral direction or y direction will be in the plane perpendicular
to the propagation direction of the light z. For the 1D slab approximation
we will refer to the core region as region 2 and the cladding region as re-
gion 1. Light polarized with its e-field in the x direction perpendicular to
the interface between the core and the cladding is referred to as transverse
magnetic or TM, and light polarized with its e-field parallel to the interface
is referred to as transverse electric or TE. For most devices the waveguide
is asymmetric and the confinement in the vertical direction is greater than

2D Waveguide Geometry

1D Slab Waveguide
Approximation

e

/

Transverse ——»

-+— Lateral —_—

Fig. 7.9 Schematic waveguide cross section showing the transverse (x) and lateral (y)
directions and the core and cladding regions.
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in the lateral direction. For this reason we typically solve for the effective
index in the vertical or x direction first and then use this to solve for the
combined effective index in the lateral or y direction.

We can quickly derive the procedure for solving the 1D effective index of
a three-layer slab waveguide. First we begin by writing the wave equation,
which can be derived from Maxwell’s equations.

’E
V2E = pe— 7.25
ne—3 (7.25)
Here E is the electric field, u is the magnetic permeability which is equal
to i, for most semiconductor materials of interest, and ¢ is the dielectric
constant, which can be complex. The imaginary component of & represents
the gain or loss in the material. We can assume a solution of the form

E(x,y,2,1) = & E,U(x, y)el @) (7.26)

where é; is the unit vector that defines the polarization and U (x, y) is the
transverse wave function. Inserting Eq. (7.25) into (7.26) we find that the
transverse wave function must satisfy the equation

VU (x, y) + (722 — ) U(x,y) =0 (7.27)

Now taking a simple three-layer slab waveguide of the form shown in
Fig. 7.9, we can solve Eq. (7.27) in each of the three layers subject to
the boundary conditions matching at the interfaces. We can simplify this
process somewhat by replacing the complex index of refraction 7 and prop-
agation constant § with their real components. This will not significantly
reduce the accuracy of the solution because the imaginary components are
typically very small compared to the real components for semiconductors.
The general solution to Eq. (7.27) for region m with index n,, is given by

1 i
Uy (o) = Aremn=p)"x o g, o~ (Kinh—62)x (7.28)

In the core region the index of refraction is greater than the effective index,
which leads to sinusoidal solutions of the form

A cos [(kgn% - ,32) %x] (symmetric solutions)
Ukx) = (7.29)

1
Asin [(kgn% - B?) 2x] (antisymmetric solutions)
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where n; represents the index of refraction in the core layer. In the cladding
the effective index is greater than the material index, leading to exponential
solutions. We consider only the exponentially decaying solutions, which
correspond to guided modes defined by

U(x) = Be~ (82-Kn1)"x (7.30)

where np represents the index of refraction in the cladding layers. If we
define the width of the waveguide core layer as d and place the origin at
the center of the waveguide, then we must match the boundary conditions
for the two wavefunctions at the interface d/2. In the case of a symmetric
guide we only need solve for a single set of boundary conditions. For TE
modes at the boundary we have the condition that both the field and its
first derivative must be continuous across the boundary. Thus Uy = U, and
oU,/dx = 0U,/0x at x = d /2. This allows us to derive a characteristic
equation for the fundamental and higher order TE modes.

k,d 1 a2 — n? -1
(n%—ﬁz); = arctan <n nl) + (m 5 ki (7.31)

2 n? — n?

Here 7 is the effective index for the mode defined by 8 = k,7i. For TM
modes the boundary conditions are somewhat different and n%Uz = n%U 1
the characteristic equation is then given by

) 2 1
= arctan (<n2 r_l' ) (n_g)) + (m — Dz (7.32)
ns — A%/ \nj 2

Solving these equations for the effective index and then inserting this into
Eqs. (7.29) and (7.30) enables a piecewise solution of the transverse wave
function to be found. Repeating this process in the lateral direction using
the effective index for each layer the piecewise solution to the lateral wave-
function U (y) can be found. This also gives the total effective index for
the mode. Then the total transverse wavefunction is simply given by

k()d -
(o — %)

M=

Ux,y) =Ux) - Uy (7.33)

In some instances there is no confined mode in the transverse direction for
the lateral guiding regions. In this case an effective index can be calculated
by computing the normalized index for the guided mode in the waveguide
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core section II from Fig. 7.9, with the index distribution of the layer structure
in the cladding section L.

= _ [ U0 (x) dx
! [ 1Un(x)? dx

(1.34)

It is important to remember that if the characteristic equation for the TE
modes is used in the transverse direction for the effective index method,
then the characteristic equation for the TM modes must be used to solve
for the lateral direction and vice versa.

7.3.2. CONFINEMENT FACTOR

This integral in Eq. (7.34) gives a weighted average of the index of refraction
in the cladding layers of the waveguide where the weighting function is
the square of the transverse mode field. This concept of using an overlap
between the wavefunction and the material to measure a property of the
mode is called an overlap integral. We can extend this concept to calculate
the effect of the waveguide design on the change in the absorption in an EA
modulator. The effective absorption coefficient seen by the optical mode
as it propagates in the waveguide can be written as

(@) = [0, pPalx, y)dx dy
[[1U, )2 dx dy

where ¢(x, y) is the material absorption coefficient. In general the change
in the absorption coefficient under an applied bias is limited to the active
layer, which enables us to simplify this equation and rewrite it in terms of
the differential absorption in the active layer Ac.

(7.35)

2 pd/2
e [ U x, y)2 dx dy

S22 UG, y)2dx dy

The integral on the righthand side of this equation is simply an overlap
integral for the mode with the active layer. This overlap represents a very
convenient concept called the confinement factor I', which can be used
to greatly simplify the analysis of the differential absorption in an EA
modulator. The extinction ratio for a modulator with a length L can now
be written in the following simple form:

Ala) = (Aag)

== nyAaa (7.36)

ER(dB) = 101og,y(e T»AoL) (7.37)
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As a general point of reference the absorption coefficient for InGaAs at
1550 nm is approximately 6000 cm~!. For a quantum well EA modulator
under a strong electric field the change in the material absorption can be
as high as 4500 cm™!. Thus for a 100 pm long modulator with a confine-
ment factor of 0.10 the maximum extinction ratio is approximately 20 dB.
If the confinement factor is increased to 0.15, for example, by increasing
the number of quantum wells in the active region from 8 to 12 then the
extinction ratio increases to almost 30 dB. There is an equivalent scaling
factor if the length is increased to 150 um. However, increasing the length
also increases the junction area and reduces the maximum bandwidth of
the device. There is also a drawback to consider when increasing the con-
finement factor, which becomes evident when we consider the coupling
efficiency between the device and an optical fiber.

7.3.3. INSERTION LOSS

The confinement factor for the active region of an EA modulator wave-
guide can be increased by either increasing the thickness of the waveguide
or increasing the index difference between the waveguide core and the
cladding. Because for most EA modulators of interest we are restricted
to operating in the InP material system, the cladding material is generally
InP. The core index of refraction depends on the bandgap of the active
material, which is fixed by the operating wavelength for the device. The
use of a higher bandgap separate confinement heterostructure can be used to
increase the overall confinement factor for the waveguide but this has only
a secondary effect on the active layer I". The only remaining method is to
increase the thickness of the active layer itself. Increasing the confinement
of the optical mode in the active layer increases the effective index of the
mode and shrinks the effective size of the mode.

The insertion loss for an EA modulator is made up of two major com-
ponents. One of these is the absorption, and scattering losses for light in
the guided mode of the waveguide, and the other is made up of the cou-
pling loss for the optical system used to couple light into and out of the
device to single-mode optical fiber. The waveguide absorption is made
up of residual absorption in the active layer, and interband carrier scatter-
ing, primarily intervalence band absorption in the doped materials. Careful
design of the quantum wells and optimization of the doping profiles in
the cladding layers can minimize these effects but they are inherent to
the structure and cannot be eliminated entirely. Optical scattering loss is
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caused mainly by defects in the material or roughness in the sidewalls of
the waveguide. It is a particular problem for ridge and deep etched ridge
waveguide structures where there is a greater index contrast in the lateral
wave guiding. However, in buried structures this factor contributes only a
small amount of excess insertion loss. Scattered light can be particularly
problematical in EA modulators because it not only increases the inser-
tion loss, it can also reduce the extinction ratio. The small size of most
EA modulators means that scattered light can easily be coupled into the
output fiber leading to a substantial reduction in the extinction ratio for the
device.

The other primary source of insertion loss is the fiber coupling loss. The
smaller and more tightly confined the optical mode is in the modulator,
the more difficult it is to achieve low coupling loss to the device. The
effective mode size in an EA waveguide is only 2 to 3 pm while in a single-
mode optical fiber it is approximately 8 um. Even for perfect positioning
of the fiber the coupling loss between it and the EA will be substantial.
Furthermore, maximum coupling efficiency will occur when the fiber is in
direct contact with the EA facet. To minimize the coupling loss either a
micro optic lens system is used or a small lens shape is fabricated directly
on the tip of the optical fiber. Lensed fibers are particularly effective and
can produce spot sizes on the order of 3.5 um at their focal point, which
is around 20 pm from the fiber tip. The coupling efficiency between a
lensed fiber and an EA modulator can be approximated by calculating the
coupling efficiency for a Gaussian mode with a width of 3.5 um to the EA
modulator transverse mode profile calculated numerically or by using the
effective index method described previously. This is done with a simple
overlap integral, e.g. 7.38 [2], where the mode functions are normalized
such that their integral over all space is unity. The factor ¢ accounts for the
impedance discontinuity between the free space region and the waveguide.
If a proper antireflection coating is applied to the surface of the device this
factor will be very close to unity [2].

2
t// U;,‘(x, ¥ -Us(x, y)dxdy (7.38)

Py
Py

One way to overcome this tradeoff between the desire for a tightly confined
mode in the active portion of the device and a more loosely confined mode
at the input and output facet is with the use of beam expanders.
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Fig. 7.10 EA modulator with integrated spot size converter waveguides.

7.3.4. BEAM EXPANDERS

A spot size converter or a beam expander (as they are sometimes called) is
a section of waveguide wherein the thickness and/or the index of refraction
of the guide are tapered so as to effect a transformation of the effective
mode size as it propagates from one end to the other. An example of an EA
modulator with integrated spot size converters is shown in Fig. 7.10. The
spot size converters can serve two purposes, the first being to transform
the mode from the small tightly confined state in the active region of the
EA modulator into a larger size at the facet for easier coupling to optical
fiber. The other reason for adding these long passive sections to an EA
modulator chip is to increase the overall length of the device. For high-
speed modulators the length of the active region is typically very short,
sometimes less than 100 um. It is extremely difficult to cleave and handle
devices that are this short. The spot size converters eliminate this problem,
making the chip length somewhat independent of the length of the active
waveguide. Increasing the chip length also helps to reduce the amount of
scattered light that is coupled from the input fiber to the output fiber by a
path other than through the waveguide.

The majority of spot size converter designs employ tapered waveguide
structures operating close to the modal cutoff to expand their spot size.
These designs have been shown to provide improved coupling efficiency
and more relaxed alignment tolerances. Both vertical and lateral waveguide
tapers can be effective in transforming the mode size. For vertical tapers
such as those shown in Fig. 7.10 the waveguide tapers can be produced
by selective area growth [11] or selective area etching techniques [12].
Lateral tapers have also been used effectively for spot size converters in
1.3 um lasers [13] and in polarization insensitive semiconductor optical
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amplifiers at 1.55 um [14]. These are somewhat easier to fabricate than
vertical tapers and can be very effective, particularly for 1.3 um wave-
length devices. A particularly important aspect of the spot size converter
fabrication is the interface between the active waveguide in the modulator
and the passive waveguide of the spot size converter section. Etching away
the active waveguide layer and regrowing a butt-jointed passive spot size
converter waveguide is a technologically challenging but highly effective
method for performing this integration.

Now that we have a more thorough understanding for the optical waveg-
uide parameters and how they impact the design of an EA modulator, we
can begin to examine the electrical characteristics of the modulator itself
and how they affect its performance.

7.3.5. FREQUENCY RESPONSE

In operation, an EA modulator is to first order a simple reverse-biased PIN
diode. The frequency response can be accurately predicted from a simple
equivalent circuit model based on extracting the series resistance, junction
capacitance, and parasitics from the device structure. For low optical power
levels we can neglect the effects of carrier transport and concentrate solely
on the RC limited response. Examining the cross section for a typical device
shown in Fig. 7.11 we can see that the electrical equivalent circuit is made
up of anumber of elements, which include the series resistance and junction

Fig. 7.11 Cross section of EA modulator with equivalent circuit model superimposed.
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Fig. 7.12 Simplified equivalent circuit for EA modulator.

capacitance for the device, a parasitic capacitance associated primarily with
the contact pad, and a leakage resistance in parallel with the junction. In
reality the operation of the device is far more complicated but this simple
equivalent circuit effectively captures the dominant factors in the device
performance. For buried devices with a PNIN blocking structure there is
also a significant parasitic capacitance associated with the blocking junction
that can be included in the C), term. Generally the leakage resistance is
high enough that it can be approximated with a simple open circuit. If we
assume also that the parasitic capacitance is much smaller than the junction
capacitance and we neglect the voltage dependent current source associated
with the absorption we have the simplified equivalent circuit shown in
Fig. 7.12.

The bandwidth for the device is defined as the frequency range over
which its response function remains within 3dB of the peak. This is equiv-
alent in this case to the frequency at which the voltage across the junction
falls to 50% of its DC value. If we assume that the device is being driven
by a source with an impedance R;, and has a termination resistor R, it is
easily shown that the bandwidth is given by

1

BW = —
27r<RS 4 (RL + RL) )c

(7.39)
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The use of a termination resistor matched to the impedance of the source and
the transmission line minimizes the reflection of RF power from the device.

Increasing the termination resistance above the impedance of the source
reduces the bandwidth of the device, while decreasing the termination
resistance increases the bandwidth but reduces the voltage across the junc-
tion, and thus the RF power coupled to the device since the voltage across
the modulator scales with

V.=V R (7.40)
] — Ysource R[ + R[ .

These simple models are very helpful in understanding the basic limitations
on the EA modulator design. Now that the key parameters have been iden-
tified we can develop a simple procedure for estimating the bandwidth of
a given structure. As an example we can calculate the maximum length for
a modulator with a 1.5 um wide waveguide and a 0.2 um thick depletion
region to achieve a bandwidth of 40 GHz. The series resistance and the
junction capacitance are the dominant elements so we will consider these
first. The junction capacitance scales with the device area and is given by
Eq. (7.41), where A is the area of the junction, d is the depletion width, and
¢ is the dielectric constant for the material. For devices with well-defined
doping profiles, d is approximately equal to the thickness of the intrinsic
layer.

cA

Cj= i (7.41)
The series resistance is composed of several different components, which
include the contact resistance for the n and p contacts, the series resistance
of the p layer, and the series resistance of the n layer. In InP the mobility
for holes is approximately 30 times lower than the mobility for electrons,
also the specific contact resistance for the p contact is typically 10 times
larger than for the n contact. In most device structures the n contacts are
very large covering the entire back side of the wafer, while the p-contact
area is limited to the width and length of the active region. To simplify
the problem of calculating the series resistance we can then ignore the
contribution from the n-contact and n-semiconductor layers, which will be
on the order of 1 to 2 €2, and just consider the p-contact resistance and the
p cladding layer resistance, which will scale in inverse proportion to the
device area. The specific contact resistance for an EA modulator can be
found from transmission line measurements and is generally between 1E-5
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and 1E-6 (Qcm?). A reasonably conservative number would be r, = SE-6
(Qcm?). The mobility x in p-type InP depends on the acceptor doping
concentration n, and is given by Eq. (7.42).

ng — 10'8

A reasonable activated doping level for the InP cladding layer is n, =
1 x 10'® cm™3. The resistivity p and the conductivity o is then given by
1

— =0 = qhal (7.43)
p

(7.42)

The total series resistance for the device can then be calculated using
Eq. (7.44), where w is the width of the device, [ is the length, and ¢ is
the thickness of the p cladding layer, which we can set to 2 um.

t :
Ro=plL1)+L (7.44)
wl wl

The resistance and capacitance per unit length for the example can now
be calculated: they are 1.6 Q/mm and 931 pF - mm respectively. Solving
Eq. (7.39) for the length we find that a 100-um-long modulator will have
approximately 40 GHz bandwidth.

A more complete model, which includes the parasitics of the device and
termination including the effective inductance of the wire bonds used to
connect to the device, is shown in Fig. 7.13. This type of model is best
analyzed using a spice simulation tool. It is still approximate because it
does not include distributed effects, but it will be more accurate than the
model shown in Fig. 7.12.

Given the understanding we have developed so far of the design issues for
EA modulators, it is useful to review the basic tradeoffs that exist between
the different device performance requirements. The most fundamental of
these is between the bandwidth and the extinction ratio. We have seen that
the extinction ratio can be increased by increasing the length of the device
or by increasing the absorption change per unit length. The change in the
absorption per unit length is proportional to the confinement factor for the
optical mode in the active layer and to the applied electric field. The max-
imum confinement factor, however, is limited by coupling considerations
and the desire to maintain a single mode waveguide. Higher field strengths
in the active layer can be achieved by thinning the depletion thickness,
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Fig. 7.13 More detailed lumped element equivalent circuit model for an EA modulator.

which increases the junction capacitance and reduces the bandwidth. Also
the absorption change from the quantum confined Stark effect eventually
saturates so thinning the depletion thickness can be used to trade off drive
voltage with bandwidth for a given extinction ratio but not to increase the
maximum absorption change. Some benefit can be had from reducing the
waveguide width, but eventually the confinement factor begins to drop and
this results in a decrease in the absorption per unit length. This brings us
back to increasing the overall device length to increase the extinction ratio,
which increases the junction capacitance and reduces the bandwidth. This
fundamental tradeoff between the extinction ratio and the bandwidth pro-
vides an upper limit on the performance of lumped element EA modulators.
Later in this chapter we will discuss how to overcome this limitation with
a distributed design.

7.4. EA Modulator Characterization

Evaluating the performance characteristics of EA modulators involves the
application of a wide variety of different measurement techniques. There
is a basic set of measurements, which can be used to characterize the main
properties of the device. These include the insertion loss, extinction ratio,
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and frequency response. In addition to these basic measurements, addi-
tional tests are frequently performed to evaluate the scattering parameters,
junction capacitance, saturation power, timing jitter, and optical coupling
loss.

7.4.1. STATIC EA CHARACTERIZATION

The extinction ratio and insertion loss for an EA modulator must be char-
acterized as a function of wavelength for the device. This is accomplished
by coupling light from a tunable laser into the EA modulator and moni-
toring the output power as a function of bias voltage for several different
wavelengths across the operating range of the device. A typical setup for
measuring the insertion loss and DC extinction ratio for a device is shown
in Fig. 7.14. First a lead-in cable is used to connect the tunable laser to the
power meter. Then the transmitted power is measured as a function of wave-
length. This reference measurement characterizes the source and allows the
insertion loss of the connectors and the lead-in cable to be removed from
the real measurement. The next step is to insert the EA modulator into the
measurement system. A temperature controller is used to maintain the de-
vice at a constant temperature throughout the measurement, and a voltage
source is added to bias the device.

Calibration &i & c3
Tunable Power Meter
Laser Source T
Lead In
Fiber

Measurement | |, Fiber | I |

Tunable L l _& &'_ Power Meter
1o
CX

Laser Source e (o) _/‘V
111
Temperature b | Voltage
Controller Source

Fig. 7.14 Measurement configuration for insertion loss and extinction ratio.
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Fig. 7.15 Extinction curves of an electroabsorption modulator for a range of wavelengths.

A typical set of extinction ratio curves for an EA modulator is shown
in Fig. 7.15. The curves are normalized to the input power to the device
so the nominal insertion loss at a particular wavelength is given by the
value at zero volts. As expected, the insertion loss increases as the de-
tuning between the multiple quantum well active region bandgap and the
operating wavelength is reduced. For this particular device the insertion
loss varies from —9 dB at 1520 nm to —6 dB at 1570 nm. The bandgap
of the material in this case is 1495 nm. For wavelengths that have a large
amount of detuning from the bandgap the insertion loss is dominated by
the fiber coupling loss. This is evident from the small amount of variation
in the insertion loss for wavelengths from 1540 to 1570 nm when com-
pared to the variation for wavelengths from 1520 nm to 1540 nm. There
are other contributions to the insertion loss from interband absorption in
the doped cladding materials and optical scattering caused by waveguide
nonuniformities.

The shape of these curves is characteristic of multi-quantum well electro-
absorption modulators that exhibit significant nonlinearity in their transfer
function. The absorption curve is initially flat with bias then increases
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rapidly in slope before passing through an inflection point and finally sat-
urating. The extinction ratio for a given voltage range is taken as the ratio
of the transmitted power in the on state to the transmitted power in the off
state. This can be read off the graph as the separation in dB between the
on and off state voltages. For this particular device the extinction ratio at
1530 nm for a 5 V swing is approximately 20 dB.

There are four main sources of uncertainty in this measurement; these
are caused by connector variations, power meter errors, polarization depen-
dence of the device, and optical interference effects. For the test described
previously, the calibration measurement includes the loss of the connec-
tion between the laser source and the lead-in fiber, and we assume that
exchanging the connectors at the power meter does not significantly af-
fect the measurement. However, in the device measurement there is an
additional connector pair in the optical path so that the insertion loss
measurement includes the device under test plus the loss of this additional
connector pair, which can be anywhere from 0.5 to 1 dB [15]. Insertion loss
is always calculated as the ratio of two power levels so absolute accuracy in
power measurements is not required; however, the accuracy of the ratio is
important. Uncertainty in the power ratio can result from nonlinearity in the
response, polarization dependence, spatial inhomogeneity, and numerical
aperture limitations in the detector head. The use of a high-quality com-
mercial power meter is essential for performing accurate insertion loss and
extinction ratio measurements. Because most EA modulators are highly
polarization sensitive, the uncertainty caused by polarization dependent
loss can be the dominant factor in device measurement error. For this reason
it is critical to have precise control over the input polarization state of the
light in the measurement setup. Figure 7.16 illustrates the effect on the ex-
tinction curves for varying degrees of polarization of the input light. There
is little effect on the insertion loss at 0 V bias for wavelengths sufficiently
detuned from the band edge that the nominal absorption is small. However,
even for the case when the TE to TM ratio of the launched light is 20 dB
there is approximately 1 dB of degradation in the extinction ratio of the
device at —4 V. To overcome this sensitivity most polarization dependent
EA modulators are pigtailed with a polarization maintaining fiber that is
carefully aligned to the polarization axis of the device.

Reflections in the test system can cause two different types of measure-
ment uncertainty. First, reflections in the test system can lead to optical
interference that can result in a wavelength-dependent transmission func-
tion. This interference effect can magnify the impact of small internal
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Fig. 7.16 Polarization dependence of extinction ratio for EA modulator.

reflections. If we consider just two reflections in the transmission path, ry
and ry, separated by a distance L, the amplitude of the transmitted light
can be represented by Eq. (7.45) [2].

(1-R)?

1S211* = 5 —
(1 — R)*+4Rsin” BL

where R = ryrye*L and B=p+ j%

(7.45)

For the case when we have two 1% reflections and assume that there is
no internal loss so that « is zero, the transmission loss uncertainty can be
as high as 4% when BL is a multiple of . Perhaps more significantly, if
we have a situation when the EA modulator is bounded by two reflections,
the path length may change with the change in the absorption within the
modulator, resulting in a perturbation of the extinction curve. Reflections in
the system can be minimized by using APC connectors wherever possible
and antireflection (AR) coatings on the device facets. APC connectors
have an angled interface, which typically reduces the back reflection below
—60 dB. Another technique that can eliminate resonances in long patch
cords is to decrease the coherence length of the optical source used in the
measurement system. Many tunable laser sources have a coherence control
that introduces a modulation to the source, which broadens the spectral
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line width. Without this coherence control external cavity tunable lasers
can have linewidths in the 100 kHz range. To reduce the coherence length
to less than 1 m, a typical length for fiber patch cords, a spectral width of
240 MHz is recommended [15].

7.4.2. DYNAMIC CHARACTERIZATION

A fundamental requirement of an EA modulator in a transmission system
is that it have sufficient modulation bandwidth to allow the transmission
and reception of the intended information. For digital systems using NRZ
format the total system bandwidth needs to be greater than one-half the bit
rate. In practice for optimum NRZ data transmission performance it has
been shown that the rise and fall time at the transmitter should be 40% of
the bit time, which is equal to 1/B where B is the bit rate [16]. This corre-
sponds to a small signal bandwidth on the order of 90% of the bit rate. For
the receiver the optimum bandwidth depends on the noise characteristics
of the system. For optically amplified systems where the input power is far
above the receiver sensitivity the optimum bandwidth is equal to the bit
rate B. In this case thermal noise is negligible and the system is dominated
by the intersymbol interference (ISI), which can be reduced by increasing
the receiver bandwidth. However, when the thermal noise of the receiver
dominates, the optimum bandwidth is approximately 60% of the bit rate. It
is also important for the phase response to vary linearly with frequency over
this bandwidth. Deviations from linear phase are indicative of group delay
problems, which lead to increased intersymbol interference (ISI) penalties.

The bandwidth for an EA modulator is typically measured using a light-
wave component analyzer or a vector network analyzer with a calibrated
detector because these instruments are capable of measuring both the mag-
nitude and the phase of the frequency response. A lightwave component
analyzer is used to measure the small-signal linear transmission and reflec-
tion characteristics of a device as a function of frequency. It operates by
injecting a modulated signal into a test device and comparing the modulated
input signal to the signal that is transmitted or reflected by the test device.
This comparison of the transmitted signal to the incident signal results in
a ratio measurement. The concept of making ratio measurements to test
the response of electrical devices and systems originated in the RF and
microwave industry. For measuring an EA modulator a swept frequency
RF source is applied to the device through a bias T. The bias T enables a
DC bias voltage to be applied to the device to control the operating point
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about which the RF voltage will swing. Light coupled through the device is
modulated by this RF signal. The light is converted back into an electrical
signal in a reference receiver, where it is compared to the initial modulation
signal. RF energy that is reflected back from the device is also compared to
the initial input signal to determine the reflection coefficient for the device.
These are generally referred to as the scattering or S parameters for the
device. The frequency range over which the magnitude of the $>; response
is within 3 dB of its peak magnitude is referred to as the 3 dB bandwidth
of the device. A plot of the frequency response for an Agere Systems EA
modulator is shown in Fig. 7.17. The input reflection coefficient for the
same device is shown in Fig. 7.18. The electrical equivalent circuit for the
device can be derived from the magnitude and phase of the §j) response,
which is useful for evaluating the design of the EA.
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Fig. 7.17 Frequency response measurement (S, ), magnitude, and phase for Agere Sys-
tems EA modulator with 48 GHz bandwidth.
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Fig. 7.18 Input reflection (S),), magnitude, and phase for Agere Systems EA modulator.
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7.4.3. CHIRP MEASUREMENTS

Lightwave component analyzer or network analyzer measurements can
also be used to characterize the small signal alpha parameter for an EA
modulator defined in Eq. (7.46), where n and k are respectively the real and
imaginary parts of the modal index of the electroabsorption waveguide [17]:

_8n
Y

For external modulators the variation in the phase ¢ with intensity 7 is
related to the alpha parameter by Eq. (7.47).

oy (7.46)

ayél
21

A simple and accurate method for measuring the alpha parameter for an EA
modulator, which can also be used to measure fiber dispersion, has been
developed by Devaux et al. [18]. This technique uses small signal mea-
surements in the frequency domain to analyze the chirp characteristics for
light propagating in a dispersive medium. In these conditions they observe
sharp resonance frequencies that originate from interferences between car-
rier and sideband wavelengths. By analyzing the frequencies at which these
resonances occur it is possible to obtain accurate and reproducible values
for the chirp parameter of the transmitting source.

The measurement is performed using a network analyzer with a cali-
brated optical receiver, the device to be measured, and a length of single-
mode optical fiber with a nonzero dispersion (Fig. 7.19). The length of fiber
required depends on the dispersion of the fiber and the maximum frequency
of the measuring system. A general rule of thumb is for the total disper-
sion DL in ps/nm to be greater than 7ES5/f2_ where f,q, is in GHz. To
first calibrate out the frequency response of the modulator and the detector
an S, measurement is taken with the transmission fiber removed; this is
used as a baseline. Then the transmission fiber is reinserted and the mea-
surement is repeated. This measurement is divided by the original result
to remove the bandwidth dependence of the modulator and receiver. The
frequency response for the transmission through the dispersive fiber shows
a number of resonances, which appear as sharp peaks in the frequency
response (Fig. 7.20).

We can represent the electric field by

E = V15D (7.48)

8¢ =

(7.47)
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Fig. 7.19 Dispersion measurement setup.
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Fig. 7.20 Typical small signal frequency response for EA modulator after transmission
through 50 km of single-mode fiber with D = 17 ps/(nm - km).
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and assume that the transmitted intensity is given by Eq. (7.49) for small
signal modulation with a frequency f and a modulation depth m being
much less than 1.

1 = Ip(1 + m cos(2mft)) (7.49)

After propagation through the fiber the frequency response, which is mea-
sured in Fig. 7.20, is given by Eq. (7.50) [18]. The resonances in this equa-
tion are the result of two simultaneous interferences between the carrier
and the two sidebands. The resonance frequencies f, shown correspond to
the zeros of the cosine term and are given by Eq. (7.51).

If =10m,/1+01%1

fil =

2 2
cos (ﬂ?f— + arctan(aH))’ (7.50)

2
DA (1 + 2u — - arctan(aH)) (7.51)
Extracting the resonance frequencies from Fig. 7.20 and plotting them
versus the parameter 2u, which is twice the order of the resonance, we
get a straight line shown in Fig. 7.21. The slope of this line is inversely
proportional to the dispersion parameter for the fiber D, and the intercept
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Fig. 7.21 Plot of the resonance frequencies squared times the fiber length versus twice
the peak order.
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Fig. 7.22 Small signal alpha parameter as a function of bias voltage for the modulator.

can be used to calculate the small signal alpha parameter for the given
operating conditions.

Repeating this process over a range of bias voltages and wavelengths
enables us to plot the small signal alpha parameter characteristics for the
modulator (Fig. 7.22).

From this plot we can see that the alpha parameter varies with the bias
voltage on the modulator. For increasing bias voltage it becomes progres-
sively more negative. It also shows a strong wavelength dependence. The
alpha parameter is a useful technique for comparing the chirp performance
of different active layers in electroabsorption modulators. However, the
variation in the alpha parameter with voltage leads to a complicated depen-
dence of the chirp on the drive signal. One parameter that can be used as a
figure of merit for the device is the voltage at which the small signal alpha
parameter becomes negative. This again is a good means of comparing two
different quantum well structures. However, it is not as useful in predict-
ing the transmission performance for the device. It is sometimes helpful to
define an effective alpha parameter, which is representative of the average
or cumulative chirp performance for the device. This can be done by first
calculating the change in the imaginary index Ak as a function of bias. This
can be found from DC extinction ratio measurements like those shown in
Fig. 7.15 by using Eq. (7.52).

IV) _ -tman (7.52)
I1(V,)




7. Electroabsorption Modulators 289

0.0015

0.001

0.0005

Index Change An

10,0005 N S S i
0 0.001 0.002 0.003 0.004 0.005 0.006

Imaginary Index Change Ak

Fig. 7.23 Variation in the real component of the index of refraction plotted versus the
variation in the imaginary component for 1520 nm.

Then the real part of the index change An can be calculated as a function of
voltage using the alpha parameter, which is the derivative of the n versus &
curve (Fig. 7.23). From this curve we can compute an effective large signal
chirp parameter @y using Eq. (7.53).

_n(V) —n{V,)

CGEA 7

ay
This technique for calculating an effective alpha can be reasonably accurate
for cases when the small signal alpha parameter does not change sign.
However, in the case demonstrated here, the effective alpha calculated
from Eq. (7.53) would be —0.06, which is clearly not representative of the
chirp characteristics of this device.

A better estimate for the effective alpha parameter was proposed by
Dorgeuille and Devaux [19] in 1994, based on the so-called 3 dB rule. This
technique takes the average of the small signal alpha parameter over the
first 3 dB of the extinction curve.

S ay (odk

(7.54)
/;(/Z;st dk

ay =

Using this approach we can calculate the effective alpha parameter for the
curve shown in Fig. 7.24 over the same range of absorption, and we get
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Fig. 7.24 Small signal alpha parameter plotted versus extinction ratio for a 50 nm range
in wavelength.

an effective alpha of 0.9. If we bias the device with 3 dB of insertion loss
then the effective alpha is reduced to 0.3, which illustrates quite clearly
the tradeoff between insertion loss and chirp performance that is experi-
enced by most practical modulators. Plotting the alpha parameter versus
drive voltage can be misleading because there is no direct correlation to
the transmitted light intensity, and it tends to show a greater wavelength
dependence than exists in reality. If we instead plot the small signal alpha
parameter as a function of the extinction ratio in the device for several wave-
lengths we see that the wavelength dependence is not as great as would be
assumed from the previous plot.

It is important to note that for an EA modulator there is no adiabatic
component to the chirp. This means that there is no inherent frequency
shift associated with the on state versus the off state in the device; only
during the rising and falling edges when the absorption is changing do we
see a shift in the frequency of the light. This shift will be roughly equal and
opposite for the rising and falling edges respectively. The large signal dy-
namic chirp for an EA modulator can best be observed using time resolved
spectroscopy (TRS). This technique is better for illustrating the temporal
distribution of the frequency shifts under large signal operation [20]. The
basic setup for a TRS measurement is shown in Fig. 7.25. The modulator is
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Fig. 7.25 TRS measurement setup.

driven with a pseudorandom binary sequence (PRBS) that has a relatively
short word length (typically 27 — 1). The transmitted light is coupled into
a monochromator or an optical spectrum analyzer configured as a narrow-
band tunable optical filter. The output light from the monochromator is
coupled into a high-speed detector connected to a fast sampling oscillo-
scope. The scope is triggered synchronously with the word pattern used to
drive the modulator. The measurement is made by setting the resolution of
the monochromator to as narrow a range as possible (<0.1 nm), and scan-
ning over a frequency range, which is wide enough to contain more than
95% of the transmitted energy. For a 10 GB/s PRBS sequence this would
correspond to approximately a 40 GHz range. For each wavelength an av-
eraged trace is measured on the sampling oscilloscope. Typically a large
number of averages are necessary for each trace due to the small amount of
light transmitted through the monochromator. After the wavelength scan
is complete the set of time-dependent responses for each wavelength is
converted into a wavelength scan for each time interval. From this the
mean wavelength at every point in time can be calculated. We can also
recover the transmitted data pattern by summing the traces for every wave-
length scan. Thus both chirp and extinction ratio can be simultaneously
measured.

The optical intensity modulation and the corresponding frequency shift
for a TRS measurement on an EA modulator operating at 10 GB/s is shown
in Fig. 7.26. In this case the device was deliberately operated at a reduced



292 Beck Mason

Intensity (mw) ——=Chirp (A)

0.018 T T T T T

0.012

0.006 et b O
E », 7
P S
) —_
c >
g 0 =
£

0.006 o

-0.012 [ ] 1 | |

0.2 0.4 0.6 0.8 1 1.2

Time (ns)

Fig. 7.26 Time resolved spectroscopy measurement for an EA modulator driven with a
10 GB/s pseudorandom binary sequence (PRBS).

extinction ratio so both the on and off state chirp could be measured. As
discussed previously there is no inherent frequency shift associated with
the on or off state and all the chirp is confined to the rising and falling edges
of the data stream. For EA modulators integrated with semiconductor lasers
there is often an additional adiabatic component to the chirp, which results
in a shift in the wavelength for the on state relative to the off state. For
an isolated pulse in the on state the wavelength increases linearly across
the pulse. This corresponds to a decrease in the frequency across the pulse,
which is characteristic of a negative chirp parameter C or a positive effective
alpha parameter ;. Conversely for the off state light the sign of the chirp
is approximately equal and opposite. This is not particularly important for
reasonable extinction ratios because there is very little light in the off state
of the pulse. The TRS measurement is very useful for characterizing the
overall performance of an EA modulator, because it can give us both chirp
and dynamic extinction ratio in a single measurement. Here the dynamic
extinction can be measured by taking the ratio of the power in the on
and the off state, which is only 7.2 dB for this case. A further benefit of
this measurement over the small signal alpha measurement is that it can
distinguish between the dynamic and adiabatic components of the chirp in
devices where both of these components are significant. The transmission
performance for the EA measured in Fig. 7.26 can be predicted by extracting
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the Gaussian chirp parameter C from the peak-to-peak wavelength shift.
First the wavelength chirp is converted into an angular frequency chirp
using Eq. (7.55). Here the center wavelength was 1550 nm, the peak-to-
peak wavelength shift from Fig. 7.26 was 0.223 A, so the angular frequency
shift across the pulse is approximately 17.5 GHz. If we assume a 50% eye
crossing then the Trygy is equal to 1/Bit Rate or 100 ps.

1 1>~ 2meAl

dw = 27TC(— e 3

(7.55)

The Gaussian pulse width T, can be calculated from Eq. (7.16), which gives
a value of 60 ps. Then using Eq. (7.13) with ¢ set to the bit time we can
obtain an effective chirp parameter for the transmitted pulses of C = 0.63
assuming a Gaussian shape. Inserting this value into Eq. (7.23) we can
solve for the maximum transmission distance for a 2 dB path penalty.
Letting B2 = —20 ps®/km for standard single-mode fiber, we obtain a
transmission distance of 45 km at 10 GB/s. This calculation relied on a
number of approximations, the most important of which is that the shape
of the transmitted pulses is Gaussian. However, as we will see in the next
section it is remarkably consistent with the measured dispersion penalties
from actual transmission experiments.

7.4.4. BIT ERROR RATIO TESTING

In the simplest case the fundamental measure for the transmission perfor-
mance of an electroabsorption modulator is how accurately a receiver can
determine the logic state of each transmitted bit. This figure of merit is
called the bit error ratio. It is defined as the number of errors in a given
time interval ¢ divided by the total number of bits transmitted in that same
time interval. The equipment used to measure this is known as a bit error
ratio tester or BERT. It consists of three main components—a clock source,
a pattern generator, and an error detector. The pattern generator creates a
test pattern based on a pseudorandom binary sequence or PRBS. This is a
repetitive pattern whose pattern length is of the form 2V — 1, where N is an
integer. This ensures that the pattern repetition rate is not harmonically re-
lated to the data rate. Typical values of N available on a commercial BERT
are 7, 15, 23, and 31. The bit sequence within the pattern is designed to
simulate random data, particularly for longer word lengths. The frequency
spectrum for a PRBS pattern consists of a series of discrete lines with a
spacing defined by Eq. (7.56) that follows a sin(x)/x envelope function
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Fig. 7.27 Test setup for measuring the dispersion penalty for an EA modulator.

with nulls at integer multiples of the bit rate f3.
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(7.56)

A typical test setup for measuring the chromatic dispersion power penalty
for an EA modulator is shown in Fig. 7.27. The light from a tunable laser
is modulated with the EA using a data stream from the pattern generator.
This light is passed through a variable optical attenuator and then a length
of optical fiber to a receiver. The receiver converts the optical signal back
into an electrical data pattern, recovers the clock, and passes the data to an
error detector. If a clock recovery circuit is not available, the error detector
can be connected to the source clock for the pattern generator. However,
this is not as stable because the phase shift between the transmitter clock
and the received data can drift over time, particularly for long transmission
distances. Inside the error detector is a decision circuit, which compares
the incoming data signal I with a decision level I; at a decision time ¢4
determined by the received clock. Ideally ¢, is in the center of the bit time.
The sampled value I fluctuates randomly about one of two values I} or I
depending on whether the received bit is a one or a zero. If [ is greater
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than I, the error detector records the bit as a one. If it is less than [, it is
recorded as a zero. If we assume that the fluctuations in the levels follow
a Gaussian probability distribution with an rms width o centered at the
average signal level, then the bit error ratio can be calculated analytically
by summing the probability for I; less than I; and the probability for Iy
greater than /;. Then the BER can be written as

1 11 —ID ID“IO
ER = - .
? 4[e'fc< o1v2 )+e'fc( oov/2 )] 70

where erfc stands for the complimentary error function defined as

erfc(x) = % / e dy (7.58)

The minimum bit error rate is achieved by setting the decision level such
that the contribution from the two error sources is equal. Then Eq. (7.57)
can be rewritten as

_ oL _
BER = 2erfc<ﬁ> where Q =

This form is used for plotting BER testing results where the bit error ratio
is plotted against the received power using a vertical scale defined by the
complimentary error function. Plotted in this way the bit error rate versus
received power follows a straight line.

The first step in measuring the dispersion penalty is to connect a cal-
ibration jumper consisting of a short length of optical fiber between the
transmitter and the optical receiver. Then the error ratio is measured as
a function of the received power. This is plotted in Fig. 7.28 using solid
circles, and is sometimes referred to as a back-to-back or baseline measure-
ment. The next step is to remove the jumper and replace it with a length
of transmission fiber. Then the BER is again measured as a function of
received power. This is plotted in Fig. 7.28 with open circles. If we fit a
straight line to the data the receiver sensitivity is typically defined as the
received power level where the line intersects a bit error ratio of 10719, that
is one error for every 10 billion bits of data. The difference between the
receiver sensitivity for the back-to-back measurement and the measurement
over the transmission fiber is the dispersion penalty.

L —1Ip
o]+ 0p

(7.59)
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7.5. Electroabsorption Modulators Integrated with Lasers

One of the biggest advantages of the EA modulator is its potential for
integration with other semiconductor-based photonic devices. In fact some
of the earliest examples of photonic integrated circuits are electroabsorp-
tion modulated lasers or EMLs which combine a conventional distributed
feedback (DFB) telecommunication laser with a monolithically integrated
electroabsorption modulator [21]. These devices have seen widespread ap-
plication in a large number of 2.5 and 10 GB/s fiber optic communication
systems. Their compact size and low cost make them an extremely attrac-
tive alternative to the more conventional approach of combining a fixed
wavelength DFB laser with an external lithium niobate modulator. The
basic elements of an EML are a DFB laser source, and an EA modulator.
They also generally include a passive waveguide section linking the two
devices to improve the electrical isolation between them. The operation
of the electroabsorption modulator requires that the operating wavelength
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Fig. 7.29 Integrated EADFB fabricated with (a) selective area growth, (b) quantum well
intermixing, (c) butt joint regrowth.

of the laser be at an energy that is below the bandgap of the active layer of
the modulator. For this reason EMLs are typically fabricated with different
active layer bandgaps in the modulator and the laser, although this is not
always the case [22]. For this discussion the active layer is the portion of
the waveguide in the laser that provides optical gain and in the modulator it
is the portion that provides a voltage dependent absorption characteristic.
For most EMLs a multiple quantum well layer is used for the active section
both in the laser and in the modulator. There are several different tech-
niques that can be used to integrate the different active regions, the most
important are selective area growth or SAG [23], quantum well intermixing
or disordering [24], and butt joint epitaxy [25] (Fig. 7.29). Selective area
growth techniques use oxide masks patterned on the surface of the wafer
to enhance the growth rate in certain localized regions during the epi-
taxial steps used to form the active layers of the device. This enables the
thickness of the quantum wells in the laser section to be increased, which
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shifts their bandgap to lower energies relative to the quantum wells in the
modulator section that do not experience the SAG effect. This is one of the
most successful and widely used techniques for growing EML structures
because of the ease with which it can be implemented and the high-quality
modulator structures that are produced. One drawback of this approach is
that it restricts the modulator and the laser to using the same number of
quantum wells, and there is little room to optimize the different structures
independently.

Quantum well intermixing is performed using a wide variety of tech-
niques that introduce vacancies into the material. High-temperature an-
nealing steps are used to diffuse these vacancies through the quantum well
structure. The effect of diffusing the vacancies through the large concen-
tration gradient in the quantum structure is to force an intermixing between
the well and the barrier material. For properly designed wells this produces
an increase in the effective bandgap of the structure. For EMLs the laser
active layer would be kept as grown and the modulator active layer would
be intermixed to shift it to a higher bandgap. This approach is also easily
implemented but it has the disadvantage that the intermixed quantum wells
in the modulator are less abrupt than they are in the case of a modulator
grown by SAG. This reduction in the abruptness of the heterointerfaces
reduces the confinement of the carriers in the well and broadens the ex-
citon linewidth, which can lead to reduced extinction ratios and increased
absorption loss in the device.

The third approach for active layer integration is the butt joint regrowth
technique. In this method the active layer for the modulator is grown first
and then etched off in the area where the laser is to be fabricated. Then
the laser active layer is grown butt jointed to the original modulator ac-
tive layer. This is the most difficult technique to implement but it provides
the greatest flexibility, enabling any two waveguide layer types to be inte-
grated [26]. The designer is then free to independently optimize the number,
thickness, and strain of the quantum wells in the laser and modulator active
layers.

The chirp behavior is somewhat different for an EML than it is for an
isolated electroabsorption modulator. This is because in addition to the
dynamic component of the chirp that comes from the EA itself there is
also an adiabatic component that is caused by crosstalk between the EA
and the DFB laser. The adiabatic chirp leads to a steady state difference
between the wavelength of the device in the off-state and the wavelength
in the on-state. The crosstalk that leads to adiabatic chirp has an electrical
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component which is a result of imperfect isolation between the EAM and
the DFB laser. This is kept low by proper filtering of the drive circuitry
to the laser and by providing a long isolation region between the EAM
and the DFB. The other main source for the adiabatic chirp is the optical
crosstalk caused by residual facet reflections. The operating wavelength
for an index-guided DFB laser is extremely sensitive to the phase of the
facet reflections. In the case of an EML the intensity of the reflected light
from the front facet is modulated by twice the amount that the transmit-
ted light is. This produces a large change in the intensity of the reflected
light that is coupled back into the DFB laser between the on and off states
for the modulator, which can lead to substantial shifts in the device wave-
length. To mitigate this effect the facet reflectivity must be kept below
1E-4, which requires a very high-quality AR coating. Typical values for
the peak-to-peak chirp in a good-quality EML are on the order of 0.1 A,
while the adiabatic chirp is generally smaller than 0.05 A. This is gener-
ally more than an order of magnitude lower than for a directly modulated
laser, which enables 1550 nm EMLs to achieve much longer transmission
spans.

The high bandwidth, low chirp, and large extinction ratio of electroab-
sorption modulated DFB lasers has led to their widespread use in trans-
mitters for 2.5 Gb/s long haul DWDM systems. Their compact size, low
cost, and excellent transmission characteristics make them ideally suited
to this application. At 2.5 GB/s error-free transmission has been demon-
strated over more than 1000 km of standard single-mode optical fiber,
while at 10 Gb/s dispersion penalty-free transmission has been achieved
atup to 130 km [27], although most commercial devices are only suitable
for 40 to 50 km transmission spans. For 10 GB/s systems the dispersion
characteristics of the fiber are such that the importance of the modula-
tor chirp is paramount, and thus lithium niobate Mach-Zehnder modula-
tors compete effectively with EMLs. For 40 GB/s systems the dispersion
limits are so short that even for optimized chirp, transmission distances
are limited to a few kilometers. In these systems dispersion compensa-
tion is widely used and chirp parameters are actually more relaxed than at
10 GB/s.

The new advances in EML technology are following two directions.
One is the push for higher and higher bit rates, which has lead to the
development of 40 GB/s devices [28]. The other direction is the push for
increased functionality, which has led to the development of tunable lasers
integrated with EA modulators.
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7.5.1. TUNABLE EMLS

The integration of an EA modulator with a tunable laser represents an in-
creased design challenge both for the modulator design and for the overall
device integration process. For tunable devices the EA must be capable of
achieving low insertion loss, high extinction ratio, and minimal chirp over
the entire tuning range of the device. For narrow tuning ranges between 8
and 10 nm, EA modulators can be integrated with tunable distributed Bragg
reflector lasers. These lasers combine an active section, which provides op-
tical gain, with a passive tuning element composed of a Bragg grating. The
Bragg grating acts as a narrowband reflector, which controls the operating
wavelength of the laser. Injecting current into the Bragg grating section
lowers the effective index of the waveguide and tunes the laser to shorter
wavelengths. The maximum tuning range is limited by the maximum in-
dex shift that can be achieved in the tuning section. A device of this type
is shown in Fig. 7.30. This device also has an integrated semiconductor
optical amplifier and an in-line tap for monitoring the output power. This
device was capable of transmission at 2.5 GB/s over a distance of 680 km
using any one of 20 fully stabilized wavelength channels spaced at 50 GHz
[29].

Over time the enhanced functionality available with the wavelength tun-
able EMLs will enable them to displace fixed wavelength EMLs in many
applications. The reduction in inventory, and the increased network flex-
ibility that results from having tunable EMLs is enhanced for lasers with
wider tuning ranges. The ultimate solution will be a widely tunable EML
that can cover a wavelength range of more than 30 nm. One early ex-
ample of a device that is capable of this is the sampled grating distributed
Bragg reflector with integrated electroabsorption modulator [30]. The sam-
pled grating DBR is similar to a DBR laser except that it has two grating
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Fig. 7.30 Tunable DBR laser with integrated electroabsorption modulator.
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Fig. 7.31 Sampled grating DBR laser with integrated electroabsorption modulator.

mirrors instead of one. The SGDBR laser uses these two mirrors to em-
ploy a Vernier tuning mechanism that enables it to cover a much wider
wavelength range than the DBR. A schematic of the device is shown in
Fig. 7.31. The laser has four sections, front mirror, back mirror, gain and
phase control. Each of the front and back mirrors has multiple reflection
peaks, which are spaced so that only a single peak in the front and back
mirror can be aligned at one time. The laser operates at the wavelength
where the reflection peaks from both mirrors are aligned. Tuning any pair
of mirror peaks in tandem enables the laser wavelength to be tuned over
a range equivalent to that of a DBR. However, by differentially tuning the
mirrors, a new set of reflection peaks can be selected that covers an entirely
different wavelength range. Using this approach very wide tuning ranges
in excess of 60 nm have been demonstrated [31].

It is extremely difficult to design an EA modulator that can cover the
very wide tuning range of these lasers. Most multiple quantum well EA
modulators are useful over a range of only 15 to 20 nm. For a quantum
well the shift in the band edge absorption has a quadratic dependence on
the applied electric field. However, once a field is applied to a quantum
well the electron and hole states in the well are no longer truly confined
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states because on one side of the well they see only a triangular barrier. The
width of this barrier decreases with increasing electric field and the tunnel-
ing probability increases substantially, particularly for the electron states.
For high fields the exciton resonance will be completely washed out and the
absorption change due to the quantum confined Stark effect will saturate.
This effect fundamentally limits the wavelength range for QCSE-based EA
modulators. Using wider wells, or a greater barrier height in the conduction
band, can help to extend the wavelength range, but this usually comes at the
cost of reduced performance. For the sampled grating DBR device a bulk
electroabsorption modulator was used instead of a multiple quantum well
design. The bulk EA modulator is based on the Franz-Keldysh effect, which
does not have the same saturation behavior that the QCSE effect does. The
application of an electric field to the bulk active region introduces a finite
absorption probability due to lateral tunneling at all wavelengths below the
band edge. The probability increases with increasing photon energy and
also with increasing electric field. DC extinction ratios of greater than 20
dB were demonstrated across the entire 40 nm tuning range of the laser
at a —4.0 V bias for wavelengths from 1525 nm to 1565 nm (Fig. 7.32).
This covers substantially more than the entire C-band for optical fiber
transmission. As would be expected, the extinction is much higher for the
shorter wavelengths, but the variation is unimportant because the typical
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Fig. 7.32 Extinction curves for SGDBR with integrated bulk active EA modulator.



7. Electroabsorption Modulators 303

107

107

Bit Error Rate

L L L L 1 L L L i L L L L s |
-45 -40 -35 -30 -25
Average Received power [dBm]

Fig. 7.33 Back-to-back bit error rate for data transmission with the EA/SGDBR at
2.5 GB/s.

requirement for the dynamic extinction ratio is less than 12 dB. The shape
of the extinction curves is very different from those shown in Fig. 7.15 for
a QCSE device. The Franz-Keldysh effect is generally not as efficient as
the QCSE in dB/V, so an increased device length is generally required to
achieve high extinction ratio at low drive voltages. The device in this exam-
ple had a 200-um-long modulator, which limited its maximum bit rate to
2.5 GB/s.

Bit error rate curves were measured for the combined EA/SGDBR at
2.5 GB/s and 1540 nm with a 2.5Vpp drive signal. The results, which in-
dicate a receiver sensitivity for back-to-back measurements of —34 dBm,
are plotted in Fig. 7.33. The receiver input eye diagram corresponding to
a BER of 1E-9 is plotted in Fig. 7.34. This signal comes from the out-
put of a limiting amplifier in the receiver path placed before the decision
circuit. The limiting amplifier flattens the top and bottom rails, which im-
proves the eye appearance, but it converts the amplitude variation to edge
jitter. This explains the ~20 ps of RMS jitter apparent in the crossing
points.
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Fig. 7.34 Measured 2.5 GB/s eye diagram for the EA/SGDBR at a BER of 1E-9.

The tremendous potential of this device, which combines wide range
tunability and high-speed data modulation capabilities integrated within
a single semiconductor chip, represents an important future technology
for electroabsorption modulated lasers, which in turn represent the future
for electroabsorption modulators. The EML is perhaps the most commer-
cially successful application for EA modulators. Fixed wavelength devices
have been demonstrated for 2.5, 10 and 40 GB/s applications, and tunable
devices capable of operating over 40 nm have been achieved. This will
continue to be the largest volume application for EA modulators in the
future, with tunable EMLs gradually replacing fixed wavelength EMLs in
many system applications. Only in the most demanding long-haul appli-
cations where the highest levels of performance are required will external
modulators continue to play a significant role.

7.6. Advanced EA Modulator Designs

As the information-carrying capacity and span of optical networks contin-
ues to increase, the demands on the transmitter design become continuously
more stringent. The push for ever-greater bandwidth, increased saturation
power, and lower chirp stretches the limits of the physics that govern the
performance of EA devices. To meet these requirements new approaches to
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the device design have been undertaken to overcome the traditional limits
to EA performance, and to meet the needs of novel applications such as
short pulse generation, optical demultiplexing, and clock recovery. In this
next section we will examine some advanced EA modulator designs that
are expanding the application space for these devices.

7.6.1. TRAVELING WAVE EA MODULATORS

The fundamental limitations on the bandwidth for conventional lumped
element EA modulators are determined by the electrical time constant as-
sociated with the RC product of the device series resistance and the junction
capacitance according to Eq. (7.39). Scaling of the device area indefinitely
in order to achieve greater and greater bandwidths is impractical due to
the tradeoff that exists between the device length and the optical extinction
ratio. Reducing the impedance of the drive signal and the termination can
significantly increase the bandwidth for a given junction capacitance. For
example, operating with a 25 €2 input impedance and termination resis-
tance can increase the bandwidth significantly. In the case of a device with
a 10 Q series resistance and a junction capacitance of 100 fF changing
from a 50 2 system to a 25 Q system will increase the 3 dB bandwidth
from 45 to 70 GHz. This represents about a 55% increase in bandwidth but
reducing the impedance of the system doubles the drive power. Assuming
one was willing to pay the penalty of increased drive power it is still sub-
stantially more difficult to design 25 €2 impedance transmission lines and
the microwave losses associated with them are significantly higher than for
standard 50 €2 lines.

A better alternative to breaking through the RC limitation on the device
bandwidth is to use a distributed design where the junction capacitance is
loaded with a series inductance to form a transmission line. In the ideal
case the bandwidth is then limited only by the microwave losses in the line
and the device length can be chosen quasi-independently of the bandwidth
requirement. This approach is called a traveling wave design because the
electrical wave traveling along the transmission line modulates the light as it
travels along the optical waveguide. The critical problem with this approach
is the need to match the electrical phase velocity on the transmission line
to the optical group velocity in the waveguide. We can model the traveling
wave device as a loaded transmission line using the equivalent circuit model
shown in Fig. 7.35.
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Fig. 7.35 Circuit model for a unit length of traveling wave EA modulator.

The impedance for the device Z,, and the propagation constant y for the
electrical signal are given by

R. + jwL

(Rs + (ﬁm))—l + jwC,

L . R o
y=a+jB= \/(:c + ij)((Rs + (m)) + cho>

(7.61)

Zp =

(7.60)

where L and C, are the inductance and capacitance per unit length of
the unloaded transmission line, and C; is the device capacitance per unit
length. This formula treats the voltage controlled current source represent-
ing the photocurrent as an equivalent resistance and combines it with the
leakage resistance R;. Now that we have the formulas for the character-
istic impedance and the propagation constant for the transmission line we
can begin the much more complicated task of calculating the electroab-
sorption bandwidth response for a distributed transmission line with both
microwave attenuation and velocity mismatch. The optical output power
for the modulator can be expressed as

Iy = IpCle LT Jy ax)dx (7.62)
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where C is the coupling coefficient at the input and output of the device and
a, is the optical loss coefficient in the waveguide independent of the applied
voltage bias and I' is the confinement factor. If we rewrite the absorption
coefficient in terms of a DC and an AC component we can approximate the
small signal transmission response as

do
r‘)

Tar = —1 Cze—(otu-H‘ab)L
AC 0 dv

L
/ Vae(x)dx ’ (7.63)
0

From this we see that the frequency response for the modulator is governed
by the integral of the voltage response function along the length of the
device. The generalized formula for the AC voltage on the transmission
line can be written as shown in Eq. (7.64) [32].

V,Tel®"
1 — Ry Rseﬁzy“l‘

Vac(x. 1) = (e77%* + Rpew=2ul)y  (7.64)

The parameters T, Rg, and R, represent the microwave transmission co-
efficient at the source and the reflection coefficients at the source and
load respectively. The microwave propagation coefficient y,, is given by
Eq. (7.61) and the microwave frequency is represented by w. We can rewrite
this formula in a reference frame propagating with the optical group veloc-
ity v, by replacing ¢ with ¢, 4 x /v,. This enables us to write the normalized
frequency response in terms of the optical and microwave properties of the
device using 8, = w/v, [32]. For InP based EA modulators the optical
group velocity is around 3.62

T e(jﬂa'yu)L - l e(jﬂ/x+yu)L _ l
= ( . + Rpe Pt —— ——— )
1 — RLRSe—Zy“L (JBo — Yu)L (JBo + y,Lt)L

(7.65)

2
R

The reflection coefficients at the source and the load can be calculated from
the impedance values for the input and output transmission lines and the
impedance of the modulator transmission line.

ZS—Zm ZL_Zm

R = —) = -
s ZS+Zm . ZL+Zm

T=1-—Rs (7.66)
In the case of a lossless impedance matched line the response function R
is equal to unity. Otherwise the frequency at which it drops to 0.5 can be
used to calculate the traveling wave EA modulator bandwidth. For the case
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of an impedance matched device with no source or load reflections, the
frequency response depends only on the microwave attenuation and the ve-
locity mismatch between the electrical and optical waves in the modulator,
then Eq. (7.65) can be rewritten as Eq. (7.67).

(e(jﬂo_yu)L _ 1)
(JBo — YL

In general the length of a traveling wave EA modulator is not substantially
greater than a few hundred microns and so the microwave attenuation is
generally relatively small even for high frequency operation. The bandwidth
is then more fundamentally limited by the velocity mismatch between the
electrical and optical waves. The traveling wave EA is one important class

of devices that will become increasingly important as system requirements
push the envelope of EA performance.

2

(7.67)

7.6.2. TANDEM EA MODULATORS

The growing interest in short pulse return to zero or RZ transmission as a
means to increase the span length in optical fiber communication systems
has led to the widespread use of EA modulators for short pulse generation.
The nonlinear modulation transfer function of an EA modulator makes it
well suited for use as a short pulse source. In 1992 Suzuki et al. demon-
strated the generation of 14 ps optical pulses at a 15 GHz repetition rate by
driving an EA modulator with a high power sine wave signal [33]. A second
modulator can be added in series with the pulse generator to encode data
onto the stream of short optical pulses, for short pulse RZ data transmission.
When these two modulators are monolithically integrated the total inser-
tion loss is substantially better than for two isolated devices in series, but it
is still around 12 dB [34]. To overcome this insertion loss a semiconductor
optical amplifier can be integrated on chip with the tandem EA modulators.
In this case up to 14 dB of fiber-to-fiber gain has been demonstrated [35].
An example of a tandem EA with an integrated SOA from Agere Systems
is shown in Fig. 7.36 [36]. This device has spot size converters on the input
and output to reduce the coupling loss. The input light is coupled into the
pulse carver first, which is driven with a single frequency sine wave at the
bit rate. This carves out a periodic train of short optical pulses. The pulses
are passed through the SOA and then to the data encoder where the data
modulation is imposed on the pulse stream. The SOA is placed in between
the carver and the encoder because the pulse carver has a high insertion
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Fig. 7.36 Cross section of tandem EA modulator with integrated SOA and spot size
converters.
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Fig. 7.37 Streak camera measurement of short pulse generation using a SGDBR.

loss and the periodic pulse stream can be amplified by the SOA without
substantial distortion. In fact, pulses as short as 5.5 ps with extinction ratios
greater than 20 dB can be produced by this device [37].

A streak camera measurement of the pulse shape for a tandem EA driven
with a 40 GHz sine wave is shown in Fig. 7.37. The two pulses shown in
this graph correspond to pulse widths of 7 ps and 5.5 ps. Both pulses have
more than 20 dB of extinction. The wider pulse width is obtained with
a —3 V bias and a 4Vpp sine wave drive signal. The shorter pulse required
a —4 'V bias and a 6Vpp drive signal. This ability to tune the pulse width by
adjusting the drive conditions is a substantial advantage of EA modulators
over other types of short pulse sources.

The large drive voltage swing required for the generation of very short
pulses would seem to be a substantial problem for 40 GB/s applications.
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100 psdv

Fig. 7.38 40 GB/s NRZ eye diagram.

However it is important to remember that the drive signal for the pulse
carver is a single frequency, and narrowband high power amplifiers are
readily available even at 40 GHz. The broadband drive is more difficult
and typical 40 GB/s drivers are only capable of 2.5 to 3Vpp swing. The
data encoder side of the tandem EA discussed here is able to achieve more
than 12 dB of dynamic extinction at this drive level, which is sufficient for
most transmission applications. An NRZ eye diagram for the Tandem EA
with just the data encoder being driven is shown in Fig. 7.38.

When the narrowband drive signal is applied and the phase is adjusted
so that the pulse is centered at the middle of the data encoder eye the
result is the RZ eye pattern shown in Fig. 7.39. The ringing in the bottom
rail is caused by the limited bandwidth response of the photodetector. The
advantage of the RZ transmission format is that it has a shorter dispersion
length. This enables higher launch powers in the fiber without introducing
nonlinear effects. The higher launch powers enable the signal to tolerate
more optical signal-to-noise ratio degradation and thereby traverse a longer
transmission span.

One drawback of the RZ transmission format is that it requires a larger
frequency spectrum when compared to an NRZ transmission format. This
limits the total fiber capacity by requiring increased spacing between
adjacent channels in a DWDM system. A comparison of the optical spec-
trum for an RZ data stream and an NRZ data stream in shown in Fig. 7.40.
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Note the strong sidebands in the RZ signal spaced at 40 GHz intervals.
For the NRZ signal there is no energy in the spectrum at the frequencies
corresponding to multiples of the bit rate.

The ability to generate very short optical switching windows is not only
useful for RZ data transmission at a bit rate corresponding to the pulse
interval, it also can be used as an enabling technology for optical time
domain multiplexing and demultiplexing of signals to much higher bit
rates than could otherwise be obtained with electronics. At the transmitter
end 40 GB/s short pulse RZ sources can be optically multiplexed up to
160 GB/s or higher with each successive bit delayed by 6.25 ps so that it
occupies a different time slot [38]. The higher the bit rate the shorter the
pulse width required to prevent interference between adjacent bits. At the
receiver end the signal can be demultiplexed back down to a desired lower
bit rate using two cascaded EA modulators as gating elements. One EA is
driven at the bit rate and the other is driven at twice the bit rate to create a
narrower switching window. The EA drive signals are synchronized with
the recovered clock at the receiver and a phase shifter can be used to select
alternate bit streams. A schematic of a demultiplexer is shown in Fig. 7.41.

Because electronic clock recovery can be very difficult at these frequen-
cies, the EA modulators can also be used in conjunction with a narrowband
filter element to provide an optoelectronic clock recovery circuit. For the
clock recovery circuit the output from the receiver would be fed to a narrow
band high Q filter [39]. The output signal from this would be amplified to
drive the first EA, and then doubled and amplified again to drive the second.
When the narrowband drive signals are in phase with the incoming data
stream the signal amplitude is maximized and the clock remains locked.

Receiver
Input

Signal [‘ "~ Bt e |
EA EA -—L—J—L_A
i -
Optical
A Filter
- s Phase
/( f Shifter
Recovered
Clock

X

Fig. 7.41 EA modulator based OTDM demultiplexer.
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7.7. Summary

The wide variety of research on current and future applications for elec-
troabsorption modulators is indicative of the critical role that they play in
optical communication systems. Their ability to transmit information with
high fidelity over long spans of optical fiber has led to their widespread
use in high bit rate fiber links. One of the greatest benefits of EA modula-
tors is the ease with which they can be integrated with other components.
This has played a large part in the commercial success of EA modulators.
EA devices have been integrated with both fixed wavelength and tunable
lasers for compact and efficient transmission sources. They have also been
integrated with other EA modulators and with semiconductor optical am-
plifiers to perform more complicated functions such as short pulse RZ
transmission, clock recovery, and optical time division demultiplexing.
The compact size, low drive voltage requirement, and capability for ultra-
high bandwidth are making EAs a popular choice for many next-generation
high-speed systems. EA modulator performance is constantly pushing the
envelope with lumped element devices showing bandwidths greater than 50
GHz and traveling wave devices having the capability to push well beyond
this. The future for EA modulators is clecar, as bandwidth and extinction
ratio requirements increase, traveling wave devices will become more pro-
lific, and as network functionality becomes more complicated the focus on
devices will increasingly shift to higher and higher levels of monolithic
integration. The EA modulator will be a key building block in this integra-
tion, just as it has been a key building block in the evolution of the global
photonic networks that exist today.
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8.1. Introduction

Higher transmission capacity in both trunk lines and access networks
based on silica optical fiber is increasingly needed. To meet this need,
high-performance photoreceivers and light sources must be developed,
especially lor use in actual WDM systems. The development of high-
performance Er-doped fiber has enabled achievement of the highest over-
all receiver sensitivity ever reported in the 1.55-um wavelength region in
systems using InGaAs PIN photodiodes with Er-doped fiber amplifiers
(EDFAs).

Semiconductor photoreceivers based on InP materials are the device of
choice for use in long-wavelength optical-fiber communication systems.
Mixed compounds, such as InGaAs(P) and In(Al)GaAs lattice-matched
to InP, can detect long-wavelength light, especially that with a nondisper-
sion wavelength of 1.3 um and a loss-minimum wavelength of 1.55um
in silica optical fibers. Because Ing 53Gag47As (hereinafter referred to as
InGaAs) lattice-matched to InP can detect all light emitted by InGaAs(P)
and In(Al)GaAs materials lattice-matched to InP, this material is most
widely used as a light absorber in optical-fiber communications. The char-
acteristics of InP-based photodetectors are superior to those of conven-
tional photodiodes composed of elemental Ge, which was the only mate-
rial used for wavelengths below 1.5um. By using a heterostructure that
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hasn’t been expected until recently in group-IV elemental semiconduc-
tors, such as Si and Ge, new concepts and new device design for high-
performance photodetectors have been developed. It has been found, for
example, that the absorption region can be confined to a limited layer, and
the wide-bandgap layer can serve as a transparent layer for specific com-
munication wavelengths. Also, a heterojunction layer structure enabling
a high speed with a high optical-to-electronic conversion efficiency, or
quantum efficiency, and easier coupling to optical fiber has been analyzed
experimentally.

Because photodiodes operate under a reverse bias, high-quality semi-
conductor layers are needed. To obtain photodiodes that operate at a low
bias and have a low dark current, it is necessary to produce epitaxial layers
that are pure and that have few defects, such as dislocations, point de-
fects, and impurity precipitates. Fabrication and processing technologies,
such as impurity diffusion, passivation, and metalization of ohmic contacts,
will play an important role in the production of reliable high-performance
photodetectors.

The performance of photodetectors can often be evaluated in terms of
three main characteristics: responsivity, noise, and bandwidth. For practical
use in systems, photodetectors must also be highly reliable and inexpen-
sive. With regard to noise, there is a limitation on the minimum signal
level needed to achieve a signal error rate that can be connected to the
ratio of signal-to-noise (S/N). This chapter describes PIN-type photodi-
odes (PDs) composed mainly of InGaAs as a light-absorption layer with
no internal gain. Avalanche photodiodes (APDs) with an internal gain are
described in the next chapter. Section 8.2 describes the basic device param-
eters needed to obtain a large S/N ratio in receiver circuits and discusses the
concept, design, and expected performance of photodetectors. Section 8.3
describes frequency response measured for different layer structures and
light penetrations. Response limitations in InGaAs/InP are also evaluated.
In Section 8.4, dark-current characteristics both theoretically estimated and
experimentally obtained for an InGaAs p*n junction are discussed. The
dark-current reduction is one of the most important factors responsible for
a large S/N. In Section 8.5, we introduce several typical detectors that
are applicable to WDM systems and that are important to future systems.
These include matured basic InGaAs PIN-PDs, highly efficient high-speed
waveguide PIN-PDs, uni-traveling carrier PDs, highly efficient PDs eas-
ily coupled to optical fibers, and PDs responsible for high-input power
handling. A summary is provided in Section 8.6.
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8.2. Basic Photodiode Concepts, Design, and Requirements
for Use in Optical Fiber Communications

Photodiodes used in receiver circuits must be reliable, must efficiently
translate optical signals into electrical signals, and must be able to receive
data transmitted through lightwave systems. In this section, we describe the
concepts and operation of photodiodes. The photodiode design and device
parameters required for practical use in fiber communications are discussed
on the basis of a simplified theoretical analysis of receiver sensitivity.

8.2.1. ABSORPTION COEFFICIENT

The fundamental mechanism behind the photodetection process is light
absorption. Light absorption can be expressed using an absorption coeffi-
cient. The absorption coefficient is defined as follows. When an incident
light with optical power P;p penetrates the surface of an absorbing media,
as shown in Fig. 8.1, lost optical power —d P;(x) in region dx at position x
from the absorbing media surface can be expressed as being proportional
to optical power P;(x) at both x and dx by using proportional constant
a(cm™!), which is the absorption coefficient.

—dP,' (X) = CYP,' (x)dx,
P;(x) = Pige™**.

(8.1

The absorption length, or the penetration depth, is equal to 1/¢, which
is the optical power level position decreased to 1/e (about 37%) of the
input power of Pjg or the light penetration depth point absorbed with a
constant Pjp.

Near the fundamental absorption edge (band-to-band transition) or the
bandgap wavelength of A, = hc/Eg, of a semiconductor material, the ab-
sorption coefficient can be expressed as o ~ (hv — Eg)”, where h is the
Planck’s constant, c is the velocity of light in a vacuum, Av is the photon
energy, Eg is the bandgap of the material, and y is a constant, that is,
respectively, 1/2 and 2 for the allowed direct and indirect transition [1], as
shown in Fig. 8.2, where an exaggerated band structure and transmissions
are illustrated for the different mechanisms. In the indirect transition, lat-
tice phonons are needed to conserve the momentum. Therefore, in general,
direct-transition materials have steeper and larger absorption coefficients
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Fig. 8.1 Light attenuation within an absorbing media.

near the absorption edge than do indirect materials. As a result, from the
design point of view, direct-transition materials with a bandgap narrower
than the bandgap corresponding to the objective wavelength are more ap-
plicable to photodetectors.

Figure 8.3 shows the dependence of the absorption coefficient on the
wavelength for different semiconductors used in photodetectors. Absorp-
tion has asymptotic behavior near bandgap wavelength A, where the mate-
rial is transparent, and there is a strong dependence of the absorption on the
wavelength shorter than A,. Silicon and Ge have indirect bandgaps. The
absorption-coefficient dependence of Ge on the wavelength is fairly simi-
lar to that of direct-transition materials because of the narrow bandgap and
narrow displacement between I' and L in the momentum space. However,
Ge is not very effective in detecting light with a loss-minimum wavelength
of 1.55um. This is because a depleted absorption region of at least a few
tenths of micron is needed to obtain a 90% optical-to-electronic conversion
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efficiency. In contrast, a 3—4 um InGaAs layer can enable high conversion
efficiency in the 1.3—1.55 pm wavelength region.

8.2.2. PHOTODIODE OPERATION

Photodiodes operate under a reverse bias to create a depleted region in
which photogenerated electron-hole pairs are separated and swept across
the semiconductor, generating a flow of electric current. Figure 8.4(a)
shows a cross section of a photodiode with a pt-n-n* structure. It also
shows optical absorption, or photocarrier generation, which depends on
the absorption coefficient, o, of the material for the incident light and de-
creases exponentially with an increase in the distance from the diode front
p*-region. Figure 8.4(b) and (c) show, respectively, the electric-field distri-
bution and energy band. Most photocarriers are designed for use in a fully
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depleted n-region so that they had a high-speed response: electrons and
holes generated within the depleted region are instantaneously separated
by an electric field and drift in the opposite direction, inducing a photocur-
rent in the external circuit. At the same time, minority carrier holes excited
within the average diffusion length in the undepleted n*(or n)-region ad-
jacent to the depleted region diffuse into the edge of the depleted junction
with some recombination and are collected across the high-field region,
which results in a diffusion photocurrent in the external circuit. The dif-
fusion photocurrent is generally characterized by a slow response to the
optical signal, because the speed of the response depends on the time it
takes the photogenerated minority carriers to diffuse from where they are
generated in the neutral undepleted region into the edge of the depleted
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region. These photoresponse-frequency characteristics will be discussed
in greater detail in the following section. Photodiodes should, therefore, be
designed in such a way as to minimize optical absorption in the undepleted
neutral region as much as possible. For the same reason as well as to reduce
the recombination loss of photocarriers generated in the p*-region on the
front side of the diode, the p*-region must be as thin as possible.

When the electric field of a diode is elevated to several hundreds of
kilovolts per centimeter by increasing the reverse bias, an internal gain
for the primary photocurrent can be obtained. This gain is a result of the
electron-hole pair creation avalanche process initiated by the photogener-
ated carriers, which is governed by the relationship between the strength
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of the electric field and the electron-hole impact ionization rates of the
material itself, which will be discussed in the next chapter.

Based on the preceding discussion, the depletion region must be as large
as possible to suppress the slow photocurrent created in the neutral re-
gion and enable a high conversion efficiency. For instance, for an objective
wavelength to enable a conversion efficiency as high as 95%, the depletion
layer of inversely about three times the absorption coefficient must be 40—
50 um for Si for a 0.85 um wavelength as well as 30 um for Ge and 6 pm
for InGaAs for a 1.55 um wavelength. Figure 8.5 shows the relationship
between the junction capacitance in the units of area C; /S and donor con-
centration Np as a function of bias voltage V, including the built-in voltage
for a p*n one-side abrupt junction having a dielectric constant, &, of 12.

10° 30.1
=12

Ci/S (pF/cm?)

L "6\’1 ]
R .
APMRAN -
102 [ |||l|||,','|.'|\||||||| L 113400
1013 1014 1015 1016
Nb (cm-3)

Fig. 8.5 p*n-junction capacitance vs. donor concentration at different bias voltages.
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This is based on the following relationships:

V, = (i)NDw2, (8.2)
2¢e
C; = S\/qeNp 2V, (8.3)

where g is the electric charge, ¢ is the permittivity, Np is the donor con-
centration, W is the depletion-layer width, and § is the diode area. For
instance, at an operating voltage of —5 volts, the concentration for Si must
be smaller than 1 x 10" cm™ and that for InGaAs must be smaller than
2 x 10" cm™3. This is why a highly purified absorption layer is needed for
photodiodes.

8.2.3. QUANTUM EFFICIENCY

Quantum efficiency 7 is defined as a ratio of the electron-hole pair-
generation rate contributed to photocurrent /,, to the photon incidence rate.

n=p/q)](Pin/hv) (8.4)

where P, is the incident optical power. Responsivity defined as a ratio of
I, to Py, in the units of A/W is also usually used to evaluate the conversion
efficiency. External overall efficiency depends on the reflection of incident
light on the photodiode surface. By using reflection rate R, optical power
P;o in the photodetector can be expressed as

Po = (1 — R)P,, (85)

To minimize the reflection, antireflection dielectric film is usually over-
arrayed on the semiconductor surface. The antireflection coating film thick-
ness is tailored to the objective wavelength where the thickness is set to the
wavelength divided by four times the coating-film refractivity. When the
absorption layer is fully depleted, the quantum efficiency can be approxi-
mated by

n= (- Rl —exp(—aW)] (8.6)

where « is the absorption coefficient of the light and W is the thickness of
the absorption layer.

Figure 8.6 shows the typical spectral external quantum efficiency of
commercially available photodiodes. There is a quantum efficiency cut-
off, or a decrease, at long wavelengths, corresponding to each absorption
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Fig. 8.6 Spectral external quantum efficiency of photodiodes.

edge, and the short wavelength side decrease in the efficiency is due to the
recombination loss of the photogenerated carriers in the surface high-doped
region in elemental photodiodes or in the wide-bandgap capping layer used
in heterostructures. In InGaAs PIN photodiodes discussed following, a
high efficiency can be obtained for a wide wavelength range by using a
heterostructure with a wide bandgap cap and contact layers adjacent to the
absorption layer.

8.2.4. EQUIVALENT CIRCUIT AND RC TIME CONSTANT

Following the schematization commonly used in electronics, the small-
signal behavior of a photodiode can be described by using an equivalent
circuit as shown in Fig. 8.7, to which external load resistance R; is con-
nected. Here, Cy is the equivalent capacitance of the load including the
output terminal parasitic capacitance. The signal is given by the current
generator driven by photogenerated current /,(w), in parallel with the
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Fig. 8.7 Equivalent circuit of a photodiode and a load.

internal capacitance, C;, that takes into account the junction capacitance
and packaging capacitance. R; is the internal resistance, or the dispersion
resistance, that takes into account finite conductance d I /d V of the junction.
The series resistance, R, is due to the ohmic contacts and the undepleted
bulk resistance.

The output electrical power, Py, (w), as a function of frequency obtained
in the circuit can be expressed as

Ip(w)zRL

Poy(w) =
ou () |+ w?R2(C; + Cp)?

(8.7)

where R,; = R;Ry/(R; + R.) when R; <« R;. Then, the electrical RC
cut-off frequency (3-dB-down bandwidth) can be defined as

fe(RC) =1/Q2n(Ci + CL)Rey). (8.8)

In Eq. (8.7), the maximum output power can be obtained under the
condition of R; = R;. Because the internal resistance, R;, is usually very
high, typically 1-100 M£2, R,, can be approximated to be R; . Then, for a
low capacitance of C; + C; and a high speed of I, (), the load resistance,
R;, must be as large as possible to satisfy Eq. (8.8) in which f.(RC) is
equal to or slightly greater than the objective bandwidth, in order to enable
a highly sensitive detection. This is because the receivers composed of a
low-capacitance PIN-PD and high-impedance FET amplifiers are used for
bit-rate systems of less than a few hundred Mb/s [5].

8.2.5. NOISE AND RECEIVER SENSITIVITY

Receiver sensitivity has been analyzed for a variety of signal waveforms by
Personick [6] and Smith [7]. The present discussion of sinusoidal optical
signal detection with a PD is simplified, focusing on the receiver circuit
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combined with load resistance R; followed by a preamplifier with equiva-
lent input noise Famp. For a sinusoidal signal with a full modulation depth,
the mean-square signal current is given by

(i2)=12/2, (8.9)

where I, is the photocurrent transferred from the optical signal to the
electrical signal. The relationship between the input optical signal and the
photocurrent is give Eq. (8.4).

The noises in the circuit are shot noise and circuit noise (including
the following preamplifier noise). The shot noise is due to the diode dark
current, /4, and photocurrent, ,,. The total mean-square shot-noise current
is thus

(i2)=2qU, + 11)B, (8.10)

where B is the objective bandwidth. The receiver circuit noise can be
simplified to the circuit thermal noise including the following preamplifier
noise, Famp, as follows:

(iZ) = 4kT FampB/Req, (8.11)

where R, is the equivalent circuit resistance usually represented by the
load resistance, Ry, described previously, & is the Boltzman constant, and
T is the absolute temperature. The thermal noise can be further described
by using the shot noise due to the preamplifier FET gate leak current and
its channel noise [8].

The signal-to-noise ratio (S/N) in the circuit can thus be expressed as

S/N = {i7)/((2) + (%))
= (1,)*/{2(29(, + I2)B + kT FampB/R.1}  (8.12)

The minimum optical signal power, Pnin, required for a given S/N ratio can
be calculated from Eq. (8.12). If the dark current, /;, is negligibly small,
Prin is limited by the thermal noise to

Panin = [hv/(@m1(S/N) /28K T FympB/R 1)/ (8.13)

and Ppin(S/N = 1) is equal to the thermal noise power. Then, the noise
equivalent power, NEP, can be expressed by Pyin(S/N = 1) for a unit of
frequency as Pmin(S/N = 1)/BY/2 (W/Hz!/2), This is one of the perfor-
mance indices of photodetectors. Based on this, the dark-current reduction
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1s one of the most important factors in high-performance photodetectors,
especially at low bit rates.

8.3. Frequency-Photoresponse Calculations

The main factors limiting the photodiode response speed are the carrier
diffusion and drift (transit) time of the photogenerated carriers and the
diode capacitance (RC time constant in the circuit). An AC analysis of the
photogenerated diffusion current was carried out earlier by Sawyer and
Rediker [9], and a response analysis of the photo-excited drift current for
PIN-PD depletion layers was done by Lucovsky et al. [10]. In this section,
the general expression of frequency response in the pn-junction is analyzed
to clarify the photo-response phenomena.

The carrier behavior in semiconductors, especially the carrier deviation
from the thermal-equilibrium condition under the influence of external
conditions, is basically governed by the current-density conditions and
continuity equations.

8.3.1. FREQUENCY RESPONSE FOR PHOTOGENERATED
DRIFT CURRENT

For a PIN-type photodiode shown in Fig. 8.8, the following conditions
are assumed: the I-layer is fully depleted, resulting in a constant electric
field in the I-region; the carrier recombination is neglected in the I-region;
® is the incident photon density in the unit area on the p-side surface.

PHOTON |« VP w W
AN
P | N
> X
0 X=Xp X=X

Fig. 8.8 Calculation model for a PIN photodiode.
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Under these conditions, the continuity equations can be written as follows:

on, 13J,
—_— = - 8.14
ot gox T8 .14
opn aJy,

= ——= 8.15
at dx te ( )

where n, and p, are, respectively, the minority electron- and the hole-
carrier density. The normalized generation rate, g, of an electron-hole pair
is given by

g = a®Ppexp(—ax) (8.16)
The current density for the axis shown in Fig. 8.8 is a negative value so
that the current is defined as J, = —qv,n and J, = —quv, p. Here, v, and

v, are, respectively, the electron drift velocity and the hole drift velocity.
The continuity equations for an AC solution are as follows:

3J .
ot jvﬂj,, = _qadome ! (8.17)
n
37 o
k- jvﬂj,, = qa®gme % i@ (8.18)
P

where J, and J, are, respectively, the electron current density and the
hole current density. It is assumed that the intensity of the incident light is
modulated by a function of exp(wt) with modulation degree m. The elec-
tron current density can be obtained from Eq. (8.17) by using a boundary
conditionof J, =0at X = X,

qbomel

-z
The hole current can also be obtained from Eq. (8.18) by using a boundary
condition of J, =0 at X = X,,.

Jnx, 1) = e~ — eI ITey (g 1)

—qdomel
(1+j2)

Based on Eqgs. (8.19) and (8.20), the total current density is obtained by
averaging the currents in the depletion region.

;W o
Jp(x, 1) = (e72% — el vy 7)) (8.20)

Jex(drift) = %/‘ = + Jp)ldx (8.21)
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Then, the total current density can be expressed as
Jex(drift) = q@ome’™ Fgyip(w) (8.22)

where Fyin(w) is the transit-time frequency response. The clectron-drift
transit-time frequency response, F,_g4in(w), can be expressed as

e %%p 1 — e Jou (1 —e W)
Fodrifiw) = ( ] T~ (8.23)

| —j2 jw aW

T av,

Yn

In Eq. (8.23), the limit case of « — oo and X, = 0 corresponds to the
transit-time response of the electron carriers injected into the depletion
edge. This can be expressed as

| —eJou
F(w)n—driﬁ = W (8.24)

a0
Un

Here, the injected electron carriers are electron carriers that have reached
the depletion edge from the photogenerated position in the neutral p-
region. This is also the frequency response added to the diffused-electron
photocurrent-injected edge from the adjacent neutral region as an external
circuit,

In photodiodes with a back-illuminated structure (incident on the n-type
semiconductor surface), the frequency response can be expressed using
magpe Wit W W) gax gjol ingtead of g.

8.3.2. DIFFUSION-CURRENT FREQUENCY RESPONSE

The frequency response of a photogenerated diffusion current is given by
the minority-carrier continuity equations including photo-induced carrier-
generation and recombination terms in the neutral semiconductor region.
Because the electric field in the neutral region can be neglected assuming
that there is a low carrier-injection level and no doped-impurity gradient,
the equations can be expressed as

B 9?2 - o

# =D, "p _Zp T Mpo + adbgme e/ (8.25)
at dx? T,

3])" 62[7n Pn— Py

o = D, . . + a®ome Tl (8.26)
p
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where D, and D, are, respectively, the carrier diffusion constant for the
electron and that for the hole, which are the functions of mobility and are
expressed using the Einstein relationships of D, = (kT /q)u, and D, =
(kT /q)up, for semiconductors with a non-degradation condition. Here,
n, and p, are, respectively, the minority electron density in p-type semi-
conductors and the minority hole density in n-type semiconductors; 7,0
and p,o are, respectively, the thermal equilibrium of the electron and hole
density; and 7, and 7, are, respectively, the electron lifetime in p-type
semiconductors and the hole lifetime in n-type semiconductors.

The minority-electron-carrier AC expression in a p-type semiconductor
can be deduced from Eq. (8.25) using the boundary conditions as follows:

0 1
p, et g ) atx =0, 8.27)
0x
np(x,1) =0 atx =xp, (8.28)

where S, is the recombination velocity on the surface of the p-type semicon-
ductor. The electron diffusion current induced into the depletion layer can
thus be expressed taking into account the flow direction by the following
equation:

onp

Jo(diff) = —qD,,W atx = x, (8.29)
As described previously, the external current caused by the diffusion current
is also affected by the drift in the depletion region. Therefore, the external

electron diffusion current can be expressed as

) gm®oel” (1 — eI
jex(n_dﬁ): (1 1 ) jww
~ o7

Un
(1+55;) — e ¥ {(1 4+ 55;) cosh (7£) + (52 + 517 sinh (7))

cosh (V—LV;,E) + S—;)fi sinh (LZ,;&)

X

(8.30)

where L/ = L, /(1 + jot,)"/? and L, = (D,1,)"/?. For an ohmic contact
on the surface (x = 0) of a p-side surface, S, is an infinity, and for an ideal
hetero-interface, S, is zero.
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The diffusion current due to the photo-excited hole carriers in the n-
type neutral semiconductor region can be deduced by using the boundary
conditions as follows:

opn(x,t
D,,% ==Sppn(x,t) aaX=W,+W+W, (831
pnx, ) =0 atX=W,+W (8.32)

8.3.3. FREQUENCY RESPONSE FOR InP/InGaAs/InP
DOUBLE-HETEROSTRUCTURE PIN-PDs

In this section, we analyze the frequency response of the structure shown
in Fig. 8.9 as a function of the bias voltage. We also analyze the incident
light direction. In this section, our obtained results are summarized. In the
calculations of the InP cap, buffer, and substrate, the photo-absorption was
neglected and the drift effect was included only for the depleted region.
The trap effect and the time-delay effect at the hetero-interfaces, which can

P*-InGaAs n- InGaAs

DEPLETE
+o] *-InP
PHOTON P nPX n- InGaAs N™in

ANNANN> 4‘;‘ ' \ NNNAN
hv . :
(a)
P-InP DEPLETED DEPLETED
n-InP n-InP n-inP
T A 14/
W /| DEPLETED | N A
! n-InGaAs )
ANAAN : W W, W3j ANANAS
(b)

Fig. 8.9 Frequency-response calculation model for InP/InGaAs/InP double heterostruc-
ture: (a) depletion stayed in the absorption layer; (b) depletion spread out in the wide
bandgap layers.
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be easily evaluated by introducing a delay function, were not taken into
account.

The light penetration on the surface of the p*-InP side can be expressed
as follows:

# Hole drift current:

. W
mq el e=*Ws (1 - e_’wm%)

Je.x(p - d”ﬁ) = W
; 2
J@y, )
PRI
1 e~oeWi (e J@p 1) N (1 _e—txwl)
X
. W
(l + Juv:)(T)) qup(lr) aW

(8.33)
where v,(B) and v,(T) are the hole drift velocities in the InP layer and
InGaAs layer, and W> is zero when Wy is not zero.

# Electron drift current:

) <1 e Y U:(’BJ)
Jox(n — drift) = mqdge/®e™ WX — 7

. W-
Josm
1 (1- e‘f‘“%’ﬂ) (1 —e™ ") -
X — (8.34)
. . W
(l - jau:zT)) JOTT aW

where Wj is zero when Ws is not zero.

# Hole diffusion current:

e
. | — ¢ /9%
Je).(p _ dl_[f) — mqq)oeja)le—-tx(W4+Wl) s

ja)vp“(/zB)
. W
1 — e 95 1
X
jwu:v;') ( (th’ )2)
) -(1- a‘ p)e*"w5+(1 - —"-)cosh(“j') (ﬁ— % Lpl")sinh(—LWT:)

cosh(zi) ——ﬂ sinh (Lﬂpi

(8.35)
where W, is zero when Wy is not zero, and L, = L, /(1 + jot,)/>.
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# Electron diffusion current:

Je,\'(n - d!ﬁ)
j 1 — e_j“’E:f(Jr_) 0o
= mq®oe’™ 7 o
jwv"(T) Un(B) (GL )2
( aSL;,,) - e_aw4{(l + S" COSh D—L LL smh % }
) S,,L
cosh (2 ) + =5 sinh ( )

(8.36)

where W3 is zero when Wy is not zero, and L) = L, /(1 + jwr,,)‘/z. From
Eqs. (8.33-8.36), the external current is given by

Jex(total) = Jox(n —drift) + Jox(n — diff ) + Jox(p — drift) + Joo(p — diff)
= mq®oe’® Fo(w) (8.37)

Here, F,(w) is the analytical solution of the objective frequency response,
and F,.(0) is the quantum efficiency, which can be easily divided into a
drift term and a diffusion term, based on Egs. (8.33) 4 (8.34), and (8.35) +
(8.36). The frequency response for the light penetration on an n*-surface
can be obtained in the same way.

8.3.4. FREQUENCY RESPONSE CALCULATIONS OF InGaAs
PHOTODIODES AND ITS HIGH-SPEED LIMITATIONS

Photoresponse is usually calculated using a load resistance (usually 50 Q2).
As a result, the photo-induced current suffers from the RC time constant
effect. The following equation is the expected frequency-response solution:

fex(w) = Fo(w)/(1 + jowC, Req) (8.38)

where C; and R,, are, respectively, the approximated diode capacitance
and its load resistance.

The calculations were done for an InP/InGaAs/InP-structure diode with
a p'n junction diameter of 100pum, an InGaAs absorption-layer con-
centration of 3 x 10'> cm™3, and an absorption-layer depth of 3 um at
a bias of —5 V including the built-in voltage and an additional stray ca-
pacitance of Cy, = 0.3 pF (mounted on a TO18 can case). The junction
front was formed on the InGaAs layer closely to the InP/InGaAs interface.
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Fig. 8.10 Calculated frequency response: (a) for a 1.55 pm light; (b) for a 1.30 um light;
(¢) n-side illumination with a 1.55 um signa! light.

The theoretical frequency response for the light penetration from the p™-
side with an absorption coefficient of o = 6800 cm™! [11] (equal to the
wavelength of 1.55pum) is shown in Fig. 8.10(a). In the calculations, we
assumed that there was no p*-InGaAs region, and a built-in voltage was
added to the bias voltage. We found that the total capacitance was 0.9 pF
and the 3-dB-down bandwidth was 2 GHz. The internal quantum efficiency
was 87%, which consisted of a drift-term efficiency of 66% in the depleted
1.6 um region and a diffusion-term efficiency of 21% from the neutral
1.4 um region. The steep signal degradation in the low-frequency region
was less than 0.3 GHz. Figure 8.10(b) shows the frequency response for
a light with & = 116000 cm™! [11] (equal to a 1.3 um light). Because of
the large absorption coefficient compared to that of the 1.55 pm light, the
effective hole drift distance decreased, resulting in a bandwidth of 2.8 GHz,
which is higher than that for the 1.55 pm light. The expected quantum effi-
ciency of 97% means that an InGaAs layer exceeding 3 pum is not needed for
1.3 um wavelength signal detection. Figure 8.10(c) shows the frequency re-
sponse of the back-illuminated (n*-side illumination) structure for a signal
with a 1.55 um light. The response characteristics were strongly affected
by the diffusion from the neutral region. However, the obtained quantum
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efficiency was the same as that for the front-illuminated structure, even
though the diffusion-term efficiency was 63%. The diffusion length and
lifetime used in the calculations were, respectively, 75 um and 6 x 1078 sec
[12]. The drift velocities of the electrons and holes used were, respectively,
v, = 6.5 x 10% cm/s and v, = 4.5 x 10% cm/s | 13], and they were inde-
pendent constants from the electric field,

8.3.5. BANDWIDTH LIMITATIONS IN InGaAs PHOTODIODES

Figure 8.11 shows the bandwidth calculated against the InGaAs absorption-
layer thickness under full-depleted conditions in the InGaAs layer. The
pn-junction diameter was treated as a parameter. The load resistance
(equivalent-circuit resistance) was 50 €. For a given pn-junction diam-
eter there was a maximum bandwidth. This is due to the effect of the diode
capacitance, which is inversely proportional to the thickness of the depleted
absorption layer. The cut-off frequencies limited solely by the transit time
and free from the capacitance effect, for the back and front illumination, are
showninFig. 8.11. Ata given thickness, the speed was somewhat higher for
the front illumination than it was for the back illumination. This is because
the saturation velocity of electrons is higher than that of holes. It is obvious
that a diode with a 100 um diameter cannot operate at 10 GHz or above.
To obtain a bandwidth exceeding 10 GHz for a 1.55 um light, the InGaAs
layer must be thinner than 3 pum for the front illumination and thinner than
2.5 um for the back illumination.

Figure 8.12 shows the bandwidth calculated against the InGaAs donor
concentration at a bias of —5 volts including the built-in voltage. The RC
time-constant effect was neglected to observe the limitations. The InGaAs
layer thickness, dr, was treated as a parameter. For the InGaAs layers
thinner than 1.5 um, there was almost no bandwidth dependence on the
concentration. In contrast, for d7 > 2 um, the degradation became signifi-
cant especially at the donor concentration higher than 5 x 10'> cm™. For
dr = 3um, a concentration lower than 3 x 1055 em~3 is required to ob-
tain a cutoff frequency of over 10 GHz. The figure shows the maximum
bandwidth for a thin undepleted neutral InGaAs region. From the figure,
we can conclude that when there is an undepleted thin region, the transit
time decreases and there is almost no effect of the diffusion current due to
the undepleted region on the overall bandwidth, compared to what happens
under depleted conditions.
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Fig. 8.11 Bandwidth vs. InGaAs absorption-layer thickness calculated for different p*n-
junction diameters.

8.4. Current Transport in InGaAs p*n-Junction

The dark current is one of the most important parameters in determining the
receiver system S/N, as was discussed in Section 8.2. By evaluating the dark
current and its temperature-dependent characteristics for an InGaAs p™'n
junction, we can clarify the current transport process in the junction. The
dark current can also be used to evaluate the composing crystallinity and
processing technology employed. Based on this evaluation, the limitations
on the dark current in InGaAs materials can be estimated. Forrest [14] and
Takanashi [15] earlier attempted to analyze the exponentially increased
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Fig. 8.12 Bandwidth vs. InGaAs donor concentration.

dark current in InGaAs p™ n-junctions as a band-to-band tunneling current.
This exponentially increased current as a function of the reverse bias was
characterized by a low mass of electrons in narrow bandgap materials.
However, the obtained data were often explained qualitatively by using
fitting parameters [16] or were deduced from the effective mass [17].

In this section, the tunneling current at a relatively high bias and the dark
current under a low bias are analyzed separately. Based on the temperature-
dependent characteristics, we attempted to separate the dark current into a
generation and a diffusion current. We found that there is a residual dark
current around the tunneling current in the explicitly increased region that
cannot be divided into the two components.

8.4.1. InGaAs PIN-PD SAMPLE FABRICATION

A cross section of the diode we examined is shown in Fig. 8.13. The layer
structure was fabricated by using hydride vapor phase epitaxy. The resultant
structure was an InP-cap-layer/InGaAs-photo-absorption-layer/InP-buffer-
layer structure on an InP substrate. The concentration of the InP cap layer
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Fig. 8.13 Planar InGaAs-PIN-PD cross section.

was typically about 1 x 10'® cm™3 and that of the InP buffer layer was
over 1 x 10'7 ¢cm™3. The p*n junction planar structure was obtained by
selective diffusion of Zn (Zn3P, source) and Cd (Cd3P; source) [18]. The
InP-cap-layer surface was coated with a passivated SiN,/SiO; bilayer. For
the contacts in the p- and n-layers, we used Ti/Pt/Au and AuGe alloys.
The p*n junction area was 95-100 ume.

8.4.2. TUNNELING BREAKDOWN CHARACTERISTICS
UNDER A HIGH BIAS

The exponentially increased dark current is often explained by the Kane
theory [19] that assumes a parabolic potential barrier and an uniform elec-
tric field. However, the resulting theoretical value is several orders-of-
magnitude larger than the experimental values [14, 15]. The differential
equation formula based on the dependence of the electric field on its posi-
tion can better explain the data. The differential equation is as follows:

dJoun 3 q3m*1/2E2(x) ( nm*l/2E2/2) 8.39)

= exp| —
dx  2.2n3%R2E? 24/2ghE(x)

where m* is the effective tunneling mass. Figure 8.14(a) shows the tun-
neling current characteristics of the samples with an InGaAs donor con-
centration of about 5 x 10! ¢cm™3. The solid lines in Fig. 8.14(a) show
the theoretical curves based on Eq. (8.39), calculated for different
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InGaAs-layer widths. In the calculations, m* = 0.04mq [20], and £, =
0.75 eV. Figure 8.14(b) shows the measured carrier profiles of the diodes
used to obtain the tunneling current characteristics shown in Fig. 8.14(a).
We can see that the tunneling dark current characteristics depend on the
InGaAs layer concentration and thickness. With regard to the dark current
in the high-electric field, Kane’s differentiated theory explains the experi-
mental results very well,

The temperature dependence of breakdown is usually evaluated by using
the following equation:

V(T) = V(Ip){1 + y(T - To)} (8.40)

where the avalanche process is dominant for y > 0, and the tunneling pro-
cess is dominant for y < 0. In the experiments with the InGaAs p*n diodes,
y was around —6 x 1074 (K~1).

There are no temperature-dependent terms in Eq. (8.39). To explain this,
the dependence of the energy gap on the temperature is used [21].

Eg(T) = 0.75{1 — 3 x 10~%(T(°C) — 20)}. (8.41)

The calculated value of y agreed well with the experimental one.

8.4.3. DARK-CURRENT CHARACTERISTICS AT A LOW
BIAS AND EFFECTIVE LIFETIME

In this section, we discuss the dark-current characteristics at a low bias that
did not appear in the tunneling current. By setting the J o« V!/2 line for the
experimental dark current versus the bias curves, the effective lifetime, .4,
can be estimated. The generation-recombination (g-r) current due to the
depleted region under a reverse bias is expressed as [22]

Jo =gqniW/tp (8.42)

where n; is the intrinsic carrier concentration (about 6 x 10'"' cm™3 at
300 K for InGaAs) and W is the depleted layer width. In the p*n junction,
W equals (26 V/qN1)'/? where Ny is the donor concentration of InGaAs,
and therefore, the g-r current can be evaluated by setting the line of V'!/2 for
|V} > 3k/q. Based on this, 7,4 was obtained as a function of the InGaAs
concentration for different photodiodes as shown in Fig. 8.15. From the
leading edge that better fits the data, 7, can be approximated as

T (sec) = 1.5 x 10" /N7 (cm™?) (8.43)
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Fig. 8.15 Effective lifetime in InGaAs p*n photodiodes.

For the equal cross sections of the electrons and holes in the g-r process,
the theoretical lifetime is given by [23]

Ty = 21’ cosh{(E; — E;)/kT} (8.44)

When E; equals E;, 7 is the minimum value, and when |E; — E;| equals
(1/2)E,, it is the maximum valuc. Here, E; is the g-r energy level and 7’
is the same as the minority-carrier lifetime in the crystal, which is in the
order of 10~° seconds for most group I1I-VI compounds. Therefore,

1077 > 7,5 (sec) > 1077 (8.45)

Because t’ is inversely proportional to the impurity concentration, Ty
should have the same tendency as does 7. It is remarkable that the obtained
Tesr Characteristics (see Fig. 8.15 and Eq. (8.43)) inversely proportional
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to the donor concentration coincided well with the extrapolated line of
the lifetime dependence on a carrier concentration of over 107 cm™3 re-
ported by Henry [24]. Therefore, the maximum 7,4 of about 10~ will be
achieved at a high purified donor concentration lower than that in the order
of 101 cm™3.

The diode dark current usually consists of a g-r current and a diffusion
current. We attempted to divide the dark current into the two components:
the g-r term proportional to the root-square of the bias voltage and the dif-
fusion term with no dependence on the bias voltage. Figure 8.16 shows the
component separation for a diode at different temperatures. The separation
was successful. However, we found that there is a residual component
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Fig. 8.16 Compositional analysis of dark current.
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Fig. 8.17 Arrhenius plot of compositionally analyzed diffusion current and generation-
recombination (g-r) current.

that cannot be divided into the two components. The characteristics of the
divided components are discussed separately following.

Figure 8.17 shows the results obtained from the same process as that
in the experiment shown in Fig. 8.16 including the diffusion-current com-
ponent and the g-r current component at a bias of —5 V. Here, the diffu-
sion current data were strengthened with forward saturation current data at
low temperature to clarify the activation energy. The activation energy ob-
tained in this experiment was greater than (.75 eV in the InGaAs bandgap.
The reason activation energy Ea for the InGaAs p*n-diode was greater
than the energy gap of InGaAs can be explained as follows: The diffusion
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current is equal to the forward saturation current and can be approximated as
follows [25]:

Js ~qDppno/L, = q(Dp /1) /*n? /Np (8.46)
ni = (N:Ny)"/* exp(—Eg/2kT)
= 4.9 x 10" (maeman/m3)>/* T3/* exp(~E, /2kT) ~ (8.47)

where L, is (D,1,)!/2, N.(N,) is the effective carrier density in the con-
duction band (balance band), and mg.(mgy) is the effective mass in the
conduction band (valence band). Then, D,/t, can be assumed to be pro-
portional to TY, which gives us

J; o« TOHY/D exp(—E,/kT)/Np (8.48)
Thus, the diffusion current can be approximated to [26]
Js o< AT exp(—E,/kT) (8.49)

By using the temperature dependence of the InGaAs bandgap described
previously, the value of Ea was found to be about 0.96 eV, which was in
good agreement with the experimental value.

The temperature dependence of the divided g-r current at —5 V is shown
in Fig. 8.17. Based on Eq. (8.42), the effective lifetime was re-estimated,
resulting in

Tegr (sec) = 3 x 101! /Ny (cm™) (8.50)

The extrapolated value was twice as large as the value obtained in Eq. (8.43).

As can be seen in Fig. 8.16, there was a residual anomalous dark cur-
rent Janom at around the intercept region between the g-r current as well
as the diffusion and the tunneling current that could not be divided into
the g-r and diffusion components. In the experiment, a relationship of
Janom & V3/2 was obtained. From the Arrhenius plot, the activation energy
was estimated to be approximately 0.5 eV. Here, Jaom & V3/2 is equal to
the tunneling process in the energy bandgap of E, = 0.01 eV in Eq. (8.39),
an