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PREFACE TO THE FIRST EDITION

Since its invention in 1962, the semiconductor laser has come a long way.
Advances in material purity and epitaxial growth techniques have led to a
variety of semiconductor lasers covering a wide wavelength range of 0.3~
100 um. The development during the 1970s of GaAs semiconductor lasers,
emitting in the near-infrared region of 0.8—-0.9 um, resulted in their use for
the first generation of optical fiber communication systems. However, to take
advantage of low losses in silica fibers occurring around 1.3 and 1.55 pm, the
emphasis soon shifted toward long-wavelength semiconductor lasers. The
material system of choice in this wavelength range has been the quaternary
alloy InGaAsP. During the last five years or so, the intense development
effort devoted to InGaAsP lasers has resulted in a technology mature enough
that lightwave transmission systems using InGaAsP lasers are currently
being deployed throughout the world.

This book is intended to provide a comprehensive account of long-wave-
length semiconductor lasers. Particular attention is paid to InGaAsP lasers,
although we also consider semiconductor lasers operating at longer wave-
lengths. The objective is to provide an up-to-date understanding of semicon-
ductor lasers while incorporating recent research results that are not yet
available in the book form. Although InGaAsP lasers are often used as an
example, the basic concepts discussed in this text apply to all semiconductor
lasers, irrespective of their wavelengths.

The book is aimed at researchers already engaged in or wishing to enter
the field of semiconductor lasers. It should serve as a useful reference for
engineers who are interested in optical fiber communications and want to
know about the semiconductor-laser sources employed therein. The book
can also be useful for a graduate-level course on semiconductor lasers as
part of a program in optical communications. We have attempted to make
the book self-contained and to provide sufficient details of the mathematical
derivations. Furthermore, each chapter refers to a large number of published
papers that can be consulted for further study.

The book is organized as follows. The first three chapters introduce
the basic concepts and provide the mathematical derivations useful for

xiii



xiv PREFACE TO THE FIRST EDITION

understanding the operation of semiconductor lasers. Chapters 4 and 5
describe epitaxial techniques and various device structures employed to
fabricate semiconductor lasers. The operating characteristics of these lasers
are considered in Chapter 6, including static, dynamic, spectral, noise, and
modulation aspects. The next two chapters are devoted to single-frequency
semiconductor lasers employing the distributed-feedback and coupled-cavity
schemes, while Chapter 9 considers quantum-well semiconductor lasers. The
degradation mechanisms and reliability issues of semiconductor lasers are
discussed in Chapter 10. Finally, Chapter 11 considers lead-salt semi-
conductor lasers emitting at relatively longer wavelengths in the far-infrared
region 3-34 um.

We wish to thank the members of the semiconductor laser development
department and other colleagues at AT&T Bell Laboratories for numerous
discussions and for providing a stimulating working environment. We are
thankful to D. P. Wilt and C. H. Henry for their comments on several
chapters. The support of the AT&T Bell Laboratories management for this
project is gratefully acknowledged. We particularly thank R. W. Dixon,
J. E. Geusic, and P. J. Anthony for their encouragement.

G. P. Agrawal
N. K. Dutta



PREFACE TO THE SECOND EDITION

The field of semiconductor lasers has advanced considerably since the
publication of the first edition in 1986. Among the recent advances, to name
a few topics, are surface-emitting semiconductor lasers, high-power laser
arrays, visible semiconductor lasers, and strained layer quantum-well lasers.
The second edition is intended to bring this book up to date so that it
remains a source of comprehensive coverage on semiconductor lasers.
Whereas the first edition focused mainly on long-wavelength semiconductor
lasers (mostly InGaAsP lasers), the scope of this edition has been widened
to include all kinds of semiconductor lasers, as reflected by the change in
the title of the book. Since the first edition has occasionally been used as a
textbook in some graduate-level courses, we have added selective problems
at the end of each chapter to help teachers and students. It is our hope that
the second edition can serve as a textbook for graduate courses dealing with
semiconductor lasers. Selective chapters can also be useful for other courses
related to lasers, optoelectronics, and optical communications.

The list of topics that could have been included in the second edition was
quite large. Size limitations forced us to make a selection. It was felt that
surface-emitting semiconductor lasers, semiconductor laser amplifiers, and
optoelectronic integration needed enough coverage that a new chapter was
justified for each of them. The main change consists of adding three new
chapters (Chapters 10, 11, and 12) and several new sections to the existing
chapters. Major changes are made in Chapters 6, 7, and 9 while other chap-
ters are updated to bring the discussion up to date. Specifically, a section
on mode-locked semiconductor lasers is added to Chapter 6. The advances
in the field of distributed feedback semiconductor lasers are covered by
adding a section on tunable semiconductor lasers and three sections on
phase-shifted, quantum-well, and gain-coupled distributed feedback lasers.
Chapter 9 has a new section on strained-layer quantum-well lasers, a topic
that has attracted considerable attention in recent years. Visible semi-
conductor lasers are included in Chapter 13. We feel that these additions
have improved the text enough that it should serve the need of the scientific
community during the 1990s. We would welcome suggestions and comments
from the readers.

G. P. Agrawal
N. K. Dutta

XV



Chapter 1
INTRODUCTION

1.1 HISTORICAL PERSPECTIVE

The advent of the laser dates back to 1958, the year in which the seminal
paper of Schawlow and Townes' appeared. It was followed by the successful
operation of a solid-state ruby laser? in May 1960 and of an He-Ne gas laser®
in December 1960. The feasibility of stimulated emission in semiconductor
lasers was considered during this period,*~¢ and in 1962 several groups’™!°
reported the lasing action in semiconductors. The device consisted of a for-
ward-biased GaAs p-n junction.”~® Electron-hole recombination in the deple-
tion region of the p-n junction provided the optical gain, and the polished
facets perpendicular to the junction plane provided the optical feedback
(by forming a resonant cavity)—the two necessary ingredients for any laser.
Soon p-n junctions of other direct-band-gap semiconductor materials such
as InAs, InP, GaAsP, GalnAs, and InPAs were used to obtain semiconductor
lasers at different wavelengths. Practical utility of these earlier devices
was, however, limited since a large value of the threshold current density
(Jin = 50 kA/cm?) inhibited their continuous operation at room temperature.

As early as 1963 it was suggested'!'!? that semiconductor lasers might be
improved if a layer of one semiconductor material were sandwiched between
two cladding layers of another semiconductor that has a relatively wider
band gap. Such a device consisting of two dissimilar semiconductors is
commonly referred to as a heterostructure laser, in contrast to the single-
semiconductor devices, which are labeled as homostructure lasers. Both of
these structures are shown schematically in Fig. 1.1, which also indicates their
typical physical dimensions. Heterostructure lasers are further classified as
single-heterostructure or double-heterostructure devices depending on whether
the active region, where lasing occurs, is surrounded on one or both sides
by a cladding layer of higher band gap. The use of a heterostructure, however,
requires a careful matching of the lattice constants of the two semiconductors.
It was only in 1969 that the successful room-temperature operation of a

1
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Fig. 1.1 Schematic illustration of (a) homostructure and (b) double-heterostructure semi-
conductor lasers with their typical physical dimensions. The dotted area represents the depletion
region in the vicinity of the homojunction. The hatched area shows the thin (~0.2 um) active
layer of a semiconductor material whose band gap is slightly lower than that of the surrounding
cladding layers.

heterostructure laser was demonstrated!3-'5 using the liquid-phase epitaxial
technique!® for the growth of GaAs and Al,Ga, _, As layers. However, these
lasers operated in the pulsed mode. Further work led in 1970 to hetero-
structure lasers operating continuously at room temperature.'’*!® Notation
such as (Ga,Al)As or AlGaAs/GaAs is often used to emphasize the hetero-
structure nature of these GaAs lasers. However, since homostructure lasers
are no longer used, we shall simplify the notation in this book, whenever no
confusion is likely to arise, by denoting a heterostructure laser only by the
composition of its active layer.

Already in 1969 double-heterostructure GaAs lasers with a room-tempera-
ture value of J, = 5 kA/cm? were reported.'> This value was reduced'’ to
about 1.6 kA/cm? in 1970, and by 1975 AlGaAs layers with J, = 0.5 kA/cm?
were demonstrated using thin (~0.1 um thick) active layers.'® This was
an improvement by more than two orders of magnitude over the simple
homostructure lasers first made in 1962. It converted the semiconductor
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laser from a laboratory curiosity to a practical, compact, coherent light
source useful for numerous applications.

The physical reason for the reduction in the threshold current density with
the use of a heterostructure device is twofold.!!''? The cladding layers
surrounding the active layer have a higher band gap and at the same time
a lower refractive index compared with those of the active layer (see Fig. 1.2).
The band-gap difference helps to confine electrons and holes to the active
layer, where they recombine to produce the optical gain. At the same time
the refractive-index difference confines the optical mode close to the active
layer, which acts as a dielectric waveguide. The optical-mode confinement
significantly reduces the internal loss!® that would otherwise occur in the
absence of index guiding due to the spreading of the optical mode in the

lossy regions.
/
n-TYPE :2;%£j p-TYPE
| i

| ~0.2um | CONDUCTION
! I BAND

> I |
(L)
@ | |
L BAND GAP | | VALENCE
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Fig. 1.2 Schematic illustration of the simultaneous confinement of the charge carriers and the
optical mode to the active region occurring in a double-heterostructure semiconductor laser.
The active layer has a lower band gap and a higher refractive index than those of the cladding
layers. (After Ref. 24)
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A double-heterostructure semiconductor laser such as shown in Fig. 1.1
is sometimes called a broad-area laser since it does not incorporate any mecha-
nism for the lateral (parallel to the junction plane) confinement of the injected
current or the optical mode. As early as 1967, stripe-geometry homostructure
lasers were proposed?? to limit the lateral spread of the injected carriers
inside the active layer. In these lasers the current is injected over a narrow
(~10 pm) central region using a stripe contact. The stripe geometry was
adopted for heterostructure lasers?! in 1971. Such lasers are also referred
to as gain-guided since it is the lateral variation of the optical gain that
confines the optical mode to the stripe vicinity.22 By contrast, heterostructure
lasers where the optical mode confinement occurs mainly through lateral
variations of the refractive index are termed index-guided. A large number
of index-guided structures have been proposed and demonstrated. The
literature is too vast to cite them individually, and a discussion of their
relative merits can be found in several books?3-2° that also describe the
research and development effort for GaAs lasers up to 1980.

GaAs lasers are of continued interest. Using the growth techniques of
vapor-phase epitaxy?® and molecular-beam epitaxy,?” multiquantum-well
laser structures have been developed.?® In these devices the active region is
not a single GaAs layer but rather consists of several ultrathin (~0.01 pm)
layers composed alternatively of GaAs and AlGaAs materials. Considerable
effort has been directed toward developing high-power GaAs lasers and
phased-array semiconductor lasers.>**° In one approach, multiple stripes
are used to generate distinct regions of optical gain in the junction plane
and the near field consists of several spots. However, since the stripes are
not widely separated, the optical field in the gain region of each emitter
overlaps with that of the neighboring emitter. Such a coupling leads to a
phase-locked array of emitters providing well-collimated high power output.
Whereas the output power from a conventional GaAs laser is usually below
50 mW, more than 100 W of power has been obtained®® from monolithic
laser arrays.

So far we have followed the development of GaAs lasers operating usually
in the wavelength range of 0.8-0.9 pm. Long-wavelength semiconductor
lasers in the range of 1.1-1.6 um are of considerable interest for optical fiber
communications.3! Although several material systems were considered, the
combination InGaAsP-InP turned out to be the most suitable in view of
its nearly perfect lattice match.3? The active layer is composed of the
In, _,Ga,As P, _, quaternary alloy. By varying the mole fractions x and ),
almost any wavelength in the 1.1-1.6-um range can be selected. The cladding
layers in this heterostructure laser (see Fig. 1.1) consist of either InP or
InGaAsP itself with different mole fractions x and y.

Room-temperature operation of a 1.1-uym InGaAsP laser in the pulsed
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mode*? was reported in 1975. The adoption of stripe geometry led to
continuous operation®* of such lasers in 1976. In 1977 the wavelength was
extended?? to 1.3 um. Since low-loss dispersion-free fibers at 1.3 um were
already available,*® considerable attention was focused on developing a
practical InGaAsP laser at this wavelength. Motivated by the realization?’
of an ultra-low-loss (~0.2 dB/km) fiber at the 1.55-um wavelength, several
groups*8—3 in 1979 reported on InGaAsP lasers operating in the vicinity of
1.55 pm. After that, the development effort for InGaAsP lasers operating in
the wavelength range of 1.3-1.6 um proceeded at an enormous pace.***°
The primary motivation was due to their application in optical fiber
communications, and by 1984 the use of InGaAsP lasers in long-haul optical
communication systems had reached the commercial stage.*’

1.2 SEMICONDUCTOR MATERIALS

The previous section has followed the development of heterostructure lasers
based on two semiconductor materials, AlGaAs and InGaAsP. However, in
view of their potential application in such diverse fields as optical fiber
communication,*! optical data recording,*® high-speed printing,*® and
molecular spectroscopy, the list of semiconductor materials that have
exhibited lasing action has continued to grow. Figure 1.3 shows the range
of emission wavelengths for various semiconductor lasers. Taken together,
these materials cover the optical spectrum from near ultraviolet to far
infrared. Recently CdZnSe semiconductor lasers operating near 0.46 um have
been developed.®®

The most important criterion in selecting the semiconductor material for
a specific heterostructure laser is related to the quality of the heterojunction
interface between the two semiconductors of different band gaps. To reduce
the formation of lattice defects, the lattice constants of the two materials
should typically match to better than 0.1%. Figure 1.4 shows the inter-
relationship between the band gap E, and the lattice constant a for several
ternary and quaternary compounds. Solid dots represent the binary com-
pounds and solid lines correspond to the ternary compounds. The clear
region bounded by the polygon (whose edges represent ternary compounds)
denote the possible values of E, and a for the quaternary solid solution of
In, _,Ga,As P, _, obtained by varying the mole fractions x and y. The
dotted line shows the range of band-gap values that can be achieved by
varying the compositions x and y to obtain a quaternary material that is
lattice-matched to the binary InP. Figure 1.5 shows the constant band-gap
contours (solid curves) in the x—y compositional plane. The dashed lines
correspond to the fixed values of the lattice constant. For given values of E,
and g, the intersection of solid and dashed curves provides the compositional
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Fig. 1.3 Wavelength range of semiconductor lasers covered by different material systems.
Semiconductor lasers emitting at A > 3 pm usually require low-temperature operation.

values x and y used to obtain the active-layer quaternary material. Since the
photon energy E = hv is approximately equal to the band-gap energy, the
lasing wavelength 1 is obtained using E, = hc/A, where h is the Planck
constant and c is the speed of light in vacuum. If E, is expressed in electron
volts, the lasing wavelength A in micrometers is given by

L (2.1
EU

14

For In; _,Ga,As P, _, lasers a wavelength range of 1.1-1.65 pm can be
covered by choosing x and y according to Fig. 1.5 such that the active layer
is lattice-matched to InP (a = 0.587 nm). Semiconductor lasers emitting
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WAVELENGTH, A (microns)

43 2 12 10908 O7 06 0.5
6.2 T T T T T 1 T T

6.1

o o
© o
I l

LATTICE CONSTANT, a (A)
o s (&
o ~ ®
T T T

o
(&)
T

o
rS
|

Alx Gcl -X P

53 b b ey by by b1

0 0.5 1.0 1.5 20 2.5 30
BAND GAP, Eg (eV)

Fig. 1.4 Band gap and lattice constant for In, _,Ga, As, _,P, (clear region) and (Al,Ga, _,),
In,_,P (shaded region) obtained by varying compositions x and y. Dashed lines separate
indirect-band-gap regions (shown hatched). Dotted lines show the wavelength range (top scale)
for a semiconductor laser whose quaternary active layer is lattice-matched to the binary
compound. (After Ref. 24)

at 1.3-um and 1.55-um wavelengths are of particular interest because of
their application in optical fiber communications. From Fig. 1.5 the active-
layer composition at 1.3 um (E, = 0.95eV) corresponds to x = 0.28 and
y = 0.6. The cladding-layer composition can also be chosen from Fig. 1.5;
the only requirement is that its band gap should be somewhat larger than
that of the active layer. Diagrams similar to Figs. 1.4 and 1.5 have been
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Fig. 1.5 Contours of constant band gap (solid lines) and constant lattice spacing (dashed lines)
in the x—y compositional plane for In, _,Ga,As,P, _,. The composition values x and y can be
chosen to obtain a particular band gap (or laser wavelength) for a given lattice constant. Band
gap is indirect in the shaded area. (After Ref. 32)

constructed for other heterostructure materials?* in order to provide guidance
for the lattice-matched growth of the active and cladding layers. Recent
advances in the epitaxial growth techniques permit a lattice mismatch of up
to a few percent without degrading the interface quality significantly. Such
semiconductor lasers are referred to as strained-layer lasers and have
attracted considerable attention because of their superior performance.’’
To cover the longer wavelength region (4 > 1.6 pum), other material systems
shown in Fig. 1.3 have been successfully exploited. Lattice-matched active
layers of the quaternary In,Ga, _,As,Sb, _, material have been grown>Z on
GaSb substrate and can cover the wavelength range of 1.7-4.4 pm. Another
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important class of materials is lead salts. Lead salts have been used to make
semiconductor lasers emitting in the far-infrared region ranging from
3-34 um,%3-%7 although low-temperature operation is required. Two material
systems of particular interest are PbTe-Pb, _ . Sn, Te and PbS-PbS, __Se..
The longest wavelength of about 100 pm is obtained using the semiconductor
material Bi, _,Sb,. By contrast, short-wavelength semiconductor lasers
require the use of so-called II-VI semiconductors such as ZnS or ZnSe, often
doped with Cd.*°

1.3 OPERATING PRINCIPLES

The purpose of this section is to provide a qualitative understanding of the
physics behind the semiconductor laser. Most of the concepts introduced
here are discussed in detail in subsequent chapters. Two things are required
to operate a laser: (i) a gain medium that can amplify the electromagnetic
radiation propagating inside it and provide the spontaneous-emission noise
input and (ii) a feedback mechanism that can confine the electromagnetic
field through the well-defined optical modes. As the name itself implies, the
gain medium for a semiconductor laser consists of a semiconductor material
(see Sec. 1.2). The optical feedback is obtained using the cleaved facets that
form a Fabry-Perot (FP) cavity, and the mode confinement is achieved
through dielectric waveguiding. To provide the optical gain, a semiconductor
laser needs to be externally pumped, and both electrical and optical pumping
techniques have been used for this purpose. A simple, practical, and most
commonly used method employs current injection through the use of a
forward-biased p-n junction. Such semiconductor lasers are sometimes
referred to as injection lasers or laser diodes.

1.3.1 p-n Junction

At the heart of a semiconductor injection laser is the p-n junction.’® A p-n
junction is formed by bringing a p-type and an n-type semiconductor into
contact with each other. When they first come into contact, their quasi-Fermi
levels do not match since the two are not in equilibrium. An equilibrium
is, however, quickly established through diffusion of electrons from the n
side to the p side, while the reverse occurs for holes. These diffusing electrons
and holes recombine in the junction region. Eventually a steady state is
reached in such a way that further diffusion of electrons and holes is opposed
by the built-in electric field across the p-n junction arising from the negatively
charged acceptors on the p side and the positively charged donors on the n
side. The Fermi level is then continuous across the p-n junction, as shown
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Fig. 1.6 Energy-band diagram of a p-n junction at (a) zero bias and (b) forward bias. (c)
Schematic representation of the electron and hole densities under forward bias. Radiative
recombination of electrons and holes in the narrow overlapping region generates light.

in Fig. 1.6 where the energy-band diagram of the p-n homojunction (junction
between two similar semiconductors) is shown.

When a p-n junction is forward-biased by applying an external voltage,
the built-in electric field is reduced, making possible a further diffusion of
electrons and holes across the junction. As Fig. 1.6b shows, in a narrow
depletion region both electrons and holes are present simultaneously and
can recombine either radiatively or nonradiatively. Photons of energy
hv = E, are emitted during radiative recombination. However, these photons
can also be absorbed through a reverse process that generates electron-hole



INTRODUCTION 11

pairs. When the external voltage exceeds a critical value, a condition known
as population inversion is achieved, in which the rate of photon emission
exceeds that of absorption. The p-n junction is then able to amplify the
electromagnetic radiation, whose wavelength satisfies Eq. (1.2.1), and is said
to exhibit optical gain. However, for a homojunction the thickness of the
region where gain is sufficiently high is very small (~0.01 pm) since there is
no mechanism to confine the charge carriers.

The carrier-confinement problem is solved through the use of a p-n
heterojunction. Figure 1.7 shows the energy-band diagram for a double-
heterostructure laser wherein the thin p-type active region has a lower
band gap compared to that of the two p-type and n-type cladding layers.
Electrons and holes can move freely to the active region under forward bias.
However, once there, they cannot cross over to the other side because of the
potential barrier resulting from the band-gap difference. This allows for a
substantial build-up of the electron and hole populations inside the active
region, where they can recombine to produce optical gain. The width of the
gain region is determined by the active-layer thickness, typically 0.1-0.3 pm.
As mentioned earlier, it was the adoption of the heterostructure scheme that
resulted in significantly lower threshold current densities (compared with a
homojunction) and led to the room-temperature operation of semiconductor
lasers.

1.3.2 Dielectric Waveguide

The successful operation of a laser requires that the generated optical field
should remain confined in the vicinity of the gain region. In double-
heterostructure semiconductor lasers the optical confinement occurs by
virtue of a fortunate coincidence. The active layer with a smaller band gap
also has a higher refractive index compared with that of the surrounding
cladding layers (see Fig. 1.2). Because of the index difference, the active layer
in effect acts as a dielectric waveguide. The physical mechanism behind the
confinement is total internal reflection, as illustrated in Fig. 1.8. When a ray
traveling at an angle 0 (measured from the interface normal) hits the
interface, it is reflected back if the angle 6 exceeds the critical angle given by

0= sin"%, (13.1)
2

where u, and u, are the refractive indices of the cladding and active layers
respectively. Thus, rays traveling nearly parallel to the interface are trapped
and constitute the waveguide mode. A more detailed discussion of waveguide
modes requires the use of Maxwell’s equations and is given in Chapter 2.
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Fig. 1.7 Energy-band diagram of a double-heterostructure semiconductor laser at (a) zero
bias and (b) forward bias. (c) The band-gap discontinuities at the two heterojunctions help to
confine electrons and holes inside the active region, where they recombine to produce light.

1.3.3 Recombination Mechanisms

When the current flowing through a semiconductor laser is increased, charge
carriers (electrons and holes) are injected into the thin active region, where
they recombine through radiative or nonradiative mechanisms. As one may
expect, nonradiative recombinations are not helpful for laser operation, and
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:
2/
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Fig. 1.8 Dielectric waveguiding in a heterostructure semiconductor laser. The relatively higher
refractive index (u, > u,) of the active layer allows total internal reflection to occur at the two
interfaces for angles such that sin 8 > p,/u,.

attempts are made to minimize their occurrence by controlling point defects
and dislocations. However, a nonradiative recombination mechanism, known
as the Auger process, is intrinsic and becomes particularly important for
long-wavelength semiconductor lasers operating at room temperature and
above. It is described in detail in Chapter 3. Physically speaking, during the
Auger process the energy released by the electron-hole recombination is
taken by a third charge carrier and is eventually lost to lattice phonons.

During a radiative recombination, the energy E, released by the electron-
hole pair appears in the form of a photon whose frequency v or wavelength
A satisfies the energy conservation relation E, = hv = hc/A. This can happen
through two optical processes known as spontaneous emission and stimulated
emission. These are shown schematically in Fig. 1.9. In the case of spontaneous
emission, photons are emitted in random directions with no phase relationship
among them. Stimulated emission, by contrast, is initiated by an already
existing photon. The remarkable feature is that the emitted photon matches
the original photon not only in its wavelength but also in direction of
propagation. It is this relationship between the incident and emitted photons
that renders the light emitted by a laser coherent.

1.3.4 Laser Threshold

Although stimulated emission can occur as soon as current is applied to
the semiconductor laser, the laser does not emit coherent light until the
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Fig. 1.9 Schematic illustration of (a) spontaneous-emission and (b) stimulated-emission processes
wherein an electron-hole pair recombines to generate a photon. In the case of stimulated
emission the two outgoing photons match in their frequency and direction of propagation.

current exceeds a critical value, known as the threshold current (I,). This
is so because stimulated emission has to compete against the absorption
processes during which an electron-hole pair is generated at the expense of
an absorbed photon. Since the electron population in the valence band
generally far exceeds that of the conduction band, absorption dominates.
At a certain value of the external current, a sufficient number of electrons
are present in the conduction band to make the semiconductor optically
transparent. With a further increase in current, the active region of the
semiconductor laser exhibits optical gain and can amplify the electromagnetic
radiation passing through it. Spontaneously emitted photons serve as the
noise input for the amplification process.

However, optical gain alone is not enough to operate a laser. The other
necessary ingredient is optical feedback. In semiconductor lasers it is provided
by the cleaved facets that form an FP cavity. The role of the FP cavity is
twofold. First, it provides a direction selectivity for the process of stimulated
emission, since only photons traveling along its axis are reflected back and
forth. Second, it provides a wavelength selectivity since the feedback is
strongest for wavelengths corresponding to the longitudinal modes of the
FP cavity.

Because of the optical feedback, the number of photons traveling perpen-
dicular to the facets increases when the current is large enough to satisfy
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the condition of net stimulated emission. However, some photons are lost
through the partially transmitting facets and some get scattered or absorbed
inside the cavity. If the loss exceeds the gain, stimulated emission cannot
sustain a steady supply of photons. This is precisely what happens below
threshold, when the laser output consists of mainly spontaneously emitted
photons. At threshold, gain equals loss and stimulated emission begins to
dominate. Over a narrow current range in the vicinity of the threshold
current, the output power jumps by several orders of magnitude and the
spectral width of the emitted radiation narrows considerably because of the
coherent nature of stimulated emission.

In the above-threshold regime, laser output increases almost linearly with
the current. Almost all electrons and holes injected into the active region
now recombine through stimulated emission, and the internal quantum
efficiency approaches 100%,. The performance of a semiconductor laser is
governed by a large number of emission characteristics related to the static,
dynamic, and spectral behavior of the light output. These are discussed in
Chapter 6.

1.4 OPTICAL FIBER COMMUNICATIONS

As mentioned before, an important application of semiconductor lasers is in
the field of optical fiber communications. Compared to other kinds of lasers,
a semiconductor laser offers two distinct advantages, namely its compact size
and the possibility of direct modulation through variations in applied electric
current. This section briefly discusses the important features of an optical
communication system,3! since the desirable characteristics of an InGaAsP
semiconductor laser are often dictated by the performance requirements of
the whole system.

In an optical communication system, information is transmitted by light
propagation inside an optical fiber in the form of a coded sequence of optical
pulses. The signal weakens during propagation because of fiber loss. After
some distance it becomes necessary to regenerate the signal through the
use of a repeater (essentially a detector-amplifier-transmitter combination).
System cost considerations require that the repeater spacing, L, be as large
as possible. Another consideration is related to the transmission capacity as
determined by the bit rate, B (number of bits transmitted per second). The
objective of many lightwave transmission systems is to maximize the bit
rate—distance product, BL. The bit rate is limited inherently by chromatic
dispersion in the fiber, which is responsible for the broadening of optical
pulses during their propagation inside a single-mode fiber. The choice of
the operating wavelength is therefore related to the loss and dispersion
characteristics of the fiber. Figures 1.10 and 1.11 show the variation of the
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Fig. 1.10 Measured loss in a single-mode silica fiber as a function of wavelength. Arrows
indicate wavelength regions used for optical fiber communications. Minimum loss occurs around
the 1.55-pm wavelengths. (After Ref. 37)
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Fig. 1.11 Measured material dispersion for typical single-mode silica fibers. Data points for
three fibers are shown. (After Ref. 59 © 1980 IEEE)
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optical loss®” (in dB/km) and the dispersion coefficient®® [in ps/(km-nm)]
as functions of the wavelength for typical single-mode silica fibers.

The first generation of lightwave transmission systems utilized GaAs lasers
operating at a wavelength of about 0.85 um. Relatively high values of the
loss and dispersion coefficients restricted the repeater spacing to ~10 km
and the bit rate to ~ 100 Mb/s. The second generation of systems made use
of the wavelength region around 1.3 um, where fiber dispersion is negligible
(see Fig. 1.11). The use of InGaAsP lasers coupled with the relatively low
fiber loss allowed a repeater spacing of about 20 km. However, the bit rate
had to be below ~ 100 Mb/s because of modal dispersion in multimode
fibers. This problem was overcome with the use of single-mode fibers; the
absence of chromatic dispersion near 1.3 pm then allowed much higher bit
rates (up to 2 Gb/s). However, the repeater spacing (~ 50 km) was limited
by the fiber loss at this wavelength.

As is clear from Fig. 1.10, minimum fiber loss occurs around 1.55 pm. The
third generation of optical communication systems is therefore based on
1.55-um InGaAsP lasers. At this wavelength the repeater spacing can easily
exceed 100 km for moderate bit rates. At high bit rates (B 2 1 Gb/s) the
repeater spacing is limited not by the fiber loss but rather by the extent of
fiber dispersion. Two distinct routes are being followed to overcome this
problem. In one approach the zero-dispersion wavelength, which is about
1.3 um for conventional silica fibers (see Fig. 1.11), is shifted towards the
desirable 1.55-um region by modifying the fiber characteristics.®®—62 In the
other approach the effect of fiber dispersion is minimized by reducing the
spectral width of the 1.55-um InGaAsP laser source.®?

To understand the role of the spectral width, Al,, note that, during its
propagation inside a fiber of length L, an optical pulse broadens and its
width increases by an amount given by

At = D,(AL)L (14.1)

where D, is the fiber dispersion coefficient having a value of ~ 17 ps/(km-nm)
at the 1.55-um wavelength (see Fig. 1.11). In order to arrive within its
assigned time slot, the pulse should not be wider than B™!, ie.,

BAt = BLD,(Ak,) < 1. (14.2)

Unless designed specially, an InGaAsP laser simultaneously oscillates in
several longitudinal modes and the spectral width AA; =~ 5 nm. Using the
appropriate values for D, and A4, the bit rate-distance product BL is limited
to less than ~ 10 GHz-km, too small for the present lightwave transmission



18 SEMICONDUCTOR LASERS

systems. A repeater spacing of 100 km limits the bit rate to less than or equal
to 100 Mb/s.

It is with the desire of reducing the source spectral width, Aj,, that the
third generation of lightwave systems forced the development of the single-
frequency semiconductor laser,® a device in which almost all of the output
power appears in a single longitudinal mode. Two schemes commonly used
for this purpose make use of distributed feedback and coupled-cavity
mechanisms (discussed in Chapters 7 and 8). With proper design, a value of
Al less than ~0.1 nm can be achieved, increasing BL to a value of about
600 GHz-km. A BL value of 412 GHz-km was realized in 1985 in a
transmission experiment®* employing a 1.55-um distributed feedback laser.
Essentially error-free transmission (less than one error per billion bits) was
achieved over a 103-km-long fiber with a bit rate of 4 Gb/s. The bit rate of
third-generation lightwave systems has been extended to beyond 10 Gb/s by
using distributed feedback lasers in combination with dispersion-shifted
fibers.65-66

The fourth-generation of optical communication systems makes use of
homodyne or heterodyne detection techniques. Because of the phase-sensitive
nature of such systems, they are referred to as coherent communication
systems.®”-6® For the same reason, they require tunable semiconductor lasers
with a narrow linewidth (usually <10 MHz or 10~ % nm). Special multisection
lasers have been developed to meet the demands of fourth-generation
lightwave systems.®®~"! The fifth generation of lightwave systems employs
erbium-doped fiber amplifiers’>73 for amplifying the transmitted optical
signal periodically to compensate for fiber loss. The transmission distance
can exceed a few thousand kilometers for such systems as long as fiber
dispersion does not limit it.”*-7® A novel approach makes use of optical
solitons that use fiber nonlinearity for compensating fiber dispersion.””-’®
Such solitons can travel along the fiber for thousands of kilometers without
experiencing temporal broadening as long as fiber loss is compensated
through periodic amplification.”®'8° The development of such fifth-generation
lightwave systems requires new kinds of semiconductor lasers. For instance,
semiconductor lasers operating at wavelengths of 0.98 and 1.48 um have been
developed for pumping erbium-doped fiber amplifiers.®!-82 The use of optical
solitons requires semiconductor lasers capable of producing ultrashort
optical pulses (pulse width <50 ps) at high repetition rates. Laboratory
experiments have been performed at a bit rate as high as 32 Gb/s by using
mode-locked semiconductor lasers.®? Transmission distances in excess of
10,000 km at a bit rate of up to 10 Gb/s have been demonstrated by using
a recirculating-loop configuration.34-8¢ Advances in the semiconductor-
laser technology play an important role in realizing such high-performance
lightwave systems.
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1.5 OVERVIEW

The book is intended to provide a comprehensive account of semiconductor
lasers. As Fig. 1.3 shows, a large number of semiconductor materials can be
used to cover the wavelength range of 0.4 to 100 pm. An enormous amount
of the research and development effort is, however, directed towards AlGaAs
and InGaAsP lasers because of their commercial use in optical recording
and fiber communication systems. For this reason, particular attention is
paid to AlGaAs and InGaAsP lasers, which cover the near-infrared range
of 0.8—1.6 um. Chapter 13 considers longer-wavelength semiconductor lasers.
It should be stressed however, that the theoretical aspects of semiconductor
lasers discussed in this text apply to all semiconductor lasers. Following is
a brief outline of the various chapters.

Chapter 2 introduces the basic concepts involved in operating a semi-
conductor laser. Starting from Maxwell’s equations, the gain and loss
considerations are used to obtain the threshold condition. The required
material gain and its dependence on the injected current density are discussed
within the framework of a simple phenomenological model. The text then
introduces the longitudinal, transverse, and lateral modes associated with
the optical field. In particular, the dependence of the lateral modes on gain
and index guiding is discussed. Finally, emission characteristics used to
characterize the laser output are presented after considering the static,
spatial, spectral, and dynamic aspects.

Chapter 3 describes recombination mechanisms, both radiative and non-
radiative. For the case of radiative recombination, the expressions are
obtained for the spontaneous-emission rate and the absorption coefficient
using a simple but fairly realistic model of the band structure. Varying the
absorption coefficient with the injected current density shows how the optical
gain depends on various parameters such as carrier density and doping levels.
For the case of nonradiative recombination, particular attention is paid to
the Auger process, which becomes increasingly important for long-wavelength
semiconductor lasers. The last section is devoted to studying the temperature
dependence of the threshold behavior of semiconductor lasers.

Chapter 4 reviews the epitaxial growth techniques used to make hetero-
structure semiconductor lasers. The liquid-phase, the vapor-phase, and the
molecular epitaxial growth techniques are introduced with emphasis on their
use for the fabrication of InGaAsP lasers. The chapter also provides a brief
discussion of the material parameters and their measurement techniques.

Chapter 5 introduces various laser structures that have been used for semi-
conductor lasers. Broad-area semiconductor lasers are considered together
with the dependence of their threshold current density on the active-layer
thickness. Next, gain-guided structures and their performance are described.
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The attention is then paid to various index-guided structures and to a
comparison of their light-current characteristics.

The emission characteristics of semiconductor lasers are described in
Chapter 6 by considering their static, dynamic, spectral, noise, and modulation
performance. These properties are described theoretically using a set of rate
equations. The emphasis has been on studying the performance of InGaAsP
lasers when used as a source in optical communication systems. The discussion
pays particular attention to the dynamic line broadening that results from
the frequency chirping associated with direct modulation.

Chapters 7 and 8 deal with single-frequency semiconductor lasers, which
emit predominantly in a single longitudinal mode. Distributed-feedback
(DFB) semiconductor lasers are considered in Chapter 7. After a brief discus-
sion of DFB structures, the theory of wave propagation in a periodic medium
is used to obtain the longitudinal modes and corresponding threshold gains
for a DFB semiconductor laser. The performance of state-of-the-art DFB
lasers is discussed with particular emphasis on their application in recent
transmission experiments. Chapter 8 considers coupled-cavity semiconductor
lasers. In such lasers, single-longitudinal-mode operation is achieved using
an interference effect that requires the laser mode to be simultaneously
resonant with respect to both cavities. Various schemes and their relative
performance are discussed with particular attention paid to the cleaved-
coupled cavity semiconductor laser.

Chapter 9 describes quantum-well semiconductor lasers. In these lasers
the active layer is made so thin that the quantum-mechanical effects associated
with the confinement of charge carriers to the thin active region become
important, leading to quantization of the conduction- and valence-band
energies in one direction. This modifies the density of the states, which
significantly affects radiative and nonradiative recombination rates. Changes
in the emission characteristics of a semiconductor laser arising from the
quantum-well effect are discussed both for single and multiple quantum wells.

Chapter 10 is devoted to the discussion of surface-emitting semiconductor
lasers. Particular emphasis is placed on the design of vertical-cavity surface-
emitting semiconductor lasers. Such lasers have attracted considerable
interest because of their potential applications in the optical interconnect
technology and other technologies based on the use of optoelectronic
integrated circuits. The laser cavity is extremely short (~ 1 pum) in such lasers
and is often referred to as the microcavity. It is formed by depositing
alternating layers of low- and high-index dielectric materials that act as a
Bragg reflector of high reflectivity (>99%). Surface-emitting semiconductor
lasers based on both the GaAs and InP technologies are discussed.

Chapter 11 considers the design and performance of semiconductor laser
amplifiers. It begins by introducing the general concepts common to all
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amplifiers such as the gain spectrum, amplifier bandwidth, gain saturation,
and amplifier noise. It then describes the techniques used to realize ultra-
small facet reflectivities needed to make high-quality amplifiers. The chapter
then describes the operating characteristics of semiconductor laser amplifiers
such as the gain, bandwidth, noise, gain saturation, and the amplifier
performance when multiple channels and short optical pulses are amplified.

Chapter 12 describes the progress made in the fabrication of photonic and
optoelectronic integrated circuits. It begins with the description of photonic
integrated circuits such as multiple lasers in the form of an array fabricated
on the same chip and integration of the laser with detectors and modulators.
Optoelectronic integrated circuits are described next by considering integrated
transmitters, receivers, and regenerators. Optoelectronic integrated circuits
capable of performing logic functions are also discussed briefly.

Chapter 13 considers semiconductor lasers that emit in the infrared and
visible regions. Particular attention is paid to lead-salt lasers, which, through
proper choice of material composition, can be made to cover a wide
wavelength range from 3-34 um. Starting from a brief description of their
band structure and other physical properties, we consider radiative and
nonradiative recombinations in lead-salt compounds. Auger recombination
becomes particularly important in these long-wavelength semiconductor
lasers; low-temperature operation is necessary to reduce the rate of Auger
recombination. The fabrication and operating characteristics of lead-salt
lasers are discussed with emphasis on their wavelength tuning range.

Chapter 14 discusses issues of device reliability related to the degradation
of semiconductor lasers with age. Various kinds of defects and the tech-
niques used for their identification are described. The chapter discusses the
concept of accelerated aging, its use for reliability assurance, and experimental
results.

PROBLEMS

1.1 Calculate the optical frequency (in units of THz) for semiconductor lasers
operating at 0.8, 1.55, and 10 pm. What should be the band gap of the
active-layer material in each case assuming that the photon energy nearly
equals the band-gap energy? Use Fig. 1.3 to determine the semiconductor
materials which can be used to make such lasers.

1.2 Explain what is meant by direct or indirect band gap in semiconductors.
Give an example of each type of semiconductor.

1.3 Explain the difference beween a homojunction and a heterojunction.
How does the use of heterojunctions lead to confinement of charge
carriers and photons to the active region of semiconductor lasers?
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1.4 The quaternary material In, _,Ga,As P, _, is lattice-matched to InP

whenever x = 0.45y. The band gap is found to vary with y as
E,(y) = 1.35 — 0.72y + 0.12y2.
Find the composition of the active layer for semiconductor lasers

designed to operate at 1.3- and 1.55-um wavelengths. What are the
shortest and the longest wavelengths at which such lasers can operate?

1.5 What are the main differences between a semiconductor laser and a

gas laser?

1.6 Describe the five generations of optical communication systems. What
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kind of semiconductor lasers are needed for each generation?

REFERENCES

. Schawlow, A. L., and C. H. Townes. Phys. Rev. 112, 1940 (1958).
. Maiman, T. H. Nature 187, 493 (1960).
. Javan, A., W. R. Bennett, Jr,, and D. R. Herriot. Phys. Rev. Lett. 6, 106 (1961).

Basov, N. G., O. N. Krokhin, and Yu. M. Popov. Sov. Phys. JETP 13, 1320 (1961).

. Bernard, M. G. A, and G. Duraffourg. Phys. Status Solidi 1, 699 (1961).
. Dumke, W. P. Phys. Rev. 127, 1559 (1962).
. Hall, R. N, G. E. Fenner, J. D. Kingsley, T. J. Soltys, and R. O. Carlson. Phys. Rev. Lett.

9, 366 (1962).

. Nathan, M. I, W. P. Dumke, G. Burns, F. H. Dill, Jr,, and G. Lasher. Appl. Phys. Lett. 1,

62 (1962).

. Quist, T. M,, R. H. Rediker, R. J. Keyes, W. E. Krag, B. Lax, A. L. McWhorter, and H. J.

Zeiger. Appl. Phys. Lett. 1, 91 (1962).

Holonyak, N., Jr., and S. F. Bevacqua. Appl. Phys. Lett. 1, 82 (1962).

Kroemer, H. Proc. IEEE 51, 1782 (1963).

Alferov, Zh. I, and R. F. Kazarinov. Authors certificate 181737 (U.S.S.R.), 1963.

Kressel, H., and H. Nelson. RCA Rev. 30, 106 (1969).

Hayashi, I, M. B. Panish, and P. W. Foy. IEEE J. Quantum Electron. QE-5, 211 (1969).
Alferov, Zh. 1, V. M. Andreev, E. L. Portnoi, and M. K. Trukan. Sov. Phys. Semicond. 3,
1107 (1970). [Translated from Fiz. Tekh. Poluprovodn. 3, 1328 (1969)].

Rupprecht, H., J. M. Woodall, and G. D. Pettit. Appl. Phys. Lett. 11, 81 (1967).

Hayashi, I, M. B. Panish, P. W. Foy, and S. Sumski. Appl. Phys. Lett. 17, 109 (1970).
Alferov, Zh. I, V. M. Andreev, D. Z., Garbuzov, Yu. V. Zhilyaev, E. P. Morozov, E. L.
Portnoi, and V. G. Trofim. Sov. Phys. Semicond. 4, 1573 (1971). [Translated from Fiz. Tekh.
Poluprovodn. 4, 1826 (1970)].

Ettenberg, M. Appl. Phys. Lett. 27, 652 (1975).

Dyment, J. C. Appl. Phys. Lett. 10, 84 (1967).

Ripper, J. E., J. C. Dyment, L. A. D’Asaro, and T. L. Paoli. Appl. Phys. Lett. 18, 155 (1971).
Cook, D. D, and F. R. Nash. J. Appl. Phys. 46, 1660 (1975).

Kressel, H., and J. K. Butler. Semiconductor Lasers and Heterojunction LEDs. New York:
Academic Press, 1977.

Casey, H. C, Jr, and M. B. Panish. Heterostructure Lasers, Parts A and B. New York:
Academic Press, 1978.



25.

26.
27.
28.

29.
30.
31.

32
33.

34
35.
36.
37.
38.
39.
40.
41.

42.

43,
44,
4s.

46.

47.
48.
49.

50.
51,

52.
53.
54.
55.

56.
57.
58.
59.

60.
61.

INTRODUCTION 23

Thompson, G. H. B. Physics of Semiconductor Laser Devices. Chichester: John Wiley &
Sons, 1980.

Dupuis, R. D. J. Crys. Growth 55, 213 (1981).

Cho, A. Y. J. Vac. Sci. Tech. 16, 275 (1979).

Dingle, R., W. Wiegmann, and C. H. Henry. Phys. Rev. Lett. 33, 827 (1974); Tsang, W. T,
C. Weisbuch, R. C. Miller, and R. Dingle. Appl. Phys. Lett. 35, 673 (1979).

Scifres, D. R., W. Streifer, and R. D. Burnham. Appl. Phys. Lett. 33, 1015 (1978).
Sakamoto, M., J. G. Endriz, and D. R. Scifres. Electron. Lett. 28, 178 (1992); 28, 197 (1992).
Suematsu, Y. Proc. IEEE 71, 692 (1983); Li, T. IEEE J. Sel. Areas Commun. SAC-1, 356
(1983).

Moon, R. L., G. A. Antypas, and L. W. James. J. Electron. Mater. 3, 635 (1974).
Bogatov, A. P, L. M. Dolginov, P. G. Eliseev, M. G. Mil’vidskii, B. N. Sverdlov, and
E. G. Shevchenko. Sov. Phys. Semicond. 9, 1282 (1975).

Hsieh, J. J., J. A. Rossi, and J. P. Donnelly. Appl. Phys. Lett. 28, 709 (1976).

Oe, K., S. Ando, and K. Sugiyama. Jpn. J. Appl. Phys. 16, 1273 (1977).

Horiguchi, M., and H. Osani. Electron. Lett. 12, 310 (1976).

Miya, T., Y. Terunuma, T. Hosaka, and T. Miyoshita. Electron. Lett. 15, 106 (1979).
Kobayashi, N., and Y. Horikoshi. Jpn. J. Appl. Phys. 18, 1005 (1979).

Akiba, S., K. Sakai, Y. Matsushima, and T. Yamamoto. Electron. Lett. 606 (1979).
Henshall, G. D., and P. D. Greene. Electron. Lett. 15, 621 (1979).

Kawaguchi, H., T. Takahei, Y. Toyoshima, H. Nagai, and G. Iwane. Electron. Lett. 15,
669 (1979).

Kaminow, L. P, R. E. Nahory, M. A. Pollack, L. W. Stulz, and J. C. Dewinter. Electron.
Lett. 15, 763 (1979).

Arai, S., M. Asada, Y. Suematsu, and Y. Itaya. Jpn. J. Appl. Phys. 18, 2333 (1979).

Botez, D., and G. Herskowitz. Proc. IEEE 68, 689 (1980).

Suematsu, Y., K. Iga, and K. Kishino, in GalnAsP Alloy Semiconductors, ed. T. P. Pearsall.
New York: John Wiley & Sons, 1982.

Nelson, R. J., and N. K. Dutta, in Semiconductor and Semimetals, Vol. 22, Part C, ed.
W. T. Tsang. New York: Academic Press, 1985.

Runge, P. K,, and P. R. Trischitta. J. Lightware Technol. LT-2, 744 (1984).

Bartolini, R. A,, A. E. Bell, and F. W. Spong. IEEE J. Quantum Electron. QE-17, 69 (1981).
Asbeck, P. M., D. A. Cammack, J. J. Daniele, D. Lou, J. P. J. Heemskerk, W. J. Klenters,
and W. H. Ophey. Appl. Phys. Lett. 34, 835 (1979).

Hasse, M. A, J. Qiu, J. M. DePuydt, and H. Cheng. Appl. Phys. Lett. 59, 1272 (1991).
Thijs, P.J. A, L. F. Tiemeijer, P. I. Kuindersma, J. J. M. Binsma, and T. van Dongen. IEEE
J. Quantum Electron. 27, 1426 (1991).

Kobayashi, N,, Y. Horikoshi, and D. Uemura. Jpn. J. Appl. Phys. Part 2, 19, L30 (1980).
Groves, S. H., K. W. Nill, and A. J. Strauss. Appl. Phys. Lett. 25, 331 (1974).

Tomasetta, L. R., and C. G. Fonstand. Appl. Phys. Lett. 25, 440 (1974).

Walpole, J. N, A. R. Calawa, T. C. Harman, and S. H. Groves. Appl. Phys. Lett. 28,
552 (1976).

McLane, G. F,, and K. J. Sleger, J. Electron. Mater. 4, 465 (1975).

Preier, H., M. Bleicher, W. Riedel, and H. Maier. Appl. Phys. Lett. 28, 669 (1976).

Sze, S. M. Physics of Semiconductor Devices, Second Ed. New York: John Wiley & Sons,
1981.

Sugimura, A.,, K. Daikoku, N. Imoto, and T. Miya. IEEE J. Quantum Electron. QE-16,
215 (1980).

Cohen, L. G, C. Lin, and W. G. French. Electron. Lett. 15, 334 (1979).

Tsuchiya, H., and N. Imoto. Electron. Lett. 15, 476 (1979).



24

62.
63.

64.

65.

66.

67.

68.

69.
70.

71.

72.

73.
74.
. Ryu, S., S. Yamamoto, H. Taga, N. Edagawa, Y. Yoshida, and H. Wakabayashi. J. Lightwave

76.

78.

79.

80.
81.

82.

83.

84.

85.

86.

SEMICONDUCTOR LASERS

Okamoto, K., T. Edahiro, A. Kawana, and T. Miya. Electron. Lett. 15, 729 (1979).
Agrawal, G. P. Vol. 26, Chap. 3, in Progress in Optics, ed. by E. Wolf. Amsterdam:
North-Holland, 1988.

Gnauck, A. H,, B. L. Kasper, R. A, Linke, R. W. Dawson, T. L. Koch, T. J. Bridges,
E. G. Burkhardt, R. T. Yen, D. P. Wilt, J. C. Campbeli, K. C. Nelson, and L. G. Cohen.
J. Lightwave Technol. LT-3, 1032 (1985).

Gimlett, J. L., M. J. Igbal, J. Young, L. Curtis, R. Spicer, and N. K. Cheung. Electron. Lett.
25, 596 (1989).

Fujita, S., M. Mitamura, T. Torikai, N. Henmi, H. Yamada, T. Suzaki, I. Takano, and M.
Shikada. Electron. Lett. 25, 702 (1989).

Okoshi, T., and K. Kikuchi. Coherent Optical Fiber Communications. Boston: Kluwer
Academic, 1988.

Agrawal, G. P. Chap. 6, in Fiber-Optic Communication Systems. New York: Wiley
Interscience, 1992.

Kobayashi, K., and I. Mito. J. Lightwave Technol. 6, 1623 (1988).

Kotaki, Y., M. Matsuda, H. Ishikawa, and H. Imai. Electron. Lett. 24, 503 (1988); Y. Kotaki
and H. Ishikawa. IEE Proc. J. 138, 171 (1991).

Koch, T. L, U. Koren, and B. J. Miller. Appl. Phys. Lett. 53, 1036 (1988); T. L. Koch and
U. Koren. J. Lightwave Technol. 8, 274 (1990).

Special issue on optical amplifiers. J. Lightwave Technol. 9, 145-296 (1991).

Desurvire, E. Scientific American 266 (1), 114 (1992).

Saito, S., T. Imai, and T. Ito. J. Lightwave Technol. 9, 161 (1991).

Technol. 9, 251 (1991).
Nakagawa, K., S. Nishi, K. Aida, and E. Yoneda. J. Lightwave Technol. 9, 198 (1991).

. Hasegawa, A. Solitons in Optical Fibers. Berlin: Springer-Verlag, 1989.

Agrawal, G. P, Chap. 2, in Contemporary Nonlinear Optics, ed. by G. P. Agrawal and R.
W. Boyd. Boston: Academic Press, 1992.

Mollenauer, L. F., J. P. Gordon, and S. G. Evangelides. Laser Focus World 27 (11), 159
(1991).

Nakazawa, M. Proc. Europ. Conf. Opt. Commun., Paris, Sept. 1991, pp. 150-64.
Okayasu, M. M,, Fukuda, T. Takeshita, and S. Uehara. IEEE Photon. Technol. Lett. 2, 689
(1990).

Asano, H., S. Takano, M. Kawaradani, M. Kitamura, and 1. Mito. IEEE Photon. Technol.
Lett. 3, 415 (1991).

Andrekson, P. A, N. A. Olsson, M. Haner, J. R. Simpson, T. Tanbun-Ek, R. A. Logan,
D. Coblentz, H. M. Presby, and K. W. Wecht. IEEE Photon. Technol. Lett. 4, 76 (1992).
Molienauer, L. F., M. J. Neubelt, M. Haner, E. Lichtman, S. G. Evangelides, and B. M.
Nyman. Electron. Lett. 27, 2055 (1991).

Bergano, N. S., J. Aspell, C. R. Davidson, P. R. Trischitta, B. M. Nyman, and F. W. Kerfort.
Electron. Lett. 27, 1889 (1991).

Mollenauer, L. F., E. Lichtman, G. T. Harvey, M. J. Neubelt, and B. M. Nyman. Electron.
Lett. 28, 792 (1992).



Chapter 2
BASIC CONCEPTS

2.1 INTRODUCTION

This chapter is intended to provide a review of the basic concepts in laser
theory'—2 as they apply particularly to semiconductor lasers.*—® In general
terms, a laser is an externally pumped self-sustained oscillator and consists of
a gain medium that is placed inside an optical cavity to provide the necessary
feedback. Various kinds of lasers differ only in their choice of a suitable
gain medium and the pumping mechanism. In semiconductor lasers a semi-
conductor material is electrically pumped using a forward-biased p-n diode
structure, and charge carriers injected into a thin active layer provide the
optical gain. No external cavity is required since cleaved facets of the
semiconductor gain medium itself can provide sufficient optical feedback.
The injected current density J governs the strength of external pumping. The
laser threshold is reached when J reaches a critical value J,, at which the
gain is sufficient to overcome the cavity losses. Any further increase in J
leads to light emission by stimulated emission. The general objective is to
study the static, dynamic, and spectral characteristics of the emitted light as
a function of the pump parameter J.

In spite of the generic similarity among lasers, a semiconductor laser differs
significantly in the details of its operation®~® from other kinds such as a
gas laser, where the gain medium is modeled as a collection of independent
two-level atoms or molecules.? In both cases the electrons participate in
the same three types of basic interactions, namely spontaneous emission,
absorption, and stimulated emission. However, because of the delocalized
nature of electronic states in the energy bands of a semiconductor laser, the
electrons interact with each other through various intraband collision
processes and should be treated collectively. Further, the charge carriers,
both electrons and holes, can diffuse spatially. The inclusion of carrier
diffusion leads to a spatially inhomogeneous gain profile that affects
the spatial variation of the optical mode through stimulated emission.
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The nature of optical modes supported by the semiconductor laser is also
different from those encountered in other kinds of lasers. In most lasers
the modes are of the transverse-electromagnetic (TEM) type, which are
supported by the external cavity and are well approximated by the free-space
Hermite-Gaussian modes.” In a semiconductor laser the optical modes are
transverse-electric (TE) or transverse-magnetic (TM),® both resulting from
dielectric waveguiding in a heterostructure device. Further, the cold-cavity
modes are often influenced by external pumping that changes both the gain
and the index of refraction. The significant variation in refractive index with
external pumping (the injected current density J) is unique to semiconductor
lasers and affects their operating characteristics in important ways. Among
other things, it makes the cavity longitudinal modes shift their frequencies
with the pumping.

This chapter is organized as follows. In Sec. 2.2 we introduce Maxwell’s
equations and the optical parameters required to characterize the laser
medium, such as the dielectric constant, the refractive index, and the absorp-
tion coefficient. Section 2.3 considers the plane-wave solutions of the wave
equation and obtains the threshold condition for a semiconductor laser. This
introduces the concept of longitudinal modes associated with a Fabry-Perot
cavity. The dependence of the gain on the pumping parameter, the current
density, is considered in Sec. 2.4. Current injection in a forward-biased p-n
junction provides a high density of charge carriers (electrons and holes)
confined to the active region by the heterostructure. These charge carriers
recombine to produce gain. Various recombination mechanisms are discussed
briefly in Sec. 2.4. Section 2.5 is devoted to the transverse and lateral modes
supported by the dielectric waveguide. Finally, Sec. 2.6 considers the emission
properties of semiconductor lasers and introduces important concepts such
as the threshold current, the differential quantum efficiency, near and far
fields, the power spectrum, the line width, and the frequency chirp.

2.2 MAXWELL'S EQUATIONS

Since the mathematical description of all optical phenomena is based on
Maxwell’s equations, it is appropriate to start our discussion of semi-
conductor lasers by considering these equations in some detail. In the MKS
system of units, the field equations take the following form:°

Vx&=—0RB/ot 2.1)
VxH=F+0D/0t (22.2)
VD =p, (2.2.3)

V-%=0 22.4)
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where & and 5 are the electric and magnetic field vectors, respectively, and
9 and A are the corresponding electric and magnetic flux densities. The
current density vector # and the charge density p, represent the sources for
the electromagnetic field.

The flux densities 2 and 4 arise in response to the electric and magnetic
fields & and o propagating inside the medium. In general their relationship
depends on details of the matter-radiation interaction. For a nonmagnetic
dielectric medium the relationship can be expressed in terms of the constitutive
relations given by

D=8 + P (2.2.5)
B = poH (2.2.6)
J =0& 2.2.7)

where €, is the vacuum permittivity, y, is the vacuum permeability, and o
is the conductivity of the medium. The induced electric polarization £ is
calculated quantum mechanically; for a semiconductor material its evaluation
requires the knowledge of the Bloch wave functions and the density of states
for the conduction and valence bands.

Maxwell’s equations can be used to obtain the wave equation that
describes the propagation of an optical field inside the medium. We take the
curl of Eq. (2.2.1) to obtain

VxVxé"=~u0%(Vx,7f) (2.2.8)

where Eq. (2.2.6) has been used. With the help of Egs. (2.2.2), (2.2.5), and
(2.2.7), we can eliminate A, #, and 2 in favor of & and £ to obtain

o0& o0& ’’P
VxVx&= -u005—poeo—a—tz——uoa—t2. 229

The left-hand side of Eq. (2.2.9) can be simplified by using the vector identity
VxVx&=V(V:&) — V6. (2.2.10)

In the absence of free charges, p, =0, and from Eqs. (2.2.3) and (2.2.5)
we obtain

V@D =¢V:E+V-P =0. (2.2.11)
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The term V-2 is negligible in most cases of practical interest and, conse-
quently, to a good degree of approximation, V-& =0 in Eq. (2.2.10).
Equation (2.2.9) then becomes

2 2
P
vig_ 0 9% 106 _ 10 22.12)

€c? 0t ¢ 0P €yc? ot?
where we have used the familiar relation

1

. (2.2.13)

Ho€o =
c

and c is the speed of light in vacuum. The wave equation (2.2.12) is valid
for arbitrary time-varying fields. Of particular interest are the optical fields
with harmonic time variations since any field can be decomposed into its
sinusoidal Fourier components. Using the complex notation, we write

&(x, y, z,t) = Re[E(x, y, z) exp(—iwt)] (2.2.14)
P(x, y,z,t) = Re[P(x, y, z) exp(—iwt)] (2.2.15)

where w = 2nv and is the angular frequency and v = ¢/4 and is the oscillation
frequency of the optical field at the vacuum wavelength A. The notation Re
stands for the real part of the bracketed expression. Note that E and P are
generally complex since they contain the phase information. Using Eqgs.
(2.2.14) and (2.2.15) in Eq. (2.2.12), we obtain

V2E + K2[1 + io/(eq0)]E = — (K2/e,)P (2.2.16)

where k, = w/c = 2n/A is the vacuum wave number.
Under steady-state conditions the response of the medium to the electric
field is governed by the susceptibility y defined by

P = ¢x(w)E 22.17)

where the frequency dependence of y has been explicitly shown to emphasize
the dispersive nature of the medium response. In general, y is a second-rank
tensor. For an isotropic medium, y is a scalar. It is useful to decompose x
into two parts

X=1Xot Xp (2.2.18)
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where y, is the medium susceptibility in the absence of external pumping
and y, is the additional contribution to the susceptibility related to the
strength of pumping. In the case of semiconductor lasers, current injection
is the source of pumping and g, depends on the concentration of charge
carriers (electrons and holes) in the active layer. For the moment we leave
X, unspecified except for noting that both x, and y, are generally complex
and frequency-dependent.

If we use Eq. (2.2.17) to eliminate the electric polarization P in Eq. (2.2.16),
we obtain the time-independent wave equation

V2E + €kiE =0 (2.2.19)
where we have introduced the complex dielectric constant

€e=¢€ +i€"

= €, + i Im(xo) + x, + i0/(€ow) (2.2.20)

and €, = 1 + Re(y,) is the background dielectric constant of the unpumped
material and is real, as defined. The notations Re and Im stand for the real
and imaginary parts, respectively.

The wave equation (2.2.19) can be used to obtain the spatial mode structure
of the optical field. However, considerable insight can be gained by considering
plane-wave solutions of Eq. (2.2.19) even though these are not the spatial
modes of the semiconductor laser. In place of using the complex dielectric
constant given by Eq. (2.2.20), the propagation characteristics of a plane
wave in a medium are conveniently described in terms of two optical
constants, the index of refraction u and the absorption coefficient o. Consider
a plane wave propagating in the positive z direction such that

E = RE, exp(ifiz) (2.2.21)

where X is the polarization unit vector and E, is the constant amplitude.
The complex propagation constant f is determined by substituting Eq.
(2.2.21) in Eq. (2.2.19) and is given by

B = ko€ = kofi (22.22)
where ji is the complex index of refraction. It can be written as

i = p+ i(/2ko) (2.2.23)
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where u is the refractive index of the medium, « is the power-absorption
coefficient, and usually a « uk, Using € = ji*> and equating the real and
imaginary parts, we find

n=(€)"? = [, + Re(y,)]"/? (2.2.24)
o= _k(;l_e” = %[Im(xo + 1) + 0/(0w)] (22.25)

where Eq. (2.2.20) has been used. Equations (2.2.24) and (2.2.25) show
explicitly how the refractive index and the net absorption coefficient are
affected by external pumping of the semiconductor material.

2.3 THRESHOLD CONDITION AND LONGITUDINAL MODES

The plane-wave solution, Eq. (2.2.21), of the wave equation obtained in the
previous section can be used to obtain an estimate of the laser frequency
and the optical gain required for the onset of oscillations. It should be kept
in mind that the lasing modes are never plane waves; Sec. 2.5 considers the
spatial variations of the lasing modes. Nonetheless, the threshold condition
derived here is reasonably accurate and is helpful in understanding the
essential physics of the lasing process.

Consider a semiconductor laser of length L shown schematically in
Fig. 2.1. The thin central region provides the optical gain. The cleaved facets
form a Fabry-Perot (FP) cavity and provide the feedback for the onset of
laser oscillations. If the z axis is taken along the cavity length, the optical
field in the plane-wave approximation is given by Eq. (2.2.21), i.e.,

E = RE, exp(ifz) (2.3.1)

where from Eqgs. (2.2.22) and (2.2.23) the complex propagation constant takes
the form

B = pkq + ia/2. 23.2)

Equation (2.2.24) for the refractive index shows that u changes with
external pumping of the semiconductor laser, as also observed experi-
mentally.!®-*¢ The physical reason for this change is related to the high
density of charge carriers inside the active region. Several mechanisms
contribute to Re(y,). The most dominant contribution is due to the band-gap
shrinkage occurring in the presence of charge carriers. Generally, however,



BASIC CONCEPTS 31

CURRENT
INJECTION

\\\\\\“T\\\\\\\\

ACTIVE REGION

\———— L———/—*
CLEAVED FACET

rg

R -, < R2
y N
Jo—o -—

% GAIN MEDIUM R
4 —
1 N
/\ N
g MIRRORS/\
Z2=0 Z=L

FABRY-PEROT CAVITY.

Fig. 2.1 Schematic illustration of a semiconductor laser and its associated Fabry-Perot (FP)
cavity. The cleaved facets act as partially reflecting mirrors.

[Re(x,)| < €, and Eq. (2.2.24) can be approximated by
n= oy + Ay, (2.3.3a)

where p, = \/e: is the background refractive index of the unpumped material
and Ay, the amount by which it changes in the presence of charge carriers,
is given by

Ap, = Re(y,)/ 2. (2.3.3b)

Usually Re(x,) is negative, making Au, also negative. Even though the
reduction in the refractive index is often less than 1%, it significantly affects
the static, dynamic, and spectral characteristics of a semiconductor laser.
This is in contrast to other kinds of lasers, such as a gas laser, where
Ap, =0.
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Next consider the absorption coefficient given by Eq. (2.2.25). It has three
contributions arising from different sources. The term Im(y,) accounts for
the material absorption, while Im(y,) is responsible for its reduction with
the external pumping. It is often convenient to describe their combined effect
as the net gain g, defined as

k
g= —u_° Im(xo + %,)- (2.3.4)
b

The last term in Eq. (2.2.25) accounts for other internal losses that generally
occur in a semiconductor laser. Several mechanisms such as free-carrier
absorption and scattering at the heterostructure interfaces may contribute
to the internal loss.> Since the individual contribution of these and other
internal losses is often difficult to estimate, they are collectively accounted
for through «;,, = koo/(eqwu). The net absorption coefficient then becomes

a=—Tg+ o (23.95)

The constant factor I is introduced here phenomenologically and its use will
be justified in Sec. 2.5. Physically, it accounts for the reduction in gain that
occurs because of the spreading of the optical mode beyond the active region.
It is known as the confinement factor or the filling factor and represents the
fraction of the mode energy contained in the active region.

To obtain the threshold condition, we require that the optical field Eq.
(2.3.1) should reproduce itself after each round trip under steady-state or
continuous-wave (CW) operating conditions. If R, and R, are the facet
reflectivities at two ends, the net change in the amplitude after one round
trip is set to unity at the laser threshold. This leads to the condition

(RyR,)Y? exp(2ifL) = 1. (2.3.6)

Equating the real and imaginary parts of Eq. (2.3.6) and substituting § from
Eq. (2.3.2), we obtain

(RiRy)Y? exp(—alL) =1 23.7)
sin(ukoL) = 0. 2.3.8)

The first condition (2.3.7) gives the threshold gain. Using Eq. (2.3.5), it can
be written in the form

I'g = a, + 239
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where

a,,,=i1n< L ) (2.3.10)

is the mirror loss and accounts for the radiation escaping from the FP cavity
because of finite facet reflectivities. Equation (2.3.9) expresses the fact that
the gain due to external pumping must balance the total losses. We remark
that this is only approximately true since the effect of spontaneous emission
has been ignored in this simple analysis. The contribution of spontaneous
emission, invariably present in any laser, is to slightly lower the gain required
to reach threshold from that given by Eq. (2.3.9). The effects of spontaneous
emission are discussed in Chapter 6.

The condition (2.3.8) can be used to obtain the lasing frequency. However,
because of the periodic nature of trigonometric functions, Eq. (2.3.8) has
multiple solutions

2ukoL = 2mn (2.3.11)

where m is an integer. Using k, = 27nv/c, the lasing frequency v is given
by

v=yv, =mc/(2uL) 2.3.12)

where v,,, often referred to as the cavity-resonance frequency, is the frequency
of the mth longitudinal mode of .an FP cavity of the optical length uL.
Equation (2.3.12) shows that the laser tends to oscillate at a frequency that
coincides with that of a longitudinal mode supported by the FP cavity.
Which one and how many of them reach threshold depends on details of
the gain spectrum such as the gain bandwidth and the gain-broadening
mechanism? (whether homogeneous or inhomogeneous). In the case of
homogeneous broadening only one longitudinal mode, whose frequency
nearly coincides with the gain-peak frequency, reaches threshold, and the
laser maintains the single-longitudinal-mode operation even in the above-
threshold regime (see Fig. 2.2).

The longitudinal-mode spacing can be obtained from Eq. (2.3.12). However,
it is important to remember that in a semiconductor laser the refractive index
u varies with the frequency v. Using the relation

A(pv) = u(Av) + v(Apw) (2.3.13)
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Fig. 2.2 Schematic illustration of the gain profile and longitudinal modes of a semiconductor
laser. For the lasing mode in the vicinity of the gain peak, the threshold is reached when gain
equals loss.

where A denotes a small change, the intermode spacing is given by

Av = ¢/(2u,L) (2.3.14)
where

1, = 1+ (Op/dv) (2.3.15)

is the group index of the dispersive semiconductor material. A feature unique
to semiconductor lasers is that the longitudinal-mode frequencies and their
separation vary with the external pumping because of the refractive-index
variations as indicated by Eq. (2.3.3.a).

For the purpose of a rough estimate, consider an InGaAsP semiconductor
laser in which cavity length L = 250 um. For this material in the wavelength
range of 1.3-1.6 pm, ¢ = 3.5 and p, = 4. The longitudinal mode spacing from
Eq. (2.3.14) is estimated to be Av = 150 GHz or A4 = 2*Av/c = 1 nm. If we
use the cleaved-facet reflectivity (R, = R, =~ 0.32) the facet loss «,, from
Eq. (2.3.10) is ~45cm™!. Using typical values for I' and «;, of 0.5 and
~30cm~! respectively in Eq. (2.3.9), a material gain g of 150 cm™! is
required to achieve threshold.

From the viewpoint of device operation, the quantity of practical interest
is not the threshold gain itself but the threshold current density J;;, required
to achieve the gain. To obtain a relation between the gain g and the injected
current density J, it becomes essential to consider the response of the semi-
conductor material to the optical field. This is considered in the next section.
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2.4 GAIN AND STIMULATED EMISSION

In the semiclassical laser theory!— the medium response is governed by the
polarization £ induced by the optical field & and leads to the susceptibility
1, as defined in Eq. (2.2.17). In terms of the density-matrix operator p, the
induced polarization is given by

P =Tr(pp) = Y, (PesPrc + PucPey) (24.1)

where p is the dipole-moment operator and the sum is over all the energy
states per unit volume in the conduction and valence bands. The dynamic
evolution of the density-matrix operator is governed by?

dp
dt

- Ho —p°E, ] — 70 + 1] + A (242)
where H, is the unperturbed Hamiltonian of the semiconductor, y is the
decay operator, and A takes into account the carrier generation in the active
region because of external pumping. The decay operator y in general should
include all decay mechanisms'’~'? through which electrons in a given energy
state can decay out of that state. These can be divided into two categories
corresponding to the intraband and interband decay mechanisms. Intraband
processes in a semiconductor laser constitute electron-electron scattering
and electron-phonon scattering'®-?! and occur at a fast time scale of
~0.1 ps. By contrast, interband processes occur at a time scale of a few
nanoseconds; they consist of radiative recombination leading to spontaneous
and stimulated emissions as well as nonradiative recombination.*-¢ In
long-wavelength semiconductor lasers an important source of nonradiative
recombination is due to the Auger process,>>~** as discussed in detail in
Chapter 3.

A first-principle approach based on Egs. (2.4.1) and (2.4.2) has proved
useful for gas and solid-state lasers."*? Such an approach has also been used
for semiconductor lasers by considering both the many-body effects and the
intraband scattering processes.?>:2¢ However, its usefulness for semiconductor
lasers is limited because a realistic analysis is extremely complex. The reasons
are severalfold. The inclusion of all the decay processes governed by y in
Eq. (2.4.2) is usually difficult since intraband scattering processes are not
well understood. Further, the description of the unperturbed system through
H, in Eq. (2.4.2) requires knowledge of the band structure and density of
states in the conduction and the valence bands. A further complication arises
in a semiconductor laser because the active region is often heavily doped
and the band-tail effects become important.*-°
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An alternative approach?’—3? has been used to calculate the optical gain.
It is based on a generalization of Einstein’s 4 and B coefficients,>! which
relate the rate of spontaneous and stimulated emissions to the net gain or
absorption coefficient.*—® This method is discussed in detail in Chapter 3.
A shortcoming of this approach is that it provides only the small-signal gain,
and the gain-saturation effects cannot be treated. It is, however, useful for
studying the dependence of the gain on various parameters such as the
doping levels and the carrier density.

In view of the above-mentioned difficulties, a phenomenological approach
is generally used for describing a semiconductor laser and has proven to be
extremely successful. It is based on the observation that the numerically
calculated gain!'®39 at the lasing frequency (corresponding to the value at
which the gain spectrum peaks for a given current density J) varies almost
linearly with the injected carrier density n for all values of J. The gain g can
therefore be approximated by

g(n) = a(n — n,) (24.3)

where a is the gain coefficient and n,, is the carrier density required to achieve
transparency (corresponding to the onset of population inversion). Both of
the parameters can be estimated from the numerical calculations or deter-
mined experimentally.'#32:33 Note that the product an, is just the absorption
coefficient of the unpumped material. To complete the phenomenological
description, the refractive index is also assumed to vary linearly with the
carrier density; i.., Ay, in Eq. (2.3.3) is given by

Ap, = bn 24.4)
where b = dp/0n and is often determined experimentally.!®~'¢ The parameters
a, b, and n, are the three parameters of the phenomenological model. The
assumption that both g and Ay, vary linearly with n appears to be quite
drastic at first sight. However, the carrier density n changes little above
threshold, and the linear variation is a reasonable approximation for small
changes in n.

On comparing Eqs. (2.4.3) and (2.4.4) with Egs. (2.3.3) and (2.3.4), we can
see that the present model assumes a linear variation of the complex
susceptibility y, with the carrier density n, ie.,

Xp = Mp(2b — ia/ko)n. (24.5)

A parameter that is found to be quite useful is the ratio of the real to the
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imaginary parts of y, and is given by

=RWQ=-%£=—%%W@9 (2.4.6)
Im(x,) a dg/on

c

Since f, oc b, it is often used in place of b in the phenomenological description
of a semiconductor laser. Note, however, that since b is negative, 8, is a
positive dimensionless number. Depending on the context, different names
and symbols have been attributed to f.. It is commonly referred to as the
antiguiding parameter3*—3% or the line-width enhancement factor.?”—3°

The phenomenological description is complete once the carrier density n
is related to the pump parameter, the current density J. This is accomplished
through a rate equation that incorporates all the mechanisms by which the
carriers are generated or lost inside the active region. In general, the
continuity equations for both electrons and holes should be considered. The
two are interrelated because of charge neutrality, and it suffices to consider
one rate equation for electrons. In its general form, the carrier-density rate
equation is

o pvany + . R, (24.7)
ot qd

The first term accounts for carrier diffusion, and D is the diffusion coefficient.
The second term governs the rate at which the carriers, electrons or holes,
are injected into the active layer because of the external pumping. The
electron and hole populations are assumed to be the same to maintain charge
neutrality. In the second term, q is the magnitude of the electron charge and
d is the active-layer thickness. Finally, the last term R(n) takes into account
the carrier loss owing to various recombination processes, both radiative and
nonradiative. A rigorous derivation of Eq. (2.4.7) has to be based on the
density-matrix approach. Yamada has carried out this procedure using Eq.
(2.4.2) with some simplifying assumptions and has shown that carrier diffusion
is a consequence of intraband scattering.!”-!® Carrier diffusion in general
plays an important role in semiconductor lasers and complicates significantly
their analysis. Depending on the device geometry, diffusion effects sometimes
are of minor nature. This is the case, for example, for strongly index guided
semiconductor lasers where the active-region dimensions (in the plane perpen-
dicular to the cavity axis) are often small compared to the diffusion length.
Since the carrier density in that case does not vary significantly over the
active-region dimensions, it can be assumed to be approximately constant
and the diffusion term in Eq. (2.4.7) can be neglected. In the steady state,
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dn/dt = 0 and we obtain

J = qdR(n). (2.4.8)

The situation is entirely different for gain-guided semiconductor lasers
where the lateral variation (parallel to the heterojunction) of the carrier
density arising from carrier diffusion makes the gain in Eq. (2.4.3) spatially
inhomogeneous and helps to confine the optical mode.** The inclusion of
the diffusion term is then a necessity.>> This case is considered in Sec. 2.5.

The threshold condition (2.3.9) together with Egs. (2.4.3) and (2.4.8) can
be used to model the light-current characteristics of semiconductor lasers.
To complete the description, we need a suitable form of the carrier-
recombination rate R(n) appearing in Eq. (2.4.8). The charge carriers
recombine through several radiative and nonradiative mechanisms described
in detail in Chapter 3. Radiative recombination may lead to either spon-
taneous or stimulated emission. A suitable form for R(n) is*®#!

R(n) = A,.n + Bn* + Cn® + RyN,, (24.9)

where it is assumed that the doping level of the active layer is well below
the injected carrier density. The quadratic term Bn? is due to spontaneous
radiative recombination wherein an electron in the conduction band recom-
bines with a hole in the valence band and a photon is spontancously emitted.
The cubic term Cn® is due to Auger recombination, and its inclusion is
particularly important for long-wavelength semiconductor lasers (A > 1 pm).
The nonradiative Auger process is described more fully in Chapter 3. The
last term Ry N, is due to stimulated recombination that leads to coherent
emission of light. It is directly proportional to the intracavity photon density
N, and to the net rate of stimulated emission*~°

Ry = (c/uy)g(n) (2.4.10)

where g(n) is the optical gain given by Eq. (2.4.3).

The present phenomenological model assumes that the coefficients 4,,, B
and C in Eq. (2.4.9) are constants independent of the external pumping.
However, the bimolecular radiative coefficient B is known*>*3 to depend
on the carrier density and is often approximated by*?

B = B, — Byn. (2.4.11)

This effect can be incorporated in Eq. (2.4.9) by using effective values of B
and C. Similarly the effect of active-layer doping can be included by suitably
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modifying the coefficients A4,,, B, and C.*! The numerical values of these
coefficients and the method of calculation are described in Chapter 3.

2.5 WAVEGUIDE MODES

The discussion in the previous sections is based on the plane-wave solutions
of the wave equation (2.2.19). However, the light emitted by a laser has
finite transverse dimensions, since it should be confined in the vicinity of the
thin active region, which provides gain for stimulated emission. In semi-
conductor lasers the output is in the form of a narrow beam with an elliptic
cross section. Depending on the laser structure, the field distribution across
the beam can take certain well-defined forms, often referred to as the laser
modes. Mathematically, a laser mode is the specific solution of the wave
equation (2.2.19) that satisfies all the boundary conditions imposed by the
laser structure. In the general multimode case the optical field is denoted by
E,.., where the subscript m denotes the longitudinal or axial modes
encountered in Sec. 2.3. The subscripts p and g take integer values; they
stand for the transverse and lateral modes specifying the field distribution in
the direction perpendicular and parallel to the junction plane, respectively.
An understanding of the number of allowed modes and the resulting field
distributions is essential for their control, since it is often desirable to design
semiconductor lasers that emit light predominantly in a single mode. Further,
important laser characteristics such as the near- and far-field widths depend
on details of laser modes. For semiconductor lasers the far-field distribution
plays an important role as it controls the amount of power coupled into a
fiber.

In heterostructure semiconductor lasers the field confinement in the trans-
verse direction, perpendicular to the junction plane, occurs through dielectric
waveguiding.*~ This mechanism is often referred to as index guiding since
the refractive-index discontinuity between the active and cladding layers is
responsible for the mode confinement through the total internal reflection
occurring at the interface.? However, field confinement in the lateral direction,
which is parallel to the junction plane, is not always due to index guiding.
Semiconductor lasers can be classified as gain-guided or index-guided depend-
ing on whether it is the lateral variation of the optical gain or the refractive
index that confines the mode. Index-guided lasers can further be subclassified
as weakly or strongly index guided depending on the magnitude of the lateral
index step. Figure 2.3 shows schematically the three kinds of devices. These
and other related structures are discussed in Chapter S. Historically, gain-
guided devices based on the stripe geometry were developed first in view of
their ease of fabrication.**~*> However, such devices have a number of
undesirable characteristics that become worse as the laser wavelength
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increases. Index guiding is therefore almost invariably used in most practical
semiconductor lasers.

2.5.1 Effective Index Approximation

The mathematical description of the laser modes is based on the time-
independent wave equation [see Eq. (2.2.19)]

V2E + €(x, y)k2E = 0 (2.5.1)

where the x axis is parallel and the y axis is perpendicular to the
heterojunction in Fig. 2.3. The dielectric constant € may vary with x and y
but is assumed to be independent of z, the direction of field propagation.
For some semiconductor lasers (e.g., distributed feedback lasers), € varies
with z. As discussed in Chapter 7, such variations are small enough that they
can be ignored in the discussion of waveguide modes. The spatially varying
dielectric constant is generally of the form,

€(x, y) = €;(x) (25.2)

where the subscript j numbers various layers in a heterostructure laser. To
account for the absorption, the dielectric constant €; is complex in each layer.
Further, as shown by Eq. (2.2.20), within the active layer it also varies with
external pumping.

To obtain an exact solution of Eq. (2.5.1) is a difficult task. It is essential
to make certain simplifying assumptions whose nature and validity vary from
device to device. For a strongly index guided laser such as the buried hetero-
structure laser shown schematically in Fig. 2.3, the effect of gain or loss on
the passive-cavity modes can often be ignored. The resulting rectangular
waveguide problem can then be solved*®*’ to obtain the transverse and
lateral modes supported by the device. This approach is, however, not
suitable for gain-guided lasers where the lateral modes arise precisely because
of the active-region gain.

An alternative approach is based on the effective index approximation.
Instead of solving the two-dimensional wave equation, the problem is split
into two one-dimensional parts whose solutions are relatively easy to obtain.
Such an approach is partially successful for both gain-guided and index-
guided lasers.>!=33 At the same time, it is helpful for a physical understanding
of the guiding mechanism. The physical motivation behind the effective index
approximation is that often the dielectric constant e(x, y) varies slowly in
the lateral x direction compared to its variation in the transverse y direction.
To a good approximation, the slab-waveguide problem in the y direction

48-50
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can be solved for each x and the resulting solution can then be used to
account for the lateral variation. The electric field in Eq. (2.5.1) is thus
approximated by

E = &4(y; x)¥(x) exp(ifz) 25.3)

where f is the propagation constant of the mode and & is the unit vector in
the direction along which the mode is polarized. On substituting Eq. (2.5.3)
in Eq. (2.5.1) we obtain

1%  10°
v % 55 ek - F1=0. (25.4)

In the effective index approximation, the transverse field distribution ¢(y; x)
is obtained first by solving

2

0
5)17 + [e(x, y)k§ — B2 (x)]1¢ =0 (2.5.5)

where f.(x) is the effective propagation constant for a fixed value of x. The
lateral field distribution i(x) is then obtained by solving

27‘5 + [B2(x) — 10 = 0. (2.56)

For a given laser structure Egs. (2.5.5) and (2.5.6) can be used to obtain the
transverse and lateral modes, respectively. Since e(x, y) is generally complex,
Be.sc(x) is also complex. The effective index of refraction is defined as

Hege () = PBege(x)/ko 2.5.7)

and is itself complex.

Equation (2.5.5) is a one-dimensional eigenvalue equation and can be
solved using the methods developed for dielectric slab waveguides.>*37
Although it is in general possible to include the gain or loss occurring in each
layer, the resulting analysis is cumbersome. A simpler approach is to treat
the effect of gain or loss as a small perturbation to the eigenvalue problem.
This is justified for heterostructure semiconductor lasers since the mode
confinement in the y direction occurs mainly because of the index step at the
heterostructure interfaces. The dielectric constant e(x, y) is of the form

€(x, y) = p3(y) + Ae(x, y) (2.5.8)
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where pu, is the background (real) refractive index, constant for each layer.
The small perturbation |Ae| « u includes the loss and the contribution of

external pumping. If we use the first-order perturbation theory,’® the
eigenvalue given by pu. becomes

Hegr (X) = pre(x) + Ap(x) (2.5.9)

where u,(x) is obtained by solving the unperturbed eigenvalue equation

¢ o, 2
-t kalus(y) — ue(x)Jp =0 (25.10)
dy

and the perturbation Ay, is obtained using

J Ae(x, y)p*(y; z) dy

2u, Ap, = (2.5.11)

f T e dy

Since Ae(x, y) is constant within each layer, Eq. (2.5.11) can be simplified
to become

1

Bu () = 5 Y T(x) Ae;(x) (2.5.12)

e J

where the sum is over the number of layers, A¢; is the dielectric perturbation
of jth layer, and

f $*(y; x) dy
e =4 —
J $*(y; x) dy

- ®©

(2.5.13)

is the fraction of the mode intensity contained in that layer. For the active
layer, T is referred to as the confinement or filling factor since it indicates
the extent to which the mode is confined to the active region. Both I'; and
the effective index u, vary with x if the active layer is not laterally uniform
in thickness. This is the case, for example, for a channeled-substrate
device®%33 discussed in Chapter 5.
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2.5.2 Transverse Modes

The transverse modes are obtained by solving Eq. (2.5.10) and depend on
the thicknesses and refractive indices of the various layers used to fabricate
a semiconductor laser. The number of layers to be considered depends on
the specific laser structure, and it is often necessary to consider four or five
layers for a reasonably accurate description of the transverse modes.*> How-
ever, the basic concepts involved in dielectric waveguiding may be understood
using a symmetric three-layer slab waveguide shown schematically in Fig.
2.4. The active layer of thickness d is surrounded on both sides by cladding
layers. If the cladding layers are sufficiently thick such that the mode is
largely confined within the three layers, the remaining layers can be ignored.

The slab-waveguide problem has been extensively studied.’*—°¢ Starting
from Maxwell’s equations (2.1)-(2.4), a slab waveguide is found to support
two sets of modes, the TE and TM modes, which are distinguished on the
basis of their polarization. For TE modes the electric field E is polarized
along the heterojunction plane, i.e., the polarization vector in Eq. (2.5.3)
is along the x axis. For TM modes, it is the magnetic field H that is
polarized along the x axis. In both cases the same equation (2.5.10) can be
used to obtain the field distributions. The boundary condition that the
tangential components of the electric and magnetic fields be continuous at
the dielectric interface requires that for TE modes ¢ and d¢/dy should match
at |y| = d/2 (see Fig. 2.4). The other boundary condition for the guided modes
is that the field ¢(y) should vanish as y tends to infinity. It should be pointed
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Fig. 2.4 Three-layer slab-waveguide model of a semiconductor laser with refractive indices such
that u, > p,. The intensity distribution of the fundamental waveguide mode is also shown.
The hatched region represents the fraction of the mode within the active region.
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out that a slab waveguide also supports unguided modes, the so-called
radiation modes, for which the latter boundary condition does not apply.®
For a semiconductor laser, these radiation modes are not of significant
interest and would not be considered. However, their inclusion is crucial
if an arbitrary optical field is expanded in terms of a complete set of
waveguide modes.

The mode analysis is considerably simplified® if the even and odd solutions
of the eigenvalue equation (2.5.10) are considered separately. Let us first
consider the even TE modes. A general solution of Eq. (2.5.10) is of the form

A, cos(k for |y| < dj2
¢(») ={ () i< d/ (2.5.14)
B.exp[—v(lyl —d/2)]  for |y| > d/2
where
K= ko(u3 — u2)''? (2.5.15)
y = ko(ui — u)'? (2.5.16)

and pu, and yu, are the material refractive indices for the active and cladding
layers, respectively, with u, > u,. The continuity of ¢ and d¢/dy at |y| = d/2
requires that

B, = A, cos(xd/2) (2.5.17)

yB, = kA, sin(kd/2). (2.5.18)
If we divide Eq. (2.5.18) by Eq. (2.5.17), we obtain the eigenvalue equation
y = Kk tan(xd/2) (2.5.19)

whose solutions yield the effective mode index u,. In general, multiple
solutions are possible corresponding to different even TE modes.

A similar analysis can be carried out for the odd TE modes with the only
difference that the cos(ky) in Eq. (2.5.14) is replaced by sin(xy). The
application of the boundary conditions now yields the eigenvalue equation

7 = —K cot(kd/2) (2.5.20)

whose solutions yield u, for the odd TE modes. For all guided modes, the
inequality p, > p, > p, is satisfied.

The TM modes are obtained using the same procedure. The only difference
lies in the application of the boundary conditions. The continuity of the
tangential component of the electric field, E,, requires that u; *(d¢/dy) be
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continuous across the heterostructure interfaces at |y| = d/2. Here y; is either
U, or u, depending on the side from which the interface is approached. The
origin of this difference between the TE and TM modes can be traced back
to Maxwell’s equations (2.2.1) and (2.2.2). Similar to TE-mode analysis,
the even and odd TM modes are considered separately. The resulting
eigenvalue equations are

uiy = pix tan(xkd/2) (2.5.21)
w2y = — 2k cot(xd/2) (2.5.22)

for the even and odd TM modes respectively. In heterostructure semi-
conductor lasers, the TE modes are generally favored over the TM modes
since the facet reflectivity is higher for TE modes, as discussed in Sec. 2.6.
In the following discussion we therefore consider only TE modes.

The TE-mode eigenvalues are obtained using Egs. (2.5.19) and (2.5.20)
together with the relation

K2+ y? = k§(u3 — 1) (2.5.23)

obtained by squaring and adding Egs. (2.5.15) and (2.5.16). Equation (2.5.23)
describes a circle in the k—y plane, and its intersection with the curves
obtained using Egs. (2.5.19) and (2.5.20) yields «, and y, values for the pth
TE mode. Multiple solutions occur because of the periodic nature of
trigonometric functions. The number of allowed waveguide modes can be
determined by noting that a solution is no longer bounded if y < 0 since it
leads to an exponential growth of the field distribution ¢ in the cladding
layers [see Eq. (2.5.14)]. The cut-off condition is thus determined by y = 0
and occurs when

kd = pn (2.5.24)
where p is an integer whose even and odd values correspond to even and
odd TE modes governed respectively by Egs. (2.5.19) and (2.5.20). If we
substitute x from Eq. (2.5.23) after using y = 0, we obtain the simple relation

D=pn (2.5.25)
where

D = ko(p3 — u})''*d (2.5.26)
is the normalized waveguide thickness. This parameter plays a central role

in determining the mode characteristics of a three-layer slab waveguide. In
particular, if D <=, the waveguide can support only the lowest-order
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(p = 0), fundamental TE mode. A heterostructure semiconductor laser can
therefore be made to emit light in a single transverse mode if the active layer
thickness d is chosen to satisfy the condition D < = or from Eq. (2.5.26) after
using ko = 2n/A,

d< %(u% —pu3)z, (2.5.27)

Since typically d < 0.2 um, the single-transverse-mode condition is almost
always satisfied in practical devices. For an InGaAsP laser with InP cladding
layers, it has been noted>® that to a good approximation

A2 — u2)~1? = 095 pm (2.5.28)

for the wavelength range of 1.1-1.65 um. Condition (2.5.27) then simply
becomes d < 0.48 um. Similarly, using Eqgs. (2.5.26) and (2.5.28), one finds
that

D =~ 6.6d (2.5.29)

where d is the active-layer thickness in micrometers. This relation is
independent of 4, u,, and g, in the entire wavelength region of 1.1-1.65 pm
for InGaAsP lasers with InP cladding layers.

As mentioned before, a quantity that plays an important role for hetero-
structure semiconductor lasers is the transverse confinement factor I’y
because it represents the fraction of the mode energy within the active layer
that is available for interaction with the injected charge carriers. Using ¢(y)
from Eq. (2.5.14) in

d/2
J ¢*(y) dy
p=2242_ (2.5.30)

0

d*(y) dy

and carrying out the integrations, we obtain

14 2yd/D?

= . 2.531
T 1+ 2pd ( )

The evaluation of I'; requires the knowledge of x and v, and in general it is
necessary to solve the eigenvalue equation (2.5.19) numerically. For the
fundamental transverse mode, however, a remarkably simple expression

Iy = DY + D?) (2.5.32)
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was found to be accurate to within 1.5%,° and can be used to obtain I'y
for any slab waveguide with the help of Eq. (2.5.26). For an InGaAsP laser
with a 0.15-um thick active layer, D =~ 1 from Eq. (2.5.29) and I'y = 4. In
Fig. 2.5 we have shown the variation of I'; with the active-layer thickness for
a 1.3-um InGaAsP laser. The transverse confinement factor for the funda-
mental TM mode is also shown for comparison. It is found to be lower,
indicating that the TE mode is confined more than the TM mode. Finally, the
effective index g, of the fundamental TE mode can be approximated by>°

ue = p3 + Tp(ps — ). (2.5.33)

Both u, and I'; are required for our discussion of the lateral modes.
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Fig. 2.5 Transverse confinement factor of the fundamental TE and TM modes as a function of
the active-layer thickness for a 1.3-um InGaAsP laser with InP cladding layers.
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2.5.3 Lateral Modes

The lateral modes are obtained by solving Eq. (2.5.6) which after using Egs.
(2.5.7) and (2.5.9) becomes

2

G
P {k3Lue(x) + Ape(x)1* — B}y = 0. (2.5.34)

The lateral-mode behavior in semiconductor lasers is different depending on
whether gain guiding or index guiding is used to confine the lateral modes. In
a gain-guided device, p.(x) is a constant given by Eq. (2.5.33). By contrast,
in an index-guided device, structural lateral variations are used to make y,
larger in a central region of width w. For the latter case the slab-waveguide
problem discussed in Sec. 2.5.2 is solved separately in the two regions, and

in if x| < w/2
ue(x)={"om b = v/ 2539)
ue otherwise

where pi" and pu" are the effective indices corresponding to the two regions.

Their magnitude depends on structural details, and the lateral index step
Apy = pg — p™ (2.5.36)

determines the extent of index guiding. Whether the lateral mode is
index-guided or gain-guided depends on the relative magnitudes of Ay, and
Ap,(x), and in general both should be considered.

Strongly Index Guided Semiconductor Lasers. Index-guided semicon-
ductor lasers can often be classified as strongly index guided or weakly index
guided depending on the structural modifications that give rise to Au;. A
buried heterostructure device (see Fig. 2.3) falls in the category of strongly
index guided devices since the index step Ay, > |Au.(x)|. In that case
the effect of gain can be treated as a small perturbation to the index-guided
lateral mode and one can follow a perturbation procedure similar to that
outlined in Egs. (2.5.9)-(2.5.13). The mode-propagation constant is given
by

B =kofi +id/2 (2.5.37)
where ji and & are the refractive index and the absorption coefficient of

the mode supported by the rectangular waveguide of width w and thickness
d. The lateral modes are obtained by solving the three-layer slab-waveguide
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problem

62
% + K2[u2(x) — 7*1Y = 0. (2.5.38)

The mode-absorption coefficient & is obtained using the first-order perturba-
tion theory®® and is given by

ko1 (I 20,(x) Ao (U () dx)
[¥(0 dx

where Au.(x) is given by Eq. (2.5.12). For the symmetric three-layer
waveguide considered in Sec. 252, I, =T, and I, =T = (1 = I})/2. If
we use Egs. (2.2.20)~(2.2.25) to obtain Ag; for the active and cladding layers,
Ap,(x) becomes

(2.5.39)

1

Bpe = 5 [TruaQ@Bp, = ig/ko) + (1 = Toma/ke]  (2540)

e

where «, is the cladding-layer absorption coefficient, Au, is the carrier-
induced index change given by Eq. (2.3.3), and g is the active-layer gain given
by Eq. (2.3.4). In general, both A, and g vary with x due to carrier diffusion.
For buried heterostructure lasers (see Fig. 2.3), only the central region of
width w is externally pumped. Furthermore, if w is small compared to the
diffusion length, the carrier density is approximately uniform across the
active width. In that case, g and Ay, can be assumed to be independent of
x for |x] < w/2. Outside the active region, g = a,. Substituting Eq. (2.5.40) in
Eq. (2.5.39) and carrying out the integrations, we obtain the simple expression

G~ —T,Tpg + (1 — TP, (2.5.41)

where we used the approximation i =~ u; = u, and

w/2
f W(x) dx
vow2 (2.5.42)

FL = -
J y(x)|? dx
is the lateral confinement factor.

The lateral modes are obtained by solving the waveguide problem governed
by Egs. (2.5.35) and (2.5.38). Note that the injected carriers reduce u* by
a small amount approximately given by I';. Ap,, [see Eq. (2.5.40)]. For strongly
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index guided lasers, this is a minor effect and can be neglected. It is clear
from the form of Eq. (2.5.35) that a three-layer waveguide problem is to be
solved. The properties of the lateral modes for a strongly index guided buried
heterostructure laser can therefore be described using the results of Sec. 2.5.2.
In analogy to Egs. (2.5.25) and (2.5.26), one can define the normalized
waveguide width W as

W = kowl(p")? — (u*)?1"? (2.543)
and the cut-off condition becomes
W=qn (2.5.44)

where ¢q is an integer whose even and odd values correspond to even and
odd lateral modes, respectively. In particular, only the lowest-order (g = 0)
lateral mode is supported by the waveguide if W < n or equivalently, the
active-layer width

w < 4/(8p, Aup)'? (2.5.45)

where Ay, is the lateral index step given by Eq. (2.5.35) and u, is the
average effective index. In analogy to Egs. (2.5.32) and (2.5.33), the lateral
confinement factor I'; and the mode refractive index ji for the fundamental
lateral mode are given by

I~ W2+ W?) (2.5.46)
and

B = (") + T [(ee")? — (u*)*]- (2.547)

The description of waveguiding in strongly index-guided lasers is now
complete. If the active-layer dimensions are chosen to satisfy Eqgs. (2.5.27)
and (2.5.45), only a single transverse and lateral mode is supported by the
passive waveguide. Its complex propagation constant is given by Eq. (2.5.37),
where the mode index j is obtained using Eq. (2.5.47). The mode loss is
governed by & given by Eq. (2.5.41), which can be rewritten as

a=—Tg+ oy, (2.5.48)
where I' = I'; IT'; and is the mode confinement factor and «,,, is the internal

loss due to absorption in the cladding layers. Equation (2.5.48) should
be compared with Eq. (2.3.5), its counterpart obtained in the plane-wave
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approximation. Whereas the confinement factor I' in Eq. (2.3.5) was
introduced phenomenologically, in the waveguide description,

| o o (2.5.49)

where I'; and I'; are the transverse and lateral confinement factors defined
by Egs. (2.5.30) and (2.5.42), respectively. Clearly I" represents the fraction
of the mode energy contained within the active region. For typically used
values w = 2 um, I', = 1 and I'; can be used for I'. The internal loss «;,,
in Eq. (2.548) should be generalized to include all sources of loss. Its
suitable form is

Uine = T + (1 — Dt + oy (2.5.50)

where o, is the active-layer loss (mainly due to free-carrier absorption) and
O,cqc IS the scattering loss at heterostructure interfaces.

Gain-guided Semiconductor Lasers. For gain-guided devices the effective
index y, in Eq. (2.5.34) is constant along the lateral direction x, and the mode
confinement occurs through Ay,(x) given by Eq. (2.5.12). In contrast to
index-guided lasers where the index changes discontinuously [see Eq.
(2.5.35)], Ap.(x) varies continuously. For the three-layer waveguide model,
Ap,(x) is obtained using Eq. (2.5.40). Equation (2.5.34) then becomes

2
00 KRL2 + T2, — lg/K) + i1 = B (255D
where a;,, is given by Eq. (2.5.50) and |Ap,| « p, is assumed. Both g and
Ap, vary with the carrier density n as given by Eqs. (2.4.3) and (2.4.4). The
most distinctive feature of gain-guided lasers is that carrier diffusion plays
an important role and n, obtained by solving Eq. (2.4.7), is laterally
nonuniform. It is precisely the variation in the optical gain g(x) that leads
to the confinement of the lateral modes. For a known carrier-density profile
n(x), the eigenvalue equation (2.5.51) can be solved to obtain the complex
propagation constant f and the mode profile y(x) corresponding to various
lateral modes.

The problem of lateral-mode determination for a gain-guided semi-
conductor laser is, however, exceedingly complex, and in general a numerical
approach is necessary. This is so because stimulated emission couples the
carrier-diffusion equation (2.4.7) and the wave equation (2.5.51), and the two
should be solved self-consistently for each value of the device current. A
further complication is that the injected current density J(x) is itself laterally
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nonuniform because of current spreading in the cladding layer below the
contact stripe (see Fig. 2.3). Several numerical models®®-7? have been
developed for gain-guided lasers and are reasonably successful in predicting
the operating characteristics of a gain-guided semiconductor laser. Most of
these models have been applied to AlGaAs lasers. They can be generalized
for InGaAsP and other long-wavelength semiconductor lasers with some
modifications such as the inclusion of Auger recombination.”’?”3 A combina-
tion of increased Auger recombination and increased index antiguiding
[governed by the parameter f, defined by Eq. (2.4.6)] makes gain-guided
semiconductor lasers relatively unattractive at wavelengths greater than
1 pm.

To obtain some physical insight in the process of gain guiding, it is useful
to consider a specific carrier-density profile. One excellent example is
provided by the parabolic profile

n(x) = n(0) — n,x? (2.5.52)

which is often a good approximation near the stripe center at x = 0. If we
substitute Eq. (2.5.52) in Egs. (2.4.3) and (2.4.4) and then use g and Ay,
in Eq. (2.5.51), we obtain

o, 22 2
5z KO — @19 = py (2.5.53)

where
€(0) = €,, + i€q; (2.5.54)

is the complex dielectric constant at the stripe center and
a=a,+ia; (2.5.55)

governs its quadratic decrease with x. The parameters €,,, €y;, 4,, and g; are
determined by the material constants and phenomenological parameters
introduced in Sec. 2.4.

The eigenvalue equation (2.5.53) can be readily solved to obtain the
eigenfunctions (x) and the eigenvalues B corresponding to various lateral
modes labeled by the subscript q. The lateral modes are the well-known
Hermite-Gaussian functions given by’4

a(x) = Hy[(ko)'"/x] exp(—3koax?) (2.5.56)
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where H,(z) is the gth-order Hermite polynomial for its complex argument z.
The corresponding eigenvalues are

B2 = k2e(0) — (2q + 1)ako. (2.5.57)

The real and imaginary parts of §, can be used to obtain the mode index j
and the absorption coefficient & using Eq. (2.3.39).

The Hermite-Gaussian modes in a homostructure semiconductor laser were
observed** as early as 1967. However, their origin was unclear at that time
and a quadratic variation of the refractive index was used to explain the
experimental results.*> It was only in 1973 that the mechanism of gain
guiding®7-’* was identified as being responsible for the lateral confinement
of the optical mode in stripe-geometry heterostructure semiconductor lasers.
A characteristic feature of gain guiding is that the phase front is curved,**
in contrast to index guiding that leads to a planar phase front [see Eq.
(2.5.14)]. This can be seen in Eq. (2.5.56) by noting that a is complex. For the
lowest-order lateral mode (g = 0), the phase varies quadratically. Its curvature
can be accounted by defining a radius of curvature R, that is given by3*

R, = fi/a; (2.5.58)

where f is the mode index of the fundamental lateral mode. Physically, the
origin of a curved wavefront in gain-guided devices can be traced back to
the carrier-induced index change Ay, given by Eq. (2.4.4). The antiguiding
parameter f, defined by Eq. (2.4.6) therefore plays an important role in
gain-guided devices, and it is easy to verify that a; = 0 if §, = 0.

The number of lateral modes excited in a gain-guided device depends on
the stripe width w, which is a rough equivalent of the active-layer width w
used in the discussion of index-guided devices. Although the quadratic model
used above does not predict a mode cut-off condition such as given by Eq.
(2.5.45), experimentally it is observed that only the fundamental lateral mode
is excited when w < 10 um. For narrow-stripe lasers, the parabolic model
is generally not suitable and a numerical solution of Eq. (2.5.51) is often
necessary.®®~3 Some analytical insight can be gained using an alternative
model that assumes that the complex dielectric constant varies as sech?(x).”*
A detailed discussion of this model can be found in Ref. 6.

Weakly Index Guided Semiconductor Lasers. Gain-guided semiconductor
lasers have an inherent drawback. The lateral-gain profile responsible for
the mode confinement in general changes with external pumping, and the
lateral-mode control is difficult to achieve in the above-threshold regime.
Strongly index guided lasers such as the buried heterostructure do not
suffer from this problem but are relatively difficult to fabricate. During the
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development of GaAs lasers it was realized that some index guiding can be
induced in gain-guided lasers if the cladding-layer thickness is designed to
be laterally nonuniform (see Fig. 2.3). A number of structures, including the
rib waveguide, ridge waveguide, and channeled-substrate planar waveguide
devices, have been proposed.”®~7® We shall collectively call them weakly
index guided devices. From the viewpoint of the lateral-mode control, the
important point is that the effective index g, in Eq. (2.5.34) is slightly larger
over a narrow central region of width w. It should be stressed that w is not
the active-layer width (see Fig. 2.3). Further, carrier diffusion inside the active
layer is responsible for the continuous lateral variation of the gain and the
refractive index.

The mathematical description of lateral modes is based on Eq. (2.5.34).
The lateral variation of p, is represented by Eq. (2.5.35). The index step
Ay, given by Eq. (2.5.35) governs the extent of index guiding. However,
in contrast to strongly index guided lasers where Ay, > |Ap,|, now the
two terms are comparable in magnitude and should be considered simul-
taneously. The resulting lateral-mode behavior is complex since gain guiding,
carrier-induced antiguiding, and built-in index guiding all participate in the
formation of lateral modes. A numerical solution of Eq. (2.5.34) is generally
necessary’> 7 to analyze a weakly index guided device. Depending on the
magnitude of Ay,, such a device exhibits lateral-mode features reminiscent
of pure gain guiding or pure index guiding. As Ay, progressively increases,
a transition from gain guiding to index guiding occurs.”? Clearly the device
is of practical use only when it is designed to operate in the index-guided
regime, Numerical calculations for a 1.3-um InGaAsP laser show’?7? that
an index step Ay, in the range of 0.005-0.01 is enough to achieve a stable
lateral mode.

2.6 EMISSION CHARACTERISTICS

Previous sections have discussed such basic concepts as gain-loss consider-
ations and characteristics of the longitudinal, transverse, and lateral modes
supported by the semiconductor laser cavity. We now consider the emission
characteristics used to characterize the performance of a semiconductor
laser. They can be classified into several groups: (i) light-current, (ii)
spatial-mode, (iii) spectral, and (iv) transient or dynamic characteristics. In
the following discussion we consider each group separately.

2.6.1 Light-Current Characteristics

The light emitted by one facet of a semiconductor laser is measured as a
function of the device current I. The resulting curve is often referred to as
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Fig. 2.6 Light-current (L-I) curve shown schematically for a strongly index guided InGaAsP
laser. The dashed line represents the onset of power saturation corresponding to a sublinear

increase of power with the current.

the light-current (L-I) curve and is strongly temperature dependent. Fig. 2.6
shows the behavior schematically for a strongly index guided laser at a given
temperature. The current I is related to the current density J that is

injected into the active layer by

I=L+I,=wLJ+1,

(2.6.1)

where I, is the current passing through the active region, L is the cavity
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length and w is the active-region width. The leakage current I; accounts for
the fact that, depending on a specific structure, a part of the total current
may not pass through the active layer. Equation (2.6.1) is applicable for a
broad-area laser or a strongly index guided laser for which the injected
current density is nearly uniform over the active region width. If the current
density is laterally nonuniform, such as in a gain-guided device, J in Eq.
(2.6.1) should be interpreted as the average injected current density over the
width w.

The form of the L-I curve shown in Fig. 2.6 is typical for any laser. The
turning point, at which the light output abruptly starts increasing, corresponds
to the laser threshold. The threshold current I, (or equivalently the threshold
current density J,) is an important device parameter, and its minimization
is often sought. When I < I, the light output mainly consists of spontaneous
emission and its magnitude is governed by the term Bn? in Eq. (2.4.9). When
I > I;,, stimulated emission, which is governed by the last term in Eq. (2.4.9),
starts to dominate. In the vicinity of the threshold, the power increases by
several orders of magnitude. This phase-transition-like behavior is discussed
in Chapter 6 after including the contribution of spontaneous emission to the
lasing mode.

An expression for the threshold current density of a strongly index guided
semiconductor laser can be obtained using the phenomenological model of
Sec. 2.4. As J increases, the gain also increases owing to an increase in the
carrier density n [see Eqs. (2.4.3) and (2.4.8)]. The threshold is reached when
n achieves the threshold value n, for which the gain equals loss. Using
Egs. (2.3.9) and (2.4.3), the threshold carrier density is given by

Ny = No + (ot + % )/(al’) (262

where n, is the transparency value at which population inversion occurs.
The threshold current density Ji;, is obtained using Eqgs. (2.4.8) and (2.4.9).
Near threshold, stimulated recombination can be neglected and we obtain

Jn = qdny/t.(ny,) (2.6.3)

where
7.(n) = (4, + Bn + Cn?)~1 (2.6.9)
is the carrier-recombination time that in general depends on n. Once threshold
is reached, the carrier density n remains pinned to its threshold value n,, and

a further increase in J leads to light emission through the process of
stimulated emission. Equations (2.4.8) and (2.4.9) can be used to obtain the



58 SEMICONDUCTOR LASERS

intracavity photon density given by

Ny = ni(t,/qd)(J — Jin) (2.6.5)

where the internal quantum efficiency n; is introduced phenomenologically,
the photon lifetime 7, is defined as

7, = 0, (0t + i) (2.6.6)

and v, = c/p, is the group velocity. Equation (2.6.5) shows that once the
threshold is reached, the intracavity photon density increases linearly with
a further increase in J. The carrier-recombination time 7, and the photon
lifetime 7, play an important role in determining the transient response of a
semiconductor laser, as discussed in Chapter 6.

To obtain the L-I curve, Eq. (2.6.5) should be expressed in terms of the
output power P,,, and the device current I. Since photons escape out of the
laser cavity at a rate of v,a,,, the power emitted by each facet is related to
the intracavity photon density by the relation

P, = thw,a, VN,, (2.6.7)

where V = Lwd is the active volume and the factor of } is due to the
assumption of equal fact reflectivities so that the same power is emitted by
the two facets. The power emitted from each facet becomes different when
the reflectivities are changed by coating the laser facets. Using Eqgs. (2.6.1)
and (2.6.7) in Eq. (2.6.5), we obtain

b mom 1AL (2.6.8)

ou 2q O + int

where Eq. (2.6.6) was used to eliminate t,. The quantity Al, represents a
possible increase in the leakage current with the current I. The threshold
current I, is obtained using Egs. (2.6.1) and (2.6.3) and is given by

L, =qVng/t, + I,. (2.6.9)

Equation (2.6.8) expresses the laser output as a function of the current I,
the external pumping parameter. It predicts that the output power should
vary linearly with I. The slope dP,, /dI is a measure of the device efficiency,
and a typical value for an InGaAsP laser emitting near 1.3 pm is 0.25 mW/mA
per facet. In practice the slope efficiency does not remain constant, and the
output power saturates for large values of I (see Fig. 2.6). Equation (2.6.8)
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predicts that three factors may contribute to power saturation. (i) The
leakage current may increase with I (Al # 0) so that a smaller fraction of
the device current leads to carrier injection into the active layer. (ii) The
value of I; is current dependent and increases with I. A possible mechanism
is junction heating that may reduce the carrier-recombination time z, as
the laser power increases. The decrease in 7, can be due to Auger recombina-
tion,24-2% which increases significantly with temperature. (iii) The internal
loss a;,, increases with I so that a smaller fraction of generated photons is
useful as the output power. The relative importance of the three possible
mechanisms is discussed in Chapter 3.

Before the power-saturation mechanisms set in, the slope dP,,/dI is
reasonably constant and may be used to obtain the differential quantum
efficiency #n, of the laser device. The differential (external) quantum efficiency
is defined as

photon escape rate (2.6.10)

Ha = MN; :
photon generation rate

where 7; is the internal quantum efficiency indicating what fraction of injected
carriers is converted into photons. To maintain the steady-state, the photons
are generated at a rate of 7, ! and escape out of the laser cavity at a rate of
v,%,. Using Eqgs. (2.6.6) and (2.6.10), we obtain

o
= (v, 0,T,) = 1; — " 26.11
Na = Ni(0g%uTp) r’am+aim ( )

If we use Eq. (2.6.8), we find that 5, is directly proportional to the slope of
the L-I curve, i.e.,

2q dP out
Ha=—

. 2.6.12
hv dI ( )

The internal quantum efficiency represents the fraction of injected carriers
that recombine radiatively and generate photons. Using Eq. (2.4.9), it is given
by

Bn? + RyN,,

= 2.6.13
Apen + Bn® 4+ Cn® + Ry N, ( )

U

and is the ratio of the radiative to the total recombination rates. In the
above-threshold regime the stimulated-recombination term R, N,;, dominates
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and n; = 1. Using a,, from Eq. (2.3.10) in Eq. (2.6.11), n, becomes

aimL !
Na= ’1:’[1 + m] (2.6.14)

where R,, = R, = R, and is the mirror reflectivity assumed to be equal for
both facets. Equation (2.6.14) was first obtained by Biard et al.3° and predicts
that #, increases with a reduction in the cavity length L. The inverse
dependence of 1, on L has been verified®! and can be used to estimate 7,.
For a typical strongly index guided 1.3-um semiconductor laser with length
L of 250 um, the slope efficiency dP,,,/dI =~ 0.25 mW/mA; from Eq. (2.6.12),
1y = 0.5 if we assume that n; = 1. From Eq. (2.6.14) this value corresponds
to an internal loss a;,, of about 40 cm™".

The emitted power and the slope efficiency become different for the two
facets when their reflectivities are made different by coating the laser facets.
For instance, it is common to reduce the reflectivity of one facet through an
antireflection coating to increase the output power from the facet. The other
facet is often coated with a high-reflection coating in order to maintain the
laser threshold. The calculation of output powers emitted from each facet is
slightly more involved since the photon density or the intracavity power is
far from being uniform along the cavity length when the facet reflectivities
are made different. The average intracavity power is obtained by using

L
P, = (o, + %) f |4 exp(ifz + Bexp(—ifz)?dz  (2.6.15)
0

where 4 and B are the amplitudes of the forward and backward propagating
waves normalized such that |4|> and |B|? represent the corresponding optical
power at z = 0. The complex propagation constant f is obtained from Eqgs.
(2.3.2) and (2.3.4) and is given by

B = ko - %(rg — a). (26.16)

The boundary conditions at the laser facets relate A and B such that

A=./R B, B=./R,AexpQifL) (2.6.17)

where R, and R, are the reflectivities of the facets located atz=0and z = L
respectively. The threshold condition (2.3.6) is readily obtained from Egq.
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(2.6.17). In particular, the gain g in Eq. (2.6.16) is given by Eq. (2.3.9) or by
I'g = a,, + a;,,, where the mirror loss a,, is defined as in Eq. (2.3.10).

The integration in Eq. (2.6.15) is easily performed. The interference
term can be neglected in most cases of practical interest because of its
rapidly oscillating nature. By using Egs. (2.6.15) and (2.6.16) together with
o, =I'g — a,,, the result is

p, =t R VRN = VRRD) 0 e
%y R/R,

The average intracavity power P, is related to the photon density N, as

P, = hvVN, /1, (2.6.19)
where hvV'N,,, represents the total energy. Equations (2.6.18) and (2.6.19) can
be used to obtain |4|? in terms of N,n. The powers emitted from the facets
located at z = 0 and z = L are related to |B|? and |4|? as

P =(1-R)B?  P,=(1-RyAexp(fL)?.  (2620)

By using Egs. (2.6.18)~(2.6.20) the output powers are related to N, as

(1 —Ry)/R,
P = hvo, o, VN, (2.6.21a)
WRi+R)1-RRy) "7
P (1= R)VR hvo,0,, VNyy.  (2.6.21b)

> T (/R + JR)( — JR,Ry)

These equations should be compared with Eq. (2.6.7) to which they reduce
when the facet reflectivities are equal (R; = R,) since P, = P, = P, in that
case. Note that P, + P, = 2P, for all values of R, and R,, as it should since
a change in facet reflectivities does not affect the total power but only its
partition between the two facets. The reflectivity-dependent factor in Egs.
(2.6.21) shows how the total power is partitioned; it reduces to 1/2 when
R, =R,

The threshold current I;, of a gain-guided laser is considerably higher
than that of a strongly index guided device. Further, I, depends strongly
on the stripe width w over which the current is injected (see Fig. 2.3). The
variation of I, with w is. shown in Fig. 2.7 for 1.3-um and 1.55-um
gain-guided InGaAsP lasers.” The curves were obtained using a numerical
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Fig. 2.7 Variation of the threshold current with the stripe width for 1.3-um and 1.55-um
gain-guided InGaAsP lasers. (After Ref. 73)

model’® that includes carrier diffusion, current spreading, and various
radiative and nonradiative recombination mechanisms. The inclusion of
Auger recombination was essential to obtain a good fit between the theory
and the experimental data.”® The minimum value of the threshold current
at 1.3 pm is more than 100 mA and occurs for w = 10 pm. The rapid increase
in I, for narrower stripes is due to the combined effect of index antiguiding
and Auger recombination. The differential quantum efficiency #, is also lower
compared to an index-guided device because of additional diffraction losses.

As discussed in Sec. 2.5, a weakly index guided device (see Fig. 2.3)
overcomes these shortcomings through a central region of a relatively higher
index. Compared to a strongly index guided device such as a buried
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heterostructure laser, the lateral index step Ay, is more than an order of
magnitude smaller. Figure 2.8 shows the calculated variation of the threshold
current I, and the differential quantum efficiency n, with the index step Ay,
using parameters appropriate for a 1.3-um InGaAsP laser.”? In the absence
of index guiding (Ay, = 0), the device is gain-guided with I, =~ 300 mA and
ns = 0.35. As Ay, increases, I, rapidly decreases and #, increases. For
Ay, =5 x 1073, the transition from gain guiding to index guiding is
complete. The slight decrease in #, with a further increase in Ay, is due to
a mode profile that becomes narrower than the gain profile. This profile
mismatch reduces the internal quantum efficiency since a part of the gain is
not used for stimulated emission.”> The important point to note is that an
index step as small as Ay, = 5 x 1073 is enough for index guiding. The
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limiting threshold current I;, is higher for a weakly index guided device than
that of a strongly index guided device because of a larger mode volume, a
weaker mode confinement, and increased carrier diffusion.

The threshold current I, and the differential quantum efficiency #n, are
two important quantities invariably used to characterize the performance of
a semiconductor laser. As Eqgs. (2.6.2) and (2.6.11) show the mirror loss o,
associated with the cleaved-facet reflectivity R,, plays a significant role in
their determination. Further, the selection of TE or TM modes in a hetero-
structure is also based on the mode reflectivity R,, which is generally
different for the two polarizations. A considerable amount of theoretical
work®2-®® has been done to calculate the dependence of R,, on the waveguide
parameters such as the active-layer thickness d and the index difference
U — 1. In general, a numerical approach®? is necessary. The main feature
is that the effect of dielectric waveguiding is to increase R,, for the TE modes
and to decrease R,, for the TM modes relative to their plane-wave value
(~0.32), which is the same for both sets of modes. Together with the
confinement factor, the reflectivity difference helps to select the TE mode of
operation in heterostructure semiconductor lasers.

2.6.2 Spatial-Mode Characteristics

A semiconductor laser emits light in the form of a narrow spot of elliptical
cross section. The spatial-intensity distribution of the emitted light near the
laser facet is known as the near field. During its propagation the spot size
grows in size due to beam divergence. The dimensions of the elliptical spot
and its divergence angles, both parallel and perpendicular to the junction
plane, are important beam parameters associated with the laser mode. The
angular intensity distribution far from the laser facet is known as the far field.

In Sec. 2.5 we solved the wave equation and associated the spatial distri-
bution of the optical field with the transverse mode ¢(y) and the lateral
mode ¥(x). In general, several transverse and lateral modes may be excited,
and the resulting near field is formed by a superposition of them. However,
the active-layer dimensions are often chosen such that only the lowest-order
transverse and lateral modes are supported by the waveguide. The near field
just outside the laser facet can then be written as

E = Eqy(x) () exp(ikoz) (26.22)

where E, is a constant related to the output power (P, oc |Eol?). ¥(x)
and ¢(y) are the lateral and transverse mode profiles discussed in Sec. 2.5.
Experimentally, |y(x)|? and |¢(y)|* can be measured by scanning a photo-
detector across the beam dimensions. Their full widths at half maximum
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(FWHM), w; and w, respectively, are taken to be a measure of the
dimensions of the elliptical spot.

The far field is obtained by taking a two-dimensional Fourier transform
of the near field given by Eq. (2.6.22). It can be expressed as a product of
the two one-dimensional Fourier transforms corresponding to the lateral
and transverse directions x and y. The lateral far-field intensity distribution
is given by
2

[Wrr(0))? = cos? 6 J.w Y(x) exp(ikox sin 0) dx (2.6.23)

with a similar expression for the transverse far field. Again the quantity of
practical interest is the width (FWHM) of the far-field distribution. The
angles 6, and 0, corresponding to the lateral and transverse directions
respectively, are used as a measure of the angular spread of the emitted light.

Near Field. The near field ¢(y) perpendicular to the junction plane depends
on the thickness and composition of the various layers used to make a hetero-
structure semiconductor laser. For a three-layer waveguide model, ¢(y) is
given by Eq. (2.5.14) and is shown schematically in Fig. 2.4. The width w
depends on the active-layer thickness d and increases with a reduction in d
because of a loss in the strength of mode confinement. An analytic expression
for w, is difficult to obtain. However, by fitting ¢(y) with a Gaussian
distribution, the width can be approximated by8°

w, = d(21n2)"%(0321 + 2.1D~ 32 + 4D"9) (2.6.24)

where the normalized thickness D is given by Eq. (2.5.26). The expression is
reasonably accurate for 1.8 < D < 6.

The near field ¥(x) parallel to the junction plane depends on the lateral
guiding mechanism and displays qualitatively different features for gain-
guided and index-guided lasers. For a strongly index guided laser such as a
buried-heterostructure device, the near-field behavior is similar to that of
¢(y), and Eq. (2.6.24) can be applied after replacing D by W, where W is
the normalized width given by Eq. (2.5.43). Figure 2.9 shows typical
near-field intensity profiles |y(x)|? obtained for a buried-heterostructure laser
with an active layer 0.15 pm thick and 1.8 pm wide.®® Curves for several drive
currents are shown, and I,;, = 52 mA for this device. The width (FWHM)
wy is about 2 pm, indicating that the near field is largely confined within
the active layer. By contrast, the lateral near field for gain-guided lasers
extends considerably beyond the strip width. For weakly index guided lasers,
the lateral confinement is remarkably improved for an index step Ay, as
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Fig. 2.9 Near-field scans along the junction plane of a 1.3-um buried-heterostructure laser at
various current levels. (After Ref. 90 © 1981 IEEE)

small as 5 x 1073, since the device then operates in the index-guided regime
(see Fig. 2.8).

Far Field. The far-field patterns in the directions parallel and perpendicular
to the junction plane indicate the angular spread of the laser mode and are
important in determining the coupling efficiency between the semiconductor
laser and a fiber. Figure 2.10 shows the far-field scans®® in the two directions
for the same BH device of Fig. 2.9. The angular widths 6, and 6, at 64 mA
are 33° and 57°, respectively, and represent typical values for strongly
index guided semiconductor lasers. Mathematically the far-field pattern is
obtained by taking the Fourier transform of the near field as indicated by
Eq. (2.6.23).

As one may expect, the lateral far field (parallel to the junction plane)
depends strongly on the lateral guiding mechanism and exhibits qualitatively
different behavior for gain-guided and for index-guided lasers. In particular,
for narrow-stripe gain-guided lasers the far field has two widely separated
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buried-heterostructure laser at various current levels. (After Ref. 90 © 1981 IEEE)

peaks with a minimum at the center. Such twin-lobe far fields are known®3¢%
to arise from the carrier-induced index reduction, which is governed by the
antiguiding parameter f, [see Eqs. (2.4.4) and (2.4.6)], that leads to a curved
wavefront for the lateral mode. The introduction of weak index guiding has
a dramatic effect on the far field, as shown in Fig. 2.11 for a 1.3-um InGaAsP
laser.”? Only one of the two peaks for each curve is shown. As Ay, increases,
the two peaks move closer and eventually merge to yield a single-lobe
far-field pattern. The transition is almost complete for Ay, = 4 x 1073, at
which point the device is then index-guided (see also Fig. 2.8).

2.6.3 Spectral Characteristics

The power spectrum of a semiconductor laser is an important device
characteristic since in many applications the spectral control of the laser
output is required. Below threshold the output takes the form of spontaneous
emission with a large spectral width of ~30nm. As the threshold is
approached, the spectrum narrows considerably, and several peaks whose
frequencies coincide with the longitudinal mode frequencies (see Sec. 2.3)
appear. In the above-threshold regime, the longitudinal mode closest to the
gain peak increases in power, while the power in remaining side peaks
saturates. This behavior is shown in Fig. 2.12 for a 1.3-ym buried-
heterostructure InGaAsP laser.
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A somewhat surprising feature of semiconductor lasers is that even though
the gain profile is largely homogeneously broadened, many longitudinal modes
oscillate simultaneously and a significant amount of laser power is carried
out by side modes even in the above-threshold regime. Several mechanisms
such as spatial-hole burning, spectral-hole burning, and a high rate of
spontaneous emission into the lasing mode may contribute to the observed
spectral features. Chapter 6 gives a theoretical discussion based on the
multimode rate equations.

For the application of a semiconductor laser in high-bit-rate, long-haul,
optical fiber communication systems, the longitudinal side modes are
undesirable because they cause pulse spreading in the presence of fiber
dispersion, thereby degrading system performance. An important parameter
used to describe the spectral purity of a semiconductor laser is the mode
suppression ratio (MSR). It is defined as the ratio of the main-mode power
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to the power carried by the most intense side mode. At the 1.55-um wave-
length, MSR values exceeding 30 dB are generally desirable. However, mode
discrimination in semiconductor lasers is usually poor, and such values
of MSR are difficult to realize. In recent years distributed-feedback and
coupled-cavity mechanisms have been used to provide additional side-mode
discrimination and to increase the MSR. Such lasers are collectively referred
to as single-longitudinal-mode lasers®! since their power spectrum con-
sists of a dominant single longitudinal mode. Chapters 7 and 8 examine
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distributed-feedback and coupled-cavity semiconductor lasers in view of their
increasing importance in optical communication systems.

Another quantity of practical interest is the spectral width of a single
longitudinal mode. Even when a semiconductor laser operates predominantly
in a single longitudinal mode, quantum fluctuations associated with the pro-
cess of spontaneous emission lead to a broadening of the laser line. Spectral
line width is typically in the range of 10-100 MHz and decreases inversely
with the laser power. The line width is calculated using single-mode rate
equations generalized to take into account various noise mechanisms. Chapter
6 gives a detailed discussion of the noise phenomena and the line width.

2.6.4 Dynamic Characteristics

An understanding of the transient or dynamic response of a semiconductor
laser is crucial since in some applications, particularly in optical fiber
communications, the device current is modulated periodically and the laser
output takes the pulsed form. When the laser is turnied on by increasing the
device current from O to its final above-threshold value, a few nanoseconds
(a time interval known as the turn-on delay) elapse before the laser power
starts increasing rapidly. Further, because of the nonlinear nature of
interaction between photons and charge carriers, the power does not increase
monotonically. The laser output oscillates periodically for several nano-
seconds before attaining its steady-state CW value. The oscillations are
referred to as relaxation oscillations, and their frequency is governed by the
nonlinear dynamics of photon-carrier interaction. The relaxation-oscillation
frequency is typically in the gigahertz range and increases with an increase
in the device current or the output power.

When the device current is modulated at frequencies approaching a few
gigahertz, transient effects play an increasingly important role. The power
distribution among various longitudinal modes changes with time. Under
high-frequency direct modulation, the side modes are considerably enhanced
compared to those in the CW case. Further, the line width of an individual
longitudinal mode increases considerably. The line broadening is related to
the carrier-induced index change [governed by the parameter f, defined in
Eq. (2.4.6)] that leads to frequency chirping. Chapter 6 considers the dynamic
and modulation characteristics of semiconductor lasers in detail.

PROBLEMS

2.1 Prove that the spacing between the longitudinal modes of a semi-
conductor laser of length L is given by Av = ¢/(2u,L) where p, is the
group index.
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2.2 The refractive index of the active layer of a semiconductor laser varies
with the carrier density. What changes do you expect to occur as a
result of such variations in the refractive index?

2.3 Explain the concept of the linewidth enhancement factor. Why is its
introduction necessary for semiconductor lasers?

2.4 Derive the eigenvalue equation for the TM modes of a planar waveguide
of thickness d and refractive index p, sandwiched between two cladding
layers of refractive index yu,. Assume infinitely thick cladding layers.

2.5 The active region of a 1.55-um InGaAsP laser is 0.1-pm thick, 1-pm
wide, and 250-pm long. Calculate the confinement factor and the modal
index of the fundamental waveguide mode supported by the laser.
Assume y, = 3.5 and g, = 3.2.

2.6 Calculate the active-region gain required for the laser of problem 2.5
to reach threshold. Assume an internal loss of 30 cm ™! for the laser
cavity.

2.7 Calculate the maximum allowed thickness of the active layer for a
1.3-um semiconductor laser designed to support a single transverse
model. How does this value change if the laser operates at 1.55 um.
Assume u, = 3.5 and p, = 3.2.

2.8 Calculate the maximum allowed width of the active region for a 1.55-um
semiconductor laser with 0.1-um-thick active layer if the laser is
designed to operate in a single lateral mode. Assume p, = 3.5 and
uy =32

2.9 Estimate the spot size (FWHM) in the lateral and transverse directions
for a 1.3-um semiconductor laser whose active region is 0.2-um thick
and 1-um wide. Assume u, = 3.5 and y, = 3.2.

2.10 Calculate the angular width (FWHM) of the far field in the lateral and
transverse directions for the laser of problem 2.9.
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Chapter 3

RECOMBINATION MECHANISMS IN
SEMICONDUCTORS

3.1 INTRODUCTION

This chapter describes the electron-hole recombination mechanisms in a
direct-band-gap semiconductor. Recombination mechanisms can in general
be classified into two groups, radiative and nonradiative. Radiative recombi-
nation occurs when an electron in the conduction band recombines with a
hole in the valence band and the excess energy is emitted in the form of a
photon. Radiative recombination is thus the radiative transition of an electron
in the conduction band to an empty state (hole) in the valence band. The
optical processes associated with radiative transitions are (i) spontaneous
emission, (ii) absorption or gain, and (iii) stimulated emission. Stimulated
emission, in which the emitted photon has exactly the same energy and
momentum as the incident photon, forms the basis for laser action. The
concept of stimulated emission dates back to the work of Einstein' in 1917.

In thermal equilibrium, a direct-band-gap semiconductor (e.g., GaAs, InP,
or GaSb) has a few electrons in the conduction band and a few holes (empty
electron states) in the valence band. When a photon of energy greater than
the band gap passes through such a semiconductor, the photon has a high
probability of being absorbed, giving its energy to an electron in the valence
band, thereby raising the electron to the conduction band. In principle, such
a photon could stimulate the emission of an identical photon with the tran-
sition of an electron from the conduction to the valence band. The emitted
photon derives its energy from the energy lost by the electron. In thermal
equilibrium the number of electrons in the conduction band is very small
(~10% cm ™3 for GaAs), so the probability of stimulated emission is negligible
compared to the probability for absorption. However, external excitation,
can sufficiently increase the number of electrons in the conduction band
such that the probability of stimulated emission eventually becomes higher
than the probability of absorption. This situation corresponds to population
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inversion in a laser medium and is necessary for optical gain. The external
excitation which generates a high density of electron-hole pairs in a semi-
conductor is usually provided by current injection. It can also be achieved
by optical pumping (absorption of radiation higher in energy than the band
gap). In Sec. 3.2 we discuss the absorption and emission rates. These are
then used to study the dependence of optical gain on the injected current
and the carrier density.

Nonradiative recombination of an electron-hole pair, as the name implies,
is characterized by the absence of an emitted photon in the recombination
process. This of course makes the experimental study, and hence identification,
of such processes very difficult. In indirect-band-gap semiconductors such
as Ge or Si, the probability of nonradiative recombination dominates that
of radiative recombination by several orders of magnitude. The measurable
quantities associated with nonradiative recombinations are the internal quan-
tum efficiency and the carrier lifetime. The variation of these quantities with
parameters like temperature, pressure and carrier concentration is, by and
large, the only way to identify a particular nonradiative recombination
process. One of the effects of nonradiative recombination on the performance
of injection lasers is to increase the threshold current.

The nonradiative recombination processes that affect the performance of
long-wavelength semiconductor lasers are Auger recombination, surface
recombination, and recombination at defects. The Auger recombination
mechanism involves four particle states (three electrons and one hole) and
is believed to be important at high temperatures and for low band-gap
semiconductors. Section 3.3 gives a detailed discussion of the various Auger
recombination mechanisms. Section 3.4 presents the experimental results on
the measurement of radiative and nonradiative recombination coefficients.
Section 3.5 considers the threshold current density and the contribution of
carrier leakage to it. Finally, in Sec. 3.6 we discuss the temperature
dependence of the threshold current.

3.2 RADIATIVE RECOMBINATION

The processes associated with the radiative recombination of electron-hole
pairs in semiconductors are spontaneous emission, optical absorption or gain,
and stimulated emission. The rates of these processes are related to each
other by the Einstein relations. These relations were first derived for electronic
transitions between two discrete energy levels (i.c., in a gaseous medium).
Similar relations also hold for a semiconductor where the recombining elec-
trons and holes can occupy a continuous band of energy eigenstates.?
Figure 3.1 shows a simplified energy-versus-wave-vector diagram for a
direct-band-gap semiconductor. An accurate description of the band structure
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Fig. 3.1 Energy versus wave-vector diagram of a direct-band-gap semiconductor showing sche-
matically the conduction and valence bands. Three valence bands are required to model
band-to-band transitions realistically. Horizontal lines show the filled energy states. Radiative
recombination of electrons and holes generates photons.

requires sophisticated numerical techniques. A commonly used approximation
of the exact band structure in a direct-gap semiconductor is the parabolic
band model. In this model the energy-versus-wave vector (E versus k)
relation is assumed to be parabolic, that is,

h2k?

E = for electrons (3.2.1a)
2m,
hz 2

E, = k for holes (3.2.1b)
ml)

where m, and m, are the effective masses of electrons and holes, respectively,
and k is the magnitude of the wave vector k.

In a direct-gap semiconductor, the minimum in the conduction band curve
and the maximum in the valence band curve occur at the same value of
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the wave vector k (k=0 in Fig. 3.1). Since a photon carries negligible
momentum compared with the carrier momentum #k, radiative transitions
occur between free electrons and free holes of essentially identical wave
vectors.

At a given temperature 7, the available number of electrons and holes are
distributed over a range of energies. The occupation probability f, of an
electron with energy E, is given by the Fermi-Dirac statistics, and is

- 1
JE) = xpl(E. ~ EefkpTT + 1 (322

where Eg is the quasi-Fermi level for the conduction band. Similarly for
the valence-band holes, the occupation probability of a hole with energy
E,is

1

JolBe) = expl(E, — E,)/kpT] + 1 (329

where E;, is the quasi-Fermi level for the valence band. The notations used
here assume that E_ and E;, are measured from the conduction-band edge
and are positive into the conduction band. On the other hand, E, and E;,
are measured from the valence-band edge and are positive into the valence
band. Note that f, represents the occupation probability of the hole and not
of the electron.

Consider the transition shown in Fig. 3.1 in the presence of an incident
photon whose energy E = hv = E_ + E, + E,, where E_ is the band gap. The
photon can be absorbed creating an electron of energy E, and a hole of
energy E,. The absorption rate is given by

R, = B(1 — f)1 — £,)p(E) (324

where B is the transition probability, p(E) is the density of photons of energy
E, and the factors 1 — f, and 1 — f, represent the probabilities that the
electron and hole states of energy E, and E, are not occupied. The
stimulated-emission rate of photons is given by

R, = Bf.f,p(E) (3.2.5)

where the Fermi factors f, and f, are the occupation probabilities of the
electron and hole states of energy E, and E, respectively. The stimulated-
emission process is accompanied by the recombination of an electron-hole
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pair. The condition for net stimulated emission or optical gain is
R, > R,. (3.2.6)
Using Egs. (3.2.4) and (3.2.5), this condition becomes
f+ > 1L (327
With the use of f, and f, given by Eqgs. (3.2.2) and (3.2.3), this becomes
E.. +E,>E +E,. 3.2.8)

By adding E, to both sides and noting that E_ + E, + E, = hv, it follows
that the separation of the quasi-Fermi levels must exceed the photon energy
in order for the stimulated-emission rate to exceed the absorption rate. This
is the necessary condition for net stimulated emission or optical gain.3

3.2.1 Absorption and Emission Rates for Discrete Levels

The spontaneous-emission rate and the absorption rate for photons in a
semiconductor can be calculated using time-dependent perturbation theory
and summing over the available electron and hole states. We first consider
the case of two discrete energy levels of energy E; and E . The electron makes
a transition from an initial state of energy E; to a final state of energy E[,
and in the process a photon of energy E = E; — E  is emitted. The transition
probability or the emission rate W of such a process is given by Fermi’s
golden rule

2
W =" \H*p(E)8(E ~ E,+ E)) (329)

where Hj; is the matrix element <i|H'| f) of the time-independent part of the
perturbation Hamiltonian H; between the initial state |i) and final state | f ),
and p(E,) is the density of the final states. In obtaining Eq. (3.2.9), the
perturbation Hamiltonian is assumed to be of the form

H, = 2H’ sin(wt). (3.2.10)

The time-dependent sinusoidal part gives rise to the delta function of Eq.
(3.2.9) arising from the energy conservation during the emission process.
For photons interacting with free electrons of mass m,, the perturbation
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Hamiltonian is given by’

H=-LaAp (3:2.11)
my

where A is the vector potential of the electromagnetic field and p is the
electron-momentum vector. The vector potential is related to the electric
field & by the equation

0A

&= ——.
ot

(3.2.12)

For a traveling plane wave with the angular frequency w, the electric field
is written as

& = Eyécos(wt — k-r) (3.2.13)

where € is a unit vector determining the polarization of the field, E, is its
amplitude, and k denotes the propagation vector such that k x é = 0. The
magnitude of the electric field E, associated with one photon can be obtained
as follows. The magnitude of the Poynting vector that represents the energy
flux is given by

S =K& x H#)| (3.2.14)
where angular brackets denote time averaging and & is the magnetic field,

which can be obtained using Maxwell’s equations (see Sec. 2.2). Using them,
we obtain

S = 1E}jie,c (3.2.15)
where k = fiw/c and ji is the refractive index of the medium. The factor 1/2
arises from time averaging over one optical cycle. The energy flux per photon
is also given by the product of the photon energy #w and the group velocity
¢/fi. Hence it follows that

S = hwc/i. (3.2.16)

From Egs. (3.2.12), (3.2.15), and (3.2.16), the vector potential A is given by

72

2n \1/?
A= —é( > sin(wt — k-r) 3.2.17)
(YO
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and using Eq. (3.2.11) the perturbation Hamiltonian becomes

g ( 20 \V?
H,=__( ud ) (é-p) sin(wt — k-r). (3.2.18)
mg \€ufi*w

The square of the transition matrix element Hj; is now given by

LI T
|H |2 = %3 v G (3.2.19)
0 %0

where we have made the usual assumption that the electron wave functions
spread over a linear dimension shorter than the wavelength (r « 4) so that
kr«l.

For stimulated emission or absorption, p(E;) = 1, and the absorption or
emission rate at a photon energy E = how for transitions between two discrete
levels obtained from Egs. (3.2.9) and (3.2.19) is given by

2
W= ‘TET_ |Mic|*0(E; — E; — how) (3.2.20)
mg€o fi*w

where M;; = <ilé-p|f) is the momentum matrix element between the initial
and final electron states. In the case of absorption, the number of photons
absorbed per second is W. Since a photon travels a distance c/j in 1s, the
number of photons absorbed per unit distance or the absorption coefficient
o = jiW/c. Using Eq. (3.2.20), the absorption coefficient for photons of energy
E = ho becomes

q*h
«E) = emioiE |My|? (E; — E; — E). (3.221)

€oMp

For spontaneous emission, the quantity p(E,) in Eq. (3.2.9) equals the
number of states for photons of energy E per unit volume per unit energy.
It is given by

4nk?* dk

p(Ef) = (%wﬁ

(3.222)

where the factor 2 arises from two possible polarizations of the electromagnetic
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field. Since E = hw and k = jiw/c, Eq. (3.3.22) reduces to

=3 2
IO}

E/))="——. 3223

P(Ey) 23 ( )

Thus using Egs. (3.2.9), (3.2.19), and (3.2.23), the spontaneous emission rate
per unit volume at the photon energy E is given by
4nq*iE

R

|My|* 8(E; — E; — E). (3.2.24)

3.2.2 Absorption and Emission Rates in Semiconductors

We now calculate the spontaneous-emission rate and the absorption coefficient
for direct-gap semiconductors. These quantities are obtained by integrating
Egs. (3.2.21) and (3.2.24) over the occupied electron and hole states in a
semiconductor.® A realistic band model for a III-V direct-gap semiconductor
is the four-band model’ shown in Fig. 3.1. In this model the valence band
is represented by three subbands: the heavy-hole band, the light-hole band,
and the spin-split-off-hole band. The light- and heavy-hole bands are
degenerate at k = 0. Usually the split-off energy A is large compared with
the thermal energy kg T'; hence the split-off band is full of electrons, that is,
no holes are present. The quasi-Fermi levels for the conduction and valence
bands can be obtained from the known effective masses and the density of
states in each band. For the conduction band, E;_ is obtained using

= f p.(E) dE
© )+ expl(E — Eq )k T

(3.2.25)

where p.(E) is the conduction-band density of states and n is the number
of electrons in the conduction band. The density of states for electrons of
energy E can be obtained using Eq. (3.2.22) with the dispersion relation
(3.2.1a) and becomes

4nk? dk 2m,\3/?
plE) = @) s = 4n<—h~2—> EV2 (3.2.26)

where E = h%k?/2m,, and m, is the conduction-band effective mass. The
factor 2 in Eq. (3.2.26) arises from the two electronic spin states. Equation
(3.2.25) can be rewritten as

2 12 ¢
n=N,—— f s * (3.227)
nl’2 J 1 + exp(e — €.)



82 SEMICONDUCTOR LASERS

where N, = 2(2am kzT/h?)3? and €;, = E; /ky T. Equation (3.2.27) can be
used to calculate ¢, for a given electron concentration. A useful approxi-
mation for g is given by Joyce and Dixon.® They show that €;, can be
represented by a convergent series of the form

n © n\
€. = 1n(ﬁc) + i=zl A‘(ﬁ) (3.2.28)

(4

where the first few coefficients are

A = 353553 x 107!
—4.95009 x 1073

1.48386 x 10™*
Ay = 442563 x 1076,

RN
w N
o

Another approximation, although not as elegant but showing faster con-
vergence, is the Nilson approximation.®

For a nondegenerate electron gas (n « N,), all terms except the first in
Eq. (3.2.28) can be neglected and the Fermi energy is given by

n
Efc = kBT ]n<“N—>. (32.29)

c

Using Eq. (3.2.29) in Eq. (3.2.2) and neglecting 1 in the denominator, the
occupation probability becomes

n —E
f(E)= N exv(m)- (3.2.30)

This is often referred to as the Boltzmann approximation. The use of Eq.
(3.2.30) simplifies considerably the calculation of recombination rates in semi-
conductors. The nondegenerate approximation n « N,, however, does not
always hold for semiconductor lasers and should be used with caution.

The quasi-Fermi level for the holes in the valence band can be similarly
calculated. The hole density is given by

pui(E) dE
= 3.2.31
P i=ZLh 1 + exp[(E — E,)/kpT] ( )

where p is the density of holes and the summation is over the light- and
heavy-hole bands. Using an expression similar to Eq. (3.2.26) for the density
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of states, we obtain
2 2 de
p=N, ~i7; J—————~—— (3.2.32)
n 1 + exp(e — €,)
where
N, = 2Q2nky T/h*)3*(mj}]? + md?)

and m,, and m, are the effective masses of light and heavy holes, respectively.
For the nondegenerate case where p « N,, Eq. (3.2.32) can be simplified to
obtain the following expressions for the quasi-Fermi energy and the hole-
occupation probability:

p
Efv = kBT In(N';) (3.2.33a)
4 —E
A(E)=— — I 3.2.33b
JAE) Nvexp<kBT> ( )

So far we have considered the idealized case of parabolic bands with the
density of states given by Eq. (3.2.26). Under high injected carrier densities
or for high doping levels, the density of states is modified. In the case of
heavy doping, this occurs because randomly distributed impurities create
an additional continuum of states near the band edge. These are called
band-tail states'®'' and are schematically shown in Fig. 3.2.

Several models of band-tail states exist in the literature. Principal among
them are the Kane model'® and the Halperin-Lax model.'! Figure 3.3 shows
a comparison of the calculated density of states for the two models. The
curves were calculated by Hwang!? for p-type GaAs with a hole concentration
of 3 x 10'8 cm~3. The material was heavily compensated with acceptor and
donor concentrations N, and N, of 6 x 10'®cm~3 and 3 x 108 cm~3,
respectively. Figure 3.3 shows that for the Kane model the band tails extend
much more into the band gap than for the Halperin-Lax model. The absorp-
tion measurements on heavily compensated samples indicate that the
Halperin-Lax model is more realistic. However, this model is not valid for
states very close to the band edge. To remedy the situation, Stern'? approxi-
mated the density of states by fitting a density-of-state equation of the Kane
form (which is Gaussian) to the Halperin-Lax model of band-tail states. The
fit is done at one energy value in the band tail, which lies within the validity
of the Halperin-Lax model. The Kane form of band tail merges with the
parabolic band model above the band edge as seen in Fig. 3.3.

The importance of band-tail states in the operation of semiconductor
lasers arises from two considerations. First, band-tail states can contribute
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Fig. 3.2 Energy for the conduction and valence bands plotted against density of states. Dashed
curves are for the parabolic-band model, while solid curves show schematically the effect of
band-tail states.

significantly to the total spontaneous-emission rate and hence to the injection
current needed to reach threshold. Second, band-tail transitions can have
significant optical gain so that the laser can lase on these transitions,
especially for heavily doped semiconductors at low temperatures.

The matrix element for transitions between band-tail states differs from
that involving free electron and hole states in one important aspect. The
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Fig. 3.3 Calculated density of states versus energy in the conduction and valence bands for
p-type GaAs with a net carrier concentration of 3 x 10'® cm~3. The acceptor concentration
N, =6 x 10'® cm~3, and the donor concentration N, = 3 x 108 cm ™3, (After Ref. 12)

former does not satisfy momentum conservation; i.e., since the electron and
holes states are not states of definite momentum, the k-selection rule does
not apply. By contrast, for transitions involving parabolic band states, the
initial and final particle states obey the k-selection rule. Thus the exact matrix
element for optical transitions in heavily compensated semiconductors must
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not invoke the k-selection rule for transitions involving band-tail states and,
at the same time, should extrapolate to that obeying the k-selection rule
for above-band-edge transitions involving parabolic band states. The model
for such a matrix element has been considered by Stern.!*-'® Before
discussing his model in the next section, we consider the simpler case where
the k-selection rule holds and obtain the absorption coefficient and the
spontaneous emission rate.

The k-Selection Rule. When the k-selection rule is obeyed, |M,|> =0
unless k, = k,. If we consider a volume V of the semiconductor, the matrix
element [M,|? is given by

@2n)®

lMiflz = |1V1b|2 %

Sk, — k,). (3.2.34)

The ¢ function accounts for the momentum conservation between the
conduction-band and valence-band states. The quantity |M,]| is an average
matrix element for the Bloch states. Using the Kane model,” |M,|? in bulk
semiconductors is given by”!”

2

2 = oD (3.2.35)
12m (E, + 2A/3)

where m, is the free-electron mass, E, is the band gap, and A is the spin-

orbit splitting. For GaAs, using E, = 1.424 eV, A = 0.33 eV, m, = 0.067 m,,

we get £ = 1.3.

We are now in a position to calculate the spontaneous-emission rate and
the absorption coefficient for a bulk semiconductor. Equations (3.2.24) and
(3.2.34) can be used to obtain the total spontaneous-emission rate per unit
volume. Summing over all states in the band, we obtain

: 4njig*E , 2n)? ( 14 )2 1
E)= M, 2 -
"o (E) m(z,eohzc3l g 14 @ @n)3) v

where f, and f, are the Fermi factors for electrons and holes. The factor 2
arises from the two spin states. In Eq. (3.2.36), 3 stands for the sum over
the three valence bands (see Fig. 3.1). For definiteness, we first consider
transitions involving electrons and heavy holes. The integrals in Eq. (3.2.36)



RECOMBINATION MECHANISMS IN SEMICONDUCTORS 87

can be evaluated with the following result:

2iq*E|M,|?
o (E) = 1q°E|M,|

(2””)3/2(15 CE)RL(EN(E)  (3.237)

nmieoh?c® \ h?

where

E.=""(E-E,)

(4

m
E,=—

(E—E,)
My,

mmy,,
m, = — <
m, + my,

and my, is the effective mass of the heavy hole. Equation (3.2.37) gives the
spontaneous-emission rate at the photon energy E. To obtain the total
spontaneous-emission rate, a final integration should be carried out over all
possible energies. Thus the total spontaneous-emission rate per unit volume
due to electron-heavy-hole transitions is given by

R = Jm ro(E)dE = AIM, 21 (3.2.38)
Eg
where
I= fw (E—E)'V*f.(E)f,(E,)dE (3.2.39)
Eq

and A represents the remaining constants in Eq. (3.2.37). A similar equation
holds for the electron-light-hole transitions if we replace m,, by the effective
light-hole mass m,,.

The absorption coefficient a(E) can be obtained in a similar way using
Egs. (3.2:21) and (3.2.34) and integrating over the available states in the
conduction and valence bands. The resulting expression is

i o) (7)
2e,miciiE IM;| 14 @ 2n)) \V

y j y -f(l ~ f. = f,) d°k.d%k, 3k, — k) 8(E; — E; — E)

g, (2m,)3/2

 4n%eqmiciiE \ h?

a(E) =

(E — E)V*[1 — f(E.) — £,(E))]. (3.2.40)
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For the case of a constant matrix element, the assumption is that |M;|?
is independent of the energy and wave vector of the initial and final states.
In such a case, the total spontaneous emission rate and absorption coefficient
are obtained by summing over the initial and final states using Egs. (3.2.21)
and (3.2.24). The calculation is similar to that presented above; the only
difference is that in the latter case the delta function representing momentum
conservation is absent.

3.2.3 Absorption Coefficient and Optical Gain

We now describe the calculation of the spontaneous-emission rate and the
absorption coefficient using the Gaussian Halperin-Lax band-tail model and
Stern’s matrix element. The results in this section are presented for the
quaternary InGaAsP alloy emitting near 1.3 pum or 1.55pum. The gain
calculations for the InGaAsP material have been given in Ref. 18-21.

The optical absorption (or gain) coefficient for transitions between the
valence and conduction bands is obtained by integrating Eq. (3.2.21) over
all states, and is given by

2h ©
w(E) = >l f PE)p(ENIM2[1 = f,(E") — f.(E)]dE’ (3.241)
€omoCiE

where E” = E' — E and p, and p, are, for the conduction and valence bands
respectively, the densities of states per unit volume per unit energy. The
integral is evaluated numerically and summed for both light-hole and
heavy-hole bands. The matrix element M;; can be expressed as a product
of two terms, M, = M, M., where M, is the previously defined contribution
[Eq. (3.2.35)] from the band-edge Bloch functions and M., is the matrix
element of the envelope wave functions representing the effect of band-tail
states. The envelope wave function is a plane wave above the band edge
and takes the form of the ground state of a hydrogen atom for impurity
states in the band tail. The calculation described here uses the envelope
matrix element of Stern.!*!® The square of the Bloch-function matrix element
|M,|? is given by Eq. (3.2.35) for the Kane model. Correction to the value of,
|M,|? can arise from the contribution of other conduction bands.??:?3 These
corrections would simply scale the gain values calculated using Eq. (3.2.41).
Figure 3.4 shows the calculated absorption curves for p-type InGaAsP
(A = 1.3 pm) with different doping levels. The parameters used in the calcu-
lation are listed in Table 3.1. The heavy-hole mass, the light-hole mass, the
dielectric constant, and the spin-orbit splitting are obtained from a linear
extrapolation of the measured binary values. The conduction-band effective
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Fig. 3.4 Calculated absorption curves for p-type InGaAsP (1 = 1.3 um) for different majority
carrier concentrations. The majority carrier density p = N, — N,. (After Ref. 18)

Table 3.1 Band-Structure Parameters of In, _, Ga,As,P, _, Lattice-
Matched to InP [x = 0.4526y/(1 — 0.031y)]

PARAMETER

DEPENDENCE ON THE MOLE FRACTIONS X AND y

Energy gap at zero
doping

Heavy-hole mass

Light-hole mass

Dielectric constant

Spin-orbit splitting

Conduction-band mass

E, (in eV) = 1.35 — 0.72y + 0.12)?

my,/mo = (1 — y)[0.79x + 0.45(1 — x)] + y[0.45x + 0.4(1 — x)]
my,/my = (1 — y)[0.14x + 0.12(1 — x)] + y[0.082x + 0.026(1 — x)]
e=(1—-y)[84x +9.6(1 — x)] + y[13.1x + 12.2(1 — x)]

A (in €V) = 0.11 + 0.31y — 0.09y?

m./mgy = 0.080 — 0.039y
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mass is obtained from the data in Ref. 24. Since we are dealing with a
composition that is lattice-matched to InP, the energy gap E,, (for zero
doping) is obtained from the data in Ref. 25. The reported experimental
results are in good agreement with the extrapolated light-hole mass.?® The
carrier-concentration-dependent band-gap reduction is assumed to be the
same as for GaAs,'®

AE, (in eV) = (= 1.6 x 1078)(p'/3 + n'/3) (3.2.42)

where n and p are in units of cm~3. The effect of AE, is only to shift the
position of the absorption edge or the gain peak, and the magnitude of the
maximum gain at a given current density remains unchanged.

The results shown in Fig. 3.4 assume that acceptors are fully ionized,
ie. N, — N, = p where N, and N,, are the acceptor and the donor concen-
trations, respectively and p is the majority carrier concentration. The ratio
N,/Np = 5 was chosen on the basis of the experimental studies on Zn-doped
GaAs. The calculation shows that with an increase in the doping level, the
effect of band-tail states becomes more pronounced and the absorption edge
is less steep. For the same reason, the absorption on the high-energy side is
reduced with an increase in the doping level.

20 T T T T . T

RELATIVE INTENSITY

0 | ] 1 1 —_ |
086 0.90 0.94 0.98 1.02 1.06 110 114
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Fig. 3.5 Spontaneous emission spectra for p-type InGaAsP (4 = 1.3 um). The parameters used
are the same as those in Fig. 3.4. (After Ref. 18)
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The total spontaneous-emission rate per unit volume can be calculated
in a similar manner. Integrating Eq. (3.2.24) over all states, it is given by

Ang*GE [*®
i Wl f 0 (E) pENVSAEf(EN M| dE'  (3.2.43)
mgegch® J_

where E” = E’' — E. The integral is evaluated numerically. Equation (3.2.43)
yields the spontaneous-emission spectrum if R is calculated as a function of
the photon energy E. '

Figure 3.5 shows the calculated spontaneous-emission spectra for different
hole concentrations. Note that with increasing carrier concentration the
peak of the spontaneous emission shifts to lower energies while its height
(maximum emission intensity) decreases. Also note that the width of the
emission spectrum increases with increasing carrier concentration as a result
of the band-tail states.

R(E) =

Ng=1x1019¢cm-3
150

100

FWHM AX (nm)

50

oL1 ] L l
10 12 14 16

PEAK WAVELENGTH Ap (um)

Fig. 3.6 Effect of acceptor concentration on the width of the spontaneous-emission spectrum
for p-type InGaAsP (4 = 1.3 um). Circles are experimental data points. (After Ref. 20)
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Figure 3.6 shows the effect of acceptor concentration on the width (FWHM)
of the spontaneous emission spectrum. The measured data of Ref. 20 are
also shown. The absorption edge shifts to lower energies due to the formation
of band-tail states with increasing impurity concentration. The emission and
absorption spectra of n-type semiconductors have essentially the same
features as those of p-type semiconductors.
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Fig. 3.7 Calculated gain spectra at different injected carrier densities for undoped InGaAsP
(E, =096 ¢V, A = 1.3 um). The absorption coefficient is plotted as a function of the photon
energy. (After Ref. 18)
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Fig. 3.8 Calculated maximum gain (g,,,,) as a function of injected carrier density (n) in undoped
InGaAsP (4 = 1.3 pm) at various temperatures. (After Ref. 27)

We now calculate the gain in InGaAsP excited by external pumping. Under
sufficient optical excitation or current injection, the number of electrons and
holes may be large enough to satisfy Eq. (3.2.8); the semiconductor material
would then exhibit optical gain. The rate of excitation can be expressed in
terms of the injected carrier density or by the nominal current density defined
below by Eq. (3.2.44). Figure 3.7 shows the gain spectra at various injected
carrier densities. For injected carrier densities less than 10*® cm ™3, there is
no net gain at any photon energy. As the carrier density is further increased,
the absorption coefficient a becomes negative over a limited energy range
and gain occurs. The photon energy at which the maximum gain occurs
shifts to higher energy with increasing injection while, at the same time,
the gain appears at a lower energy with increasing injection. This effect is
due to a shift in the band edge given by Eq. (3.2.42). Figure 3.8 shows the
maximum gain (peak value in Fig. 3.7) plotted as a function of the injected
carrier density at different temperatures.>” The calculation is done for undoped
material with a residual concentration of 2 x 10'7 ¢cm ~3 acceptors and donors.
Note that the gain is higher at a lower temperature for the same excitation.
The temperature plays a role through the Fermi factors and affects the distri-
bution of electrons and holes in the conduction and valence bands. At higher
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temperatures the carriers are distributed over a wider energy range, so the
maximum gain is less.

A convenient way to express the excitation rate is to use the nominal
current density J,, which is defined as the total spontaneous-emission rate
per unit volume and equals the injected current density at unit quantum
efficiency. The nominal current density is usually expressed in A/(cm?- um)
and is given by

J, = qR (3.2.44)

where R is the total spontaneous-emission rate per unit volume given by
Eq. (3.2.43). Figure 3.9 shows the calculated maximum gain as a function
of nominal current density for InGaAsP at 1.3 um. The nominal current
density equals the current lost to radiative recombination in a double-
heterostructure laser. Figure 3.9 shows that to achieve the same gain, higher
current density is needed at higher temperatures. Figures 3.8 and 3.9 show the
basis of the increase in threshold current of injection lasers as the temperature
is increased. Section 3.6 discusses the temperature dependence in detail.
Results of a similar calculation for the variation of the maximum gain
with the injected carrier density and the nominal current density at 1.55 pm

T ] | T
300 InGAASP i
< A=1.3 pm
£
o -
- T=100K 150
3
o 200
z
L ¢ -
(&)
3
s 100
x
<
s -
0 1 1 | |
0 1 2 3 4 5 6 7

NOMINAL CURRENT DENSITY, Jn(kA/cmzpm)

Fig. 3.9 Calculated maximum gain (g,,.,) as a function of nominal current density (J,,.,) for
undoped InGaAsP (4 = 1.3 pm) at various temperatures. (After Ref. 27)
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Fig. 3.10 Calculated maximum gain as a function of injected carrier density in p-type InGaAsP
for two different majority carrier (hole) concentrations.

are given in Ref. 27. The results are very similar to those of Figs. 3.8 and
3.9 except that a smaller injected carrier density and a smaller nominal
current density are needed at the longer wavelength to achieve the same
gain. This arises from the smaller conduction-band effective electron mass
at the longer wavelength, which allows the gain condition (3.2.8) to be
satisfied at a lower carrier density.

We next consider the effect of doping on the optical gain. Figure 3.10
shows the calculated maximum gain as a function of the injected electron
density in p-type InGaAsP (A = 1.3 um) with different hole concentrations.
The calculation assumes N,/N, = 5. Figure 3.11 shows the result for
n-type InGaAsP as a function of the injected hole density. The two figures
show that the excitation rate required for transparency (g = 0) decreases
with higher doping both for p-and n-type materials. The decrease is more
rapid for n-type than for p-type materials. The difference in behavior between
the n- and p-type materials is due to the small effective mass of electrons
compared with that of holes. This may be seen as follows. The condition
for net stimulated emission or gain is given by Eq. (3.2.8). Increasing the
doping level increases both E. and E;,; hence fewer additional injected
carriers are needed to satisfy the condition for gain. Since the effective mass
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Fig. 3.11 Calculated maximum gain as a function of injected hole density in n-type InGaAsP
for two different majority carrier (electron) concentrations.

of the conduction band is smaller than that of the valence band,

aEfc
on

OE;,
op

> I

This explains why the effect of doping is more pronounced in n-type than
in p-type material.

Figures 3.8-3.11 show that the optical gain varies almost linearly with the
injected carrier density and can be approximately written as

g = a(n — no) (3.2.45)

where the slope a is called the gain coefficient and n, is the injected carrier
density required to achieve transparency (i.c., g = 0 when n = ng). From Eq.
(3.2.8), the condition for transparency is given by

Ego + Ep, = 0. (3.2.46)

The quantity ny can be calculated from Eq. (3.2.27) using the approximation
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Fig. 3.12 Injected carrier density n, needed for transparency (g = 0) for InGaAsP lattice-
matched to InP. Arrows indicate values for 1.3- and 1.55-pm InGaAsP lasers.

(3.2.28) for parabolic bands. Figure 3.12 shows the calculated n, for undoped
InGaAsP lattice-matched to InP. The smaller n, for low band gap is due to
a smaller effective mass.

The variation of the gain with the carrier density is approximately linear.
As such, it is useful for a simple but fairly accurate description of semi-
conductor lasers as was presented in Chapter 2. Equation (3.2.45) was used in
the phenomenological model introduced in Sec. 2.4. The gain parameters a and
ny can be determined either using numerical results presented in Figs. 3.8
3.12 or deduced from the experimental data. Typical values for InGaAsP
lasers are in the range of 1.2-2.5 x 107 cm? for a and 0.9-1.5 x 10'®cm ™3
for n, depending on the laser wavelength and doping levels. It should
be stressed that because of uncertainties in the band-structure parameters,
the numerical results are only accurate to within a factor of 2.

The total spontaneous emission rate R given by Eq. (3.2.43) can be
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approximated by
R = Bnp (3.247)

where B is the radiative recombination coefficient and n and p are the electron
density and the hole density respectively. For undoped semiconductors,
R = Bn?. The calculated B = 1.2 x 107'° cm?/s for InGaAsP (4 = 1.3 um)
at a carrier concentration of 1 x 10'® cm™3. Calculation of the radiative
recombination rate shows that B decreases with increasing carrier density.
This has been confirmed by Olshansky et al.?® using carrier-lifetime measure-
ments,

3.3 NONRADIATIVE RECOMBINATION

As mentioned in Sec. 3.1, electrons and holes in a semiconductor can also
recombine nonradiatively. Nonradiative mechanisms include recombination
at defects, surface recombination, and Auger recombination, among others.
For long-wavelength semiconductor lasers, however, the Auger process is
generally the predominant nonradiative mechanism, and most of this section
is devoted to its study. The surface- and defect-recombination processes are
discussed briefly in Sec. 3.3.4. .

The Auger recombination process involves four particle states (three
electrons and one hole, two electrons and two holes, and so forth). In this
process, the energy released during the electron-hole recombination is
transferred to another electron (or hole), which gets excited to a high energy
state in the band. This electron or hole then relaxes back to achieve thermal
equilibrium by losing its energy to lattice vibrations or phonons. The Auger
recombination rate R, may be approximately written as

R,=Cn® (3.3.1)

where n is the injected carrier density in an undoped semiconductor. It is
useful to define the carrier lifetime 1, for the Auger process as

1, =n/R, = (Cn?)"1. (33.2)

The quantity C is called the Auger coefficient. The inverse-square dependence
of carrier lifetime on carrier density is used to identify the Auger effect
experimentally. Departures from the simple inverse-square relation are
discussed later in the section.

It is generally accepted that Auger recombination can be a major non-
radiative mechanism in narrow-gap semiconductors.?®~3* The observed
strong temperature dependence of threshold current in long-wavelength
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semiconductor lasers has focused attention on the Auger effect. There are
several different types of Auger recombination processes. The three major
types are (i) band-to-band processes,2”>2=37 (ii) phonon-assisted Auger
processes38—*! and (iii) trap-assisted processes.#?—*3

3.3.1 Band-to-Band Auger Processes

The band-to-band Auger processes in a direct-gap semiconductor are shown
in Fig. 3.13. The three processes are labeled CCCH, CHHS, and CHHL
where C stands for the conduction band and H, L, and S stand for heavy-
hole, light-hole, and split-off valence bands, respectively. The CCCH process
involves three electrons and one hole and is dominant in n-type material.
The Auger recombination rate for this process was first derived in Ref. 29.
The basis of the Auger effect is the Coulomb interaction between the two
electrons 1 and 2 in the conduction band. In the CCCH mechanism, electron
1 recombines with hole 1’ (i.e., electron 1 makes a transition to empty
state 1') and the excess energy is transferred to electron 2, which is excited
to state 2'. Electron 2’ loses its energy to optical phonons when it relaxes
back to thermal equilibrium. The CHHS process involves one electron, two
heavy holes, and a split-off-band hole. CHHL is similar to CHHS except
that it involves a light hole. CHHS and CHHL are dominant in p-type

CONDUCTION BAND

LIGHT HOLE BAND

SPLIT-OFF BAND

CCCH CHHS CHHL

Fig. 3.13 Three different band-to-band Auger processes shown schematically. Electrons are
represented by closed circles and holes by open circles.
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semiconductors. Under the high-injection conditions commonly present in
semiconductor lasers, all three mechanisms must be considered.

Band-to-band Auger processes are characterized by a strong temperature
dependence and band-gap dependence, i.e., the Auger rate decreases rapidly
either for low temperatures or for high band-gap materials. These depend-
encies arise from the laws of energy and momentum conservation that the
four free particle states involved (1, 2, ', 2’ in Fig. 3.13) must satisfy. This
may be seen in the following way for CCCH. The momentum and energy
conservation laws give rise to a threshold energy E; for each process. For
CCCH, if we assume E, =~ E, =0, only holes with energies greater than
~(Er — E,) = dE, can participate (J is a constant that depends on effective
masses). The number of such holes varies approximately as exp(—dE,/ky T)
for nondegenerate semiconductors, and thus the Auger rate varies as
exp(—dE,/kyT') in the nondegenerate case. The strong temperature depend-
ence does not appear if the individual particle states are not states of
definite momentum, such as trap states, or if conservation of momentum is
satisfied through phonon assistance. These processes are discussed later in
this section.

We now calculate the recombination rates of the various band-to-band
Auger processes. Most of the notation and methods of calculation are from
Ref. 27.

CCCH Auger Process. Beattie and Landsberg?® derived an expression for
the CCCH Auger process using Bloch functions for particle states. Using
Fermi’s golden rule, the expression for the Auger rate is

= 2n 1 ¢ 2 ’ ’
w3 [

x 8(k, + k; — K — Ky)8(E; — E,) d°k, dk, d°k, d°k;  (3.3.3)

where R, denotes the Auger rate per unit volume. P(1,1’,2,2’) denotes
the net probability for the CCCH process. The momentum conservation (rep-
resented by the first J function) arises from the representation of the particle
states as the product of a plane wave and a Bloch function. M is the matrix
element of the Coulomb interaction potential V between two electrons, i.e.,

q2
—————exp[—Ar; —r,|] (3.34)

Vi, —r1p) =
€|r; — 1y

where 1 is the inverse of the screening length, € is the dielectric constant,
and r, and r, are the positions of the interacting electrons.
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The matrix element after summing over the singlet and triplet state of
electrons 1 and 2 takes the following form:

M = JJ [P1(r1) 93(ry) Ayy — d3(r ) PF(ry) Ayl
x V(ry —r)oi(r)ds(r;) d’r; d’r, (3.3.5)

where ¢,(r,) and ¢,(r,) denote the initial state of electrons 1 and 2 while
¢1(r,), ¢1(r;) denote the corresponding final states. The quantities A,, =
A,, = 1 when electrons 1 and 2 have like spins, A,, = 1, A;, = 0 when they
have opposite spins preserved by the transition, and A;, = 1, A,, = 0 when
they have opposite spins both changed by the transition. The wave functions
¢,(r,) can be written as

¢1(ry) = ¥, (ky, ry) exp(ik, -ry) (3.3.6)

where ,(k,,r,) denotes the localized part of the Bloch function and
exp(ik, 'r,) is the plane-wave part. Consider one term in the matrix element
and carry out the integration after using Egs. (3.3.4) and (3.3.6). The
result is

‘”‘ ¢t ) o) V(r, — 1) di(r) di(r2) d’r, d’r,

2

4nq
= ok, + k, — ki —ky) ——— F(1, 1)F(2,2") (3.37
(ky + k; — ki 2)5(112+g2)( F(2,2) (337)

where g = |k; — kj| and F(1,1') and F(2,2') are the overlap integrals
defined using

F(1,1) = f!//i"(n)l//'l(n) d’r,

FQ2,2) = Jl//?(rz)dl'z(fz) d’r,.

In deriving the above, we have used the relation ry, =r; —r, and the
integral

d’ry, 4n
exp(—Ary, +ig'ry,) = ——o. 338
f s p(—Ar, +igery,) g (333)

Using a similar procedure for the other terms in Eq. (3.3.5), the matrix
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element |M|? is given by?°

M, = <4nq’)2[|F(1, NFQ 2) | |F(L, 2)FQ, 1)
€

| 2+ | ] 2+r |
[F(L, 1YF(2,2))  F(1,2)F(, 1')|2]
— 3.3.9
+| A2 4+ g2 2+n | (33.9)

where g2 = |k, — k}|? = |k — k,|?> and h? = |k, — k5}? = |k} — k,|%. F(i, j)’s
denote the overlap integral of the Bloch functions. These overlap integrals
have been evaluated using the Kane model for the band structure.3**¢ The
result is that

IFG, j)I> = 1 (3.3.10a)

when i and j are in the same band, and

|FG, j)I? = 9}‘3—’ Ik; — k2 (3.3.10b)

q

when i and j are in different bands. Here o;; is a constant. Calculations of
the overlap integrals using a more detailed band structure have been carried
out.*”*8 Since the matrix element given by Eq. (3.3.9) is fairly complicated,
some approximate form is generally employed. An approximation to the matrix
element |M,|? obtained using Eq. (3.3.10) is (0.5|M};|* < |M,|* < 1.5|M};|?):

, 4ng®\? o k2 _
IMi|* = [Mi|* = 4( ; ) f 7 +2/1212 =4M>.  (33.11)
g

Here gy = «},, and we have used the approximation k7> » k2, k3 so that
g% = h? = k’2. Equation (3.3.11) defines the matrix element |M,|? and the
expression (3.3.3) for the Auger rate can be written as

() s

x 5(k, + ky — ki — Ky)8(E; — E,;) d°k, dk, d°k; d°k;.  (33.12)

The quantity P(1,1’,2,2") in Eq. (3.3.12) is the difference between the
probabilities of the Auger recombination process of an electron-hole pair
shown in Fig. 3.13 and the inverse process of creating a pair. For the CCCH
process to occur, there must be electrons in states |1), [2), a hole in state
{1'>, and no electrons in state |2'). The appropriate occupation probabilities
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are given by the Fermi factors (3.2.2) and (3.2.3). Using them, we obtain

P(1,1,2,2) = f(DfQLM)1 - £(29]
— [t = £MIT = L[ - L(1)]LEQ)  (B.3.13)

where f.(i) stands for f.(E;), E; being the energy of ith particle. The second
term in Eq. (3.3.13) is almost negligible since f.(2') = 0 in most cases of
practical interest where E, > kpT. To a good degree of approximation, we
can therefore use

P(1,1,2,2) = (D)L, = £(29]. (3.3.14)

The energies of the four particles involved in the Auger process satisfy the
energy conservation relation

E, +E,=E;—E,— E}. (3.3.15)

Note that the hole energies are measured positive downward from the top
of the valence band.

For the nondegenerate case, the probability factor P(1,1,2,2’) can be
simplified using Eqs. (3.2.30) and (3.2.33). The result is

n?p (—E’Z +E >
P1,1,2,2) = ex g 3.3.16
( ) NN, p kT ( )

where we have used Eq. (3.3.15) and assumed that f.(2') « 1. The total Auger
recombination rate is now given by
E;

) o ) ool

x 8(k; + k, — ki — kp)8(E; — E,) dk, d°k, d°k; d°k;  (33.17)

>|1\7!if(k’z)|2

where we have assumed that M;; depends only on k as in Eq. (3.3.11) and
¢, is given by

= ——ex . 3.3.18
él Nva p kB T ( )

The integrals can be considerably simplified if we define the new variables

h=k, +k, j=k, —k,
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Integrating over them, we obtain

R, = Mot U 5K, d3k;|jonMif|2exp(;ET’) (3:3.19)

64n"h* B
where
: ’ ! 2m E ! !
js= 2|:ﬂck22 — pk? — ;‘; g:l - [k; + k3l
= mg p= Mo
mC ml)

Here m,, and m, are the conduction-band effective masses at the band edge
and at an energy Ej, respectively. Defining the new variables

kl
Z, =k\+—2— Z,=Kk 3.3.20
Tl R 2=k ( )
we get the following result:
meoé,
R,=—"21p 3.3.21
* anth’ ( )
where
_ —E;
I= j J dZ, dZ, Z3Z3|J,| | My |? exp(k Tz) (3.322)
B
and
4mE
J2 = 20,72 — Z3(1 + 2u) — _'”;,g_o (33.23)
where
—p -t
(4 (4 1+ 2“‘

Before simplifying the integral I further, we note the following. Since I
should be real, JZ must be a positive quantity. Since E; = #*Z}/2m,, Eq.
(3.3.23) for J shows that there is a minimum value of Ej for the Auger
process to take place. A lower bound on this minimum value is obtained
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using

E
or E’2>u‘ g

dmE,
2 %

20,72 >

Thus the threshold energy, or the minimum energy for the electron 2, is
given by

- AucEy —- 2mc0 + m,

Ep E (3.3.24)

= g
® 2rncO + m, —m,

Most of the contribution to the integral I arises from energies E; =~ E;
because of the exponential term exp(—E/kgT) in Eq. (3.3.22). Hence we
can approximate |M;(k3)|? by its value |M,|* at energy Er, ie.,

| Mg (k5)|* = M, |2 (3.3.25)

Integration over Z, can be readily performed and Eq. (3.3.22) becomes

nalM,)> [ —E;
== f dz,(Z% - Z3)*Z3 exp( 2)
(1 +2p) Zae kg T

where Z,, = (2m /h?*)E;. Defining y = Z, — Z,, as the new integration
variable, we obtain

2 M 2 —E
= (lna+ I2 a)'a/2 exp<k TT>10 (3.3.26a)
H B
where
) 2
Iy = J dy Y (Zy + ¥)*(2Z;, + y)? exp(—zm T (2Z, + y)) (3.3.26b)
(1] cB

and can be analytically evaluated. Using Eqgs. (3.3.21) and (3.3.26), the
expression for the Auger rate in the nondegenerate approximation becomes

2 2 2

mo0s| M| n*pl, —AE

= T 33 van OXP (3.3.27)
47*h>(1 + 2u)>'* NZN, kgT

where AE = E; — E,. A similar expression was initially derived in Ref. 29
for the case m, = m.,. The main points to note are that the Auger rate varies
at n’p and is temperature-dependent through the exponential term. In
particular, the Auger rate increases with increasing temperature in the
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nondegenerate approximation. For the degenerate case, the Auger-rate
calculations can be done using the same procedure as above except that the
integral I in Eq. (3.3.22) is modified.?’

CHHS Auger Process. The Auger recombination rate for CHHS, which
involves two heavy holes, one electron and one split-off-band hole, can be
calculated using the same procedure as for CCCH. The expression for the
Auger rate is given by Eq. (3.3.12) with the matrix element3* (obtained using
the Kane model):

M |? = <ﬂ)2 %cn %sH __1(_’24____ (3.3.28)
w= E, E, (k¥ + 4%)?

where we have made the approximation that k5 » k, k,.
In the nondegenerate approximation, the probability factor P(1, 1’ 2, 2")
can be simplified using Egs. (3.2.30) and (3.2.33) to obtain

2 ’
np —E) + Eg>
P(1,1,2,2) = . 3.3.29

( )= NN exP( ks T (3.329)

¢ty

The total Auger recombination rate R, using Egs. (3.3.12) and (3.3.29) is
given by

_8a/ 1} —EN\, 5 1wz
R, = ry (_8773) &s IJJJCXP<E}—>|Mir(k2)I

x 8(k, + k, — ki — ky)8(E; — E[) d°k, d°k, d°k; d’k;  (3.3.30)
where &, is defined by

np? E, )
= ——exp| — |. 3.3.31
¢ N2 xp(kBT ( )

We have made the approximation that the matrix element |M,|? depends
on k) in accordance with Eq. (3.3.28).

The integrals in Eq. (3.3.30) can be simplified using the same procedure
as for the CCCH process. We define the variables h and j as before, such
that h = k, + k, and j =k, — k,, and integrate over them. If we further
define new variables

z, =k + 2/:1 [ n= ' (3.3.32)
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we obtain
mcoés
= 3.3.33
a 47t5h3,u ( )
where
I= fjdzz dz, 2323 M |2|J,| exp<-E2> (3.3.34)
and
2 4
Ji= E agzd — = (1 + p/2)z2 — 'Z"O (E, — A) (3.3.35)
2 2 h*u
as=ys—1+< ! > po= ey Mo (3336
14 p/2 m m,

For J3 to be positive, there is a minimum value of z, (assuming E, > A) for
the Auger process to take place. This minimum value is obtained using

23 > 2mo(E, — A)/h%.

Since E), = h*z2/2m,, the above inequality implies that E’ must be greater
than the threshold energy E; for CHHS given by

ch(Ey - A) — zmv + Mo
oLy 2m, + m, — m

Er = (E, — A). (3.3.37)

_Making the same approximations as for the CCCH process, viz. replace
|Mic|* by its value |M;|? at E} = E, the integral I may be simplified to

M2 /2\12 _
I= MJEE <_> exp< ET)IO (3.3.38)
(1 + /2’ \p ks T

where I, is given by Eq. (3.3.26b) except that m_ is replaced by m,. Using
Eqgs. (3.3.31), (3.3.33), and (3.3.38), the expression for the CHHS Auger rate
in the nondegenerate approximation is given by

ZM 2 2 1/2 2] AE
o m o0l | M| <*) npz °exp<—“—) (3.3.39)
4n*tu(l + /2y \p) N2, ks T
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where

AE=E;—E, (3.3.40)

The temperature dependence and the band-gap dependence of the CHHS
Auger process arises from the exponential term in Eq. (3.3.39). For the case
where E, < A, there is no threshold energy for CHHS. The expression for
the CHHS Auger rate under degeneracy has also been derived.?”-3’

CHHL Auger Process. The expression of the Auger rate for CHHL is
similar to that for CHHS except that the split-off-band mass m, is replaced
by the light-hole mass m; and E, — A is replaced by E, in Eq. (3.3.37). The
threshold energy for CHHL is given by

Mt Mo g (3.341)

T=—————-——————
2m, + my — m,

The quantities m,, m,, and m, that appear in Eqgs. (3.3.24), (3.3.37), and
(3.3.41) are the effective masses in the conduction, split-off, and light-hole
bands at the threshold energies of CCCH, CHHS, and CHHL, respectively.
Since the band structure away from the band edge is not well known
experimentally, simplified theoretical models must be used to calculate these
effective masses. As a result, the accuracy of the calculated Auger rate is
limited by the accuracy of the band-structure model used.*%-5°

Calculated Auger Lifetime. As stated previously, the Auger effect is mainly
responsible for the observed high temperature dependence of the threshold
current in long-wavelength semiconductor lasers, in particular, lasers fabri-
cated using the InGaAsP material system and emitting near 1.3 um and
1.55 pm. We now present the results of calculated Auger lifetimes in InGaAsP
lattice-matched to InP under low injection.

The Auger lifetime of injected carriers is obtained using Eq. (3.3.2) after
the Auger rate R, has been calculated for a given carrier density n. For
n-type semiconductors, the CCCH process is important. Figure 3.14 shows
the calculated Auger lifetime for n-type InGaAsP (curve labeled CCCH),
with a majority carrier concentration for ny = 10'® cm ™3, This calculation
is for low injection (n = 10'% cm~3). For p-type semiconductors, both CHHS
and CHHL may be important. Figure 3.14 shows the calculated result for
both processes at low injection (n = 10!° cm™3) for p-type InGaAsP with a
majority carrier concentration of p, = 10'® cm~3. In all cases the Auger
lifetime decreases (or the Auger recombination rate increases) rapidly with
decreasing band gap.
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Fig. 3.14 Calculated Auger lifetime t, for n-type and p-type InGaAsP at low injection as a
function of band gap (top scale) or mole fraction (bottom scale) with a majority carrier
concentration of 10'® cm~3. For the n-type material CCCH dominates; for p-type material,
both CHHS and CHHL are considered. (After Ref. 27)
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Figure 3.15 shows the temperature dependence of the Auger processes
under low injection. The three curves correspond to the three Auger processes.
The band gap is chosen to correspond to 4 = 1.3 um. The Auger lifetimes
decrease (or the Auger rates increase) rapidly with increasing temperature.
The temperature dependence and the band-gap dependence essentially arise
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Fig. 3.15 Calculated Auger lifetime for n-type and p-type InGaAsP as a function of temperature.
The majority carrier concentration is 10'8 cm~3. (After Ref. 27)
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Fig. 3.16 Calculated Auger coefficient (due to CHHS) as a function of injected carrier
concentration in In, . Ga,As, P, _, (x = 0.45y) for several compositions. (After Ref. 51)

from the conservation of momentum and energy that the four particle states
must satisfy. Figures 3.14 and 3.15 show qualitatively that the Auger effect
is expected to play an important role in the performance of long-wavelength
devices, particularly semiconductor lasers (such as InGaAsP lasers) that
operate at higher carrier densities.

The screening of the Coulomb interaction and the use of the Fermi-Dirac
statistics can alter the Auger rate at high injection from that expected by
simple extrapolation at low injection. Figure 3.16 shows the calculated
Auger coefficient®! for the CHHS Auger processes as a function of injected
carrier concentration for undoped In, _,Ga,As P, _, lattice-matched to InP
(x = 0.45y). Different curves correspond to different values of the mole
fraction y. The Auger coefficient C is obtained using the relation R, = Cn?.
In Sec. 2.4 we used C as a phenomenological parameter [see Eq. (2.4.9)].
Figure 3.16 can be used to estimate its numerical value. If we use a typical
value for n of 2 x 10'8 cm ™2 for the injected carrier density in InGaAsP
lasers, we find that C =2 x 10"2%cm®s at A= 13pum (y = 0.6) and
C=5x10"28cmb/s at A = 1.55 um (y = 0.95). In Sec. 3.4 we discuss the
values of C deduced experimentally. It should be stressed that because of
various approximations and uncertainties in the band-structure parameters,
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the numerical calculations provide only an order-of-magnitude estimate of
the Auger coefficient.

3.3.2 Phonon-Assisted Auger Processes

The temperature dependence and the band-gap dependence of band-to-band
Auger processes arise from the conservation laws of energy and momentum
that the four “free-particle” states involved must satisfy. These laws, as seen
in Sec. 3.3.1, give rise to a minimum kinetic-energy requirement or to a
threshold energy E; for the processes. In phonon-assisted Auger processes,
conservation of momentum is satisfied through phonon participation and
hence the four particle states need not satisfy conservation of momentum.
This eliminates the requirement of minimum kinetic energy.
Phonon-assisted Auger processes in the direct-gap semiconductors were first
discussed in Eagles.>® Figure 3.17 shows these processes schematically, which
are labeled CCCHP, CHHSP, and CHHLP. CCCHP is similar to the CCCH
process of Fig. 3.13, except that the Coulomb interaction produces a heavy
hole in an intermediate state I, which then interacts with a phonon and

LIGHT HOLE

BAND
SPLIT-OFF
BAND
CCCHP CHHSP CHHLP

Fig. 3.17 Three different kinds of phonon-assisted Auger processes shown schematically. As in
Fig. 3.14, electrons are represented by closed circles and holes by open circles. The wavy line
shows the emission or absorption of a phonon of wave vector q.
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reaches a final state 1’. Thus the phonon-assisted Auger process is a second-
order process. All phonon interactions in Fig. 3.17 are shown to take place
in the heavy-hole band because, as will be shown later, heavy holes interact
more strongly with phonons compared to electrons and light holes. The calcu-
lation of the phonon-assisted Auger processes described here is from Ref. 27.

Phonon-assisted CCCH Process. We first consider the phonon-assisted
CCCH process. Using the same approximation for the matrix elements as
before, the expression for the Auger rate per unit volume is given by
Eq. (3.3.12) but without the § function representing the momentum con-
servation, i.e.,

87 1\*
o= (7:)(’8“)
x f ”fﬁkldi‘kz dk; d°ky P,(1, 1,2, 2)|\M |28(E; — E;)  (3.3.42)

where

M = . Sl (3343

2

H.= WVt —1) = — 3 exp(=Ar, —1,l)  (3.3.44)
€lr; — 1y

CilHpl f> = M(@UN, + 1/2) £ 1/2]V2. (3.3.45)

H,, is the Coulomb-interaction Hamiltonian between two electrons as in
Eq. (3.3.4), and H,, is the electron-phonon-interaction Hamiltonian.>? The
upper sign in the + of Eq. (3.3.45) is for emission of a phonon, and the
lower sign is for absorption of a phonon. M(q) is the strength of interaction
for the emission or absorption of a phonon of wave vector g, and N, denotes
the number of phonons of wave vector q. We now use the approximation

E, — E; = E,(k, + k, —k}) — E,(k})

x—>=—"E (3.3.46)
where, as before, u=m.,/m,, u, =my,/m, and m, and m, denote the
conduction-band masses at the band edge and at energy E, above the band

edge. The matrix element of H,, between two two-electron states is given
by |Mg|? in Eq. (3.3.11). The quantity P,(1,1,2,2") in Eq. (3.3.42) is
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given by
P,=(1+2N)P(1,1,272)
n’p —E,+E )
= (1 + 2N, ex g 3.347
( o) NN, P( kaT ( )

where the second line is obtained for the nondegenerate case after using
P(1,1,2,2) from Eq. (3.3.16). The factor 1 + 2N, in Eq. (3.3.47) arises
from the matrix elements of H,,, as shown in Eq. (3.3.45), after including
both emission and absorption processes. The summation over the inter-
mediate states {m) in Eq. (3.3.43) reduces to a single term because of the

momentum conservation:

q=k; +k; -k, —k,. (3.3.48)

With these simplifications, we get the following expression for the phonon-
assisted Auger rate in the nondegenerate approximation:

4 2 2
R, = (@)(.L) ( He ) ull 4 exp( E, )I 3.349)
h /\8n*/ \uE,/ NN, kgT

I= ﬂf IM@I*(1 + 2Np)| My (k3)?

where

h2k12 , ,
g exP(_zmck;T)é(E" — E;) &k, &°k, A’k k. (3.3.50)

The quantities |M(q)|* and N, depend on the type of phonon-scattering
process. We first consider the case of acoustic phonons. Here, the scattering
is caused by acoustic waves and is expressed in terms of a deformation
potential D.5 The corresponding matrix element is

D*hw,

3.3.51
2, (3.35D)

M@ =

where ¢, is the averaged longitudinal elastic constant and Aw), is the phonon
energy. The number of acoustic phonons N, at a temperature T is given
by

N, = [exp(hw,/ky T) — 117 (3.3.52)
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and for kyT > hw, becomes N, = kzT/hw, > 1. Since |M(q)|*(1 + 2N,) =
D*kgT/c, is independent of q, the integral I may be simplified to yield*’

(3.3.53)

D?ky T 1287°mopu® [(p.\"?
Iyc = I,

¢ 10542 \

where

0 hzkrz _ ,
I, = Lg diy(ky — k;)mk'z2 exP(“z‘mﬁf)IMif(kz)F

and k2 = 2m E_/h?. In deriving the above, we have neglected the contribution
of phonon energy in E, — E;. Several other phonon-scattering mechanisms
have been discussed;***° these include piezoelectric scattering, nonpolar-
optical-deformation-potential scattering, and polar optical phonon scattering.
These scattering mechanisms are described by different electron-phonon-
interaction matrix elements and lead to different values of I in Eq. (3.3.49)
for the Auger rate. In the results presented below, all of these mechanisms
were included.

We have discussed the case when phonon scattering takes place in the
heavy-hole band. When phonon scattering occurs in the conduction band,
the quantity E, — E; = E, in Eq. (3.3.46). Thus the Auger rate for con-
duction-band phonon scattering is smaller by a factor ~|u/u|?. For 1.3-um
InGaAsP, this factor is ~20. The calculations of CHHSP for CHHLP
phonon-assisted Auger processes are discussed in detail in Ref. 27.

Figure 3.18 shows the calculated phonon-assisted Auger lifetime 7, = n/R,
under low injection (n = 10'% cm ~3) for n-type and p-type InGaAsP with a
majority carrier concentration of 10'8 cm ™3, The calculation was carried out
using the Kane band model and the electron-phonon-interaction parameters
of GaAs. Figure 3.18 shows the variation of t, with the band gap of
In, _,Ga,As P, _ lattice-matched to InP (x = 0.45y and different values of
y correspond to different band gaps). CCCH dominates for n-type material,
while both CHHL and CHHS are considered for the p-type material. Figure
3.18 should be compared with Fig. 3.14. A direct comparison shows that the
dependence of the Auger rate on the band gap is considerably weaker for
phonon-assisted processes than for direct band-to-band processes. Further,
in both cases the Auger lifetime is shorter for the n-type material when
CCCH is dominant.

Figure 3.19 shows the relative contributions of phonon-assisted and band-
to-band Auger processes together with the total Auger lifetime for p-type
InGaAsP. Figure 3.19a shows the variation of t, with the band gap at a
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Fig. 3.18 Calculated phonon-assisted Auger lifetime for n-type InGaAsP as a function of the
composition (bottom scale) or band gap (top scale). The majority carrier concentration in each
case is 1 x 10'® cm ™3, Compare with Fig. 3.14 drawn for the direct (unassisted) band-to-band
Auger process. (After Ref. 27)

constant temperature T = 300 K. We note that when E, < 1.14 ¢V, the
band-to-band Auger process dominates. Figure 3.19b shows the variation
of 7, with temperature at a band gap of 0.96 eV (y = 0.6) corresponding
to the wavelength A = 1.3 um. The band-to-band Auger process dominates
for temperatures exceeding T = 160 K. Although these results are strongly
influenced by the choice of material parameters and band-structure
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Fig. 3.19 Comparison of band-to-band and phonon-assisted Auger processes in InGaAsP.
(a) Auger lifetime as a function of composition (bottom scale) or band gap (top scale).
(continued)

parameters, the qualitative features are expected to be valid. Haug*®
has calculated the phonon-assisted and band-to-band Auger rates for
1.3-um InGaAsP using the Chelikowsky and Cohen’® model of the band
structure. He finds that phonon-assisted CCCH and band-to-band CHHS
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(After Ref. 27).

are comparable in magnitude. It is important to point out that the numerical
values calculated for the various Auger processes are strongly influenced (by
as much as one order of magnitude) not only by the magnitude of the matrix
elements but also by the band structure model used to calculate the effective
masses far from the band edge. Consequently the experimental results
provide the only guide for assessing the relative importance of the various

Auger processes. These are discussed in Sec. 3.4.

H
3

E, = 096eV.
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3.3.3 Defect and Surface Recombination

Recombination at Defects. Defects in the active region of an injection laser
can be formed in several different ways. In many cases they are grown-in
during epitaxy. They can also occur, multiply, or propagate during a stress-
aging test. Defects can propagate along a specific crystal axis in a strained
lattice. The well-known dark-line defect (dark region of linear aspect) is
generally believed to be responsible for the high degradation rates (short life
span) of early AlGaAs lasers. Chapter 14 discusses defects and their effects
on laser reliability in more detail.

Defects produce a continuum of states in a localized region. Electrons or
holes that are within a diffusion length from the edge of the defect may
recombine nonradiatively via the continuum of states. The rate of recombi-
nation at a defect or trap is usually written as

R, = A,n (3.3.54)
where
A, = ovN, (3.3.55)

o is the capture cross section of the trap, N, is the density of traps, and v is
the velocity of the electrons or holes. The quantity A4, is the inverse of the
nonradiative lifetime in the presence of a trap, introduced in Sec. 2.4 to
account for nonradiative recombinations.

Surface Recombination. In an injection laser the cleaved facets are
surfaces exposed to the ambient. In addition, in many index-guided laser
structures, the edges of the active region can be in contact with curved
surfaces that may not form a perfect lattice. In general, a surface is a strong
perturbation of the crystal lattice, creating many dangling bonds that can
absorb impurities from the ambient. Hence a high concentration of defects
can occur on these surfaces, and the defects can act as centers of non-
radiative recombination. Such localized nonradiative centers, in addition to
increasing the threshold current, can cause other performance problems in
lasers (e.g., sustained oscillations). Another possible source for surface
recombination is the heterostructure interface between the active and
cladding layers.

The recombination rate of carriers at the surface is expressed in terms of
a surface recombination velocity. If A is the surface area and n,, is the
threshold carrier density, then the surface-recombination rate is given by

R, = SAn,, (3.3.56)
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where S is the surface recombination velocity. For an InP surface exposed
to air S is about two orders of magnitude smaller than that for GaAs. For
the modeling of semiconductor lasers, it is customary to lump defect and
surface recombination and introduce a single parameter A,,, as done in
Eq. (2.4.9).

3.4 EXPERIMENTAL RESULTS

In this section we present the experimental results on the measurement of
radiative and Auger coefficients (the parameters B and C) for InGaAsP
material. Many of these measurements were made in an effort to understand
the observed higher temperature dependence of the threshold current of
InGaAsP lasers (4 = 1.3 pm and 1.55 pm) compared with that of AlGaAs
lasers (4 =~ 0.82 pm). Measurements under conditions of both optical and
electrical excitations have been reported.

We first discuss the measurements under optical excitation of InGaAsP
from a mode-locked Nd:YAG (4 = 1.06 um) laser.>® Figure 3.20 shows the
experimental setup. The mode-locked laser pulses (~ 120 ps long) are focused
to a diameter of ~8 pum onto a 1.3-um InGaAsP-InP double heterostructure.
The optical radiation is absorbed in the InGaAsP layer (4 =~ 1.3 um) and not
in the InP cladding layers. From the measured transmission of the laser pulse
and the spot size, the carrier density generated in the double-heterostructure
well (InGaAsP layer) can be estimated. The optically generated carriers can
recombine through various mechanisms including radiative and Auger
recombinations. The carrier lifetime is measured by measuring the decay of
the photoluminescence signal at 1.3 pm. Figure 3.21 shows the experimental
data for carrier lifetime as a function of the carrier density. In the absence
of recombination at defects and surfaces, the carrier lifetime T may be
written as

L Byn + cn? (G4.1)
T

where B(n) is the radiative recombination coefficient, C is the Auger
coefficient, and n is the carrier density. For undoped InGaAsP material, it
is found that B=~2 x 107 °cm3/s for n =1 x 10*3cm~3 and C = 2.3 x
1072° cm®/s when 4 = 1.3 pm and 7 = 300 K.

Henry et al.>* have reported similar measurements of the carrier lifetime
in InGaAsP-InP double heterostructures at 4 = 1.3 pum. However, they
varied the carrier concentration by doping the active layer (n- or p-type). A
low-power mode-locked dye laser was used to generate a small number
of excess carriers, and the decay rate of these carriers was obtained by
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Fig. 3.20 Experimental setup for the measurement of carrier lifetime using the method of optical
excitation. Mode-locked YAG pulses of 120-ps duration were used in the experiment. (After
Ref. 53)

measuring the luminescence (4 = 1.3 pym) decay time. The lifetime 7 is given
by Eq. (3.4.1) as before. The estimated Auger coefficient is 1 x 1072° ¢cm®/s
from these measurements.

The radiative and Auger coefficients in InGaAsP have also been estimated®?®
by the technique of absorption bleaching using 1.06-um pump and probe
pulses. In this experiment, a train of high-power pulses (85-ps width, 8-W
power) from a mode-locked Nd: YAG laser was focused onto the InGaAsP
double-heterostructure sample. This produced a high density of carriers in
the InGaAsP layer. Further absorption of a probe beam, also at 1.06 um,
is reduced (or bleached) because the available states are already occupied.
This is known as the Burstein effect.>® Thus, by delaying the probe beam
with respect to the pump beam, one can measure the change in absorption,
from which the carrier decay time can be obtained. The estimated radiative
and Auger coefficients for 1.3-pm InGaAsP are 1.2 x 107'°cm3/s and
1.5-2.8 x 10729 cm®/s, respectively.

In the CHHS Auger process (Fig. 3.13), two heavy holes interact and
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Fig. 3.21 Measured carrier lifetime as a function of injected carrier density. At low carrier
densities, radiative recombination dominates and the solid line is used to estimate B. At high
carrier densities, Auger recombination dominates and the dashed-line fit yields the value of C.
(After Ref. 53)

create an electron in the conduction band and a hole in the split-off band.
The electron and the split-off-band hole can recombine with the emission
of phonons at an energy E, + A. The CHHS Auger coefficient has been
estimated by measuring the intensity of this high-energy (E, + A) lumi-
nescence.>” For 1.3-um InGaAsP, E, + A = 1.31 eV. Figure 3.22 shows the
experimental results. Toward low energies, the onset of the band-to-band
transition (at ~0.96 eV) can be seen. The estimated CHHS Auger coefficient
is ~5 x 1072% cm®/s at 300 K.
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Fig. 3.22 Intensity of photoluminescence near energy E, + A (A = 1.31 ¢V) produced by the
recombination of an electron and a split-off-band hole. Different curves are for different injected
current densities. (After Ref. 57 © 1983 IEEE)

Measurements of the radiative and Auger coefficients have also been
reported using differential carrier-lifetime measurements.*®-3° The differential
carrier lifetime 7, is defined as

_R (34.2)

1
T, On
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where R(n) is the total recombination rate [below threshold; see Eq. (2.4.9)]
given by

R(n) = A,.n + B(n)n* + Cn®. (34.3)
The injected current [ is related to the carrier density n by the relation
I =qVR(n) (34.4)

where V is the active volume. Since the spontaneous-emission rate is
proportional to B(n)n?, Egs. (3.4.3) and (3.4.4) show that in the presence of
the Auger effect, the spontaneous-emission rate should vary sublinearly with
increasing I. For C =0 and a constant B, the relation between 7, and I
becomes

o =AZ+— I (34.5)

Thus for C = 0, 1,2 varies linearly with the current I. In the presence of the
third term in Eq. (3.4.3), 1/12 versus I becomes superlinear with increasing
I. Figure 3.23 shows an example each of the measured 1/12 versus I and
the measured spontaneous-emission rate versus I for 1.3-um InGaAsP
lasers. The coefficients 4,,, B(n) and C in Eq. (3.4.3) can be obtained by
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Fig. 3.23 (a) Spontaneous emission intensity plotted against injection current. (b) 1/1? plotted
against injection current. (After Ref. 28 © 1984 1IEEE)
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curve-fitting the data of Fig. 3.23. An extensive analysis of such data shows
that B(n) for 1.3-um InGaAsP may be written as

B(n) = B, — Byn (3.4.6)

with B, = 0.5-0.7 x 107! cm®/s and B,/B, = 1.7-2.2 x 10~'° cm? at 300 K.
The Auger coefficient C = 1-2 x 1072° cm®/s for undoped InGaAsP and
9 x 1072° cm®/s for p-type InGaAsP. Thompson®® arrived at an Auger
coefficient of 3 x 1072° cm®/s from an independent analysis of the data in
Ref. 58.

Uji et al.%! analyzed the output-power-saturation characteristics of 1.3-um
InGaAsP light-emitting diodes. They showed that by measuring the light-
current characteristics of diodes of different active-region thicknesses, the
effects of heterojunction leakage and Auger recombination can be separated.
They estimate an Auger coefficient in the range of 3-8 x 1072° cm®/s and
a radiative recombination coefficient in the range 0.7-1.5 x 1079 cm3/s at
an injected carrier density of ~1 x 108 c¢m ™3,

In an indirect method, the Auger coefficient in InGaAsP material is
estimated by fitting the measured threshold current to stripe width for stripe-
geometry lasers (see Fig. 2.7).2 The estimated values are 3 x 1072° cm®/s
and 9 x 1072% cm®/s for 1.3-um and 1.55-um InGaAsP respectively.

The various experimental values for the radiative and Auger recombination
rates in InGaAsP are listed in Tables 3.2 and 3.3 respectively. Note that
different methods lead to considerable differences in the values. In spite of
these large differences, it appears that the measured radiative coefficient is
smaller (probably by 30%) than the calculated value and that the measured
Auger coefficient is smaller (by a factor of 3 to 5) than the theoretical values
obtained using the Kane model of the band structure. The Auger rate
calculation using the Chelikowsky and Cohen model of the band structure
agrees well with the experimental data.

Table 3.2 Measured Radiative Coefficient in InGaAsP

B, cm?/s REFERENCE COMMENT
0.7-1.5 x 10~ 1° Uji, Iwamoto, and Lang®* A =13 pum, LEDs
12 x 10710 Wintner and Ippen** A = 1.3 um, optically pumped
1.0 x 10~1° Wintner and Ippen®* A=155um
04 x 10710 Wintner and Ippen*® A = 1.65 pm, InGaAs
B, =0.5-0.7 x 1071° Olshansky et al.2® A=13um, B= B, — Bjn

B,/By = 1.7-22 x 10 1°
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Table 3.3 Measured Auger Coefficients in InGaAsP

C, cm%/s REFERENCE COMMENT
5x1072° Mozer et al.5” A = 1.3 pm, CHHS process
234+1x10°% Sermage et al.*? A= 1.3 um, optically pumped
1 x10°2 Henry et al.>* A = 1.3 um, doping dependence of t
1-2 x 1072° Su et al.>® A=13um
9 x 10729 Su et al.>? A = 1.3 pum, p-type material
3x107%° Thompson®® Fit to data of Su et al.8
3-8 x 1072° Uji, Iwamoto, and Lang®! A =13 um, LEDs
1.5-2.8 x 1072 Wintner and Ippen®* A = 1.3 um, optically pumped
7.5 x 10729 Wintner and Ippen®* A=155um
9.8 x 1072° Wintner and Ippen®* A = 1.65 pm, InGaAsP

3.5 THRESHOLD CURRENT DENSITY

In this section we show how the calculations presented in Secs. 3.2 and
3.3 can be used for estimating the threshold current density J,, of a semi-
conductor laser. Because of the different facet reflectivities for the TE and
TM modes,®? the TE mode generally has a lower threshold. In Sec. 2.6.1 we
obtained Ji;, using the linear-gain model based on Eq. (2.4.3). From Egs.
(2.6.3) and (2.6.4), J,;, is given by

Ji = qd(A, ng, + BrZ + Cnd) + Ji, (3.5.1)

where d is the active-layer thickness and n,;, is the injected carrier density at
threshold. To account for the carrier leakage from the active region, we
have introduced J; into Eq. (3.5.1). In general, the carrier leakage is structure-
dependent, as will be discussed in Chapter 5. For simplicity and generality,
we consider a broad-area laser for which the leakage current density J, is
only due to carrier leakage over the heterojunctions (interfaces between the
active and cladding layers).

The threshold carrier density n,, is obtained using the threshold condition
(2.3.9). Using Egs. (2.3.10) and (2.5.50) we obtain

1
gy =— ln< ) + T, + (1 — Do, + otgeqys (3.5.2)

2L \R,R,

where the first term represents facet loss, while the remaining terms account
for internal losses. Typically, L = 250 um, R; = R, = 0.32, and the facet
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loss is about 45cm™!. If we consider a 1.3-um InGaAsP laser with InP
cladding layers, the confinement factor I" for the TE mode is about 0.47 for
a 0.2-um-thick active layer (see Fig. 2.5). We calculate internal losses using
Oae 20 and o, = a, = 30cm ™. With these parameters, the threshold
gain g, = 166 cm~!. The injected carrier density at room temperature
(T = 300 K) required to achieve this gain can be obtained using Fig. 3.8;
ng = 1.7 x 108 cm ™3,

The threshold current density J,, can now be obtained using Eq. (3.5.1)
provided the parameters A,,, B, and C have been estimated from the results
presented in Secs. 3.2 and 3.3. For good-quality InGaAsP lasers, the
contribution of A, (trap and surface recombinations) is often negligible
compared with the other terms in Eq. (3.5.1), and J;, can be rewritten as

Jn=d+ I+ (3.5.3)

where
J, = qd(Bn}) = qdR (35.4)
Jor = qd(Cn}) = qdR, 3.5.5)

are the radiative and nonradiative components of the current density,
respectively. The radiative spontaneous-emission rate R and the Auger
recombination rate R, can be obtained from the results presented in Secs.
3.2 and 3.3. For the example under consideration, using d = 0.2 um and
ds = 166 cm ™!, we obtain J, = 1 kA/cm? from Fig. 3.9. Further, if we use
C =23 x 1072° cm®/s as the experimentally deduced value (see Sec. 2.4),
J,. = 0.36 kA/cm? from Eq. (3.5.5). Thus the calculated J,;, in our example
is 1.36 kA/cm? in the absence of carrier leakage. This compares well with
the measured values, which are typically in the range 1-1.5 kA/cm?2. In the
next section we calculate the carrier leakage over the heterojunctions in order
to estimate J.

3.5.1 Carrier Leakage over the Heterojunctions

Heterojunction carrier leakage is caused by diffusion and drift of electrons
and holes from the edges of the active region to the cladding layers, and is
schematically shown in Fig. 3.24a. The heterojunction leakage in a double
heterostructure has been extensively studied.®*~"! In thermal equilibrium, at
the boundary between the active and cladding layers, a certain number of
electrons and holes are present. Figure 3.24b shows an energy-level diagram
for the heterojunction of active and p-cladding layers; the electron and hole



128 SEMICONDUCTOR LASERS

INGaAsP
n-InP € p-InP

] 00
CONDUCTION
m BAND

w. VALENCE
h BAND
(@)
-InP
IncaasP  § — o CONDUCTION
i AE, _LE ' BAND
Bfe T————————— R
) } ELECTRON QUASI
FERMI LEVEL

,— HOLE QUASI FERMI LEVEL
o [ SR |
-Ef ’
T AE, E'tv
VALENCE
} BAND

(b)

Fig. 3.24 (a) Schematic illustration of the heterojunction leakage current. (b) Energy level
diagram near the boundary of P-InP cladding layer and InGaAsP active layer.

quasi-Fermi levels E;, and E; are assumed to be continuous at the
boundary.®® The number of electrons n, at the boundary of the p-cladding
layer is given by [from Eq. (3.2.27)]

© 1/2
ny, = N, 2 J __cde (3.5.6)

nt? | 1+ exp(e — €)
where
2 k 3/2
N, = 2(”—"‘}'2—"1) € = AE, [kyT
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and m, is the conduction-band mass of the p-cladding layer. Note that n, is
the number of electrons with energy gréater than the conduction-band
barrier height AE,. Using the Boltzmann approximation for the non-
degenerate case, Eq. (3.5.6) may be simplified to yield

2 [” —E
ny=N,,—= | €2deexp(—e + €.) =N, ex ( 1>. 3.5.7
b T[”Z . p( f ) p kBT ( )
The quantity E, = AE, — E,_ is shown in Fig. 3.24. In deriving the above,
we have used the relation €;, = E; /kz T. We now show that E, is related to
the band-gap-difference AE, between the active and cladding layers. From
Fig. 3.24 we note that

E, = AE, — E;, = AE, — AE, — Eq.. (3.5.8)

Further, AE, is given by
AE, = E;, + E;, 3.5.9)
where E¢, and E;, are the hole quasi-Fermi levels in the p-cladding layer

and active layer respectively. From Egs. (3.5.7), (3.5.8), and (3.5.9) it follows
that

NN, A E
my = ee e exp< _AE  Bee t B ‘”) (3.5.10)
where we have used the relation
P =N, exp| —% 3.5.11

o kBT) G>10

for the majority (hole) carrier density and

2nky T \32

N, = 2( "h;’ ) m3? + m}?) (3.5.12)

is the valence-band density of states for the p-cladding layer. Note that m,,
my,, and m,, are the effective masses for the p-cladding layer and can be
obtained using Table 3.1.

The quantities E; and E;, can be calculated from the known carrier density
in the active region [using Eq. (3.2.28)]. An equation similar to (3.5.10)
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can be derived for the density of holes (p,) at the boundary between the
n-cladding layer and the active layer. Equation (3.5.10) shows that n,
increases rapidly with increasing temperature and suggests that the carrier
leakage can be a major carrier-loss mechanism at high temperatures,
especially for low heterojunction-barrier heights.

The electron leakage current density j, at the p-cladding layer is given
by71

Ja= —qD, @ + gnu, E (3.5.13)
dx

where the first term represents diffusive leakage and the second term
represents drift leakage in the presence of an electric field E. D, is the electron
diffusivity, u, is the minority carrier mobility and n(x) is the density of
electrons at a distance x from the boundary between the active region and the
P-cladding layer. The current j, also satisfies the continuity equation

Ldi, n_, (3.5.14)
qdx 1,

where 1, is the minority carrier lifetime. Equation (3.5.13) can be solved
using the boundary condition n(x = 0) = n, and n(x = h) = 0. The second
condition assumes that the minority carrier density at the contact, which is
at a distance h from the boundary, is 0. The result for the electron leakage
current at x =0 is

(Z — Z,) exp(Z;h) + (Z, — Z) exp(Z,h)

A 3.5.15
U exp(Z,h) — exp(Z,h) ( )
where
Z = qE/kyT (3.5.16)
1 1/2
Z,, =3z + (— + %Zz) 3.5.17)
’ L'2'
L, = (D,z,)'. (3.5.18)

L, is the electron diffusion length. In the above, the relation D, = pu,kzT/q
has been used. In the limit E =0, Eq. (3.5.15) reduces to the case of
pure diffusive leakage, and for L, > h, it reduces to i, = qn, u, E, which holds
if only drift leakage is present. A similar equation can be derived for
the hole leakage current j, in the n-cladding layer. However, since the
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diffusion length and mobility of electrons are large compared to those of
holes, the electron leakage is considerably larger than the hole leakage. The
total leakage is given by the sum

Iy = Ju +Jpe (3.5.19)

Figure 3.25 shows the calculated J; for the diffusive heterojunction leakage
in an InGaAsP-InP laser.”? At higher temperatures, the leakage current is

Eq (ev)
1.28 144 102 096 090 085
108 E T T T T 3

< F ]
T :
s o5l INy_x Gy ASy Py_y~ INP :
— E n=16x10'®(7/300)*2cm"3 E
& F ]
o - p
14 — -
3 404
g 10 E— -:3.
s I ]
o s .
.
14 103 2 =
wi - 3
& - 3
3 | §

21 -
€ 10 400K E
- - -
w - ]
I - -
§ _ ]
a 'OF E
2 o -
w - .
u N i
o i 4

1 | 1 | | |

09 1.0 14 1.2 13 14 15

X (em)

Fig. 3.25 Calculated diffusive heterojunction leakage current (J,) in an InGaAsP-InP double
heterostructure as a function of wavelength (bottom scale) or band gap (top scale). Curves for
three different temperatures are shown. (After Ref. 72 © 1982 IEEE)
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considerably higher. Also, the leakage current increases rapidly when the
barrier height decreases. At 1.3-um and 1.55-um wavelengths, however, the
calculated J; « 100 A/cm? near room temperature, implying that the hetero-
barrier carrier leakage is not significant for such InGaAsP layers. The
calculation assumes that the electron and hole concentrations in the n- and
p-cladding layers are 3 x 10'7 cm ™3, respectively, and that the electron and
hole diffusion lengths are 5 um and 1 um, respectively. The thickness h of
the p-cladding layer is assumed to be 2 um. The drift leakage current
increases rapidly with a decrease in p-cladding-layer doping. For a carrier con-
centration of 3 x 10!7 cm ™3 or higher, which is normally the case for semi-
conductor lasers, the drift leakage is small compared to the diffusive leakage.

3.6 TEMPERATURE DEPENDENCE OF THRESHOLD CURRENT

In this section we address the important issue of the high-temperature
performance of semiconductor lasers. The threshold current of double-
heterostructure lasers is found to vary with temperature T as

1,(T) = Io exp(T/Tp) (36.1)

where I, is a constant and Tj, is a characteristic temperature often used to
express the temperature sensitivity of threshold current. For AlGaAs lasers
the observed T;, > 120 K near room temperature, while for InGaAsP lasers,
T, values lie in the range of 50-70 K.”3-7® A lower T, value implies that
the threshold current increases more rapidly with increasing temperature.
The high temperature sensitivity of the threshold current of InGaAsP lasers
limits their performance under high-temperature operation. Furthermore,
under CW operation at room temperature, the maximum power emitted by
these lasers is limited by a thermal runaway process: more and more current
is required to offset the effect of the internal temperature increase and this
in turn further increases the temperature. Because of these practical limita-
tions, a considerable amount of experimental and theoretical work has been
done to understand the higher temperature sensitivity of the threshold
current of InGaAsP lasers.8%-%%

In some InGaAsP laser structures, a part of the injected current can flow
around the active region, the magnitude of which may vary with temperature;
this results in an anomalously low or high temperature sensitivity of the
threshold current.®! The purpose of this section is not to consider such
structure-related effects but to concentrate on the fundamental aspects that
can give rise to a high temperature dependence of the threshold current. For
this reason, most results are presented for broad-area or stripe-geometry layers.

Figure 3.26 shows the measured threshold current of a broad-area 1.3-pm
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Fig. 3.26 Measured threshold current density as a function of temperature for a 1.3-um
InGaAsP-InP laser. The observed exponential variation can be used to deduce the characteristic
temperature T,,. Note the semilog plot.

InGaAsP-InP laser as a function of the operating temperature. The threshold
current can be represented by Eq. (3.6.1) with 7, = 110K for 100K < T <
240K and T, = 60K for 240 K < T < 340 K. At higher temperatures, even
lower T values are observed. Similar T values have been reported by optical
pumping using a YAG laser3? or a pulsed dye laser®3-84 as the excitation
source.

Several authors have measured the threshold current as a function of
temperature in the temperature range of 10-70°C, which is generally the
operating temperature range of these devices when they are used in practical
systems. Figure 3.27 shows the estimated T, obtained using Eq. (3.6.1) from
these measurements for InGaAsP-InP lasers as a function of the emission
wavelength. The measured T;, values generally lie in the range of 40-70 K.
Several mechanisms have been proposed to explain the observed high
temperature sensitivity of the threshold current of InGaAsP lasers. These
are carrier leakage over the heterojunction,®’-7%87-90 Ayger recombina-
tion,27-33:58-64.91-95 a5 intervalence band absorption.®®-%8 The differences
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Fig. 3.27 Measured T, values for InGaAsP-InP lasers as a function of emission wavelength.
The data points are from Ref. 76 (©), Ref. 78 (@), Ref. 85 (®), and Ref. 73 (O).

between the temperature dependences of other lasing characteristics (e.g.,
carrier lifetime at threshold, external differential quantum efficiency, and
optical gain) of GaAs-AlGaAs and InGaAsP-InP lasers have been extensively
studied. The results of these studies are consistent with the observed higher
temperature dependence of the threshold current of InGaAsP-InP lasers
compared with that of GaAs-AlGaAs lasers. We now describe some of these
measurements.

3.6.1 Carrier-Lifetime Measurements

The carrier lifetime at threshold 7., has been measured by the turn-on delay
technique (see Sec. 6.4.2) for both GaAs-AlGaAs and InGaAsP-InP lasers.
Figure 3.28 shows the measured 1, as a function of temperature. The resuits
obtained are analyzed in the following fashion. The threshold current density
Ji» of a broad-area laser is given by Eq. (2.6.3), or

Jin = qdny, [T, (3.6.2)

where d is the active-layer thickness and n,, is the carrier density at threshold.
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Fig. 3.28 The measured carrier lifetime at threshold as a function of temperature for (a) 1.3-um
InGaAsP-InP and (b) GaAs-AlGaAs lasers. (After Ref. 72 © 1982 IEEE)

The observed decrease of t,, with increasing temperature (in the high
temperature range) is more rapid for 1.3-um InGaAsP lasers than for AlGaAs
lasers; this is consistent with the observation that J,; increases with increasing
temperature more rapidly in InGaAsP lasers than in AlGaAs lasers. Further-
more, it is possible to conclude that the threshold carrier density n
does not increase as rapidly with increasing temperature as does J,,. This is
consistent with the measurements of n, using short electrical or optical

pulse excitation.
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3.6.2 Optical-Gain Measurements

The temperature dependence of the optical gain has been measured by both
current injection and optical pumping. In the current-injection technique,
the net optical gain is obtained from measuring the intensity modulation in
spontaneous-emission spectra that are observed from the facet of a laser at
currents below threshold.®® The modulation is caused by the Fabry-Perot
resonances (the longitudinal modes) of the cavity. The net gain G is negative
below threshold and is given by

1. (ri2 -1

where G=Tg -, r =P, /Pnn and a, is the total loss in the cavity
including mirror losses. The quantities P, ,, and P,;, are the maximum and
minimum intensities in the spontaneous-emission spectrum. G is found to
vary linearly with the current I. The measured slope of the gain-current curve
dG/dl is shown in Fig. 3.29 for both InGaAsP-InP and GaAs-AlGaAs lasers.
As the temperature increases, the quantity dG/dI decreases more rapidly for
InGaAsP (for T > 230 K) than for GaAs. An explanation for these resulits
is that a fraction of the injected current in InGaAsP lasers is lost (by
nonradiative recombination or carrier leakage) at high temperatures and
that this fraction does not contribute to radiative recombination or optical
gain.

Measurements of the optical gain have been reported using excitation from
a pulsed N,-laser-pumped dye laser.'°° The gain is determined by measuring
the dependence of the amplified intensity on the length of the excited region.
Measurements of both the gain spectra and its temperature dependence have
been reported. Figure 3.30a shows the measured gain spectra at 300 K, and
Fig. 3.30b shows the optical pump intensity required to maintain a constant
gain as a function of temperature. The measured gain spectrum is similar
to that caiculated in Fig. 3.7. The optical pump power needed to maintain
a constant gain is found to vary with temperature T as P = P, exp(T/T).
The T, values are noted in Fig. 3.30b. The observed lower T;, above a
certain temperature (T = 265 K) is consistent with the higher temperature
dependence of threshold current in the same temperature range (see Fig.
3.26).

3.6.3 External Differential Quantum Efficiency

The external differential quantum efficiency for a laser with cleaved facets is
given by Eq. (2.6.11), or
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m (3.6.4)

g =N ———
‘ O + Aint

where #; is the fraction of injected carriers than recombine to produce a
stimulated photon, «,, = In(1/R,,)/L is the mirror loss, L is the length of
the laser, R is the facet reflectivity, and «;, is the sum of internal losses
in the active and cladding layers. A measurement of n, as a function of
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Fig. 3.29 Measured slope of the gain-versus-current curve (dG/dI) as a function of temperature
for (a) 1.3-um InGaAsP-InP and (b) GaAs-AlGaAs lasers. (After Ref. 72 © 1982 IEEE)
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temperature may be used to infer the variation of a;, with temperature.
However, for an absolute determination of ., #; must be known, and for
a determination of the temperature dependence of «;,,, the variation of #;
with temperature must be known. Incomplete knowledge of n; may lead to
misleading conclusions. For example, in some laser structures a large fraction
of current can flow around the active region; as a result the observed 7, is
small. The measured 7, as a function of temperature for GaAs and InGaAsP
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Fig. 3.31 The measured external differential quantum efficiency per facet as a function of
temperature for InGaAsP (4 = 1.3 pm) and GaAs lasers.

lasers is shown in Fig. 3.31. The lasers are oxide-stripe devices that do not
have significant current leakage paths. The temperature dependence of 7, is
somewhat steeper for InGaAsP lasers than that for GaAs lasers.

3.6.4 Discussion

The experimental observations on the temperature dependence of the
threshold current, the carrier lifetime at threshold, the optical gain, and the
sublinearity of spontaneous emission (Sec. 3.4) suggest that InGaAsP lasers
suffer from a nonradiative carrier loss at high temperatures. This carrier loss
may be due to heterobarrier leakage that, as shown in Sec. 3.5, increases
with increasing temperature.’-7® Heterobarrier leakage can be a major
carrier loss mechanism for InGaAsP-InP lasers with emission wavelengths
less than 1.1 um due to a small heterobarrier height. For lasers emitting near
1.3 pm and 1.55 um, which is the region of interest for optical communication
applications, the calculated drift-and-diffusion type of leakage is small, as
shown in Fig. 3.25. Experimentally, the leakage current is about 10-30%; of
the total current and is mostly due to electron leakage.®®®° Since the
magnitude of the conventional drift-and-diffusion-type heterobarrier leakage
depends on the doping and thickness of the p-cladding layer, laser structures
can be designed with very small carrier leakage. The threshold current in
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such lasers nonetheless exhibits a high temperature dependence, suggesting
that other mechanisms are also operative.

Another mechanism for carrier loss at high temperatures is Auger recombi-
nation. The measured Auger coefficient is large enough to account for a
lower T, value for 1.3-ym and 1.55-um InGaAsP lasers than that observed
for AlGaAs lasers. The threshold current density of a broad-area laser can
be calculated using Eq. (3.5.1). The calculated value is determined principally
by the magnitudes of coefficients B and C and the threshold carrier density
n, if we assume that 4, = 0 and J, = 0. The value of n,, depends on the
threshold gain g,;, which is determined by the laser structure (e.g., through
the mode confinement factor) and optical absorption.

There have been several suggestions®®~2® based on indirect measurements
that intervalence band absorption in the active layer due to transitions between
the split-off band and the heavy-hole band is large and may be responsible
for the strong temperature sensitivity of J,,. However, direct measurements
yield small values. Henry et al.'°! obtained values of 14 cm~" and 12cm™!
for intervalence band absorption in p-type InP and p-type InGaAsP, respec-
tively, at A= 1.3 um for a carrier concentration of 10'® cm~3. When
J = 1.6 um, these values are 24 cm ™! and 25 cm ™! for p-type InP and p-type
InGaAsP, respectively, at a carrier concentration of 10'® cm™3. Casey
and Carter'®? reported similar values of intervalence band absorption in
p-type InP. These measurements show that intervalence band absorption is
significantly smaller that what is needed to explain the observed temperature
dependence of the threshold current. The internal absorption losses are deter-
mined by free carrier absorption in addition to intervalence band absorption,
which is determined by the carrier concentrations in the active and cladding
layers. Waveguide scattering losses are also included among the internal
losses. For the purpose of calculations described in this section, we assume
that a temperature-independent total optical loss «,I" + (1 — INa, = 30 cm ™ 1.

Figure 3.32 shows the calculated radiative and Auger components of the
threshold current density plotted as a function of temperature for 1.3-um
and 1.55-um InGaAsP-InP broad-area lasers with an active-layer thickness
of 0.2 um. The radiative component of the current is calculated using the
gain-versus-nominal-current-density relation of Fig. 3.9. Figure 3.32a shows
that the threshold current density of 1.55-um InGaAsP lasers should be
lower than that for 1.3-um InGaAsP lasers in the absence of Auger recombina-
tion. The Auger component of the total current density as calculated from
Eq. (3.5.5) is shown in Fig. 3.32b. The total calculated threshold current
density J,, is shown in Fig. 3.32c. If the calculated threshold current I is
expressed as ~I,exp(T/T;), the calculated 7, values of the radiative
component J, and T, = 100K for 100K < T'< 200K and T, = 200K for
270 K < T < 350 K. The calculated temperature dependence of J, in the low
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Fig. 3.32 Calculated radiative and nonradiative components of the threshold current density
as a function of temperature for 1.3-uym and 1.55-um InGaAsP lasers: (a) radiative, (b) non-
radiative (Auger), and (c) total. Note the crossover for the total threshold current density.

temperature range agrees with the measured temperature dependence char-
acterized by T, values in the range of 100-110 K. However, the radiative
component alone cannot explain the measured temperature dependence of
Jn in the high temperature range. If Auger recombination is included, the
calculated values for Ty, in the high temperature range (270 K < T < 350 K)
using Fig. 3.30c are 70 K and ~61 K for 1.3-pym and 1.55-um InGaAsP
lasers, respectively. (These values increase to 90 K and 72 K if a temperature-
independent Auger coefficient is used in the calculation.) Experimental T,
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values are slightly lower than the values calculated above. Considering many
uncertainties in the calculation, it is possible to conclude that the Auger
processes, which become increasingly dominant with decreasing band gap,
play a significant role in determining the observed high temperature
sensitivity of long-wavelength InGaAsP lasers.

It has been pointed out that the carrier leakage can also take place due
to Auger recombination.'®® In the CCCH Auger process, hot electrons with
energies far in excess of the heterobarrier height are produced. A fraction of
these electrons can “leak” out of the active region to the cladding layers,
constituting a leakage current, the value of which may not depend strongly
on barrier height. In some experiments!®#*1%5 the carrier temperature is
found to be considerably higher than the lattice temperature near threshold
in InGaAsP lasers. However, other measurements!?%:1%7 show that the two
temperatures are nearly equal. An understanding of the interaction of the
hot Auger electrons with the lattice will be helpful in estimating the
importance of Auger recombination for carrier leakage in InGaAsP laser
structures.?8

PROBLEMS

3.1 Derive Eq. (3.2.26) for the density of states in the conduction band by
counting available states in the k space for an electron enclosed in a
cubic box of volume V. Show that the result is independent of the
volume V.

3.2 Determine the dependence of the Fermi level E;_ on the electron density
n by evaluating the integral in Eq. (3.2.27) under the approximation
that the Fermi-level lies within the bandgap such that E — E;  » kg T.

3.3 Show that Eq. (3.2.37) for the spontaneous emission rate follows from
Eq. (3.2.36).

3.4 Explain Auger nonradiative recombination. How many kinds of Auger
processes are possible in semiconductor lasers? Use diagrams as
necessary.

3.5 Perform the integration in Eq. (3.3.17) for the Auger recombination
rate and show that the final result is given by Eq. (3.3.27).

3.6 Explain carrier lifetime and differential carrier lifetime. How can the
measurement of differential carrier lifetime be used to determine the
Auger rate?

3.7 Derive an expression for the threshold current density by including
radiative and nonradiative recombination processes. Calculate it for a
250-um-long semiconductor laser with 309 facet reflectivity and 0.1-um
thick active layer. Assume an internal loss of 30 cm ~!. Assume that the
mode-confinement factor has a value of 0.2.
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3.8 The threshold current of a semiconductor laser doubles when its

temperature is increased by 40°C. Determine the characteristic tem-
perature T,

3.9 Why is the characteristic temperature lower for an InGaAsP laser

compared with that of GaAs lasers?

3.10 Derive Eq. (3.6.3) by considering multiple reflections in a Fabry-Perot

cavity (see Sec. 2.3).

3.11 External differential quantum efficiency of semiconductor lasers generally

decreases with an increase in the temperature. Give reasons for such a
decrease with physical justification in each case.

3.12 The carrier lifetime of a semiconductor laser decreases by a factor of 2

BN -

[>T = Y

Nl

18.
19.
20.
21,
22,
23.
24.

when its temperature increases by 50°C. Calculate the increase in the
Auger rate and the threshold current by assuming that the dominant
contribution to the carrier recombination rate comes from the Auger
process. You can assume that the transparency value of the carrier
density remains unchanged with temperature.

REFERENCES

. Einstein, A. Phy. Z. 18, 121 (1917).

. McCumber, D. E. Phys. Rev. 136, A954 (1964).

. Bernard, M. G. A, and G. Duraffourg. Phys. Status Solidi, 1, 699 (1961).

. Schiff, L. I. Quantum Mechanics, Third Ed, pp. 279-286. New York: McGraw-Hill Book

Co., 1968.

. Merzbacher, E. Quantum Mechanics, Second Ed., Chap. 18, Sec. 4. New York: John Wiley

& Sons, 1970.

. Lasher, G., and F. Stern. Phys. Rev. 133, A553 (1964).

. Kane, E. O. J. Phys. Chem. Solids 1, 249 (1957).

. Joyce, W. B, and R. W. Dixon. Appl. Phys. Lett. 31, 354 (1977).
. Nilson, N. Appl. Phys. Lett. 33, 653 (1978).

. Kane, E. O. Phys. Rev. 131, 79 (1963).

11.
12.
13.
14.
15.
16.
17.

Halperin, B. I, and M. Lax. Phys. Rev. 148, 722 (1966).

Hwang, C. J. Phys. Rev. B 2, 4126 (1970).

Stern, F. Phys. Rev. 148, 186 (1966).

Stern, F. Phys. Rev. B 3, 2636 (1971).

Stern, F. Phys. Rev. B 3, 3559 (1971).

Stern, F. J. Appl. Phys. 47, 5382 (1976).

Casey, H. C,, Jr,, and M. B. Panish. Heterostructure Lasers, Part A, Chap. 3. New York:
Academic Press, 1978.

Dutta, N. K. J. Appl. Phys. 51, 6095 (1980).

Dutta, N. K. J. Appl. Phys. 52, 55 (1981).

Takagi, T. Jpn. J. Appl. Phys. 18, 2017 (1979).

Osinski, M., and M. J. Adams. IEE Proc. 1 129, 229 (1982).

Hermann, C,, and C. Weisbuch. Phys. Rev. B 15, 823 (1977).

Chadi, D. J,, A. H. Clark, and R. D. Burnham. Phys. Rev. B 13, 4466 (1976).

Nicholas, R. I, J. C. Portal, C. Houlbert, P. Perrier, and T. P. Pearsall. Appl. Phys. Lett.
34, 492 (1979).



144 SEMICONDUCTOR LASERS

25.

26.
27.
28.

29.
30.
31.
32.
33.
34.
3s.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.

54.

55.
56.
57.

58.
59.
60.
61.
62.
63.
64.
65.

66.
67.

Nahory, R. E., M. A. Pollack, W. D. Johnston, J.,, and R. L. Burns. Appl. Phys. Lett. 33,
659 (1978).

Hermann, C,, and T. P. Pearsall. Appl. Phys. Lett. 38, 450 (1981).

Dutta, N. K, and R. J. Nelson. J. Appl. Phys. 53, 74 (1982).

Olshansky, R., C. B. Su, J. Manning, and W. Powaziik. IEEE J. Quantum Electron. QE-20,
838 (1984).

Beattie, A. R, and P. T. Landsberg. Proc. R. Soc. London Ser. A 249, 16 (1959).
Horikoshi, Y., and Y. Furukawa. Jpn. J. Appl. Phys. 18, 809 (1979).

Thompson, G. H. B, and G. D. Henshall. Electron. Lett. 16, 42 (1980).

Dutta, N. K., and R. J. Nelson. Appl. Phys. Lett. 38, 407 (1981).

Sugimura, A. IEEE J. Quantum Electron. QE-17, 627 (1981).

Beattie, A. R., and G. Smith. Phys. Status Solidi 19, 577 (1967).

Takashima, M. J. Appl. Phys. 43, 4114 (1972).

Takashima, M. J. Appl. Phys. 44, 4717 (1973).

Sugimura, A. J. Appl. Phys. 51, 4405 (1980).

Eagles, D. M. Proc. Phys. Soc. London 78, 204 (1961).

Lochmann, W. Phys. Status Solidi A 40, 285 (1977).

Lochmann, W. Phys. Status Solidi A 42, 181 (1977).

Huldt, L. Phys. Status Solidi A 33, 607 (1976).

Bess, L. Phys. Rev. 105, 1469 (1957).

Sinha, K. P., and M. DiDomenico. Phys. Rev. B 1, 2623 (1970).

Bonch-Bruevich, V. L., and T. V. Gulyev. Sov. Phys.—Solid State 2, 431 (1960).
Landsberg, P. T., C. Rhys-Roberts, and P. Lal. Proc. Phys. Soc. London 84, 915 (1964).
Antoncik, E.,, and P. T. Landsberg. Proc. Phys. Soc. London 82, 337 (1963).

Brand, S., and R. A. Abram. J. Phys. C: Solid State Phys. 17, L201 (1984).

Burt, M. G, and C. Smith. J. Phys. C: Solid State Phys. 17, L47 (1984).

Haug, A. Appl. Phys. Lett. 42, 512 (1983).

Chelikowsky, J. R., and M. L. Cohen. Phys. Rev. B 14, 556 (1976).

Sugimura, A. Appl. Phys. Lett. 39, 21 (1981).

Conwell, E. Solid State Phys. Suppl. 9, 105 (1967).

Sermage, B., H. J. Eichler, J. Heritage, R. J. Nelson, and N. K. Dutta. Appl. Phys. Lett. 42,
259 (1983).

Henry, C. H,, B. F. Levine, R. A. Logan, and C. G. Bethea. IEEE J. Quantum Electron.
QE-19, 905 (1983).

Wintner, E., and E. P. Ippen. Appl. Phys. Lett. 44, 999 (1984).

Burstein, E. Phys. Rev. 93, 632 (1954).

Mozer, A., K. M. Romanek, O. Hildebrand, W. Schmid, and M. H. Pilkhun. IEEE J.
Quantum Electron. QE-19, 913 (1983).

Su, C. B, J. Schlafer, J. Manning, and R. Olshansky. Electron. Lett. 18, 595 (1982).

Su, C. B, J. Schiafer, J. Manning, and R. Olshansky. Electron. Lett. 18, 1108 (1982).
Thompson, G. H. B. Electron. Lett. 19, 154 (1983).

Uiji, T., K. Iwamoto, and R. Lang. IEEE Trans. Electron. Devices ED-30, 316 (1983).
Agrawal, G. P., and N. K. Dutta. Electron. Lett. 19, 154 (1983).

Ikegami, T. IEEE J. Quantum Electron. QE-8, 470 (1972).

Rode, D. L. J. Appl. Phys. 45, 3887 (1974).

Goodwin, A. R, J. R. Peters, M. Pion, G. H. B. Thompson, and J. E. A. Whiteaway.
J. Appl. Phys. 46, 3126 (1975).

Casey, H. C,, Jr. J. Appl. Phys. 49 (1978).

Anthony, P. J,, and N. E. Schumaker. IEEE Electron Device Lett. EDL-1, 58 (1980);
J. Appl. Phys. 51, 5038 (1980).



68.
69.
70.

71.
72.
73.
74.
75.
76.
77.
78.
79.
80.

81.
82.

83.
. Jung, H., E. O. Gébel, K. M. Romanek, and M. H. Pilkuhn. Appl. Phys. Lett. 39, 468

85.
86.
87.

88.
89.
90.

91.
92.
93.
94.
95.
96.
97.

98.
99.
100.
101.

102
103.

RECOMBINATION MECHANISMS IN SEMICONDUCTORS 145

Yano, M., H. Imai, K.-1. Hori, and M. Takusagawa. IEEE J. Quantum Electron. QE-17,
619 (1981).

Yano, M., H. Imai, and M. Takusagawa. J. Appl. Phys. 52, 3172 (1981); IEEE J. Quantum
Electron. QE-17, 1954 (1981).

Yano, M., Y. Nishitani, K.-I. Hori, and M. Takusagawa. IEEE J. Quantum Electron.
QE-19, 1319 (1983).

Dutta, N. K. J. Appl. Phys. 52, 70 (1981).

Dutta, N. K., and R. J. Nelson. IEEE J. Quantum Electron. QE-18, 871 (1982).
Horikoshi, Y., and Y. Furukawa. Jpn. J. Appl. Phys. 18, 809 (1979).

Ettenberg, M., C. J. Nuese, and H. Kressel. J. Appl. Phys. 50, 2949 (1979).

Yano, M., H. Nishi, and M. Takusagawa. IEEE J. Quantum Electron. QE-15, 571 (1979).
Nahory, R. E.,, M. A. Pollack, and J. C. DeWinter. Electron. Lett. 15, 695 (1979).
Thompson, G. H. B, and G. D. Henshall. Electron. Lett. 65, 42 (1980).

Arai, S, Y. Suematsu, and Y. Itaya. IEEE J. Quantum Electron. QE-16, 197 (1980).
Dutta, N. K, R. J. Nelson, and P. A. Barnes. Electron. Lett. 16, 653 (1980).

Horikoshi, Y., Chap. 15 in GalnAsP Alloy Semiconductors, ed. T. P. Pearsall. New York:
John Wiley & Sons, 1982.

Dutta, N. K., P. D. Wright, R. J. Nelson, R. B. Wilson, and P. R. Besomi. IEEE J. Quantum
Electron. QE-18, 1414 (1982).

Chraplyvy, A. R, I. P. Kaminow, and A. G. Dentai. IEEE J. Quantum Electron. QE-19,
1335 (1983).

Gobel, E. O, G. Luz, and E. Schlosser. I[EEE J. Quantum Electron. QE-15, 697 (1979).

(1981).

Greene, P. D, and G. D. Henshall. IEE J. Solid State Electron Devices 3, 174 (1979).
Hsieh, J. J. IEEE J. Quantum Electron. QE-15, 694 (1979).

Yamakoshi, S., T. Sanada, O. Wada, 1. Umebu, and T. Sakurai. Appl. Phys. Lett. 40, 144
(1982).

Chen, T. R,, S. Margalit, U. Koren, K. L. Yu, L. C. Chiu, A. Hasson, and A. Yariv. Appl.
Phys. Lett. 42, 1000 (1983).

Chen, T. R, B. Chang, L. C. Chiu, K. L. Yu, S. Margalit, and A. Yariv. Appl. Phys. Lett.
43, 217 (1983).

Chiu, L. C, K. L. Yu, S. Margalit, T. R. Chen, U. Koren, A. Hasson, and A. Yariv. I[EEE
J. Quantum Electron. QE-19, 1335 (1983).

Thompson, G. H. B. IEE Proc. I 128, 37 (1981).

Dutta, N. K., and R. J. Nelson. IEEE Trans. Electron Devices ED-28, 1222 (1981).
Sugimura, A. IEEE J. Quantum Electron. QE-17, 441 (1981).

Heinen, J., H. Albrecht, and C. Weyrich. J. Appl. Phys. 53, 1800 (1982).

Haug, A. IEEE J. Quantum Electron. QE-21, 716 (1985).

Adams, A. R., M. Asada, Y. Suematsu, and S. Arai. Jpn. J. Appl. Phys. 19, L621 (1980).
Asada, M., A. R. Adams, K. E. Stubkjaer, Y. Suematsu, Y. Itaya, and S. Arai. IEEE J.
Quantum Electron. QE-17, 611 (1981).

Asada, M., and Y. Suematsu. IEEE J. Quantum Electron. QE-19, 917 (1983).

Hakki, B. W., and T. L. Paoli. J. Appl. Phys. 46, 1299 (1975).

Gébel, E. O., Chap. 13 in GalnAsP Alloy Semiconductors, ed. T. P. Pearsall. New York:
John Wiley & Sons, 1982.

Henry, C. H, R. A. Logan, F. R. Merritt, and J. P. Luongo. IEEE J. Quantum Electron.
QE-19, 947 (1983).

Casey, H. C.,, Jr., and P. L. Carter. Appl. Phys. Lett. 44, 82 (1984).

Chiy, L. C, and A. Yariv. Jpn. J. Appl. Phys. 21, L305 (1982).



146 SEMICONDUCTOR LASERS

104.
105.
106.

107.
108.

Shah, J., R. F. Leheny, R. E. Nahory, and H. Temkin. Appl. Phys. Lett. 39, 618 (1981).
Etienne, B., J. Shah, R. F. Leheny, and R. E. Nahory. Appl. Phys. Lett. 41, 1018 (1982).
Henry, C. H, R. A. Logan, H. Temkin, and F. R. Merritt. I[EEE J. Quantum Electron.
QE-19, 941 (1983).

Manning, J., R. Olshansky, C. B. Su, and W. Powazinik. Appl. Phys. Lett. 43, 134 (1983).
Casey, H. C,, Jr. J. Appl. Phys. 56, 1959 (1984).



Chapter 4

EPITAXY AND MATERIAL PARAMETERS
OF InGaAsP

4.1 INTRODUCTION

The lattice-matched crystalline growth of one semiconductor over another
is called epitaxy. The development of sophisticated epitaxial techniques has
been of major significance in the development of high-quality, reliable semi-
conductor lasers. The commonly used techniques are liquid-phase epitaxy
(LPE), vapor-phase epitaxy (VPE), and molecular-beam epitaxy (MBE). In
LPE a saturated solution of the constituents of the layer to be grown is
cooled while in contact with the substrate. In VPE, the epitaxial layer is
grown by the reaction of gaseous elements or compounds at the surface of
a heated substrate. The VPE technique has also been called chemical vapor
deposition (CVD) depending on the constituents of the reactants. A variant
of the same technique is metal-organic chemical vapor deposition (MOVPE),
in which metal alkyls are used as the compound source. In MBE the epitaxial
layer is grown by reacting atomic or molecular beams of the constituent
elements (of the layer to be grown) with a crystalline substrate held at high
temperature in an ultrahigh vacuum.

In this chapter we describe the three epitaxial techniques and their use for
the fabrication of double-heterostructure semiconductor lasers. The apparatus
and the growth methods used for LPE are discussed in Sec. 4.2 with
particular emphasis on the growth of InGaAsP material on InP substrates.
VPE and the variant technique, MOVPE, are considered in Secs. 4.3
and 4.4 respectively, while Sec. 4.5 presents the details of MBE. Lattice-
mismatch effects such as misfit dislocations, which are common to all
epitaxial techniques, are described in Sec. 4.6. Section 4.7 is devoted to a
discussion of the material parameters of InGaAsP. Epitaxial growth of
strained layers is discussed in Sec. 4.8.

147
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4.2 LIQUID-PHASE EPITAXY

The LPE technique was first demonstrated in 1963.! Since then, it has been
successfully used to fabricate various types of III-V compound semiconductor
devices including injection lasers, light-emitting diodes, photodetectors, solar
cells, bipolar transistors, and field-effect transistors. In LPE a supersaturated
solution of the material to be grown is brought into contact with the
substrate for a desired period of time. If the substrate is single crystalline
and the material to be grown has nearly the same lattice constant as the
substrate, some of the material precipitates on the substrate while maintain-
ing the crystalline quality. The precipitated material forms a lattice-matched
epitaxial layer on the surface of the substrate.

4.2.1 LPE Apparatus

Three basic types of growth apparatus have been used for LPE. They are
(i) the tipping furnace,! in which the substrate is brought into contact with
the solution by tipping the furnace; (ii) the vertical furnace,? in which the
substrate is dipped into the solution; and (iii) the multibin furnace,>* in
which the substrate can be brought into contact with different solutions kept
in successive bins. The multibin furnace type of growth apparatus is
extensively used for the fabrication of laser structures that require the
successive growth of several epitaxial layers.

Figure 4.1 shows the tipping furnace originally used by Nelson." The
substrate is held at one end of a graphite boat inside a quartz tube. The
solution is at the other end of the graphite boat. A thermocouple connected
to the boat is used to control the temperature of the furnace. A flow of

Fig. 4.1 Schematic illustration of the tipping surface used for liquid-phase epitaxy (LPE).
(After Ref. 1)
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hydrogen through the system prevents oxidation. The temperature of the
furnace is reduced slowly; when the desired temperature is reached, the furnace
is tipped so that the solution is in contact with the substrate, which allows an
epitaxial layer to grow on the substrate. The furnace is then tipped back to
the original position after the desired epitaxial layer thickness is obtained.
Figure 4.2 shows a vertical growth apparatus, in which the epitaxial layer
is grown by dipping the substrate in a saturated solution. The solution is
kept in a graphite or Al,O, chamber. The substrate is held by a holder just
above the solution. Growth can be started and terminated by dipping and
withdrawing the substrate from the solution at a desired temperature.
Figure 4.3 shows the multibin-boat apparatus generally used for growing
double-heterostructure lasers. The graphite boat has a number of reservoirs,
each of which contains a saturated solution corresponding to the epitaxial
layers to be grown. The substrate (seed) is placed in a graphite slider that
has a groove to hold the substrate. The slider is attached to a long rod that
allows an operator outside the furnace to position the substrate under
different reservoirs. In this way, several epitaxial layers of different materials
and desired thicknesses can be successfully grown on the substrate. Hydrogen
or helium is generally used as the ambient gas during the growth process.
Instead of a horizontal furnace and slider as shown in Fig. 4.3, a rotary

Fig. 4.2 Schematic illustration of a vertical LPE apparatus. (After Ref. 2)
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Fig. 4.3 Schematic illustration of a multibin-boat LPE apparatus used for growing several
epitaxial layers. (After Ref. 4)

boat with a vertical furnace has also been used to grow several epitaxial
layers successively on the substrate. In this case the graphite boat is in the
form of a circular cylinder, and the substrate is moved from underneath
one reservoir to another by rotating the disc-shaped slider that holds the
substrate.

4.2.2 Growth Methods

Several LPE methods have been used to grow InGaAsP material.>~® They
are step cooling,’ equilibrium cooling,®® supercooling,” and the two-phase
method.>% The kinetics of the LPE growth process have been studied
extensively.’~13

In the step-cooling technique, the substrate and the growth solution are
cooled to a temperature AT below the saturation temperature of the solution.
The substrate is slid under the solution and a constant temperature is
maintained during the growth period. The growth is terminated by sliding
the substrate (with the epitaxially grown layer) out of the solution. The
growth rate is determined by the diffusion rate of layer constituents from
the solution to the substrate surface. The thickness d of the grown layer is
related to AT and the growth time t by the relation’-!*

d=KAT¢'? 4.2.1)
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where K is a constant that depends on the diffusivity of each solute and on
the solute’s mole fraction in the solution at the growth temperature.

In the equilibrium cooling technique, both substrate and solution are at
the saturation temperature of the solution. Growth begins when the substrate
is brought into contact with the solution and both are cooled at a uniform
rate. The growth is terminated by sliding the substrate with the grown layer
out of the solution. The thickness of the grown layer is given by>!*

d = 3KR3? (4.2.2)

where ¢ is the growth time and the cooling rate R = dT/dt.

The supercooling technique is a combination of step-cooling and equi-
librium cooling. The substrate is brought into contact with the solution when
both are at temperature AT below the saturation temperature of the solution.
The growth solution and the substrate are further cooled during growth at
a rate R. The thickness of the grown layer is given by the sum of Egs. (4.2.1)
and (4.2.2), ie,

d = K(ATt'"? + ZRe3?). 4.2.3)

The value of AT used in the supercooling technique is generally smaller than
that for the step-cooling technique.

In the two-phase technique, the cooling procedure is the same as in the
equilibrium technique except that a piece of solid InP is added on top of
the solution. The solid InP is in equilibrium with the solution during growth.
The two-phase technique can in principle be used to grow very thin layers
because the presence of the solid InP piece reduces the growth rate.

The experimental results on the material quality obtained by the above
methods or their variations are available in the literature.>-8-13 All of these
methods produce good-quality wafers. Run-to-run variations, observed in
an LPE process are influenced by wafer quality, surface preparation, and
thermal decomposition prior to growth.

When an InP substrate is exposed to high temperatures (~650°C)
occurring in an LPE reactor, the phosphorus evaporates from the surface,
leaving behind In-rich regions. Epitaxy on this thermally decomposed surface
has poor morphology and results in a low photoluminescence efficiency.
Several methods have been used!5-2° to protect the substrate surface prior
to growth by creating a phosphorus overpressure. These include (i) using a
cover wafer in close proximity to the substrate to prevent large phosphorus
lossS; (ii) providing excess phosphorus in the vicinity of the InP substrate
using phosphorus powder!” or phosphine gas'®; and (iii) using an external
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thermal decomposition of the substrate prior to growth. (After Ref. 20)

chamber with phosphorus overpressure. For the last scheme, one of the
common methods is the use of a graphite!® or quartz?® chamber with an
Sn-InP solution. Figure 4.4 shows a schematic diagram of a multibin LPE
boat with a quartz chamber. The substrate is kept inside this chamber prior
to growth. The excess phosphorus overpressure created by the Sn-InP
solution prevents any loss of phosphorus from the substrate surface.

4.2.3 LPE of InGaAsP

In order to grow lattice-matched layers of InGaAsP on InP, it is necessary
to determine the phase diagram of In-Ga-As-P. The liquidus and solidus
isotherms of this material system have been extensively studied.?!—3! Nakajima
et al. determined the liquidus isotherm using the seed-dissolution tech-
nique.?* An undersaturated solution with known amounts of In, Ga, and As
obtained from In, InAs and GaAs was saturated with P at 650°C using an
InP seed. The solution and the seed were kept in contact for ~1h. The
amount of P in the equilibrated solution was calculated from the loss of
weight of the seed after removal from the solution. Figure 4.5 shows the
liquidus isotherms at 650°C for several atomic fractions of various elements
in the liquid.?®

In order to grow high-quality epitaxial layers, one needs the correct
solution composition for lattice matching. The composition for lattice-
matched growth is determined by growing In, _,Ga,As,P, _, layers on InP
from In-Ga-As-P solutions whose compositions are determined by liquidus
isotherms. The lattice constant of the grown layer is determined by the x-ray
double-crystal diffraction technique. Precise lattice matching is verified using
the substrate as a standard.
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Fig. 4.6 The atomic fractions x}, x5, and x&, in the melt for the growth of lattice-matched
In,_,Ga,As, P, _, on (111) B and (100) InP substrates at 650°C. Data points are from (1) Refs.
23 and 24, (2) Ref. 25, (3) Ref. 31, and (4) Ref. 27. (After Ref. 28)
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The melt compositions needed for lattice-matched growth depend strongly
on the orientation of the substrate. Nakajima et al.>* and Sankaran et al.2*
have determined the melt composition for the lattice-matched growth on
(111) B-oriented (P-rich planes) InP, while Nagai and Noguchi®! and Feng
et al.2” have determined the melt compositions for (100)-oriented InP. Their
results as compiled by Nakajima®® are shown in Fig. 4.6. Pollack et al.2®
have reported similar measurements of the lattice-matched melt compositions
for growth at 620°C on (100) InP.

The composition of the quaternary solid In, _,Ga,As P, _, is determined
using electron-microprobe analysis and wavelength-dispersive x-ray detec-
tion which uses a comparison of the intensities of the Ga-K,, As-K, and
P-K, lines from the grown sample and from GaP and InAs standards. Figure
4.7 shows the measured composition of the lattice-matched quaternary solid.
The solid line is the calculated result on the basis of Vegard’s law, according
to which the lattice constant a(x, y) of In, _,Ga,As,P, _, is given by

a(x, y) = xy a(GaAs) + x(1 — y) a(GaP)
+ (1 — x)y a(InAs) + (1 — x)(1 — y) a(InP). 4.2.4)

Table 4.1 lists the room-temperature lattice constants of GaP, GaAs, InP,
and InAs. Using a(x, y) = a(InP), Eq. (4.2.4) yields*?

0.4526
x =Y (4.2.5)
1-0.031y
Table 4.1 Band Gap and Lattice Constants of Binaries GaP, GaAs, InP,
and InAs
BAND GAP E, (eV)
LATTICE,
COMPOUND CONSTANT () REF. (1) REF. 300k REF.
GaP 545117 a 2338 d 2.261 d
GaAs 5.65325 b 1.519 [ 1.424 h
InP 5.86875 [ 1.421 f 1.351 f
InAs 6.0584 c 0.420 g 0.360 i

* Casey, H. C,, Jr,, and M. B. Panish. Heterostructure Lasers, Part B. New York: Academic Press, 1978, p. 8.
® Driscoll, C. M. H., A. F. W. Willoughby, J. B. Mullin, and B. W. Straughan. Gallium Arsenide and Related
Compounds, Inst. of Physics, London, 1975, p. 275.

¢ Giesecke, G., and H. Pfister. Acta Crystallogr. 11, 369 (1958).

¢ Lorenz, M. R, G. D. Pettit, and R. C. Taylor. Phys. Rev. 171, 876 (1968). GaP has indirect band gap.
¢ Sell, D. D, S. E. Stokowski, R. Dingle, and J. V. DiLorenzo. Phys. Rev. B 7, 4568 (1973).

" Turner, W. J,, and W. E. Reese. Radiative Recombination in Semiconductors. Paris: Dunod, 1965, p. 59.
8 Pidgeon, C. R., D. L. Mitchell, and R. N. Brown. Phys. Rev. 154, 737 (1967).

2 Sell, D. D, and H. C. Casey, Jr. J. Appl. Phys. 45, 800 (1974).

i Zwerdling, S., W. H. Kleiner, and J. P. Theriault. J. Appl. Phys. 32, 2118 (1961).



EPITAXY AND MATERIAL PARAMETERS OF InGaAsP 155

o8 Ll T T T T T T T T
B In|_x deAsy P|..y .
0.6} -
f_ 4
* 04} -
0.2l o ,
i (o]
0 1 L 1 i 1 L 1 L 1
0 0.5 1.0
-y

Fig. 4.7 Relationship between mole fractions x and y for the quaternary solid In, _,Ga,As P, _,
that is lattice-matched to InP. Data points are shown by open circles, while the straight line is
the linear fit based on Vegard’s law. (After Ref. 24)

as the the relation between the mole fractions x and y for the lattice-matched
layer. Figure 4.7 shows that InGaAsP quaternary alloys obey Vegard’s law.

Figure 4.8 shows the scanning-electron-microscope (SEM) cross section of
a typical 1.3-um InGaAsP double-heterostructure wafer grown by the

Fig. 4.8 Scanning-electron-microscope (SEM) cross section of an InGaAsP double-hetero-
structure laser grown by LPE.
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equilibrium cooling technique on (100)-oriented n-type InP. The four layers
grown are n-type InP (buffer layer), undoped InGaAsP (A = 1.3 pm, active
layer), p-type InP (cladding layer), and p-type InGaAsP (1 = 1.3 pm, contact
layer).

4.3 VAPOR-PHASE EPITAXY

In vapor-phase epitaxy (VPE), the source chemicals from which the epitaxial
layers are grown are gaseous. The technique has been widely used for the
growth of several III-V compound semiconductors. VPE is often classified
as one of two different methods, the chloride and the hydride techniques. In
the chloride method, AsCl; or PCl, is passed over elemental Ga or In to
form metal chlorides. These metal chlorides then react with AsH; or PH,
near the InP substrate to form epitaxial layers of InGaAsP on InP. The
metal chlorides can also be formed by using source pieces of GaAs or InP
instead of elemental Ga or In. In the hydride method, metal chlorides are
formed by passing HCl gas over hot In or Ga metal. VPE of InGaAsP
material for laser devices has often used the hydride method. The chloride
method is more useful for fabrication of the field-effect transistors because
it produces layers with lower background doping levels.

Several workers have reported the growth of InGaAsP alloys by VPE.33-4!
A review by Olsen>? describes in detail the growth systems they used.
Tietjen and Amick®* first reported the growth of GaAsP on GaAs using
AsHj; and PH,. Figure 4.9 shows a schematic of the growth reactor for the
growth of InGaAsP. The deposition is started by passing HCI gas over hot
(850-900°C) In or Ga metal, which forms metal chlorides. Arsine and
phosphine are mixed with the metal chlorides in the mixing zone. The InP

Zn HC{+H
SOURCE rc‘ 2

Hy
ASH3 PH
QUARTZ +—HgS
ROD =
FonTs%eéneER——J L HCl+Hp
DEPOSITION

SUBSTRATE ZONE T-700°C
ENTRY VALVE PREHEAT
T-700°C

Fig. 49 Schematic illustration of a vapor-phase epitaxy (VPE) reactor. (After Ref. 33)
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substrate is held in a chamber at room temperature that is flushed with H,.
Prior to growth, the substrate is heated to a temperature of ~700°C in an
atmosphere of AsH; and PH; to prevent surface decomposition. The
substrate is then inserted into the growth chamber for a desired period of
time. Here the growth takes place. The growth rate generally lies in the range
of 0.1-1 pm/min. All reactant flows are controlled by precision mass-flow
controllers. P-type doping (with Zn) can be accomplished by flowing H,
over hot Zn metal, which carries Zn vapor to the mixing chamber. Similarly,
n-type doping can be accomplished using 100 ppm H,S along with AsH,
and PH; in the mixing chamber.

The composition of the layers to be grown in a VPE reactor is changed
by altering the flow rates of the reactants. It takes a certain amount of time
to establish gaseous equilibrium in the growth chamber after the flow rates
are changed. Because of this time delay, it is difficult to grow successive
epitaxial layers with different compositions and abrupt interfaces in a
one-chamber reactor of the form shown in Fig. 4.9.

For the growth of high-quality layers of different compositions, multi-
chamber growth reactors have been used. Figure 4.10 shows a schematic of
a dual-chamber growth reactor. In each chamber the gas-flow ratio, which
is specific to a certain composition, is first established. Then the substrate
is introduced into one chamber for the first growth to take place. For the
second growth, the substrate is transferred to the other chamber. The transfer
time is ~2s. Heterojunction-interface widths of about 5-6 nm have been
obtained using this technique.

—Ho/HCE

H/HCE

Hp/AS Ha/PH3 RUBBER BELLOWS

. =—In /}
I — ) «—GQ
= P
<IN T -
800°C 850°C 660-700°C
L Hp/HCE
Ha/PH3/H2S EXHAUST

Fig. 410 Schematic illustration of a VPE dual-chamber growth reactor. (After Ref. 41)
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4.4 METAL-ORGANIC VAPOR-PHASE EPITAXY

Metal-organic vapor-phase epitaxy (MOVPE), also known as metal-organic
chemical vapor deposition (MOVPE), is a variant of the VPE technique
that uses metal alkyls as sources from which the epitaxial layers form.42:43
MOVPE has been extensively studied by Dupuis, Dapkus, and co-
workers*44¢ using the AlGaAs material system. The low-pressure MOVPE
technique, wherein the reaction takes place at a gas pressure of ~0.1 atm,
has been used for the growth of InGaAsP by Hirtz, Razeghi, and co-
workers.*’—31 Several other researchers have also reported on the growth of
IT1I-V compounds by MOVPE.32-34

Figure 4.11 shows a schematic of a low-pressure MOVPE system. Group
I1I alkyls [Ga(C,H;); and In(C,H;),] and group V hydrides [AsH, and PH,]
are introduced into a quartz reaction chamber that contains a substrate placed
on a radio-frequency (RF) heated (~ 500°C) carbon susceptor. The gas flow
near the substrate is laminar, with velocities in the range of 1-15cm/s

Hz
H2S ASH3 , Ng HC‘
% r% % r% % r%' Hp PH3
Zﬂ(CgHs)z GO(C2H5)3 In(C2Hs)3
i R PYROLYS|
[o]
SUBSTRATE
| [_OVEN |
T
EXHAUST SUSCERTOR
N2 =7 IMOLECULAR
< SIEVE PART
ROUGHIN63 ’ g
m ), ] N
PUMP 89" ——— PERFECT
EXHAUST GAS  MIXING

— STRRT REI%E%EESOESED
LAYER
—_— IN GROWTH

—_— [SUBSTRATE]
_— [ SUSCEPTOR l

Fig. 4.11 Schematic illustration of a low-pressure MOVPE system. (After Ref. 47)
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for a working pressure between 0.1 and 0.5 atm. It is thought*” that a stagnant
boundary layer is formed near the hot susceptor and gas molecules diffuse
to the hot surface of the substrate. At the hot surface the metal alkyls
and the hydrides decompose, producing elemental In, Ga, P, and As. The
elemental species deposit on the substrate, forming an epitaxial layer. The
gas-flow rates are controlled by mass-flow controllers. Zn(C,Hs), and H,S
are used as sources for p-type and n-type doping respectively.

In the low-pressure MOVPE technique, the velocities of the reactants are
higher than those for hydride VPE. This allows quick changes in composition
at heterojunction interfaces since new gas compositions are rapidly estab-
lished. The growth rates are typically in the range of 2—4 pm/h. Dupuis et
al.>s in 1985 were able to grow high-quality InGaAsP double-heterostructures
using an atmospheric pressure MOVPE system.

4.5 MOLECULAR-BEAM EPITAXY

In the molecular-beam epitaxial (MBE) technique, epitaxial layers are grown
by impinging atomic or molecular beams on a heated substrate kept in an
ultrahigh vacuum. The constituents of the beam “stick” to the substrate,
resulting in a lattice-matched layer. The beam intensities can be separately
controlled to take into consideration the difference in sticking coefficients
of the various constituents of the epitaxial layers.

The widespread use of MBE for the growth of different II-V semi-
conductors resulted from the original work of Arthur and Cho.’®-¢! The
lattice-matched growth of AlGaAs on GaAs substrates by MBE was first
reported in 1971.5% Since then, extensive work on heterostructure lasers,
microwave devices, quantum-well lasers, and superlattice structures has been
reported using AlGaAs materials prepared by MBE.

Figure 4.12 shows a schematic of an MBE system for the growth of Al1GaAs
heterostructures. The substrate is heated by a Mo heating block inside a
vacuum chamber at a pressure of 10~ 7-1071° torr. The electron-diffraction
gun, the Auger analyzer, and the mass spectrometer can be used to study
the layer characteristics during growth. The sources Ga, GaAs, and so
forth are kept in independently heated effusion ovens enclosed in liquid-
nitrogen-cooled shrouds. The dopants also have separate effusion ovens. The
effusion ovens are heated to a temperature high enough to produce an
adequate beam flux on the surface. For the growth of GaAs on AlGaAs, the
Ga flux is in the range of 10'2-10'* atoms/(cm?-sec). The flux needed
depends on the material’s sticking coefficient (the fraction of atoms in the
beam sticking to the substrate). For many group III elements (e.g., Al or Ga)
the sticking coefficient is nearly unity. However, the coefficient differs
significantly for group V elements. This makes it necessary to determine
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Fig. 4.12 Schematic illustration of a molecular-beam-epitaxy (MBE) system for epitaxial growth
of AlGaAs. (After Ref. 59)

empirically the sticking coefficient for all the components as a function of
substrate temperature and beam intensity.

Tsang et al.5? reported on InGaAsP (1 = 1.3 pm) double-heterostructure
lasers fabricated by MBE. Separate In and Ga beams were used, and the
substrate temperature was approximately 580-600°C. To maintain the
correct As-to-P ratio, a single beam of As and P, was used. It was obtained by
passing As, and P, (evaporated from elemental arsenic and red phosphorus)
through a common high-temperature zone.

Panish and coworkers®3¢4 have demonstrated the growth of high-quality
InGaAsP layers using gas sources for As, and P, beams. The use of gas
sources for the growth of GaAs by MBE has also been reported.®® The
As, and P, molecules are generated by decomposing AsH; and PH, in a
heated chamber and then allowing them to leak out to the effusion section
connected to the MBE growth chamber. Figure 4.13 shows a schematic
drawing of two types of gas sources. The major difference between the two
types is that one uses separate decomposition tubes and the other uses the
same tube. The decomposition tubes are operated at 900-1200°C and are
filled with gases at pressures in the range of 0.3-2.0 atm. The tubes have a
leaky seal at one end. At the operating temperatures and pressures stated
above, AsH; and PH; decompose to produce As,, and P,, and H,. The
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Fig. 4.13 Schematic illustration of two-types of high-pressure gas sources used for MBE growth
of InGaAsP. (After Ref. 63)

molecules leak into a low-pressure (few millitorr), heated region where As,
and P, decompose further into molecules of As, and P,.

Panish®* has used a low-pressure gas source where AsH, and PH,
decompose at a pressure of less than 0.1 torr. Calawa®® used similar low-
pressure sources for MBE growth of high quality GaAs. Well-controlled
molecular beams of As, and P, can be obtained®? using gas sources of the
type shown in Fig. 4.13. The beam intensity can be easily controlled by
varying the pressure of AsH, and PH; in the decomposition chamber. The
gas-source MBE technique has been used for the fabrication of high-quality
InGaAsP double-heterostructure lasers.®®

Another growth technique, known as chemical-beam epitaxy (CBE), has
been demonstrated by Tsang®’ for the growth of InP and GaAs. In this
technique, all sources are gaseous and are derived from group III and group
IV alkyls. Figure 4.14 shows a schematic diagram of a CBE system. The
growth chamber is similar to that of a conventional MBE system and is
kept at high vacuum (<5 x 10™* torr). In and Ga are obtained by pyrolysis
of either trimethylindium (TMIn) or triethylindium (TEIn), and trimethyl-
gallium (TMGa) or triethylgallium (TEGa) at the heated substrate surface.
The As, and P, molecules are obtained by thermal decomposition of
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Fig. 4.14 Schematic illustration of a chemical-beam epitaxy (CBE) system obtained by modifying
a conventional MBE apparatus (see Fig. 4.12). (After Ref. 67)

trimethylarsine (TMAs) and triethylphosphine (TEP) passing through a
Ta- or Mo-buffered, heated alumina tube at a temperature of 950-1200°C.
The CBE technique differs from MOVPE in the following way: in CBE the
metal alkyls impinge directly on the heated surface, leaving the metal at a
high substrate temperature, whereas in low-pressure MOVPE the metal
alkyls along with H, form a stagnant boundary layer (as shown in Fig. 4.11)
over the heated surface. Thus growth rate of the epitaxial layer for MOVPE
is diffusion-limited, whereas for CBE it is limited by the flow rate of metal
alkyls.

4.6 LATTICE-MISMATCH EFFECTS

A defect-free epitaxial growth of one crystal lattice over another takes place
if the lattice constants of the two materials are nearly identical. In the
presence of a small lattice mismatch (less than 0.1%), growth occurs with an
approximate match of the lattice sites in the interface region of two lattices.
This approximate match is possible if there is an elastic strain at the interface,
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that is, each atom is slightly displaced from its original position at the
boundary layer. Although a small amount of strain can be tolerated for
thin layers and can even be beneficial in the case of quantum-well lasers
(see Sec. 4.8), in general the strain energy stored in the crystal is reduced
by the formation of a misfit dislocation (a missing row of atoms in one
of the lattices). This is schematically illustrated in Fig. 4.15. If a is the
lattice constant of the substrate and a’ = a — Aa is that of the grown
layer, the separation between each row of missing atoms is approximately
given by

L = a*/Aa. 4.6.1)

At the interface between the two crystal lattices, the rows of missing atoms
exist along two perpendicular directions. The separation between the rows
along a principal crystallographic axis (e.g., 100) is approximately given by
Eq. (4.6.1). This type of imperfection at the interface is called a dislocation;
and since it arises from lattice mismatch (or misfit), it is called misfit
dislocation.

Near a misfit dislocation, the lattice is imperfect, containing many dangling
bonds that cause nonradiative recombination of electrons and holes. Thus
misfit-dislocation-free layers are needed to fabricate high-quality electro-
optical devices. The generation of misfit dislocation depends on both the
lattice mismatch and the thickness of the epitaxial layer grown. Oe et al.®8
found that misfit dislocations did not form in InGaAsP-InP double-
heterostructure layers (0.4 um thick) grown on (100) InP if the lattice
mismatch Aa/a was in the range of —5 x 1073 to 5 x 1073,

a
A S o
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Fig. 4.15 Schematic illustration of a misfit dislocation formed during the epitaxial growth in
the (100) plane of a cubic lattice. The two semiconductors have slightly different lattice constants.
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Nakajima et al.®® have studied the occurrence of misfit dislocations as a
function of lattice mismatch for InGaAs layers of different thicknesses grown
on (100) InP at 650°C. The measured data are shown in Fig. 4.16. The solid
lines represent the boundary where no misfit dislocations were observed. For
the growth of thick, dislocation-free InGaAs layers, the tolerable room-
temperature lattice mismatch is found to lie between —6.5 x 10”* and
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Fig. 4.16 Occurrence of misfit dislocations as a function of lattice mismatch for different layer
thicknesses of InGaAs grown by LPE on (100) InP. No misfit dislocations were observed in
the region bounded by solid lines. (After Ref. 69)
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—9 x 107*. The reason for this negative lattice mismatch is due to different
thermal-expansion coefficients of InGaAs and InP that introduce a negative
room-temperature lattice mismatch for perfectly matched layers at the
growth temperature of 650°C. Since misfit dislocations are formed near the
growth temperature, lattice matching at the growth temperature is important
to produce dislocation-free layers.

4.7 MATERIAL PARAMETERS

This section describes the numerical values of various material parameters
of InGaAsP quaternary alloy grown lattice-matched on InP. A knowledge
of the band-structure parameters, such as the band gap and the effective
masses of the conduction and valence bands, is necessary to calculate
the radiative and nonradiative Auger recombination rates discussed in
Chapter 3. The low-field minority carrier mobilities are also useful for
calculating the diffusion coefficient that plays an important role in device
performance (see Sec. 2.4). Tables 4.1 to 4.3 list the band gap, the lattice
constant, the effective masses, and the dielectric constant of the four binaries
InP, GaAs, InAs, GaP that constitute the InGaAsP alloy. A review of the
material parameters of In, _,Ga,As, P, _, has also been published.”®

Table 4.2 Conduction-Band Effective Mass, Dielectric Constant, and
Refractive Index of GaP, GaAs, InP, and InAs

REFRACTIVE
CONDUCTION-BAND dc DIELECTRIC INDEX
EFFECTIVE MASS CONSTANT ATE,
COMPOUND m,/mg REF. € REF. u REF.
GaP 0.82 a 84 d 3452 e
GaAs 0.067 b 13.1 d 3.655 f
InP 0.077 c 9.6 d 3.450 g
InAs 0.023 c 12.2 d 3.52 h

* Onton, A. Phys. Rev. 186, 786 (1969).

® Vrehen, Q. H. F. J. Phys. Chem. Solids 29, 129 (1968).

° Palik, E. D, and R. F. Wallis. Phys. Rev. 123, 131 (1961).

4 Ashcroft, N. W, and N. D. Mermin. Solid State Physics. New York: Holt, Rinehart & Winston,
1976, Chap. 27.

¢ Nelson, D. F., and E. H. Turner. J. Appl. Phys. 39, 3337 (1968).

f Sell, D. D, H. C. Casey, Jr,, and K. W. Wecht. J. Appl. Phys. 45, 2650 (1974).

8 Pettit, G. D., and W. J. Turner. J. Appl. Phys. 36, 2081 (1965).

b Lorimor, O. G., and W. G. Spitzer. J. Appl. Phys. 36, 1841 (1965).
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Table 4.3 Valence-Band Effective Masses of GaP, GaAs, InP, and InAs

HEAVY-HOLE LIGHT-HOLE SPLIT-OFF-HOLE
MASS MASS MASS
COMPOUND my,,/myg REF. my,/mq REF. mg,/m, REF.
GaP 0.79 a 0.14 a 0.24 a
GaAs 045 b 0.082 b 0.15 a
InP 045 b 0.12 b 0.17 a
InAs 04 b 0.026 b 0.089 a

* Lawaetz, P. Phys. Rev. B 4, 3460 (1971).

® Alavi, K, R. L. Aggarwal, and S. H. Groves. J. Magn. Magn. Mater. 11, 136 (1979); R. L. Aggarwal,
Semiconductors and Semimetals, Vol. 9, ed. R. K. Willardson and A. C. Beer. New York: Academic Press,
1972, p. 151.

4.7.1 Band-Structure Parameters

The band structure of InGaAsP is similar to that of InP or GaAs with a
direct gap at the I'-point in k-space. A simplified model of the band structure
is the four-band model of Kane’! shown in Fig. 3.1. Under photoexcitation,
electrons and holes are created in the conduction and valence bands
respectively; when they recombine, light at the band-gap energy E, is emitted.
This technique is called photoluminescence, and has been used to measure
the direct band gap of In, _,Ga,As, P, _, lattice-matched to InP.2332 Figure
4.17 shows the measured data of Ref. 32. From the data, the room-
temperature band gap of In,_,Ga,As P, _, lattice-matched to InP is
represented by the following expression:

E,(ineV) = 135—072y + 0.12y>  at 300K. 4.7.1)

On the other hand, Nakajima et al.2® have suggested the following linear
interpolations of the band gap from their measured data:

E (ineV)= {0.74 +061(1—y) at300K 472
g 0.80 + 0.61(1 —y) at77K. o

The measurement of the spin-orbit splitting (A) at the zone center has
been carried out”? using electroreflectance. Figure 4.18 shows the measured
data. The electroreflectance technique has also been used to measure the
direct band gap, and the results agree well with those obtained using the
photoluminescence technique.
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Fig. 4.17 Band gap of In,_,Ga,As P, _, lattice-matched to InP obtained from photolumi-
nescence measurements as a function of As fraction y. Solid line is a fit to the data points
(circles), while dashed line shows interpolation using the binary values. (After Ref. 32)

The temperature dependence of the band gap (4 =~ 1.3 um) of InGaAsP
lattice-matched to InP has been obtained from measurements of the
wavelength of a double-heterostructure injection laser as a function of the
ambient temperature.”® The result is shown in Fig. 4.19. As temperature
increases, the band gap decreases at a rate of 0.325 meV/K.

The conduction-band-edge effective mass of In, _,Ga,As P, _, lattice-
matched to InP has been measured using techniques based on cyclotron
resonance,’*”° magneto-absorption,’®?”7 the Shubnikov—de Haas effect,”®7°
and the magneto-photon effect.”* Figure 4.20 shows the results of various
measurements as compiled by Pearsall.3° The results of these independent
measurements agree very well. The following analytic expression has been
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Fig. 4.18 Spin-orbit splitting (A) as a function of As fraction y for In, _,Ga As P, _, lattice-
matched to InP. (After Ref. 72)
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Fig. 419 Variation of band gap (obtained through measurements of the lasing wavelength) as
a function of ambient temperature for 1.3-um InGaAsP-InP double-heterostructure lasers.
(After Ref. 73 © 1982 IEEE)
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proposed’ for the conduction-band-edge effective mass m., based on
cyclotron measurements:

m_/my = 0.080 — 0.039y 4.1.3)

where my, is the free-electron mass and y is the As mole fraction. The valence-
band effective masses of the InGaAsP alloy are not so well known because
of difficulties in interpreting the experimental data. The heavy-hole mass and
the split-off-band mass are generally estimated from an interpolation of the
measured binary values. The light-hole effective mass of In, _,Ga,As P, _,
has been obtained using the optical pumping technique.®! The measured
data shown in Fig. 4.21 agree well with the value obtained from an inter-
polation of the measured binary values. The valence-band effective masses
obtained from an interpolation of the binary values were used to calculate
the radiative and nonradiative Auger recombination rates in Chapter 3.
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Fig. 4.21 Light-hole effective mass as a function of As fraction y for In,_,Ga,As P, _,
lattice-matched to InP. (After Ref. 81)

4.7.2 Mobility

The low-field carrier mobility is an important parameter in the performance
of semiconductor injection lasers. The diffusion coefficient D is related to
the mobility u by the relation D = ukygT/q. The diffusion of carriers can
influence spatial hole-burning, multitransverse mode operation, and wave-
guiding in many semiconductor laser structures. The low-field carrier mobility
in InGaAsP alloys has been extensively discussed.®?* The phenomena
related to hot-electron effects and high-field transport have also been
discussed in several review articles.348% In this section we limit ourselves to
a discussion of the measured low-field carrier mobility.

The room-temperature electron mobility of In, _,Ga,As,P, _, has been
extensively studied.®6-89 Figure 4.22 shows the measured electron mobility as
a function of the alloy composition in samples with a free-carrier concentration
in the range of 1 x 10!°~4 x 10! cm 3. The measurements were done on
single layers of InGaAsP grown by LPE on (100)-oriented semi-insulating
InP. The mobility increases with decreasing temperature. The influence of
various scattering mechanisms (such as ionized impurity scattering, optical
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Fig. 4.22 Measured electron mobility as a function of In,_,Ga,As P, _, alloy composition
lattice-matched to InP. (After Ref. 86)

phonon scattering, and alloy scattering) on the temperature dependence of
the mobility has also been studied.?’

Hayes et al.®3-88 have measured the hole mobility as a function of the
mole fractions x and y in In,_,Ga,As P, _ . Their experimental data are
shown in Fig. 4.23. The samples used in the experiment were grown by LPE
on (100)-oriented semi-insulating InP substrates. The shape of the mobility
curve as a function of the alloy composition is principally governed by alloy
scattering, which is large near the middle range of y (y = 0.5).

4.7.3 Refractive Index

As was seen in Chapter 2, a knowledge of the refractive index is important
for understanding the waveguiding properties of semiconductor lasers. The
InGaAsP double-heterostructures used for the fabrication of laser diodes
generally have p-type InP and n-type InP as cladding layers. The wavelength
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Fig. 423 Measured hole mobility as a function of alloy fraction y for In,_,Ga,As,P,_,
lattice-matched to InP with two different doping levels. (After Ref. 83)

dependence of the refractive index of InP has been studied by Petit and
Turner.®® For InGaAsP, several interpolation schemes using the measured
binary values have been proposed and compared.’! Nahory and Pollack®?
have suggested the following analytic form for the refractive index (at a
wavelength corresponding to the band gap) of In,_,Ga,As P, _, lattice-
matched to InP (for which x =~ 0.45y):

u(y) = 3.4 + 0.256y — 0.095y2. (4.7.4)

Values of the refractive indices have also been estimated using indirect
methods such as far-field measurements and mode spacing of injection
lasers.?3-3 All of these values agree quite well.
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Chandra et al.’® reported direct measurement of the refractive index
of In, _,Ga,As P, _, lattice-matched to InP. About 1-um thick layers of
InGaAsP were grown on InP by vapor-phase epitaxy. Transmission and
reflection measurements were done on each sample as a function of the
incident wavelength. The spectral line width (~ 5 A) of the light source was
large enough to average out forward-backward wave interference effects
occurring in thick substrates. The refractive index was obtained from the
observed modulation in reflection or transmission caused by interference of
the light reflecting between the two surfaces of the epitaxial layer. Figure 4.24
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Fig. 4.24 Refractive index.as a function of wavelength for four different As fractions (y) of

In, _,Ga,As P, _,. Different symbols refer to measurements on different samples. Dashed curves
are obtained using the interpolation scheme of Ref. 97. (After Ref. 96)
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shows the measured refractive index as a function of wavelength for four
lattice-matched compositions. The measured values agree well with the
calculated values obtained using the interpolation method of Afromowitz.°”

4.8 STRAINED-LAYER EPITAXY

Although the growth of lattice-matched layers is very important for the
fabrication of reliable semiconductor lasers, it is possible to make high-
quality semiconductor lasers using materials with a small degree of lattice
mismatch among them.®®-1°° This lattice mismatch introduces strain on the
epitaxial layers, altering the semiconductor band structure. Typical values
of tolerable strain (Aa/a, where a is the lattice constant of the substrate and
Aa is the difference in lattice constants between the substrate and the epitaxial
layer) are less than 1.5%. The larger the amount of strain, the thinner is the
layer that can be grown free of dislocations on the substrate. Beyond a certain
thickness, known as the critical thickness,’°! very large numbers of dis-
locations are generated, and the luminescence properties of the material
become quite poor.

The two material systems that have been studied extensively for the
fabrication of strained-layer lasers are (i) InGaAsP active region grown over
InP and (i) InGaAs active region grown over GaAs. The former emits in
the wavelength range of 1.2-1.6 pm whereas the latter covers the wavelength
range of 0.85-1.05 pm. Both types of strained-layer lasers have some
advantages discussed in Sec. 9.9 in the context of quantum-well devices.

80
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40 60 80 100
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Fig. 4.25 Indium concentration in In, _,Ga, As epitaxial layer grown over InP as a function of
TMIn flow. (After Ref. 102 © 1990 IEEE)
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The InGaAsP semiconductor alloy can also be grown lattice-matched on
InP as discussed in the previous sections. Non-lattice-matched layers have
been grown mainly by using MOVPE and CBE growth techniques. Layer
composition can be changed by varying the flow rate of one of the species.
Changes in the indium concentration in the strained In, ., Ga,As solid as a
function of trimethylindium (TMIn) flow are shown in Fig. 4.25.1°2 For the
layer lattice-matched to InP, the In content is 53%,. The data were obtained
from superlattice samples grown over the (100)-oriented InP substrate
by atmospheric pressure MOVPE, containing 20-50 periods of strained
quantum wells separated by 20-nm thick InP barriers.!®? Strained layers
retain their structural integrity as judged by sharp and intense satellite peaks
in x-ray diffraction measurements. The linear relationship between TMIn
flux and solid-state In composition in In,_ Ga,As suggests TMIn is

+Ga (a) GaAs on GaAs
TsussTrate = 520°C
AAAAL v.u'. y
| +Ga
E [ +In (b) Iny,Ga, ,As on GaLAs
% TsussTraTE = 520°C
w
’—.
Z
| +In (¢) Ing5Gag sAs on GaAs
TsyssTrate = 520°C
| SPOTTY PATTERN
|-In
TIME
Fig. 426 RHEED-oscillation data for growth of (a) GaAs on GaAs, (b) In, ;Ga, ;As on GaAs,
and (¢) Iny sGa, sAs on GaAs. “+” and “—” represent the addition or removal of those species,

e.g., +Ga means Ga beam is turned on at the time indicated. (After Ref. 103)
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completely decomposed at the growth temperature (625°C) and is propor-
tionally incorporated in the epitaxial In, _,Ga,As layer.

Strained In, _ ,Ga,As layers have been grown on GaAs substrates using
both MBE and MOVPE growth techniques. When the growth takes place
by MBE, it is possible to monitor the growth front in situ using RHEED
(reflection high-energy electron diffraction) oscillations. Figure 4.26 shows
RHEED oscillations for the three cases (a) GaAs on GaAs, (b) In, ;Ga, ,As
on GaAs, and (¢) IngsGag sAs on GaAs.'®® In the first case, which
corresponds to the lattice-matched growth, RHEED oscillations show a
smooth layer-by-layer growth. However, in the strained case (when the In
source is turned on) the growth mode changes rapidly to one that suggests
island formation, i.e, RHEED oscillations disappear. As the strain is
increased (higher In mole fraction), the transition to the island-growth mode
becomes more abrupt, as seen in Fig. 4.26c.

PROBLEMS

4.1 What is meant by epitaxial growth? Describe the three main techniques
used for such a growth.

4.2 Explain how the multiple epitaxial layer can be grown over a substrate
by using multibin-boat LPE apparatus. Use diagrams as necessary.

4.3 Use Eq. (4.2.5) to determine the composition of the active region of
InGaAsP lasers operating at 1.3 and 1.55pum. What is the longest
wavelength at which such lasers can be operated? The band gap of
an In, _,Ga,As P, _, layer at room temperature is given by E (y) =
1.35 — 0.72y + 0.12y2.

4.4 Explain the MBE growth technique by drawing the growth apparatus
schematically. How does chemical-beam epitaxy differ from MBE?

4.5 Consider the InGaAsP semiconductor lasers operating at 1.3 and
1.55 pm. Both lasers are identical in structure except for the composition
of the 0.1-um thick active layer. Calculate the confinement factor for
each laser by calculating refractive indices from Eq. (4.7.4). Assume InP
cladding layers to be thick enough that the theory of Sec. 2.5.2 can be
used.
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Chapter 5
LASER STRUCTURES AND THEIR PERFORMANCE

5.1 INTRODUCTION

Semiconductor lasers operating in the wavelength range of 1.1-1.65 um can
be fabricated using the InGaAsP quaternary material which has been grown
lattice-matched on an InP substrate.! Room-temperature continuous opera-
tion of InGaAsP-InP double-heterostructure lasers was first reported? in 1976.
Since then, a large number of laser structures have been developed guided by
the performance requirements of specific applications. This chapter discusses
different InGaAsP laser structures with particular emphasis on their per-
formance in terms of the light-current characteristics, the threshold current,
and the threshold current’s temperature dependence. Other performance
characteristics that make a laser structure suitable as a source for high-speed
digital lightwave transmission systems are discussed in detail in Chapter 6.

In a double-heterostructure laser, the optical mode is confined perpendicular
to the junction plane because the cladding layers have a lower index of
refraction compared with that of the active region. For stable fundamental-
mode operation with a low threshold current, additional confinement of the
optical mode along the junction plane is required. In the absence of this
lateral-mode confinement (which may be induced by a region of well-defined
optical gain or a refractive index step), the laser behaves as a broad-area
laser with a threshold current density of ~1 kA/cm? i.e., a threshold current
of ~1 A is required for a laser of cross section 250 um x 380 um. Such a
high threshold current would limit the usefulness of semiconductor injection
lasers. The laser structures described in this chapter are essentially different
ways of realizing the lateral-mode confinement; the eventual aim is to obtain
a laser structure with a low threshold current that can operate in the
fundamental lateral mode up to high powers. State-of-the-art InGaAsP lasers
emitting near 1.3 um generally have threshold currents in the range of
10-15 mA at 20°C.

As discussed in Sec. 2.5, the laser structures can in general be classified
into two groups, gain-guided and index-guided. In the gain-guided structure,
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the width of the optical mode along the junction plane is mainly determined
by the width of the optical gain region, which in turn is determined by the
width of the current-pumped region (typically in the range of 5-10 pm). In
index-guided lasers, a narrow central region of relatively higher refractive
index in the junction plane confines the lasing mode to that region. The
index-guided lasers can be divided into two general subgroups, weakly index
guided and strongly index-guided lasers. In weakly index-guided lasers,
the active region is continuous and the effective index discontinuity is
provided by a cladding layer of varying thickness. Depending on the specific
design, these structures are known under various names, such as rib wave-
guide, ridge waveguide, plano-convex waveguide, and channeled-substrate
planar waveguide. By contrast, the strongly index-guided lasers employ a
buried heterostructure. In these lasers, the active region is bounded by
low-index, epitaxially grown layers both along and normal to the junction
plane. The lateral index difference is ~0.01 for weakly index-guided lasers
and ~0.2 for strongly index-guided, buried-heterostructure lasers.

Gain-guided lasers are easier to fabricate than index-guided lasers. How-
ever, gain-guided lasers exhibit higher threshold currents than do index-
guided lasers. Typical threshold currents of gain-guided lasers are in the
range of 100-150 mA compared with 10—15 mA for buried-heterostructure
lasers. The fabrication of strongly index-guided lasers generally requires
either a single epitaxial growth over nonplanar surfaces or two epitaxial
growths and, in addition, careful attention to processing. In spite of these
difficulties in fabrication, their superior performance characteristics—low
threshold current, stable fundamental-mode operation at high powers, and
good high-speed modulation characteristics—make them a prime candidate
for high-performance applications. In particular, their use as a source in
lightwave transmission systems is highly attractive. In fact, the development
of various types of strongly index-guided laser structures over the last few
years principally has been carried out using InGaAsP. This is the material
of choice for long-haul lightwave transmission system applications. Weakly
index-guided lasers are easier to fabricate than strongly index-guided lasers
but generally have a higher threshold current (~ 50 mA). These lasers can
be a useful alternative to strongly index-guided lasers in less demanding
applications.

5.2 BROAD-AREA LASERS

The laser structures described in this chapter are generic, in principle, to any
material system, although we focus our attention on the use of InGaAsP.
The InGaAsP alloy can be grown lattice-matched on InP and can emit light
in the wavelength of 1.1-1.65 um. A useful figure of merit, indicative of
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the “quality” of a semiconductor laser material, is the broad-area threshold
current density. A broad-area laser does not employ any scheme for current
confinement. The processing of these devices is relatively simple. Most of the
early laser work using InGaAsP was carried out using broad-area structures
grown by liquid-phase epitaxy (LPE) on an n-type InP substrate.>~® The
as-grown wafer, typically 250-400 um thick, is thinned down to a thickness
of 75-100 pm, and metallic contacts are deposited on the substrate side
(typically AuSn or AuGe alloy) and the epitaxially grown side (typically
CrAu or AuZn alloy). The thinning of the wafer is necessary to facilitate
cleaving along a crystallographic plane. The cleaved planes [typically (110)]
form the mirrors of the laser cavity. The other sides are saw-cut. Figure
5.1 shows a schematic of a broad-area laser chip, together with typical device
dimensions.

The threshold current density J,;, depends on the confinement of the optical
mode and hence varies with the thickness d of the active region [see Egs.
(2.6.2) and (2.6.3)]. Figure 5.2 shows experimental data* for J,, as a function
of d for 1.3-pym InGaAsP-InP double-heterostructure lasers. We note that
Jin is minimum for an optimum value of d. The rapid increase for d when
d < 0.1 pm is due to the loss in mode confinement for thin active layers. The
measured threshold current density varies linearly with d for thicknesses
greater than 0.2 pm. Thus J,/d is a useful universal parameter for the
characterization of lasers emitting at different wavelengths or lasers fabricated
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Fig. 5.1 Schematic illustration of a typical broad-area laser chip for a 1.3-um InGaAsP
double-heterostructure laser.
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Fig. 5.2 Measured threshold current density at room temperature as a function of the
active-layer thickness for 1.3-um InGaAsP double-heterostructure lasers. (After Ref. 4)

using different material systems. The quantity J/d equals the nominal
current density defined by Eq. (3.2.44) in the absence of nonradiative
recombination mechanisms. Figure 5.3 shows the experimental data for J,;,/d
for InGaAsP lasers emitting at different wavelengths.®> For lasers emitting
at wavelengths greater than 1.5 pm it is often necessary to grow an additional
layer (called the antimeltback layer) on top of the active layer to prevent
melting back of the active region during the LPE growth of the p-InP
cladding layer. The band gap of the antimeltback layer is intermediate to
that of surrounding layers. Figure 5.3 shows the data for lasers with and
without antimeltback layers. In all cases the average value of J/d is
~5 kA/(cm?-pm) and is found to be independent of wavelength in the range
of 1.2-1.65 pm. This value is comparable to the values reported for AlGaAs
lasers.®
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Fig. 5.3 Experimental data for J,/d for broad-area InGaAsP lasers emitting at different
wavelengths. (After Ref. 5 © 1980 IEEE)

Various factors that can affect the threshold current density of a broad-
area laser have been theoretically discussed in Sec. 2.6. One of the factors
is the carrier concentration in the active region. It is generally accepted
that increased p doping of the active region can increase the threshold
current. The effect is partly due to an increase in the nonradiative Auger
recombination rate and partly due to an increase in optical absorption. The
former manifests itself in a decrease in the carrier lifetime [see Eq. (2.6.3)],
and the latter causes a decrease in the external differential quantum efficiency
[see Eq. (2.6.11)].

In the fabrication of InGaAsP-InP lasers, the active layer is not intention-
ally doped. However, during LPE of the p-InP cladding layer that is usually
doped using Zn, a diffusion of Zn into the active layer takes place and makes
it p type. Experimental data* for the observed threshold current density as
a function of the acceptor concentration of the active layer are shown in Fig.
5.4 for three different thicknesses of the active layer. The donor concentration
of the n-InP layer in these experiments was 7.5 x 10'® cm~3. Figure 5.4
shows that thicker active layers are less affected than thinner layers in the
range of 10'7-10'8 cm 3. The increase of threshold current for cladding-
layer doping levels less than 10'” cm ™3 is probably due to a displacement
of the p-n junction into the p cladding layer during growth.
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Fig. 5.4 Measured threshold current density of 1.3-pm InGaAsP-InP broad-area lasers as a
function of the acceptor concentration in the p-InP cladding layer. The donor concentration is
kept constant. (After Ref. 4)

The threshold current density of a broad-area laser also depends on the
cavity length L. This dependence can be seen from Egs. (2.6.2) and (2.3.10).
For long cavities, the distributed mirror loss o, is small compared to the
internal loss a;,,. Itaya et al.'® have reported a threshold current density of
770 A/cm? for a cavity length of 1500 um in an InGaAsP laser emitting at
1.3 pm. More recently, values as low as ~500 A/cm? have been observed
with design optimization for 1.3-um InGaAsP lasers of about 400 pm in
length.®

5.3 GAIN-GUIDED LASERS

Most injection lasers intended for commercial applications have a built-in
feature that restricts current injection to a small region along the junction
plane. This restriction serves several purposes: (i) it allows continuous-wave
(CW) operation with reasonably low threshold currents (10-100 mA) com-
pared with an unacceptably high value (~1 A) for broad-area lasers; (ii) it
can allow fundamental-mode operation along the junction plane, which is
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necessary for applications where the light is coupled into an optical fiber
(iii) the requirements for heat sinking are considerably less severe than those
for a broad-area laser; and (v) the low operating current allows operation
at high temperatures and increases the operating life of the device.

The simplest current-restricting structure is an oxide-stripe device, origi-
nally fabricated by Dyment'! and used to study the transverse-mode
structure along the junction plane in AlGaAs injection lasers. A variation of
the above structure, the proton-stripe AlGaAs laser,'? has become the
workhorse for many commercial applications in systems employing AlGaAs
lasers.

Figure 5.5 shows three gain-guided laser structures fabricated using the
InGaAsP material system. These are (i) the oxide-stripe laser, where an SiO,
layer on the p contact confines the injected current flow to a small region
through an opening in the dielectricS; (i) the proton-stripe!® or deuteron-
stripe!? laser, where the implanted protons or deuterons create a region of
high resistivity that restricts the current flow to an opening in the implanted
region; and (iii) the junction-stripe laser,'> where Zn diffusion converts a
small region of the top n-type layer into p type, thus providing a current

Fig. 5.5 Schematic cross section of different types of gain-guided laser structures: (i) oxide-
stripe, (ii) proton- or deuteron-stripe, and (iii) junction-stripe.
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path while the reverse-biased junction over the remaining region provides
current confinement. Variations of the above structures can also be found
in the literature.

In all these structures, the active region is planar and continuous. The
stimulated-emission characteristics of such a laser are determined by the
carrier distribution (which provides optical gain) along the junction plane.
Since the optical mode distribution along the junction is determined by the
optical gain, these lasers are called gain-guided lasers. The physics behind
the gain-guiding mechanism has been discussed in Sec. 2.5.3.

Figure 5.6a shows the typical light-current (L-I) characteristics of a gain-
guided deuteron-stripe InGaAsP laser (4 = 1.3 pym). These devices were
fabricated using an 8-um-thick wire as a bombardment mask. The 250-um-
long lasers had threshold currents in the range 100-150 mA. Similar threshold
current values have been reported for other types of gain-guided lasers.
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Fig. 5.6 (a) Measured CW light-current characteristic of a deuteron-stripe gain-guided InGaAsP
laser. (b) Optical spectra at several power levels. (After Ref. 14 © 1984 IEEE)
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Typical spectral emission characteristics of these lasers are shown in Fig.
5.6b. The laser emits at several wavelengths, each of which corresponds to
a different longitudinal mode of the laser cavity, as discussed in Sec. 2.3.
Note that the longitudinal modes shift toward longer wavelengths as the
drive current increases. This is a consequence of the temperature-induced
shift of the gain peak as a result of device heating at high currents. We now
discuss some specific characteristics (generally undesirable) of gain-guided
lasers.

Kinks in Light-Current Characteristics. As the current through the laser
is increased, the L-I characteristics of a gain-guided laser often exhibit a
“kink,” or nonlinearity. The nonlinearity can be associated with a movement
of the optical mode along the junction plane, a transition to higher-order
modes, or a transition from the TE to the TM mode. Such a nonlinear
response can severely alter the amount of light coupled into an optical fiber
and thus limits the usefulness of the laser in an optical communication
system. Figure 5.7 shows an example of the kink for an oxide-stripe laser.
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Fig. 5.7 Light-current characteristic of a gain-guided InGaAsP laser (A = 1.3 pm) showing the
occurrence of a kink at an output power of 8 mW/facet.
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The lasers with narrow stripes exhibit kinks at higher operating powers than
do lasers with wide stripes, as observed for AlGaAs proton-stripe lasers.!®

Pulsations. Many gain-guided injection lasers exhibit sustained oscillations
or pulsations; i.e., the emitted light pulsates at a certain frequency (typically
in the range of 200-500 MHz). Figure 5.8 shows an example of a self-pulsing
laser. The bottom trace shows the long duration current pulse, and the top
trace shows the emitted light pulses at a repetition rate of ~200 MHz.!”
The self-pulsing phenomenon has been extensively studied for AlGaAs
proton-stripe gain-guided lasers.’®-2° Similar characteristics have been
observed for InGaAsP lasers.?! In general, the pulsation frequency increases
with increasing drive current, approximately obeying the simple relation

I 1/2
Qg oc (T - 1> (5.3.1)

th

Fig. 5.8 Self-pulsing in a 1.3-um InGaAsP oxide-stripe laser. The top trace shows the light
output, and the bottom shows the current pulse. The horizontal scale is 5ns per division.
(After Ref. 17)
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where Qy is the pulsation frequency, I, is the threshold current, and I is the
injection current. It will be seen in Chapter 6 that Qg is the relaxation-
oscillation frequency of an intrinsic laser resonance. Self-pulsing semi-
conductor lasers have found commercial applications in optical-disk systems
(e.g., compact-disk players) because of their relative insensitivity to external
optical feedback.

Several models exist in the literature that explain the observation of
pulsation in injection lasers. A saturable-absorption model proposed by
Joyce and Dixon?? satisfactorily accounts for pulsations. This model relies
on a fundamental nonlinear relation between the optical gain and the injected
carrier density in semiconductor lasers.?® This relation is shown schematically
in Fig. 5.9. The pulsation phenomenon can be understood in the following
qualitative way. Consider an injection laser that has a nonuniform carrier
density along the cavity length. Such nonuniformity is generally localized
and can arise from defects in the active layer, nonradiative recombination
at mirror facets, or local variation in current injection caused by processing
defects. The carrier density in these regions is smaller than the average value
across the cavity length. Let n, denote the carrier density at the defects
and n, be the average carrier density. When a current Al is injected into
the laser, the carrier density n, changes by An; and the average carrier density
ny changes by Ang (see Fig. 5.9). The corresponding changes in the gain or
loss are (dg/dny)Ang and (dg/dn,)An,. If I is the length of the defective region
and L is the length of the laser, a net optical gain results if

l(jdi)An1 > L(E)Ano. (53.2)
dn, dn,

The condition can be satisfied for some values of | and L since dg/dn; >
dg/dn, as seen in Fig. 5.9. If Eq. (5.3.2) is satisfied, an increase in the injected
current results in a net increase in the above-threshold gain, which causes
the stimulated emission to rise suddenly. This sudden increase in stimulated
emission causes a depletion of carriers to a below-threshold value, and the
stimulated emission stops. Stimulated emission begins when the carrier
density is replenished to an above-threshold value by the injected current
and the process repeats itself. Thus Eq. (5.3.2) may be viewed as the condition
for pulsation in an injection laser. Central to this model is the nonlinear-gain-
versus-carrier-density relation, which makes regions with smaller carrier
density act as saturable absorbers. A discussion of the pulsation instability
based on the rate equations is given in Sec. 6.4.3.

The regions near the cleaved facets of an injection laser are generally
regions where carrier density is depleted by surface recombination. The
recombination rate at a surface is usually expressed in terms of surface
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Fig. 5.9 Optical gain and absorption versus injected carrier density in a semiconductor laser
show schematically. A small change in carrier density affects absorption more strongly than
gain.

recombination velocity S (see Sec. 3.3.3), which is the product of the defect
density N,, capture cross section g, and carrier velocity v, i.e.,

§ = N,ov. (5.3.3)

Nash et al.24 have shown that the surface recombination velocity of a cleaved
GaAs surface can be reduced by coating the surface with Al,O,, which also
reduces the rate at which pulsations occur in AlGaAs lasers. The occurrence
of pulsation is generally more frequent in AlGaAs lasers than in long-
wavelength InGaAsP lasers. This is generally attributed to the fact that
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a cleaved InP surface has a smaller surface recombination velocity
(~10° cm/s) than does a GaAs surface exposed to air (~ 107 cm/s).?*

Van der Ziel*¢ has studied the self-focusing (contraction of the beam
diameter near the pulse center) associated with pulsations in AlGaAs
proton-stripe gain-guided lasers. Figure 5.10 shows the similar self-focusing
behavior for 1.3-um InGaAsP lasers. The top trace shows the light pulse
and the bottom trace shows the measured near-field width during the
evolution of the optical pulse. As a consequence of self-focusing, the width
decreases as the light intensity increases. Lang?’ has shown that index
guiding along the junction can reduce the self-focusing effect by stabilizing
the optical mode and can also reduce the probability of pulsations. His
analysis agrees with the performance of strongly index-guided InGaAsP
lasers, which generally do not exhibit pulsations.?*
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Fig. 5.10 Self-focusing observed in a self-pulsing 1.3-um InGaAsP laser. (a) The light pulse.
(b) The corresponding measured near-field width during the evolution of the pulse. Note that
the width decreases as the optical intensity increases.
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Electrical Derivative Characteristics. Electrical characterization, especially
the measurement of current-voltage derivatives, is a useful way of under-
standing various current paths in an injection laser. The electrical character-
istics of injection lasers were first developed for the study of stripe-geometry
gain-guided lasers.?8-3° Below threshold, the current-voltage characteristic
of a broad-area junction laser is similar to that of a diode with a series
resistance R. The series resistance accounts for the contact resistance and
that of the various layers. The current-voltage characteristics of a diode are
given by the Shockley equation

I'= I[exp(BV;) — 1] (5.3.4)

where = q/nkzT, V, is the voltage across the diode, I is the saturation
parameter, kj is the Boltzmann constant, T is the absolute temperature, q is
the electron charge, and # is called the ideality factor. Usually exp(fV;) > 1,
so that the second term in Eq. (5.3.4) can be neglected. Above threshold,
the voltage across the laser diode saturates because the carrier density
saturates. The measured voltage V" across the laser diode then is

V="V+IR. (5.3.5)

From Eqgs. (5.3.4) and (5.3.5), it follows that

k
aw 1™ Rrr 1<, i1e
12 =4 ¢ 3,
T, (5.3.6)
RI I> 1,

The quantity I dV/dI drops by nkgT/q at threshold for an injection laser.
Measurement of this quantity can provide information about the junction
characteristics of the laser diode. Figure 5.11 shows the measured optical
and electrical characteristics of a stripe-geometry gain-guided laser. A kink
at threshold in the I dV/dI curve is in agreement with Eq. (5.3.6). Equation
(5.3.6) is modified in the presence of carrier leakage over the heterojunction
(see Sec. 3.5.1). The modified equation shows that observation of sublinearity
in the above-threshold variation of IdV/dl with I is an indication of
heterobarrier leakage.3!

Wright et al.>? have examined the electrical characteristics in the presence
of a shunt path across the laser diode. Such shunt paths can arise in strongly
index-guided lasers. For simplicity, we consider a resistive shunt path. Figure
5.12 shows the I dV/dI-I characteristic of a laser with a resistive shunt.
The slow turn-on of the I-V curve is due to the current flowing through
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Fig. 5.11 Measured (a) optical and (b) electrical characteristics of a stripe-geometry gain-guided
InGaAsP laser operating at 1.3 pm. In (a), solid and dashed lines show L-I and dL/dI-I curves
respectively. In (b), solid and dashed lines show V-I and I dV/dI-I curves respectively.
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Fig. 5.12 Electrical derivative characteristics of a laser with a linear shunt. Peak in the I dV/dI
(top) curve at about 20 mA is a signature of the shunt path. (After Ref. 32)
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the resistive shunt, and its slope at low currents equals the shunt resistance.
The corresponding I dV/dI-versus-I curve shows a “bump” before threshold
is reached. Observation of such a bump in the measured I dV/dI-versus-I
characteristic of a laser diode indicates the presence of a shunt path.
Optical characteristics also manifest themselves through the measured
electrical derivative characteristics. For example, a kink in the L-I character-
istic is generally associated with a kink in the I dV/dI-I characteristic. This
can be understood as follows. An L-I kink is usually associated with a change
in the optical mode (mode movement, mode transition, or appearance of
additional higher-order modes) along the junction plane. This also changes
the average carrier density in the active region, which in turn changes the
Fermi energies. Since the voltage across the diode equals the separation of
the quasi-Fermi levels in the conduction and valence bands, a change in
voltage occurs with a change in the optical mode along the junction plane.
The voltage change appears as a kink in the I dV/dI-versus-I characteristic.
The sustained oscillations of the emitted light or pulsations are often
associated with sharp kinks in the electrical derivative characteristics. An
example of such behavior is shown in Fig. 5.13. The pulsation-induced sharp
spike in the dL/dI curve manifests as a sharp dip in I dV/dI. Note that the
I dV/dI curve near threshold is lower than what would be expected from the
series resistance alone. Thus the device apparently exhibits negative resist-
ance. This type of negative-resistance behavior was first reported by Anthony
et al.>? During pulsation, the average carrier density oscillates rapidly, which
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Fig. 5.13 An example of the observed negative-resistance-like behavior in the electrical-
derivative characteristic of a self-pulsing laser. (After Ref. 17)
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leads to an oscillation in voltage across the diode. This rapidly oscillating
voltage appears as an apparent negative resistance in the measured electrical
derivative characteristics.

5.4 WEAKLY INDEX-GUIDED LASERS

The lateral mode in gain-guided lasers is determined by the distribution of
optical gain along the junction plane. The optical gain is determined by
the carrier distribution that is influenced by both current spreading (due to
the sheet resistance of the p cladding layer) and carrier diffusion in the
active region. As discussed in Chapter 2, gain-guided InGaAsP lasers have
undesirable characteristics, such as a high threshold current and a low
differential quantum efficiency, as a consequence of the carrier-induced index
reduction leading to index antiguiding. The effective index depression caused
by carriers at the waveguide center is ~5 x 1073, In weakly index-guided
laser structures, the laser structure is modified so as to introduce an effective
index step of ~ 1072, which is larger than the carrier-induced reduction.
Hence the optical mode along the junction plane in a weakly index-guided
laser is essentially determined by the device structure. The transition from
gain guiding to index guiding as the lateral effective index step is varied was
discussed in Sec. 2.6.

The design of a weakly index-guided laser requires that the thickness of
at least one layer be laterally nonuniform. A number of structures, known
under various names such as rib waveguide, ridge waveguide, plano-convex
waveguide, channeled-substrate planar waveguide, have been used®+** for
this purpose, and some of them are shown schematically in Fig. 5.14. For
ease of reference, we group them into two categories, collectively called the
ridge waveguide type and the rib waveguide type. In the ridge waveguide
type of structure, the use of a dielectric around the ridge [see schemes (i) and
(ii) in Fig. 5.14] inhibits current spreading in the p-InP layer. By contrast,
in the rib waveguide type of structure [see schemes (iii) and (iv) in Fig. 5.14],
current spreading in the p-InP layer can influence the threshold current. Both
schemes are capable, however, of providing an effective index step of ~ 1072
for the lateral mode under the ridge or rib region, and the mode is essentially
index-guided. Two types of ridge waveguide lasers are shown: (i) the structure
used by Kaminow et al.3® for InGaAsP lasers and (ii) the heteroepitaxial
ridge-overgrown laser.** The difference between the two types of rib
waveguide lasers shown in Fig. 5.14 is that in one case the lateral index step
is provided by a waveguide layer of varying thickness, while in the other
case the lateral index step arises from an active layer of varying thickness.
Note that the rib can also be made on the p side.3* To distinguish the
two cases, the structure (iv) of Fig. 5.14 is sometimes referred to as the
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Fig. 5.14 Schematic cross section of several types of weakly index-guided laser structures:
(i) ridge waveguide laser; (ii) heteroepitaxial ridge-overgrown laser; (iii) channeled-substrate
planar waveguide laser; (iv) simple rib waveguide laser; and (v) terraced-substrate laser.

inverted rib waveguide.*! Similarly, structure (iii) is also called plano-convex
waveguide.?®

Ridge Waveguide Laser. The ridge waveguide (RWG) laser has been
extensively studied.*>~** Figure 5.15 shows scanning electron microscope
(SEM) photomicrographs of the laser cross section. Device fabrication
involves the following steps: The planar epitaxial layers are successively
grown as shown in Fig. 5.14 by either LPE, VPE, or MOVPE on a
(100)-oriented n-InP substrate. The wafer is then etched to form a ridge
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(a)

Fig. 5.15(a) SEM cross section of a ridge waveguide laser showing the ridge formed by chemical
etching. The nominal width of the ridge is about 5 pm.

with a width of ~5um. The 1.1-um InGaAsP waveguide layer acts as a
stop-etch layer. The wafer is then processed to produce lasers using standard
dielectric deposition, photolithographic, and metallization techniques. Figure
5.15(a) shows the SEM cross section of an RWG laser showing the ridge
formed by etching. Figure 5.15(b) shows the same laser with a gold pad used
for p-contact.

The planar active layer of a ridge waveguide laser extends beyond the
ridge, and the threshold current is affected by carrier diffusion in the active
region. Figure 5.16 shows the typical light-current characteristics of a 1.3-pm
InGaAsP ridge waveguide laser.*? Also shown are the far-field patterns along
and normal to the junction plane. Typical threshold currents of these devices
are in the range of 40-60 mA.

Lateral index guiding in a ridge waveguide laser is schematically shown
in Fig. 5.17a. A fraction of the lasing mode overlaps with the dielectric,
which has a considerably lower refractive index (u = 1.83) than that of the
InP cladding layer (u = 3.22). This overlap introduces an effective lateral
index step as discussed in detail in Sec. 2.5. The magnitude of the lateral
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(b)

Fig. 5.15(b) SEM cross section of the same RWG laser showing the gold pad used for
p-contact.

index step is determined by the thicknesses of the waveguide layer. For a
very thick waveguide layer, the lateral index step may become so small that
it is comparable to the carrier-induced index change. The performance of a
ridge waveguide laser may then become very similar to that of a gain-guided
laser.

Rib Waveguide Laser. Rib waveguide lasers have attracted considerable
attention.3+—36-3%4! The threshold current of these lasers is influenced by
current spreading in the p cladding layer, by carrier diffusion in the active
region, and by the lateral index step. The measured threshold currents are
typically in the range of 60-80 mA. The lateral index guiding in a rib
waveguide laser is schematically shown in Fig. 5.17b. A fraction of the lasing
mode overlaps with the lower-index waveguide layer on either side of the
active region. This overlap introduces a lateral index step. The effective
index step depends on the width of the active region, the thickness of the
waveguide region, and the thickness variation of the waveguide layer. An
excellent control of layer thicknesses is necessary for fabrication of these



200 SEMICONDUCTOR LASERS

1 JUNCTION
8 It JUNCTION 1=95mA
5um RIDGE 3 T | =95mA
L =250 um E 6+ 1
>\ 24.3 um - | 4 85mA
T=20°C )
l,=47mAcw : 4 75mA
m=26% FACET S | g
52 |4
5 65mA
i \ 61mA
° 40 80 -20-100 10 20 -60°-40-20 O -20 -40 60°

CURRENT (mA) ANGLE-DEGREES (n-SIDE) ANGLE-DEGREES (p-SIDE)

Fig. 5.16 Typical light-current (L-I) characteristics of a 1.3-um InGaAsP ridge waveguide
laser. Far fields along and normal to the junction plane are also shown. (After Ref. 42 © 1983
IEEE)
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Fig. 5.17 Schematic representation of the optical mode in (a) ridge waveguide and (b) rib
waveguide lasers. The dashed elliptical curve shows the spatial extent of the optical mode.
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devices. Large values of active and waveguide layer thicknesses can reduce
the lateral index step sufficiently so that the rib waveguide laser behaves as
a gain-guided laser.

5.5 STRONGLY INDEX-GUIDED LASERS

The lateral mode control in injection lasers can be achieved using index
guiding along the junction plane. The mode control is necessary for improving
the light-current linearity and the modulation response of injection lasers.
In strongly index-guided lasers, the active region is buried in higher band-gap
layers (e.g., InP) on all sides. For this reason, these lasers are called
buried-heterostructure lasers. The lateral index step along the junction plane
is ~0.2 in these laser structures and is about two orders of magnitude larger
than the carrier-induced effects. As a result, the lasing characteristics of
buried-heterostructure lasers are primarily determined by the rectangular
waveguide that confines the mode inside the buried active region. Lateral and
transverse modes of buried-heterostructure lasers were discussed in Sec. 2.5.

The buried heterostructure was first proposed in 1974 for GaAs lasers.**
Since then, several types of InGaAsP buried-heterostructure lasers have been
developed.*5—34 These lasers can be divided into two categories: (i) planar-
active-layer structures and (ii) nonplanar-active-layer structures. The planar-
active-layer structure is more suitable for single-frequency distributed-feed-
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