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Preface

Semiconductor lasers are among the most important optoelectronics
devices. Remarkable development has been accomplished in the three
decades since the first achievement in room-temperature continuous
oscillation, which opened the possibility of practical applications of
semiconductor lasers. Today, various types of semiconductor lasers are
mass-produced and widely used as coherent light sources for a variety of
applications, including optical fiber communication systems and optical
disk memory systems. Advanced functions and high performance have
been realized through distributed feedback lasers and quantum well lasers
following the development of Fabry—Perot-type lasers. Accordingly, new
applications previously unfeasible (or difficult with other conventional
lasers) have been found, and the replacement of gas and solid-state lasers by
compact and economical semiconductor lasers is in progress. Thus,
semiconductor lasers are indispensable devices of increasing importance.
Extensive research and development is being conducted toward specific
applications. Remarkable progress is also being made in optoelectronic
integrated circuits and integrated photonic devices using semiconductor
lasers as the main component.

Implementation and advanced applications of semiconductor lasers
require a deep understanding, and high technological expertise, in subareas
including materials, crystal growth, device design, microfabrication, and
device characterization (all of which comprise the field called semiconductor
laser engineering). There already exist a number of authoritative books on
semiconductor lasers, as given in the references in Chapter 1. In Chapter 2,
the fundamental quantum theory on the interaction of electrons and
photons is outlined and summarized in a form that is convenient for the
understanding and analysis of semiconductor lasers. Chapter 3 deals with
stimulated emission in semiconductors as one of the most important
principles for implementation of semiconductor lasers, and explains the
basic theory and characteristics of light amplification. Chapter 4 covers
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theoretical discussions on electron—photon interactions and stimulated
emission, and considers characteristics of optical waveguide resonators for
laser oscillator implementation. In Chapter 6, rate equation analysis of
semiconductor lasers is presented to clarify and explain the static and
dynamic characteristics of semiconductor lasers using Fabry—Perot-type
semiconductor lasers as a prototype device. Chapter 7 is devoted to
distributed feedback lasers and distributed Bragg reflector lasers, which are
dynamic single-mode lasers and allow advanced performance. In Chapter 8,
semiconductor laser amplifiers are discussed. The Appendixes provide
important theoretical topics and experimental techniques.

The chapters were carefully checked for mutual consistency and clarity
of context. Efforts were made to give a comprehensive explanation of
mathematical formulae including the procedure of the deduction and
physical meanings, rather than simple descriptions of the results, in order to
ensure full understanding without skipping basic principles or referring to
other materials. Almost all the formulae are in such a form that they can
actually be used by the readers for analysis and design.

It will give me great satisfaction if this book is helpful to researchers,
engineers, and students interested in semiconductor lasers. Finally, I would
like to thank the staffs of Kyoritsu Pub., Ltd., and Marcel Dekker, Inc., for
their cooperation.

Toshiaki Suhara
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1

Introduction

This chapter outlines the working principles and device structures of
semiconductor lasers as an introduction to the contents of this book.

1.1 PRINCIPLES AND DEVICE STRUCTURES OF
SEMICONDUCTOR LASERS

Semiconductor lasers are devices for oscillation or amplification of an
optical wave based on the stimulated emission of photons through optical
transition of electrons in a semiconductor. The idea was proposed early
in 1957 [1]. Soon after the construction of the fundamental theory of lasers
by Schawlow and Townes [2] in 1958, followed by the experimental
verifications of laser oscillation in a ruby laser and a He—Ne laser in 1960,
the pioneering work on semiconductor lasers was performed [3-5]. In 1962,
pulse oscillation at a low temperature in the first semiconductor laser, a
GaAs laser, was observed [6-8]. In 1970, continuous oscillation at room
temperature was accomplished [9—11]. Since then, remarkable development
has been made by the great efforts in different arcas of science and
technology. Nowadays, semiconductor lasers [12-20] have been employed
practically as one of the most important optoelectronic devices and are
widely used in a variety of applications in many areas.

The energy of an electron in an atom or a molecule takes discrete
values, corresponding to energy levels. Consider two energy levels of energy
difference F, and assume that the upper level is occupied by an electron and
the lower level is not occupied, as shown in Fig. 1.1(a). If an optical wave of
an angular frequency w that satisfies

E =l (1.1)

is incident, the electron transition to the lower level takes place with a
transition probability, per unit time, proportional to the light intensity.
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Figure 1.1 Schematic illustrations of stimulated emission of a photon by an optical
transition of an electron: (a) stimulated emission by an electron in an atom;
(b) stimulated emission by carriers in a semiconductor.

Then a photon of the same mode as the incident wave, i.e., of the same
frequency and same propagation direction, is emitted. In Eq. (1.1), & is the
Planck constant and 7= //2®. In a semiconductor, the electron energy levels
are not discrete but form a band structure. Assume that there are many
electrons in the conduction band and many holes in the valence band, as
shown in Fig. 1.1(b). If an optical wave satisfies Eq. (1.1) for E slightly
larger than the bandgap energy E,, electron transition and photon emis-
sion take place. These phenomena are called stimulated emission. Photon
emission takes place even if there is no incident light. This emission is called
spontaneous emission.

On the other hand, if the lower level is occupied by an electron and the
upper level is unoccupied, the incident optical wave gives rise to an electron
transition in the inverse direction and absorption of an incident photon.
Quantum theory shows that the probability of the stimulated emission is the
same as that of the absorption. In a system consisting of many electrons in
thermal equilibrium, the electron energy distribution obeys Fermi—Dirac
statistics; the population of the electrons of higher energy is smaller than
that of electrons of lower energy. Therefore, as an overall effect, the optical
wave is substantially absorbed. However, if inversion of the population is
realized by excitation of the system with continuous provision of energy,
stimulated emission of photons takes place substantially, and accordingly
optical amplification is obtained. Lasers are based on this substantial
stimulated emission.

Population inversion in semiconductors can be realized by producing a
large number of electron—hole pairs by excitation of electrons in the valence
band up to the conduction band. The excitation can be accomplished by
light irradiation or electron-beam irradiation. The method of excitation
most effective for implementation of practical laser devices, however, is to
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form a p-n junction in the semiconductor and to provide forward current
through it to inject minority carriers of high energy in the depletion layer
near the junction. When the minority carriers, i.e., electrons, are injected
into the p-type region from the n-type region, the number of the majority
carriers, i.e., holes, increases so as to satisfy electrical neutrality, and the
excitation state is obtained. Semiconductor lasers for excitation by current
injection in this manner are called injection lasers, diode lasers, or laser
diodes (LD). Simple consideration concerning carrier statistics shows that
an important requirement to obtain population inversion is that the forward
bias voltage V' must satisfy

eV > ho (1.2)

For a laser to amplify an optical wave of 830 nm wavelength, for example,
the forward-bias voltage should be V> 1.5V.

In order to outline the working principle and the device structure of
semiconductor lasers, as an example let us take GaAs lasers, which are
representative of semiconductor lasers and have the longest history. The
first oscillation of injection lasers was obtained in a p—n junction structure
consisting of single-crystal material GaAs, i.e., a diode with a homo-
structure. The laser, however, required current injection of a very large
density (greater than 50 kA/cm?) for lasing, and therefore lasing was limited
to pulse oscillation at low temperatures. Continuous oscillation at room
temperature and practical performances were accomplished in lasers of
double heterostructure (DH), which were developed later. Nowadays,
semiconductor lasers usually mean DH lasers. The structure is schematically
illustrated in Fig. 1.2. The laser structure consists of a laser-active layer of
GaAs with a thickness around 0.1 pm sandwiched between two layers of
Al,Ga,_ ,As with larger bandgap energy and has double heterojunctions.
The structure is fabricated by multilayer epitaxy on a GaAs substrate. The
GaAs layer and the Al,Ga;_ As layers are called the active layer and
cladding layers, respectively. The cladding layers are p doped and n doped,
respectively.

The DH structure offers two functions that are very effective for
reduction in the current required for laser operation. The first is carrier
confinement. As shown in Fig. 1.3(a), the difference in the bandgap energy
gives rise to formation of barriers in electron potential, and therefore the
injected carriers are confined within the active layer at high densities without
diffusion from the junctions. Thus the population inversion required for light
amplification can be accomplished with current injection of relatively small
density (about 1kA/cm?). The second function is optical waveguiding. The
cladding layers with larger bandgap energy are almost transparent for optical
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Figure 1.2 Structure of a DH semiconductor injection laser.
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Figure 1.3 Confinement of carriers and optical wave in a DH semiconductor laser:
(a) energy band diagram; (b) refractive index distribution; (c) optical intensity
distribution.
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wavelengths where amplification is obtained in the active layer, and the
refractive index of the cladding layers is lower than that of the active layer, as
shown in Fig. 1.3(b). Accordingly, the optical wave is confined in the high-
index active layer through successive total internal reflection at the interfaces
with the cladding layers and propagates along the plane of the active layer.
This form of optical wave propagation is called a guided mode. In contrast
with a bulk semiconductor of uniform refractive index, where the optical
wave diverges owing to diffraction, the DH structure can guide the optical
wave as a guided mode, in a region of the thin (less than 1 um) active layer
with optical gain and in its vicinity, over a long (more than several hundred
micrometres). Thus the optical wave is amplified very effectively. Let g be the
amplification gain factor under the assumption that the optical wave is
completely confined and propagates in the active layer, let I" be the coefficient
of reduction due to the penctration of the guided mode into the cladding
layers, and let «;,  be the factor representing the optical losses due to
absorption and scattering caused by imperfection of the structure. Then the
effective gain in the actual DH structure is given by I'g—a;p,.

To implement a laser oscillator that generates a coherent optical wave,
it is required to provide the optical amplifier with optical feedback. In
semiconductor lasers, this can readily be accomplished by cleaving the
semiconductor crystal DH structure with the substrate to form a pair of facets
perpendicular to the active layer. The interface between the semiconductor
and the air serves as a reflection mirror for the optical wave of a guided mode
and gives the required feedback. Since the semiconductor has a high index of
refraction, a reflectivity as large as approximately 35% is obtained with a
simple facet. The structure corresponds to a Fabry—Perot optical resonator
(usually constructed with a pair of parallel mirrors) implemented with a
waveguide, and therefore the laser of this type is called a Fabry—Perot (FP)-
type laser. The optical wave undergoes amplification during circulation in the
structure, as shown in Fig. 1.4. Let R be the reflectivity of the facet mirrors,
and L be the mirror separation; then the condition for the guided mode to
recover its original intensity after a round trip is given by

R*exp2(I'g — aing) L] = 1 (1.3)

The condition for the wave to be superimposed with the same phase after
the round trip is given by

. 2cm
2L = mAi (A = Nea)> (1.4

where / is the optical wavelength, ¢ the light velocity in vacuum, w the
optical angular frequency, N, the effective index of refraction, and m an
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Figure 1.4 Circulation of optical wave in a FP semiconductor laser: (a) cross
section including the optical axis; (b) distribution of guided wave power.

arbitrary integer. This is the condition for positive feedback. An optical
wave of wavelength satisfying Eq. (1.4) can resonate, since the wave is
superimposed with the same phase after an arbitrary number of round trips.
When the injection current is increased and the effective gain for one of
the resonant wavelengths reaches the value satisfying Eq. (1.3), optical
power is accumulated and maintained in the resonator, and the power is
emitted through the facet mirrors. This is the laser oscillation, i.e., lasing.
The output is a coherent optical wave with only a resonant wavelength
component or components. The reflectivity of the facet mirrors is slightly
larger for the transverse electric (TE) wave (electric field vector parallel to
the active layer) than for the transverse magnetic wave (perpendicular), and
therefore FP lasers oscillate with TE polarization. The above two equations
describe the oscillation conditions, and the injection current required for
obtaining the gain satisfying these conditions is called the threshold current.
The resonator length L of typical semiconductor lasers is 300-1000 um, and

Copyright © 2004 Marcel Dekker, Inc.



the threshold current density for room temperature oscillation is typically
of the order of 1 kA/cm?. When the injection current is increased further,
the carriers injected by the increase above the threshold are consumed by
recombination associated with stimulated emission of photons. Therefore
the optical output power is obtained in proportion to the increase above
the threshold.

The mode of the optical wave generated by a laser is generally
classified by lateral modes and longitudinal modes. For semiconductor lasers,
the lateral mode, i.e., the intensity distribution in the cross section normal
to the optical axis, is defined by the waveguide structure. The complexity
or instability of the lateral mode gives rise to deterioration of the spatial
coherence of the output wave. The longitudinal mode (axial mode), on the
other hand, is defined by the distribution, along the direction of propagation
(the optical axis), of the standing wave in the resonator. Each longitudinal
mode corresponds to each integer m in Eq. (1.4) and constructs components
with slightly different wavelengths. Temporal coherence is degraded if several
longitudinal modes oscillate simultaneously (multimode lasing) and/or there
is fluctuation of modes.

The simplest FP laser of DH structure as shown in Fig. 1.2, where
current is injected over whole area of the crystal, is called a broad-area laser.
The laser can easily be fabricated and a large output power can be obtained.
The broad-area laser, however, suffers from the drawbacks that both the
spatial coherence and the temporal coherence are low, since it is very
difficult to obtain an oscillation that is uniform over a large width in the
active layer along the lateral direction perpendicular to the optical axis,
and the laser oscillates in many longitudinal modes. The drawbacks can be
removed by restricting the current injection into a narrow stripe region and
confining the optical wave also with respect to the lateral direction. A simple
method is to fabricate a laser structure where the upper electrode has
electrical contacts with the semiconductor only within a stripe region and to
inject current only in the region with a width of a few micrometres. Then the
optical wave is guided in the region near the axis where the gain is large, and
therefore this laser is called a laser of gain guiding type. A better method is
not only to restrict the injection region but also to form a channel waveguide
where the refractive index is higher in the narrow channel region than in the
surrounding areas by microprocessing of the active or cladding layer. The
laser is called a laser of index guiding type. Although the gain guiding type
is easy to fabricate, it is difficult to stabilize lateral mode(s) over a large
injection current range, and the laser involves the drawback of multiple-
longitudinal-mode lasing. For the index guiding type, on the other hand,
a stable single lateral mode oscillation can be obtained by appropriate
design, and an oscillation that can be considered substantially as a single
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longitudinal mode can be obtained. Because of these advantages, the main
semiconductor laser is now of the index guiding type. A typical threshold
current of the index guiding laser is 10-30 mA, and continuous oscillation
with output power of a few to several tens of milliwatts is obtained with
an injection current of a few tens to hundreds of milliamperes.

The FP laser is one of the most important semiconductor lasers that is
of fundamental structure and is widely used in many practical applications.
The FP laser, however, involves the important disadvantage that the longi-
tudinal mode is not stable. In continuous oscillation, variations in the injec-
tion current and ambient temperature give rise to a change in or alteration
of the longitudinal mode. Mode hopping is associated with a jump in the
lasing wavelength and a large increase in intensity noise. Moreover, even if a
laser oscillates in single longitudinal mode for continuous-wave operation,
under high-speed modulation the lasing changes to multimode oscillation
and the spectral width is largely broadened. These phenomena impose limita-
tions on the applications. To solve this problem, it is necessary to implement
dynamic single-mode lasers that can maintain single-mode oscillation under
dynamic operation. This can be accomplished by using an optical resonator,
such that effective feedback takes place only in a narrow wavelength width,
to increase the threshold and substantially to prevent oscillation except for a
lasing mode. Among various practical device implementation, distributed
feedback (DFB) lasers and distributed Bragg reflector (DBR) lasers, utilizing
a fine periodic structure, i.e., an optical grating, formed in the semiconductor
waveguide, are important. The grating is formed in the active section in
DFB lasers, and outside the active section in DBR lasers. Dynamic
single-mode oscillation is accomplished through the wavelength-selective
distributed feedback and reflection. The lasers exhibit excellent performances,
including a narrow spectrum width and low noise, and therefore are prac-
tically used in applications such as long-distance optical communications.
Thus the importance of DFB and DBR lasers is increasing.

In the above discussion, lasers of DH structures with an active layer of
thickness around 0.1 pm (100 nm) were described. The carriers can be
considered to behave as particles, as the thickness of the active layer is much
larger than the wavelength of the electron wave. If the thickness is reduced
to 10nm or so, approaching the same order of magnitude as the electron
wavelength, the quantum nature of the carriers as material waves appears
significantly. The active layer and the surrounding cladding layers form a
potential well with a narrow width, and the electrons and holes are confined
in the quantum well (QW) as a wave that satisfies the Schrodinger wave
equation and boundary conditions. The confinement gives rise to an
increase in the effective bandgap energy and modification of the density-of-
states function into a step-like function, and as a result a gain spectrum and
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polarization dependence unlike those of ordinary DH lasers appear.
Accordingly, by appropriate design of the QW, light emission characteristics
advantageous for improvement in laser performances can be obtained.
Based on the use of the QW and optimization of the waveguide structure,
various types of laser, i.e., single quantum well (SQW) and multiple
quantum well (MQW) lasers of FP, DFB, and DBR types, have been
implemented. Remarkable developments have been made in the extension of
the lasing wavelength region, reduction in the threshold current, enhance-
ment of modulation bandwidth, reduction in the noise, and improvement in
the spectral purity. Although QW lasers requires advanced design and
fabrication techniques, many QW lasers have already been commercialized
and found many practical applications. Further development of QW lasers
as an important semiconductor laser is expected.

In the lasers described above, the optical wave propagates along the
optical axis parallel to the active layer and is emitted through the facet
perpendicular to the axis. On the other hand, rapid progress has been made in
vertical cavity surface emitting lasers (VCSELs) [21] that have a resonator
with the optical axis perpendicular to the active layer and provide area
emission of photons. The VCSEL, however, is outside the scope of this book.

1.2 MATERIALS FOR SEMICONDUCTOR LASERS

There are several requirements for materials for semiconductor lasers. The
most important requirement is to have a bandgap of direct transition type as
represented by that of GaAs. In such semiconductors, an optical transition
satisfying the energy and momentum conservation rules can take place
between electrons and holes at the vicinity of the band edges. Since the
transition probability is large, light emission can easily be obtained. In
semiconductors having a bandgap of indirect transition type, such as Si and
Ge, on the other hand, the photons emitted by the transition satisfying
the conservation rules are absorbed in the semiconductor itself, and the
efficiency of the emission due to the transition between electrons and holes
near the band edges is low because the transition requires the assistance of
interaction with phonons. Therefore, implementation of lasers with this
type of semiconductor is considered to be impossible or very difficult. Most
III-V compound semiconductors (except for AlAs) and II-VI compound
semiconductors have a direct transition bandgap and therefore can be a
material for lasers.

An important requirement for heteroepitaxial fabrication of good-
quality DH structures, which are considered essential for implementation of
lasers for continuous oscillation, is lattice matching with an appropriate

Copyright © 2004 Marcel Dekker, Inc.



substrate crystal. Growth of an active layer crystal having a lattice con-
stant different from that of the substrate involves a high density of defects,
which causes the emission characteristics to deteriorate seriously, and there-
fore a practical device cannot be obtained. The maximum tolerable lattice
mismatch is typically 0.1% or less. Other requirements include the possibility
of producing p—n junctions by appropriate doping, and refractive indexes
appropriate for waveguiding in the DH structure. For FP laser implementa-
tion, it is desirable that facet mirrors of appropriate orientation can be
formed by simple cleaving.

The oscillation wavelength of a laser is determined approximately by
Eq. (1.1). To implement a laser for emission of light of a given wavelength,
it is therefore necessary to use a semiconductor material having an
appropriate value of the bandgap energy E,. The requirement can readily
be satisfied by use of compound semiconductor alloy crystals. For example,
alloy crystals of Al,Ga;_,As can be produced from GaAs and AlAs, E,
being a continuous function of x, and the oscillation wavelength can be
arbitrarily determined in 0.7-0.9 um range by appropriate choice of x.
Figure 1.5 shows the wavelength ranges that can be covered with several

Bandgap energy (eV)
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Figure 1.5 Materials and oscillation wavelength regions of semiconductor lasers.
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compound semiconductor alloy crystals. The lattice constant of a ternary
alloy Al,Ga;_ ,As has a very small dependence on x, and therefore the alloy
of arbitrary x is lattice matched with the GaAs substrate. This situation,
however, is rather exceptional; the lattice constant generally depends
upon the composition ratio, and therefore for ternary alloys an arbitrary
choice of E, is not compatible with lattice matching. To solve the problem,
quaternary alloys can be used. An example is In,_ Ga,AsP,_,.
By appropriate design of x and y, an arbitrary choice of the oscillation
wavelength in the wide range 1.1-1.6 um can be accomplished simulta-
neously with lattice matching with the InP substrate. In;_ Ga,As,P,_,
semiconductor lasers have been widely used as lasers for optical communi-
cations in the 1.3 and 1.5pum bands and are one of the most important
semiconductor lasers.

Figure 1.5 includes other semiconductor laser materials. In,Ga;_,As
is an important material because, although it does not lattice match with
Al,Ga,_,As, it can be combined with GaAs and Al,Ga;_ As to implement
strained QW lasers. High-performance lasers for emission in the 0.9 um
band have been developed. In,_ .Ga,As,Sb,_, and InAs,_,_,P,Sb,, which
can lattice match with the GaSb and InAs substrates, have been studied as
candidates for lasers for emission in a 1.7—4.4 um range. One of the materials
for lasers for visible-light emission is (Al,Ga,_),In;_,P, which can lattice
match with the GaAs substrate. Lasers for red-light emission in the 0.6 pm
band have been commercialized as light sources for optical disk memory
such as digital versatile disk (DVD). Candidates for materials for
semiconductor lasers in the green through the blue to the violet region
include the II-VI compound semiconductors CdS, CdSe, ZnS, ZnSe and
their alloys, and the III-V compound semiconductors GaN, InN, AIN and
their alloys. A recent extensive study on lasers of this wavelength range has
led to rapid and remarkable developments, as represented by accomplish-
ments of room-temperature continuous oscillation in ZnSe QW lasers on a
GaAs substrate and In, Ga;_ N QW lasers on an Al,O3 substrate. It is no
doubt that In,Ga;_ N blue lasers will soon be employed in practical use.
Not shown in Fig. 1.5 are IV-VI compound semiconductors for mid- to
far-infrared lasers, such as Pb,Sn;_ . Te, PbS,_ ,Se, and Pb,Sn;_ Se, with
which various injection lasers in the 3-34 um wavelength range have been
implemented. A unique feature of these lasers is that the oscillation
wavelength can be temperature tuned over a very wide range, although they
require operation at a low temperature.

Fabrication of semiconductor lasers requires growth of the funda-
mental multilayer DH structure with controlled composition and doping
level on a substrate crystal. Such epitaxial growth is the most important
technology. A technique of long history is liquid-phase epitaxy (LPE).
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Development of continuous heteroepitaxy based on LPE using slide
boats enabled implementation of the first DH lasers. Until now the LPE
technique has been used as a method suitable for mass production. Then,
the vapor-phase growth techniques, metal-organic vapor-phase epitaxy
(MOVPE) and molecular-beam epitaxy (MBE), were developed. By these
techniques, one can grow layers with precisely controlled composition and
thickness at the level of atomic layers. They enabled fabrication of QW
and strained QW structures to be carried out and have made important
contributions to the development of semiconductor lasers. At present,
MOVPE and MBE techniques are being employed not only in the
fabrication of advanced lasers such as QW lasers but also in mass
production. For monolithic integration of semiconductor lasers together
with electronic devices, implementation of lasers on a Si substrate is desirable.
An extensive study is being made also on superheteroepitaxy where a GaAs
crystal is grown on a Si substrate having a lattice constant very different
from that of GaAs.

1.3 FEATURES OF SEMICONDUCTOR INJECTION LASERS

This section considers features of semiconductor lasers from an application
point of view. In comparison with other categories of lasers, semiconductor
injection lasers offer the following advantages.

1. Compactness. Most semiconductor lasers are extremely compact
and of light weight; they have a chip size of 1 mm® or less. Even if
a heat sink and a power supply required for driving are included,
the laser system can be very compact.

2. Excitation by injection. The laser can easily be driven by injection
of a current in the milliamperes range with a low voltage (a few
volts). Except for a power supply, no device or component for
excitation is required. The direct conversion of electrical power
into optical power ensures a high energy conversion efficiency.

3. Room-temperature continuous oscillation. Many semiconductor
lasers can oscillate continuously at and near room temperature.

4. Wide wavelength coverage. By appropriate choice of the materials
and design of the alloy composition ratio, lasers of arbitrary
wavelengths in a very wide range, from infrared to whole visible
regions, can be implemented, or at least there is possibility of the
implementation.

5. Wide gain bandwidth. The wavelength width of the gain band of
a semiconductor laser is very wide. It is possible to choose
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arbitrarily the oscillation wavelength within the gain bandwidth
and to implement wavelength-tunable lasers. Wide-band optical
amplifiers can also be implemented.

6. Direct modulation. By superimposing a signal on the driving
current, the intensity, the frequency and the phase of the output
light can readily be modulated over a very wide (from direct
current to gigahertz) modulation frequency range.

7. High coherence. Single-lateral-mode lasers provide an output
wave of high spatial coherence. In DFB and DBR lasers, very
high temporal coherence can also be obtained through stable
single-longitudinal-mode oscillation of a narrow (down to
submegahertz) spectrum width.

8. Generation of ultrashort optical pulses. It is possible to generate
ultrashort optical pulses of subnanosecond to picosecond width
by means of gain switching and mode locking with a simple
system construction.

9. Mass producibility. The compact fundamental structure con-
sisting of thin layers, along with fabrication by lithography and
planar processing, is suitable for mass production.

10. High reliability. The device is robust and stable, since the whole
laser is in a form of a chip. There is no wear-and-tear factor and,
for lasers of many established materials, the fatigue problem has
been solved. Thus the lasers are maintenance free, have a long
lifetime, and offer high reliability.

11. Monolithic integration. The features 1, 2, 9, and 10 allow
integration of many lasers on a substrate. It is also possible to
implement optical detectors, optical modulators and electronic
devices in the same semiconductor material. Monolithic inte-
grated devices of advanced functions can be constructed.

On the other hand, semiconductor lasers involve the following
drawbacks or problems.

1. Temperature characteristics. The performances of a laser depend larg-
ely upon temperature; the lasing wavelength, threshold current and
output power change sensitively with change in ambient temperature.

2. Noise characteristics. The lasers utilize high-density carriers, and
therefore fluctuation in the carrier density affects the refractive
index of the active region. Since the lasers have a short resonator
length and use facet mirrors of low reflectivity, the oscillation is
affected sensitively by perturbations caused by external feedback.
As a result, semiconductor lasers often involve various noise and
instability problems.
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3. Divergent output beam. The output beam is taken out through the
facet in the form of a divergent beam emitted from the guided
mode. An external lens is required to obtain a collimated beam.

Efforts have continued to seek improvements. Depending upon the
categories of semiconductor lasers, the problems have been reduced to a
practically tolerable level, or techniques to avoid the problem substantially
have been developed.

1.4 APPLICATIONS OF SEMICONDUCTOR LASERS

As discussed in the previous section, semiconductor lasers exhibit many
unique features in both functions and performances and also offer
economical advantages. Therefore, by the development of semiconductor
lasers, lasers, which had been a special instrument for scientific research and
limited applications, acquired a position as a device for general and practical
instruments. As will be outlined below, the applications of semiconductor
lasers cover a wide area, including optical communications, optical data
storage and processing, optical measurement and sensing, and optical
energy applications.

One of the most important applications of semiconductor lasers is
optical-fiber communications. The development of semiconductor lasers has
been motivated mainly by this application. First, optical communication
systems using GaAs lasers were completed, and they have been used for
local area communications. Then, In;_,Ga,As,P;_, lasers which emit
optical waves at wavelengths in the 1.3 um band, where silica optical fibers
exhibit the minimum group velocity dispersion, and in the 1.5um band,
where they exhibit minimum propagation losses, were developed. Although
in this application there are stringent requirements such as wide-band
modulation, narrow spectral bandwidth, low noise, and high reliability, high
performances have been accomplished through various improvements
including developments of DFB and DBR structures and QW structures.
Thus semiconductor lasers are being practically used as a completed device.
Higher performances are required in the wavelength division multiplexing
(WDM) communication systems and coherent communication systems. A
variety of high-performance semiconductor lasers, including wavelength-
tunable lasers, have been developed. Remarkable developments have been
obtained also in semiconductor laser amplifiers and nonlinear-optic
wavelength conversion in semiconductor lasers. There has been progress
in the development of picosecond mode lock semiconductor lasers as a light
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source for future applications to optical-fiber soliton transmission systems.
Towards development of the multimedia society using optical-fiber
subscriber networks, low-cost communication semiconductor lasers are
being developed. There is no doubt about the importance of semiconductor
lasers which are extensively used in the communications so essential to our
consumer society. Applications such as optical communications in space
and local free-space optical information transmission have also been
studied. Another important areca of semiconductor laser applications is
optical disk memories. This application requires low nose and high stability
in a sense somewhat different from that in applications to communications.
Important and strong requirements include a short wavelength for a high
density of data recording and a low production cost. Al,Ga;_ As lasers
were adopted as a light source for compact-disk (CD) pickup heads, and
became the first laser that penetrated widely into the home. For DVD
systems, (Al,_,Ga,),In;_,P red semiconductor lasers have been adopted.
Development and commercialization of semiconductor lasers of shorter
wavelength are in progress, as mentioned in the previous section.

Other applications in optical information processing under practical
use include laser printers, image scanners, and barcode readers. An extensive
study on applications to ultrafast (picosecond) signal processing is being
made. Applications in optical measurements and sensors include the use of
infrared-tunable lasers in spectroscopic measurements and environment
sensing, various measurements using pulse and tunable lasers, and use with
optical-fiber sensors. Optical energy applications include In,Ga;_ As
strained QW lasers as a pump source to excite fiber laser amplifiers for
communication systems, broad-area lasers and arrayed lasers as a pump
source to excite solid-state lasers such as yttrium aluminium garnet (YAG)
lasers. These lasers are also commercially available.

Extensive research and development work is being performed to
implement monolithic integrated optic devices using semiconductor lasers as
a core component. Integrated devices consisting of laser and electronic
circuit elements are called optoelectronic integrated circuits (OEIC) and
those consisting of optoelectronic elements such as lasers, modulators,
and photodetectors are called photonic integrated circuits (PIC). Many
integrated devices are employed for applications to optical communication
systems, optical interconnection in computer systems, and optical measure-
ments and sensing.

As we saw above, semiconductor lasers has enabled various new
applications unfeasible or difficult to accomplish with other lasers to be made.
High performances and advanced functions, which had been implemented
with other lasers, have been accomplished with alternative semiconductor
lasers. Further developments of semiconduct or lasers are expected.
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2

Interaction of Electrons and Photons

This chapter provides the basis for the discussion in the following chapters by
summarizing the fundamental concepts and the quantum theory concerning
the interaction between electrons and photons in a form that is convenient for
theoretical analysis of semiconductor lasers [1-9]. First, quantization of
electromagnetic fields of optical waves is outlined, and the concept of a
photon is clarified. Quantum theory expressions for coherent states are also
given. Then the quantum theory of electron—photon interactions and the
general characteristics of optical transitions are explained. Fundamental
mathematical expressions for absorption, spontaneous emission, and
stimulated emission of photons are deduced, and the possibility of optical
wave amplification in population-inverted states is shown.

2.1 QUANTIZATION OF OPTICAL WAVES AND PHOTONS

2.1.1 Expression of Optical Waves by Mode Expansion

The electric field E and magnetic field H of optical waves, together with the
electric flux density D, magnetic flux density B, current density J, and charge
density p, generally satisfy the Maxwell equations

VxE:—% (2.1a)
ot

V-D=p (2.1b)
D

Vtzaa—t—i-J (2.1¢)

V-B=0 (2.1d)

The electromagnetic fields can be expressed using a vector potential 4 and
a scalar potential ¢. For cases where there is no free charge in the medium
(p=0; J=0), in particular, we can put ¢ =0, and accordingly E and H

Copyright © 2004 Marcel Dekker, Inc.



can be described by using only A as
04 1
E=——, H=—VxA (2.2)
ot Ho
We express A4 by a superposition of sinusoidal wave components of various
angular frequencies w,, as

A, 1) =1 [an(DAn(r) + @, (045,(1)] (2.32)

m

am(t) = dm exp(_iwm[) (23b)

Then E can be written as

E(r.0) =1 [an(DEn(r) + a,(0EL(1)] (2.4a)
E,(r) = iw,,TAm(r) (2.4b)

Let n; be the refractive index of a medium at angular frequency w, then the w
components of D and E are correlated by D = n2eoE, and E,(r) satisfies
the Helmholtz wave equation

Ny Wy

2
)Em=o, V-E, =0 (2.5)

172

V’E,, + (

c
where ¢ = 1/(gouto) /'~ is the light velocity in vacuum. A4,, also satisfies the
same Helmholtz wave equation as E,,-E,, and A,, satisfying the wave
equation given by Eq. (2.5) and boundary conditions constitute a mode,
and the expressions in Egs. (2.3) and (2.4) are called mode expansions. The
concept of the mode expansion is illustrated in Fig. 2.1. Noting that the
modes {E,(r)} form an orthogonal system, we normalize them so that
the energy stored in the medium of volume V satisfies

[ )+ B3 )0 = b .6
Vv

where n, is the group index of refraction (see Eq. (2.10)), and §,,,,, is the
Kronecker delta.

2.1.2 Mode Density

The solution of the wave equation given by Eq. (2.5) for the homogeneous
medium occupying the space volume V can be written as
nrwm

Em(r) = Em eXp(ikm : V), |km| = P Em * km =0 (27)

Each mode is a plane transverse wave propagating along the direction of a
wave vector k,,. Since there exist many modes with different propagation
directions for a given frequency, we need the concept of mode density. As for
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Figure 2.1 Schematic illustration of mode expansion of an optical wave in free
space.

the space volume V, consider a cube of side length L much larger than the
optical wavelength. Then the periodic boundary condition requires that
the wave vector k (=k,,) must be in the form of

P 2nm, 2mm, 2nm.
L’ L L)
my,my,m. =..., =2, —1,0, 1, 2, ... (2.8)

and, in the k space, a mode occupies a volume of (2t/L)>. The number dN of
modes within dk, dk, dk. in the k space, per unit volume in real space, is given by

1 dk.dk,dk.
- @mn/L? L

1 3

= () dk, dk, dk.
2n ;
1 3

= () Kdk dQ
2n

1 3nzng 5
_ (L *dwdQ (2.9)
2n)

where dQ is the stereo angle for the range of propagation direction k, and
use has been made of

dk  d(mw/c)  ng _ wdn;
do  do ¢’ g =Mt dw

(2.10)
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where ng is the group index of refraction. There are two independent
polarizations, i.e., two independent directions for E,, satisfying the third
equation of Eq. (2.7). Therefore the total mode number is twice the above
expression. Since the sterco angle for all directions is 4w, the mode density
p(w) per unit volume and per unit angular frequency width is given by

o) = 2dN lnfng o
dw

== (2.11)

2.1.3 Quantization of Optical Waves

The energy H stored in the medium associated with the electric field E and
the magnetic field H of an optical wave can be given as follows, using the
mode expansion, orthonormal relation (Eq. (2.6)) and periodic boundary
condition:

H:/BW@MM%MWNV
14

= Z% (amal’; + a;’;am) (2.12)
where & is the Planck constant and # = h/2n. The above H can be
considered as the Hamiltonian for the electromagnetic field.

In the following, we write a single mode only and omit the subscript
m for simplicity. The full expression considering all modes can readily
be recovered by adding the subscript m and summing to give > ,,. We
here define real values corresponding to the real and imaginary parts of
the complex variables @ and a* by

12
q= % (if) (a+a*) (2.13a)
p=5:2h) a—a) (2.13b)

Then the Hamiltonian is written as
/]
H= Tw(aa* + da*a)
=3(p* +’¢) 2.14)

and from this form we see that p and ¢ are canonical conjugate variables.
The quantization of optical waves is accomplished by replacing a, a*
and p, ¢ by corresponding operators. Noting that the operators p and ¢ are
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canonically conjugate, we assume that the commutation relation [g, p] =
gp — pq = ik holds. Then we have the commutation relation

P 1
la, '] = ad' —a’a:ﬁ[q,p]:l (2.15)
for the operators a and a' corresponding to « and «*, and the Hamiltonian
H is written as
H=1p"+o*¢%)
= hw(a'a + 2
= ho(N +1) (2.16)

N=da

Making the Heisenberg equation of motion from the above H yields
da 1
" Ta H
a i

= —iwa (2.17)

which corresponds to the equation for the classic amplitude « (Eq. (2.3b)).
In accordance with the replacement of the amplitude a(r) by the
operator a, all the electromagnetic quantities are also replaced by the
corresponding operators. The operator expressions for the vector potential

A and the electric field E are

A(r, 1) = Yad() + a’ 4" ()] (2.18a)
E(r, 1) = Yae(r) + a'e*(r)] (2.18b)

2.1.4 Energy Eigenstates and Photons

The N defined by Eq. (2.16) is a dimensionless Hermitian operator. Let |n) be
an eigenstate of operator N with an eigenvalue n; then we have N|n) = n|n);
using the commutation relation Eq. (2.15), we see that application of a to |n)
results in an eigenstate of N with an eigenvalue n — 1, and application of a'
to |n) results in an eigenstate of NV with an eigenvalue 7 + 1. From this and the
normalization of the eigenstate systems, we obtain the important relations

aln) = n'?n = 1) (2.19a)
d'ny=m+ D" n+1) (2.19b)

If the eigenvalue n is not an integer, from Eq. (2.19a) we expect the existence
of eigenstates of infinitively large negative n. Since such eigenstates are not
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natural, the eigenvalue n should be an integer. This means that eigenstates

for optical waves of a mode are discrete states of n =0, 1, 2, ... and, from
the relation between H and N (Eq. (2.16)), the energy is given by
E, = ha)(n + %) n=0,1,2,...) (2.20)

From Eq. (2.16), the eigenstates |n) of IV, are energy eigenstates that satisfy
Hn) = E,|n) (2.21)

and form an orthonormal complete system. As Eq. (2.20) shows, the
increase and decrease in energy of the optical wave of frequency w are
limited to discrete changes with /w as a unit. This implies that optical waves
have a quantum nature from an energy point of view, and therefore the unit
energy quantity /iw is called the photon. The operator N=a'a is called the
photon number operator, since it gives the number of energy units, i.e.,
the number of photons. The amplitude operators a and a', are called the
annihilation operator and the creation operator, respectively, because of
the characteristics of Eq. (2.19).

The energy eigenstate |n) plays an important role in the quantum
theory treatment of optical waves. The expectation value for the energy of
the optical wave in this state is

(n|H|n) = E, = ho(n + 1) (2.22)

Figure 2.2 illustrates schematically the concepts of the quantization of
optical wave, photons, and energy eigenstates. As the above equation shows,
even the eigenstate |0) of the zero photon with the minimum energy is
associated with a finite energy of #Aw/2. This means that, even for the
vacuum state where no photon is present, there exists a fluctuation in the
electromagnetic field. The quantity %w/2 is the zero-point energy, which
results from fluctuations in the canonical variables following the uncertainty

principle.
Classical optical wave Photon P
Electromagnetic Energy quantum
sinusoidal wave Quantization Energy eigenstates [n> .
Complex amplitudes Amplitude operators a, af E,=Tiw (n+ %)» n integer .
a(t), a*(t) Commutation relation L
[a,at]1=1 15> |L5.5%m
14> 457w
13> 357w
. 2> L 257w
Continuous energy ) ;Jnliofhenergy transfer 1> L1570
@ = photon 10> L0.5%w
0

Figure 2.2 Quantization of the optical wave and the concept of a photon.
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Although the energy eigenstates |n) of the optical wave are convenient
for a discussion on the energy transfer between optical and electron systems,
they are not appropriate for a discussion of the electromagnetic fields
themselves. In fact, calculation of the expectation value for the electric field
by using Eq. (2.18b) yields

(E) = (n|E|n) =0 (2.23)

for all instances of time, showing that, in spite of the fact that the wave has a
single frequency w, measurement of the amplitude results in fluctuations
centered at zero. This is because, for an energy eigenstate with a definite
photon number, the phase is completely uncertain. On the other hand, in
many experiments using single-frequency optical waves such as laser light,
the phase of the optical waves can be measured. The energy eigenstates are
thus very unlike the ordinary state of the optical wave. It is therefore
necessary to consider quantum states different from |n) to discuss the
electromagnetic field specifically.

2.1.5 Coherent States

For a discussion of the eclectromagnetic field of optical waves whose
amplitude can be observed as a sinusoidal wave, it is appropriate to use
eigenstates of a, since the amplitude operators a and a' correspond to the
classic complex amplitude and its complex conjugate. Let o be an arbitrary
complex value, and consider an eigenstate |a)of a with an eigenvalue o,
i.e., a state satisfying

ala) = aja) (2.24)

The expectation values for amplitudes ¢ and a' at time =0 are (a) = «
and(a’) = o*, and those at time ¢ are

(a(t)) = (a]a(t)|o) = aexp(—iwt) (2.25a)
(@' () = (ald" (0)|a) = o* exp(+iwt) (2.25b)

The expectation value (E) of the electric field is given by substituting the
above equations for a, a' in Eq. (2.18b) and is sinusoidal. This is consistent
with the well-known observations of coherent electromagnetic waves such as
single-frequency radio waves and laser lights. The state |«) is suitable for
representing such electromagnetic waves and is called the coherent state.
The fluctuations in the canonical variables ¢, p for a coherent state |«)
are Ag = (Ag*)'? = (h/2w)"/? and Ap = (Ap)'/? = (hw/2)'/?, respectively.
They satisfy the Heisenberg uncertainty principle with the equality, and
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the coherent state |«) is one of the minimum-uncertainty states. However,
it should be noted that the amplitude operator a is not Hermitian, and the
amplitude a with the eigenvalue « that is a complex value is not an observable
physical quantity. In fact, the observable quantities are the real and
imaginary parts (or combination of them) of the amplitude «. They are
associated with fluctuations of amplitude 1/2, and corresponding fluctuations
are inevitable in the observation. The noise caused by the fluctuations is called
quantum noise.

Next, let us consider an expansion of the coherent state |a) by the
energy eigenstate systems

) = D caln) (2.26)

The coefficients ¢, can be calculated by applying (| to the above equation,
using Eqgs (2.19a) and (2.24) and normalizing so as to have («|a) = 1:
e = (nja)
= (a|n)*
= ((al(n)~"2a™0)y*
= (n)™?e"(0a)

= (n!)"" " exp (— %) (2.27)

Therefore the probability of taking each eigenstate |n) is given by

|a|2n 5
‘= exp(—faf) (2.28)

leal* =

which is the Poissonian distribution with n as a probability variable. The
coherent state is one of the Poissonian states with the Poissonian
distribution given by Eq. (2.28) and is characterized by the regularity in
the phases of expansion coefficients as described by Eq. (2.27).

2.2 INTERACTIONS OF ELECTRONS AND PHOTONS

2.2.1 Hamiltonian for the Photon-Electron System and
the Equation of Motion

The Hamiltonian for the optical energy is obtained by taking the summation
of the Hamiltonians H,, for each mode given by Eq. (2.16):

H= ZH = Z hawy, (a;am + %) (2.29)

m m
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The Hamiltonian for the energy of an electron in the optical electromagnetic
field represented by vector potential 4, on the other hand, is given by

— eA)?
szzie)w, p=—ihV
m (2.30)
r e e 5
2m  m 2m

where ¥ describes static potential energy that may bound the electron, p*/2m
the kinetic energy of the electron, and —(e/m)A - p the energy of interaction
between the electron and the optical field (photon). Usually, the term
(€*/2m)A* is extremely small and can be neglected.

By summing Eqs (2.29) and (2.30), the Hamiltonian H for the total
system of the optical wave and the electron under possible interaction is

given by
H=Hy+H; = H.+ Hy, + H, (2.31a)
p2
Ho=+4V (2.31b)
2m
Hy =" hop(a)an +3) (2.31c)
H=-S4.p (2.31d)
m

where H., H,,, and H; are the Hamiltonians of the electron, of the field energy,
and of the interaction energy, respectively, and H, describes a Hamiltonian
for total energy under an assumption that there is no interaction. The vector
potential operator A4 in the interaction Hamiltonian H; is obtained by using

the amplitude operators a,, and a, for photons of each mode:

A= Nandn(r) + b 4;,0)] (2.32)

Let us represent the state of a system where an electron is under
interaction with optical field by |¥(¢)): then the equation of motion for
determining the temporal change in |¥(¢)) is a Schrodinger equation with
the Hamiltonian H=H,+ H; of Eq. (2.31):

1P = (Ho + H)LP(0) (2.33)

Then we employ an operator defined by using Hj as

Up(t) = exp<— liliol> (2.34)
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to convert the representation |¥(¢)) of the state in the Schrodinger picture
into the representation |¥(7)) in the interaction picture:

[¥(0) = Uo(0)|P1(1)) (2.35)

We then rewrite |Wy(7)) as |¥(¢)) to obtain an equation of motion in the
interaction picture:

W) = Hi0)] #(0) (2.362)

Hi(1) = Ul HiUq (2.36b)

The solutions of the equation of motion (Eq. (2.36)) can be obtained

using the expansion by energy ecigenstates. The eigenstates of the
Hamiltonian H,, with interaction omitted can be written as

V) =¥y ni,na, ., ) (2.37)

using the energy eigenstates |y;) of the electron and the eigenstates |n,,) of
optical field of each mode m. Here J is a label for the combination of
electron states and states of field modes (;j and {n,,}), and |¥,) satisfies
eigenequation

Hol|¥,) = E;|¥) (2.38)

The eigenvalue can be written as the total sum of the eigenvalues E; of the
electron and the eigenvalues of the field modes:

E./ = Ej + Zha)m (nm + %) (239)
m
Then we expand the state |¥(¢)) in the interaction picture as
@) =Y Ci0IP)) (2.40)
J
and substitute it into Eq. (2.36a) to obtain
. ol . .
in ;5 C(1)exp(—iQ,1) |¥)) = ; Cr(DH;exp(—iQp0)|¥,)  (2.41)

where

EJ = th, EJ' = hQJ’
E; —Ey (2.42)
I/

and use has been made of Eqs (2.34), (2.36b), and (2.39). Application of
(¥,| to both sides of Eq. (2.41), with the use of the orthonormal relation

Q=8 —Qp=
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of the eigenstates, yields a group of equations that determine the temporal
change in the expansion coefficients C:

., 0 .
ih—Cy(1) = gj Cr()(Ws | Hi|¥ ) exp(iQyy1) (2.43)

The above equations are called state transition equations. The analysis of
the interaction can be made by solving the equations under given initial
conditions.

2.2.2 Transition Probability and Fermi’s Golden Rule

Consider the transition of a state for the case where the initial condition is
given by an energy eigenstate:

IP(0)) = 1¥) = [Yis i, mas oo iy ) (2.44)

Although in general there exist several energy levels for a bound electron, we
can discuss the interaction by considering only two levels for cases where
only the initial state [¢;) and another state [¢y) are involved in the
interaction. However, if the system does not consist of a lone electron but
includes many electrons as carriers in valence and conduction bands of
semiconductors, the electron states are not at discrete levels but of
continuous energy, and therefore an infinite number of states must be
considered. An infinite number of states must be considered also for the
optical field, since it has a spectrum of continuous variable w,, with many
modes. We therefore consider the state transition of a system described by
an infinite number of state transition equations. In energy eigenstate
expansion, the initial condition corresponding the initial state is given by

Ci(0) =1, Cr(0)=0  (F#I) (2.45)
Assuming that the state |¥(¢)) does not change largely from the initial state
|?(0)) in a short time, we substitute Eq. (2.45) into the right-hand side of
Eq. (2.43) to obtain an approximate equation for Cx(r):

., 0 .
lh&CF(l) = (Yr|H;|V) exp(iQpr1) (2.46)

Integration of the above equation using Cr(0)=0 directly yields an
expression for Cr(7):

(2.47)

. 1Qpt\ sin(Qprt/2) t
CF<r)=—1<¥'F|Hi|%>exp< ”) @rt/2) 1

2 QFII/Z h
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Figure 2.3 Temporal variation in the probability of the final state in the optical
transition of an electron.

Accordingly, the probability that the state is |¥f) after a short time is
given by

2 : NERCrTONIE
\CHOIP = [(Wr|Hi¥))| (S‘ngm/z) (£) (2.48)

As shown in Fig. 2.3, the absolute value of the amplitude of the states of
Qpr=0, with respect to the initial state |¥;) at r=0, increases with
increasing ¢, while the amplitudes of the states of Qz;£0 oscillate without
substantial increase. This means that the change in state is limited to such
states |Wr) that satisfy the energy conservation rule E;= E with respect to
E;. The change associated with the change in electron state v; — Y is
called a transition, and |¥r) is called the final state. Equation (2.48)
indicates that some transition takes place to states |¥r), within a region of
|Er — Ej| < h/t, which do not exactly satisfy the energy conservation rule.
This is because the energy operator H =1/0d/dt and time ¢ are in the
commutation relation of [149/0z, (] =17, leading to an uncertainty relation
AE At > h/2, and therefore the energy involves uncertainty of 7/t or so for
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observation at a very short time 7. In discussions on an ordinary time scale,
however, the energy uncertainty is negligibly small since # is very small, and
therefore one can consider that the energy conservation rule holds for the
transition.

The probability that the system is found to be a final state |¥r) after
a time 7is |Cr(7))* given by Eq. (2.48). The final state | ¥ ) of the total system
must be treated as a continuous energy state. In order to calculate the
probability that the electron is found to be a final state v/, of discrete energy,
|Cr(f))* must be multiplied by the mode density p of the optical field and
integrated with respect to the energy Er of the final states. This means that
the probability that the electron is found in a final state ¥, is given by
i |Cr(f)|>pdEF and is given by the area of the region that is surrounded by
the curve and the abscissa in Fig. 2.3. The energy conservation factor
[sin(Qrr1/2)/(Qrrt/2)], which is involved in the integration using Eq. (2.48),
takes a small value except for the vicinity of Qp=(Er — E;)/h = 0, and on
a time scale where the energy uncertainty is not significant the factor
asymptotically approaches né(Qp;1/2) = (2nh/t)8(Er — E;), where § is the
Dirac delta function. Accordingly, |(¥r|H;|¥;)|*> and p can be replaced by the
values at Er= E;and put in front of the integral as follows:

2mt
/ICF(I)IzpdEF = /|<'PF|Hi|'1U1>|278(EF — Ej)pdEF
2mt
== (PrIH| PP p (2.49)
Therefore the transition probability per unit time is given by
! 2
w=-— [ 1CrOI" pdEF
2n )
=7 K¥YrlHi| Y1) |"8(EF — Er)pdEF (2.502)

27
= 7|<%|Hi|%>|2p (2.50b)

Equation (2.50), called Fermi’s golden rule, is a very important formula
that gives a simple expression for the transition probability using the
matrix element of the interaction operator and the density-of-states
function. For an electron in a continuous energy state, p in Eq. (2.50a)
must be replaced by the density of electron states and the integration must
be carried out with respect to the final electron energy, as will be discussed
in detail in Chap. 3.
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2.3 ABSORPTION AND EMISSION OF PHOTONS
2.3.1 Optical Transition and Matrix Element

From Eqgs (2.31) and (2.32) the Hamiltonian representing the photon—
electron interaction can be written as

e *
Hi=— m ; %[amAm(") + ajnAm(")] P (2.51)

Application of H; to the initial state |¥;) given by Eq. (2.44) yields

e
Hi|qll> = _%Z%[n’i/z/!m(l‘) 'phhl’ n]) n2:‘° ° nm - 15“ >

m

+ ( + DA @) - plynyma, o+ 1) (2.52)

From the above equation and the orthogonality of the energy eigenstates of
the optical field, we see that the final states that give nonzero matrix element
(Yr|H;|¥y) are limited to

|IIIF>:hbf;nlynZa"'anm:l:13"~> (253)

The sign + represents an increase in the photon number or photon emission,
and the sign — represents photon absorption. The energy conservation
between the initial and final states, Er= E,, can also be written as

E; = Ef + hwy, (wm > 0) (254)

If the electron is initially in the upper energy level E; (E; > Ej), the electron
transition E; — E; associated with emission of a photon of a mode of
frequency w,, = (E; — Er)/h takes place. If the electron is initially in the
lower energy level E; (E; < Ej), incidence of an optical wave of frequency
wn = (Er — E;)/h gives rise to absorption of a photon and excitation of
the electron as E; — Ey.

From Eqgs (2.52) and (2.53), the matrix element of the optical
transition (¥ r|H;|¥;) is given by

(V| Hi|P)) = —ﬁn”zmmoﬂ) - plv) (2.55a)
(WElH 1) = =50+ D140 - ply) (2.55b)

Equations (2.55a) and (2.55b) apply for photon absorption and photon
emission, respectively. The mode label m was omitted. The spatial expanse
of the electron wave function ¥ is usually much smaller than the optical
wavelength and hence A(r) is almost constant over the expanse of .
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Therefore we can put A(r) outside the angular brackets with the electron
position substituted for » (dipole approximation). The matrix elements of
the electron momentum p are correlated with the matrix elements of the
canonically conjugate coordinate r by

(Yrlpli) = %(Ei — Ep)(Yylr1¥i)

= ol lrlv) (2.56)

Therefore using Eq. (2.4b) the matrix elements for the photon absorption
and photon emission are given by

(PrlHi|W1) = —3n'2E@r) (yyler|y) (2.57a)
(PrIHP) = =3 (n+ D) 2E*(r)(Yrlerly) (2.57b)

respectively, where (yy|er|y;) on the right-hand side is called the electric
dipole moment for the transition. The wave functions for an electron in an
atom are even or odd functions of the displacement r, since the Hamiltonian
is an even function of r. The dipole moment (i, |er|y;) with the odd operator
er takes nonzero values only for combinations of odd function and odd
function for v; and v+ (only for different parities). The transition takes place
between states satisfying this parity selection rule.

The fundamental optical transitions discussed above are schematically
illustrated in Fig. 2.4. In the following, the transition probabilities are
considered for photon absorption and emission.

2.3.2 Photon Absorption

The mode function for an optical field in a medium of refractive index n,
given by Eq. (2.7) can be rewritten, after normalization to satisfy Eq. (2.6)
for a space of volume V, as

2hw \'?
E(r)= e exp(ik - r) (2.58)
(80nrng V)
where e is a unit vector indicating the polarization direction, and e is parallel
to E and A4. As incident light, consider a set of modes of single polarization
with the wave vectors k whose directions are within a narrow sterco angle
region dQ. Since from Eq. (2.9) the mode density is
dN

=V—
P=V4E

R
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Without the presence of incident light

Transition probability Transition probability
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Absorption Stimulated emission + spontaneous emission

With the presence of incident light

Figure 2.4 Transition probabilities for photon absorption and emission.

from Egs (2.50b), (2.57a), (2.58), and (2.59) the transition probability for
photon absorption is given by

Wab = nwle - (Yrler | yi)*p

gonngV

1,2
I <“O) ol e - (| er |¥)2 dQ2 (2.60)

T 8m2c2h \ &g

Let dI be the intensity of the components belonging to a mode set VdN of
incident light; then we have dI = vy(nhw/V)V dN. Using the resulting
relation p = V(AN /dE) = (V/vgn hw)(dI/dE), we see that w,y is given by

Wab =

le - (Wrler|yn) 23—2 2.61)

hegen,

Also wyy, is proportional to the energy density df/dE of the incident light
intensity and is proportional to the square of the component along the
incident wave polarization of the dipole moment.

Copyright © 2004 Marcel Dekker, Inc.



2.3.3 Spontaneous Emission and Stimulated
Emission of Photons

From Egs (2.50b), (2.57b), (2.58) and (2.59), the probability of photon
emission is given by

Wem = Wspt + Wstm (2.62a)
T 2

spt = T *(Yr i 2.62b

Wipt sonrnngle (Yrler |yl p (2.62b)

W = e Wrler vl (2.62¢)

The above equations indicate that, even if the photon number of the initial
state is n =0, i.e., even if there is no incident light, transition and photon
emission take place with a probability wy,. This is a quantum phenomena
resulting from the commutation relation of the amplitude operators and is
called spontanecous emission. From Eqs (2.62b) and (2.59), the probability
for spontaneous emission of photons of modes with polarization direction e
and wave vector direction within a stereo angle dQ is given by

1/2
Wapt :87;27&;2@?) e (Yyler ) dQ (2.63)
Since the spontaneous emission takes places for all spatial modes and
polarizations, it should be integrated over whole dQ2. If the dipole moment is
not oriented to a particular direction, using the fact that the average
of |e'(1/ff|er|1p,~)|2 over many electrons is |<Wf'|€l’|'¢fl‘>|2/3 and taking the
two independent polarizations into account, the spontaneous emission
probability wy,, can be calculated from

" 1o\ 2
v =g (o) @l ler vl (.64
An important implication of this result is that wg, is proportional to the
third power of the optical frequency.

If the photon number of the initial state is n > 1, i.e., if light is incident,
in addition to the spontancous emission, transition and photon emission
take place with a probability wg,, proportional to the initial photon number
n, as indicated by Eq. (2.62c). This is called stimulated emission. From
Eqgs (2.62c) and (2.59), the stimulated emission probability is given by

12
, L Mo 3. T [l 2
Wstm = m (80> nw’|e <W/|e’ [;)]°dQ (2.65)
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Using p = (V/vgnhiw)(dI/dE), the probability can also be rewritten as

I

le (Yyrler|y) > dI/dE (2.66)

Wstm =
hegen,

Equations (2.65) and (2.66) have exactly the same forms as Eqs (2.60) and
(2.61), respectively. This means that the stimulated emission probability wg,
equals the absorption probability w,,, and both probabilities are propor-
tional to the energy density d//dE of the incident light intensity and to the
square of the component along the incident wave polarization of the dipole
moment. The spontaneous emission probability wyy,, which is also expressed
in terms of the dipole moment, is closely related to wy, and wgy,.

2.3.4 The Einstein Relation

Before the development of the quantum theory described above, Einstein
introduced the concept of absorption, spontaneous emission and stimulated
emissions of photons and proposed a mathematical relation between the
transition probabilities, in order to explain the spectrum of the black-body
radiation in terms of the transitions between levels of particle system. He
considered an energy level 1 and another level 2 of energy higher than level 1
by /iw and assumed that the probability W, of the | — 2 transition and the
probability W5, of the 2 — 1 transition and W,; in an optical field with
energy density u(E) per unit volume can be written as

W12 = Wap = B]QM(E) (2673)
Wa1 = Wem = Boju(E) + Az (2.67b)

and, through a consideration based on the quantum assumption by Planck
and statistical mechanics, he deduced relations between the coefficients 4,;,

312, and lel
o3
A2t = 5= By (2.68a)
n’c
B = By, (2.68b)

B>, B>1, and A,; are the absorption, stimulated emission, and spontaneous
emission coefficients respectively, and Eq. (2.68) is called the Einstein
relation.

We can confirm the validity of Eqs (2.67) and (2.68), by applying
the quantum theory discussed in the previous sections to the black-body
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radiation. The equations obtained through the quantum theory are
consistent with the Einstein relation. Accordingly, the relations between
the absorption, stimulated emission and spontancous emission derived by
the quantum theory are often identified with the Einstein relation. However,
it should be noted that the original Einstein relation, i.e., Eq. (2.68a), does
not apply for analysis of absorption and emission of coherent optical waves
such as laser light.

2.4 POPULATION INVERSION AND LIGHT AMPLIFICATION

The mathematical expressions for the absorption, spontaneous emission,
and stimulated emission deduced by the quantum theory in the previous
section show that, in the presence of incident light, absorption and
stimulated emission of photons take place with the same probability for
the stimulated emission and the absorption, and, even without incident
light, spontaneous photon emission takes place with a nonzero probability.
Since these probabilities are for a single electron, for a system consisting of
many electrons, they must be multiplied by the number of electrons in the
states where absorption and emission are allowed.

In thermal equilibrium, the electron energy obeys the Fermi—Dirac
distribution. An electron state of energy E is occupied by an electron
with a probability

1
~ expl(E — F)/kpT] + 1

f (2.69)

where F'is the Fermi energy, kg the Boltzmann constant, and 7 the absolute
temperature. According to the above equation, which indicates that the
electron occupation probability for a level of higher energy is smaller than
that for a level of lower energy, the number of photon emission transitions is
smaller than the number of photon absorption transitions and therefore as a
whole the light is absorbed. However, if a situation where the occupation of
the higher level is greater than that of the lower level is produced, the larger
number of stimulated photon emission transitions than that of photon
absorption transitions gives rise to substantial stimulated emission. Such a
situation, called population inversion, can be produced through excitation
by providing the medium with an external energy. The situation of inverted
population is also called the “‘negative temperature” state.

The fundamental principle of light amplification by stimulated
emission of radiation (LASER) is based on coherent amplification of an
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optical wave utilizing the stimulated emission in a medium where population
inversion is produced by excitation. The state of the medium with
population inversion is called the laser-active state. In semiconductor
injection lasers, population inversion is realized through injection of
minority carriers with a high energy in the vicinity of a p—n junction by
supplying a forward current. Although in this chapter the possibility of
enhancement of optical power by stimulated photon emission was shown
based on consideration of the states of an eclectron and the energy
eigenstates of the optical field, this discussion does not ensure the possibility
of enhancement of optical amplitude including the phase, i.e., the coherent
amplification of an optical wave. The possibility of coherent amplification
will be discussed on the basis of an analysis using the density matrix in
Chap. 3. Spontaneous emission also takes place in parallel to the laser
action. It affects significantly the laser performances; e.g., it gives rise to the
laser oscillation threshold and the quantum noise in the output light.
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3

Stimulated Emission and Optical
Gain in Semiconductors

This chapter presents the basic theory and characteristics of stimulated
emission and optical amplification gain in semiconductors. The former is the
mostimportant principle that enables semiconductor lasers to beimplemented,
and the latter is the most important parameter for analysis of the laser
performances. First, stimulated emission in semiconductors is explained, and
then quantum theory analysis and statistic analysis using the density matrix
of the optical amplification gain are given. Stimulated emission and optical
gain in semiconductor quantum well structures will be presented in the next
chapter.

3.1 BAND STRUCTURE OF SEMICONDUCTORS AND
STIMULATED EMISSION

3.1.1 Band Structure of Direct-Transition Bandgap
Semiconductors

Semiconductor lasers utilize the interband optical transitions of carriers in a
semiconductor having a direct-transition bandgap. As is well known in the
electron theory of solids [1], the wave function of an electron of wave vector
k (momentum 7;) in an ideal semiconductor crystal can be written as a
Bloch function

|[Y(r) >= | exp(ik - r)ui(r) > (3.1
where u;(r) is a periodic function with the periodicity of the crystal lattice,
and u(r) is normalized in a unit volume. The electron states form a band

structure, consisting of continuous energy levels in the band. Figure 3.1
shows the band structure of GaAs [2], a representative semiconductor laser
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Figure 3.1 Band structure of the ITI-V semiconductor GaAs having a bandgap of
direct transition type [2].

material. The figure shows the electron energy E dependent on k within the
first Brillouin zone; the dependences on k along the [111] and [100]
directions with good symmetry, in the k space, are shown in the left and
right halves, respectively. Crystals of III-V compound semiconductors such
as GaAs are of the zinc blende structure, and their valence and conduction
bands originate from the sp® hybrid orbital that forms the covalent bond.
The conduction band is a single band of s-like orbital, while the valence
band is of p-like orbital and consists of a heavy-hole band, a light-hole band
and a split-off band [3]. The upper edge of the valence band is at the I" point,
the center of k space, where the heavy-hole and light-hole bands are
degenerate, and the split-off band is separated from them by the spin—orbit
interaction energy 4. The lower edge of the conduction band is at the I’
point. Thus the wave vectors for the conduction- and valence-band edges
that determine the bandgap coincide with each other. This type of band edge
is called a direct-transition band edge. In this situation, transitions that cause
emission or absorption of photons with energy close to the bandgap energy
take place with high probability, since momentum conservation is satisfied.
Lasers can be implemented by using such interband transitions. Most of
the III-V (GaAs, Al,Ga,_,A,, InP, .Ga As,P,_,, etc.) and II-VI compound
semiconductors have a band structure similar to that of Fig. 3.1 and the
direct-transition bandgap. On the other hand, for group IV semiconductors
such as Si and Ge, and a III-V semiconductor AlAs, the wave vectors for
the conduction-band edge and the valence-band edge do not coincide with
each other (indirect-transition bandgap). In these semiconductors, the
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transitions for emission and absorption of photons with bandgap energy
require the assistance of interaction with phonons. The probability of this
indirect transition is low, and therefore semiconductors of this type are not
suitable for a semiconductor laser.

Using the effective-mass approximation, the energy of electrons near
the conduction- and valence-band edges can be written as

h2

Ec(k) = Ec +5 - K’ (3.22)
hz
E k)= E, — ﬁ# (3.2b)
p

where k is the electron wave vector. The band structure described by the
above expressions is a parabolic band. Here, E. and E, are energies of the
lower edge of the conduction band and the upper edge of the valence band,
respectively, the difference E, = E. — E, is the bandgap energy, and m, is the
effective mass of electrons in the conduction band while i, is the effective
mass of holes in the valence band. The effective mass of the heavy hole is
denoted by m,p, and that of the light hole by my,. For GaAs, m, =0.067m,
mpn = 0.45m, and m, =0.082m, where m is the mass of a free electron. The
density of states (number of states per unit volume and per unit energy width)
for electrons in the conduction and valence bands are calculated from

Eq. (3.2) as
puE) = 5 ma) P(E — B (E > Ey) (3.30)
PE) = 5 s Q) P (B~ ) (B > B) (3.3b)

(see Appendix 2). As described by these expressions, the densities of state are
given by parabolic functions with their tops at the band edge energies.

3.1.2 Condition for Stimulated Emission

Here we discuss the necessary condition for stimulated emission [4], by using
the simplest model of an elementary process of the optical transition of
electrons in a semiconductor. Consider an energy level Ej in the valence band
and an energy level E,(>E;) in the conduction band, as shown in Fig. 3.2,
and consider interband transitions associated with absorption or emission
of a photon of frequency w determined by the energy conservation rule:

E2 — El = hw (34)
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Figure 3.2 Emission and absorption of photons by electron transition in a
carrier-injected semiconductor.

If the system is in thermal equilibrium, the probability of occupation of
alevel atenergy E by anelectron is generally given by the Fermi—Dirac function

f= 1
~ expl(E — F)/kpT1+ 1

(3.5)

where F is the Fermi level, kg the Boltzmann constant, and 7T the absolute
temperature of the system. As pointed out in the previous chapter, in
thermal equilibrium, substantial stimulated emission cannot be obtained.
However, the population can be inverted by injecting minority carriers of
energy higher than that of the majority carriers by means of current flow
through a semiconductor p—n junction. In the semiconductor excited by
minority-carrier injection, thermal equilibrium is violated between the
conduction band and the valence band. However, one can consider that
the carriers are approximately in equilibrium within each band (the quasi-
thermal equilibrium approximation). Then the occupation probabilities for
the energy level E| in the valence band and for the energy level E, in the
conduction band can be written as

1
N = P E — FojkeTT 1 (3.62)
and
I ! (3.6b)

= expl(Ex — Fo)/kpT] + 1
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respectively, where F, and F. are quasi-Fermi levels for the valence band
and the conduction band, respectively. The state of the system described by
the above equation is called the quasithermal equilibrium state. When a
forward voltage V is applied across a semiconductor p—n junction, an energy
difference as large as e}/ is given between the Fermi levels for the p and n
regions. Since carriers of energies represented by the Fermi levels for the p
and n regions are injected into the active region, the difference F.— F,, in the
quasi-Fermi levels equals eV.

In order to accomplish light amplification by stimulated emission,
1.e., laser action, a substantial amount of stimulated emission more than
absorption is required. Noting that the stimulated emission probability for a
case where an electron is at the energy level E, and the energy level E is
vacant is given by B u(E) using the Einstein coefficient, the probability of
stimulated emission in the semiconductor is given by B»u(E) multiplied by
the probability f>(1 —f7) that the level E> is occupied and the level E; is
unoccupied. Similarly, the absorption probability in the semiconductor is
given by Bpu(E) multiplied by fi(1 —f5). Therefore, the condition for
substantial spontaneous emission is

Bo1 fo(1 = fOu(E) > Bia f1(1 — f2)u(E) (3.7)

Using u(E) > 0 and the Einstein relation B,; = Bj,, Eq. (3.7) can be rewritten

as fo(1 /1) > /i(1 = f2), or
f2>h (3.8)

which implies that the population inversion is required. Substitution of Eq.
(3.6) into Eq. (3.8) yields

El—FV>E2—Fc or FC—FV>E2—E1 (39)

Therefore, for stimulated emission to exceed absorption, it is necessary that
the difference F.— F, in the quasi-Fermi levels, i.e., the energy corresponding
the applied voltage eV, exceeds the energy £, — E|(=Aw) of the photon to be
emitted, as shown in Fig. 3.2(b).

3.1.3 Photon Absorption and Emission, and Absorption
and Gain Factors

The electron states in the band structure of a semiconductor consist of a
set of many states of continuous energy. Noting this, here we analyze
absorption and emission of photons, to deduce fundamental formulas useful
for calculation of the gain of light amplification by laser action. Consider a
case where an optical wave of a mode with an angular frequency w is
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incident on a semiconductor. Let n, and n, be the refractive index and the
group index of refraction, respectively, of the semiconductor, and 7 be the
photon number. The modes of optical wave are normalized for volume V. In
this case, the density of electron state should be used for p in the Fermi
golden rule (Eq. (2.50a)), and then pdE; stands for the number of the
electron states. From this equation and Eqs (2.57) and (2.58), the absorption
probability and the stimulated emission probability per one set of initial and
final states of electron, and per unit time, can be written as

Wabs = Wstm

= ——— nole{yrler|y1) ’8(E) + hw — Er) (3.10)
gonengV

where + denotes absorption and — emission. The above equation is an
expression for a transition, and it must be integrated over whole combina-
tions of electron states to yield an expression for total optical transitions.
The power absorption factor «, which is often used to describe optical
absorption phenomenologically, is defined by the relative intensity
attenuation per unit length as o =(—d//d§)/I, where I is the light intensity
and & is the coordinate along the optical propagation. Since —d[/ is the
difference between energy flows per unit time for two cross sections of unit
area separated by d&, —d//d¢ is the energy absorbed in unit volume per unit
time, and is given by the substantial number of absorption transitions
(=number of absorption transitions —number of stimulated emissions)
per unit volume and unit time, multiplied by the photon energy /. On the
other hand, the light intensity /, being the optical energy (except for the
zero-point energy) passing across a cross section of unit area per unit time, is
given by using the photon number z and the group velocity v, of the light as

nhw nhow ¢

I = Ve =y " (3.11)
Therefore, a is given by substantial absorption transitions per unit volume
and unit time, multiplied by Aw/I=(V/n)(ny/c). The power gain factor g,
often used to describe optical gain phenomenologically, is defined by
g=(dI/d&)/I and equals the absorption factor a with the sign inverted. This
is because substantial absorption (=absorption — stimulated emission) is
considered for the calculation of «, while substantial emission (= stimulated
emission — absorption) is considered for the calculation of g. Thus the gain
factor g is given by g = —«; the mathematical expressions for calculating o
and g are essentially same. Positive o describes absorption and negative o
describes amplification (the gain coefficient is g = —a = |«]).
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3.2 DIRECT-TRANSITION MODEL

Consider optical transitions of electrons at the vicinity of band edges in a
semiconductor having a direct-transition bandgap, as shown in Fig. 3.1,
under the assumption that the semiconductor does not contain impurities
and is a perfect crystal (ideal semiconductor of direct-transition type). The
electric dipole moment (y¢|er|y;) for a combination of electrons in the
valence and conduction bands can be calculated by integration using ¥ and
Y; in the form of Eq. (3.1). The calculation gives a nonzero value only when
k¢ = k; holds for the wave vectors k¢ and k; and for vy and ;. This means
that only such transitions that conserve the wave (momentum) vector are
allowed. In fact, the exact momentum conservation for the electron—photon
system, kr=k; = k, holds in the transition, but the optical wave vector k is
so small in comparison with k¢ and k; that it can be omitted (corresponding
to the dipole approximation in Section 2.3.1).

Using the periodic boundary condition for the states of electrons in a
semiconductor of volume V, an electron state in each band occupies a
volume of (2r)*/V in k space. Considering the spin, the number of states in
the volume element dk = dk, dk, dk. in k space, per unit volume, is therefore
(1/4n®) dk. The probabilities of electron occupation for energy levels E; and
E, in the valence and conduction bands, respectively, are given by f; and f,
in Eq. (3.6). Therefore, there are (1/4n°)f>»dk initial states for photon
emission, in unit volume and in dk. Considering the spin, there are two final
states having the same k as each initial state, and they are occupied with a
probability f;. Therefore, the number of effective combinations of initial and
final states that can contribute to the emission transition, in unit volume and
in dk, is (1/2n°) f>(1 — f;) dk. Similarly, the number of effective combinations
of initial and final states that can contribute to the absorption transition, in
unit volume and in dk, is (1/21) fi(1 — f>)dk. Since the probabilities of
stimulated emission and absorption are same, as shown by Eq. (3.10), the
substantial number of stimulated emission transitions per unit time, in unit
volume and in dk, is (121 f>(1 —f1) — fi(1 — )] dk = (1/22°)( f> — 11) dk
multiplied by wg, in Eq. (3.10). Therefore, after integration with respect to
dk, we obtain an expression for the gain factor:

Vng
g = 21_[3(](2 fl)wstm dk

_ / elyalerlin )P — FOSE: + ho — Ex) dk (3.12)

T csony 2 3

Since a delta function §(E; + fiw — E5) is included in the integrand of the
above equation, the (f> — f1) factor can be replaced by the values for E; and
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E, that satisfy E| + fiw = E> with the same k and can be put in front of the
integral. Here, E; and E, are given by

E\ = E, — X (hw — Ey) (3.13a)
np
my
E, = E, +m7(ha)—Eg) (313b)
where
1 1 1

mp m, M

The factor |e(v,ler|y)|? can be replaced by the average value for electrons
near the band edges and can be put in front of the integral. From Eq. (2.56)
we have

2
lealeryn) = (=) le(yalply) (3.14)

Here we denote the mean square of the momentum matrix element as
IM? =< le{yalplyn) > > (3.15)

Then from Eq. (3.12) we obtain an expression for the gain factor g and the
absorption factor «a:

g(hw) = —a(hw)

TE€2

————— M P(f> — f)pr(hw) (3.16)

neceoMm2w

where p.(Aw) is the reduced density of states defined by
1
or(hw) = ﬁ/(S(El + hw — Ey) dk (3.17)

When the k dependences of the electron energies E, and E; are given by
Eq. (3.2), the reduced density of states can readily be calculated to yield

(2mr)3/2

or(fiw) = W(hw — Ep)'? (3.18a)
11 1

=t E=E-k (3.18b)
T n P
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where E, is the bandgap energy and m, is called the reduced mass. In
Eq. (3.16), f1 and f, are given by Eqs (3.6a) and (3.6b) with Eqs (3.13a)
and (3.13b), respectively, substituted.

The gain factor g given by Eq. (3.16) takes a negative value
when Eq. (3.8) holds, indicating that Eq. (3.8) is appropriate as the
condition for substantial stimulated emission. As can be seen from Eq.
(3.16), g(hw) is proportional to the product of the reduced density p, of state
and the occupation probability difference f> —f; representing the degree
of population inversion, and therefore the gain spectrum, i.e., the w
dependence of g, is dominated by the w dependences of p, and f>—fi.
Evolution of the gain spectrum during an increase in carrier injection is
illustrated in Fig. 3.3. From Eqgs (3.6), (3.16), and (3.18), and Fig. 3.3, we
see the following tendencies.

1. Injection of minority carriers produces amplification gain for
optical wavelengths near the bandgap energy wavelength.

2. While at room temperature only a part of the carriers contributes
to the gain, at low temperatures a larger part contributes to give
a higher gain.

3. With increase in the carrier density, the optical frequency of
maximum gain shifts to that for higher energy (band-filling effect).

n 27h
;:
28
25
a = 0 10}
g & Eq
st Photon energy £
5)
>
=
I

Gain
factor

0 E, ~ —= i
Photon energy £

The curves are deformed and shifted

Absorption
factor

/. as indicated by the arrows to produce
optical gain (to produce a region of
ot a «Vio - E, where g > 0)

Figure 3.3 Variation in inversion occupation probability difference f> — f; and gain
spectrum g(%w) with increasing carrier injection.
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We next consider spontaneous emission. In a similar manner to
Eq. (3.10), from Eqgs (2.50a), (2.57), and (2.58), the probability of spontane-
ous emission per unit time for one set of initial and final states of electrons
can be written as

T
Wt = ———— wle(V, ler|¥)|*8(E; — ho — Er) (3.19)
gonengV

Since the spontaneous emission radiates over all directions (stereo angle
Q=4n), from Eq. (2.11) the number of optical modes for spontaneous
emission within the frequency range from w to w+ dw in the volume ¥V is
given by Vp(w)dw=(V/n*)(n’ng/c*)w* dw. Equation (3.19) is multiplied by
this Vp(w)dw and also by the number of sets of electron states that can
contribute to spontaneous emission in unit volume and in dk, i.e.,
(127 f5(1 — f) dk, and is then integrated. Thus, in a similar way to the
deduction of Eq. (3.16), the rate of spontaneous photon emission from a
semiconductor of unit volume per unit time is calculated as

neetw

raplhe) do = 5 2 dl M1 — fi) o) (3.20)

The power of spontaneous emission within a frequency width dw is given
by the product of the spontaneous emission rate ry, dw and the photon
energy fiw.

In the above discussion, a direct-transition model was used to deduce
the mathematical expressions for optical absorption and emission in an ideal
semiconductor of direct-transition type. The semiconductors used for
implementation of semiconductor lasers, however, are of direct-transition
type but are doped with impurities. Therefore indirect transitions that do
not satisfy the wave vector conservation rule also take place. Accordingly,
the above expressions deduced by using wave vector conservation do not
exactly apply. They are not appropriate for detailed quantitative discussions
of optical transitions near the band edges, in particular.

3.3 GAUSSIAN HALPERIN-LAX BAND-TAIL MODEL WITH
THE STERN ENERGY-DEPENDENT MATRIX ELEMENT

3.3.1 Energy Integral Expressions for Gain and
Spontaneous Emission

Optical absorption and emission including transitions without wave vector
conservation can be analyzed by integration of transition probabilities with
respect to energy states [5]. For an electron energy E; in the valence band and
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an electron energy F, in the conduction band, the densities of electron states
for valence and conduction bands are given by p(E;) and p.(E,) using
Eq. (3.3), and the occupation probabilities for the E; and E, levels are given
by f1 and f5, respectively, using Eq. (3.6). Considering stimulated emission
transitions in unit volume, there are p.(E>)f>dE> available initial states in
dE,, while there are p,(E;)dE; final states but they are occupied with a
probability f;. Therefore, the number of effective combinations of states that
can contribute to stimulated emission in unit volume is oy(E;)p(E>)f>
(1 —f1) dE, dE>. Similarly, the number of effective combinations of states that
can contribute to absorption in unit volume is py(E1)p(E>) fi(1 — f>) dE; dE>.
Since the transition probabilities of stimulated emission and absorption are
the same, the substantial number of stimulated emission transition in unit
volume per unit time is p(E))p(E>) x [f2(1 =) —fi(1 —f2)] dE;dE,=
P(ED)p(EY)(f>— f1)dE| dE>, multiplied by wg,, of Eq. (3.10). Then the
gain g can be calculated through integration with respect to dE; dE> as

) = - "% [ . (EDpEIwan( f2 ~ £ AEL dE:

_ / p(EDpe(Enle(lerlyn)

T csony
x (f2 = f1)0(E1 + how — E>)dE; dE,

TE€2

- / p(EDpeEx) IM(Er, EDP(fs —f)dE (3.21)

ceon 2w

Ez:E] ~|—ha)

where using Eq. (3.14) we put
|M(Ey, E) = le(ylplyn) (322)

Equation (3.21) can be used commonly for calculations of amplification and
absorption, and the positive g describes amplification and the negative g
describes absorption (absorption factor is « = —g =|g|).

For spontaneous emission, from a similar calculation using Eq. (3.19),
the rate of photon emission within frequency range from w to w+ dw in the
volume ¥V per unit time is given by

ne2w

Fspt(iw) dw = dw

wm2cleg

x / p(ENp EDIMEL, ED(1— f)dE, (3.23)
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where
E, =E +ho

The power of spontaneous emission within the frequency width dw is given
by the product of the above spontaneous emission rate ry,dw and the
photon energy %w. In the following sections, derivations of the densities
py(E7) and p.(E,) of states and the momentum matrix element |M(E], E2)|2,
which are required for calculation of the gain factor g=—« and the
spontaneous emission using Eqs (3.21) and (3.23), are outlined. The results
on the gain and spontaneous emission will then be given in the following
sections.

3.3.2 Density of Electron States in Doped Semiconductors

The direct-transition model assumes a band structure with sharp band edges
described as in Eq. (3.2) and uses the parabolic density of states. Although
the model applies well for pure semiconductors, such a simplified treatment
is not appropriate for the impurity-doped semiconductors usually used in
semiconductor lasers. The impurities doped in a semiconductor of small
effective mass are easily ionized, and for cases where the doping density
is large the carriers supplied by the impurities contribute to electrical
conduction. This means that it is not appropriate to consider the impurity
levels as localized levels. Since the ionized impurities are distributed
randomly in the crystal, the periodic potential of the lattice is disturbed. It
should be considered that the disturbance gives rise to modification of the
densities of states for the conduction and valence bands and forms the tails
of the bands. Such a model is called the band-tail model [6,7].

Kane [6] used a Gaussian distribution expression for the random
potential due to the ionized impurities to analyze the density of states under
the assumption that the kinetic energies of the carriers are so small that the
carrier distribution is dominated by the potential. The potential produced
by an ionized impurity in a semiconductor containing carriers is given by the
solution of the combination of the Poisson equations and the equation for
the potential-dependent carrier density. As an approximate expression,
however, the potential can be written as

V) = e 1exp(— ”) (3.24)

4meceg 1

where ¢, is the relative dielectric constant. In this expression, which results
from a modification of the potential produced by a point charge, the

Copyright © 2004 Marcel Dekker, Inc.



exponential factor describes the screening effect, i.e., reduction in the
potential due to the distribution of carriers surrounding the ion. The
screening length Lg is approximately equal to the Debye length and is
written as

kB T8r80 12
Ls= <€2N> (3.25)

where T is the temperature and N is the carrier density. Here let V,,,,, be the
root-mean-square amplitude fluctuation of the potential under the assump-
tion that the distribution of the potential fluctuation is Gaussian; then Vs
can be written, by using L, the density N{} of ionized donors, and the
density N, of ionized acceptors as,

2

e 172

Vims = [2n(N + Ny L] (3.26)

4rte e

The density of electron states for the conduction band in an n-type
semiconductor having this type of potential fluctuation is calculated as

m3/? E —E
(E) = =2 (2n)' Py ——== 3.27
pe(E") 7T2h_;(n) i (3.27)
Ne = 21/2 Vims

where y(x) is the Kane function defined by
Y(x) = % / C (x—2)Pexp(=z2) dz (3.28)
/2 J_ o

and shown in Fig. 3.4. As can be seen in this figure, p. in Eq. (3.27) is
approximately equal to Eq. (3.3a) and is proportional to (E'— E.)"/* for large
E — E., and describes the band tail approximately proportional to a
Gaussian function exp[—(E —E.)*/n.’] for the low-energy region E' < E..
In the above-described Kane model, the kinetic energy of the carriers
are omitted, and as a result the density of states in the band tail is over-
estimated. To improve the accuracy, Halperin and Lax [8] analyzed the
density of states, in the band tail, taking the kinetic energy into account,
and obtained the self-consistent density of states by iterative calculation.
Although this method gives accurate values for the density of states in the
band tail, it requires complicated and time-consuming numerical calculations
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Figure 3.4 Kane function: the solid curve is Kane function y(x) defined by
Eq. (3.28); the dotted curve is y=x'".

and is not applicable to calculations for a parabolic band with a higher energy
and a band-tail transient region. As a solution to this difficulty, Stern [9]
combined the two methods; in Eq. (3.27), i.e., the result of the Kane Gaussian
model, 7. is considered as an unknown parameter, and the value of 7. is
determined so that the value of p given by Eq. (3.27) may coincide
with the result obtained by the method of Halperin and Lax at an
appropriate junction point in the band tail. This method, called the
Gaussian Halperin—Lax band-tail (GHLBT) model, offers an approximate
technique very convenient for calculation of the optical transition, since it
describes the density of state by the simple function in Eqs (3.27) and (3.28)
over the entire region through the band edge. Although the above description
is for the conduction band, the same treatment can be carried out also for
the heavy holes and light holes in the valence band. The densities of
states calculated by the GHLBT model for GaAs are shown in Fig. 3.5.

3.3.3 Transition Matrix Element

To calculate the momentum matrix element, given by Eqs (3.15) and (3.22),
the wave functions v; and ¥, of electrons in the valence and conduction
bands are required. The wave function of an electron of wave vector k in an
ideal semiconductor crystal is given by the Bloch function in Eq. (3.1) using
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Figure 3.5 Densities of states for the conduction and valence bands of GaAs
calculated upon the basis of the GHLBT model: - - -, densities of states with the band
tail omitted.

ui(r). According to the kp perturbation theory developed by Kane [3] to
analyze the band structure, the mean square of momentum matrix element
given by Eq. (3.15) for electrons near the band edge and the effective mass
m,, of electrons in the conduction band are correlated by [7]

m? P?
6h?

|Mg|* =< le(ua|plu)|* >= (3.292)

2 M (3.29b)
2my(Eg +24/3)
where m is the electron mass, E, the bandgap energy, and 4 the spin—orbit
interaction energy. The subscript B in the above equation indicates the value
for a Bloch state in an ideal crystal, and the % factor results from % due to
averaging <> over all directions and % due to the spin selection rule
(the transitions are limited to those without spin inversion). For GaAs, for
example, m, =0.067m, E,=1.424eV, and 4 =0.33 eV and therefore from the
above equation we have |Mg|*= 1.33mE,. The values of |Mg|* have been
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determined by experimental measurements of m,, E,, and 4 for many

materials. The data are often expressed in the form of the ratio of the value
before multiplying by the é averaging factor to the electron mass m,
i.e., 6|Mg|*/m, and the data [10] include 6|Mpy|*/m=14.4+0.1[eV] for
GaAs, 6|Mg|>/m=14.9+1.4x[eV] for Al.Ga;_.As (x<0.3), 6/Mg*/
m=14.4—33x[eV] for In,Ga,_,As, 6|Mg|*/m=9.9+0.3[eV] for InP, and
6\MB\2/m =9.94238y[eV] for In,_Ga As,P,_, (x=0.47y).

For doped semiconductors, the electrons near the band edges (k~0)
are affected by the impurities, and therefore it should be assumed that they
are localized. The wave function of such electrons can be described by the
product of Eq. (3.1) and a slowly varying envelope function ,, describing
the localization:

[¥(r) >= [Yeny(r) exp(ik * r) ue(r) > (3.30)

The envelope function v.,y, which is the normalized wave function for the
fundamental 1s state of the hydrogen atom model, is given by

1 1/2 .
Vo) = (5z) xp(=2). r=lr i (31)

where r; represents the center of the localization. Although in the H atom
model « is the Bohr radius given by a* = 4ne,e0fi*/m*e®, here a is a parameter
describing the localization scale and the value is determined by the method
presented later. In order to calculate the matrix element M for which the
electrons in the band tails are involved, the wave functions v; and v, are
described in the form of the localized electron wave function (Eq. (3.30)),
and the Bloch functions for the valence and conduction bands are used for
ui(r). Then, using the orthogonality of the Bloch functions, the matrix
element M can be written using My in Eq. (3.29) as

M = MyMey, (3.32)
Meny = (Venve(r) exp(ike * 1) |[Weny (1) exp(iky - 1)) (3.33)

where the subscripts ¢ and v denote the conduction and valence bands,
respectively.

The localization character can be illustrated by assuming for the
moment that the localization is only in the conduction band. Putting k.~0
and a,—0, substitution of Eq. (3.31) into Eq. (3.33) yields

5

|Meny|?> = 64na(1 + a’k,) ™ (3.34)
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The matrix element | M| for the transitions where wave vector conservation
does not necessarily hold is given by the product of Eq. (3.29) and Eq. (3.34).
Equation (3.34) indicates that |M|* is large in the region of k where «*k*
is small.

Although Eq. (3.34) is effective for transitions between the band tail
and a extended band, it does not apply for transitions between parabolic
bands with larger energies and those between band tails. To solve the
difficulty, Stern expressed each conduction-band electron and each valence-
band electron in the form of Egs. (3.30) and (3.31). The values of a were
determined by fitting the effective energy reduction due to the localization to
the effective energy reduction calculated from the density of states in the
GHLBT model. The value of |M.,|* was calculated by using these values in
Eq. (3.33) and averaging over all k directions and the localization sites r;
[11]. The result is written as

4
M = S50 = g0~ 5B+ SBYGE + 40 — g
+ 80* B2 2(3b* — 10B*)(1® — ¢°)
+ 16 B* (565 + 10¢*¢* + ¢®)] (3.35)
2 1 1 1 2 2 2 2 2
B=—0o0\ b=—+—, P=P+I+K, ¢ =2kk,
dcdy de dy

where k. and k, are the wave numbers of valence-band and conduction-
band electrons with the effective energy reduction taken into account. The
matrix element |M|>=|M(E,, E>)|*=|Mg|* Moy |> using this |Me,|* is
called the Stern energy-dependent matrix element (SME).

Figure 3.6 shows an example of |M,,|* calculated by the above-
described method. Considering the photon energy Aw as a constant and the
valence-band electron energy E(=FE)) as a variable, conduction-band
electrons of energy E+ hiw (=E») satisfy energy conservation, and valence-
band electrons of energy E(=E;) also satisfy wave vector conservation at
E=FE,— (my/mp)(how — E,) given by Eq. (3.33a). The direct transitions that
exactly satisfy wave vector conservation take place only at this value of E,
and this corresponds to the transition matrix element M given by a §
function that peaks at this position. In semiconductors doped with
impurities, however, transitions take place even if wave vector conservation
does not exactly hold, and therefore the E dependence of M is described by a
peak-like function corresponding to the imperfection. Figure. 3.6 shows
such an FE dependence of M.
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Figure 3.6 Matrix element of the interband transition in GaAs dependent upon
energy (the SME).

3.4 GAIN SPECTRUM AND GAIN FACTOR

As we saw above, in the direct-transition model the gain and spontaneous
emission spectra g(fiw) and repn(fiw) can be calculated by substituting the
occupation probability (Eq. (3.6)), the density of states (Eq. (3.18)) and
the matrix element (Eq. (3.29)) into Eqs (3.16) and (3.20). By this procedure
the qualitative tendency of the gain spectrum as shown in Fig. 3.3 has been
clarified. Accurate evaluation can be accomplished in the GHLBT-SME
model where g(/iw) and rypn(hiw) are calculated by substituting the occupation
probability (Eq. (3.6)), the GHLBT density of states (Eqs (3.27) and (3.28)),
and the SME (Egs (3.32) and (3.35)) into Eqs (3.21) and (3.23) [12, 13].

3.4.1 Determination of the Quasi-Fermi Levels

The expressions for the occupation probabilities f; and f, (Eqs (3.6)) are
in the form of an energy distribution dependent on the quasi-Fermi levels F,
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and F.. To clarify the dependences of f; and f> on the carrier injection, it
is therefore necessary to correlate the minority-carrier density and the
quasi-Fermi levels. The densities of electrons and holes in the semi-
conductor excited by carrier injection can be written by using the densities
py and p. of states in Eq. (3.3) and the occupation probabilities f; and f>
in Egs (3.6) as

n= / pe(Ex) f> dE> (3.36a)

p= / pu(EN(1— /1) dE, (3.36b)

Here the band tails are omitted, since it is known that the band tails do
not affect significantly the quasi-Fermi levels. Since the above integra-
tion cannot be evaluated analytically, various approximate but ana-
lytical expressions for the Fermi levels dependent on the carrier
density have been developed [10]. One of them is the Joyce—Dixon [14]
expression

F.— E, n 4 n\
T ln(m) + ,ZAl(Nc) (3.37a)

Ev - FV _ )4 - V4 !
T = IH(NV) + ZA,(NV) (3.37b)

™"/ sp 32
N, = 2<2nkB hz) (mp{1 + mp/l )
A; = +3.53553 x 1071, A, = —4.95009 x 1073
A3 = +1.48386 x 1074, Ay = —4.42563 x 107°

which is a good approximation for a wide range of carrier densities. The first
term on the right-hand side is the major term, and it corresponds to the
result obtained by approximating the Fermi—Dirac distribution by the
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Boltzmann distribution. Generally in the semiconductor the electrical
neutrality condition

n+ Ny =p+ N} (3.38)

is maintained, where N and N{} are the densities of ionized acceptors and
donors, respectively. Although N, and N} are given by the acceptor and
donor densities N4 and Np multiplied by the Fermi—Dirac coefficients, we
can approximate them as Ny~N, and Nj~Np except for the low-
temperature range. When the minority carriers are injected, the majority-
carrier density also increases according to Eq. (3.37). For a sufficiently
high injection level, Ny, N} < n, p and n~ p. When under carrier injection
the minority-carrier density is given as an independent variable, one of the
quasi-Fermi levels F, and F_ is determined by one of Egs (3.36), and
the other quasi-Fermi level is determined by Eq. (3.38) and the other
equation of Eqs (3.36). Thus, once the minority carrier density is given, the
occupation probabilities f; and f> are determined. Examples of the energy
distribution and the quasi-Fermi levels calculated for carriers in excited
GaAs are shown in Fig. 3.7.

N ——
B=— A
o ———————— ¢
Electron conduction band
1.25¢
— N=2x 10" cm™
2 1
2,
53]
= Stimulated emission
5 0.75 AN i)
5
g
g 051 T=300K
5 Ny=2x% 108 cm3
025 Np=1x 108 c¢m™
Valence band hole

10" 10 109 10% 107! 102 103
Density of states [cm > eV 1]

Figure 3.7 Energy distribution of the carrier density in an excited semiconductor.
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3.4.2 Bandgap Shrinkage

To analyze precisely the dependences of the gain spectrum and spontaneous
emission spectrum on the carrier injection density, the dependences of
the band edges E. and E, on the carrier density must be taken into account.
The band structure and the position of the band edges are calculated for
a single electron. When the carrier density increases, the band edges
shift owing to many-body effects. The existence of high-density movable
carriers gives rise to screening of the potential, which reduces the repulsion
between the electrons and the localization of electron waves, and as a result
the energy bandwidths of each band increase. Therefore, the bandgap
energy E, decreases with increasing carrier density. This phenomena is
called bandgap shrinkage. The magnitude of the shrinkage AE, may be
assumed to be inversely proportional to the distance between adjacent
carriers and therefore proportional to the cubic root of the carrier density.
The effect has been theoretically analyzed as a many-body problem.
For GaAs, from experimental measurement of the dependence of the
absorption spectrum on the carrier density, the following expression has
been obtained [12]:

E, = 1.424 4+ AE, (3.39)
AE; = —1.6 x 1078(n!/? + p'/3)

where E, is in [eV], and the carrier densities #» and p are in [em ™). The
above expression for AE, is often used not only for GaAs but also for
other materials. Although actually the bandgap shrinkage deforms the
gain spectrum, the deformation is not significant. In many cases, satis-
factory approximate results are obtained by simply shifting the spectrum
by AE,.

3.4.3 Gain Spectrum

The validity of the GHLBT-SME model has been confirmed by the good
agreement of the absorption and spontaneous emission spectra calculated
by the above-described procedure with experimental results. An example of
the gain (absorption) spectra and the dependence on the minority-carrier
density, calculated for GaAs by this method, is shown in Fig. 3.8. The
tendencies explained by the direct-transition model can be confirmed in
this result. In addition, the GHLBT-SME model shows that the gain
(absorption) spectra are associated with a gradient tail at or near the
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Figure 3.8 Gain (absorption) spectra of GaAs dependent upon the minority-
carrier density calculated upon the basis of the GHLBT-SME model.

bandgap energy, unlike the result of the direct-transition model, which gives
a sharp gain (absorption) edge. This is because band tails exist and they
contribute to the gain (absorption). With increasing carrier density, the
band-filling effect shifts the gain peak towards a higher energy. The gain
peak wavelength shift is dominated by the band-filling effect, although it is
partially cancelled out by the band-shrinkage effect.

The a-dependence of the gain on the impurity densities can be analyzed
by the GHLBT-SME model, since it allows quantitative evaluation of the
gain in semiconductors doped with impurities. The calculation shows that,
with increases in the acceptor density N4 and donor density Np, the minimum
injection carrier density required to obtain a gain (transparency carrier
density) is reduced, and the gain is enhanced. This is because the shift in
the Fermi level due to the doping affects the situation favorably, and the
population inversion condition (Eq. (3.9)) is satisfied with a smaller minority-
carrier injection. The doping effect is significant with n-type doping rather
than with p-type doping. This is attributed to the fact that the effective mass
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Figure 3.9 Injection carrier density dependence of maximum amplification gain.

of the conduction-band electrons is smaller than that of the valence-band
electrons.

3.4.4 Carrier Density Dependence of the Maximum Gain

The data of the gain spectrum shown in Fig. 3.8 can be rewritten as curves
describing the carrier density dependence of the gain at each optical
wavelength. The envelope of the curves describes the dependence of the
maximum gain on the injection carrier density. The envelope gives the
carrier density dependence of the maximum in the gain spectrum, as shown
in Fig. 3.9. The figure shows that, for lower temperatures, the carrier density
at transparency is smaller and the gain is larger. We also see that, at room
temperature, a gain as large as several hundred reciprocal centimeters is
obtained with carrier densities of the order of magnitude of 10" cm™. As
the graph shows, the carrier density dependence of the maximum gain g,.x
at a temperature can be expressed by a linear function

8max = Ag(N - NO) (340)

Here 4, is a constant and N, denotes the transparency carrier density. The
values depend upon the material, composition, impurity densities and
temperature; for GaAs at room temperature, A, is in the range (3.0-7.0) x
107 "%cm? and N, is (0.6-1.4) x 10" em™3; for In,_,Ga,As,P,_, at room
temperature, A4, is in the range (1.2-2.5) x 107" cm? and N, is (0.9-1.5) x
10" ecm ™ [15]. The above expression together with these values are often
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used in the analysis of semiconductor laser characteristics as a simple and
convenient phenomenological expression for the gain factor.

3.5 SPONTANEOUS EMISSION AND INJECTION
CURRENT DENSITY

3.5.1 Spontaneous Emission Spectrum

The spontancous emission spectrum can be determined by calculating
Fspn(Aiw) in Eq. (3.23) using the GHLBT-SME model in a similar manner to
the calculation of the gain spectrum. As shown in Fig. 3.10, the spontaneous
emission exhibits a spectrum having a peak near the bandgap energy E,;
with increasing minority-carrier density the peak is enhanced and shifted
towards the short-wavelength side and the width is broadened. When the
impurity density is increased, the band-tail effect becomes more significant,
the peak shifts to the long-wavelength side and the width is broadened. The
spontaneous emission rate Rgp per unit volume and per unit time is given by
the spontaneous emission rate rg, dw integrated by the photon frequency:

Ry, = /rspt(ha)) dw (3.41)

This is indicated by the area of the region below the spontaneous emission
spectrum curves in Fig. 3.10.
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Figure 3.10 Spontaneous emission spectrum of GaAs dependent upon the carrier
density.
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3.5.2 Carrier Density and Injection Current Density

Now we consider the relation between the minority-carrier density and the
injection current density. The injected minority carriers are consumed by
the recombination with the majority carriers associated with the stimulated
and spontaneous emissions. They are also consumed by the nonradiative
recombination described later. For an injection level below the laser
oscillation threshold or for the case where the optical amplitude is small,
recombination by stimulated emission is negligible, and most of the carriers
are consumed by spontaneous emission recombination and nonradiative
recombination. The spontaneous emission rate is calculated by Eq. (3.41).
On the other hand, under the assumption that spontaneous emission
transitions take place also with electrons and holes regardless of the
wave vector conservation rule, the recombination rate is considered to be
proportional to the product of the carrier densities n and p. Then,
the substantial spontaneous emission rate Ry, with the thermal excitation
subtracted can be written as

Ry = Bi(np — nopo) = Bi(An po + Ap ny + An Ap) (3.42)

An = n — ny, Ap=p—po

where ny and py are the carrier densities under thermal equilibrium and
B, is a constant. Considering a case where electrons as the minority
carriers are injected into a p-type semiconductor, we have n > ng, po > no,
Ap~ An=n, and therefore

Ry ~ B(pon + n?) (3.43)

A similar relation holds also for an n-type semiconductor. The spontaneous
emission rate Ry, calculated by Eq. (3.41) exhibits a carrier density
dependence approximately similar to that given by Eq. (3.43). Let 5y, be
the ratio of the spontaneous emission recombination to the total carrier
recombination (internal quantum efficiency for the spontancous emission),
s and d be the area and the thickness respectively, of the active layer, and ¢
be the elementary electric charge; then Ry, is correlated with the injection
current I by sdRs, =nsp(I/q). We call the injection current density required
for obtaining a carrier density under the assumption that 5y, =1 and
d=1pm the nominal current density and denote it by J,,,. Then the
current density required for obtaining the same carrier density in an active

layer of thickness d um is written as
I Joomd
J=L1_"Jno (3.44a)
s Nsp
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Jnom = ¢Rp A/cm’pm (3.44b)

For a given minority carrier density, Ry, is calculated by Eq. (3.41).
Using this result and Eq. (3.44b), the carrier density is correlated with

Jn0m~

3.5.3 Injection Current Density Dependence of
the Maximum Gain

Using the relation between the carrier density and J,,om, the carrier density
dependence of the gain spectrum g(fiw) can readily be rewritten into the
dependence on the nominal current density J,,. In Fig. 3.8, the values of
the corresponding J,,m, determined in this manner are also shown.
Furthermore, the dependence of the maximum value g... of the gain
g on J,om can be obtained. The results are shown in Fig. 3.11. Because of the
approximate relation described by Eq. (3.43), the shapes of the graphs for
the current density dependence are somewhat different from those for
the carrier density dependence shown in Fig. 3.9; the slopes of the graphs
for the current density dependence become smaller for the region of high
injection currents. The dependence can still be approximated by a linear
function similar to Eq. (3.40):

8max = Bg(-]nom - JO) (345)
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Figure 3.11 Dependence of the maximum amplification gain upon the injection
current density.
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where B, is a constant and J, is the nominal current density at
transparency.

3.5.4 Nonradiative Recombination and Carrier Overflow

Some of the injected minority carriers are consumed in the active layer by
the nonradiative recombination without photon emission. This gives rise to a
factor that causes the internal quantum efficiency 7y, for spontaneous
emission in Eq. (3.44a) to deteriorate. Although the nonradiative recombi-
nation includes recombination due to lattice defects and recombination due
to impurities, and also recombination at the interfaces of the hetero-
structure, it is negligibly small for ordinary lasers that use high-quality
crystals. More important and essential nonradiative recombination is that
caused by the Auger processes [15,16]. Collision of two electrons and one
hole resulting in recombination of one electron and the hole, and excitation
of another electron with the energy released by the recombination up to a
higher level in the conduction band (CCCH process), and collision of two
heavy holes with one electron resulting in similar recombination and
excitation (CHHS and CHHL processes), as shown in Fig. 3.12, are
called Auger processes. The excited carriers give energy to the crystal lattice
in the form of heat and return to the unexcited level. Since both energy
conservation and momentum conservation must hold also for the
Auger process, recombination occurs with carriers at energies apart from
the band edge, as shown in Fig. 3.12. Accordingly, the recombination rate
R, exhibits a remarkable temperature dependence and bandgap energy
dependence; Ra is larger for a narrow bandgap and a high temperature.

HH

SO\:

CCCH CHHS " CHHL
process process process

Figure 3.12 Interband Auger recombination processes: C, conduction band; HH,
heavy-hole band; LH, light-hole band; SO, split-off band.
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Since the process is a collision of three particles, the carrier density
dependence of Ra can be phenomenologically written as

Ra ~ Cyn’p + Conp? ~ Can® (3.46)

where C,, Cp,, and Cy are constants and use has been made of n~ p.

The values of Cp at room temperature, determined experimentally by
the carrier lifetime measurement, are of the order of 1073° cmﬁ/s for GaAs,
while they are larger, namely, (2-3) x 107% cmé/s, for In;_, Ga,As,P,_, for
emission in the 1.3 pm band, and (7-9) x 107% cm"/s for In; _ Ga,As P, _,
for emission in the 1.5um band. This means that, while the Auger
recombination is usually negligibly small for lasers for short-wavelength
emission, it is an important factor that significantly affects ng, in In; _
Ga,As, P,_, lasers for long-wavelength emission. The Auger recombination
can be reduced by using (strained) quantum well structures.

Another important factor that causes the emission efficiency to
deteriorate is the overflow of minority carriers injected in the active layer
into the region opposite to the injection side, which gives rise to additional
current without contribution to the laser action. As shown in Fig. 3.13, the
minority carriers are injected and confined in the potential barriers, and
same of them having energies higher than the barrier overflow into the
opposite side. The magnitude of the overflow current can be evaluated by
calculating the carrier density at the boundary between the active and
barrier regions under the assumption that the quasi-Fermi level is
continuous across the boundary, and solving the carrier diffusion equation
in the barrier region with the use of the boundary value. The overflow is

n-type p-type p-type
Al Ga;_,As | GaAs | Al,Ga;_ As
cladding active cladding
layer layer layer
A Electron E ! Electron

overflow

injection

Electron energy £

injection

Hole overflow

Figure 3.13 Leakage of carriers by overflow in a double heterostructure.
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larger for lower barrier heights and higher temperatures. The current
consists of diffusion current and drift current with the ratio dependent on
the thickness and the resistivity of the barrier region. In many lasers the
overflow can be suppressed to a negligible value by appropriate design. For
short-wavelength lasers where it is difficult to assure sufficient barrier
height, and for laser operation at elevated temperatures, the overflow can be
an important factor that limits the performances.

3.6 DENSITY MATRIX ANALYSIS

In the previous section, the GHLBT-SME model and the quasithermal
equilibrium approximation were used to discuss the interaction of optical
waves and carriers in a semiconductor and to clarify the gain factor and
the spontancous emission. The analysis, however, requires complicated
computations of the density of states and the matrix element. Another
problem is that the quasithermal equilibrium approximation is not
appropriate for accurate analysis of the characteristics of lasers oscillating
or amplifying an optical wave with a large amplitude, since the carrier state
deviates significantly from quasithermal equilibrium by the strong interac-
tion of the carriers with the optical wave. This means that the results
obtained in the previous section are valid only for injection levels below the
threshold of laser oscillation and in the vicinity of it.

Interaction of many carriers and optical waves can be analyzed, with
the deviation from quasithermal equilibrium taken into account, by using
the density matrix [17, 18]. The density matrix enables a statistical analysis
of a system consisting of many electrons to be made based on the quantum
theory for an electron. The fundamental concept of the density operator and
an outline of the density matrix analysis, in general, are given in Appendix 1.

3.6.1 Polarization and Gain Factor

In density matrix analysis, it is possible to treat both electrons and optical
waves by the quantum theory. However, if the optical wave is represented
by an energy eigenstate, the phase of the optical wave cannot be properly
treated. Although representation by a coherent state can be used to solve
the problem, the analysis becomes much more complicated. It is practical
to employ semiclassical theory where the electrons are treated by quantum
theory and the optical wave by classical theory. Although the semiclassical
theory cannot deal with spontaneous emission, it can be included phenom-
enologically by using the results obtained in the last section. Then the
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semiclassical theory can give results to a good approximation, except for
cases where the laser output is very small.

Let us use the complex expressions E exp(—iw?) and H exp(—iwt), with
time dependence exp(—iw?), for the electromagnetic field of an optical wave
in a semiconductor. Then E and H satisfy the Maxwell equations

VxE=+ioB, VxH =—iwD (3.47a)
V-D=0, V-B=0 (3.47b)

Let the refractive index n, represent the effects of polarizations due to the
electrons at energy levels lower than the deep part of the valence band and
those due to the carrier plasma motion. The effects of the optical transitions
of the carriers can phenomenologically be represented by the polarization P
at the optical frequency. Assuming that P is proportional to the optical
electric field, we can write the electric flux density D as

D = gyn’E + P, P =¢yxE (3.48)

where P is the electron polarization representing the transition and x is a
complex electric susceptibility. The magnetic flux density is given by
B=p,H. From these equations we obtain a wave equation for the electric
field E:

V2E + [(nf + ) (?)2}E -0 (3.49)

Consider a plane wave propagating along the +z direction, and let B be the
complex propagation constant. Substituting E = Ej exp(iBz) into the above
equation yields

~ ne w w
B=

© 1+ 2 Relx) + is—Im{x}) (3.50)
c 2n.c 2n.c

where use has been made of nf > |x|. From this equation, we see that the
transition electron polarization represented by x is equivalent to a change
An in refractive index, and amplification (or absorption) represented by a
gain factor g (or a absorption factor «) given by

1
An = —Re{y} (3.51a)
2n;
1 dIE)? w
— —y — ——— 1 3.51b
g=—«a P d e m{x} ( )

This means that the gain (absorption) factor can be given by using the
imaginary part of the phenomenological complex electric susceptibility .
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Although the above expression gives the rate of the amplification per unit
length of propagation, the factor can be converted into a temporal gain
factor representing the rate per unit time:

1 dE? 1 [(dIE)P
= W d[ = W dZ Vg = Vgg (352)

where vy = ¢/ng is the group velocity and n, is the group index of refraction.

3.6.2 Density Matrix Expression for Polarization

As shown by Eq. (A1.10) in Appendix 1, the equation of motion for the
density operator p (here py is simply written as p) is given by

d 1
— p(t) = = [H1(?), p(t 3.53
TP = - TH(0). p(0)] (3.53)
where Hj is the interaction Hamiltonian. Consider an optical wave of a
mode with frequency w, and let E(r) exp(—iw?) be the complex expression for
the electric field. Then the interaction Hamiltonian Hj in the semiclassical
theory is given by

Hi(f) = exp <iHhOl>Hi exp (_thOZ) (3.54a)
H=-"A-p
m
= ——° [exp(—iwnE(r) — exp(+(iwn)E*#)] * p (3.54b)
2imw

Here H, is the electron Hamiltonian with the interaction omitted, given by
Eq. (2.31b), p is the electron momentum operator, and use has been made of
Eq. (2.31d) and the expression for the optical wave in Eq. (2.3). In order to
deal with the interband transition, we use |n) to represent the electron states
in the conduction band and |m) to represent those in the valence band.
Considering the combinations of these, the transition matrix element can be

written as
Hnm = <n|H1|m>
= (n|H,|m) exp(iwnml)
—e
=— (n|p|m)
1maw
x % {E(r) expli(@mm — )] — E*(r) expli(wum + )]} (3.55)
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where

ha)nm =FE,—E,
The second term on the right-hand side of the above expression oscillates
rapidly and does not substantially contribute to the change in p(7). Therefore

it can be omitted (rotating-wave approximation). Using Eq. (2.56), the
above equation is rewritten as

Hy, = H;zkm
= _%an * E(r) expli(wpm — w)t] (3.56a)
P = (n|P|m) = (nler|m), (3.56b)

where P, is the matrix element of polarization.

The density matrix p in the interaction picture is correlated with the
density matrix p° in the Schrédinger picture by Eq. (Al.11) in Appendix 1,
and the electron polarization is represented by an operator P=er. As shown
by Eq. (A1.12), the expectation value for the operator P can be calculated by
taking the trace of p°P. The total polarization representing the interband
transitions in a semiconductor is given by

NVC<P) = NVCTr(pSP)
= Nue Y _ ji ojy exXp(—iwy; )P
= NVC Z[pnmPﬂ’lﬂ eXp(_lwnmt) + p’ﬂnan eXp(+ia)77mt)] (3'57)

nm

where N, is the total number of electrons in the conduction and valence
bands. Writing the complex expression for the polarization as P(r)
exp(—iwt), the real part of this expression coincides with the above
equation. Thus P(r) is given by

P(r) = 2Ny Z PP eXpl—1(wym — w)t]. (3.58)

nm

The complex susceptibility x, defined by the second equation of Eq. (3.48),
can be calculated by taking the ratio of P to goE. Then the gain factors g, G
and the carrier-induced refractive index change An can readily be obtained
by using Eqgs (3.51) and (3.52).

3.6.3 Relaxation Effects

The large number of carriers in the conduction and valence bands in a
semiconductor undergo complex and random interactions such as collision
between carriers, collision with impurities, and collision with phonons
(crystal lattice vibration). These interactions give rise to a reduction in the
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interaction with the optical wave for the laser action and shift the states of
each band towards the quasithermal equilibrium. It is known that, in the
density matrix analysis, a temporal change in the density operator due to
such relaxation effects can be described by

o= (o= %)+ (p— 0% (3.59)

where I" is an operator representing the relaxation; I' can be expressed by a
diagonal matrix having elements given by
i
ry=-"= (3.60)
T
where 8,7 is the Kronecker delta, and 7; denotes the relaxation time for the
cigenstate |j). Here p°F is the density operator representing the
quasithermal equilibrium state and can be expressed by a diagonal matrix
with elements given by
QE _ QE
i = 8 p; (3.61)
where ijE is the probability that the eigenstate |j) of the system is in
quasithermal equilibrium. Equation (3.59) indicates that, provided that
there is no interaction except for the relaxation phenomenon, the system
approaches quasithermal equilibrium with a time constant 7; and eventually
reaches steady-state quasithermal equilibrium. The intraband relaxation
times 7; have been experimentally determined, and it is known that they are
very short, of the order of 0.1 ps.

3.6.4 Density Matrix Equations

Here we formulate and solve the equation of motion for the density operator
describing the behavior of electrons in a semiconductor injected with carriers.
The semiclassical theory, in principle, cannot describe the effects of spontane-
ous emission. Spontaneous emission, however, is a process in which
transitions of electrons from the conduction band to the valence band
occur with emission of photons regardless of the incident optical wave and
shift the system towards thermal equilibrium of the whole semiconductor;
therefore it can be considered as a relaxation process for electrons. This
means that spontaneous emission can phenomenologically be interpreted in
terms of interband relaxation. Thus, combining the interaction with the
optical wave giving rise to absorption and stimulated emission, intraband
relaxation due to collisions of electrons with carriers and impurities,
interband relaxation due to the spontancous emission, and the effect of
carrier injection, the equation of motion for the density operator can be
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formulated as

d

1
ul= E[Hl([)’ ol

— (o = p25) + (0 — p¥)I]

— (o= ")+ (p — p™)I]
+4 (3.62)

where Hjis the interaction Hamiltonian for optical absorption and stimulated
emission. The operators I'; and I, representing intraband relaxation and
spontaneous emission, respectively, can be described in the form of a diagonal
matrix as in Eq. (3.60). The operators p?F and p'® represent quasithermal
equilibrium and thermal equilibrium, respectively, and are given by diagonal
matrixes in the form of Eq. (3.61). The operator A describes the carrier
injection and is given by a diagonal matrix with elements A;; =§;,4,. The
electron energy distribution for cases including laser oscillation is given by the
diagonal elements p;; of the solution p of Eq. (3.62) multiplied by the total
electron number N,. per unit volume. The electron energy distribution
Nye p%E in the quasithermal equilibrium state, and the electron energy
distribution N,.p,, under the laser oscillation are schematically illustrated
in Fig. 3.14. The electron energy distribution Ny.p!E, in the thermal
equilibrium state is usually much smaller than Ny, pQF and Ny o,

The electron distributions described by the density matrix are
dominated not only by stimulated emission and absorption of photons
but also by relaxation and injection. As a result, the solution p of Eq. (3.62)
exhibits a nonlinear dependence on the amplitude of the incident optical
wave. Therefore, to solve Eq. (3.62), we expand the solution p in a
polynomial series with respect to the amplitude of the optical wave:

p=p9 4 o0 )@ g oD (3.63)

where p'”) is the term proportional to the /th power of the optical amplitude.
Noting that Hj in Eq. (3.62) is proportional to the optical amplitude,
we equate each term of the same power on the left- and right-hand sides of
Eq. (3.62), in which Eq. (3.63) has been substituted, to obtain

d
— 0 = 40 = p%) + (0 — p¥) 1]

dt
- %[Fs (p(O) - pTE) + (p(O) - pTE)Fs] +4
d 1
— oD = _1H,. oD
P ih[ Le ]

d¢
I+ T)pD + o+ T (1=1,2,3,...)  (3.64)
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Figure 3.14 Electron energy distribution in the conduction band of an excited
semiconductor (under laser oscillation).

Converting these equations into matrix expressions, noting that Hj is given
by Eq. (3.56) and the off-diagonal elements are zero, we see that p can be
described by diagonal elements for even power only and off-diagonal
elements for odd power only according to

P = Pl Py - ) (3.65a)
Prm = Pl + Doy + -+ T 4 (3.65b)

and that Eq. (3.64) is rewritten as

d 0) _ ,QE 0) _ pTE
= (0 — _Fnn nn__ Fnn nn /1” 3.66
dsm T T + ( a)
d 1 _ _
a i(12nl) = % (Hmn,of,% - ,0%11 1)I—Imn)
1 1
— O ( + ) (1=1,2,3..) (3.66b)
. Ts
d (2141) 1 (21) (21) @i+ / 0.1.2.3
I+ == - H - =Y, 1,495, ...
G Pm = g O = o) Hon = =2 ( )
1 1 1
—=— (3.660)

Tt Tt Ty
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Here 7, is the relaxation time for the conduction-band electrons, and t, is
that for the valence-band electrons. The expressions for p,,,, are given by
replacing n by m, and ¢ by v, in Eqgs (3.66a) and (3.66b), and the expressions
for p,,, are given by complex conjugate of Eq. (3.66c).

3.6.5 Linear Gain and Refractive Index Change

Since, as shown by Eq. (3.58), the polarization P is calculated from the off-
diagonal elements p,,,, of the density matrix, we first derive the expression
for the first power term p!). From Eqs (3.56) and (3.66¢c), we have

nm*

d 1 .
7p)(1ly21 = <> (:0;(31) - :052,)77)1)11171 : ECXP[l(wnm - w)t]

dz 2ih
(1)
_ Pum (3.67)
I}
Solving the above equation for a steady oscillation state, we obtain
1
Iofrln)7 = ﬁ (10211 - 1057(3;)17)
an. . Eexp[i(wnm - a))t] (368)
Wy — )+ 1/7;
Substitution of Eq. (3.68) into Eq. (3.58) yields
N.
P =¥ ©0) _ 0
lh o (pnn pmm)
I)nﬂ 2[;
Pl (3.609)

i(a)nm - w) + 1/Tr

Therefore, from Eqs (3.48) and (3.69) the linecar complex susceptibility is
calculated as

N.
xV(hw) = ;V,;Z(pf;?? )
nm

2
1P|

* (w - CUnm) + i/'L'r (3:70)

The above expression contains p® and o), which are solutions of
Eq. (3.66a). Considering the fact that the intraband relaxation times 7. and
T, are very short, we can approximate them by the quasithermal equilibrium
states as p0) &~ pQF o0 ~ pQF “and pQF and pQF can be replaced by the
Fermi—Dirac functions f> and f; at the quasi-Fermi levels for the conduction
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and valence bands, respectively. On the other hand, P,,, vanishes to zero
unless the wave vectors k for the states m and n are same. Therefore, Nyc D
in the above expression can be rewritten as integration with respect to the
density of states for the electron wave vector dk/2n* and then as energy

integration:
1 [(f2a—/f1)dk
D (Figp) — ——
X () goh 2m3
|PI7111|2

(@ = o) + /T
1 1
=i / (/2 —f1)<2n3 / S(Ep + hwny, — E,) dk) d(hwpm)

P
X———
(C‘) - wnm) + 1/Tr

. / (f> = )pe(on) de,
0

| Pyl

(@ = o) T /7 (3.71)

where p.(fiw,,,) is the reduced density of states defined by Eq. (3.18) with Ziw
substituted by fiw,,., and f; and f> are given by Eq. (3.6). The fact that PV is
proportional to electric field amplitude E with a coefficient g9 x'" having an
imaginary part implies that the optical wave is coherently amplified. The
real and imaginary parts of x"(fiw) given by Eq. (3.71) satisfy the Kramers—
Kronig relation (see Appendix 3).

From Egs (3.51) and (3.71), we obtain expressions for the induced
linear index change and the linear gain:

ne?
An(ha)) = ﬁ/(fZ _fl)pr(hwnm)|Mn1n|2
NnyEoM=w
S ['L'r((,() - a)nm)]an(w - wnm) dwnm (372)
2
e
gW(hw) = ————
nyceoM=w
X /(fZ _ﬁ)pr(ha)nm)lenlanm(w - a)nm) da)nm (373)

where we put | Pl = (e/mw)?*|M,,,|> from Egs (3.14), (3.15), and (3.56b).
In the above expressions, L, (w—w,,) is a function defined by

1

an(w - a)nm) = ) 5
TC'L'r[((L) - C’)nm) + I/Tr]

(3.74)
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Equation (3.73) is in the form of a convolution of the result in Eq. (3.16)
obtained in the direct-transition model using the wave vector conservation
rule and L,,, given by Eq. (3.74). In the limiting case when 7,— oo the
function L,,,(w — w,,,) approaches a delta function §(w — w,,,) representing
the energy conservation rule. Therefore, for cases where the relaxation is
negligible, Eq. (3.73) coincides with the result of the direct-transition model.
Equation (3.74) implies that with the relaxation present the state of each
electron changes in a short relaxation time ., which allows transitions with
deviation from the exact energy conservation, and combinations of carriers
with w,,, such that |w—w,,,|<l/t, contributes to the amplification and
absorption of the optical wave of frequency w. The function L, (& — ®,,,)
describes the spectrum of stimulated emission (absorption) by combinations
of carriers of energy difference %w,, only and is called the line-shape
function.

As shown above, by representing the intraband relaxation in terms
of the relaxation time t,, the gain factor can be calculated simply by
Eq. (3.73), which is an expansion of the direct-transition model result. The
band-tail effect can also be taken into account by identifying it as an
intraband relaxation and including it in 7. The refractive index change
induced by the carriers can also be calculated in a similar manner.
The transition matrix element |M,,,|> on the right-hand side of these
expressions can be approximated by the value at the bandgap described by
Eq. (3.29) and put outside the integral. The relaxation time 7, can be
calculated by Eq. (3.66¢) from the relaxation times 7. and 1, for each band.
Although t. and 7, actually depend upon m and n, they can be represented
by a single value for each, which can be determined by experimental
measurements on the carriers in each band. In this approximation, the line-
shape function of Eq. (3.74) reduces to L(w — w,,,). This procedure has been
used to calculate amplification gains for many III-V compound
alloy semiconductors [18]. As an example, the result of the calculation
for GaAs is shown in Fig. 3.15. It has been confirmed for GaAs that
this procedure gives results approximately the same as those obtained by
the GHLBT-SME model described in the previous section. However, it has
also been pointed out that the gain spectrum calculated by using the
Lorenzian line-shape function with single relaxation time t, is not
sufficiently accurate [19]. One of the problems is that, as we can see in
Fig. 3.15, slight absorption appears for photon energy %w smaller than the
bandgap energy E,. This is because in the above analysis the carrier
relaxation was described simply by a single 7, in spite of the fact that the
relaxation for carriers away from the band edge is not so fast as that for
carriers near the band edge. The relaxation effect has been examined in
detail through more careful density matrix analysis, and, based on the
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Figure 3.15 Linear amplification gain spectrum of GaAs calculated using
Eq. (3.73) based on density matrix analysis.

results, line-shape functions modified for improvement have been proposed
[19]. One of these is a hyperbolic secant function

L(w — o) = % sech[zy(® — @p)] (3.75)

which decays for large |w — w,,,,| more quickly than the Lorenzian function.
Use of this line-shape function eliminates the above-mentioned problem [20].
The carrier-induced refractive index change can be calculated by Kramers—
Kronig transformation of the gain spectrum (see Appendix 3). While the
above-described line-shape functions are expressions in the frequency
(energy) domain, expressions in the time domain can also be used to
calculate the gain spectrum in a form of a product of Fourier transformations
instead of the convolution of Eq. (3.73) [10].

3.6.6 Saturation Effect

The terms p2) and p), and those for higher powers, in the series expansion
of the density matrix in Eq. (3.65) describe effects that are nonlinear
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with respect to the electric field E. Firstly, solving Eq. (3.66b) with /=1, and
Egs (3.56) and (3.68) substituted, for the steady-state oscillation, yields

—1
2 n 11 0 0
o =— 2 Z (tc + ts> (o5 — o)

m

X |an|2 |E|2 Lym(@ — @um) (3.76)

The expression for p{2) is given by replacing m by n and ¢ by v in the above
equation. These expressions describe the fact that, with the presence of a
strong optical field E produced by laser oscillation, the carrier state
distribution deviates from quasithermal equilibrium in such a manner that
the population inversion of w,,, close to the optical frequency w decreases
by an amount proportional to the oscillation intensity |EJ>. This means
that, when a strong optical wave is incident or when laser oscillation
takes place, the densities of electrons and holes contribute by the energy
relation to the optical amplification decrease. The decrease in the electron
density is illustrated in Fig. 3.14. This effect is called hole burning, since
it is associated with a deep depression of the carrier energy distribution
curve at w,,;, ~ .

We next substitute Eqs (3.56) and (3.76) into Eq. (3.66¢) for /=1 and
solve for steady oscillation state to obtain

o (L] *1+ L1 -
Pom = 43 |\, T T Ts

X (P9 — pO N Pyn|* |EI* Py + E expli(@nm — )]

nn

an(a) - wnm)

(0 — @) + /7 (3.77)

Substituting Eq. (3.77) into Eq. (3.58) yields an expression for nonlinear
polarization:

IS DA TS R
py__ " (L1 2 2.2
43 [ \ ¢, + 7 + 7 + 7
X 2h/(f2 _fl)pr(hwnm) dwnmlpmn|4 |E|2 E

an(a) - a)nm)

(0 — @) +1/7¢ (3.78)
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From Eqgs (3.48), (3.51), and (3.78) the nonlinear susceptibility and
nonlinear gain factor are calculated as

Oy = - ()| (L4 L RNANRAY
XNE0) = 2h2ey \mw T, T . T
X |E|2/(f2 — 1) pe(hwun) dwpn, |Mnm|4

an(w - wnm)

(a) - wnm) + i/Tr
2

O ) = — 2 (L)“

2h2n.ceq \mw

| DS B R
><|:<+> +<+> ]|E|2
Ty Ts Tc Ts

X /(f‘z _f‘l) pl‘(hwnm) dwﬂﬂl |an |4 [an(w - a)n}’”l)]2 (3'80)

(3.79)

In these expressions, Ny Y ., Was replaced by the integration with respect
to the energy using the reduced density of states in the same manner as
described above. Equation (3.80) shows that, with increase in the optical
field E, the gain in the frequency in the vicinity of w is reduced from the
value calculated with the quasithermal equilibrium approximation by an
amount proportional to |E|>. This phenomenon is called gain saturation.
In a laser oscillator where the saturation effect is taken into account, with
increase in the injection current above the threshold, the gain is kept
constant to maintain the oscillation condition, while the carrier density
continues to increase slightly to compensate for the gain saturation.

3.6.7 Extension to Multimode Expressions

Thus far the optical wave has been assumed to be of a single mode. For
general cases including cases where the optical field consists of components of
several frequencies, a similar analysis can be made by using a mode expansion
expression ), E, (r) exp(—iw,?) for the complex electric field. Then, since o)
and PV are linear functions of the complex electric field, the linear
susceptibility X(l)(hwq) and the linear gain factor g(fiw,) for each frequency
component ¢ are given by the same expressions as those for single-frequency
case, with @ replaced by w,. On the other hand, since p{) and p{) are terms
proportional to the second and third powers, respectively, of the electric field,
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we must take summations of the forms ), Re{[E,(r) exp(—iw,t)]
[E,(r)exp(—iwy )]} and Y, Re{[E, (r)exp(—iw,t)] x [E,(r) exp(—iw, )]
[E,(r)exp(—iw,-1)]}, respectively. Therefore, the nonlinear gain factor
g(%(ha)q) for a component of a frequency w, is given by summation of the
contributions by all frequency components:

gV(hwp) = =" G lEyl” (0 < gyp) (3.81)
-

The self-contribution on the right-hand side of the above expression,
—¢,plEp|, is given by the right-hand side of Eq. (3.80) with @ and |EJ?
replaced by w, and |E1,|2. The cross contribution by the frequency
component p'(#p) on the right-hand side of the above expression is
~&,p|Ey|>. We can now compare the magnitudes of the coefficients ¢,, and
G (P #p). In Y 4y of p). only two terms contribute to the self-
saturation coefficient ¢,, describing the saturation of gain for the frequency
component p due to the same frequency component p. On the other hand,
there are four terms that contribute to the cross saturation coefficient ¢,
describing the saturation of gain for the frequency component p due to the
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Figure 3.16 Example of calculated spectrum hole burning by gain saturation
in GaAs.
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other frequency component p’. This suggests that £, is roughly twice ¢,,. It
has been shown that ¢,, < ¢,,(p'# p) although the difference in the spatial
distributions of the fields reduces the magnitude of ¢,,.

Consider next a case where a laser is oscillating in a single mode of
frequency wy corresponding to the peak of the small signal gain spectrum
gW(fiw), and let |E* be the square of the electric field amplitude of the
oscillating mode. Then, without taking the summation ) in Eq. (3.81), we
simply have g®(hwy ) = —¢|E|* for w = wy, g% (hw) = —'|E|* for w # w;, and
0 < ¢ <. The gain spectrum for the frequency w at and near the oscillating
frequency wy is given by g(fiw)=g""(hw)+ g (hw). For the oscillating
frequency wy, the gain is reduced to g"(fiw )—¢|E|* owing to the saturation,
and this reduced value is kept at the threshold gain gy, to maintain the
oscillation. In this situation, the gain for frequency is reduced even more to
gW(hw)—¢'|E)*. Accordingly, the gain spectrum is such that the gain equals
the threshold gain gy, at the lasing frequency and is lower than gy, in the
vicinity of it, as illustrated by the result of the calculation shown in Fig. 3.16.
This means that hole burning is caused in the gain spectrum. For cases
where a laser is oscillating in several modes, the nonlinear gain is given by
Eq. (3.81) and ¢,, < ¢,y (p' #p). From this, we see that, once a mode starts
to oscillate, the oscillating mode gives rise to larger saturation of gain for
other modes than for the oscillation mode itself. The multimode oscillation
characteristics affected by the interaction between modes will be discussed
in Chap. 6.
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4

Stimulated Emission in Quantum
Well Structures

In semiconductor microstructures of nanometer size, the behavior of
electrons is strongly affected by the quantum nature of the electron and
exhibits a remarkable dependence on the parameters specifying the
structure. Therefore, by appropriate design of the structure parameters,
one can implement artificial novel electronic properties unlike the intrinsic
characteristics of the bulk materials [1-4]. Recent advanced techniques for
crystal growth have enabled precise fabrication of such the quantum
structures, and quantum structures have offered very effective and attractive
possibilities for improvement in semiconductor laser performances [5,6].
This chapter presents the fundamental theory of the quantum well (QW) as
the most important quantum structure and the optical amplification by
stimulated emission in it.

4.1 ELECTRON STATE IN QUANTUM WELL STRUCTURES
4.1.1 Formation of a Quantum Well Structure

The de Broglie wavelength of electrons in a very thin (less than a few tens of
nanometers) semiconductor film structure is comparable with the thickness
of the film. In such a structure, electrons exhibit interesting electric and
optical characteristics dissimilar to those in bulk semiconductors and
ordinary double heterostructures (DHs). The most fundamental semicon-
ductor quantum heterostructure is a single quantum well (SQW), which
consists of a very thin layer of a semiconductor sandwiched between two
layers of a semiconductor having a bandgap energy larger than that of the
thin layer. The conduction- and valence-band edges of this structure form
potential wells, as shown in Fig. 4.1. The region of the thin layer is called a
well, and the regions of the side layers are called barriers. Let E,w and E,p
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Figure 4.1 Potential energy of conduction and valence bands in a quantum well
structure.

be the bandgap energies of the well and barrier regions, respectively, and
AE,=E,g — Esw be the difference between them. The potential well is
formed in such a manner that AE, is divided into the potential discontinuity
(band offset) for the conduction-band edge AE. and that for the valence-
band edge AE,, as shown in Fig. 4.1. The ratio of the band offset has been
experimentally determined [7,8] as

AE;

—0.67 +0.01 4.1c
AL 0.67 £0.0 (4.1a)
AE,

— 0. 01 4.1
AL 0.334£0.0 (4.1b)

for GaAs—Al,Ga, _ (As quantum wells, and
AE,

=0. 01 42
AL = 039£00 (4.22)
BEv_ g61+001 (4.2b)
AE,

for InP-In,_,Ga,As,P,_, quantum wells. The electrons and holes are
confined in the well (in the thin layer) by the potential distribution. A
structure consisting of several quantum wells stacked with thick barriers,
where coupling between wells is negligible, is called a multiple-quantum-well
(MQW) structure. On the other hand, a structure consisting of many
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alternatively stacked thin wells and thin barriers, where the wells are coupled
each other, is called a superlattice (SL).

4.1.2 Quantum Confinement Effect

Consider a SQW structure, consisting of a thin layer of a semiconductor
crystal W sandwiched between two regions of semiconductor crystal B
having a bandgap energy larger than that of W. We take the z coordinate
along the direction perpendicular to the layer, in such a manner that the
potential well of width (thickness of the layer) L. is positioned in the
region —L_/2 <z<L./2. Let V. (z) be the energy level of the conduction
band-edge. Using the effective-mass approximation, the wave function ¥ of
an electron in a semiconductor crystal can be written in an expansion form
by the Wannier function (Fourier transform of Bloch function) W(r —r)):

Y(r) =Y Frp)W(r—r) (4.3)
J

where F(r) is an envelope function for the electron wave function. The
function F(r) satisfies an effective-mass equation in the same form as the
Schrédinger equation:

(— L + VC(Z)>F (r) = EF(r) (4.4)
2m*(z)

where r; denotes each lattice point, m*(z) describes the effective mass of
electron in each region, and E denotes the electron energy. Noting that m*
and V. are functions of z only, we put

F(r) = exp(ikyy « r) x(2) (4.5)

using a wave vector ky, in the plane of the well (x—y plane). Then, from
Eqgs (4.4) and (4.5) we obtain an equation for x(z):

hz d2 h2k2
<_2m*(Z)de + Vc(2)> x(2) = (E - M*(Z)) x(2) (4.6)
where
k= |kl

The electron wave function 1, given by Eqgs (4.3) and (4.5) with the solution
of the above equation x(z), can be rewritten as an approximate expression
using the Bloch function:

Y(r) = exp(ikyy - 1) uo(r) x(2) 4.7)
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Thus the wave function v is given by the Bloch functions in each region with
their amplitudes modulated by the envelope function x(z) describing the
distribution along the direction perpendicular to the plane of the well.

We consider electrons in and around the quantum well such that | x(z)|
is large for |z| < L./2 and is small for |z| > L./2. Assuming that the difference
between the effective mass 3y, in the well and the effective mass mj; in the
barrier and is small, we can approximate m*(z) on the right-hand side of
Eq. (4.6) as m3y,. Thus Eq. (4.6) is rewritten as

212
E= ; k +eé (k = k) (4.8b)

Since the functions m*(z) and V(z) on the left hand side of the above
equation have discontinuity at z==4/1_/2, the solution x(z) must be
obtained in each region and be connected. From the continuity of the
wave function ¥, continuity of x(z) is required at the boundary. Since the
electric charge flow across the boundary is continuous, the z component
J.=eRe{x*(—ih/m*)dx/dz} of the charge flow density vector J=
e Re{y*vi}, must be continuous, and therefore continuity of (1/m*)dy/dz
is required.

We next derive solutions of the eigenequation in Eq. (4.8a). A SQW
of depth AE can be described by

L.

Ve(2) = (4.9)
AE L:
2
The energy is described with reference to the bottom of the well. Then, from

the symmetry of m*(z) and V.(z), the solutions x(z) are even or odd
functions of z, and they can be written as

lS)edA-5)] (9

x(z) = Acos(kz) <|Z| < LZ) (4.10a)

olSoafrer5)] (-8
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or

AsinK—LZex & >—|—E
P A A Fry

x(z) = { Asin(xz) lz| < = (4.10b)

AsinK—LZex—l- +& <LZ
2 )PITY ET ST

where k= (2m>{,vs)l/2/h and g=[2mj(AE— ¢)]"?/h. The above equations
show that the envelope function x(z) exhibits oscillatory variation in the well
and decays monotonically with increasing distance from the well in the
barriers; i.e., the electron wave is confined in and around the well as shown
in Fig. 4.2. From the boundary conditions, we obtain the characteristic
equations

k tan <"LZ> _ T, (4.11a)
2 my

—ecot( k) 2w, (4.11b)
2 my

for determining the eigenvalue . These equations can be graphically solved
as shown in Fig. 4.3. Putting v=«L./2=2nie)"/*L./2h, the above
equations are rewritten as

vtan v = (i /miy)">{ (miy AEL? 207) — v*}'/? (4.12a)
—vcotv = (m*w/mg)Uz{(m’{,\,AELf/%z) — v2}1/2 (4.12b)
Energy £,
—_— AE---
Quantum well potential V(z)

N
~T\

& N2 )
A € X1 (Z)
o “L2 0 +L,2 Ty

Coordinate along the direction of
the quantum well thickness

Figure 4.2 Envelope wave function and energy eigenvalues of electrons confined in
a quantum well.
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3m/2
[(m*L2121*)AE] "

Figure 4.3 Graphic solution of the eigenvalue equation in Eq. (4.11).

By plotting graphs for the right- and left-hand sides of the above equations
as functions of v, the roots of v are given by the values of the abscissa of
the cross points. The graph shows that the number of the roots is
1+[(2m¥, AEL? /m*1*)'/?], and there is at least one root. Denoting the roots
as v,(n=1,2,...), the cigenvalues ¢ are given by

w2y, 2
=g, = =1,2,... 4.13
L C I ) @13)
The relations between the depth of the well and the energy eigenvalues are
plotted in Fig. 4.4 using normalized parameters, where the approximation
my ~ myj, = m* is used. For an infinitely deep well (AE — 00), the solution
of the eigenequation in Eq. (4.8a) is given by

L
A sin(kz) <|z| < Z)
() = {A cos(kz) or 2

0 L.
0 <|Z| > 2)

From the boundary conditions we have kL./2=nn/2 (n=1,2,...), and we
obtain a simple analytical expression for the eigenvalues:

2
eme = (”“) n=12,..) (4.15)

2miy \ L:

(4.14)
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Energy eigenvalue parameter v = (2m*e”)”2L,/2h

il i i i i
1 10 100 1000
Normalized quantum well depth (m*L2/A*)AE

Figure 4.4 Relations between quantum well depth (or quantum well width) and
energy eigenvalues.

4.1.3 Two-Dimensional Electron Gas

Although electrons in a quantum well can move with arbitrary momentum
along the direction parallel to the plane of the well, they are confined in the
well without freedom of motion along the direction perpendicular to the
well. Unlike electrons in a bulk semiconductor (including a thick DH) which
have three-dimensional freedom, electrons in a quantum well have only
two-dimensional freedom. These electrons of two-dimensional freedom are
called a two-dimensional electron gas (2DEG). There is similarity between
the electron wave confinement in a quantum well and optical wave
confinement in a dielectric thin-film optical waveguide. A quantum well may
be considered as a waveguide for an electron wave.

Equations (4.8b) and (4.13) show that the energy of the 2DEG can be
written in a form of the sum of the discrete eigenvalue g, concerning the
confinement in the well and the kinetic energy concerning the motion along
the plane of the well:

k?

E = —
En +2m{‘,v

:8n+

2
h* (k2 +k2) (4.16)
2mw : 2
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Figure 4.5 Subband structure (energy dispersion) of conduction-band electrons in
a quantum well.

The conduction band can be described by the energy dispersion concerning
the momentum in the plane of the well for each quantum number n
concerning the confinement. Accordingly, the conduction band is divided
into states described by dispersion curves for each quantum number n
(Fig. 4.5). Each set of electron states labeled by a quantum number is called
a subband.

4.1.4 Holes in a Quantum Well

In a similar manner to electrons in the conduction band, holes in the
valence band are also confined in the well and subbands are formed.
The valence band, however, consist of a heavy-hole (HH) band, a light-hole
(LH) band, and a split-off band as shown in Fig. 3.1, and it cannot be
described by a single effective mass and a single dispersion. Accordingly,
the subband structure for holes in a quantum well is even more complicated.
An example of calculated results is shown in Fig. 4.6. Consider first the
upper edge of the valence band (k=0). Whereas in a bulk semiconductor,
HHs and LHs are degenerate and have the same energy E,, in a quantum
well the degeneracy is removed by the perturbation caused by the
well potential and the effective-mass difference. When the well potential is
approximated by a potential with infinitely high barriers, the confinement

Copyright © 2004 Marcel Dekker, Inc.



0 ¥ 1 L] L} L] L} L] 1 T L} i L} T
S [ GaAs/Aly,GajgAs | 80 A Quantum well
% |
& -20 .
o —_ -
i3 ]
=5 —40 N
2R i
== i
g 5 ]
E g
= o —60 -~
£5 .
2
< >
g
- —80
b5 -
! - onms/ M2
Sa] B ”
-100 L 1S a o t 3z a8 4,
-0.05 0.00 0.05
<110>< -<100>

Normalized wave number k/(27/a)

Figure 4.6 Subband structure (energy dispersion) of valence-band holes in a
quantum well [9].

energy eigenvalues for heavy holes and light holes at the upper edge of the
valence band (k =0) are given by

2 (nn) 2
Enhh = 5357 (4.17a)
" 2mii \L:
H? (nn>2
Enlh = Z (417b)
2mi7 \ L,

which are in the same form as Eq. (4.15). The envelope wave function
x(z) is also given by a formula similar to Eq. (4.14). The effective masses
mi7 and mj; for the z direction, however, take values different from those
of the bulk HH effective mass mj; and the bulk LH effective mass,
although mj; > mji7 holds. Although holes of eigenvalues ¢, n, and ¢, in a
quantum well are also called heavy holes and light holes, respectively, this is
only for convenience and their characters are different from those of HHs
and LHs in bulk semiconductor. Consider next the dispersion with respect
to the momentum along the plane of quantum well (wave vector k).
The dispersion is affected by the band mixing owing to the perturbation
caused by the well potential and exhibits singular behavior significantly
different from that in a bulk semiconductor. Although the dispersion
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in the region where |k,,| is small can be written in the same form as

Eq. (4.16), i.c.,
k>
Ebh = —enbh = 5 - (k= lkx) (4.18a)
n,hh
k>
Elh = —&p,1h — 27*0 (k = |kxy|) (418b)
n,lh

Not only are the values of m;,”and mj;” different from those of m} and mijy

(anisotropy of effective mass), but also the order of magnitude is inverted as
mpy” < my”. In addition, in the region where |k,,| is large, the dispersion
deviates significantly from the parabolic function (nonparabolic band). The
singularity also include a negative effective mass along the plane of the well
for some holes and the associated electron-like behavior.

4.1.5 Density of States

An important difference between electrons in a quantum well and electrons
in a bulk semiconductor appears not only in the confinement of the wave
function in the well but also in the density of states.

As is well known, the (three-dimensional) density p3p(E) of states per
unit volume for electrons in a bulk semiconductor is given by a parabolic
function:

1
2m2h3

p3p(E) = Q@m*) g2 (4.19)

where the energy E is measured with reference to the lower edge of the
conduction band. Here we derive expressions for the density of states for
electrons in a quantum well. Consider first a subband (the nth subband) and
neglect the nonparabolicity. Then the dispersion is given by

212

E=¢g,+ (k = |ky]) (4.20)

2m*
and therefore E>¢,, and the density of states is pop(E)=0 for E<eg,.
Considering a square region of side length L in the plane of the quantum
well (x—y plane), and applying the periodic boundary condition, the wave
vector in the plane is limited to values given by k., = (2nn./L, 2nn,/L) (ny,
n,=0,%1,42,...), and therefore each electron state occupies an area of
(2n/L)? in the two-dimensional k., plane. Therefore, for E > ¢, the number
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of states of energy between E and E+ dE per unit area is given by

2
o(E)E = 22nk dkL/2(2Tc /LA

_kdk

T

- % dE  (E> &) .21
where spin is taken into account. This result shows that the density p,p(FE)
of states per unit area, does not depend upon E and takes a constant value
m*|mh?. Since the total density of states is given by the sum of the density of
states for each subband, it can be written by using the unit step function u(§)

() =0 (§<0); u()=1(0<¥)) as

poo(E) = S u(E — 6,) (422)

Thus the density of states is given by a multistep function having steps at
positions of eigenvalues ¢,, as shown in Fig. 4.7. When the quantum well is
approximated by a well with infinitely high barriers, the eigenvalues ¢, are
given by Eq. (4.15). Then the values of p>p(E) in Eq. (4.22) at the subband
edges E=¢, coincide with the values of the three-dimensional density
p3p(E) of states given by Eq. (4.19), multiplied by the well thickness L. to
convert it into the density p;p(E)L. per unit area.

{\/‘\ 5 [ T T L} T T L iain I T I 1 L] L] L] I T T T T [ L} T _-i..- = i
< - -
5O .- ]
* [ - -
5 4E L,psp (B) T
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Figure 4.7 Density of states of two-dimensional electrons compared with that of
three-dimensional electrons.
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Now let us compare the density p,p(E)of states for a quantum well
with the density p;p(FE) of states for the bulk. While the bulk band edge is at
E =0, the band edge for a quantum well is at £ =g raised by the minimum
eigenvalue £1. While the bulk density of states vanishes as p3p(E) — 0 for the
band edge F— +0, the density of states of the quantum well does not
vanish but remains as pop(E) — m*/mh” for the band edge E— &, + 0. These
differences in the density of states are fundamental and important
characteristics that explain the properties of a quantum well.

Electrons in a quantum well are confined by a one-dimensional potential
well and have two-dimensional freedom. When electrons are confined in a two-
dimensional potential well, the freedom of the electrons is reduced to one-
dimensional freedom. In a three-dimensional potential well, electrons lose
spatial freedom (zero-dimensional freedom). Structures realizing such two- and
three-dimensional potential wells are called a quantum wire and a quantum
dot, respectively. The densities of states for one- and zero-dimensional
electrons confined in a quantum wire or a quantum dot are given by

2 (m*\'"? s
pin(E) =nh<2> D (E—ew) (4.23)

nn'

and

pon(E) =2 " 8(E = &) (4.24)
nn'n"
respectively (see Appendix 2). These densities are peak-like functions, and
the lower-dimensional electrons exhibit a behavior even more singular than
that of two-dimensional electrons.

4.2 DIRECT-TRANSITION MODEL

4.2.1 Expressions for Amplification Gain and
Spontaneous Emission

The optical amplification and absorption by interband transition in a
quantum well can be analyzed by using the direct-transition model in a
similar manner to that described in Section 3.2. Consider first transitions
between a subband in the valence band and a subband in the conduction
band. In a similar manner to Eq. (3.16), the factors of amplification and
absorption by this transition can be written as

g(hw) = —a(hw)

e’ 2 (/2 = /1) papr (hw)
= 5 M|
N CeENM* W L.

(4.25)
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where pop (fiw) is the two-dimensional reduced density of states defined by
1
ol = = [[8(1 + ho — B2 dk, (4.26)

In order to convert the reduced density p-p, of states per unit area into the
density per unit volume, the well width L. is inserted at the end of the left-
hand side of Eq. (4.25). An important difference between the expressions
for a bulk semiconductor (Eqgs (3.16) and (3.17)) and the expressions for a
quantum well (Eqs (4.25) and (4.26)) is that the former are given by a
volume integral with respect to a three-dimensional wave vector k, while the
latter are given by a area integral with respect to a two-dimensional wave
vector k.

Consider also spontaneous emission due to the direct transition of
electrons from a subband in the conduction band to a subband in the valence
band. Then, in a similar manner as Eq. (3.20), the rate of spontaneous
emission, per unit volume per unit time, of photons of frequency within the
range from w to w+ dw can be written as

2 2(1 = fi)papr(fiw)
L.

neetw
3

Yopt(iw) do = — dw|M| (4.27)
m 0

Cc’E

4.2.2 Transition Matrix Element

The matrix element for an interband transition in a quantum well can be
calculated by using a definition similar to Eq. (3.15), namely,

M = le(alplyn)
2
= (Z2) letwalerlyn) (4.28)

and substituting the electron wave function ¥, and hole wave function v
into Eq. (4.28). Since the wave functions ¢ in the well can be written as Eq.
(4.7) using the normalized envelope wave function x(z), the above
expression is written as

M2 = (meo) el (9 )l (1))

(1) () / @A ()dz

2

~ (mw)’ (4.29)

where the superscripts e and h denote electrons and holes, respectively. In
the above expression, the in-plane wave vector for electrons and holes are
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assumed to be equal (K5, = kz},), since |M|*=0 for K, # kﬁy. Because of
the orthonormality of the envelope wave function (although the orthogon-
ality holds rigorously for a well of infinite barrier height, it is an approximate
relation for a realistic well of finite barrier height), the factor [ x**(z) x"(2)dz
on the right-hand side of the above expression equals 1 for the case where
n°=n" and equals approximately 0 for the cases where n°#n", where n°
and n" are the quantum numbers of the electron and hole confinements
respectively, with respect to the z direction. Therefore, only transitions
which satisfy the in-plane wave vector conservation rule k5, = k?,y and the
quantum number conservation rule (An=0 selection rule) occur, and
transitions with different quantum numbers are inhibited.

In Eq. (4.29), e is a unit vector describing the direction of the optical
electric field vector (polarization), and (u°(r)|r|u"(r)) is a matrix element
which can be calculated by using the Bloch functions for electrons and holes
in the well. For a bulk semiconductor, |M|? is polarization independent and
is given by the averaged Bloch state matrix element (Eq. (3.29)), which is
the value derived from the kp perturbation theory

MP = m*Eg(Ey + A)

2m,(Eq +24/3)
multiplied by the factor % resulting from the averaging <« > over all
directions for the hole wave function and the factor % resulting from the spin
selection rule. For a quantum well, however, such averaging does not apply
because of the anisotropy of uy(r). It has been shown through a detailed
analysis that |M|? of a quantum well depends not only on polarization but
also on k., because of the hole band mixing. The values of |M |” at and near
the band edge k., ~0 are as follows [10]:

For polarizétion parallel to the plane of well (¢||QW), i.e., TE wave:

(4.30)

1/2 times for electron — heavy hole transition
1/6 times for electron — light hole transition

For polarization perpendicular to the plane of well (e LQW), i.e., TM wave:

0 times times for electron — heavy hole transition
2/3 times for electron — light hole transition

of the value given by Eq. (4.30). They must be multiplied by a factor %
resulting from the spin selection rule.

4.2.3 Reduced Density of States

Under the assumption that the parabolic approximation applies for the
electron and hole dispersions as in Eqgs (4.16) and (4.18) and they can be
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written as

R k?

Ee =k = Ecb + Ene + D) (k = |k‘(}|) (4313-)
ne
i

Eh = El = Evb — &nh _T (k = |k\}|) (431b)
Ny

the electron and hole energies, satisfying the in-plane wave vector (k,,)
conservation rule, the quantum number (An=0) selection rule, and the
energy conservation rule Ej + iw — E; =0 simultaneously, are

ny
Er) =Ep+€ne —i—;(ha) — Eg,n) (4.32a)
e
Ei = Eyy — sup — (7w — Eg) (4.32b)
mp
1 1 1
— = (4.33)
m.  me My
Eg,n = Egb + éne +&nh = (Ecb — Ew) + Ene Tt Enh (4.34)

where m, is the reduced effective mass, E,, the bulk bandgap energy, and
E,, the gap energy for the nth subbands of a quantum well. Then the
reduced density prp..(fiw) of states for the nth subbands can readily be
calculated from Eqs (4.26) and (4.31) to yield

2m;
proen(heo) = 5 ulhe — Eg,) (4.35)

where u denotes the unit-step function.

For the Fermi—Dirac factors f> and f; in the expressions for the gain
factor and the spontaneous emission (Eqs (4.25) and (4.27)), £, and E,
of Eq. (4.32) should be used for substitution into Egs (3.6).

4.3 GAIN SPECTRUM AND GAIN FACTOR

4.3.1 Structures of Quantum Well Lasers

Use of quantum well(s) as an active layer allows implementation of
quantum well lasers offering performances better than those of ordinary
DH lasers. However, as discussed in detail in Chap. 5, mere reduction in
the active layer thickness of a DH laser to form a SQW or MQW structure
does not lead to realization of high performances, since the resultant
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quantum well (QW) is too thin in comparison with the optical wavelength
to ensure strong optical confinement, and therefore a high effective gain for
the guided wave cannot be attained. Another problem is that it is not easy to
attain a high efficiency of carrier injection in MQW structures having many
heterojunctions, and the carriers injected in the thin QW may leak, thereby
reducing the effective carrier injection efficiency. To overcome these
problems and to implement high-performance quantum well lasers, various
improved structures as shown in Fig. 4.8 have been developed. They are
separate-confinement heterostructures (SCHs), consisting of the QW active
layer for carrier confinement and a refractive index structure for optical
confinement outside it, and their modifications.

4.3.2 Determination of Quasi-Fermi Level

When the nonparabolicity of the band can be omitted, the density (per unit
volume) of electrons and holes in a carrier-injected quantum well of width
L. can be written as

_ /%ﬁﬁd& (4.36a)
_ \/\pzDV(El)(lll -/ dE (4.36b)

where p,p is the two-dimensional density (per unit area) of states in the form
of Eq. (4.22), and f; and f; are the Fermi—Dirac factors of Eqs (3.6) with the
quasi-Fermi levels F. and F,. Since p,p is constant in this case, the above
integration can be carried out analytically to yield

mhﬁBL Zln[exp( T )+1} (4.372)
mupkgT - F,
n;hfL Zln[e p( ~ >+1] (4.37b)

For electrons, assuming that the contributions by subbands except for the
first subbands can be neglected, from the above equation we obtain an
expression for F:

Foe—Eq whnL.
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Figure 4.8 Various quantum heterostructures for quantum well lasers: (a) SQW;
(b) modified SQW; (c) graded-index separate-confined heterostructure single
quantum well (GRIN-SCH-SQW); (d) MQW; (e) modified MQW. The ordinate
represents electron energy, and the abscissa is along the direction perpendicular to
the junction plane. The upper and lower shaded areas indicate the conduction band
and the valence band, respectively.

For holes, Eq. (4.37b) should be used to obtain F,, since generally
contributions by both the heavy hole bands and light hole bands must be
considered. When the minority-carrier density is given as independent, the
quasi-Fermi levels F, and F, can be determined by these expressions and the
electric neutrality condition Eq. (3.38). Although the procedure described
here applies with good approximation for cases where the carrier density is
not very high, calculation for accurate analysis for cases including those of
high carrier density requires consideration of nonparabolicity of the bands
and contribution of carriers with energy above the quantum well barrier
potential.

4.3.3 Characteristics of the Gain Spectrum
of Quantum Well

The laser amplification gain under carrier injection into a quantum well
structure results from interband transitions satisfying the quantum number
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Figure 4.9 Interband optical transition in a quantum well structure.

conservation rule, as shown in Fig. 4.9. Summing the contributions by each
subband given by Eq. (4.25), and using the reduced density of states for the
parabolic bands, the gain (absorption) spectrum is given by

g(hw) = —Ot(hw)

= x Z|M| (fr=f) =5

PrR——— u(hw — Eg ) (4.39)
"~ npegom

h2L

where m, is the reduced effective mass, E,, is the gap energy of the
subbands, u is a unit step function, and ¥, indicates summation with respect
to subbands of confinement quantum number n. For the occupation
probabilities f> and f; for the conduction and valence bands, respectively,
the probabilities for the carrier injected state given by Eq. (3.6) with the
quasi-Fermi levels and Eq. (4.32) should be used. The quasi-Fermi levels are
correlated with the carrier density as described in the previous Section 4.3.2.

Equation (4.39) shows that the laser gain spectrum is formed as a total
effect of contributions from all the subbands. Therefore, the gain or
absorption resulting from the interband transitions in a quantum well
exhibits a spectrum in the form of the product of the step-like reduced
density of states rising E, ;, with a deviation from the bulk bandgap E,, by
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Figure 4.10 Comparison between laser gains in (a) bulk DHs and (b) quantum
well structures.

the fundamental eigenvalues e;.+4¢,, and the population inversion
function f,—f1. This means that the gain has a peak-like spectrum with a
comparatively narrow width rising rapidly at the effective bandgap energy
E, ;. The gain spectrum of a quantum well is illustrated in Fig. 4.10 in
comparison with that of bulk semiconductor.

Figure 4.10 shows that a quantum well offers many advantages in
laser device implementation. Firstly, a quantum well laser oscillates at a
wavelength shorter, by a value corresponding to the quantum confinement
eigenvalues, than that for a bulk DH laser using an active layer of the same
composition as the quantum well. Although the oscillation wavelength of a
DH laser can be made shorter by changing the composition of the active
layer to enlarge the bandgap energy, laser action cannot be obtained when
the composition goes into the indirect-transition region. A quantum well
laser enables shortening of the wavelength to be obtained outside this
limitation. The second point is that, whereas in a bulk semiconductor the
gain peak wavelength shifts with increasing injection level through band
filling, in a quantum well the gain peak wavelength hardly changes. Another
advantage of quantum wells is that because of the step-like density of states
the gain is less sensitive to a change in temperature (the characteristic
temperature T for the threshold current is high).
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4.3.4 Polarization Dependence

As we see from Eqs (4.17) and (4.22) and Fig. 4.9, the heavy holes have a
smaller confinement eigenvalues and a larger density of state in comparison
with light holes. Accordingly, the portion of heavy hole density of the hole
density p is larger than that of the light hole density. This means that the
major optical transitions are electron—heavy hole transitions, which con-
tribute to amplification of the TE waves but not to amplification of the TM
waves as we see from the description of the matrix element given in Section
4.2.2. Thus the gain in a quantum well exhibits a remarkable polarization
dependence, and the gain is larger for TE waves than for TM waves.

4.3.5 Exciton Effects

The optical absorption due to interband transitions in a quantum well at
thermal equilibrium, which is described by Eqs (4.39) with f, and f;
substituted by the Fermi—Dirac factors with the Fermi level at thermal
equilibrium, exhibits a step-like spectrum. Consideration of the absorption
spectrum of a quantum well structure, however, must take the existence of
excitons into account [4]. An exciton is a pair consisting of an electron and a
hole mutually bound by the Coulomb attraction force and moving together.
It can be represented by a H-atom-like wave function. The excitons form
absorption peaks at a position shifted from the (sub)bandgap energy towards
lower energy by the exciton binding energies. In bulk semiconductors,
the exciton absorption peak is observed only at low temperatures, since
the binding energy is around 4meV which is considerably smaller than
the thermal energy for room temperature (kg7 ~25meV). In quantum wells,
on the other hand, excitons collapse, becoming a flat two-dimensional
nature, the extent of the wave function shrinks, and the binding energy
increases to up to four times the value for the three-dimensional exciton in
the bulk. Moreover, the oscillator strength per unit volume (proportional
to the matrix element |M|?) for the exciton transition in a quantum well is
enhanced to several times the value in the bulk owing to shrinkage of
the wave function. For these reasons, the exciton absorption peak is
clearly observed even at room temperature. Thus the optical absorption
spectrum of a quantum well is dominated by an exciton absorption
peak superimposed on the absorption due to the interband transition.
In a quantum well where carriers are injected with a density sufficient
for obtaining amplification gain, however, excitons do not contribute
substantially to optical transitions, as they are ionized immediately into
electrons and holes by collision with carriers. We can thus omit the exciton
effects in the gain analysis.
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4.3.6 Effects of the Band Tail and Relaxation

Using the results of the density matrix analysis, described in Chap. 3, to take
the band-tail and intraband relaxation effects into account, the gain
spectrum for a quantum well can be written in a form of convolution of
Eq. (4.25), derived from the analysis using the direct-transition model, and
the line-shape function:

ne?

g(hw) =

n.ceom’w
<3 [P 1) P 1 of o (4.40)

The line-shape function L(w—w') is given in a form such as Eq. (3.74) or
Eq. (3.75). As in a bulk semiconductor, the band-tail and relaxation effects
modify the gain spectrum in such a manner that the rising step is rounded
and the gain peak is somewhat reduced and broadened.

As in a bulk semiconductor, the many-body effects of carriers in a
quantum well give rise to bandgap shrinkage. The bandgap shrinkage for
completely two-dimensional states is expected to be proportional to the
carrier density to the power 1/2. However, it has been shown experimentally
that the dependence is actually close to the 1/3 power dependence of a bulk
semiconductor. Therefore, AE, of Eq. (3.39) for bulk semiconductors can be
used also as an approximate expression for the carrier density dependence of
E, , of a quantum well. It should also be noted that, for accurate calculation
of the above expression, the reduced density of states derived by taking the
nonparabolicity of the valence band into account must be used for
Popm(Aw’). Then, X, 0-py, 1 not exactly a multistep function as described
by the sum in Eq. (4.35) but is a function with each step deviating from a flat
horizontal step. The gain spectrum in the vicinity of the effective bandgap,
however, does not deviate greatly.

Using the procedure described above, the gain characteristics have
been calculated for quantum wells and strained quantum wells of various
materials [11]. The gain spectrum for TE polarization calculated from
Eq. (4.40) for a GaAs/Al,G;_,As quantum well is shown in Fig. 4.11 [11].

4.3.7 Dependence of the Maximum Gain on
the Carrier Density

The dependence of the maximum gain for TE polarization calculated from
Eq. (4.40) for a GaAs/Al,G;_,As quantum well on the area density (L.N) of
the carriers is shown in Fig. 4.12 [11]. In the same figure, the maximum gain
for a bulk semiconductor is shown for comparison, with the volume density
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Figure 4.11 Example of the dependence of the calculated gain spectrum of a
quantum well on the carrier density [11].

4000

In Ga,_, As strained
quantum well L, = 80 A
5,

—

-1

3000

[\
(=3
(=3
S

1000

Maximum gain g, [cm

rrr [ T 11 T rr 11 1 1

o)
=
~ .
Q
1S
>
17
Illl]llllJ_lllllll\l

avaaasaa e g el e gaaacaa o aaas

4 6 8
Carrier area density L,N [x 102 cm™2]

—_
(=)

Figure 4.12 Dependence of the maximum gain of the quantum well on the carrier
density [11]. (For the curve for bulk GaAs shown for comparison, the abscissa is the
carrier volume density N multiplied by 80 A.)
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N of the carriers multiplied by L.(=80 A) as the abscissa. As we see from
these results, the carrier densities at transparency and the gains for a
quantum well and a bulk semiconductor do not differ greatly from each
other, provided that a comparison is made with carrier densities for the
same thickness. However, a quantum well, being very thin, reaches
transparency at a carrier density per unit area of the active layer much
smaller than that required in the bulk. The carrier density per unit area of
active layer required in a quantum well to obtain a given gain is also smaller
than that required in the bulk. It should also be noted that the gain of a
quantum well increases with increasing carrier density after transparency.
This is because the density of states has a sharp step-like rise up at the
subband edge; therefore the carriers contribute efficiently to the maximum
gain, and the value of the matrix element is large. However, since the density
of states takes a constant value, a further increase in carrier density
approaching perfect inversion is associated with saturation of the gain
increase. Although the carrier density dependence of the maximum gain can
be approximately described by

gmax = Ag(N — No) (4.41a)
An expressions such as
N + N
ax = goIn[ ——= 4.41b
&max £o n(N0+NS> ( )
N
Zmax = goln <N0> (4.41¢c)

are also used to describe phenomenologically the sublinear dependence due
to saturation. Here N is the injection carrier density, Ny is the carrier density
at transparency, and 4, and g, are constants. In Eq. (4.14b), N; is a constant
representing the degree of saturation; Eq. (4.14b) coincides with Eq. (4.41a)
for Ny— oo and coincides with Eq. (4.41¢c) for N;=0.

4.3.8 Absorption Spectrum and Maximum
Gain Wavelength

The absorption spectrum for the thermal equilibrium state without carrier
injection and the gain spectrum under carrier injection for a quantum well,
in comparison with those for a bulk semiconductor, are shown in Fig. 4.13
[12]. A quantum well exhibits absorption and gain spectra having a
sharp rise, and the bandgap shrinks on carrier injection. Accordingly,
the absorption in a quantum well without injection at the wavelength of the
gain maximum for an injected quantum well is much smaller than the
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Figure 4.13 Comparison of the optical loss spectrum of passive waveguides in a
quantum well structure and a bulk DH at a wavelength in the vicinity of the laser
oscillation wavelength [12].

corresponding value for a bulk semiconductor. This means that a quantum
well offers advantages in implementing distributed Bragg reflector lasers
and monolithic integrated optical circuits, consisting of a laser-active section
and a passive waveguide section in a waveguide of the same material.

It is known that, after a quantum well layer has been grown over a
whole area of a semiconductor crystal substrate, the quantum well can be
erased within a selected area. Erasing can be accomplished through inter-
mixing of the well and barriers by impurity diffusion or ion implantation
followed by thermal treatment, or deposition of the capping layer followed by
thermal treatment. The processing is referred to as area-selective quantum
disordering [13]. The disordered area can be used as a passive optical
waveguide of low propagation loss at the wavelength of the gain maximum of
the quantum well. Therefore, this processing offers an important technique
for implementation of monolithic integrated optical circuits.

4.4 SPONTANEOUS EMISSION AND
INJECTION CURRENT DENSITY

The rate of spontaneous emission of photons within the frequency range
from o to w+dw, per unit volume per unit time, can be calculated by
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summing the contributions by each subband given by Eq. (3.27), and then
taking the convolution of the sum and the line-shape function describing
the band-tail and relaxation effects. The result can be written as

neetw
)/spt(ha)) do = mdw
- g T h / / /
< [ -2 e e @)

The spontaneous emission spectrum can be calculated from the above
expression. The total spontaneous emission rate Ry, per unit volume per
unit time can be calculated by integrating ry,(/iw) of Eq. (4.42) with respect
to w. The result is same as o integration of ry,(fiw) without taking the
convolution with the line-shape function. The total spontaneous emission
rate R can be correlated with the injection current density J contributing
to photon emission by

J
Rspt = /Vspt(hw) do = l{q

(4.43)

z

Therefore, the dependence of the gain on the injection current density can be
calculated in the same manner as the calculation for the bulk semicon-
ductor. For moderate injection current densities, this calculation procedure
can be used to derive approximate results, since the spontaneous emission is
dominated by the transitions of two-dimensional carriers described by
Eqgs (4.42) and (4.43). For higher injection current densities, however, the
contribution of carriers in the quantum well and the SCH structure having
energies higher than the quantum well barrier potential may not be
neglected. Therefore, a complicated calculation taking this into account is
required [4]. It is also necessary to consider the effects of the nonradiative
recombination and carrier overflow in the same manner as in a bulk DH
structure, in order to correlate accurately the calculated radiative recom-
bination current density with the current density of an actual device.

As an example of the calculated dependence of the maximum gain on
the injection current density (radiative recombination current density), a
result for GRIN-SCH-SQW structures is shown in Fig. 4.14 [14]. The
threshold current densities for Fabry—Perot lasers using these structures are
also shown in the figure. The SQW thickness is denoted by L., and_the
structure approaches to ordinary DH structures for thickness L.~ 400 A or
larger. As also seen in this figure, the dependence of the maximum gain of
quantum wells on the injection current density generally exhibits sublinear
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Figure 4.14 Dependence of maximum gain of GRIN-SCH-SQWs on the injection
current density, and the threshold current densities of lasers using GRIN-SCH-SQW
structures [14] for =40 cm™' (0) and «=70cm™".

characteristics. To describe such characteristic phenomenologically, expres-
sions in the same form as Eq. (4.41) are used:

J+J

8max = 80 1n<JO T JZ) (4.44a)
J

gmax = go In <J) (4.44b)
0

A quantum well has a thickness smaller than that of an ordinary DH
active layer and a small volume; therefore a large g, 1s obtained with low
injection current density J. Comparison between values of g, for a same
injection current density J/L. per unit volume in thick DH structures and
quantum well structures shows that g... for quantum well structures is
larger in a wide range of current densities, although the difference is not so
significant as that of the J dependence of g,,,.x. In many cases, the same g.x
can be accomplished in quantum well structures with J/L. smaller than that
required in DH structures. These advantages of quantum wells result from
the effective contribution of the injected carriers to transitions at or near the
subband edge relevant to g,.x, and the large value of the effective transition
matrix element. It should be noted that the effective maximum gain for the
optical wave in a laser is not gma.x but I'gma.x, Where I' is the optical
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confinement factor described in Chap. 5. As we see from Fig. 4.14, the I'g.x
value required for laser oscillation can be obtained with an injection carrier
density considerably lower than that required in ordinary DH structures,
provided that the thickness of the quantum well and the SCH structure are
appropriately designed so as to accomplish effective contribution of the
injected carriers to the radiative recombination in the quantum well and to
realize a large value of I'.

4.5 STRAINED QUANTUM WELLS

It is usual for DHs and quantum wells to be constructed with mutually
lattice-matched semiconductor alloy crystals. Quantum wells with a
thickness of several tens of nanometers or less, however, can also be
constructed with alloy compositions with slight lattice mismatch with the
surrounding barriers. Such structures are called strained quantum wells, and
they are classified into compressively strained quantum wells where the
lattice constant of the well is larger than that of the barriers, and tensile-
strained quantum wells where the lattice constant of the well is smaller.
Representative example are In,Ga;_ . As well with GaAs barriers, and
In,Ga,; _ ,As (or In; _ (Ga,As,p, _y) well with InP barriers; the former is a
compressively strained quantum well, and the latter can be a tensile-strained
or a compressively strained quantum well depending upon the composition.
The strain gives rise to modification of the band structure of the quantum
well, and appropriate design allows realization of characteristics useful for
improvement in the performances of semiconductor lasers [15-19].

The modification of the band structure is shown schematically in
Fig. 4.15. The major effect of strain is to decrease the effective masses of
holes, associated with enhancement of curvature of the dispersion curves for
the valence band. Although both compressive strain and tensile strain give
rise to this tendency, the effect is more remarkable with the former. In
semiconductors free from strain, the effective mass of electrons is nearly one
order of magnitude smaller than that of holes, and the electron density of
state is smaller. Therefore, the quasi-Fermi levels under electrical neutrality
are at asymmetrical positions shifted upwards to the conduction band, as
shown in Fig. 4.15(a). In strained quantum wells, on the other hand, the
conduction and valence bands are better balanced, and the positions of
the quasi-Fermi levels are closer to symmetrical positions, as shown in
Figs 4.15(b) and 4.15(c). The improvement in balance leads to a reduction in
carrier density required for a constant separation between quasi-Fermi levels
for both bands, and hence a reduction in the carrier density required for
population inversion. Therefore, the current density at transparency is
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Figure 4.15 Band deformation and shift of quasi-Fermi levels by compressive and
tensile strain: (a) without strain; (b) with compressive strain; (c) with tensilc strain.

reduced and the differential gain is enhanced. A significant enhancement of
the differential gain by a factor of up to approximately 2 is feasible with
appropriate design.

Whereas in bulk semiconductors free from strain the upper edges of
the heavy hole and light hole bands are degenerate, in strained quantum
wells the degeneracy is removed. As a result, the upper edge of the valence
band is the edge of the heavy hole band for compressive strain and is the
edge of the light hole band for tensile strain, as shown in Figs 4.15(b) and
4.15(c), respectively. Accordingly, the major transition is the electron-HH
transition for compressive strain and is the electron—-LH transition for
tensile strain. The electron-HH transition contributes to amplification of
the TE wave, and the electron—LLH transition mainly to amplification of the
TM wave. Therefore, it is possible to tailor the polarization characteristics
of the amplification by giving an appropriate strain.
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S

Semiconductor Heterostructure
Optical Waveguides

Optical waveguiding based on the confinement of an optical wave in a semi-
conductor heterostructure, as well as optical amplification based on stimulated
emission, is an essential element for semiconductor lasers. This chapter
presents optical waveguides consisting of semiconductor heterostructures for
lasers. Analysis of passive optical characteristics [1-4] and optical character-
istics under carrier injection are discussed. Analysis and characteristics of
optical resonator for laser using such a waveguide are also presented.

5.1 OUTLINE OF OPTICAL WAVEGUIDES FOR
SEMICONDUCTOR LASERS

Fundamental semiconductor lasers are implemented by sandwiching an
active region for optical amplification between two regions of material with
larger bandgap to construct a double hetero-structure (DH) for effective
injection and confinement of high-density carriers. The thickness of the active
layer of ordinary DH lasers is designed to be around 0.1 um. Fortunately, in
III-V compound alloy semiconductors, increasing the bandgap energy by
changing the composition generally results in decreasing the refractive index
for optical waves [5]. Therefore, an optical wave can be confined in the active
layer and its vicinity. This means that a DH structure serves as an optical
waveguide, which confines the wave in a narrow range with respect to the
direction of the thickness, and guides it along the direction of the layer. In
contrast with the free propagation of an optical wave in a homogeneous
medium, where an optical wave cannot be concentrated into a region of sub-
micron width over a distance of the order of millimeters, an optical waveguide
can offer such confinement to enhance the interaction between optical wave
and carriers. Thus practical semiconductor lasers can be implemented.
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Figure 5.1 Reflection of a plane wave at a boundary between two media of
different refractive indexes.
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Figure 5.2 Ray optics model for the principle of an optical waveguide.

Consider an interface between two media having different refractive
indexes ng and nc (ng>nc), and an optical plane wave incident on
the interface at an angle ¢ from the medium of higher index ng, as shown
in Fig. 5.1. For small ¢, the optical wave is transmitted into the medium
of index nc and propagates at a refraction angle sin~'[(ng/nc)sin ]
determined by the Snell’s law. If ¢ is larger than the critical angle ¢.
given by

¢ = sin”"! (nc) (5.1)

ng

the optical wave is totally reflected back into the region of index ng.
Therefore, constructing a structure where a layer of index ng is sandwiched
between two layers of index nc as shown in Fig. 5.2, optical waves with
¢ > ¢ are confined in the layer of index ng through successive total internal
reflections and propagate in this layer with a zigzag path. Although the
principle of optical waveguides can thus be illustrated by using the above-
described ray optics model and total internal reflection, accurate analysis
requires a wave optics treatment as discussed below.

A waveguides that confines the optical wave with respect to the
direction perpendicular to the plane of substrate and guides it along the
layer is called a planar waveguide, and the layer where the wave is confined
is called the guiding layer. Although fundamental DH lasers use the active
layer as a guiding layer, in many cases the guiding layer does not necessarily
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Figure 5.3 (a) Planar waveguide and (b) channel waveguide.

coincide with the active layer, since various multilayer waveguide structures
are used for improvement in performances. For quantum well lasers, a
separate confinement structure is required to attain efficient confinements of
the carriers and the optical wave.

Semiconductor lasers using a planar waveguide, called broad area
lasers, can easily be fabricated and provide a high output power. However,
several factors including microdefects make it difficult to obtain stable laser
oscillation with good uniformity along the lateral direction perpendicular to
the optical axis. In many cases, they oscillate strongly in several narrow
stripe regions. This phenomenon is called filamentation. Filamentation
results in difficulty in focusing or collimating the output wave, limiting the
applications. The wavelength spectrum of the output does not exhibit a
single peak but a broad and complex distribution. This means that simple
broad-area lasers cannot provide an output wave of high temporal and
spatial coherence. To solve these problems, channel waveguides that confine
the optical wave also in the lateral direction and guide it in a narrow region
as shown in Fig. 5.3(b) are employed. Semiconductor lasers of this kind,
called stripe lasers, can provide a stable and highly coherent output, and
therefore they are at present the major semiconductor lasers.

5.2 FUNDAMENTAL EQUATIONS FOR THE OPTICAL WAVE
5.2.1 Maxwell Equations and Wave Equations

The Electric field E, magnetic field H, electric flux density D, and magnetic
flux density B of the optical wave, in general, together with the electric
current density J, satisfy the Maxwell equations

9B
VxE=_2 5.
X o (5.2a)
D
VxH=%+J (5.2b)
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V-D=0 (5.2¢)
V-B=0 (5.2d)
From these equations, the boundary conditions for optical waves are
obtained. Let e, be a unit vector normal to a boundary, and 1 and 2 be

subscripts for denoting values an both sides of the boundary; then the
boundary conditions are given by

en x (Ej —E)) =0 (5.3a)
en x (Hy — Hy) =0 (5.3b)
en (D —Dy) =0 (5.3¢)
en-(Bl - Bz) =0 (53d)

The above equations show that the tangential components of E and H and
the normal components of D and B are continuous across the boundary.

Consider an optical wave of single angular frequency w. Let exp(—iwt)
be the time dependence and omit it, and let ¢ and o be the relative dielectric
constant and conductivity, respectively, of the medium at w. Then D and E,
B and H, and J and E are correlated by

D = gcE (5.4)
J=0oE (5.6)

Then Eq. (5.2) is rewritten as

Vx E =iwugH (5.72)

V x H = (—iwepe + 0)E (5.7b)

V:eE=0 (5.7¢)

V-H=0 (5.7d)
Eliminating H from the above equations, we obtain a general wave equation
for E:

2 E 2.1

V°E + V| Ve ’ + (ke + iwvgo)E =0 (5.8)

where kg is the wave number defined by
12 w 21
ko = wleopo) '~ = —=— (5.9)

c A

Here c is the light velocity in vacuum, and A the wavelength in vacuum. For a
homogeneous medium we have Ve = 0 and the wave equation is reduced to

V2E + (ke + iopoo)E = 0 (5.10)
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Even if the medium is not exactly homogeneous, we can use the above
equation as an approximation, provided that Ve ~ 0. As we see from Eqgs. (5.7)
and (5.10), we can use a complex relative dielectric constant & defined by

F=et+— (5.11)

substituting ¢ to include the o term representing the losses in £ as the
imaginary part.

5.2.2 Description of a Carrier-injected Semiconductor

The above expressions can also be applied for semiconductor media by
extending them to describe the stimulated emission and the refractive index
change induced by carrier injection. The extension can be made by
considering a polarization P, representing the excitation effects.
Assuming that P, is correlated with the electric field E by

Pyt = o xact E (5.12)

using a complex dielectric susceptibility yac, We can rewrite Eq. (5.4) as

D = EOSE + Pact - 80(8 + Xact)E (513)
in a form including P,.. Then the wave equation is rewritten as
V2E + ki’ E =0 (5.14)
- ~ io
P =8=¢+ Yot +— (5.15)
we(

where 7 is a complex index of refraction. The index for cases without carrier
injection is given by n=¢'"" Since in many cases, for semiconductors,
| Xact]| K € and o/wey K €, we have

Re{Xact}

Re{n} ~n+ P (5.16a)
~ Im{xace} o

I N—t— .16b

min) 2n + 2nwe (5.16b)

Consider a plane wave propagating along the 4z direction in a
homogeneous medium. Then substituting E = e, exp(iBz) with a complex
propagation constant 8 into Eq. (5.14) yields

3 b (8., ¢

ﬂ_kgn_ko(n+An)+1( 2+2) (5.17)

An = - Refua) (5.18)
2n
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ko

&= _;Im{Xact} (5.19)
k
- 9 (5.20)
nwe

Since this optical wave can be expressed as

E = e expliko(n + An)z] exp (+ %) exp(— %) (5.21)
g is a power gain factor, An is the associated refractive index change, and «

is a power attenuation factor.

5.3 OPTICAL WAVE IN A WAVEGUIDE
5.3.1 Optical Electromagnetic Modes in a Waveguide

An optical waveguide structure, in general, can be described by the
distribution of the relative dielectric constant ¢ in the cross section. Taking
the z axis of a coordinate system along the direction of optical wave
propagation, the distribution for a waveguide that is uniform in the z
direction can be written as

& = e(x,y) = [n(x, »)F (5.22)

The refractive index distribution n(x, y) is assumed to have a maximum in
the vicinity of the waveguide axis (0,0) and a smaller value for positions
away from the axis. For the moment we assume a lossless waveguide (o =0).
The electromagnetic fields of optical waves in this waveguiding structure can
be written as

E(x,y,z) = E(x,y)exp(iBz) (5.23a)
H(x,y,z) = H(x,y)exp(iBz) (5.23b)

where B is a propagation constant. The above field must satisfy the Maxwell
equations and boundary conditions. If Vr?(x,y)~ 0, E(x,y) satisfies the
wave equation

V2 4+ [k3n*(x, y) — BAE(x,») = 0 (5.24)

where V, = (9/0dx, 9y, 0).

Among many solutions of the above equation, solutions such that
E(x,y) is finite at and near the waveguide axis and approaches zero
asymptotically for positions far away from the axis are called guided modes,
since they describe a confined optical wave. A finite number of guided
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modes, which are described by the discrete modal field distributions E(x, )
and H(x,y), and discrete propagation constants exist.

Solutions such that E(x, y) does not approach zero asymptotically for
positions far away from the axis, on the other hand, are called radiation
modes, since they describe optical waves propagating away from the axis.
An infinite number of radiation modes exist, and the modal field distribu-
tions and the propagation constant are of continuous character.

It is convenient to express the propagation constant 8 of the mode by
using the wave number ko of Eq. (5.9) in the form

B = Nk (5.25)

where N is called the effective index of refraction or the mode index.

5.3.2 Intermode Orthogonality and Power Flow

One of the most important general characteristics of optical waves in a
lossless waveguide structure is intermode orthogonality. Let {E|, H,} and
{E,, H>} be two sets of arbitrary electromagnetic fields; then from Egs.
(5.7a) and (5.7b) we obtain

V(E| x H} + E3 x Hy) = —20E, - E; =0 (5.26)

As for the two sets of field in the structure, consider two modes in the form
of Eq. (5.23), and let {E,,, H,,} and {E,,, H,,} represent E(x, y) and H(x, y)
for the two modes. Substituting them into Eq. (5.26) and integrating the
resultant equation over the x—y plane yield

(b =P ””)f / [Eun x Hypy + Ejyy X Hi], dxdy
= i//V,[Em x Hy, + E;, x H,],dxdy (5.27)

where the subscript ¢, denotes components in the x—y plane, and the
subscript z the z component.

The area integration on the right-hand side of the above equation can be
rewritten as a closed-line integration along the rim of the infinitely large
integration area. The value of the integration vanishes to zero, since E,
H — 0 at positions far away from the z axis for cases where either m or ' is a
guided mode, and periodic boundary condition can be used to show its
disappearance for cases where both m and m’ are radiation modes. As a result,
the area integration on the left-hand side of the above equation vanishes to
zero when B,,# B,,. This means that the transverse components of the
electromagnetic fields of different modes are orthogonal to each other.
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Let us consider next the optical power carried by the modal
electromagnetic fields. Since the effective power flow density is given by
the real part of the complex Poynting vector § =%(E x H*), the power flow
transmitted by optical wave of mode m can be written as

P=P,

:Re{/ S-ezdxdy}
= Re{//i(E, X HT)dedy}

= %/ [Es x H},, + E}; x H,,] dxdy (5.28)

The above quantity is such that P>0 and P <0 for 8,,>0 and 8,,<0,
respectively.

It is convenient to use modal field expressions normalized in such a
form that P=1W. The orthonormal relation can be written for guided
modes as

%// [Eyy x H},, + E} x Hyp). dxdy = £68, (5.29)

where the + sign should be taken on the right-hand side for 8,,=8,, >0,
and the — sign for B8,,= B, <0. For radiation modes that have a continuous
spectrum, the Kronecker delta must be replaced by the Dirac delta function.

Optical modes have not only normality but also completeness; they
form a complete normal system. This means that transverse components of
an arbitrary optical electromagnetic fields can be expressed in an expansion
form using the modal fields as

E/(x,y,2) = Z amE 1y(x, y) exp(iBmz) (5.30a)

m

H(x.y.2) =Y auH (. y) exp(iBnz) (5.30b)

where ), denotes superposition with respect to all modes, i.e., summation
over guided modes and integration over radiation modes. Thus E; and H,
are described completely by the above expression. Since the z components E.
and H. can be obtained from the Maxwell equations as

V[ X E[ = ICOMOHZ, V[ X Hl = _ICL)EOSEZ (5.31)

all the components of arbitrary fields £ and H can be described by a set of
the expansion coefficients a,,,.
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5.4 PLANAR WAVEGUIDE
5.4.1 Wave Equation

The distribution of the relative dielectric constant of a planar waveguide of
uniform layer structure can be written as

e = &(x) = [n(x)] (5.32)

Although the electromagnetic fields of optical modes propagating in the
waveguide can be written in a form of Eq. (5.23), they can be simplified as
function of x only, namely E(x) and H(x), because of uniformity along the y
direction. Then decomposition of the Maxwell equations given by Eqgs.
(5.7a) and (5.7b) into components yields

—iBE, =iwpoH, (5.33a)
dE. . .
— dvﬂ +iBE, =iwpoH, (5.33b)
E,
dE, _ iwpo H.- (5.33¢)
dx
~iBH, = — iweyn*E, (5.33d)
dH.
— dxh +ipH, = — iwgon’E, (5.33¢)
H,
i, _ — iwegn’E- (5.33f)
dx

From the above equations, we see that the optical modes can be classified
into two categories. Putting H, =0 in Eq. (5.33), we have E,=E.=0, and
we see that H, and H. can be calculated from E, as
i dE,
H, = _iEVs H. = -—— (534)
wpo wpo dx
Modes of this category are called transverse electric (TE) modes, since the
electric field vector is perpendicular to the propagation (z) axis. The electric
field amplitude E(x) satisfies the wave equation

d’E,
dx?

On the other hand, putting £, =0, we have H, = H.=0, and we see that £,
and E. can be calculated from H, as

+ [k3n(x)* — BE, =0 (5.35)

i dH,
E =P H, E=—S2
wson? wson? dx

(5.36)

Copyright © 2004 Marcel Dekker, Inc.



Modes of this category are called transverse magnetic (TM) modes, since the
magnetic field vector is perpendicular to the propagation axis. The magnetic
field amplitude H,(x) satisfies the wave equation

H
2 L (2 ) e — pym, = 0 (5.37)
dx dx ’

where n(x) is simplified as n.

5.4.2 Step-Index Waveguides

As a fundamental planar waveguide, let us consider a structure consisting of
a guiding layer of a high refractive index ng and a thickness 7 sandwiched
between two media of indexes nyc and npc, as shown in Fig. 5.4(a). In
ordinary DH lasers, the active layer serves as a guiding layer. Since the
thickness of the low-index regions, called cladding layers, is practically
designed to be sufficiently larger than the lateral expanse of the guided wave,
the three-layer structure shown in Fig. 5.4 is appropriate as a model for the
analysis. The structure has a step-type refractive index distribution n(x) as
shown in Fig. 5.4(b), and n(x) can be written as

T T
n(x) = 1 ng (—2 <x< 2), nG > Nyc, HLC (5.38)

" T
LC X < 3

When the refractive indexes are uniform in each region, the wave equations
for TE and TM modes are in the same form. Put the propagation constant g8

T
(a) (b)

Figure 5.4 Step-index waveguide: (a) Cross-sectional structure; (b) refracture
index distrubution.
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as B= Nk, and put
yue =ko(N* = np0)'?. yic = ko(WN? —ni)'?

5.39
kG — kO(nzG _ N2)1/2 ( )

Then the solutions of the wave equation are proportional to exp(Zikx) in
the guiding layer, and to exp(£yx) in the cladding layers. For guided modes,
« and y should be real, therefore the effective index N of refraction must be
in the range

nuc, nic < N < ng (5.40)

Using an angle 6 defined by

N _ B
I’lG_kol’lG

=cosf (5.41)

spatial variation on the optical field amplitude in the guiding layer can be
written as

exp(Fikx) exp(ifz) = exp{ikong[x sin(£0) + z cos(£0)]} (5.42)

The above expression describes two plane-wave components propagating at
angles +60 with respect to the z axis. The plane-wave components are
incident on to the boundary between the guiding and cladding layers at
angle ¢ =mn/2 — 60, and are totally reflected. The mathematical expressions
for the guided modes are described in the following.

Transverse Electric Modes

Solutions E(x) of Eq. (5.35), which approach zero asymptotically for
x — 00, can be written as

T
Eyc eXP|:—)/UC (X - 2>i|

E,(x) = { Egcos [KG (x — Z) + (PUC:| <— Z <x< T) (5.43)

Evcexp [mc <x+§)} <x< B g)

The other field components are given by Eq. (5.34) using this E,. Here, from
the boundary conditions, continuities of E, and dE,/dx are required.
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Eliminating Eyc, Eg, and Eyc using the boundary conditions at x ==+7/2
yields

K(;T— @UC _@LC =mn (m:O,1,2, ) (544)
where
dyc = Tan™! (VUC), @ c = Tan™! (VLC> (5.45)
KG KG

From the boundary condition we also obtain relations between Eyc, Eg,
and E:

EUC = EG COS @Uc, ELC = EG(—I)m COS (pLC (5.46)
From Eq. (5.28) the power flow P per unit width along the y direction is
_ 2

P= Ef,(x) dx
WHo
eo\ /2
= N(O) E2Ter (5.47)
Mo
with
1 1
Ter=T+—+ (548)
Yuc YLC

For symmetrical waveguides with nyc=nyc=nc, Eq. (5.43) reduces to
E,(x) =3 Eg COS(KGX — —)

T T
Eg cos ¢ exp|:—yc (x — 2>:| (2 <x)
2

mn
Eg(—1)" cos &¢ exp|:+yc (x +§)i| (x< —Z)

(5.43")
with

KT —2&c = mm, @c = Tan™! (Vc) (5.44)
KG

and E,(x) are symmetrical functions for even m, and antisymmetrical
functions for odd m. The former is called even modes and the latter odd
modes.
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Transverse Magnetic Modes

Solutions H,(x) of Eq. (5.37) which approach zero asymptotically for

¢)

x — o0, can be written as

tocesn]-me(s=2)]

T
H,(x) = { Hg cos [KG (x — 2) + @Uc:|

T
Hicexp [-H/LC (x + 2>:|

Tl
2 2

(-3

2

(5.49).

The other field components are given by Eq. (5.36). From the boundary
conditions, continuities of H, and n? dH,/dx are required. Eliminating

Huc, HG, and HLC ylelds

kgT — Pyc — Prc = mn (m=0,1,2,...)

2
dyc = Tan™! RUSH g
nuc KG

2
nLc kG

Hyc = Hg cos Pyc, Hic = Hg(—1)" cos @rc

The power flow P per unit width along the y direction is

28 [E?
P= 28 —;dx
(7)) n
Mo 172
= N() HE Tegr
€0
with
1 1
Ter =T +

+
yucquc YLcqdLc

N> [N\
quc=\—] +(—) - L
nG nuc
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(N
qiLc = G

)+

N

nLc

)2_1

(5.50)

(5.51a)

(5.51b)

(5.52)

(5.53)

(5.54)



For symmetrical waveguides with nyc=nrc=nc, Eq. (5.49) reduces to

T T
Hg cosdiexp|:—yc<x —2>i| (2 <x>

mn T T
Hy(x) = HG COS(KGX — 7) (-2 <x< 2)

Hg(—=1)" cos @c exp [+yc (x + g)} (x < — g)

(5.49")

with

2
kgT —2®c = mm, @ = Tan™! |:<n(;) ]/C:| (5.50")
nc) kG

As we see above, the independent field component E)(x) for TE modes,
and the independent field component E\(x), for TM modes are described
by expressions of the same form, and they exhibit sinusoidal oscillatory
distribution in the guiding layer, as shown in Fig. 5.5. In the guiding layer,
two plane-wave components with propagation angles 46, corresponding
to the zigzag rays in the ray optics model, propagate simultaneously.

1.0 ;"r‘Tﬂl]‘lllllll:lll:lIII’IIIIIIIII['[L ;II‘III"I""T"IIIII‘I?I'IIIIIIIIIIII_
- 4 - -
= S 4 L E
m 05k - - —
2 - p L 4
2 i 1 t 4
a L J & 4
5 0
i - . ]
o) - - - -
=} | i B §
S [ . ] i .
g —0.5 |- - - TIA=03 - - .
= x 1t :
FAn=ng—nc=0.2 b B y
-Lo Tunl||||unnl||I'||J£A|u|||1|nll|u " [EVPTTITA nuw. r P TR EOP P Yri ARRPTTT! :
-2 -1 0 1 2 -2 -1 0 1 2
Distance from the waveguide center x/A Distance from the waveguide center x/A
(a) (b)

Figure 5.5 Examples of amplitude distributions of guided modes: (a) Single-mode;
(b) multimode waveguide.
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Interference of the two plane-wave components gives rise to formation of
a standing wave with the oscillatory distribution. The field can be written as
%exp(idiuc) (exp[+ikg(x — T/2)] + exp(—2idyc) exp[—ikg(x — T/2)]). The
first term represents a wave proceeding to the boundary with the upper
cladding layer at angle +6, and the second term the wave proceeding at angle
—0, after reflection. The complex amplitude of the latter at the boundary
x=T]/2 is exp(—2i@yc) times the amplitude of the former. This means that
the total internal reflection of the wave at the boundary with the upper
cladding layer is associated with a phase shift of —2®yc. Reflection at the
boundary with the lower cladding layer is associated with a phase shift of
—2®; c. In the cladding layers the optical field amplitudes decay exponen-
tially. The immersion of the field into the cladding layer, even in the total
internal reflection, results from the wave nature of light. The wave immersed
in the low-index region is called an evanescent wave. The depths to which the
evanescent wave penetrates in the upper and lower cladding layers are 1/yyc
and 1/yyc, respectively.

It is known that the phase shifts —2®yc and —2®; ¢ associated with the
total internal reflection give rise to a shift in the appearance point of the
reflected ray from the incident point along the z direction, as shown in Fig. 5.6.
The magnitudes 2Zyc and 277 ¢, of the shift can be obtained by calculating
the derivatives of —2®yc and —2®;  with respect to 8. The results are

2 2
2Zyc = —Tang, 27y c = —Tang (5.55)
yYuc YLC

for TE modes, and

2Zyc =

Tan¢, 2ZLC =
Yucquc yYLcqLc

Tang (5.56)

for TM modes [6]. The ray shift is referred to as the Goos—Haenchen shift.

Goos—Haenchen

shift
Uyye 27
uc

Cladding layer * E

L N
Guiding layer \\ / \\ # T T glffcclfr?e\;cs
Cladding layer 'H. 4 Penetration depth of

2Zc ¢ I/y;c  the evanesent wave

Figure 5.6 Rays in a waveguide, the Goos—Haenchen shift and the effective
thickness of a waveguide.
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The power flow expressions in Eqs (5.47) and (5.52) indicate that the
guided wave power per unit width along the y direction is given by the
product of the optical power density in free space and 7T, which is the sum
of the guiding layer thickness and the evanescent-wave penetration depths,
and is called the effective thickness of the waveguide. The rays with
successive total reflections proceed with bounces within a width of T, as
shown in Fig. 5.6.

The equations for determining the effective refractive index (Eqs (5.44)
and (5.49)) are called characteristic equations of guided modes or dispersion
relations. These equations indicate that the total phase shift for a lateral
round trip of the optical wave, i.e., the sum of the phase shift 2kgT within
the guiding layer and the phase shifts, —2®yc and —2®; ¢ associated with
the total reflection at the boundaries must equal the integer multiple of
(m times) 2r. This means that self-consistent optical modes can exist only
when the optical wave after the round trip coincides with the initial wave
including the phase. From this requirement it can be seen that the values of
the effective refractive index N of guided modes, are discrete. The integer m
is the order of the mode.

As the characteristic equations show, N is determined depending
upon the refractive indexes ng, nyc, and nyc of each layer, the guiding
layer thickness 7, the optical wavelength A, and the mode order m. Since
the characteristic equations are transcendental equations, N cannot be
determined analytically. However, the result of the calculation can be
summarized in a convenient graphical form using normalized parameters, as
described below.

Firstly we define a normalized guiding layer thickness V7 by

VT = k() T(ﬂé — I’lic)l/2
w
= T(nZ, —nio)'? (5.57)
The parameter V' is also called the normalized frequency, since it is

proportional to the optical frequency. We also define a parameter for describ-
ing the degree of asymmetry of the upper and lower cladding layers by

2 2
nie—n
atE = % (5.58)
ng —ic
The effective refractive index N is normalized into b by
2_ .2
N= —nic

b =
2 2
ng —fic

(5.59)

Copyright © 2004 Marcel Dekker, Inc.



(N2 - "ch)/(”lcz - ’1L(‘,2)

Normalized effective refractive index
b

10
Normalized frequency V = kyT (ng> — nic

2)1/2

Figure 5.7 Relation between the normalized frequency and the normalized
effective index of refraction.

Using these parameters, the characteristic equation for TE modes, namely
Eq. (5.44), is rewritten as

1/2 1/2
V(1 —b)"/? —Tan™! (%) — Tan™! (g) =mn (5.60)
where V' and arg are abbreviated as V' and a. The calculated relations
between V' and b for the mth modes are plotted in Fig. 5.7. The graphs are
called dispersion curves of guided modes. For a practical waveguide, one
can calculate the values of V' and a and read the value of b from the
dispersion curves. Then the effective index can readily be obtained from

12
N = [nic +bng —nic)] " % e + blng — nic) (5.61)

As we see from the dispersion curves, the number of guided modes
increases with increasing normalized guiding layer thickness V7. The mode
of lowest order m=0 is called the fundamental mode. A waveguide that
supports only the fundamental mode is called a single-mode waveguide, and
a waveguide that support several modes is called a multimode waveguide.
The effective index of a higher-order mode is smaller than that for a lower-
order mode in the same waveguide. The effective index N of each mode,
increases numotonically with increasing V7 and approaches the refractive
index ng of the guiding layer asymptotically. Inversely, decreasing V7 results
in a decrease in N. After the decrease in N down to either of the indexes nyc
or n ¢ of the cladding layers, the mode disappears. This is called the cutoff.
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The value of the normalized frequency corresponding to the cutoff V,, of
the mth mode, can be determined by putting » — 0 to yield

Vn = mn + Tan"'(a'/?) (5.62)

For symmetrical waveguides, we have a =0 and therefore V., =0, indicating
that the fundamental mode exists in all cases. From Eq. (5.62), we see that
the condition for the single-mode waveguide is

Tan"!(a'?) <V <n 4 Tan"'(4'/?) (5.63)

Although the above descriptions are for TE modes, a similar treatment
can be carried out also for TM modes. Since the characteristic equation for
TM modes is a little more complicated, accurate expressions cannot be given
with V, a, and b only. However, by using a parameter defined by

nG 4”ch — nyc
atm = <) > 2 (564)
nG —"ic

instead of atg of Eq. (5.58), and using V' of Eq. (5.57) and b of Eq. (5.59),
the characteristic equation for TM modes can be expressed approximately
by the same equation as for TE modes (Eq. (5.60)). Therefore, Fig. 5.7 can
be used also to determine N approximately for TM modes. For symmetrical
waveguides (n.c =nyc), the difference between N for TE and TM modes is
very small, since atg=ary =0. For asymmetrical waveguides, we have
atwm > atg > 0, and therefore from Fig. 5.7 we see that N for a TM mode is
somewhat smaller than N for a TE mode of the same order. The cutoff
normalized frequency V., for the TM mode of each order is larger than that
for the TE mode.

5.4.3 Graded-Index Waveguides

Waveguides such that the refractive index distribution n(x) is a continuous
function of x and varies gradually with position x are referred to as graded-
index (or gradient-index) waveguides. A semiconductor waveguide of this
kind can be formed by varying gradually the alloy composition during
the epitaxy process. They are advantageous in accomplishing a low
scattering loss.

Ray Trajectory

An example of a graded-index distribution n(x) is shown in Fig. 5.8(a).
A symmetrical waveguide with n(x) =n(—x) is considered for simplicity.
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Upper cladding layer

Lower cladding layer Turning point

(b)

Figure 5.8 Graded-index waveguide: (a) refracture index distribution; (b) ray trace.

The effective index N = 8/k, of guided modes is in the range
n(—o0) = n(400) < N <n(0) (5.65)

and points x = —x; and x = +x; exist such that

N = n(—Xt) = n(+Xt) (566)

At a position x within the region —x; < x < +x; in the waveguide, the ray
proceeds at an angle +6(x) determined by
N __ 8
n(x)  kon(x)

= cos[0(x)] (5.67)

Therefore, the ray proceeds with a continuous and gradual change in
direction, and the ray direction with respect to the x direction is inverted
when the ray reaches —x, or +x, and the angle becomes 6 =0. The ray
trajectory is a smooth undulating curve as shown in Fig. 5.8(b). The points
x = +x, are called turning points. The fact that the ray turns at these points,
corresponding to the total internal reflection at the boundaries in a step-
index waveguide, gives rise to the optical field confinement and guiding in
the region where the refractive index is high.

Analysis by the Wentzel-Kramers—Brillanin Method

Although the guided mode fields and the dispersion characteristics of
graded index waveguides in general cannot be derived analytically, the
Wentzel-Kramers—Brillanin (WKB) method [7] can be employed for
the approximate analysis to determine the general characteristics. When
the index distribution is gradual and the spatial derivative is small, the wave
equations for TE and TM modes (Eqs (5.35) and (5.37), respectively) reduce
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to the same form:

d*G(x)

1o Hkn()" = B16(x) =0 (5.68)

Therefore, referring to solutions of the wave equation for uniform medium,
and putting

K(x) = [kon(x)* — g7

E(x) = / Tedy (0<x<x)
y(x) = [ — kon(x)"]"?

o= | Pdx (<)

(5.69)

we can assume that the solution G(x) of Eq. (5.68) is in the form exp[%i&(x)]
for 0 <x<x, and exp[—n(x)] for x,<x. In the WKB method, factors
describing approximately the amplitude distribution are derived from the
wave equation, and they are combined with the above factors to write

G(x) as
Alx(x)]~1? cos(é(x) — g) O<x<x)
1/2
g <2317<§(%)> {136 + 13501} (x<x0)
009 = A (2mp(0)\ "2
2 ( 3p(x) ) (=11 3[n(0)] + 121 3[n(0)]} (x <x)
g[y(xﬂ‘”z exp[—n(x)] (v <)

(5.70)

where A4 is a constant, and J,, and [,, denote the Bessel function and the
modified Bessel function respectively, of mth order. The first and fourth
lines of the above expressions describe the solutions for the regions inside
and outside the turning point, respectively (excluding the region close to the
turning point). The second and third lines describe the solutions in the
transient region around the turning point, and they are connected so as to
satisfy the boundary condition at the turning point. The coefficients are
chosen so that the asymptotic expressions of the second and third lines

Copyright © 2004 Marcel Dekker, Inc.



including J,, and I,, coincide with the first and fourth lines, respectively.
Thus all lines are connected smoothly to describe the total field. We see
from the first line that the phase shift associated with the total reflection at
the turning point is —n/2. This corresponds to —2®c for step-index
waveguides. It should also be noted that G(x) is a symmetrical or
antisymmetrical function, and that the solution for x <0 is given by
G(—x) or —G(—x). From the condition for this total field to be connected
smoothly at x =0, we obtain, as a characteristic equation to determine the
propagation constant, &(0) — n/4 =mmn/2, i.e.,

2 / [kgn(x)* — 1" dx — g = mn (5.71)
0

where m (=0,1,2,...) is the mode order. The first integral term and the
second term —m/2 on the left-hand side correspond to kg7 and —2¢.,
respectively, in Eq. (5.44).

The field distribution G(x) of graded-index waveguides is an
oscillatory function inside the turning points and monotonically decaying
function outside, as is the case with step-index waveguides. The variation,
however, is affected by the index distribution and is compressed or
expanded. A feature of graded-index waveguides is that the oscillation
amplitude of G(x) is enhanced in the vicinity of the turning points in
comparison with that near the center of the waveguide. The position x; of
the turning points depends upon the mode order, and the distance of the
turning points from the waveguide center is larger for modes of higher
order. In the following, a few examples are discussed.

Parabolic Index Distribution

Consider a waveguide with a relative dielectric constant distribution in a
form of parabolic function

e(x) =n(x)* =n} — x> (a>0) (5.72)

The index distribution is also approximately parabolic. Then the solution of
the wave equation Eq. (5.68) is given by Hermite—Gauss function:

2
G(x) = Hyl(koa)'*x] exp (— k(’;x ) (5.73)

where H,, is Hermite polynomial of mth order, and Hy(&)=1, H (&) =2&,
Ho(§) =48> —2, H;(§) =8&°—12¢, . ... The function G(x) is plotted in Fig. 5.9.
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Figure 5.9 Field distribution of guided modes in a waveguide of parabolic index
distribution.

The effective refractive index N,, is given by

N2 =n — (2m+ 1)(5) (5.74)
0
The turning point x, is obtained from n(x)?= N2 as
) 1\ 12
X = (””) (5.75)
Clko

It should be noted that the above expressions are valid only in a region
where a’x? is small. The refractive index of realistic waveguides approaches
a finite value nc for large |x|, and therefore, among the modes described by
the above expressions, higher-order modes such that »,, < n. do not actually
exist.

Symmetric Linear Index Distribution

Consider a waveguide of symmetrical linear index distribution:

e(x) =n(x)* =n% —alx|  (a>0) (5.76)

Then, the solutions of the wave equation in Eq. (5.68) is given by

|+ Ak P+ x - X)) (0<x)
Glx) = i + A Pad P x—x)]  (x<0) (.77)
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where Ai(§) is the Airy function. The turning point x, is correlated with
effective index N by

X =9 —— (5.78)

Airy functions are solutions of a differential equation (d*/d&* — £)A4i(&) =0.
The graph is shown in Fig. 5.10 Ai(§) is oscillatory for £€<0 and is
monotonically decreasing for & >0. The zero points of Ai(§) and the zero
points of dA4i(£)/d& are located alternately on the negative & axis. Let these
pointsbe - - - < —&4 < —&3 < —&) < —&| < —&; < 0; then all §,,, are positive, —&,,
for even m are zero points of dA4i(§)/d¢, and —&,, for odd m are zero points of
Ai(§). For G(x) and dG(x)/dx to be continuous at x=0, — k§/3a1/3 xi=-§&,
must hold, and, in the second line of the right-hand side of Eq. (5.77), the
+ sign should be taken for even-order modes (symmetrical modes) and the
minus sign for odd-order modes (antisymmetrical modes). From these condi-
tions, we obtain an expression for the turning point of the mth mode given by

Em

N = (5.79)

and an expression for the effective refractive index of the mth mode given by

5 s a 2/3
Nm =ng — 'S;:m ki (580)
0

A WKB calculation shows that &,, can be approximated as

2/3
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As in the previous subsection, it should be noted that the above expressions
are valid only in a region where «|x| is small, and higher-order modes do
not actually exist.

Gaussian Index Distribution

Consider a waveguide of Gaussian index distribution:

2
e(x) = n(x)* = n% + 2ny An exp[—<x> i| (5.82)
o
Applying the WK B method, the field distribution G(x) is given by Eq. (5.70)

with the above n(x)?, and from Eq. (5.70) the characteristic equation can
be written as

172

Xy 2
ko / {ng 4 2n An exp[—(x) ] - N2} dy — X = mn (5.83)
0 g 2

where

no + An exp[—(?)z] =N

Putting N — ny and x;, — oo, we see that the cutoff condition is 2k
(2no An)'? o(r/2)"? = (m+1/2)r. Then, using a normalized guiding layer
thickness ¥V, defined by

Vo = ko(20)(2ny An)'/? (5.84)

the cutoff condition is given by

Vy = <m +;)(2n)1/2 (5.85)

5.5 PERTURBATION THEORY AND THE OPTICAL
CONFINEMENT FACTOR

The amplification gain and refractive index change induced by carrier
injection in semiconductor waveguides, as well as propagation losses, can be
analyzed on the basis of calculation of guided modes in waveguide described
by a distribution of complex dielectric constant. However, analysis based
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upon the perturbation theory [8] is more useful for understanding the
physical implications and also for practical calculation. This section presents
the perturbation theory analysis of semiconductor DH waveguides.

5.5.1 Propagation Constant Change Due to
Waveguide Deformation

An arbitrary waveguide can be described by a relative dielectric constant

distribution
e(x, ) = n(x, ) (5.86)
Consider another waveguide described by a slightly modified distribution
£(x, ) + de(x, ) = [n(x, ) + dn(x, ) (5.87)

The modification in the dielectric constant distribution and the index
distribution, denoted 06e(x,y) and on(x,y), can be treated as small
perturbations to e(x,y) and n(x,y). The perturbations d¢ and on do not
necessarily have to be real; they can be complex values associated with
imaginary parts describing gain or loss. Let {E, H} and {E, H'} be the
electromagnetic fields of an optical wave propagating in the original
waveguide and the perturbed waveguide, respectively. They satisfy the
Maxwell equations:

V x E = iwuoH, V x H = —iweyeE (5.88a)

Vx E =iouH', VxH =—iwey(e+ 6¢)E’ (5.88b)
From the above equations, using a formula for vector differential operation,
we obtain

V(E' x H* + E* x H') = iweoE* - 3¢E’ (5.89)

Integration of the above equation in a thin region with infinitely wide cross-
sectional area normal to the waveguide axis and infinitely small thickness
along the axis yield

//;[E/ x H* + E* x H'], dxdy = iws //E*-SSE/dxdy (5.90)
z

Now, to consider a guided mode, we put

E = E(x, y)exp(iBz), H = H(x, y)exp(iBz) (5.91a)
E = E'(x,y)exp(ifz), H' = H'(x,y)exp(if'z) (5.91b)
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Substituting the above expressions into Eq. (5.90), with the use of F'~ E and
H' ~ H, we obtain a general expression for the change in the propagation
constant caused by the perturbation 3= 8—8:

(weo/4) [ E* - 8¢ Edxdy
TJJIE x H* + E* x H].dxdy
The denominator in the above expression equals the guided wave power P
of Eq. (5.28).

For TE modes in a planar waveguide, employing Eq. (5.34) the above
expression is simplified as

k[ 8e(x) |Ey(x)*

58 = (5.92)

3B = 5.93)
28 [IE,(x)*dx (
Using 6e ~2ndn, f=koN and N~n, Eq. (5.93) can be rewritten as
dn(x) | E,(x))*d
8B = ko SN = ko S 8n() |Ey(x)I” (5.94)

i |Ey(x)|2 dx

The above expressions show that the change dN in the guided mode index is
given by the change dn in the refractive index averaged in the waveguide
with optical intensity weighting. For TM modes, a similar treatment can be
carried out, although the formulation is a little more complicated.

5.5.2 Carrier Injection Effects and Optical Losses

As was presented in Section 5.2.2, optical properties of semiconductors
including the carrier injection effects and optical losses can be described by a
complex relative dielectric constant € or a complex refractive index 7:

= E= et fao + (5.15)

we(

Since the second and third terms describing the carrier injection effects and
losses are in general smaller than the first term describing the dielectric
properties, they can be treated as perturbations. First, the field distribution
and the propagation constant are calculated for an unperturbed lossless
waveguide. Then the change 8B in the propagation constant for a
perturbation
0€ = Yact + 7 (5.95)
we(
can be calculated using Eq. (5.92) to evaluate the change in the guided mode
index, as well as the gain and attenuation. Using Eqs (5.16) and (5.17),
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the perturbation given by Eq. (5.95) can be converted into the perturbation
in the complex refractive index:

Sfi=An——o 4 - (5.96)

where An, g, and « are the carrier-induced refractive index change, the gain
factor, and the attenuation factor, respectively, and they are given by Egs.
(5.18), (5.19), and (5.20), respectively.

The second term on the right-hand side of Eq. (5.95) represents the
optical absorption due to the free carriers in the waveguide structure.
Substituting it into Eq. (5.92) to average over the waveguide cross section,
we can evaluate the absorption loss g, for guided modes. In practical
waveguides, the propagation loss includes not only this absorption loss but
also a scattering loss due to imperfections in the waveguide structure. A
phenomenological propagation loss factor representing both absorption and
scattering losses given by

Qint = Oabs 1 Oscat (5.97)

is usually used. The parameter «;,, is referred to as the internal loss, since it
describes the loss within the waveguide structure.

5.5.3 Confinement Factor

In a DH waveguide constructing is a semiconductor laser, the carrier
injection effects are approximately uniform in the active layer and are
represented by the first and second terms on the right-hand side of Eq.
(5.96), while there is no substantial carrier effect outside the active layer. Let
An—ig/2ky, be the value in the active layer; then the change in the
propagation constant of a guided mode is given by the weighted average
over the waveguide cross section and can be written as

5 _ g
6/3 = k0F<An 2k0>

=kol' An — 1F7g (5.98)
Since the guided mode field is distributed not only in the active layer but
also in the cladding layers, the effective values of the gain and index change
for the guided mode are reduced compared with those determined by the
active layer. The parameter I' in the above expression represents the
reduction. For TE modes in a planar waveguide of thickness T, Eq. (5.94)
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can be used to obtain

+T7/2 2
T EN (X)) dx
[=Ip=2"12 o

JIE )P dx (5.99)

Thus, I' is given by the ratio of the power of the guided mode flowing in
the active layer to the total power flow, and therefore I' is called the
confinement factor. Also, for TM modes, a confinement factor can be
defined similarly, and Eq. (5.98) can be used as an approximate relation.

The complex propagation constant of a guided mode representing
both the carrier injection effects and the propagation losses can be written as
WT”“ = ko(N + I An) — I%g + mz‘m
I'g in the above expression is an effective gain factor for the guided mode
and is referred to as the mode gain. To distinguish the gain g from this mode
gain, the gain g determined by the active layer only is referred to as the
material gain. Thus, I" offers a simple and convenient means for converting
the values for the active layer to the effective values for the guided mode.
For TE modes in a symmetrical step-index planar waveguide, from Eqs
(5.43") and (5.99) we obtain an expression for I';:

1+ 2)/(;T/V%
Ip=-——"C"T
1 + 2/)/(:T

B+ 8B+

(5.100)

(5.101)

The value of I't can be calculated by determining N using Fig. 5.7,

determining y. and substituting it into the above expression. As a simpler

method, it has been shown that I'; for the fundamental mode can be

calculated with good accuracy by using [9]
Vi

2+ V%

For higher-order modes, I'; decreases with increasing mode order. The
above two expressions can also be used as an approximation for TM modes,
although I'y for TM modes is slightly smaller than that for TE modes.
An important requirement in the design of semiconductor lasers is
realization of large I' to attain a large mode gain. A guideline for ordinary
DH lasers is to choose the active (guiding) layer thickness 7" in such a
manner that the product of 4, in Eq. (3.40) and I'y is maximized. Typical
values are T~ 0.1-0.2um, Vy~1, and It~ 1/3. In quantum well lasers, on
the other hand, use of a quantum well with a thickness of 10nm or so as a
guiding layer itself results in a very small I'y, since Vr<«1 and the
confinement of the guided mode field is weak. To improve the situation,

Iy~ (5.102)
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various structures, as shown in Fig. 4.8, are used. Figure 4.8(b) shows a
separate-confinement heterostructure single quantum well (SCH-SQW). In
the graded-index SCH single quantum well (GRIN-SCH-SQW) using a
graded-index waveguide, as shown in Fig. 4.8(c), significant improvement
can be expected. The values of I' of these structures, however, are still
smaller than those for ordinary DHs. The confinement factor I'7 pow of the
multiple-quantum-well (MQW) structure, shown in Fig. 4.8(d), can be
estimated as

I'rmow ~ I'tayRw (5.103)

where I' 7 ov 1s a confinement factor for an imaginary single-layer waveguide
consisting of a guiding layer of a thickness corresponding to the total MQW
thickness and a refractive index averaged over the MQWs with weighting by
the thicknesses of the wells and barriers, and Ry is the ratio of the sum of the
thicknesses of the wells to the total thickness of the MQWs. By optimizing the
number of well, I'r mow considerably larger than that for simple single-
quantum-well structures can be obtained. Further enhancement of the
confinement factor is possible with the modification as shown in Fig. 4.8(¢).

5.6 CHANNEL WAVEGUIDES
5.6.1 The Marcatili Method

Lossless channel waveguides, in general, can be specified by the distribution
of the refractive index over the cross section, and the guided mode can be
examined by solving the wave equation in Eq. (5.24). As an example of fun-
damental channel waveguides, consider a channel waveguide of rectangular
cross section of thickness 7"and width W, having a step-index profile, which
is symmetrical with respect to the y direction, as shown in Fig. 5.11. The
guided modes in this structure can be analyzed by the Marcatili [10] method.

A nyc
+7/2
isc G nsc R
W2 0 +Wi2
.
=72
"LC Guiding channel

Figure 5.11 Cross section of a rectangular step-index channel waveguide.
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Let us assume that the major electric field component is the y
component E(x, y), and the x component can be approximated as £, =0.
Then, from the Maxwell equations, the other field components are given by

1 0F) 1 R E,
EZ = i - > Hx = 8 < ﬂ )
By wpop
-1 &E, 1 9E,
¥ = Y . z =7 Y (5104)
wo P ox dy 1wy 0X

When E(x,y) satisfies the wave equation, all the field components are
consistent with the Maxwell equations. By extending the expression for a
planar waveguide, the major field amplitude E,(x, y) can be written as

E}’(xn y)
T
Eg COSI:KGX (x — 2) + (Puc:| COS<KGyJ/ + )

T
Eg cos dyc exp[— X — yuc <2>i| cos<KG}y n)

T
= Egcos Prcexp [—i— YLC (x + 2>:| cos(/cG} v+ %
r w
Eg COS[KGX (x - 2) + ¢UC1| COS( + c]2> exp[ < 2>:|
T qn w
EG cos| kgx X=> + @yc | cos 7 exp| +vse| v +— 7

(5.105)

where the first line of Eq. (2.26) is for the core region and the following four
lines are for the upper, lower, left and right cladding regions, i.e., G, UC,
LC, and SC regions, respectively. For the four corner regions, no analytical
solution satisfying the boundary condition with Eq. (5.105) is found. This
problem can be omitted, since the field amplitude is small in these regions.
The wave equations for the five regions require

Koy + KG) + B = kgng. K — Yac + B = konge
— Yo+ KG) + B = konyes —Yic + KG} + B =knic  (5.106)

From the boundary conditions at x==47/2 and y =+ W/2, we obtain

kgxT —Puc — Pc=pn  (p=0,1,2,..) (5.107)
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where
dyc = Tan™! <VUC), b c = Tan™' (yLC>

KGx KGx
and also
kgyW —2Psc = gqm (¢g=0,1,2,..) (5.108)
where

Fsc = Tan™! (G)(VSC)
nsc KGy

Equations (5.107) and (5.108) are characteristic equations for the direction
of the guide thickness and the guide width, respectively, and the integers p
and ¢ are mode order numbers for the depth and width directions,
respectively. The propagation constant 8 can be determined by solving the
characteristic equations jointly with Eq. (5.106).

The guided modes obtained here are described by the product of
guided modes for two planar waveguides perpendicular to the x and y
directions, and they show that the optical wave is confined in and near the
channel region and propagates along it. The major field components are E,
and H,, similarly to TE guided modes in a planar waveguide of thickness 7.
The modes, however, are not exactly TE modes, because E.#0 as Eq.
(5.104) shows and therefore the electric field is not perpendicular to the
waveguide axis. In fact, in a channel waveguide, TE and TM modes cannot
propagate independently, and all the guided modes are hybrid modes. The
above-described modes with the major field E, are designated as £ modes.
The modes with the major field E, are designated as E; modes. The
expressions for the E, modes are obtained from those for the above E7,
modes, by replacing E, by E,, replacing the expressions for ®yc and @ ¢ by
those for TM modes, and replacing the expression for ®@gc by that for TE
modes. The intensity distribution given by |E(x, y)I? is illustrated in
Fig. 5.12, for lower-order modes. E” and E* modes are also called TE-like
and TM-like modes. In semiconductor laser waveguides, the differences in
the refractive index between the core and surrounding regions are small, the
field amplitude is small except for the major components, and hence it is not
important to recognize that the modes are hybrid modes. Therefore, the E”
and E¥ modes are often called simply TE and TM modes.

5.6.2 The Effective Index Method

One of the methods for approximate calculation of the field distribution
and the propagation constant of a channel waveguide is the effective
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TE, mode |E (x, y)|? TE,; mode

Figure 5.12 Examples of intensity distributions of guided modes in a channel
waveguide.

index method. The field confinement is decomposed into those in the depth
and width directions, and the structure is converted into two equivalent
planar waveguides. Good accuracy is obtained for waveguides having a
width larger than the thickness where the field varies slowly in the direction
of the width. Since many semiconductor lasers are constructed with such a
waveguide, this method offers a convenient and effective means for the
analysis and design [10].

Consider a channel waveguide described by a refractive index distribu-
tion n(x, y), as shown in Fig. 13. Then consider an imaginary planar guide
that is defined by the a diffractive index distribution in the x direction,
n(x,y) with a constant y. Let E(x;y) be the electric field amplitude of a TE
guided mode in the imaginary planar guide, then satisfies the wave equation
for a planar guide:

2
( d + kgl (x, y) — N(y)2]>E(x; »)=0 (5.109)
dx?
where N(y) is the effective index of refraction for the planar guide. Here
N(y) can be considered a local effective index dependent upon the value of
the constant y specifying the position in the y direction. E(x; y) and N(y) can
readily be calculated by the methods described in Sections 5.4 and 5.5, for
cases including those where N(y)? is complex.

We then use the above E(x; y) and an unknown function E( y) to write
the guided mode field in the channel waveguide as

E(x,y) ~ ey E(x: y)E(y) (5.110)
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Channel waveguide
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refraction N (y)
- )

Figure 5.13 Schematic illustration of the effective index of refraction method.

where e, is a unit vector in the y direction. From Eqs (5.109), (5.24) and
(5.110), we obtain an equation for E(y):

dy?

We assumed that the variation in E(x; y) with respect to y is slow, and used
dE(x; y)dy =~ 0. The above equation is in exactly the same form as the wave
equation for a planar waveguide, given by Eq. (5.35). This means that the
effective index N of refraction and the field distribution E(y) along the
direction of the channel width are same as those for an imaginary planar
waveguide specified by the index distribution N(y), as shown at the bottom
of Fig. 5.13. So far as the confinement in the direction of the width is
concerned, the channel waveguide is equivalent to a medium that is uniform
in the x direction and has an index distribution N(y) along the y direction.
Therefore, the field E(y) and the propagation constant 8 can be calculated
by again applying the method described in Section 5.4.

2
Cj+%kaﬂﬂﬂw=0 (5.111)

5.6.3 Gain-Guiding Waveguides

The simplest method to implement a stripe laser is to form a stripe electrode
on the surface of a DH planar waveguide for current injection in a channel

Copyright © 2004 Marcel Dekker, Inc.



Electrode

Current injection region
Guided wavefront

A

Insulator layer T A R AL AL LR LR
r=1

Nim {a}| 2777

Active layer - 2[koRe{a}] 2
(a) (b)

Figure 5.14 Gain waveguide: (a) structure of a gain-guiding laser; (b) intensity
distribution and wave-front of an optical wave.

region, as shown in Fig. 5.14(a). The density of carriers injected from the
stripe electrode through the cladding layer into the active layer forms a
distribution with the peak at the center of the channel (y =0) and monotonic
decay slopes at both sides of it, as a result of the lateral diffusion. The
corresponding complex effective index, in the region where |y| is small,
including the carrier-induced change 0N can be written approximately as

2 a2 ig r\?
NP =N +2NFT(An—2kO)[1 - (W) } (5.112)

where y is the coordinate in the direction of the channel width, N is the
effective index without carrier injection, An and g are the index change and
the material gain, respectively, at the center of the channel (y=0) in the
active layer, and W is the width of the carrier distribution. Applying the
effective index method, and making use of the solution given in Eqs (5.72)
and (5.73) for a waveguide of parabolic index distribution, the distribution
of the fundamental mode field in the direction of the guide width can be

written as
2 . 2
G(») = Gy exp (— ]“’Rez{“}y) exp <— ’k"hg{“}y) (5.113)
where

> 2NI'r(An —ig/2ko)
a = 72
_ —(NT'p/ko)g(ere +1)
= e

(5.114)

Nothing that both An and g depend upon the carrier density, and that they
are not independent of each other but are quantities proportional to the real
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and imaginary parts respectively, of the dielectric susceptibility .., we
define a parameter o, [12] by

_ Re{xact}

— 5.115
Im tect) (5.115)

C

In Eq. (5.114), we used a relation An= —(a./2ko)g obtained from Eqs (5.18)
and (5.19). Usually, «. is a positive value of the order of unity. The complex
parameter ¢ must satisfy Re{a} >0, and from Eq. (5.114) we have
Im{a} <0. Therefore, we see from Eq. (5.113) that the optical wave is
confined also in the direction of the stripe width with a 1/e full width of 2[k,
Re{a}]™"%, and the wavefront is convex towards the propagation (+z)
direction with a curvature radius r= N/|Im{a}|, as shown in Fig. 5.14(b).
This lateral guiding phenomena, resulting from the strong amplification on
the channel axis that keeps the field amplitude large in the vicinity of the
axis, is called gain guiding. The diffraction effect that allows the divergence
of the wave propagation accounts for the curvature of the wavefront. The
parameter «, defined by Eq. (5.115) is called the antiguiding factor, since it
represents the relative index decrease that prevents the guiding associated
with the gain.

The gain-guiding waveguides can easily be fabricated, and therefore
they played an important role in the process of development of semicon-
ductor lasers [5,13,14]. However, they suffer from several drawbacks, such as
weak lateral confinement, poor controllability of this confinement, and
difficulty in obtaining single-mode oscillation; therefore at present their
importance is low.

5.6.4 Index-Guiding Waveguides

To overcome the drawback of gain-guiding waveguides, it is necessary to
construct a channel waveguide having a index structure for lateral field
confinement. Various types of index-guiding waveguide are used for
semiconductor lasers [5,13-17]. They can be classified into ridge waveguides,
rib waveguides, and buried heterostructure waveguides. Examples of the
cross sections of these waveguiding structures are illustrated in Fig. 5.15.
Ridge waveguides consists of a ridge structure formed by etching to
remove the upper cladding layer on both sides of a channel region. The
current is injected within this narrow ridge region. Rib waveguides have a
structure where the active layer or cladding layer is thinned on both sides of
a channel region and the resultant structure is buried by overgrowing the
upper cladding layer. The current is injected within the channel region
through the upper cladding layer. These waveguides can be analyzed and
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Figure 5.15 Examples of cross-sectional structures of index-guiding semicon-
ductor lasers.

designed with good accuracy by employing the effective index method, since
the lateral field confinement is relatively weak. First the theory for planar
waveguides is used for design of the multiplayer waveguiding structure. For
step-index waveguides, expressions using the normalized guide thickness V-
and Fig. 5.7 can be used to determine the effective indexes N, and N, for the
regions within and outside the channel, respectively. Using the values of N,
and N, a normalized guide width is defined by

Vi = koW(NE — N'/? (5.116)

For waveguides that are symmetrical with respect to the direction of the
guide width, the asymmetry parameter is @ = 0. Then the effective index N for
the channel waveguide can readily be calculated by using Fig. 5.7 again and
N2 _ N2
b=——35 (5.117)
NG — Ng
To obtain good laser performances, it is necessary to design a single-mode
waveguide by choosing the thickness and the width so that both V' and Vy,
satisfy the single-mode condition in Eq. (5.63). The confinement factor I’ is
given approximately by

r=ry (5.118)

Copyright © 2004 Marcel Dekker, Inc.



where 'y and I'y are confinement factors for the directions of the guide
thickness and width, respectively, and they can be evaluated by the method
described in Section 5.5.3.

Buried heterostructure waveguides have a structure where the guiding
layer is preserved in a channel region and is completely removed on both
sides of the channel; the resultant structure is buried by an overgrown
cladding layer. They offer advantages such as strong lateral field
confinement and high stability of the lateral mode. The approximate
analysis and design can be achieved by employing the Marcatili method or
the effective index method. In the effective index method, the effective index
for the regions on both sides of the channel cannot be determined by the
procedure described in Section 5.6.2, since there is no waveguiding
layer present in the side regions. The difficulty, however, can be solved
by the following method. Let nc and ng be the refractive indexes in the
guiding channel and the side claddings, respectively, and let Nc be the
effective index for the channel region. Here we can use the field distribution
E(x) in the thickness direction for the region within the channel, instead
of E(x; y) in Eq. (5.110). Then, for the region on both sides of the channel,
the equation that results when N(y)* in Eq. (5.111) is replaced by
n3 — (n& — N&) holds, and the effective index Ng for the side regions is
given by

Ns = [n5 — (ng — NOIY? (5.119)

By applying the effective index method with Ng and N¢ determined in this
way, the buried heterostructure waveguides can be analyzed and designed in
a similar manner to ridge and rib waveguides.

5.7 REFLECTION AT WAVEGUIDE FACETS

A facet perpendicular to the optical axis of a semiconductor DH waveguide,
formed by cleaving the waveguide, functions as a mirror that partially
reflects a guided mode power. Such facet mirrors are used to construct a
resonator for semiconductor lasers. The reflectivity of the facet mirror is an
important parameter for analyzing the laser performances.

5.7.1 Reflection of a Plane Wave

As the simplest model for facet reflection, consider an interface between a
semiconductor of refractive index n and the air, and a plane wave incident
on to the interface from the semiconductor region at an incidence angle 6.
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Figure 5.16 Reflectivity for a plane wave reflecting at a boundary between
semiconductor and air.

The power reflectivity is given by the well-known Fresnel formula

20 _ o
. ::3392§944532 (5.120a)
Tan“(60 + 0')
_sin’(0 — 0) (5.120b)

P sin¥(0 4 0)

for the p polarization with the electric field parallel to the plane of incidence,
and the s polarization with the electric field perpendicular to the plane of
incidence, respectively [18]. From the Snell law, the angle of refraction in the
air is given by  =sin~'(n sin 6). The dependence of the reflectivities R, and
R, for n=3.6 on the incidence angle 6 are shown in Fig. 16. For 6 =0, the
reflectivities are the same for both polarizations and are approximately
32%. Except for 6 =0 and 6 > 16° where total internal reflection takes place
for both polarizations, the relation R, < R, holds.

A guided mode in the waveguide can be described by two plane-wave
components propagating at angles +6, and these plane waves for TE modes
correspond to s waves, and those for TM modes to p waves. This
consideration suggests that the reflectivity for a TE mode is higher than that
for a TM mode of the same order. Decreasing the guide thickness leads to
an increase in 6 and would result in an increase in the TE reflectivity and a
decrease in the TM reflectivity. These predictions are correct for cases where
the guide thickness is sufficiently large. However, they do not necessarily
apply generally, since the guided modes have evanescent tails in the cladding
regions.
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Figure 5.17 Reflection of a guided mode at a waveguide facet.

5.7.2 Reflectivity for Guided Modes

Consider a guided wave of TE,, mode impinging on a waveguide facet at
z=0 after forward propagation in the waveguide in the +z direction, as
shown in Fig. 5.17. Backward-propagating waves produced by the reflection
at the facet include not only a guide wave of the same mode as the forward
wave but also another mode. Based upon Eq. (5.30), the total field in the
waveguide (z < 0) may be written in a form of mode expansion including the
forward wave and the backward wave as [19]

Ey(x.2) = Wiu(x) exp(iBnz) + ) At ¥1(x) exp(—ify2) (5.121)
i

Although radiation modes should be included in the exact expansion, here
we assume that conversion to radiation modes is negligible and the total
field can be described approximately by an expansion with guided modes
only. The major magnetic field component associated with Eq. (5.121) can
be written as

1
H(x,z) = _0)7/1«0 |:Y/m(x),3m exp(iB,z)
=3 AP0y exp(—iﬂzZ)} (5.122)
/

The function ¥,,(x) is the field profile for the TE,,, mode given by Eq. (5.43)
and can be written as

¥, (x) = / w,,(k) exp(ikx) dk (5.123)
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where ¥,,(k) is the Fourier transform of ¥,(x), and k is the spatial
frequency. The orthonormal relation for ¥,,(x) can be written as

/ P () Wo(x) dx = 210 f W (k)W () dk = Sy (5.124)

In the free space outside the waveguide (0 < z), on the other hand, the
electric field can be expressed by the plane-wave expansion

Ey(x,z) = / R(k) explikx + iB(k)z]) dk (5.125)
where

Bk = (1 — )
and an associated expression for the major magnetic field:

H.(x,z) = w;ulo / R(k)B(k) explikx + iB(k)z] dk (5.126)

Since E, and H, should be continuous at the boundary z=0, we obtain
from Eqs (5.121)—(5.126)

(k) + > Aw'Pi(k) = R(k) (5.127a)
li
B (k) = > AP i) = RU)B(K) (5.127b)
!

Eliminating R(k) from the above equations yields

B (k) = > A B i(k) = ﬁ(k)[svm(k) +) Am,%(k)} (5.128)
i !

and, integrating with respect to k the above equation multiplied by

2n V7, (k), and using the orthonormal relation, we obtain

ZAmI(IB/Sm’I + ;Bm’l) - (Sm’mﬂm - ,Bm’m (5129)
!
where

Bum = 21 / W ()R (k) dk

The solution of the above equation can be written as

[4] = (18] - [B]Y(B] + [B]) ™ (5.130)
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Figure 5.18 Example of the calculated facet reflectivity of guided wave [19].

where [A4] is a matrix with 4,,,, as the elements, [B] a matrix with B,,,, as the
elements, and [f] a diagonal matrix with B, as the diagonal elements. Since
the amplitude of the backward TE,,, mode produced from the forward TE,,
with an amplitude of unity is A4,,,,, the power reflectivity for the relevant
modes is given by |A4,,.,y|*. A similar calculation can be made for TM modes,
by using ¥,,(x) for TM modes and a diagonal matrix [g] with B,,/ N2, (N,, is
the effective index of the TM,,, mode) as the diagonal elements.

Figure 5.18 shows the reflectivities for fundamental TE and TM
modes calculated by the above procedure. As expected, decreasing the guide
thickness results in an increase in the TE reflectivity and a decrease in the
TM reflectivity in the region of large guide thicknesses. In the region of
small guide thicknesses, however, the reflectivities exhibit opposite
dependences and, in the limiting case for small thicknesses, the reflectivities
approach each other again. This is because, an decreasing the guide
thickness, the evanescent penetration increases and for the limiting case
the guided mode profile is dominated by the evanescent wave. Even so, the
TE reflectivity remains larger. The difference between the TE and TM
reflectivities is the factor dominating the oscillation polarization of DH
semiconductor lasers of facet mirror type. The results presented here for
planar waveguides apply also for channel waveguides as an approximation,
since channel guides for semiconductor lasers have a width considerably
larger than the thickness.

In the above discussion, use of an as-cleaved facet as a mirror was
assumed. It is also possible to tailor the reflectivity by coating the facet with
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a transparent dielectric thin film. It is known that, for a plane wave incident
normally to an interface between a medium of refractive index ng and the air,
the reflectivity can be reduced to zero by depositing a thin film of a
refractive index np = n;/z and an optical thickness of A/4. Although for
waveguide facets the reflectivity cannot be reduced exactly to zero, similar
design allows reduction in the reflectivity to 10~ or less. It is also possible to
realize a high reflectivity of 90% or larger, using a multilayer structure
consisting of high-index and low-index layers deposited alternately. The
facet coating technique offers an important means for improvement in
semiconductor laser performances and implementation of traveling-wave-
type semiconductor optical amplifiers.

5.8 WAVEGUIDE FABRY-PEROT RESONATOR

In a structure that results when a waveguide is cleaved to cut it into a finite
length and to form facets at the both ends, the guided mode propagates back
and forth with successive reflections at the facets. The optical power is
accumulated substantially, when a resonance condition is satisfied. The
structure is called a waveguide Fabry—Perot (FP) resonator, since it is a
waveguide implementation of the FP resonator consisting of two mirrors
aligned parallel to each other [18]. Providing this resonator structure with an
optical gain by current injection results in a FP-type semiconductor laser.
This section presents the passive characteristics of a waveguide FP
resonator.

5.8.1 Transmission Characteristics

Consider a waveguide FP resonator of length L and an optical wave incident
into it through the left facet, as shown in Fig. 5.19. Here we omit the carrier

0: Resonator length L
. T =7
— § = —— sty Y w——
' j o Cladding layer \\
Facet mirror 7 Facet mirror
Ry Guiding layer Ry

Substrate

Figure 5.19 Waveguide Fabry—Perot resonator.
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injection effects to examine the passive characteristics. Then the complex
propagation constant 8, generally given by Eq. (5.100), can be written as

~ 1 l N

F=p+t.  am =0, P=Nkh=—" (5.131)
The optical wave in the waveguide resonator can be written as

E(x,y,z) = E(x,y)[A" exp(+iBz) + A~ exp(—ifz)] (5.132)

where the first and second terms in the square brackets represent the forward
and backward waves, respectively. Let R, and Ry be the power reflectivities of
the left and right facet mirrors, respectively. Then, neglecting the mode
conversion, the power transmissivities are 1 — R, and 1 — Ry. Let 4;, and 4,
be the amplitudes of the wave incident from the left-hand side of the resonator
and the wave transmitted into the right-hand side, respectively; then from the
boundary conditions for both facets we obtain the relations

A" =1 = R4y + RPA™, A exp(—ifL) = R/*A™ exp(+ipL)
Ay = (1 = Rp)"? A" exp(+iBL) (5.133)

The incident wave is assumed to have a field distribution proportional to
E(x,y) on the left facet, and the incident and transmitted waves are
normalized so that the powers are given by |4;,|*> and |A4,,|% respectively.

From the above equations, the power transmissivity 7" of the resonator
is calculated as

2
_ |Atr|
- 2
|Ain|

_ (1 = Re)(1 — Ry)exp(—al)
" 14 RiRy exp(—2aL) — 2(R¢Ry)"? exp(—aL) cos(2BL)

(5.134)

where o;,; is abbreviated as «. The transmissivity 7" takes the maximum
periodically at 28L =2mmn (m is an integer). The maximum condition is that
all the waves produced by the successive mirror reflections and the round
trips in the waveguide are superimposed in phase. When this condition is
satisfied, an increase in the amplitudes of the wave in the waveguide and the
transmitted wave, i.e., resonance, occurs. The dependence of 7 on the
optical frequency w is shown in Fig. 5.20. Since from Eq. (5.131) 6(28L) =
2L(08/0w)dw, the separation Aw in angular frequency between adjacent
peaks is given by

gl _gn C

App=——
“ T 2Lopjaw 2L T2LN,

(5.135)
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Figure 5.20 Spectral transmissivity of a waveguide Fabry-Perot resonator.

1 ¢ oN
= =— N, =N — 5.136
't T %Bjow N’ e=Ntog, (5.136)
where v, is the group velocity, at which the optical power is transmitted in
the waveguide, and N, is the group index of refraction. The full width éw at
half-maximum can be calculated from Eq. (5.134); the ratio of dw to Aw is

given approximately by

_ Aw _ nR!/?

ov_ 2t - 1/2 _
=50 "1-R’ R = (RfRy) '~ exp(—al) (5.137)

The ratio F is referred to as the finesse. The above expression for F, which
applies for cases where R is not substantially small compared with unity,
shows that resonators consisting of a low-loss waveguide and mirrors of high
reflectivities R have a large F and exhibit a sharp resonance characteristic.

5.8.2 Optical Power Accumulation

Consider a case where there is no external incidence of an optical wave to
the resonator, but a source that emits an optical wave of frequency w
propagating in the +z direction is positioned at z=§& in the waveguide. Then
the wave in the waveguide can be written as

E(x, »)[AT exp(+ifz) + A~ exp(—ifz)]  (0<z<§)

E(x, y)[B exp(+iBz) + B~ exp(—iB2)] (E<z<L)
(5.138)

E(x,y,2) =
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The boundary conditions at the facets (z=0, L) and z=& can be written as
A" =R)*4~, B exp(—ipL) = R{*B* exp(+iBL)
AT exp(+iBg) + adé = B exp(+if§), A =B

where a d £ represents the amplitude of the source. By determining 4™, 4™,
B*, and B~ from above equations, the optical power P; transmitted to the
right-hand side of the waveguide is calculated as

_ (1 — Ry)exp[—a(L — &)]ja d&|*
1 + RRy, exp(—2aL) — 2(RRy,)"/* exp(—aL) cos(28L)

The power transmitted Py, to the left-hand side of the waveguide is given by
a similar expression with the same denominator as the above expression.
The @ dependences of Prand Py, are similar to that of the transmissivity 7’
shown in Fig. 5.20; they have maxima periodically at 28L=2mmn (m is
an integer). This means that the resonance takes place and the optical power
is accumulated substantially in the resonator, when the optical waves are
superimposed in phase.

(5.139)

Py (5.140)

5.8.3 Longitudinal Resonance Modes and Photon Lifetime

An optical wave of steady state cannot exist in a passive FP resonator,
provided that there is no external incidence, nor internal generation of an
optical wave. This is evident from the fact that on putting 4;,=0 in Eq.
(5.133) we have A"=A". However, a field satisfying the boundary
conditions can be found, if we extend the optical angular frequency w to
a complex frequency w—iy and assume an optical wave having a time
dependence in the form of exp[—i(w —iy)f] =exp(—iwt)exp(—yt). Let us
write the complex propagation constant dependent on the frequency w as
B(w), then the value for a frequency w —iy is given by

~ . ~ B, . -y
Blo —iy) = plo) + - ~(~iy) = — = (5.141)

w Vg
where v, is the group velocity of the guided mode. The validity of the above
simple treatment can be shown by using the time-dependent wave equations.

Then the optical wave in the waveguide can be written as

E(x,y,z; t) = E(x, y)E(z) exp(—iwt) exp(—y?) (5.142)
and E(z) can be expressed by using the complex propagation constant
B(w —iy) as

E(z) = AT exp[+iB(w — iy)z] + A~ exp[—iB(w — iy)z] (5.143)
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Using the power reflectivities R, and Ry of the left- and right-hand facet
mirrors, respectively, the boundary conditions can be written as

At =R)?A7, A" =R A" exp[+2if(w — iy)L] (5.144)
For the above equations to have nontrivial solutions except for 4T = A4~ =0,

(R¢Ry)"? expl2if(w — iy)L] = 1 (145)

is required, and the above relation is decomposed into the real and imaginary
parts as follows:

2Re{B(w—iy)}L =2mn  (misaninteger) (5.146a)
(R¢Rp)"? exp[—2Im{B(w — iy)}L] = 1 (5.146b)

Equation (5.145) indicates that in the resonator there can exist only
such waves that are superimposed in phase after a round trip. Each of the
optical waves satisfying this condition is called a longitudinal mode. The
integer m is the order of the longitudinal mode. From Eq. (5.146), we see
that the longitudinal mode function E(z) can be written as

a4+ Qmir ﬂ
Ez)=4 exp|:+( > + L)Z}

+ A exp|:— <a;ir + lan>z:|

1 1
tir = 5710 <Rbe) (5.147)

To distinguish from the longitudinal mode presented here, the guided mode
of the waveguide described by E(x,y) is referred to as the lateral mode.
From Eq. (5.146a) we see that, for cases where g is given by Eq. (5.131), the
angular frequencies w,, for the mth longitudinal mode are aligned with a
separation

2n % c
= £ =2
2Lopjow  "2L " “T2LN,

Aw (5.148)

which is the same as the separation of the transmission peak frequencies.
The separation is called the longitudinal mode separation. If the wavelength
dependence of the effective index is neglected, the longitudinal modes are
aligned with a constant separation.
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When the lateral mode E(x, y) is normalized, the power flows Pt and
P, for the forward and backward waves, respectively, at =0 are given by
the absolute squares of the first and second terms of the right-hand side of
Eq. (5.147), i.e.,

P*(2) = | AT exp(+otpir2) (5.1492)
P (2) = |47 exp(—tmir2) (5.149b)

The energies per unit length of the forward and backward waves stored
in the waveguide are given by P*/v, and P~ /v, respectively, with the group
velocity ve; the total optical energy stored in the resonator is given by the
sum of P*/v, and P~ /v, integrated over the waveguide section 0 <z < L. By
normalizing the field so that the total stored energy equalsto 1 J, A" and 4~
are determined as

|A*|?

=4
Ry

. VgOlmirR}/2
[1 — (ReRy) IR + R

(5.150)

The normalized resonance mode is given by E(x, y)E(z) with the lateral
mode E(x, y) and the longitudinal mode E(z) given by Eq. (4.147) with the
above A" and 4~ substituted.

Equation (5.142) indicates that the power in the resonator decays with
time in a form of exp(—2yf). From Eqs (5.141) and (5.146b), the decay
factor y for cases where B is given by Eq. (5.131) can be written as

1 1
2y =, [aim + 2Lln(Rbe>:|

= Vg(Ctint + Omir) (5.151)

i —Lln L
Gmir =57 " ReRy

If there is no optical power source, the optical wave can exist only in such a
form that the power stored in the resonator in the past is consumed and
attenuates with time. Equation (5.151) shows that the decay factor is given
by the sum of the internal loss «;,, of the waveguide and the mirror loss oy,
The latter represents the attenuation due to partial power outgoing through
the facet mirrors and is given by the round-trip power multiplication factor
R¢Ry, converted into a decay factor by taking the logarithm and dividing
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by the round-trip length 2L for averaging. In the right-hand side of the
above expression, the group velocity is included as a factor to convert the
decay per unit length to that per unit time. Rewriting 2y given by Eq. (5.151)
as 1/t we have

1 1 1
- o+ —1 5.152
‘L'ph Vg |:O{ ! + 2L n(Rbe>] ( )

Then ., the time for which the power in the resonator decays to 1/e times
the initial value, is referred to as the photon lifetime and is an important
parameter for the rate equation analysis of semiconductor lasers.

Figure 5.21 illustrates the distributions of the forward wave power P*
and backward wave power P, given by Eq. (5.149), and P* 4+ P~. As shown
in this figure, P* and P~ observed at an instant exhibit distributions that
increase with position shift in the direction of propagation, to satisfy the
boundary conditions at the partially reflecting facet mirrors. However, the
optical waves actually propagate with time at the group velocity v, (proceed
a distance vyt), and the entire optical power attenuates in the form of
exp(—2yt). This means that the propagating optical power attenuates to be
eXp(+amirVel) eXp(—2y1) = exp(—aintVet) times the initial value. Therefore,
the results obtained here are consistent with the physical insights. The
intensity distribution |E(z)|> of a longitudinal mode is that of a standing
wave formed by the interference of the forward and backward waves, as

Ry=R, =035

. P (zl)-l+ P’ (;)

- ———

Optical intensity

0 N TR P P
0.0 0.5 1.0
Position in resonator z/L

Figure 5.21 Optical power flow distribution P™ and P_ and intensity distribution
|E(z)|? of a resonance mode in a waveguide Fabry—Perot resonator.
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shown in Fig. 5.21. The number of standing-wave periods coincides with the
longitudinal mode order m.

5.9 FAR-FIELD PATTERNS

The optical wave transmitted through the waveguide is partly reflected at the
facet; simultaneously, it is partly transmitted through the facet and radiates
into the free space. The transmitted wave, observed just outside the facet, is in
a form proportional to the lateral mode E(x,y) of the waveguide and the
intensity distribution is called the near-field pattern (NFP). The output wave
propagates in free space, with evolution of the wavefront and the intensity
distribution. The intensity distribution observed at a plane sufficiently away
from the facet is called the far-field pattern (FFP). Analysis of the wavefront
and the intensity distribution in the far field provides important insights
useful for the design of focusing, collimating and coupling into an optical
fiber of semiconductor laser light for practical applications.

We put the near-field distribution, given by a lateral mode E(x, y), as

E(x,y) = e¥(x,y) (5.153)

where e is a unit vector for describing the polarization. Note that the spatial
expanse of ¥(x,y) is comparable with the effective thickness Tp (or width)
of the waveguide. We take a plane of observation (X—Y plane) perpendicular
to the z axis at a distance D from the facet, as shown in Fig. 5.22. According
to the scalar diffraction theory [18], the optical field amplitude ¥(X, Y) in
the Fraunhofer region satisfying D > 2T2:/A is given by

Y(X,Y) = (—i2mko cos 8) M

1 2
) (2n> // P(x, y) exp[—iko(xsin O + ysin6,)]dxdy (5.154)

Observation plai

Waveguide facet

_.._:\\

Guiding layer

- D

Figure 5.22 Radiation of guided wave through a facet.
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D . X . Y
cosd = —, sinf, =—, sinf), = —
r r r

where r denotes the distance from the center of the facet to the observation
point (X, Y). On the right-hand side of the above expression, exp(ikor)/r
describes a wavefront of a spherical wave diverging from the center of the
facet. The second line indicates that the field amplitude distribution in the
far field is proportional to the two-dimensional Fourier transform of that in
the near field. In many cases, this distribution can be written in a form of a
product of a function of X and a function of Y. The relative intensity profile
in the X direction is given by |cos & ¥ (ko sin 6,)|* using the Fourier transform
of the mode function ¥(x) given by

Y(k) = % / Y (x)exp(—ikx)dx

with substitution of k=kysin6, into it. For a symmetrical step-index
waveguide, for example, the Fourier transform of the mode function is
calculated as

k) — 2172 cos(KT)kz(né S ycos(kT/2) — ksin(kT/2)
- 0 c

nTif 2 (V* + k) — k2)
(TE mode) (5.155a)
21/2 kT
Y(k) = — cos ()
nTy \2
y (y(nG /ne)? cos(kT/2) — ksin(kT/2)

K2 — k2
ycos(kT/2) — ksin(kT/2)
_l’_
y2 + kZ
(TM mode) (5.155b)

The intensity distributions |cos & ¥(kosin6,)|* for the fundamental modes
are single-peak functions, as shown in Fig. 5.23. The distributions of higher-
order modes have zeros of the same number as the mode order. A simple
Gaussian approximation ¥(x)=exp[—(x/w)’] for the fundamental mode
gives the Fourier transform:

: ko sin 0\ 2
¥ (ko sin 6) zzrrl/zexp|:— (’“‘;““) } (5.156)
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Figure 5.23 Example of calculated far-field intensity distributions of a guide mode
(fundamental mode).

Therefore, using cos§ ~ 1, the far field pattern is also given approximately
by a Gauss function, and the 1/e* half-width 6,,, of the angular divergence in
the far field can be calculated simply by

A
6,, = sin™! () (5.157)

wT

As the above equation shows, the smaller the near-field mode size, the larger
is the far-field angular divergence. Since semiconductor lasers usually have
an active channel width larger than the active layer thickness, they exhibit an
elliptic far-field pattern with a divergence angle 6, in the direction
perpendicular to the active layer larger than the divergence angle 6, that
in the parallel direction, as shown in Fig. 6.1 in the next chapter.

As Eqgs (5.155) and (5.156) are real functions, the wavefront of the
output wave in the far field is identical with that of a spherical wave
diverging from the center of the facet. This is true for many lasers using an
index-guiding waveguide. Therefore, the output wave can readily be focused
or collimated by a single lens. The guided mode wavefront in lasers using a
gain-guiding waveguide, however, is curved in a convex shape extended
toward the direction of propagation with a radius r of curvature, as shown
in Fig. 5.14(b). Therefore, the output wavefronts observed in the plane of
waveguide are those of a spherical wave diverging from a virtual diverging
point shifted from the facet towards inside the waveguide by r/N (N is the
effective index). On the other hand, the diverging point for the output wave-
fronts observed in the plane perpendicular to the waveguide plane is at the
center of the facet. The separation between the two diverging points gives
rise to astigmatism in the output wave focused by an ordinary lens. Another
drawback of gain-guiding waveguides is that the refractive index change
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related to the antiguiding factor o, makes it difficult to obtain a stable
single-peak far-field pattern.
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6

Characteristics of Semiconductor
Lasers

This chapter presents fundamental theory and characteristics of semicon-
ductor injection lasers from the device point of view. First, the structure of
the fundamental Fabry—Perot (FP)-type semiconductor lasers and the
outline of the oscillation are described. Then rate equations are introduced,
and the phenomenological analysis of the semiconductor laser performances
is presented. The laser performances clarified through the rate equation
analysis are discussed in detail. Distributed feedback lasers are presented in
the next chapter.

6.1 SEMICONDUCTOR LASER STRUCTURE AND
OUTLINE OF OSCILLATION

6.1.1 Fabry-Perot-type Semiconductor Laser Structure

Figure 6.1 illustrates the structure of a FP-type semiconductor laser, which
is a representative semiconductor laser. We consider a GaAs laser as an
example. Usually, a n-type GaAs crystal is used as a substrate and, on the
substrate, an Al,Ga, _,As lower cladding layer (n type), a GaAs active
layer (p type or n type), an Al,Ga; _ ,As upper cladding layer (p type), and a
GaAs contact layer (n* type) are sequentially grown by epitaxy. The thickness
of the active layer for ordinary DH lasers is 0.1-0.2 um. The active layer
serves as an optical waveguide, as described in Chap. 4. Except for broad-
area lasers, a channel waveguide of 2-5 pm width as shown in Fig. 5.15 is
formed by etching after the growth of the active layer. Then, a structure for
injecting the current within a narrow channel region is formed by etching the
upper cladding layer, deposition of an insulator layer and the patterning it.
Then the substrate is thinned by grinding to a thickness of approximately
100 pm. Ohmic electrodes are formed by deposition of AuGe/Au and Cr/Au
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Figure 6.1 Schematic illustration of a double-heterostructure (DH) FP semicon-
ductor laser.

layers on the back surface of the substrate and the top contact layer,
followed by thermal treatment. The crystal surface is cleaved to form facets
perpendicular to the channel axis, and then laser chips of a channel length of
several hundred microns are obtained. However, as cleaved facets are often
used as the resonator mirrors, the facet may be coated with dielectric films
to obtain the facet reflectivity optimized for accomplishing a high output
power. Semiconductor lasers for practical application are mounted on a
heat sink and packaged with wire bonding.

Quantum well lasers are fabricated by growing a separate-confinement
heterostructure (SCH) consisting of a single quantum well (SQW) or multi-
ple quantum wells (MQWs), as shown in Fig. 4.8, instead of a simple DH
structure. The following process is similar to that described above.

6.1.2 Oscillation Conditions

As discussed in Chaps 3 and 4, amplification of optical waves takes place in
a semiconductor laser, when it is excited by carrier injection into the active
region with a current across the p—n junction. The laser structure also serves
as an optical waveguide FP resonator. If the amplification gain becomes
sufficiently high, as a result of successive amplification of the optical wave
traveling back and forth with feedback by the reflection at the facet mirrors,
optical energy is accumulated and laser oscillation occurs.

Here we consider conditions for the laser oscillation. Laser oscillation,
in general, is no more than maintaining a constant power of a coherent optical
wave propagating back and forth in the resonator. Therefore, the oscillation
condition is the condition required for the complex amplitude of the wave
after a round trip between the mirrors to equal the initial complex amplitude.
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Let g be the gain factor of the active region (material gain), and I" be the
confinement factor for the guided wave; then the effective gain factor for a
guided mode (mode gain) is given by I'g. Let L be the length of the active
region (waveguide length), «;,, be the factor representing the propagation loss
for the guided wave due to absorption and scattering, and Ry and Ry, be the
power reflectivities of the front and back facet mirrors, respectively. Then the
condition for the absolute amplitude of the wave after a round trip to equal
the initial amplitude is given by ReRy, exp[2(I'g — o) L] =1, i.e.,

1 1
I'g = q — In| —— 6.1
g amt"f‘zL n<Rbe> (6.1
Let @ be the angular frequency of the optical wave and B(w) be the
propagation constant of the guided mode. For the moment we omit the
carrier-induced refractive index change. Then the condition for the phase of
the wave after a round trip to equal the initial phase is given by

2B(w)L = 2mm (mis an integer) (6.2)

The frequencies w,, satisfying the above condition, are the longitudinal
mode frequencies explained in Section 5.8, and the longitudinal mode
separation is given by

2 C

Aw = =2
“ = QLoplow)  “2LN,

(6.3)

where N, is the effective group index.

The first and second terms on the right-hand side of the amplitude
condition for the laser oscillation, in Eq. (6.1) represent the propagation loss
and the loss due to the leakage of the optical power through the facet mirrors,
respectively. The equation indicates that an effective gain to compensate these
losses is required for the oscillation. The phase condition (Eq (6.2)), being a
positive feedback condition or a resonance condition, indicates that the
oscillation frequency is limited to the discrete longitudinal mode frequencies
with a separation given by Eq. (6.3). The laser oscillation takes place only for
optical waves satisfying both conditions. Therefore, when the injection
current is increased, and the mode gain I'g(w,,) at the longitudinal mode
frequency w,, closest to the peak of the gain spectrum g(w) reaches the value
given by the right-hand side of Eq. (6.1), the oscillation starts with this mode.
Note that I'g(w,,) approximately equals the maximum mode gain I'gay.
The oscillation condition is illustrated in Fig. 6.2.

The value of the injection current at which the laser oscillation starts is
called the threshold current. The value of the gain that enables the
oscillation to occur, given by the right-hand side of Eq. (6.1), is referred to
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Figure 6.2 Oscillation condition of a FP semiconductor laser.

as the threshold gain. The dependence of the maximum gain g,,., before the
start of oscillation on the injection current density is given phenomen-
ologically by Eq. (3.45) or (3.44). Therefore, the threshold current can be
found by determining the injection current density at which g,.x equals the
threshold gain.

The gain spectrum, injection-current-density-dependent maximum
gain, and the internal loss of the waveguide are important data for the
performance analysis and the laser design presented in this chapter. Methods
for determining these experimentally are presented in Appendix 4.

6.1.3 Injection Current and Optical Output Power

Once the oscillation starts when the injection current / reaches the threshold
current I, a further increase in 7 is not associated with an increase on the
gain g; the gain g is kept constant to maintain the condition given by
Eq. (6.1). Since the gain g is a function of the carrier density, this means that
the carrier density is also kept constant, under the assumption that the
energy distribution of the carriers maintains the quasithermal equilibrium
even after the start of oscillation. Similarly, the number of spontanecous
emissions is also kept constant. Therefore, the injected carriers corresponding
to the injection current exceeding the threshold, 7 — I, are depleted by the
stimulated emission recombination. Let P,, be the number of photons
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per unit time representing the optical output power of the laser; then Py,
can be written as

1

Fsptnsptg (1 < Ilh)
Fou = I Iy 9
Foptnspt ; + Fytm7stm T Un < 1)

The first line and the first term in the second line in the above expressions
represent the incoherent spontaneous emission component, and the second
term in the second line represents the coherent stimulated emission
component. The factors Fyp and Fy., represent the ratios of the power
coupled out of the laser to the power emitted in the laser. The spontaneous
emission diverges in all direction from the active region, while stimulated
emission occurs for resonance mode(s) of the waveguide FP resonator and
propagates along the waveguide axis. Therefore, F, < Fym holds for
observation of the output on the waveguide axis. On the other hand, 7
and 7, denote the internal quantum efficiencies. Note that 1y = gm =1
if the nonradiative recombination and the carrier leakage are negligible,
but nyoe <1, ngym < 1, if they are not negligible. As Eq. (6.4) indicates, the
output power versus injection current characteristic (/ — P characteristic) is
indicated by a line with a kink at I, as illustrated in Fig. 6.3. The slope of
the line in the oscillation region

_ dPout —F
= a1 /q) = L'stm7]stm

D (6.5)

o'
g
= . .
g External differential
= quantum efficiency :
~ Stimulated
5 Mo =q(dP/AD L emission
é component
3 . dpP
=) Spontaneous i ;
o emission 'h‘j"' !
El component !
= Y
Co
0 Iy Injection
Threshold current current / [A]

Figure 6.3 Injection current dependence of the output optical power of a
semiconductor laser.
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is referred to as the external differential quantum efficiency. The external
differential efficiency np and the threshold current 7, are important
parameters that characterize the laser oscillation. For a given laser, these
parameters can easily be measured. The optical power generated by the
stimulated emission is divided into the loss in the laser, and outputs
transmitted through the facet mirror at the both ends of the laser. As Eq. (6.1)
shows, the ratio of the loss to the total output is &, /[(1/2L) In(1/R¢Ry)]
and, when Ry= R, = R, the total output is halved for both facets. Then the
output coupling coefficient F, is given by
1 (1/L)In(1/R)

Fom =507 (1/L)In(1/R) (6.6)

Expressions for general cases will be derived in Section 6.3.

6.2 RATE EQUATIONS
6.2.1 Outline of the Rate Equation Analysis

The density matrix analysis discussed in Section 3.2 enabled a simple
calculation of the amplification gain in a semiconductor to be made and
clarified nonlinear phenomena such as hole burning and the associated gain
saturation. Density matrix analysis, however, would require a very
complicated formulation, if considerations on the guided mode and the
resonance mode discussed in Chap. 5 are incorporated. Analysis of the
behavior of many modes and dynamic characteristics would be even more
complicated. To facilitate the analysis of practical laser operation, a
simplified method should be developed on the basis of the results of density
matrix analysis and optical mode analysis.

The electrons in the valence and conduction bands each form energy
distributions depending on the state of laser operation. The electron states in
a band, however, tend to approach the equilibrium distribution through
relaxation with a time constant of the order of 0.1 ps. Therefore, for
discussion of the laser dynamics in the time range much longer than the
relaxation time, the electrons in the valence band as a whole can be treated
as if they are in a single energy level, and those in the conduction band as if
they were in another level. Thus, we approximate the electron energy
distribution in the semiconductor by two energy levels, one representing the
conduction band and the other representing the valence band, as shown
in Fig. 6.4. The optical wave, on the other hand, is described by separate
mathematical expressions for the intensity and the phase. Then, the
fundamental equations that govern the operation of a semiconductor laser
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Figure 6.4 Two-level approximation for carrier state in the active layer of a
semiconductor laser: (a) band structure; (b) two-level approximation.

are rewritten as the rate equations that describe the time variations in the
carrier density and the optical intensity. In the following, we derive the rate
equations and discuss the physical implications.

6.2.2 Rate Equation for the Carrier Density

We first describe the minority-carrier density in a semiconductor by using the
density matrix p discussed in Section 3.6. Let N,. be the total number of
electrons in the conduction and valence bands of a semiconductor of unit
volume. The number of electrons in the conduction band (denoted by
subscript ) is given by N. = Ny.> .0, the number of electrons in the valence
band (denoted by subscript m) by Ny= N> 0mm» and the total number
N.+ N, = N, is constant. Consider a p-type semiconductor, and let N be the
density of the minority carriers (electrons in the conduction band). Then,
from N=N.=NyD_ n0m and N=Ny.— Ny = Nyc — Nyed_nPrmms We obtain

N = 2Nwe (; Pnn — Z Pmm + l) (6.7)

m

The zeroth-order term p¥ in the expansion expression for the diagonal
elements p,, of the density matrix satisfies Eq. (3.66). From Eqs (3.66b),
(3.56), (3.68), and (3 74), we see that the second-order term p2) satisfies

d
dl 1(1%1) = 2h2 Z :0531) - Pf,?,),, |an|2|E|2L(a) - (Unm)
m

1 1
(1) 63
T T

Copyright © 2004 Marcel Dekker, Inc.



Omitting the terms of orders higher than fourth order, we can express p,,, by
o9 and p2), and from Eqs (3.66a) and (6.8) we see that the diagonal element
pnn for the conduction band electrons satisfies the equation

d
pnn = h2 Z :053,) - /0;(22,1 |an|2|E|2L(0) — C()nm)

_ Prn — P,m _ Prn — loym
Tc Ts

+ 4, (6.9)

Similarly, the diagonal element p,,,,, for the valence-band electrons satisfies
the equation

d
apmm = 2712 Z 10,(;(7),)" 1053,) |an|2|E|2L(a) - wnm)

_ Pmm — ,0,91 _ Pmm —
Ty Ts

pTE
"L A (610)

Calculating the time variation in N using the above two equations, we obtain

d n:C& )
“N=— E
dr 2har S1E
1 Pnn — pnn Pmm — /Omm
2ch Zn: Tc 2ch ; Ty
N—NTE
_T'i‘ch;An (6.11)

Equation (3.73) was used in the first line of the above equation, and the
linear gain gV(fiw) was written simply as g. This stimulated emission
recombination term can be rewritten as —(nrngso/Zha))|E|2G, by using the
relation g = G/v, = G(n,/c) between the gain g per unit length and the gain G
per unit time. Here, (nrn(c,so/Zhw)|E|2 equals the photon number per unit
volume, since it is the energy density (n.h1460/2)|E I> of the optical field,
divided by the photon energy Ziw. For general cases where the carrier density
is not spatially uniform, the second line on the right-hand side of Eq. (6.11)
represents the carrier diffusion effect. The spontaneous emission term
(N — N'F)/z, in the third line can be approximated as N/, since the carrier
density N'F in thermal equilibrium is much smaller than the carrier density
N under carrier injection. As the carrier injection term Ny.Y ., is equal to
the number of carriers injected in unit time and in unit volume, it can be
replaced by J/dq using the injection current density J, the elementary charge
q (= —e), and the active layer thickness d. Through the above changes of the
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expressions, we obtain a rate equation for the carrier density:

d NN 1. » N J
—N=——"—|E'G——+— 6.12
dr e EVC T T g (6.12)
where the diffusion term is omitted. For an n-type semiconductor, exactly
the same rate equation holds, although here the minority carriers with
density N are the holes in the valence band.

6.2.3 Photon Density

Next we simplify Eq. (6.12) under the approximation and the assumption
that the injection current density J is uniform. Whereas the optical
intensity |E|* is a function of position in the semiconductor laser and it
forms a distribution of a standing wave with a submicron period, the spatial
distribution of the carrier density N is affected by the diffusion effect and
tends to be smoothed out. Noting this, we replace the stimulated emission
recombination term proportional to |E|* in Eq. (6.12) by the value averaged
in the active region. We also replace the carrier density N by the value
averaged in the active region, and consider it a position-independent quantity.
Then, the gain G is also considered position independent. These approxima-
tions and assumptions do not conflict with each other.

The optical field E in the laser must satisfy the boundary conditions in
the resonator, and therefore it can be expressed in terms of the resonance
mode discussed in Section 5.8.3. Assuming oscillation in a single optical
mode, the field can be written as

E(r,t) = E(r) exp(—iwt) E(2), E(r) = E(x,y)E(2) (6.13)
where E(r) is a normalized resonance mode function. Let V. and V, be the
volumes of the resonator and the active region, respectively. We define a

photon density S by S = (number of photons in the resonator/volume of the
resonator). Noting that E(r) is normalized, we can write

_ neng€o |E(r, t)|2 dr
S() = /V 2 ol
_IE@P
hoV,

The stimulated emission recombination term in Eq. (6.12) averaged in the
active region can be written as

T T [E( )|2 d
() = | s

(6.14)

2hw 2 hwV,
=ISs (6.15)
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Jy, neng| E(r) dr
N I, neng|[E(r))? dr

E@)* dr
I, [E@I dr
where I' is the factor of field confinement in the active region discussed in
Section 5.5. Using Eqs (6.14)—(6.16), the rate equation for the carrier density
given in Eq. (6.12) is rewritten as the simpler form

d
—N:—FGS—E—FL
T, dgq

5 (6.17)

The first, second and third terms on the right-hand side of the above
equation represent the change in the minority-carrier density due to the
stimulated emission recombination, the spontaneous emission recombina-
tion, and the carrier injection, respectively.

6.2.4 Rate Equation for the Photon Density

As we saw in Section 5.8.3, the amplitude of a resonance mode field varies
with time in the form exp(—yt), and y is correlated with the complex
propagation constant B of the guided mode in the resonator by Eqs (5.141)
and (5.145). For a passive resonator where g is given by Eq. (5.131), it has
been shown that y is given by Eq. (5.151). For a laser resonator with a
carrier-injected active region, 8 is given by Eq. (100) consisting of the carrier-
induced mode gain I'g and the mode index change I'kq An, i.e.,

/§:ﬂ+F<ko An—lzg>+wl2“‘t (6.18)
and then, from Eqs (5.141) and (5.146b), and g=G/v,, y is given by
1
2y=-I'G+ Vg(aint + amir) = —I'G + ? (6.19)
ph

The parameter 7,y is the photon lifetime defined by

1
— = Vg(ttint + Omir) (6.20a)
Tph
1 1
== In[—— 2
Omir oL n (Rbe> (6.20b)
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where Ry and Ry, are the reflectivities of the facet mirrors, and L is the
resonator length. Since, from Eqs (6.13) and (6.14), the photon density S is
proportional to the absolute square of the field amplitude, the time
dependence of S is exp(—2yt). Therefore, the time derivative of S equals
—2yS=(I'G — 1/t,n)S. This result based on semiclassical theory, however,
does not include the effect of spontaneous emission. The second term on the
right-hand side of Eq. (6.17) indicates that N/ts photons are spontaneously
emitted per unit time per unit volume of the active region. Let C be the
ratio of the number of photons belonging to the same mode as the
laser oscillation mode to the total number of spontaneous emission photons,
then the spontaneous emission gives rise to an additional increase by
C,N/t, photons per unit time in the photon density S, defined as the
number of photons in the resonator per unit volume of the active region
additional increase. Therefore the rate equation for the photon density S is

given by
gS:FC;S—iJrCSN (6.21)
dt Tph Ts

6.2.5 Rate Equation for the Optical Phase

Although Eq. (6.21) is appropriate for describing the temporal variation in
the optical intensity, it is not capable of describing the phase of the optical
field. In order to carry out the analysis on the laser characteristics related
to the optical phase, another equation is required for describing the time
variation in the phase. Noting that the optical field E in the laser can be
written as Eq. (6.13), we consider E(f) a complex function, let ¢(f) be the
phase, and put E(¢f) = |E(t)| exp[—i¢(¢)]. Then, the instantaneous frequency
of E is given by

o(f) = + (1),  Sa(t) = ? (6.22)

The laser oscillation frequency w, on the other hand, is determined from the
complex propagation constant given Eq. (6.18) and the longitudinal mode
resonance condition given by Eq. (5.146a), by

2L<,B(w) + % An) =2mn (6.23)

Generally, An varies with time and, accordingly, w determined by the above
equation varies with time. Let wy, and Ang, be the values of w and An,
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respectively, at the threshold, and put w(?) = wy, + dw(?) and An(t) = Ang, +
on(t); then from the above equations we obtain

r 2
Bl@m) + — Apgy = 2 (6.242)
c 2L
r r
b= —Ten o Towg (6.24b)

¢ Blow N,

where N, is the effective group index of refraction for the guided mode,
and use has been made of a relation 1/(98/dw) = v, =c/N,. We identify w in
Eqgs (6.13) and (6.22) with wy, determined by Eq. (5.24a). We also identify
dw(?) in Eq. (6.22) with the frequency change dw(?) given by Eq. (6.24b), and
rewrite it using the phase ¢(¢). Then, from Eqs (6.22) and (6.24b), we obtain

So=—""bn (6.25)

The refractive index change on is correlated with the gain change
0G =G — Gy, through the Kramers—Kronig relation (see Appendix 3), and
the former is proportional to the latter. Using the antiguiding factor o,
defined by Eq. (5.115), dn can be written as

B L&Sﬁ _acNg _aclNg 1
on = 2w T 2w oG = " G Toon (6.26)
and therefore Eq. (6.25) can be rewritten as
d o 1
—¢p=—|IG—— 6.27
dt¢ 2 ( G ‘Eph) ( )

The above equation is the rate equation for the optical phase.

The rate equations, given by Eqs (6.17), (6.21), and (6.27), were derived
using the boundary conditions under the assumption that 8 and o are
independent of time. Therefore, they do not hold exactly for cases where the
laser is modulated with an ultrafast signal. However, they give sufficient
accuracy for analyzing the laser dynamics in time range longer than the photon
lifetime 7,y (several picosecands or less for ordinary semiconductor lasers).

6.2.6 Diagram for and Extension of Rate Equations

A combination of the rate equations for the carrier density N and the
photon density S given by
d N J

—N=-IGS——"—4+2 .28:
dtN GS ts+dq (6.28a)
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Figure 6.5 Diagram of the rate equations for a semiconductor laser.

gS: FGS—i—i- CN
dr Toh T

(6.28b)

simply describes the mutual correlation and the time variances of N and S
and provides a very powerful means for analysis of laser characteristics.
The rate equations can be depicted as a diagram as shown in Fig. 6.5.

The gain factor G in the rate equations is a function of the carrier
density N. If the gain saturation effect is taken into account, the gain G
depends not only on N but also on the photon density S. Although thus
far laser oscillation in a single optical mode has been assumed, in general a
laser may oscillate in several modes. In order to make an analysis of the
multimode oscillation, we express the optical field E(r,?) in the form of
summation of the mode components as Eq. (6.13) and define the photon
densities S, for each mode m. Thus, taking into account the saturation
effect and the possibility of multimode oscillation, we obtain a set of
extended rate equations given by

d N J
aN = - ; Fm (Gm - ; Smm’sm’) Sm - _Z + aTq (6293)
d Sm C l77N
a Sm = Fm (Gm - ; Smm’ Sﬂﬂ) Sm - Tpih + 5‘1:75 (629b)
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The coefficients &,,,, in the above equations represent the gain saturation in
terms of the photon density (note that the same saturation is represented by
¢ in Eq. (3.81)), and they satisfy &, < &, (m#£m’).

6.3 STEADY-STATE OSCILLATION CHARACTERISTICS

This section presents the rate equation analysis to clarify in detail the steady-
state oscillation characteristics, which were outlined in Section 6.1.

6.3.1 Single-mode Model and Approximate Solution of
the Rate Equations

As the simplest model, let us consider first steady-state operation of a
semiconductor laser under the assumption that the oscillation takes place
with a single mode. We omit gain saturation. Noting that the maximum gain
Gmax = Ve€max €an be approximately given by a linear function of the carrier
sensity N as Eq. (3.40) or (4.41a), we put

G = Giax = AN — Np) (6.30)

and put d/dt=0 in the rate equations given by Eq. (6.28) to obtain

0=-rgs- Y417 (6.31a)
T, dg

0 =FGS—£+CSN (6.31b)
Tph Ts

As we see soon, the optical output power is proportional to S. The above
equations can easily be solved and, in particular, the approximate solution
for cases where C; is small can be expressed by a simple formula. Omitting
the C, term in Eq. (6.31b), we see that S=0 or I'G = 1/7py. The former result
S =0, represents the subthreshold situation before the oscillation starts. In
this situation, putting the terms representing the stimulated emission and the
stimulated emission recombination in Eq. (6.31) yields
_J S=C J 6.32
N_?qT53 = sTpth (J < Jm) (6.32)
which indicates that, whereas the carrier density N increases with increasing
injection current density J, the output light is only the spontaneous emission
component. On the other hand, the latter result I'G=1/z,, is equivalent
to Eq. (6.1) representing the oscillation condition. From this equation and
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Eqgs (6.30) and (6.31a), the threshold carrier density Ny, and the threshold
current density Jy;, are given by

Ne = No + (6.33a)

Ir4 Tph

d
T = T—thh (6.33b)

S

After the start of the oscillation (Jy, <J), from I'G = 1/t,,, being maintained
and Egs (6.30) and (6.31), the carrier density NV and the photon density S are
given by

N = Na (6.342)
Jan S —Jm
R ol
Tph( dg T dg )

While N stays constant, S increases in proportion to J — Jy,. Obviously, this
result is consistent with the discussion presented in Section 6.1.

(6.34b)

6.3.2 Threshold Current and Output Power

The expression for the threshold current density in Eq. (6.33) shows that
attainment of a low threshold requires an active layer of small carrier
density Ny at transparency and a large differential gain coefficient A. From
this viewpoint, quantum well structures are advantageous compared with
bulk DHs. The internal loss «;, of the waveguide must be minimized.
Guided mode analysis shows that the confinement factor I is close to unity
for large active layer thicknesses d, and, with decreasing d, I' decreases
approximately in proportion to d°, requiring a large material gain g for a
small d as shown by Eq. (6.1). On the other hand, as Eq. (6.33b) shows,
increasing d results in an increase, in proportion to d, in the current density J
required to obtain a constant g. Accordingly, there exists a minimum of J;,
at a value of the thickness d. The active layer thickness of DH lasers is
usually designed at the value that minimizes Jy,. For quantum well lasers,
the structures shown in Fig. 4.8 are adopted to attain a low threshold.
Since the optical field in the resonator can be expressed as Eq. (6.13)
using the normalized mode function E(r), the stored optical energy is given
by |E(1)|* = hwV,S with the photon density S defined by Eq. (6.14). On the
other hand, the value of the power P*(L), flowing in the 4z direction of the
normalized mode field E(r) with unit energy at z=1L, is given by Eq.
(5.149a), and 1—R; times the value is transmitted through the front facet
mirror of reflectivity Ry. Therefore, using Eqs (5.149a), (5.150), and (6.20b),
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we obtain a relation between the forward optical output power Py and the
photon density S:
Py = liwV,SPH(L)(1 — Ry)
_ hV 3 Svetmir
1+ (Re/Rp)'*(1 = Ru)/(1 — Ry)

(6.35)

Similarly, the backward output power is given by the above expression with
R and Ry, exchanged. Comparison between the above expression, with S
given by Eq. (6.34) substituted, and Eq. (6.4) yields an expression for the
output coupling coefficient:

o Ve Tph®mir
1+ (Re/Rp)'*(1 — Ryp)/(1 — Ry)

(6.36)

Fstm

For Ry= R, =R, the above expression coincides with Eq. (6.6).

Basic FP lasers use facet mirrors with R~ 0.32 that can easily be
formed by simple cleaving. However, the laser performances can be
improved by optimizing the mirror reflectivities Ry and Ry, since the
threshold current and the output power depend upon the reflectivities, as the
above expressions show. For ordinary applications, a high backward output
power is not required, and the forward power P; can be enhanced by
increasing the back mirror reflectivity Ry, to a value close to unity. Taking
the front mirror reflectivity Ry as a parameter, Eqs (6.20) and (6.36) show
that enhancing Ry results in a long photon lifetime t,,, indicating
enhancement of the optical power accumulation in the resonator and, in
turn, reduction in the output coupling coefficient Fg,,. Accordingly,
enhancing Ry results in reduction in the threshold current density but it is
associated with deterioration in the external differential quantum efficiency,
as shown in Fig. 6.6. In many cases, the maximum available output power is
limited by the catastrophic optical damage (COD) that occurs at the facet.
The optimization procedure for high-power lasers is to determine Ry in such
a manner that the injection current density required to obtain an output
power prescribed from the COD level of the material is minimized.

6.3.3 Effects of Spontaneous Emission

Spontaneous emission was omitted in the approximate analysis which gave
the result in Eq. (6.34). The effects of spontancous emission can be examined
by using Eq. (6.31). A modification of Eq. (3.31b) yields

CsN /7

=18 6.37
Ut — TG (637)
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Figure 6.6 Output optical power versus injection current density depending on the
facet mirror reflectivity.

which indicates that the resonance mode component C(N/ts of the
spontancous emission as a seed is amplified to cause oscillation, and that
the photon density S increases rapidly as the gain approaches the threshold
gain given by I'G = 1/t,,,. Substituting Eq. (6.37) into Eq. (6.31a), with the
use of Eq. (6.30), we can easily deduce the solutions for N and S. The result
can be written as

5 12
Nth{J/Jth +C =190+ €)= 40 110 }

N =
2C
& " (6.38)
Nunton | J " J " ’ S
S=—1{—-C ——+C/) —-4—C
27 Jin s T th+ s Jin °
with
Ny

C.=1-¢,, c;/:l—csm
The dependences of the carrier density and the photon density on the
injection current density are plotted in Fig. 6.7 using normalized variables.
The result shows that, with a large contribution of the spontaneous emission
represented by a large Cs, the laser output power starts to increase at values
of N smaller than the threshold value N, given by Eq. (6.33a), and as a

Copyright © 2004 Marcel Dekker, Inc.



revyr|]rryrrryeoerrrrorr e s

»
=)

(=]
Trfrrrorrrrrr oy

S/(Mh'fph/fs)

9

4
[

Normalized photon density S/(Ny,7,n/Ts)
Normalized carrier density N/Ny,

Ny/Ny, = 0.6

0.0 ettt s ' T R S B SN R

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Normalized injection current density J/.Jyy,

lllllllll‘llll_Ll_l]l

Figure 6.7 Dependences of the carrier density and photon density on the injection
current density.

result the kink in the graph for the output power versus the injection current
density at the threshold is rounded. A semilogarithmic plot of the injection
current density dependence of the output power is shown in Fig. 6.8. The
graph shows that the output power changes by several orders of magnitude
depending on Cj in the vicinity of the threshold.

The value of the spontaneous emission coupling coefficient Cs can be
estimated by an approximate expression derived for index-guiding lasers in
Appendix 5:

it

= 6.39
Am2nngne Vy Al (6.39)

S

where I' is the confinement factor, Ay, the spectrum width of the
spontaneous emission, and V, the volume of the active region [1,2]. The
value of Cj is of the order of 107>~ 10~ for ordinary index-guiding lasers
and is several times this value for gain-guiding lasers. However, there exist
cases where the experimental result does not agree well with the theoretical
prediction on the injection current density dependence of the output power
using C, estimated by the above expression. Since the injection current
density dependence of the output power can easily be measured for a given
laser, the value of C, for the laser can be determined by comparing the
experimental result with the theoretical curves in Fig. 6.8. The spontaneous
emission not only affects the behavior of the optical output power and the
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Figure 6.8 Photon density versus injection current density depending on the
spontaneous emission coupling coefficient.

carrier density in the vicinity of the threshold but also may dominate the
oscillation mode characteristics, as will be discussed in Section 6.3.4.

6.3.4 Lateral Mode Characteristics

The lateral and longitudinal modes of a resonator with which a FP-type
semiconductor laser was constructed were discussed in detail in Section 5.8.
If the above-described laser oscillation conditions are satisfied with several
modes, oscillation consisting of several modes would take place. The mode
competition that determines the actual behavior of the laser in this situation
which allows multimode oscillation can be analyzed by using the oscillation
condition given by Eq. (6.1) and multimode rate equations given by
Eq. (6.29).

The lateral modes can be classified into transverse electric (TE) and
transverse magnetic (TM) modes. For ordinary bulk DH lasers, the material
gains g are the same for TE and TM modes, and there is no significant
difference in the confinement factors I' and also in the internal losses o;y;.
The facet reflectivity R for TE modes is considerably larger than that for
TM modes, as shown in Section 5.7, and, therefore, the threshold gain
determined by the right-hand side of Eq. (6.1) is smaller for TE modes.
Therefore, FP lasers oscillate with TE mode(s). For quantum well lasers, the
gain is also larger for TE modes, and the TE oscillation takes place with a
TM mode suppression ratio higher than that of bulk DH lasers.

Copyright © 2004 Marcel Dekker, Inc.



We next consider cases where the waveguide with which a semi-
conductor laser is constructed is of index guiding type and supports several
lateral modes of different orders. With low injection current levels, only the
fundamental lateral mode with the smallest internal loss «;,; and the largest
confinement factor I' oscillates. However, with increase in the injection
current, the output power increases and the increase in the stimulated
emission reduces the carrier density on the center axis of the active channel,
giving rise to saturation of the increase in the fundamental mode gain
relative to the higher-order mode gain. Thus, the higher-order modes start
to oscillate. The reduction in the carrier density is referred to as spatial hole
burning. The change in the lateral mode, which is associated with a complex
change in the far-field pattern, is not desirable from an application point of
view. The lateral multimode oscillation makes it difficult to attain single-
longitudinal-mode oscillation. Therefore, it is required to design and
implement a waveguide that supports a single lateral mode or one close to
that for obtaining stable single-longitudinal-mode oscillation. In a narrow
active channel width, however, the carrier diffusion effect dominates the
carrier distribution and suppresses spatial hole burning, allowing the
practical fundamental mode output power to be achieved below the injec-
tion level before the start of the oscillation in higher-order modes. Thus a
single-mode waveguide is not a strictly necessary condition.

In gain-guiding lasers, the lateral mode itself changes with the change
in the carrier injection level. Lateral mode confinement may show a
complicated change with the injection level through the gain guiding and the
antiguiding due to the carrier-induced refractive index change. Moreover,
spatial hole burning promotes the transition to multiple-lateral-mode
oscillation. Therefore single-longitudinal-mode oscillation can hardly ever
be obtained. Another drawback is the problem in the far-field wavefront
pointed out in Section 5.9. Although gain-guiding lasers are easy to
fabricate, they involve the drawbacks described above, and nowadays the
technique for fabrication of index-guiding lasers has been well established.
Thus gain-guiding lasers are less important. In the following two sections,
the longitudinal mode characteristics of single-lateral-mode lasers will be
discussed in detail.

6.3.5 Longitudinal Mode Characteristics

As a simple model, we first consider steady-state oscillation without the
spontaneous emission coupled to the oscillation modes (C;=0). In the
region of small injection current densities J, where no mode started to
oscillate, the stimulated emission recombination term »_,.I,,G,.S, in
Eq. (6.29a2) and the saturation effect term Y ,/&,,.»S,, in Eqs (6.29a)
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and (6.29b) are zero, and Eqs (6.29a) and (6.29b) reduce to 0 = —N/t,+ J/dgq
and 0 =(1,,G,, — 1/7,n)S,s,, respectively. Then, with increase in J, the carrier
density N increases as N = t3J/dg; the gain G,, for each mode also increases,
and oscillation starts with the mode that satisfies first the oscillation
condition I',,G,, = 1/tpn. After the start of oscillation in a mode, even with
further increase in J the oscillation conditions for the other modes are not
satisfied, since the increment is consumed by transformation to the optical
output of this mode and N is kept at the value to maintain the oscillation
condition for this mode. This means that, without coupling of the
spontanecous emission, the laser oscillates in a single mode.

To examine the oscillation mode characteristics of a realistic laser, the
effect of spontancous emission must be considered [3]. If the coupling of the
spontaneous emission (Cs > 0) exists, the process is started by the spontane-
ous emission and then amplified; therefore the laser output is obtained even
before I',,G,,, = 1/t is exactly satisfied, as shown by Eq. (6.37). Consider a
case where several longitudinal modes belonging to a single lateral mode are
simultaneously oscillating in a steady state. Then, by substituting 0 into the
left-hand side of Eq. (6.29), we obtain equations to determine the carrier
density N and the photon densities S,,, of each longitudinal mode:

J N
aTq = Z + ; Fm <Gm - Z Einna’Snf)Sm (6403)

m
Tph CSN / Ts
1- Tpth(Gm - Zm’ émm/ Sm/)

S = (6.40b)

By using the approximate parabolic expression for the gain spectrum G(w)
shown in Fig. 6.2, the gains G,, for each mode can be written as

2
G = Glom) = Gmax[l - (‘”‘“’0) ] (6.41a)

AwG

Gmax = G(wp) = AN — No) (6.41b)

where w,,, denotes the longitudinal mode frequencies, and Awg the half-
width of the gain band. Assuming that the maximum gain frequency w
coincides with one of the longitudinal mode frequencies, we number the
longitudinal mode order m with reference to this central longitudinal mode
to obtain w,, —wy=m Aw. Solving Eq. (6.40) for all modes m in the gain
bandwidth jointly, we obtain photon densities for each mode. The optical
output power P,, of each mode is proportional to S,, as shown by Eq. (6.35).
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For ordinary FP semiconductor lasers, the longitudinal mode
separation Aw is narrower by more than one order of magnitude than the
gain bandwidth 2 Awg, and the mode dependences of G,, and 7, are small.
Therefore in the vicinity of the threshold the laser oscillates in several
longitudinal modes. Omitting the saturation effect term /&S, in
Eq. (6.40) for simplicity, from Eqs (6.40b) and (6.41a) we obtain

_ Ton Cs N /s
1 — 1ol Ginax + (MAw/AwG)?

S (6.42)

where use has been made of the relation t,,I'Gmax~ 1 obtained from the
oscillation condition. Putting m=0 in the above equation, and using
N~ Ny, at the threshold or in the vicinity of the threshold, we obtain
So = (TphCsNen/Ts)(1 — Tpnl Gmax). Therefore the intensities of each mode
relative to the central mode intensity are calculated as

-1
S _ [1 S N (m A“’)z} (6.43)
So CsNu Tph Awg
The above expression indicates that, the larger the spontaneous emission
coupling coefficient Cg, the stronger is the tendency of multiple-longitudinal-
mode oscillation. Consider next a case where the injection current is
increased over the threshold. The output power of the major oscillation
mode (/m = 0) with the maximum gain increases approximately in proportion
to the increase in the injection current, as the denominator of the right-hand
side of Eq. (6.42) approaches zero, while the powers of other modes saturate.

From Eq. (6.43), the full width at half-maximum of the envelope of the
longitudinal mode spectrum is given by

172
Ao = 2806 (CN”P‘) (6.44)
S()'L’S

Note that the oscillation spectrum width 2Aw.,, is narrower than the gain
bandwidth 2Awg, and that 2Aw,,, narrows further with increasing output
power. Thus, even if the laser oscillates in multiple modes at injection
currents slightly higher than the threshold, the increase in the injection
current results in a pronounced enhancement of the major oscillation mode
power and saturation in the relative powers of other modes. Thus the laser
oscillation approaches single-mode oscillation. The evolution of the
oscillation spectrum of single-lateral-mode FP semiconductor lasers is
shown in Fig. 6.9. The quasisingle-mode oscillation is obtained in index-
guiding lasers, where C is small, 107°~10~% [4]. From Eq. (6.43), the side
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Figure 6.9 Calculated evolution of the longitudinal mode spectrum of a semi-
conductor laser (an index-guiding facet mirror laser, with a single lateral mode).

mode suppression ratio is given by

S() SOfs Aw 2
Roms = 20 = 1 4 0B (29 6.45
S * CsNinTpn (ch> (645)

For cases where Rq,s>> 1, the results of the analysis using the single-mode
model apply with good accuracy. In quantum well lasers with gain bandwidth
Awg narrower than that of bulk DH lasers, a larger side mode suppression
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ratio is obtained. Gain-guiding lasers having C, larger than 10~%, on the other
hand, usually oscillate in multiple modes even at high injection level [5].
The above-described mode characteristics and the expressions in Eqgs
(6.42)—(6.45) are the results of an analysis with the gain saturation omitted.
Since the gain saturation coefficients &,,,, in Eq. (6.40) satisfy &, <
&.m(m#£m'), the more strongly a mode oscillates, the more strongly the
gains for other modes saturate, suppressing the powers of the modes. Thus
the gain saturation enhances the tendency discussed above. When the
injection current is further increased to obtain even higher output powers,
however, the strong hole burning caused in the vicinity of the major
oscillation mode gives rise to gain saturation and therefore a relative
increase in the gains for other modes, and the tendency of the multiple-
longitudinal-mode oscillation may become stronger again.

6.3.6 Intermode Competition

We next discuss the temporal competition between modes. For simplicity,
we assume that two longitudinal modes p and ¢ can oscillate. Then the rate
equations for the photon densities can be written as

d 1
aSp = |:Fp(Gp — &Sy —£0Sy) — Tph] Sy (6.46a)
d 1
ES‘I = |1(Gy — &3Sy — EpSp) — "71Th Sy (6.46b)

where the spontaneous emission terms are omitted. Let X, and X, be equal
to Ip(Gp — &Sy —EpgSq) = 1/ton  and  T'y(Gy — &g Sg—  5pgSp) — 1/Tphs
respectively. Oscillation of the mode p is temporally attenuated (annihilated)
if X, <0, and is increased (created) if X, > 0. The situation is same for the
mode ¢g. Here, we draw lines indicating X,,=0 and X, =0 on a plane with S,
and S, as the ordinate and the abscissa, as shown in Fig. 6.10. Then, X <0 in
the upper right region of these lines, and X > 0 in the lower left region of
them. In the plane, annihilation and creation of the oscillations in modes p
and ¢ can be sectioned with these lines as the borders between them, and
therefore a steady-state point can be determined graphically [6]. As shown in
Figs 6.10(a)-6.10(d), the steady state is oscillation of mode p only,
oscillation of mode ¢ only, simultaneous oscillation of modes p and ¢, or
bistable oscillation of mode p or ¢ (steady-state oscillation of mode p or ¢ is
selected by the initial condition). The steady-state oscillation mode that the
laser reaches can be determined by knowing which of Figs 6.10(a)-6.10(d) in
the figure represents the relation of the two lines for the given parameters.
The graphical method is useful for analyzing the change in the oscillation
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Figure 6.10 Graphical analysis of longitudinal mode competition of a semicon-
ductor laser: (a) single-mode oscillation of mode p; (b) two-mode oscillation of
modes p and ¢; (c) single-mode oscillation of mode p or ¢ (bistable oscillation); (d)
single-mode oscillation of mode ¢. S, and S, represent the photon densities of the
longitudinal modes p and ¢, respectively. (S,, S,) moves towards the direction
indicated by arrows and settles at the point indicated by the open circle.

mode associated with the changes in ambient temperature and injection
current. The transition of the oscillation mode with hysteresis under
parameter changes can also be explained using this figure [6].

6.4 MODULATION CHARACTERISTICS
The output power of a semiconductor laser can be modulated directly by

driving the laser with a signal wave superimposed on the injection current
density, as shown in Fig. 6.11. The direct modulation is simple, efficient, and

Copyright © 2004 Marcel Dekker, Inc.



i

Output optical power P

=

Injection current Time ¢

density J

Time ¢

Figure 6.11 Direct modulation of a semiconductor laser.

applicable to high-speed modulation. It is an important feature of semi-
conductor lasers that allows a variety of applications. A semiconductor laser
under direct modulation driving exhibits a complicated behavior unlike
steady-state oscillation, because of the interaction between temporal changes
in the carriers and photons. This chapter presents a theoretical analysis of the
direct modulation to clarify the dynamic characteristics of semiconductor
lasers.

6.4.1 Rate Equation for Small-Signal Modulation

The rate equations for analyzing the temporal variations in the carrier
density N(¢) and the photon density S(7) for a given time-dependent injection
current density J(z), under the assumption of single-mode oscillation, are
given by Eq. (6.28). They are nonlinear differential equations and cannot be
solved analytically. Therefore, we first consider cases where the modulation
amplitudes are not large and separate J, N, and S into constant bias
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components representing the operating point and time-dependent modula-
tion components:

J(t) = Jo + 8J(2) (Jo > 18J (1)) (6.47a)
N() = No+3N@®  (No > [3N(1)]) (6.47b)
S(t) = So+8S(t) (S>> 185(1)]) (6.47¢)

Assuming that the modulation components are much smaller than the bias
components, we can perform an approximate but analytical small-signal
analysis [7]. The bias components J,, Ny, and Sy are values for injection
without modulation signal (8J(f) =0), and they satisfy the steady-state rate

equations:
Ny J
0=—-IGySy——+=2 (6.48a)
Ts dq
N,
0 = +1GyS, — S0 4 &0 (6.48b)
Tph Ts

The gain G, given as a function of the carrier density N and the photon
density S, can be approximated by the constant and linear terms in the
Taylor expansion around the bias point as

G =G(N,S) =Gy + Gy 3N + GsdS (6.49)
9G 9G
Gy = — A 0 Geg=|— 0
N R

where [ ]o denotes the values at the bias point. The coefficients Gy and Gy
represent the differential gain and the gain saturation, respectively, and they
usually satisfy G > |Gg|. Substituting Eqgs (6.47) and (6.49) into Eq. (6.28),
using Eq. (6.48), and omitting the small quantities of the second and higher
orders, we obtain differential equations for the modulation components:
d 1 d&J
—ON = —TI'(Gy+ GsSp) S — | 'GnSp +— | ON + —
dt Tg dg
d
C5s = <Cs NO
7580

(6.50)

& — FGSS())SS + <FGNSQ —i—CS> ON

Ts
Eliminating 8N from the above equations yields an equation for the
modulation in the photon density:

d? d 8J

— 88+ 2I'r — 885 + QR 8S = I'Gy Sy i

iz T (6.51)
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where I'g and Qg are given by
CsNo
780

Gy G G 1 No
0 = (N _ S)SO LG ( TGSy + ) (6.53)
Toh T s \Tph S0

1
2y =+ TGy = Gs)S+

(6.52)

Equation (6.51) is a differential equation for a system with a resonance
frequency Qg and a damping factor I'g driven by a motive force represented
by the right-hand side. The spontaneous emission terms with the coupling
coefficient Cs, on the right-hand sides of Eqs (6.52) and (6.53), are small
compared with other terms and can be omitted. The values of I'r and Qy are
positive and, for realistic lasers, I'r < Qr except in the vicinity of the
threshold.

6.4.2 Step Response and Relaxation Oscillation

As a modulation signal 8J(z), consider a step increment in the injection
current density by J,, at 1=0:

SJ(1) = Juu(t),  u(t) = { (1) g(f) < (g (6.54)

The small-signal transient response can be examined by solving Eq. (6.51)
with initial conditions dN(0) =0 and 6S5(0) =0. The result is given by

ON(1) = QL% exp(—I'rt)sin(Qg' 1) (6.55a)
3S(1) = FGNSO ;qu |: —exp(— FRt){cos(QR/t) +— I'r sm(QR t)”
R
(6.55b)
Op = (% —T3)*~ o (6.55¢)

The optical output power is proportional to the photon density S(7).
Equation (6.55) indicates that S(¢) and N(¢) approaches asymptotically to a
new steady state, after an evanescent oscillation of frequency Qr with
damping factor I'g, as shown in Fig. 6.12. This oscillation is referred to as
relaxation oscillation. An abrupt change in the injection current is followed
by a gradual change in the carrier density, since the carrier is accumulated
by the injection current density as indicated by the rate equation given by
Eq. (6.28). The photon density cannot vary more rapidly than the photon
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Figure 6.12 Transient response in direct modulation of a semiconductor laser.

lifetime, since the optical field propagates round in the resonator. Therefore,
the increase in the injection current density is followed by an increase in the
carrier density — increase in the photon density and the spontaneous
emission — decrease in the carrier density — decrease in the photon density
and the spontaneous emission, and this sequence is repeated with time delay
to form an oscillation. Thus the relaxation oscillation results from the
feedback with delay. The oscillation, however, attenuates in a time of the
same order of magnitude as the carrier lifetime, as the carrier density
approaches asymptotically the value that satisfies the oscillation condition
for the new steady state. The relaxation oscillation frequency Qr and the
damping factor I'g depend upon the laser structure and the choice of the
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operation point; the parameter dependence is given by Eqs (6.52) and (6.53).
Omitting the gain saturation, which is small (|Gs| < Gy) in the vicinity of
the threshold and at ordinary operation points, omitting the spontaneous
emission coupling, and using an expression for the steady-state photon
density Sy = tpn(J — Jo)/dq derived from Eq. (6.34), we obtain an approximate
expression for Qg:

~ I'GySo _ I'Gn(Jo — Jin)

QZ
R Tph dq

(6.56)

The above expression shows that Qr is dominated by the effective
differential gain I'Gy and the volume density of the injection current. The
gain saturation makes Qg higher. The damping factor I'r, on the other
hand, is determined mainly by the carrier lifetime ;. When the output power
increases, the attenuation becomes faster owing to the enhanced stimulated
emission.

6.4.3 Sinusoidal Modulation and Frequency Response

We next consider a case where the injection current density is modulated by
a small sinusoidal signal of frequency Q. Using complex expressions for the
modulation components, we put

J(1) = Jo + Re{Imexp(=iQ0)}  (Jo > |Jml) (6.57a)
N(1) = No + Re{Nm exp(—iQ20)}  (No > [Nml|) (6.57b)
S(t) = So + Re{Sy exp(—iQ1)} (So > |Sm)) (6.57¢)

Solving the linearized differential equations in Eqs (6.50) with Eqs (6.57)
substituted for N, and S,,, we obtain
_ —(Q+TGS) Jn
03— QP 2ilRQdg
_ I'GySy Im
Q3 — QP 2ilRQ dg

(6.58a)

m

S (6.58b)
The spontaneous emission coupling was neglected by putting C;=0. Using
Eq. (6.56), the complex amplitude of the modulation in the photon density
for low-frequency modulation (22— 0) can be written as

FGNSOJm ~ Jm

and that for modulation at frequency @ can be written as
Sn(0) = Spn(0)H(Q) (6.60)
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where

%

H(Q) =
@ Q% — Q> —2ilRQ

(6.61)

The function H(L2) is a normalized complex transfer function that describes
the transfer of the modulation from the current to optical output. The
frequency response of the intensity modulation is given by

%

|1¥(52N = 12
[(% — 92)2+4F§Q2] !

(6.62)

The frequency response is flat in the low-frequency region, has a peak in the
vicinity of the relaxation oscillation frequency Qg, and decreases rapidly for
frequency higher than Qg, as shown in Fig. 6.13. Equation (6.61) shows
that, as the modulation frequency approaches the relaxation oscillation
frequency, the modulation in the optical output starts to involve a phase
retardation. The normalized complex transfer factor at Q=Qg giving the
peak of the transfer function is

H(Qp) = Sg“ﬁ‘;) = ;% (6.63)
————rTT — g
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Figure 6.13 Example of frequency response of direct intensity modulation.
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Although the above discussion considered modulation with a sinusoidal
signal of a single frequency €2, the modulation by an arbitrary small signal
can be described by a superposition of the Fourier components, as Eqs (6.50)
are linear equations. The above result shows that, whereas in the low-
frequency range the output power is modulated with a high fidelity to the
input signal, in the frequency range close to the relaxation frequency Qg,
where the transfer function is not flat and phase retardation is involved, the
modulated output suffers from distortion of the waveform. In the frequency
range higher than Qg, the output is not modulated substantially. This means
that the maximum frequency of practical direct modulation is limited by Q.
As we see from Eq. (6.56), Qr is determined mainly by the effective
differential gain I'Gy and the injection current density level. For a given
laser, the larger the injection level is, the higher Qi becomes. Therefore, for
high-speed modulation, the bias point must be set at a sufficiently large
injection level. The relaxation frequency Qr of ordinary semiconductor
lasers at a high injection level is several gigahertz.

In order to design a laser of large Qg for high-speed modulation, the
product of the effective differential gain I'Gy and the maximum volume
density of the injection current should be maximized. Decreasing the active
layer thickness d, within a constraint for avoiding large reduction in the
confinement factor I', leads to a large maximum volume density of injection
current, and therefore to a high Q. As presented in Section 4.3, quantum
well structures offer a differential gain G higher than that for bulk DH
structures [8]. The small thickness d of quantum well structures is
advantageous in obtaining a high volume density of injection current. In
fact, in quantum well lasers using a SCH structure appropriately designed
to assure a large confinement factor I', direct modulation of maximum
frequency higher than that for bulk DH lasers can be obtained [8]. Although,
from Eq. (6.56), Qr seems to be enhanced limitlessly by increasing the
volume density of the injection current, this is a false result because the gain
saturation was omitted. In fact, enhancement of Q is limited by the gain
saturation.

In the above discussion, the modulation characteristics determined by
the intrinsic character of a semiconductor laser itself were considered. In
practical laser devices, however, the high-speed modulation characteristics
are affected by the junction capacitance, the electrode capacitance, and the
inductance of the lead wire. There are many cases where the modulation
speed is limited by such driving circuit problems [9]. Thus, implementation
of semiconductor lasers for high-speed modulation requires careful design,
fabrication, mounting, and packaging for minimizing the parasitic circuit
elements. With such efforts, modulation bandwidths over 20 GHz or wider
have been accomplished.

Copyright © 2004 Marcel Dekker, Inc.



6.4.4 Frequency Chirping

The rate equation for the optical phase (Eq. (6.27)) indicates that the phase
¢ of the output wave changes when the refractive index changes through the
variation in the carrier density caused by modulation. This means that the
intensity modulation is associated with phase modulation [10]. To analyze
the phase variation under small-signal modulation, we separate ¢(¢) into the
value at the bias point and the modulation component and put

(1) = ¢o + d¢(1) (6.64)
The first term ¢, satisfies an equation for the steady state:

d o 1

by ==(TIGy — — .

dt¢0 > ( Go fph) (6.65)

Substituting Eq. (6.64) into Eq. (6.27) and using Eq. (6.65), we obtain

d o
@&p = TGy 3N (6.66)

The gain saturation has been omitted by putting Gg=0. The phase
modulation 8¢ is correlated with the modulation dw in the instantaneous
frequency w by dw(t) =dd¢(r)/dt.

Consider small-signal modulation by a sinusoidal wave of frequency
Q. Using J(¢) and N(¢) from Eq. (6.57), then from Eqs (6.58a) and (6.66) we
obtain an expression for the frequency modulation dw(?):

Se(1) = %&p(z) - %FGN Re{N,y exp(—iQ1)} (6.67a)
N, = —(1Q2+ FGZSSO)H(Q)Jﬂ (6.67b)
Qi dgq

The normalized transfer function H(Q) is given by Eq. (6.61). The above
expression shows that the optical frequency of the output wave w varies
sinusoidally with a period 2rt/Q (with an angular frequency ) [10]. Thus the
output wave is frequency modulated. The modulation depth Owpmax is
proportional to the antiguiding factor «., the effective differential gain I'Gy
and the modulation amplitude J,, of the driving current density. The
frequency response is given by [—(iQ+ ['GsSo)H(Q)]; similarly to the
intensity modulation, the depth of the frequency modulation (FM) increases
in the vicinity of the relaxation oscillation frequency Qr and decreases
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rapidly for frequencies @ higher than Qgr. From Eqgs (6.56), (6.61), and
(6.67), the FM depth 0w, for Q <« Qg is given by

OcTph
250

S = SR + (TG00 (6.68)
and, for a constant Q, dw,,x decreases with increasing optical output power.

The time-averaged spectrum of the optical wave with sinusoidal
frequency variation as given by Eq. (6.67a) is given by the Fourier transform
of exp[—i1Q2¢—1d¢(1)]. As is well known concerning the frequency modulation
(FM) of a radio-frequency (RF) wave, the spectrum consists of side peaks at
equidistant frequencies w £ mQ (m=0,1,2,3,...) with the carrier fre-
quency w at the center. The magnitude of the mth side peak is given by
[Jm(Swmax/Q)]z, where J,, is the Bessel function of mth order. Observation of
the spectrum of this output wave using a monochromator with resolution
lower than the side wave separation £ gives a distribution corresponding to
the envelope of the side peaks. The width of the envelope is comparable with
dwmax given by Eq. (6.68). With increasing modulation amplitude J,,, of the
injection current density, the envelope spectrum evolves from a narrow
single peak for J,,=0, through two-lobe to multilobe distributions with
extended bandwidth, as shown in Fig. 6.14. For modulation of ordinary
semiconductor lasers with Q of the order of 100 MHz, the wavelength width
of the spectrum can be as large as 1A or so [11].

@, =5.0 P,=5.0mW
I'Gy=-3 x 107°cm3/s Q/27 =100 MHz

Figure 6.14 Variation in output light spectrum associated with direct intensity
modulation.
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The FM in the output wave due to the modulation in the driving
current is referred to as frequency chirping. Frequency chirping can be
utilized as a modulation of the optical frequency (or optical wavelength)
[12], or for high-speed scanning of the optical frequency. In optical fiber
communication applications, however, this phenomena is recognized as an
unwanted optical frequency fluctuation caused by the intensity modulation
for giving information [11]. If frequency chirping occurs, the spectrum width
of the output wave is broadened to a width significantly larger than the
bandwidth essential for the transmission of the signal information, giving
rise to large distortion of the optical signal waveform after the transmission
through an optical fiber that exhibits group velocity dispersion. Thus
chirping prevents achievement of the ultimate transmission bandwidth and
the transmission distance. To reduce the harmful chirping, the antiguiding
factor a. must be reduced. Quantum well structures, compared with bulk
DH structures, offer a larger differential gain and accordingly a smaller «,
[8]. Therefore, quantum well lasers are advantageous for implementing a
laser of small frequency chirping.

6.4.5 Large-Signal Transient Response

In the previous sections, characteristics of small-signal modulation were
clarified under the assumption of single-mode oscillation. In many practical
applications, modulation with a large amplitude is required. Although the
results of the small-signal analysis give insights into understanding the
outline of the large-signal modulation characteristics, the validity must be
examined. To do this, general analysis should be done assuming multimode
oscillation, rather then treating as single-mode oscillation.

The multimode rate equations, given by Eq. (6.29), are a set of nonlinear
differential equations and therefore cannot be solved analytically for general
cases including large-signal modulation. The analysis requires numerical
calculation [13]. As a simple example, here we assume an index-guiding GaAs
laser that oscillates in the quasisingle mode for constant-current driving as
discussed in Section 6.3 and consider the modulation by driving it with a step
current that rises from zero times to twice the threshold current 7;, at time
t=0. The result of the calculation of the transient response is shown in
Fig. 6.15. As for the longitudinal modes, the central mode at the gain maxi-
mum and the adjacent £first and +second side modes are considered, and the
photon density for each mode is denoted by S,,(z). The results indicates
that, with the rise of the injection current, the carrier density N(7) starts to
increase and, at the instance when the increasing N(7) reaches the threshold
carrier density Ny, the photon densities S,,(7) increase rapidly. Thus
the oscillation starts with a delay from the rise of the driving current.
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Figure 6.15 Calculated example of large-signal transient response.

The turn-on delay will be discussed in detail in Section 6.4.6. After the start
of the oscillation, relaxation oscillation of large amplitudes occurs. The
relaxation oscillation attenuates in several nanoseconds, and after that the
laser reaches the steady state, maintaining the quasisingle-mode oscillation.

An important characteristic revealed by the result in Fig. 6.15 is that,
during the large-amplitude relaxation oscillation, not only the central mode
but also the side modes oscillate with large magnitudes associated with
relaxation oscillation. This implies that even a steady-state quasisingle-mode
laser oscillates in multiple longitudinal modes when it is modulated by a
fast large-amplitude signal with frequencies of the order of 100 MHz or
higher. Note that, for FP lasers, the photon density 7,, does not depend
substantially on the longitudinal mode, and that the gains for the side modes
are very close to the gain for the central mode. In the transient state, the
time derivatives as the right-hand sides of rate equations are not zero and,
therefore, Eq. (6.42) does not hold. The absence of the condensation of the
optical power into the central mode, i.e., the side mode suppression,
described by Eq. (6.42), is the reason for the transient multimode oscillation.

Positive use of the multimode oscillation by large-signal fast
modulation can be made as a means to avoid the noise problems due to
mode hopping and external feedback, as will be discussed later. This method
is actually employed in some optical disk memory systems. For high-speed
long-distance optical fiber communication, the multimode oscillation is
a harmful phenomenon. Note that the wavelength separation between
adjacent longitudinal modes is usually a few angstréms, larger than the
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wavelength bandwidth broadened by the frequency chirping discussed in
Section 6.4.4. If the laser operation becomes multimode oscillation, the
wavelength bandwidth is broadened to a few nanometres to 10 nm, and then
the transmission bandwidth and the transmission distance drastically
deteriorate. To avoid this problem, modulation must be accomplished by
using an external modulator rather than direct modulation, or dynamic
single-mode lasers, that will be presented in Chap. 7, must be employed. For
modulation at a relatively low frequency, on the other hand, the laser can be
considered to be in the quasisteady state. Then the results obtained with the
steady-state analysis, and the results using the single-mode model, discussed
in the previous sections, apply well as approximate results. It should also be
mentioned that, even for multimode oscillation under high-speed modula-
tion, the behavior of the total optical power can be interpreted
approximately on the basis of the single-mode model.

6.4.6 Turn-on Delay

As Fig. 6.15 shows, laser oscillation starts with a delay after the start
of carrier injecton. This turn-on delay is undesirable phenomenon for
applications of semiconductor lasers. The delay, however, can easily be
avoided by giving a bias current close to the threshold, since the delay is no
more than the time required for carrier accumulation up to the threshold.
Then the extinction ratio of the modulated output may deteriorate. An
appropriate bias level must be set in order to avoid substantially the delay
and deterioration of the extinction ratio.

The turn-on delay provides a method for analyzing experimentally
carrier recombination in a semiconductor laser. Since the turn-on delay is a
phenomenon before the start of the oscillation, we can analyze it by using
the rate equation of the carrier density where the photon density is set to zero:

d N J

dtN_ - +dq (6.69)
where the first term on the right-hand side, N/t,, represents the carrier
recombination rate for unit volume. As described in Chap. 3, the recom-
bination includes not only the spontaneous emission recombination but also
nonradiative recombination at surfaces and defects, and Auger recom-
bination. The carrier density dependences of the rates of these recombina-
tions are given by Ry, = B.(PoN + N?)~ B.N*, Ry~ AqN, from Eq. (3.43),
and Ry~ CAN°, from Eq. (3.46), respectively. Therefore, we can write

— =~ Ay + BN + CAN? 6.70
‘L'S(N) sd+ r + A ( )
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In this chapter, thus far, the lifetime t, in the rate equations was treated as if
it were a constant independent of N. When a laser oscillates and gives an
optical output, the oscillation condition is satisfied at least approximately,
and therefore N is close to the threshold carrier density Ny,. Accordingly,
the use of a constant 7, given by 74(/Vy,) has been an appropriate approxima-
tion. For the analysis of problems such as turn-on delay, where N varies in a
wide range, Eq. (6.70) should be used to take the above dependence into
account.

The turn-on delay time T for the case where the injection current den-
sity rises from Jy up to J at time 1 =0 can be calculated using an expression
which yields from separation of the variables and integration of Eq. (6.69):

T B /N1]1 dN
P ) I/dg— NJt(N)

N _ Jwn No _ Do
t(Nwm)  dq’ w(No)  dq

(6.71)

where Jy, is the threshold current density and N, the steady-state carrier
density for injection current density Jo. For Jo=0 and J > Jy,, from the
above equation we obtain

d J,
Tp = N = 1(Vu) S (6.72)

Although Eq. (6.71) cannot be integrated analytically, 7p can be calculated
easily by integrating numerically Eq. (6.71) with Eq. (6.70) substituted.
The delay time Tp and Jy,, J, and J, can easily be measured in experiment.
Therefore, by comparing Tp measured under various conditions for a
given laser with the theoretical values, one can determine the major
component of the carrier recombination and the each coefficient in
Eq. (6.70). The carrier recombination lifetime at the threshold (V) can
also be determined using Eq. (6.72).

6.5 NOISE CHARACTERISTICS

In this section we return to steady-state oscillation of semiconductor lasers
and discuss the noise characteristics. As lasers, in general, are light-emitting
devices based on the optical transition of electrons, they inevitably involve a
quantum noise problem as described in Chap. 2. Semiconductor lasers, in
particular, are characterized by a high gain, a wide gain bandwidth and a
wide longitudinal mode separation. Ordinary FP semiconductor lasers use a
resonator consisting of the facet mirrors with low reflectivities. Since the
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active region is injected with a high density of carriers, the fluctuation in the
carrier density affects significantly the phase of the optical wave. Therefore,
semiconductor lasers exhibit unique noise characteristics unlike those of
other types of laser. Understanding and improving the noise characteristics
are very important for all applications, especially for achieving the ultimate
performances in long-distance high-speed optical data transmissions and
precision optical measurements. Noises of the output light from practical
laser are classified into intrinsic noises and extrinsic noises. In the following,
the basic concepts for theoretical noise analysis are summarized, and then
the quantum noises under the single-mode steady-state oscillation are
discussed in terms of the intensity and frequency noises. Subsequently,
noises for multimode operation, and noises caused by external feedback are
discussed.

6.5.1 The Wiener—Khintchene Theorem and Shot Noise

Consider the frequency spectrum of a quantity F(¢) that fluctuates randomly
with time as noises [14]. We assume that the time average of F(7) is zero.
Although F{(7) is a function for an infinite interval of time, for correlating the
analysis with practical observation we cut the part in the finite time interval
—T<t<+T and put

Let Fr(Q) = [Fr(1) exp(iQ,) dz be the Fourier transform of Fr (7). Since F{(r)
is real, we have Fr(—Q)=Fy(Q)". Since [Fr(t)*dt = [|Fr(Q)|*dQ/2n, the
energy belonging to a frequency width dQ/2n is proportional to |F7(Q)|*dQ/
2n. We therefore define the power spectrum density of F by

L |Fr(Q))? >>>

Sr(Q) = Tlgr;o( T (6.74)
where <> denotes ensemble average. Then Sp(Q2)dQ/2m represents the
power belonging to a frequency width dQ/2rn. Whereas the above Sr(Q) is
defined for the frequency range —oo < Q < +o00, the power spectrum density
defined for positive frequency range is 2SHQ). If F(¢) is a electric signal of
radio frequency (RF), 25-(Q2) is obtained by a measurement using a RF
spectrum analyzer. Next consider the autocorrelation function of Fr(¢)
given by

(F(t+o)F () = lim_ [(;T) / Fr(t + 0 F7(0) dt] (6.75)
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and assume that the ensemble average equals the temporal average
(assumption of ergodicity). Then the power spectrum and the autocorrela-
tion function are correlated by

Sr(Q) = /(F(t + t)F(t)) exp(iQr)dr (6.76)

This relation, referred to as the Wiener—Khintchene theorem, shows that the
power spectrum is given by the Fourier transform of the autocorrelation
function [14].

We next consider a stochastic signal, which is formed by quanta, such
as electrons and photons, flowing into a detector or flowing out at a
constant rate per unit time. Note that the flow is not of a continuous
medium but of discrete quanta. Even though the average flow rate is a
constant, the events are not a regular sequence of equal temporal separation,
but a stochastic process randomly arranged on the time axis, as illustrated in
Fig. 6.16. The intrinsic signal consists of random pulses of an infinitesimal
width and a same height. By a realistic measurement system having a finite
bandwidth, this signal is observed as a signal with a constant average value
associated with fluctuation (quantum noise). Assuming that there is no
correlation between quanta (Markov process), it can be shown that the
statistical distribution of the number of events in a constant time width is
Poissonion. The autocorrelation function of the signal is proportional to
Dirac delta function d(t), and the Fourier transform, i.e., the noise power
spectrum, is flat independent of the frequency (white noise). It is known that,
when the number of quanta per unit time is Q, the noise power spectrum
equals Q [15]. These results were derived on the basis of the classical
statistical theory for particles. The white noise is referred to as shot noise.

Uniform quantum flow

Schematic picture of a quantum

Quantum
detector

Detector A Signal for an infinite bandwidth Signal for a finite bandwidth
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/ Quantum noise
3 et et It i i

gt Average value

A

.
r

Time ¢

Figure 6.16 Schematic illustration of shot noise.
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It has been verified that the same result is obtained on the basis of the
quantum theory of photons. Thus, the quantum noise of a signal
resulting from a quantum flow at a rate of Q quanta per unit time is a
white noise of power spectrum density Sz(2)= Q. For example, the noise
power spectrum of a photocurrent resulting from detection of Q photons
per unit time, /=¢Q [A], is S;(Q)=¢’0=ql [A*/Hz], if the spectrum is
defined for —oo<Q<-+oo, and 2¢I [A%*/Hz], if defined for positive
frequency range.

6.5.2 Langevin Noise Sources and Equations for
Fluctuation

The rate equations for the carrier density N (=number of carriers in the
active region/volume of the active region) and the photon density S
(=number of photons in the resonator/volume of the active region)
(Egs (6.28)) can be rewritten as

d N J
—N = —RyS+ RjpS ——+— 6.77
dt stO + Rab T + dq ( a)
d S N
2§ = 4 RS — RypS — > + = (6.77b)
dt Tph T
Ry — Ry = I'G (6.77¢)

by decomposing the net stimulated emission I'GS into the stimulated
emission Ry S and the absorption R,,S. Here, from the discussion in
Appendix 5, we have the relation:
CsVaN

Ts

Ryt = Ryp(wm) = (6.78)
where V, is the volume of the active region. Equations (6.77a) and (6.77b)
represent the variations in N and S, respectively, per unit time, and each
term on the right hand sides gives the specifications for each factor, i.e.,
stimulated emission, absorption, spontaneous emission, carrier injection,
and photon number attenuation. These terms represent the time averages
for the variation rates. Since each factor is an independent quantum process
and therefore is associated with quantum fluctuation (quantum noise), each
of these can be treated as shot noise. Therefore, we write the sum of the
fluctuations for each term on the right-hand sides as Fy(¢) and Fg(f) and
append them to the right-hand sides of Eqs (6.77a) and (6.77b) to obtain
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rate equations with fluctuations considered:

d N J
—N=-TGS——+-"—+F 79
aV GS Ts+dq+ N (6.79a)
gS =+I'GS —i+ C5N+FS (6.79b)
dt Tph Ts

Similarly, the rate equation for the optical phase with the fluctuation
considered can be written as

d o 1

—¢p=—|I'G—— |+ F 6.80

3y 2( Tph)+¢ (6:30)
The terms Fa(f), Fs(f), and F,(¢) appended to these equations represent
phenomenologically the origins of the quantum noise and are referred to as
Langevin noise sources [16]. Since they are random sources, the time
averages are zero, i.e.,

(Fx(0) = [F(0)) = (Fo(0) = 0 (6.81)

We next represent the fluctuations in the carrier density, the photon
density, and the optical phase associated with the quantum noise by 3N, 35S,
and d¢, respectively, and put

N(t)=N+8N@#)  (I8N(1)] < N) (6.82a)
S()=S+38S(t)  (I8S(1) < S) (6.82b)
(1) = ¢ + (1) (189(1)] < 2m) (6.82¢)

Substituting these expressions into Eqgs (6.79), in a similar manner to the
analysis of the modulation characteristics, we obtain

d 1

aESN =-TI'(G+ G,S)dS — (FGNS +T) ON + Fy (6.83)
d oS = —(CsN — FGSS> S + <FGNS + CS) ON + F (6.84)
dt TS Ts

d o

a&b = 3FGN ON + Fy (6.85)

The above equations are linearized rate equations for the fluctuations and
can be used to analyze the noise characteristics of semiconductor lasers.

6.5.3 Correlation Functions and Power Spectra of
Langevin Noise Sources [16—18]

The absolute value of each term on the right-hand sides of Eqgs (6.77a)
and (6.77b), multiplied by the volume V, of the active region gives
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specifications for each origin of the fluctuation rate per unit time in
the carrier number V,N and the photon number V,S. Therefore, treating the
fluctuations of these quantities as shot noises, their power spectra equal
the absolute value of each term, multiplied by V,. Since the noise sources
are mutually independent stochastic processes, the power spectra of the
total fluctuations V,Fy and V,Fs are given by the sum of the components
for each source. Let V2(FyFy) and V2(FsFs) be the autocorrelation
functions of V,Fy and V,Fs. Then, since from the Wiener—Khintchene
theorem the autocorrelation functions equal Fourier transforms of power
spectra, we have

V2(FyFy) = (RstS + RapS + TE + ;q) Vad(t) (6.86)
N
V2(FsFs) = (RS[S + RapS + Ti + CT ) V,8(7) (6.87)
ph s

As for the cross-correlation function between V,Fy and V,Fs, Vf (FNFs),
by taking the components that change NV and S simultancously, we can write

il ) V.5(7) (6.88)

S

C
V’f(FNFS> = _<R51S+ RabS+ :

where a minus sign is inserted in the right-hand side, since the correlation is
negative, i.e., the increase in N is associated with a decrease in S and vice
versa. Since we are considering a steady state, the rate equations, with the
left-hand sides replaced by zero, hold. These equations (Eqs (6.77¢) and
(6.76)) and V,S >1 can be used to simplify the above expressions to yield

2C,NS 2N
(FyFy) = DnnO(7), Dnny ="+ (6.89)
Ts Va
2C,NS
(FsFs) = Dssd(t), Dgg = — (6.90)
S
2C,NS S
(FnFs) = Dnsd(T), Dns = ——— + (6.91)
Ts TonVa

Consider next the phase noise source F, Let dE(f) be a small
fluctuation, which results from the Langevin noise sources, in the complex
amplitude E(¢) of the optical field in the resonator. We write the complex
amplitude E(r) as

E(t)=E+J3E()

= |E(1)] exp[—i{¢ + 5¢(1)}]

=[|E| 4 0E(t) — 10 E(1)] exp(—i¢) (6.92)
The fluctuation 8E(f) in the random phase can be decomposed into a
component dE; of the same phase as E and another component JE,
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Figure 6.17 Relation between the amplitude fluctuation and phase fluctuation of
an optical wave.

perpendicular to E, as shown in Fig. 6.17. Then the phase fluctuation can be
written as

dEL(1)
|E]
On the other hand, the photon density S(7) and E(f) are correlated by
fiwV,S(1)=|E(7)|*, and from Eq. (6.92) we have |E(f)*> — |E]* =2|E| 8 E, ().
Therefore, the Langevin noise source Fg for S, and the Langevin noise source
F, for 8E; are correlated by hwV,Fg=2|E|Fg,. Let (Fg, Fg,) and (Fg, Fg,) be
the autocorrelation functions of the noise sources Fy and Fg, for 8E;

and OF,, respectively. Then the autocorrelation function (FyFy) of Fy,
can be written as

<FE2FE2>
|E?

(Fg, Fg,)
|EI?

(FsFs)
482

(6.93)

0p(1) =

(FoFy) =

N
%" 2.8

Since dE(7) has a random phase independent of the fluctuation 8S in the
photon density, there is no correlation between F, and Fs. Since the
fluctuation in the optical phase ¢ resulting from the fluctuation N in
the carrier density has already been interpreted by the first term on the right-
hand side of Eq. (6.85), there is no need to consider here the correlation
between F, and Fy. Thus we can put

(FgFs) = (FgFy) =0 (6.95)
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From the Wiener—Khintchene theorem, the power spectra (and the
cross power spectra) S;(Q) of the Langevin noise sources F; (i=N, S, ¢) are
given by the Fourier transforms of the correlation functions (F;F))
(calculated as above. Therefore, S;(2) are given by

Si(@)=D;  (i,j=N,S,¢) (6.96)

As Eqs (6.90) and (6.94) show, both Sgs and Sy, are proportional to Cs, and
Sss=Sgp =0 for C;=0. This implies that the ultimate origin of the optical
noise is the coupling of the spontaneous emission to the laser oscillation
mode.

6.5.4 Intensity Noise

Figure 6.18 illustrates the various kinds of noise of an output light from a
semiconductor laser oscillating in a single mode. We first consider the
intensity noise [19]. The output power of a single-mode laser is associated
with fluctuation around the average value due to the quantum noise.
Since the fluctuation is random, the intensity noise has a broad frequency
spectrum. The noise power spectrum can be observed by using a wide-band
photodetector to convert the optical intensity into a photocurrent, and using

Modulation signal

Injection current
density J

 Time ¢

Intensity
modulation

I
ty nois

" Intensi c My

Output optical
power P

0I - Time ¢

Optical frequency
shift
[}

* + Frequency noise

Figure 6.18 Schematic illustration of noises in laser output light.

Copyright © 2004 Marcel Dekker, Inc.



a RF spectrum analyzer to measure and display the power spectrum of the
photocurrent.

Noting that the optical output power is proportional to the photon
density S, we first calculate the noise power spectrum for the photon density
|Ss(2)| defined by putting F(f) = 385(¢) in Eq. (6.74). To solve the fluctuation
equations (Eqs (6.83) and (6.84)), we use the Fourier transforms of the time
functions dN(f) and Fa(?):

SN(Q) = / SN (1) exp(iQr) dt (6.972)
Fy(Q) = / Fn(2) exp(iQr) dt (6.97b)

We also use similar Fourier transforms of 65(¢) and F(¢). Solving Eqs (6.83)
and (6.84), with the inverse Fourier transform expressions for these
quantities substituted, we obtain

SN(Q) = [H(Q)QR]

Ts

x [(C;V —I'GsS — iQ)FN(Q) — TG+ GSS)FS(Q)] (6.98)
85(Q) = [H(Q)Q3]

X |:<FGNS +fS>FN(Q) + (Tl+ I'GyS — iQ)FS(Q)] (6.99)
S S

where H(Q) is the transfer function given by Eq. (6.61). The noise power
spectrum for the photon density Sg(2) is obtained by calculating the
autocorrelation function for 8S5(¢), the inverse Fourier transform of the
above 0S5(Q), and Fourier transforming the result based on the Wiener—
Khintchene theorem. Using the correlation functions for the Langevin noise
sources, Eqs (6.89), (6.90), and (6.91), the factors related to F and Fg in
Ss(Q) are replaced by the power spectra (and cross power spectra) S;(2) =
D;;. Thus we obtain

2z CN 1
S5(2) = W|mm{f¢+ﬂ

r’G}s s ;
ré Ir’G?
+—2 (1 4+TGytpuN)S + —2 52 (6.100)
TphTsVa Toh Va

In the above calculation, we used C; < 1, NV,> 1, and I'Gyt,/V, < 1 and
omitted the related small terms. Use has also been made of the approximate
expression for Qr (Eq (6.56)). For laser operation near the threshold where
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S is small, Ss(Q) is dominated by the term proportional to (CsN/7,)(Q* +
1/72) resulting from the spontaneous emission coupling and is proportional
to S™'. For high output operation (large S), on the other hand, Ss(®Q) is
dominated by the final term in Eq. (6.100) and is proportional to S™'. As
can be seen from the fact that H(Q) is included in Eq. (6.100), Ss(2) has a
large peak at and near the relaxation oscillation frequency Qg.

From Egs (6.52), (6.56), (6.62), and (6.100), Ss(2) for large S can be
written approximately as

2S‘L'ph/ Va

SS(Q) ~ 2
1+ tghQ

(6.101)
The total noise power is calculated by integrating the above power density
over all the frequency range to yield

/SS(Q) e s
2n TV,

This result shows that the variance of the fluctuation in the photon number
V.S in the laser is given by V2(S/V,)=V,S. This is consistent with the
theoretical result that the output light from a highly pumped laser is in the
coherent state described in Chap. 2.

Although the above discussion is with the intensity noise in the photon
density S, from a practical point of view, the important problem is the noise
in the output light. As Eq. (6.35) shows, the output power P is proportional
to S, and P in terms of the output photon number per unit time can be
written as

(6.102)

FS[I]] Va

Tph

P=KS, K= (6.103)
where Fy, is the output coupling coefficient given by Eq. (6.36) and satisfies
0 < Fym < 1. Although a simple consideration would give a result that the
noise power of P is the noise power of S multiplied by the square of the
coefficient in the above relation, this is not correct. For the photons
accumulated in the laser to leave the resonator to give an output, the
photons must penetrate through the output facet mirror. However, because
of the quantum nature of photons, the penetration and the reflection of the
photons at the mirror are stochastic processes and give rise to additional
noise [20]. Let a Langevin noise source Fp represent the photon partition
noise, and put the fluctuation 6P in the output power P as

SP(t) = K 8S(t) + Fp(t) (6.104)

This noise source Fp has no correlation with the noise source for the carrier
density Fy. However, since increase in P is associated with decrease in S,
there is a negative correlation between Fp and Fg.
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The correlation functions and the power spectra can be calculated by a
similar method to that described in Section 6.5.3 as

(FpFp) = Dppd(7), Dpp=+P (6.105)
P

(FsFp) = Dspd(1), Dsp = A (6.106)

(FyFp) =0 (6.107)

The noise power spectrum for the output optical power Sp(£2) can then be
calculated by a procedure similar to that for the calculation of the noise
spectrum for the photon density.

As a convenient measure for representing the intensity noise and the
spectrum, relative intensity noise (RIN) is often used. The RIN for the
output power P is defined by

Sp(Q)

RIN(@Q) =7

(6.108)

and the unit for the RIN is reciprocal Hertz. Calculating the noise power
spectrum for the output power Sp(2), using Eqs (6.52), (6.56), (6.61), (6.99),
(6.100), and (6.103)—(6.107), and substituting the result in Eq. (6.108) yields
an expression for the RIN:

Tth
I'GyP

CN TI'GgsP\ , CsN
Q
X|:< T + KVa) + 3
N I’GyN TGs\P
.V, 2V, ) K
r*GyGs ( P\’ 1
— = 1¢— 6.109
+ Vs K + P ( )
The last term 1/P in the above expression corresponds to the shot noise, for
the output consisting of P photons per unit time, in terms of the RIN. This
quantity is referred to as the standard quantum limit (SQL) or shot noise
limit. Equation (6.109) indicates that the intensity noise of the semicon-
ductor laser output consists of the frequency-independent SQL noise and
frequency-dependent excess noises. An example of the calculated RIN is
shown in Fig. 6.19. The frequency dependence of the RIN is almost flat in

the low-noise frequency range but exhibits a peak due to the resonance of
the excess noises at and near the relaxation oscillation frequency Q. For

2
RIN(Q) = {21<< ) |H(Q)?
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Figure 6.19 Example of the frequency spectrum of intensity noise.

frequency above (g, the excess noises decrease rapidly and the noise level
approaches asymptotically the SQL level. The RIN decreases with
increasing output power P. From Eq. (6.109), for low frequencies and
small S, we have the approximate expression

_2K(1onK/TGyPY*(CN/T3) + 1
- P

This expression shows that, with increasing P in the vicinity of the threshold,
the RIN decreases in proportion to P~>. With further increase in P, the term
proportional to P? in Eq. (6.110) becomes the dominant term, and therefore
the RIN decreases, with reduced speed, in proportion to P~

RIN (6.110)

6.5.5 Frequency Noise

In applications where the frequency of the laser light is modulated with a
signal or measured, the fluctuation in the frequency is superimposed as a
noise on the signal. Since the fluctuation in the instantaneous frequency due
to the quantum noise is given by dw(z) = dd¢(¢)/dt, from Eq. (6.85) for the
phase fluctuation d¢(7), dw(f) can be written as

Q¢
2

where 0w(2) and F,() are Fourier transforms of Sw(f) and Fy(?),
respectively. The above expression shows that the frequency fluctuation

8a(Q) = “ST'Gy SN(Q) + Fy(Q) (6.111)
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results from both the index fluctuation associated with the carrier
fluctuation and the coupling of the spontaneous emission to the oscillation
mode. Although the Fourier transform of the carried density fluctuation
ON(Q), given by Eq. (6.98), includes a term proportional to F and a term
proportional to Fg, the latter is dominant and the former can be neglected.
As Eqs (6.95) and (6.98) show, there is no correlation between 6N and Fy. In
a similar manner to the calculation of Sg(Q) in Section 6.5.4, calculation of
the noise power spectrum S,,(2) using Eqgs (6.90), (6.94), (6.98), and (6.111)

results in
I ? H(Q ?
S0 @ ~ (2L |HD) 2oy L p,,
2 Qx

CsN 2 2
N —— H(Q 1 112
w[aa @F+ } (6.112)

where H(Q) is the transfer function given by Eq. (6.61), and use has been
made of Eq. (6.56) and I'G ~ 1/t,,, to obtain the second line.

The frequency noise power spectrum given by Eq. (6.112) describes the
frequency Q distribution of the time variation in the optical frequency
fluctuation dw. Since the antiguiding factor (linewidth enhancement factor)
o, 1s usually considerably larger than unity, and |H(Q)| is larger than unity
for frequency Q below the relaxation frequency Qg, the index fluctuation
induced by the carrier density fluctuation dominates the frequency noise.
The spectrum is dominated by |H(Q)|?, flat for Q < Qg, peaked at Q~ Qg,
and decreases rapidly for Q > Q. It should be noted, however, that even for
Q>Qx the frequency noise due to the spontaneous emission coupling to the
oscillation mode remains. An example of calculated frequency noise power
spectrum is shown in Fig. 6.20. We also see from Eq. (6.112) that, on
reducing the frequency noise, C, and «, should be reduced and the laser
should be operated with a high bias level.

6.5.6 Multimode Noises
Mode-Hopping Noise

Many of the FP semiconductor lasers oscillate in quasisingle mode in the
high-output-power region. However, when the gain peak wavelength comes
to the center between the two adjacent longitudinal modes, depending upon
the operation conditions, alteration of the oscillation between the two
modes takes place. This phenomenon, called mode hopping, causes a large
intensity noise in the relatively low-frequency range lower than several tens
of megahertz, since it is associated with not only a change in the oscillation
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Figure 6.20 Example of the frequency spectrum of frequency noise.

wavelength but also a change in the oscillation intensity. The mode-hopping
noise results from the alternate oscillation of the two modes with random
durations. Stable simultaneous oscillation of both modes does not occur,
since there are fluctuations due to the spontaneous emission and since
oscillation of one of the two mode is suppressed by the cross gain saturation.
Since the longitudinal mode wavelengths are sensitive to temperature
change, in ordinary operating conditions it is difficult to avoid mode
hopping by selecting the driving current level. Thus, mode hopping is a large
problem for applications of FP semiconductor lasers.

For applications such as optical disk systems, the problem can be
eliminated by various methods. One of these is to make the mode transition
have a hysteresis characteristic [21], by high-density Te doping in the
cladding layer to enhance the saturable absorption, or by enhancing the
facet reflectivity to increase the photon density and to enhance the gain
saturation. Then fast bidirectional mode transitions are avoided and therefore
mode-hopping noise is eliminated. Another method is to implement a FP
laser that performs stable pulse oscillation with a high repetition rate, by
using the self-pulsation phenomenon discussed later. It is also possible to
attain stable multimode oscillation by superimposing a RF signal of several
hundred megahertz on the driving current [22]. Although then the output
power varies at a fast speed, for detection of the total output of all modes
with a narrow bandwidth around 10 MHz or lower, the noise is significantly
reduced, enabling applications similar to those of lasers with stable
continuous oscillation.

Copyright © 2004 Marcel Dekker, Inc.



Mode Partition Noise

Even if a semiconductor laser is driven in a condition where mode hopping
is avoided, it does not oscillate strictly in a single mode. The output includes
not only the major oscillation mode but also side modes. Although the
intensity noise measured for the total output power agrees fairly well with
the result of single-mode analysis described in previous subsections,
additional noise is involved for separate detection of each mode [23]. The
additional noise results from random distribution of the photons produced
by stimulated emission in each mode and is called the mode partition noise.
The mode partition noise can be analyzed by using linearized multimode
rate equations for fluctuations:

d 1

—ON = — I'G, + G¢S,,)8S,, — (I'GySop+— | ON + F

T ; (G + GSp) < ~NSo + Ts> + Fy
d C,N C
9. 8Sm = +<FGSSm - S) 8Sm + <FGNSm + S) ON + FSm
dt TsOm Ts

(6.113)

which is an extension of Eqs (6.83) and (6.84). In the above equations, S,
denotes the photon density of the major oscillation mode. Here, the (cross)
power spectra of the Langevin noise sources can be written as

2C,N 2N
DNN = _L_s Z Sm +
S m

sV,
2C,N
DSmSm = : Sma DSmSm’ =0 (m # m/) (61 14)
s
2C,N S
Dysm = — Ts Sm + T mV
s phm ¥V a

since there is no correlation between noise sources for photon densities of
different modes. Similarly to a single-mode case, we can calculate the noise
power spectra for the photon densities Sg,,(€2) and the relative intensity
noise spectra RIN(Q), by solving Eq. (6.113) by using Fourier transfoms
and Eq. (6.114), and using the Wiener—Khintchene theorem. For the case
where only the major mode and the two side modes adjacent to it are
considered, an analytical solution can be obtained. Figure 6.21 shows the
calculated RIN(Q) with the side mode suppression ratio Rg,s as a
parameter. As the figure shows, the RIN coincides with the result of the
single-mode analysis in the high-frequency range above the relaxation
oscillation frequency. In the low frequency region, however, there is a
significant mode partition noise component. Although the mode parti-
tion noise can be reduced by enhancing R, it is still significant for
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Figure 6.21 Example of the frequency spectrum of mode partition noise (S and
S are the intensities of the major oscillation mode and the side mode, respectively).

Rsms ~ 20 dB, which can be achieved in ordinary FP lasers. Thus, the mode
partition noise is an important noise that dominates the low-frequency RIN
of the major mode output of FP lasers. The fact that significant noise
remains in spite of the small side-mode powers is attributed to the fact that
owing to the fluctuation the side-mode powers can be instantaneously much
larger than the average power. In order to reduce the mode partition noise
to a negligible level, an R, value as large as 40-50 dB is required. Such a
high Ry, can be accomplished in distributed feedback (DFB) and
distributed Bragg reflector (DBR) lasers presented in the next chapter.

6.5.7 Feedback-Induced Noise

Thus far, we have discussed the noise properties of semiconductor lasers
operating independently. In many applications, however, some of the laser
output light is reflected by optical elements and returns to the laser. In
optical communications systems, reflection at the fiber input and output
ports gives rise to optical feedback and, in optical disk systems, reflection at
the disk also causes optical feedback. Semiconductor lasers under such
operation conditions exhibit complicated behaviors, and the feedback
significantly affects the noise characteristics. This section deals with
feedback-induced noise. The external feedback and therefore feedback-
induced noise can be eliminated by inserting a nonreciprocal isolator in the
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output beam path, since the isolator transmits the forward wave but blocks
the reflected backward wave.

Model and Rate Equations

As a simple model for the analysis of feedback-induced noise, consider a
system where a mirror is positioned at a distance D from a semiconductor
laser, as shown in Fig. 6.22. The laser resonator and the external mirror
constitute a composite resonator, and, in the steady state, the laser oscillates
in the resonant mode(s) of the composite resonator. Although mathematical
formulation of the composite resonator modes is possible, the formulation
cannot enable analysis of laser dynamics to be made more rapidly than the
round trip time 7=2D/c for the distance D, which can generally be much
longer than the laser resonator length L. Here we employ a method where
the external feedback is treated as a perturbation and the combination of the
laser output facet mirror and the external mirror is represented by an
effective reflection coefficient [24]. Let R, be the reflectivity of the output
facet mirror, and R., be the effective reflectivity of the external mirror,
including the optical losses during the round trip between the output facet
and the external mirror and the loss in coupling back into the laser
waveguide. Let S(¢) and ¢(r) be the photon density and the optical phase,
respectively, according to the definition in Section 6.2. Then the amplitude
of the guided wave propagating in the laser towards the output facet is
proportional to [S(£)]'/? exp{—[wwm? + ¢(7)]}, and the wave is reflected at the
facet with the amplitude reflection coefficient ry = R}/ 2. The amplitude of
the wave component that is fed back into the waveguide after a round trip to
the external mirror, noting the double transmission and the retardation time
7, can be written as (1 — Rp)[RexS(t — 1)]"/? exp{—ilwwm(t — 1) + ¢(1 — )]}
Therefore, omitting the multiple reflection under the assumption R. <1,
the effective amplitude reflection coefficient for the combination of the
output facet mirror and the external mirror can be written as

Ffeff = I't + Or¢ (6.1 15)
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The perturbations in the reflectivity and the reflection phase due to the
external feedback are given by

_ Im{3r}
re

6Rf = 2I’f RG{SI‘f}, 5¢f = (6.116)

We next consider how the rate equations are modified when the pertur-
bation is given by the external feedback. The equation for the carrier density
given by Eq. (6.17) should not be modified, since it is nothing to do directly
with the optical feedback. Since the photon lifetime t,,, included in the equa-
tion for the photon density given by Eq. (6.21) is a function of the reflectivity
as shown by Eq. (6.20), the effective value under the perturbation is given by

1 1 Vg

T SRy (6.117)
Thus the effective photon lifetime is not a constant any longer, and varies
with time depending on the oscillation state. The longitudinal mode
resonance condition (Eq. (6.23)) used in the derivation of the equation for
the optical phase (Eq. (6.27)) should be rewritten, under the perturbation in
the reflection phase, as

2L(ﬂ(w) + % An) — d¢p¢ = 2mm (6.118)

From Eqs (6.17), (6.21), (6.27), and (6.115)—(6.118), the rate equations for
cases with the perturbation due to the external feedback are given by
N() J(@)

— 119
. + dq (6.119a)

gS(z) = (FG(t) — 1) S() + GNO
dt T

ph Ts

d
o N0 = =TS0 -

+ 2([S()S(1 — 1)]/? cos[wmT + ¢(1) — Pt — T)] (6.119b)

d o 1
3,20 =7 (FG(t) - rph>
g 12
— K( (;(—I)T)) sinfwnt + (1) — ¢t — 7)) (6.119¢)

Note that the above equations are differential equations including time
difference. The parameter x represents the magnitude of the external
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feedback and is given by

(1 - Rf)(Rex/Rf)l/2 2L
K = N T, = —
7L Vo

(6.120)
where 71 is the round-trip time in the laser resonator.

Steady-State Oscillation

Consider steady-state oscillation under constant external feedback. Assume
that N, S, and G do not depend upon time, let w be the oscillation frequency,
and put ¢(¢) = (w — wy)t. Then from Eq. (6.119) we obtain

N J

0=-IGs——~4+_ (6.121a)

Ts dq

C.N/z,
S = 6.121b
I'G — 1/tpn + 2k cos(wt) ( )
. C,N
w — o = —k[sin(wt) + o cos(wt)] — a;Sj: (6.121c)
S

The spontanecous emission coupling term at the end of the right-hand side of
Eq. (6.121c) is small and can be neglected. Figure 6.23 illustrates the relation
between the threshold oscillation frequency wy, without external feedback
and the oscillation frequency w with external feedback.

We define a parameter C by

172

C=kr(l+a?) (6.122)

|
0

Oscillation frequency (wy, — @) 7/27
o

|
| )

Threshold oscillation frequency (wy, — o) 7/27

Figure 6.23 Relation between the threshold oscillation frequency without external
feedback and the oscillation frequency with external feedback (The dotted arrows
show mode hopping).
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and consider first a case where the external feedback is small so that C < 1.
Then, there is only one w value satisfying Eq. (6.121c¢); the laser oscillates in
a single mode. It should be noted, however, that w is slightly different from
wg, and the difference o — wy;, varies periodically when t varies. Equation
(6.121b) shows that the output power also changes periodically when t
varies. In ordinary working conditions, changing the injection current
density J gives rise to a change in wy, through changes in the temperature
and the carrier density. Therefore, even if 7 is kept constant, w varies
periodically around wy, when J changes. Then the output power also varies
periodically around the output power for the laser without external
feedback. This means that the graph of the injection current dependence
of the output power (/~P characteristic) is a rippled line. This behavior
results from the phase of the effective reflection coefficient rpg and the
dependence of the effective photon lifetime t,per 0N @ and 7.

We next consider a case where the external feedback is large so that
C> 1. Then, Eq. (6.121c¢) is satisfied with a few values of w, as shown in
Fig. 6.23; the laser may oscillate in a few modes. This corresponds to the fact
that several composite resonator modes are developed in the vicinity of a
longitudinal mode of the laser resonator as shown in Fig. 6.24. The output
powers in this situation can be calculated by using Eqs (6.121) extended to
multimode oscillation. The result shows that the total output power for all
composite resonator modes is close to the power in the oscillation without
the external feedback. The frequency of each composite resonator mode and
the power of each mode exhibit complicated dependences on t and J.

Noise Characteristics

As described above, the magnitude of the external feedback can be specified
by using the parameter C, given by Eqgs (6.120) and (6.122), as a measure.
Compared with other types of laser, the oscillation state of the semiconductor
laser is affected strongly by external feedback, since they have a short
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resonator length L, a low mirror reflectivity Ry, and a large carrier-induced
refractive index change represented by «.. The noise characteristics, in
particular, are strongly affected by external feedback, if any, and the
oscillation may be completely different from that without external feedback.
When the external feedback time ¢ and/or injection current density J are
changed in steady-state oscillation, hopping between composite resonator
modes and hysteresis as shown by the arrows in Fig. 6.23 are observed. Mode
hopping is associated with large noise. Depending upon the operation
conditions, the slope dw/dwy, of the curve in the figure may become infinitely
large. In such situations, small quantum fluctuation results in large instability
of the oscillation. As Eqs (6.119b) and (6.119¢) show, the external feedback is
associated with a delay. Because of these factors, under external feedback
above a certain level, an abnormal increase in the noise and/or self-pulsation
may take place. Quantitative analysis of the noise under existence of the
external feedback can be made in a similar way to the cases without external
feedback, by using linearized rate equations for the fluctuations which can be
derived from Eq. (6.121) by adding the Langevin noise sources. The results of
such analysis are consistent with the qualitative insights obtained by using
Fig. 6.23. The laser behavior are classified into regions, denoted region I to
region V. In the region where the feedback is small so that C <1 (region I),
when t changes, the RIN level is enhanced or reduced in comparison with the
level for cases without external feedback, depending upon the magnitude of
dw/dwy. In the region where the feedback is increased so that C>1, in
addition to the enhancement or reduction in RIN, splitting of the oscillation
into two modes and hopping associated with increased low-frequency noise
take place (region II). For larger C, the angular frequency separation between
the adjacent composite resonator modes increases and approaches the upper
limit 2w/t. Then dw/dwy, becomes small, the laser oscillates in a composite
resonator mode with the lowest threshold, and the noise is reduced. This
region (region III) is narrow. With further increase in C, many composite
resonator modes oscillate simultaneously with mutual interaction, which may
result in self-pulsation and unstable chaotic behavior (region IV). This
phenomenon is referred to as coherence decay. When stable external feedback
represented by an effective reflectivity comparable with the reflectivity of the
output facet mirror is given, the laser oscillates in one of the composite
resonator modes, which is selected depending upon the phase of the external
feedback. In this situation, the oscillation is rather stable and the noise is
reduced (region V). Thus the feedback-induced noise depends in a complex
way upon various parameters. It should be noted that, in practical applica-
tions, T and « often fluctuate randomly. Unless special care is intentionally
taken, external feedback generally increases the noise. Therefore, in
applications where this kind of noise is harmful, use of an isolator is essential.
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6.6 SINGLE-MODE SPECTRUM AND
SPECTRUM LINEWIDTH

Even if a semiconductor laser is stably oscillating in a single mode, the optical
frequency is not exactly a constant but is associated with fluctuation.
Accordingly, the optical frequency spectrum is a sharp peak but is not a delta
function. The spectrum has a finite linewidth, which is closely related to the
frequency noise. The spectrum and the linewidth can be observed and measured
using a high-resolution monochromator such as a FP spectrum analyzer. For
applications such as coherent optical communications and optical interference
measurements, where the coherence of laser light is utilized, it is very important
to understand the characteristics related to the spectrum and the linewidth. In the
following discussion, it is assumed that there is no external feedback.

6.6.1 The Schawlow-Townes Linewidth

We first consider the amplification of the stimulated emission in a laser
resonator and discuss how the amplification and resonance change the
emission spectrum to generate a coherent wave. As pointed out in Section
5.8, when an incoherent light source is put in a FP resonator, optical power
at the longitudinal resonance frequency is accumulated effectively. Even if
the spectrum of the source is wide, the output wave has a spectrum peaked
at the longitudinal mode frequencies. In a passive FP resonator consisting of
a waveguide of length L and propagation loss factor «, and facet mirrors
of reflectivities Ry and Ry, the full width at half-maximum of the peaks is
given from Eqgs (5.135) and (5.137) by

vel —R
SLRE
For a semiconductor laser injected with carriers, considering the mode gain
I'g and the internal loss «;y,,, the loss factor « in the above expression should

be replaced by an effective loss « ;,, — I'g. Then, for injection levels close to
the threshold,

Reexpl(r6—)E|~14(re-L)E (6.124)
Tph/ Vg Tph/ Vg

and from Egs (6.123) and (6.124) we obtain

dw R = (R¢Ry)"? exp(—aL) (6.123)

1
dwor~——-TG= N
Tph TS

(6.125)

where use has been made of the steady-state rate equation (Eq. (6.31b)) to
obtain the last expression. Whereas for the passive resonator the output
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spectrum width Sw is 1/t,, determined by the photon lifetime tpp,
the amplification gain extends the photon lifetime to an effective value
1/(1/tpn —I'G) and, as a result, dw narrows. With increasing gain, the
photon density S increases, while dw narrows in inverse proportion to S and
therefore to the output optical power. These results agree well with
experimental results, for amplified spontaneous emission (ASE) below the
oscillation threshold. For laser operation above the threshold, on the other
hand, it has been shown by theoretical analysis that under oscillation the
field fluctuation is stabilized by the nonlinear interaction and the spectrum
width becomes half the value given by Eq. (6.125) [26]. The bandwidth dw
given by Eq. (6.125) is referred to as the Schawlow—Townes linewidth [27],
and half of it as the modified Schawlow—Townes linewidth.

6.6.2 Spectrum Linewidth of Semiconductor Lasers

One of the important unique feature of semiconductor lasers is that there
exist high-density carriers in the active region, and the fluctuation in the
carrier density induces fluctuation in the refractive index, affecting
significantly the oscillation spectrum. For this reason, the spectrum linewidth
of semiconductor lasers cannot be described properly by the (modified)
Schawlow-Townes formula, and an analysis with the index fluctuation
taken into account is required.

The time-dependent amplitude of the laser output field can be written as

Re{E(1)} = Re{|E(1)| exp[—iwot — i 5¢(£)]} (6.126)

where E(f) is the complex amplitude and d¢(f) represents the phase
fluctuation. Although the fluctuation is involved in the absolute amplitude
|E(?)], the effect on the frequency spectrum is minor. Therefore we omit the
fluctuation in |E(¢)| and put |E(f)|=E. Then, from the Wiener—Khintchene
theorem, the power spectrum Sg(w) for the optical field amplitude is given
by the Fourier transform of the autocorrelation function for Re{E(¢)}:

Sk(w) = %/Re{(E(t + 1)*E(1))} exp(ioT)dr
= ?/Re{exp(iwor)(exp [i Ag(r, 1)])} exp(iwr) dr (6.127)
AP(t, 7) = dp(t + 1) — d¢(1)

where w is used for the optical frequency to distinguish from the frequency Q
in the RF region appearing in discussions in the previous sections.
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The average phase factor (exp(iAg)) is given by [f(A¢) exp(i Ag)d(Ag)
using the statistical distribution f{A¢) of the time difference of the phase
fluctuation A¢(t, 7). Assuming a Gaussian distribution for f, we obtain

(exp(i Ag(t, 7)) = exp|:— 5 (6.128)

Since, as we saw in Section 6.6.1, the fluctuation in the instantaneous optical
frequency is given by dw(?) = d[d¢(7)]/dt using the phase fluctuation d8¢(7),
the Fourier transforms of dw(f) and 8¢(r) are correlated by dw(Q)=
—1Q 3¢p(Q2). Therefore, the noise power spectra of w and ¢ are correlated by
S, (Q)= QZS¢(Q). Using this relation and the Wiener—Khintchene theorem
to calculate (A¢?), we obtain

(Ag(t, 7)) = ([3( + 7) — dp(1)])
= 2([3(1)]*) — 2(8(t + 7) 3(1))

5 sin(Qt/2)17dQ

The frequency noise power spectrum S,(Q2) included in the above
integration is given approximately by Eq. (6.112). The phase fluctuations
due to the spontaneous emission and the index fluctuation are included in
S.(Q). Since the [ ]* factor in the above expression is small for large Q, the
integration is dominated by the value of Sw(2) in the low-Q region.
Approximating S,(R2) by S,(0) for simplicity, we obtain

sin(Qt/2)
(Ag(t, 7)) ~ 728 (0)/[ 0 ] >

— |7]S,,(0) (6.130)

Substituting Eq. (6.130) into Eq. (6.128) and then into Eq. (6.127), and
calculating the power spectrum Sy (w) of the optical wave, we obtain

S,(0)E?/4 N S, (0)E?/4
(@ — @) +[Su(0)/2 (@ + wo)* + [Su(0)/2]

This approximate expression shows that the optical spectrum is a Lorentzian
distribution with peaks at the mode frequency +wy. A more accurate
expression can be obtained, through calculation of (A¢?) by substitution
of the frequency noise spectrum S,(Q) associated with the relaxation
oscillation peaks, given by Eq. (6.112), into Eq. (6.129), and numerical
integration of Eq. (6.127) using the result of (A¢?) and Eq. (6.128).

SE(CL)) =

(6.131)
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Figure 6.25 Calculated example of the frequency spectrum and the spectrum
linewidth of the output light from a single-mode semiconductor laser.

The result is a spectrum with a nearly Lorentzian main peak at the frequency
wo, (Fig. 6.25) as given by the approximate expression in Eq. (6.131), asso-
ciated with subpeaks at frequencies wy £ Qr. The subpeaks result from the
resonant enhancement in the frequency noise by the relaxation oscillation,
but the intensity is low. Therefore, for evaluation of the full width at half-
maximum of the main peak, we can use Eq. (6.131) to obtain [18, 28]

CsN
27,8

3w = S,(0) = (142 (6.132)

From Eq. (A5.7), the spontaneous emission coupling term can be written as
Cs/Nts = Ryp(wm)/Va=nepI'G/V, using the population inversion factor np,.
Using this relation and I'G ~ 1 /1y, for an oscillating laser, Eq. (6.132) can be
rewritten as

Nsp 2
S — | 1
0w 2Tph VaS( +a°) (6.133)

The above two expressions for dw give a value 1+ o? times the value of the
modified Schawlow—Townes linewidth. This implies that, for semiconductor
lasers, the linewidth is increased by a value representing the spontaneous
emission fluctuation effect, multiplied by &2 representing the enhancement
due to the index fluctuation. Therefore, «. is often referred to as the
linewidth enhancement factor. This factor is also denoted by « and is called
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the alpha parameter. Since «. is usually larger than unity, the index
fluctuation dominates the linewidth. The linewidth dw narrows in inverse
proportion to S, i.e., in inverse proportion to the output power. For many
semiconductor lasers, a typical value of dw at the maximum output is several
tens of megahertz. The photon lifetime 7, can be increased by reducing the
internal loss «;,, increasing the resonator length L, and enhancing the
reflectivities Ry and Ry,. Using quantum well structures, o smaller than that
for DH structures can be obtained [8]. By increasing the threshold carrier
density, 1y, and «. can be reduced. By these methods, quantum well lasers of
submegahertz linewidth have been implemented.

6.7 ULTRASHORT OPTICAL PULSE GENERATION

The temporal waveform and frequency spectrum of an optical pulse are
correlated to each other by a Fourier transform. Therefore, the generation
of short pulses requires a large spectrum width that is inversely proportional
to the pulse width. Generation of ultrashort pulses is possible with
semiconductor lasers, in principle, since they have a wide gain bandwidth.
Optical pulses of picosecond width can be generated with relatively simple
methods, and they offer many applications in ultrafast optical data
transmissions, signal processing, and measurements. This section outlines
the various methods for ultrashort pulse generation.

6.7.1 Self-Pulsation Oscillation

The relaxation oscillation discussed in Section 6.4.2 is a transient oscillation
at a frequency Qg given by Eq. (6.53) decaying with the damping factor I'g
given by Eq. (6.52). Usually the gain saturation coefficient G5 in Eq. (6.52) is
negative and therefore I'r is positive. However, if Gg is positive, I'g can be
negative. Then, even under constant-current driving, the relaxation
oscillation does not attenuate but the amplitude increases with time. An
increase in the stimulated emission is associated with a decrease in the
carrier density, and the laser oscillation stops when the gain is reduced to
below the threshold. Repetition of this sequence results in self-oscillation at
frequencies of the order of several hundred megahertz, and optical pulses
are periodically generated. This phenomenon is referred to as self-pulsation
[29]. Many gain-guiding lasers oscillate in such a self-pulsation mode.
In these lasers, nonuniformity in the current injection and the surface
recombination of carriers in the vicinity of the facets give rise to formation
of absorption regions in some parts within the resonator length, and the
absorption tends to saturate with increase in the optical intensity. The
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mechanism of the self-pulsation may be attributed to such saturable
absorption, which makes the effective Gg averaged over the resonator length
negative. Index-guiding lasers, which oscillate in a similar self-pulsation
mode, can also be implemented by inserting in the resonator a section
without current injection, and/or designing the structure for weak index
guiding, to incorporate intentionally a saturable absorption characteristic.
Since with the saturable absorption the quality factor Q of the resonator is
enhanced with increase in the optical intensity, the self-pulsation can be
considered a kind of passive Q switching. Since the repetition period of the
self-pulsation cannot be controlled externally, and the pulse width cannot be
ultrashort, self-pulsation lasers are not very useful as a short optical pulse
source. However, self-pulsation lasers are used in applications such as
optical disk systems, as an effective method to avoid mode hopping and
feedback-induced noises.

6.7.2 Gain Switching

As discussed in Section 6.4.5, when a semiconductor laser is driven with a step
current of large step height, relaxation oscillation of large amplitude occurs at
the start of the laser oscillation. If the current is kept constant, the relaxation
oscillation attenuates, and the laser operation approaches steady-state
oscillation. If the current injection is terminated at the instant when the
first period of the relaxation oscillation is completed, a single short optical
pulse having a width determined by the relaxation oscillation frequency is
generated. Repeating such driving, periodic optical pulses can be generated.
This technique, utilizing the rise and extinction of the laser oscillation
through rapid changes in the gain by pulse driving, is referred to as gain
switching. Advantages of the technique include the generation of ultrafast
optical pulses using simple driving electronics, and the possibility of
controlling the pulse width and the repetition rate by the driving current
waveform. As the driving current, not only positive pulses, but also a large-
amplitude sinusoidal wave superimposed on a negative bias current-can be
used. In order to avoid the destruction of the laser diode, the backward
voltage must be shunted by connecting a Shottky-barrier diode having a high-
speed switching characteristic with inverse polarity in parallel with the
laser diode.

Generation of ultrafast optical pulses by gain switching requires careful
optimization of the driving current waveform so as to maintain the large gain
only within one period of the relaxation oscillation. Under the optimum
condition, the pulse width is dominated by the relaxation frequency. It should
be noted that, even with a driving current pulse with widths of several
hundred picoseconds, optical pulses of much shorter width, several tens of
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picoseconds, can be generated [30]. Using a quantum well laser with a
differential gain larger than that for a bulk DH laser, the relaxation
oscillation frequency can be enhanced, and shorter pulse widths can be
achieved [31]. In quantum well DFB lasers, the differential gain and the
relaxation frequency can be enhanced, and the pulse width can be shortened,
by appropriate detuning of the Bragg wavelength towards a wavelength
shorter than the gain peak wavelength. Through these optimization
and improvements, pulse widths shorter than 10 ps were obtained. In gain-
switching operation of FP lasers, the laser oscillates in multiple longitudinal
modes, the spectrum bandwidth is remarkably broadened, and therefore the
coherence degrades. In DFB and DBR lasers that maintain single-mode
oscillation, the spectrum bandwidth is not greatly broadened. However, the
frequency of the output pulse is chirped in the pulse duration, owing to the
fast variation in the carrier density and the carrier-induced refractive index
change. This chirping can be utilized for compressing the pulse width. The
chirped pulses are transmitted through an element such as an optical fiber
having an appropriately designed group delay dispersion, to realize the
coincidence of the time of arrival for the leading and trailing edges of
the pulse. For example, nearly Fourier-transform-limited ultrashort pulses of
widths shorter than 3 ps have been generated by compressing gain-switching
optical pulses of 10-20 ps widths [32].

6.7.3 Mode Locking

In ordinary multiple-longitudinal-mode oscillation of a FP semiconductor
laser, the longitudinal modes have of frequencies nearly equal separations,
but the mutual phases between modes are associated with random
fluctuations. Accordingly, the frequency of the intensity variation resulting
from the interference between modes (beat frequency) is associated with
broadening and fluctuation. Therefore, the total output power fluctuates
randomly like a noise in the frequency range of the same order of magnitude
as the beat frequency, although the power averaged over a longer time is
constant. However, if the mode separations are equalized and the relative
phases of the modes are kept constant, as a result of coherent interference
between modes, periodic optical pulses of a short pulse width are generated.
This method of optical pulse generation is called mode locking. As a simple
model for ideal mode locking, we consider an optical wave consisting
of longitudinal modes arranged within a Gaussian envelope, as shown in
Fig. 6.26. It is assumed that each mode has an infinitesimal linewidth, and
all modes have a same phase at t=0. Let Aw be the frequency separation
between adjacent modes, and 2 Aw, be the width of the envelope. Then the
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Figure 6.26 Frequency spectrum and temporal optical intensity waveform of
mode-locked laser light.

frequency spectrum of the optical field can be written as

2
F) =) exp[—@i)"’) ] 8w — wo — m Aw) (6.134)

m (3

The optical field amplitude, given by the Fourier transform of the above
expression, is calculated as

1 Awe Awe)’ 5 .
E(H) = 17 A Zexp —<2> (t —nT)" | exp(iwyt) (6.135)

T:277t:2LNg
Aw c

which represents periodic pulses with a 1/e” full width of 4/ Aw, and a period
T corresponding to the round-trip time for an optical wave in the resonator
[33]. Since the broad gain bandwidth of semiconductor lasers allows a large
value of 2 Aw,, it is possible, in principle, to generate ultrashort pulses with a
subpicosecond width.

Actual mode locking is classified into active mode locking and passive
mode locking. Active mode locking of a semiconductor laser is accom-
plished by superimposing a RF wave of frequency Q equal to the
longitudinal mode separation Aw on a constant driving current. Each
mode is intensity modulated at a frequency 2, and therefore, from a mode
of frequency w, optical wave components of frequency w=+ Q are induced.
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Figure 6.27 Example of the construction of a mode-locked semiconductor laser.

If Q is equal or very close to Aw, the side-mode frequencies coincide
(approximately) with the adjacent mode frequencies. As a result of coupling
between adjacent modes, the laser operation is pulled into oscillation of
equidistant modes with constant phase relation. Mode locking is thus
accomplished. However, since ordinary FP lasers have a resonator length L
of 1mm or shorter, the longitudinal mode separation Aw/2n=c/2N.L is
around 100 GHz. There is no practical RF source of such high frequency
available. To solve the problem, an extended cavity laser with an effective
resonator length L around 10cm is constructed by combining a FP laser
with one of the facets antireflection (AR) coated and an external mirror
or grating. Then, the mode separation is as low as 1 GHz or so, and
appropriate RF sources are available. An example of such a configuration is
shown in Fig. 6.27. There exist many longitudinal modes within the gain
bandwidth, and they are arranged with a wavelength separation. The
separation, however, is not exactly a single value, since the group index of
the laser waveguide is wavelength dependent. If a large number of modes are
to be mode locked, only some of them are locked well, and the oscillations in
other modes give rise to deterioration in the pulse shape. It is therefore
necessary to limit the number of oscillation modes by using a grating or an
etalon to reduce the feedback bandwidth and to optimize the driving
condition. Under such optimization, ultrashort optical pulses of width from
a few picoseconds to a few tens of picoseconds can be generated [34].
Passive mode locking is accomplished by inserting a saturable
absorber in the laser resonator. Even if mode locking is not accomplished,
the optical intensity distributed in the resonator is not uniform. In the
saturable absorber, the optical wave is less attenuated and is amplified more
in places where the intensity is high. Therefore the circulating optical wave is
amplified more in positions where the intensity is higher, and the wave
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approaches the mode-locked pulses described by Eq. (6.125) [33]. A large
saturation and a fast response are required for the saturable absorber for
effective mode locking. Multiple quantum well (MQW) structures bom-
barded with protons to improve the temporal response are often used as a
saturable absorber. Mode-locked semiconductor lasers were implemented
by inserting a MQW saturable absorber in an extended cavity, or by
monolithic integration of a laser and a saturable absorber. Ultrafast optical
pulses of subpicosecond widths to widths of a few picoseconds have been
generated by passive mode locking or by hybrid (active and passive) mode
locking [35].
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7

Distributed Feedback Lasers

This chapter presents distributed feedback (DFB) and distributed Bragg
reflector (DBR) lasers, which maintain stable single-mode oscillation even
under high-speed modulation. They are suitable for monolithic integration
and accomplishing advanced functions and performances. After the con-
cepts of the dynamic single-mode lasers are outlined, the fundamental
theory based on coupled-mode equations is explained. Then, characteristics
of DBR and DFB lasers are discussed in some detail.

7.1 DYNAMIC SINGLE-MODE LASERS

In many applications, such as optical communications and measurements,
semiconductor lasers that maintain stable and pure single-mode oscillation
even under high-speed modulation are required. Fabry—Perot (FP) lasers
cannot satisfy this requirement. Therefore, various types of dynamic single-
mode semiconductor laser have been developed.

Dynamic single-mode oscillation can be achieved by giving the
oscillation threshold gain a sharp mode selectivity to prevent oscillation
of modes except for a single mode. One of the simplest methods is to combine
a FP laser with an external mirror, thereby constructing of a composite
resonator consisting of the two facet mirrors and the third external mirror,
as shown in Fig. 7.1(a). One of the laser waveguide FP modes that coincides
with one of the resonance frequencies for the facet and the external mirror
oscillates [1]. Figure 7.1(b) shows a coupled-cleaved-cavity (C?) laser [2]. A
composite resonator is constructed by coaxial alignment of two FP lasers of
different waveguide lengths with an appropriate gap. Single-longitudinal-
mode operation is achieved by adjusting the injection currents for both
sections to obtain coincidence of the resonance modes for the two FP
resonators. The external grating resonator laser, shown in Fig. 7.1(c), uses a
semiconductor laser with one of the facet mirrors antireflection (AR) coated
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Figure 7.1 Constructions of dynamic single-mode lasers: (a) external mirror com-
posite reasonator laser; (b) coupled cleaved cavity (C%) laser; (c) external grating
composite reasonator laser.

to suppress the FP mode, and an external grating with Littrow configura-
tion for wavelength-selective feedback. The longitudinal modes are defined
by the round-trip phase shift, and the laser oscillates with a mode that is fed
back most efficiently. The wavelength of the strongest feedback can be
tuned by changing the grating angle, and the longitudinal mode wavelengths
shift with the change in the distance of the grating from the laser. Therefore,
a semiconductor laser capable of continuous tuning of the oscillation
wavelength can be implemented by using a mechanism for changing the
angle and the shift of the grating with appropriate correlation.

If a grating having sharp wavelength selectivity is integrated as a
feedback element in a semiconductor laser waveguide, dynamic single-mode
lasers can be implemented without spoiling the compactness of semicon-
ductor lasers [3-5]. This type of semiconductor laser is classified as a
distributed feedback (DFB) laser using a grating within the active section
(carrier injection section), and a distributed Bragg reflector (DBR) laser
using a grating outside the active section. Figure 7.2 illustrates the DFB and
DBR laser structures. Although the fabrication of these lasers requires
advanced techniques, they can offer excellent performances including
dynamic single-mode oscillation. The DFB and DBR configurations are
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Figure 7.3 Waveguide with a grating: (a) cross-sectional structure; (b) wave vector
diagram.

suitable for implementing advanced devices such as wavelength-tunable
lasers. They do not require facet mirrors, and this unique feature facilitates
monolithic integration of lasers and other optical elements, such as
photodetectors and passive elements, in a semiconductor waveguide. With
these advantages, DFB and DBR lasers are the most important components
for implementation of various photonic integrated circuits.

7.2 COUPLED-MODE EQUATIONS
7.2.1 Wave Vector Diagram and Bragg Condition

Figure 7.3(a) shows schematically the cross section of a typical waveguide
grating structure used in DFB and DBR lasers. As a generalized structure,
consider a periodic structure, where the optical constants, such as the
refractive index, of the medium are spatially modulated with a period A [6].
The grating structure is represented by a grating vector K (|K| = K=2n/A)
having a magnitude of 2n/A4 and an orientation along the direction of the
period. When an optical wave represented by a wave vector f propagates in
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this structure, spatial harmonic waves represented by wave vectors f—gK
(¢q=1,2,...) are induced. If f—¢gK equals a wave vector of an optical wave
that can propagate in the medium, the incident wave couples with this wave.
This is the Bragg diffeaction of the gth order. When

p—gK=-8 ¢g=1,2,..) (7.1)

holds, in particular, the incident wave of B couples with a backward wave
of —p. This is the Bragg reflection. For guided waves in a waveguide, the
Bragg condition is given by || = B = 2nN.//, where 4 is the wavelength and
N, the effective index of refraction. The wave vector diagram for f and K is
shown in Fig. 7.3(b), and the Bragg condition given by Eq. (7.1) can be
written as

qgK

p=" (7.2)
The above relation, called the phase-matching condition, indicates that only
an optical wave with a wavelength that satisfies A =2A4AN,/q is effectively
reflected. Effective reflection for a wave at wavelength A can be attained
by using a grating with a period A = g4/2N,. Although the best performances
are obtained with a grating of fundamental order (first order). Second- and
third-order gratings are also used because of easier fabrication.

7.2.2 Mathematical Expression for Gratings

Consider a canonical waveguide lossless and uniform in the direction of
wave propagation (z direction). The structure is represented by a
distribution of relative dielectric constant e(x, y). The amplification gain
and the index change induced by the carrier injection and the scattering loss
are represented by a distribution of complex dielectric constant de(x, y).
Let Ae(x, y, z) be the perturbation in the distribution of (complex) dielectric
constants representing a grating structure formed in the waveguide. Then the
waveguide grating structure shown in Fig. 7.3(a) is expressed by &(x, y) +
de(x, y) + Ae(x, y, z). Since the grating is a structure that is periodic in the
z direction, Ae(x, y, z) can be written as a Fourier expansion:

Ae(x,y.2) = Y Agy(x,y)exp(igKz) (7.3)
q

where Ag,(x, y) is the Fourier amplitude of the gth order. If the grating is in
the form of refractive index modulation, Ae(x, y, z) is real and, therefore,
we have Ae_,(x, y)= Agy(x, y)". If the grating is symmetrical with respect
to the sign inversion of the z axis, Ae(x, y, —z) = Ae(x, y, z), the relation
Ag_,(x, y)=Ag,(x, y) holds and, therefore, Ag,(x, y) and Ae_,(x, y) are
real. A grating that results when the above grating is shifted by s in the z
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direction is expressed by Ae(x, y, z —5) =) _,Ag,(x, y) exp(—igKs) exp(igKz).
If Ae(x, y, z) is complex, we put Ae = |Aglexp(if). Then, by using the As,(x, y)
value for the symmetrical index-modulated grating, the general grating can
be expressed as

Ae(x,y,z) = Z exp(if — igKs) Aegy(x,y)exp(igKz) (7.4)
q

Agy(x,p) = Agy(x,y)" = Ae_y(x,y) = Ae_y(x,y)"

7.2.3 Coupled-Mode Equations [6,7]

Let E and H be the optical electromagnetic fields in the waveguide with a
grating, and E° and H° be the fields in the canonical waveguide. Then, from
the Maxwell equations

Ax E=iougH, A xH = —iwey(c+ 8¢+ Ae)E (7.5)

A x E' =iougH, A x H® = —iweyeE’ (7.6)
with the use of a vector formula, in the same manner as the derivation of
Eq. (5.89), we obtain

AlE x H” + E% x H] = iwegE” (8¢ + Ae)E (7.7)

Integration of both sides of the above equation in a region having an
infinitely large area perpendicular to the waveguide z axis and an infinitesimal
thickness yields

8%/]“5 x H” + E* x H]_dxdy

= iwe / / E% (8¢ + Ag)Edxdy (7.8)

We here identify E° and H® as a guided mode in the canonical waveguide
and put

EO = Em(xv Y) exp("HIBmZ)a HO = Hm(xa y) exp(—i—iﬂmz) (79)

The field E(x, y, z) in the waveguide with a grating can be expanded with the
canonical waveguide modes E,(x, y) as

E(x,y,2) = ) An(D)En(x, y) exp(+iBn2) (7.10)

where ﬁm = Bn+38B, is a complex propagation constant, and the
perturbation term 68 representing the effects of the perturbation de is
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given by Eq. (5.92). Substituting Eqgs (7.9) and (7.10) into Eq. (7.8), and
using the orthonormal relation of the modes given by Eq. (5.29), we obtain

d
+ &Am(z) = i;xmn(z)An(z) (7.11)

@ =52 [[ By 2 B, dxdvexplih, - B (.12

Since we used 88 determined by Eq. (5.92), the ¢ term has been canceled
out. On the left-hand side of Eq. (7.11), the plus sign is taken for modes m
propagating towards the +z direction, and the minus sign is taken for modes
m propagating towards the —z direction. Equation (7.11) represents a group
of equations that describe generally the variation in the mode amplitudes 4,,
under propagation along the z direction in the waveguide. They are called
coupled-mode equations.

Consider next a case where the gth order Bragg condition 28=¢K is
satisfied at least approximately. A single-lateral-mode waveguide is assumed.
Then Eq. (7.10) reduces to a sum of the forward and backward waves of
fundamental mode:

E(X,y, Z) = E(xay)E(Z) (713(1)

E(2) = Ap(z) exp(+iBz) + Ap(z) exp(—iBz) (7.13b)

The complex propagation constant 8 can be written as
~ i ig
B 5 +B8 5 + B8 (7.14)

where « is the mode attenuation constant and g is the mode gain. The function
k(z), calculated by substituting Eq. (7.3) into Eq. (7.12), includes components
that oscillates rapidly with respect to z. The oscillation components, however,
do not contribute substantially to the optical coupling. Therefore, omitting
the oscillation components, we obtain coupled-mode equations describing
the interaction between the forward and backward waves:

+diAf(z) — ke Ay (2) exp(—i2Az) (7.15a)

A

— diAb(z) = ikprAr(z) exp(+idz) (7.15b)
z

where 24 is a complex parameter defined by

2A=28—gK =ia+24, 24=28-q¢K (7.16)
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and the real part 24 represents the deviation from the Bragg condition.
The quantities «g, and kpr are coupling coefficients defined by

ke = kexp(if — igKs), kpr = kexp(if + igKs) (7.17)
K = Kq
wE

— TO// A (x,¥) |E(x, p)|*dxdy (7.18a)

_ Eff Agy(x,y) |E()C,y)|2 dxdy
26 J[IEG I dxdy
where « is a real constant. Although Eq. (7.18a) applies for the mode field

E(x, y) normalized so as to satisfy Eq. (5.29), Eq. (7.18b) can be used for an
unnormalized field.

(7.18b)

7.2.4 Solution of Coupled-Mode Equations and
Normal Modes

To solve the coupled-mode equations in Eqgs (7.15), we assume a solution in

the form
A(z) = F exp(—idz) exp(iyz) (7.19a)
Ap(z) = Bexp(+idz) exp(iyz) (7.19b)

and substitute them into Eqs (7.15). Then, we obtain a characteristic equation
to determine y:

(y —A)F —kpB=0 (7.20a)

koiF + (y + )B =0 (7.20b)
For Eq. (7.20) to have solutions other than the trivial solution F=B=0,
the determinant of the coefficient matrix must vanish. We therefore obtain
)/2 =A% - Krokpr. We put

- 1/2 - _\12

y= :l:(A ~ Kﬂ,;cbf) - :I:(A — expQib)k ) (7.21)

where, on the right-hand side, the sign is selected so as to have the same sign
for Im{y} and Im{4} = «/2. Putting

V—Z‘_ Kbf

Yy = — = (7.22a)
Kfb y+4
— A

yo=r—2__ b (7.22b)
Kbf y+4
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the general solution of the coupled-mode equations in Eqs (7.15) can be
written as

A(z) = F exp(—idz) exp(+iyz) + r_Bexp(—idz) exp(—iyz)

~ - (7.23)
Ap(2) = ry Fexp(+idz) exp(+iyz) + Bexp(+idz) exp(—iyz)

Substituting Eq. (7.23) into Eq. (7.13b), we see that the z dependence of the
optical field amplitude can be written as

E(z) = Fexp(+iyz) |:exp (+ quz) Y exp<_ 161212)}

igK. igK.
+ Bexp(—iyz) [r exp (—i— lqzz> + exp (— 1q2 Z>:| (7.24)

The first and second lines of the above equation express modes of an optical
wave that can exist independently in the waveguide with a grating and are
called normal modes [5,6]. As this expression shows, a normal mode is a
combination of the forward wave and the backward wave. Without the
grating, k =0 and r, =r_ =0, and the normal modes reduce to a forward
wave and a backward wave.

To consider the characteristics of normal modes, we assume a case
where there is no gain nor loss (¢ =0). Then the normal mode propagation
constant B, is given by +¢K/2+y == gK/2+ (4>—expif)«?)'?, where
A=pB—qK/2. Figure 7.4 illustrates the relation between the normal mode
propagation constant f,,,, and the wave number k (=21n/4 = w/c). This is called
the Brillouin diagram. In the frequency region far away from the Bragg
condition where |4] is large, the normal mode propagation constant is close to
the propagation constants of the forward- and backward-propagating spatial
harmonics £ or 8 4+ ¢K. In the vicinity of the Bragg condition, however, the
normal modes exhibit a dispersion different from that of single forward or
backward wave. For a refractive index grating (6=0), the normal mode
propagation constant takes a complex value in the region of |4|<|«|, as shown
in Fig. 7.4(a). This implies that the optical wave undergos Bragg reflection and
cannot propagate for a long distance. This frequency range is referred to as a
stop band. For a grating in the form of periodic modulation in loss or gain
(6 ==+ m/2), on the other hand, the normal mode propagation constant for
A ~( is approximately 8 + «, implying that the forward wave couples with
the backward wave without the appearance of a stop band.

7.2.5 Coupling Coefficient and Radiation Decay Factor

The coupling coefficient «, which is an important parameter for analysis of a
waveguide with a grating, is given by Eq. (7.18). The value can be calculated
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Figure 7.4 Brillouin diagram describing the dispersion characteristic of waveguide
gratings (the region where B, <0 is given by the mirror image with respect to the
ordinate): (a) index grating; (b) gain grating.

through integration by substituting in this expression the Fourier amplitude
Aw,(x, y) of the grating and the lateral mode function E(x, y) [6,8]. The
magnitude depends upon the optical constants and structure parameters
describing the waveguide and the grating. The grating is usually formed by
periodic etching of the cladding layer, or a boundary of the separate-
confinement heterostructure (SCH). As a typical example, a grating of
periodic rectangular cross section is shown in Fig. 7.5. The Fourier
amplitude describing this structure is

Agy(x) = %/ Ae(x, y)exp(—igKz)dz

= (n} —n}) 751[1;?“) (7.25)

in the grating layer, and it is zero outside the grating layer. Here, n; and n,
are the refractive indexes of the media above and below the corrugated
boundary, respectively, and a denotes the ratio of the width of the grating
tooth to the grating period A. Exact calculation of the coupling coefficient «
can be made by using the lateral mode expression. However, since the
grating groove depth d, of gratings used in semiconductor lasers is much
smaller than the lateral expanse of the lateral mode, from Eq. (7.18), x can
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Active layer

Figure 7.5 Cross section of a waveguide grating structure.

be written approximately as

k2 sin(gam)
2 - S

= ﬁ( o (7.26)

Kq
where I', is the ratio of the optical power propagating in the grating layer to
the total power in the waveguide. Calculation of I', can be made in a similar
manner to the calculation of the confinement factor in the active region, and
I'y is proportional approximately to d,. The above expression shows that « is
also proportional to the difference in the squared refractive index. For the
fundamental order, «; is a maximum at ¢ = % Note that, for a symmetrical
grating with @ =1, the «, values for even ¢ are zero. The second-order
coupling coefficient x» or third-order coupling coefficient, x5 utilized in the
second-order or third-order grating, respectively, is maximized at a:%
and %, orata= %, respectively. The magnitude of «, or «3 is smaller than the
value obtained by a grating of fundamental order.

In a structure with a grating of second or higher order, in addition to
the coupling between the forward and the backward waves, coupling
between the guided mode and radiation modes takes place owing to the
lower-order Fourier component Ag,. In a second-order grating, for
example, optical waves propagating along directions perpendicular to the
waveguide axis are induced. The coupling to radiation modes gives rise to
attenuation of the guided mode power in the form of exp(—a;z) or
exp(+«,z). The radiation decay factor «, is given by o, =n|k,|*, where the
coupling coefficient k, is calculated by Eq. (7.18a) with |E(x, y)|* replaced by
the product E7(x, y) « E(x, y) of the radiation mode E,(x, y) and the guided
mode E(x, y). Other methods for calculation of the radiation decay factor «;
include series expansion based on the Floquet—Bloch theorem, and use of
equivalent electric circuits [6]. The radiation decay factor is approximately
proportional to |Ae3q|2 with the order ¢ of the radiation coupling, and the
square dé of the grating groove depth. The effect of the radiation decay
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factor «, on the laser oscillation is similar to that of the internal loss «;,; of
the waveguide; both of these give rise to an increase in the oscillation
threshold and reduction in the efficiency. In the analysis, the radiation loss
effect can be taken into account by simply including «, in oy,.

7.3 DISTRIBUTED FEEDBACK LASERS
7.3.1 Oscillation Condition of Distributed Feedback Lasers

The propagation of optical waves in a DFB laser is expressed by Eq. (7.24),
which can be rewritten in a form of the sum of the forward- and backward-
propagating components as
igKz . .
E(z) = exp +T [F exp(+iyz) 4+ r_Bexp(—iyz)]
iqK- . .

+ exp — [r Fexp(+iyz) + Bexp(—iyz)] (7.27)

Consider a waveguide with a grating that is terminated with facet mirrors

of reflectivities Ry and R, at positions z=L (>0) and z=0, respectively.
Then from the boundary conditions

igKL . .
R;/z exp (—{—qz) [Fexp(4+iyL) + r—Bexp(—iyL)]

= exp (— 1CI§L> [r+F exp(+iyL) + Bexp(—iyL)] (7.28a)
R)*(riF +B) = (F+r_B) (7.28b)
we obtain
(ry —rp)exp(+2iyL)F+ (1 —rer_)B=0 (7.29a)
1=rerp)F+ (- —r)B=0 (7.29b)
with

re = R exp(+igKL), =Ry’

The oscillation condition for the DFB laser is that the above equations have
a solution other than the trivial solution F= B=0. From the determinant of
the coefficient matrix, we obtain the oscillation condition

(ry —re)(r— —1v)

A —ror)(1 =y SPi2rL) =1 (7.30)
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For the case where there is no grating present (x =0), the above equation
coincides with the oscillation condition of FP lasers. For cases where the
facet reflectivities are zero, rp=r, =0, the oscillation condition reduces to
the simple form

ror_exp(i2yl) =1 (7.31)

This equation is in a form similar to the oscillation condition of FP lasers
and show that a DFB laser is represented by the effective reflectivities r and
_ and the effective gain i1y. It should be noted, however, that, unlike FP
lasers, r, and r_ depend not only on the coupling coefficient « but also on
the deviation 4 from the Bragg condition and the gain y, and the effective
gain iy depends not only on g but also on x and 4. Increasing the gain by
injecting carriers into a DFB laser, oscillation starts when Eq. (7.30) or
(7.31) is satisfied. In the following, the oscillation wavelength and the
threshold gain are discussed for various kinds of DFB laser.

7.3.2 Index-Coupled Distributed Feedback Lasers

The relief-type grating shown in Fig. 7.5 is in the form of periodic
modulation in the refractive index and is expressed by Eq. (7.4) with 6=0
substituted. Consider the oscillation condition for the case where the facets
are free from reflection. At the wavelength that satisfies the Bragg condition
A=0, 4= —ig/2, y=—i(g*/4+«*)"? and therefore both A and y are pure
imaginary. Although exp(i2yL) in Eq. (7.31) can be increased by increasing
g, Eq. (7.31) cannot be satisfied since y,y_ = (y — Zl)z/lc2 < 0. This implies
that oscillation does not take place at the Bragg wavelength, since the
phase condition cannot be satisfied. To clarify the oscillation wavelength
and threshold we next simplify Eq. (7.31). From Eq. (7.22), y,y- =
(y — A)2 JKr = /<2/(7/+ A)2 and Eq. (7.31) is rewritten as [(y — A)/K]
exp(+iyL) = £1 or —[k/(y + A)]exp(+iyL) = 1. Eliminating A from this
expression, the oscillation condition can be rewritten as

g 5 12
«Lsinh(yL) = +yL,  y= —i[(2 + iA) +K2] (1.32)

The above equation shows that the oscillation condition is satisfied at
wavelengths corresponding to positive and negative values with the same
absolute value of 4. The solution of the above equations cannot be obtained
analytically. In the limiting case when « — 0, however, the above equation
can be rewritten approximately as (kL)*exp(gL+i2 AL)=—(gL+i2 AL)*
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and can then be decomposed into the amplitude and phase conditions

(kL) exp(gL) = (gL)* + (2 AL)? (7.33a)

AL = <m — l)n + tan~! <ML> (7.33b)
2 gL

where m=1, 2, ... is the order of the DFB modes. Omitting the tan™' term
in Eq. (7.33b), from AL =m we see that the DFB mode separation is given
approximately by Aw=v,n/L, which is approximately the same as the
longitudinal mode separation of FP lasers. Equation (7.33a) shows that the
threshold gain depends upon the mode and is higher for a higher mode.
The oscillation wavelength and threshold gain satisfying Eq. (7.32) can be
calculated by iterative calculation with the result for weak coupling as the
first approximation. The calculated dependences of the normalized
deviation AL of the oscillation wavelength from the Bragg wavelength
and the normalized threshold gain gL on the normalized coupling
coefficient kL are shown in Fig. 7.6.

The result in Fig. 7.6 is consistent with the result obtained under the
weak-coupling approximation. It shows that the threshold gain for a mode
decreases with increasing «L, and that the deviation AL increases with
increasing xk L. Because of the significant mode dependence of the threshold
gain, actual oscillation takes place with the fundamental mode m=1.
However, as pointed out above, the oscillation condition is satisfied
simultaneously at wavelengths corresponding to positive and negative
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Figure 7.6 Oscillation threshold gain and oscillation wavelength detuning of an
index-coupled DFB laser.
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values of 4, and therefore the two modes oscillate simultaneously. In fact,
such two-mode oscillation is experimentally observed. The above result was
obtained under the assumption of reflectionless facets. For realistic lasers,
the facet reflection cannot be neglected, unless the facets are antireflection
coated. By reducing the reflectivity for the forward facet and enhancing it
for the back facet, the output power can be enhanced, and single-mode
oscillation may be achieved. For this case, the exact oscillation condition is
given by Eq. (7.30) and is affected by the reflection phase determined by the
position(s) of the facet(s) relative to the grating phase [9]. Since the facet is
formed by cleaving, it is almost impossible to control precisely the facet
position for the optimization of reflection phase that requires submicron
accuracy. Accordingly, some fabricated lasers oscillate in two modes, and
some of them oscillate in a single mode. There are significant sample-to-
sample variation in the oscillation wavelength and the threshold current.
Thus, the DFB laser of this type suffers from the rather low yield of devices
with good performances. This is the outstanding drawback of index-
coupling DFB lasers.

7.3.3 Phase-Shifted Index-Coupled Distributed
Feedback Lasers

The drawback pointed out in Section 7.3.2 comes from the fact the DFB
lasers do not oscillate at the Bragg wavelength. To eliminate the problem,
the device structure should be modified to satisfy the phase condition at
the Bragg wavelength. From the boundary condition for Eq. (7.27) in
the case where the reflectivity is zero at z=L, we obtain the relation
Frexp(4+2igl)+ B=0. From this, the ratio of the amplitude of the
backward wave to that of the forward wave at z=0, i.e., the complex
reflection coefficient R, is given by

R— ri{l —expiyL)}
1 —ryr_exp(+2iyL)

Y 4 exp (igKs)
K
y 1 —exp(+2iyL)
1= [(y = 4)° /] exp(+2iyL)

where use has been made of Eqs (7.17) and (7.22) for the modification to
obtain the second line, and 6§ = 0 was used to consider an index grating. Since,
in index gratings, at the Bragg wavelength, A= —ig/2, y=—i(g¥/4+ "2,
and both A and y are pure imaginary, the factor [l —exp(+2irL)]/
{1 —[(r — 4)*/k*]exp(+zirL)} in the above expression is real. Therefore,

(7.34)
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Phase shift

Figure 7.7 7/4 phase shift grating.

the phase of R equals the phase of +iexp(igKs). Thus the phase of R is
determined by the grating phase s. The phase factor of R is &i for s =0 and is
+1 for gKs=mn/2 or s= A/4q. In a DFB laser constructed from a combination
of a grating section with s=A4/4¢ in 0 <z< L and a grating section in
—L < z <0 corresponding to its mirror image, as shown in Fig. 7.7, the phase
factor corresponding to a round trip of the optical wave is (1)* = 1, showing
that the phase oscillation condition is satisfied [10]. The phase shift between
the right- and left-hand sections of the grating is 2s = A4/2¢ = 4/4N. (forg=1),
1.e., a quarter of the optical wavelength in the waveguide. Thus, the DFB laser
using a 4/4 phase-shifted index grating can oscillate at the Bragg wavelength.
The simple index grating DFB laser presented in Section 7.3.2 can be
considered a structure consisting of a grating section of s =0 and its mirror
image. The phase factor corresponding to a round trip is (i)* = —1, showing
that the feedback is negative and therefore oscillation does not occur at the
Bragg wavelength.

The oscillation condition for DFB lasers of structures having mirror
symmetry with respect to z=0, as described above, is the condition for the
optical wave to have the same complex amplitude after a round-trip
propagation in the sections in z > 0 and z < 0 as the initial amplitude. It can
be written as R°=1 or R==1 using R given by Eq. (7.34). For a DFB
laser using a A/4 phase-shifted index-coupled grating, 6 =0, s= A/4q, the
oscillation condition can be written as

+ ik[+x — i(y — A)]
(v — Dl +i(y — )]

exp(iyL) = (7.35)

. 1/2
~—_E . g . 2 )
4= 2+A, y = 1|:(2+1A) +Ki|

where the total resonator length 2L, with use of Eq. (7.34), has been rewritten
as L. The coupling coefficient « is real, and both 4 and y are pure imaginary at
the Bragg wavelength. The above equation shows that the oscillation
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condition is satisfied at wavelengths corresponding to the positive and
negative values with the same absolute value of 4. In the limiting case of weak
coupling (k — 0), the above equation reduces to H+«Lexp(gL/2+i4L)=
gL +2i AL, which can be decomposed into amplitude and phase conditions:

(kL)? exp(gL) = (gL)* + (2 AL)? (7.36a)
AL = mm + tan™! (2gALL> (7.36b)

where m=1,2,... is the order of the DFB modes. The above expression
shows hat the fundamental DBR coincides with the Bragg wavelength
corresponding to 4 =0. The DBR mode separation equals approximately
the separation of the FP mode. Since the threshold gain is higher for a
higher-order DFB mode, the laser oscillates in the single fundamental mode.
It should also be noted that the threshold gain for the fundamental mode is
lower than that for the DFB laser without the phase shift. Because of these
advantages, at present the 4/4 phase-shifted DFB laser is the major DFB
laser [11]. The calculated dependences of the normalized deviation AL of
the oscillation wavelength from the Bragg wavelength and the normalized
threshold gain gL on the normalized coupling coefficient xL, calculated
from Eq. (7.35), are shown in Fig. 7.8. The result is consistent with the result
obtained using the weak-coupling approximation. Although the facet
reflection is omitted here again, the threshold gain is affected by the facet
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Figure 7.8 Oscillation threshold gain and oscillation wavelength detuning of a 1/4
phase-shifted index-coupled DFB laser.
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reflection, in a manner similar to that presented in Section 7.3.3. Therefore
the facet should be antireflection coated to achieve a good performance.

7.3.4 Gain-Coupled Distributed Feedback Lasers

Another method to attain laser oscillation at the Bragg wavelength is to
employ a grating structure in the form of periodic modulation in the gain (or
loss) [3]. The grating can be realized by several methods, such as periodic
etching of an absorption layer inserted in the laser waveguide, and
formation of a structure including the active and cladding layers with
periodically modulated thickness by crystal regrowth on a corrugated
substrate [12]. Although the gratings fabricated by these methods involve
periodic modulation in both refractive index and gain or loss, it is possible
to implement pure gain gratings by appropriate design of the cross-sectional
structure for canceling out the index grating.

A simple gain (loss) grating can be expressed by Eq. (7.4) with 6 = £x/2.
Then, from Eqs (5.93), (7.4), and (7.18) we see that the gain factor varies in the
form g+ 4k cos(¢Kz). At the Bragg wavelength satisfying 4 =0, 4 = —ig/2,
y=—i(g*/4—«*)"?, and therefore, for large g, both A and y are pure
imaginary. In the oscillation condition in Eq. (7.31), r,r_ satisfies
ror_ = —(y — 4°/k* > 0 and, with increasing gexp(i2gL) in Eq. (7.31)
r . r_ increases. Therefore, the phase and amplitude oscillation conditions
can be satisfied, and the laser oscillates at the Bragg wavelength. Since, from
Eq. (7.22), ryr- = —(y — 4 /k* = —«*/(» + 4)*, Eq. (7.31) can be rewritten
as [(y — 4)/«]exp(+iyL) = £ior [k/(y + A)]exp(+iyL) = £i. Eliminating 4,
the oscillation condition can be written as

172

«L sinh(+iyL) = £iyL, y= —i[(§+ iA)Z—K2:| (7.37)
For the limiting case of weak coupling (« — 0), the above equation can
be rewritten approximately as (kL)’exp(gL+i2AL)=(gL+i2 AL)*.
Decomposing this equation into the amplitude and the phase, we obtain
the same result as Eq. (7.36) in Section 7.3.4. This means that gain-coupled
DFB lasers oscillate in a single fundamental mode, in a similar manner to
phase-shifted index-coupled DFB lasers. The dependences of the normalized
deviation AL of the oscillation wavelength from the Bragg wavelength
and the normalized threshold gain gL on the normalized coupling
coefficient «L, calculated from Eq. (7.37), are shown in Fig. 7.9. The
result is consistent with the result obtained by using the weak-coupling
approximation, and analogous to the result shown in Fig. 7.8. Thus gain-
coupled DFB lasers have the same advantage as phase-shifted index-coupled
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Figure 7.9 Oscillation threshold gain and oscillation wavelength detuning of a
gain-coupled DFB laser.

DFB lasers. Another advantage of the gain-coupled DFB lasers is that they
are less sensitive to the facet reflectivities, and good performance can be
obtained without an antireflection coating on the facets.

7.3.5 Photon Lifetime and Rate Equations

In order to apply the rate equation analysis to DFB lasers, the photon
lifetime 7,,p,, the photon density S, and output power P must be expressed by
using the device parameters of DFB lasers. The threshold gain g=gy, of a
DFB laser calculated in the previous sections is given in the form of the net
gain for the guided mode. The threshold gain Gy, for use in the rate
equations is expressed in the form of a temporal material gain G, and g, and
Gy, are correlated to each other by

I'Gy

g

— Qlint (7.38)

8th =

where I' is the confinement factor and «;,; the internal loss. The oscillation
condition is satisfied when the complex propagation constant is ,3 =
B —igwm/2. Equation (7.27) with this B substituted gives the DFB resonance
mode function satisfying the wave equation and the boundary conditions.
According to the definition of the photon lifetime t,, described in Section
5.8.3, the temporal attenuation of the optical power in a resonator without
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gain is in the form exp(—t/tpy). This means that the optical wave of a
complex frequency w —i/2t,, satisfies the wave equation and the boundary
conditions in the resonator without gain. From Eq. (5.141), the complex
propagation constant of this wave is given by 8 = B(w — i/ 2%50) = B+ idini—
i/2vyTon. By equating this complex propagation constant to B — igum/2,
we obtain an expression for the photon lifetime for DFB lasers:

L vt + ) (7.39)

Tph
For DFB lasers using a higher-order grating, the radiation decay factor «,
should be included in the internal loss «;,. The oscillation condition is
expressed in the form of the rate equation is I'Gy, = 1/, and this equation
with Eq. (7.39) substituted coincides with Eq. (7.38).

The multimode rate equations for the carrier density and the photon
densities for a FP laser are given by Eq. (6.29). For a DFB laser, they are
given in a similar form:

N J
7N - FmeSm - (7403)
; T
d S CN
—Sm =T'nGpuSm — +—= (7.40b)
dr Tphm Ts

where the gain saturation is omitted. The outstanding difference from FP
lasers is that, since the threshold gain g, of a DFB laser depends upon the
DFB mode order m, the photon lifetime ., given by Eq. (7.39) exhibits a
remarkable dependence on the mode. To clarify this, in the above equations,
Tpn is denoted as tpp,,. The fundamental mode has the largest lifetime tpp,,.
On the other hand, the mode dependences of the gain G and the
confinement factor I' are not so strong as to that of 7y, and therefore the
values for the side modes can be approximated by the value for the
fundamental mode. For DFB lasers that oscillate in the fundamental mode
at the Bragg wavelength, from the Bragg condition 8=¢K/2, Eq. (6.24a)
with the right-hand side replaced by ¢K/2 and Eq. (6.24b) hold. Therefore,
similarly to FP lasers, the rate equation for the optical phase for the major
oscillation mode, i.e., the fundamental mode, is given by

d o 1
4y 2(m _rph) (7.41)

Consider next the optical power distribution of the DBR resonant
mode function. When the lateral mode function E(x, y) is normalized, the
power flows of the forward and backward waves, denoted by P* and P,
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respectively, are given by the absolute squares of the first and second lines
respectively, of Eq. (7.27). For a DFB laser without a phase shiftin0 <z < L
and without reflection at the facets, (r;=r, =0), we can write

P*(z) = |2F sinh(iyz)|? (7.42a)
P~(z) = |2F sinh[iy(L — 2)]|? (7.42b)

where use has been made of a relation F+r _ B=0, obtained from Eq. (7.29),
and the oscillation condition in Eq. (7.31). The forward output power is
given by

P; = PY(L) = |2F sinh(iyL)|? (7.43)

Optical energy stored in the resonator is given by the sum of P*/v, and
P~ /vy (vg is the group velocity) integrated over the waveguide resonator in
0 <z < L. Since this equals the product of the photon density S, the volume
of the active region V,, and Aw, we have

vehwV,S = /[P+(Z) + P (z2)]dz (7.44)

and, from Eqs (4.42)—(4.44), we obtain a relation between the optical output
power Py and the photon density S:

vohaV,
Pp=S+t—=2 7 '

sinh[2Im{y} L] _sin[2 Re(y} L]} - (7.45)

. 2
x | sinh(iyL)| |: 2Im{y} L 2Re{y} L

For a //4 phase-shifted index-coupled DFB laser in —L/2<z<+L/2,
the power flow for the fundamental mode can be calculated by using
Eq. (7.27) as

Pt(z) = |F [exp(+iylz]) + |r|* exp(iy L) exp(—iy|z|)]|*
. 2
P (z)= ’ZFr exp(—i—lyzL) sinh|:+iy(§ — |z|>:|

{[(g/2) +«3'* — g/2)*
K2

2
Irl” =

(7.46)

where 1y takes a positive value. The distribution of the power flow described
by the above expression is shown in Fig. 7.10. From the above equation, the

Copyright © 2004 Marcel Dekker, Inc.



1.0

0.8

0.6

| L LA LA
-~
[ PR S B B AR I

0.4

Relative power flow P (z)

0.2

0.1 .
-05 -04 -03 -02 -0.1 0.0 o0.1 02 03 04 0.5
Position in the laser z/L

Figure 7.10 Power flow distribution in a 4/4 phase-shifted index-coupled DFB
laser.

forward output power is given by

2

Py =P (L)2) = ‘F exp<+ ”;L) (141 (7.47)

and the output power P; and the photon density S are correlated to each
other by

iyvghoV,(1 + 17%)
[1 + Ir[* exp(iyL)][1 — exp(—iyL)]

As we see in Fig. 7.10, the optical intensity in a DFB laser is not
uniform. Therefore, the validity of the rate equation analysis, where the
intensity is considered constant and represented by the average value, is not
necessarily guaranteed. In many cases, the accuracy of the rate equation
analysis applied to DFB lasers is lower than that for FP lasers. The intensity
distribution should be examined to check the validity. If the nonuniformity
of the intensity is large, spatial hole burning occurs at positions where the
intensity is large: it gives rise to nonuniformity in the refractive index and
leads to deterioration of the laser performances. The nonuniformity can be
reduced by optimizing the phase shift in the grating, appropriate design of
the injection current distribution, and/or use of a phase-shifted grating
having more than two sections. Improvement can also be made by using
quantum wells with a small linewidth enhancement factor «..

P = (7.48)
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7.3.6 Operating Characteristics

DFB lasers, as well as FP lasers, are implemented by using a bulk double
heterostructure (DH) or quantum well structure as an active region, various
types of channel waveguide structure, and a structure for current injection.
In this structure, a grating of the Bragg wavelength that coincides with the
gain peak wavelength is fabricated. The grating should have sufficient
spatial overlap with the guided mode. Direct formation of the grating on the
surface of the active layer, however, involves deterioration of the light
emission characteristics due to the damage induced by the processing. To
avoid this problem, in many cases the grating is formed by patterning a
grating layer inserted at an appropriate distance from the active layer. The
grating pattern is formed with holographic interference recording or
electron-beam writing, and the pattern is transferred to a semiconductor
layer by chemical etching or ion etching. Although ion etching is
advantageous to the resolution and the controllability, the apparatus
should be carefully selected and the etching conditions should be optimized
to avoid degradation of the light-emitting characteristics due to the damage
that may be caused by the processing. After the grating formation, the upper
cladding is deposited by crystal regrowth. This means that fabrication of a
DFB laser generally requires two epitaxal growth steps. At least one of the
two waveguide ends should be cleaved for output coupling, and the cleaved
facet is often antireflection coated to improve the performance.

DFB lasers have specified device parameters more than those of FP
lasers, and the operating characteristics have complex dependences on them.
As presented above, the oscillation condition for DFB lasers is significantly
different from that of FP lasers. They have unique longitudinal mode
characteristics and oscillate in a single longitudinal mode. However, many
of the operating characteristics are common to those of FP lasers, as they
are described by rate equations similar to those of FP lasers. Although care
must be taken for the hole-burning problem pointed out in Section 7.3.5, the
steady-state oscillation characteristics, modulation characteristics, and noise
characteristics are interpreted in terms of the results obtained upon the basis
of a single-mode analysis, which was discussed in detail with FP lasers in
Chap. 6. In the following, characteristics peculiar to DFB lasers, except for
the oscillation condition discussed already, are presented.

Oscillation Wavelength

The oscillation wavelength of a DFB laser is determined by the Bragg
wavelength of the grating. The Bragg wavelength must be within the gain
bandwidth. Although the highest output power is obtained for the case
where the Bragg wavelength coincides with the gain peak wavelength, it is
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not necessary for them to coincide exactly each other. Even if a slight
detuning is given intentionally between them, the laser oscillates at the
Bragg wavelength. This is in contrast with FP lasers, where oscillation takes
place with the major longitudinal mode closest to the gain peak. The
oscillation wavelength can be fine controlled by only a slight change in the
grating period in lasers of the same material and structure. This feature
allows production of DFB lasers belonging to several groups for different
wavelengths from a single epitaxal structure, and implementation of a
monolithic array of DFB lasers that emit light of various wavelengths.
However, while the temperature dependence of the Bragg wavelength is
dominated by the temperature coefficient of the refractive index, that of the
gain peak wavelength is dominated by the temperature coefficient of the
bandgap energy. Because the latter is approximately one order of magnitude
larger than the former, a large change in ambient temperature gives rise to
large detuning and the oscillation stops. Therefore it is necessary to optimize
the relation between the bandgap energy and the grating period, so that the
detuning is small at the prescribed operation condition.

Polarization Characteristic

As presented before, the material gain G of a bulk semiconductor does not
depend upon polarization. The confinement factors I for the active layer are
slightly different for transverse electric (TE) and transverse magnetic (TM)
modes; it is larger for a TE mode that is better guided. The mode gain I'G is
therefore slightly larger for a TE mode, but the difference is not significant.
The Bragg wavelengths for a TE and TM modes, however, are different from
each other, since the mode indexes are different. The mode gain at the Bragg
wavelength may be larger for a TE mode or for a TM mode, depending upon
the detuning of the grating. The TE and TM mode gains are also affected by
the strain imposed in the active region. The coupling coefficient «, on the
other hand, is approximately proportional to the overlap of the mode profile
with the grating layer as shown by Eq. (7.26) and is larger for a TE mode with
a larger mode size in many cases. The radiation decay factor «, for a second-or
third-order grating is larger and enhances more the oscillation threshold for a
TE mode where electric fields of the guided and radiation modes are parallel
to each other, in comparison with that for a TM mode where the fields are
perpendicular to each other. Thus, for bulk DH DFB lasers, the oscillation
polarization is determined depending upon many factors, and some lasers
oscillate in a TE mode and some lasers in a TM mode. A laser may oscillate in
both TE and TM modes, and on changing the injection current the oscillation
polarization may alternate between TE and TM modes because of the change
in detuning through the change in the temperature. This characteristic of DH
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DFB lasers is in contrast with that of FP lasers, which oscillate in a TE mode
without exception. Although the possibility of TM mode oscillation may be
an advantage, the oscillation polarization is not fixed and a high extinction
ratio is not assured automatically. Optimization of device parameters is
required to obtain a significant difference between the thresholds of the
desired polarization and the other polarization. These drawbacks and
problems are eliminated if quantum well structures are used. As presented
in Chap. 4, the gain of the quantum well exhibits a strong polarization
dependence. For ordinary single-quantum-well and multiple-quantum-well
structures, the TE gain is significantly larger than the TM gain. Strained
quantum wells can be designed so as to have a larger gain for a TE mode or a
TM mode. Therefore, DFB lasers with a high polarization extinction ratio
can be implemented by using a SCH structure with a quantum well active
region and an appropriately designed grating.

Side-Mode Suppression Ratio

Consider the (longitudinal) mode spectrum of the output light from a DFB
laser under steady-state oscillation. Putting the left-hand side of Eq. (7.40b)
as zero, we obtain

__ Tphm CsN /7

Sm = 7.49
1 — ‘L'phmFG ( )

where m is the DFB mode order. The m dependence of the mode gain I'G
and the spontancous emission coupling coefficient Cs are neglected. The
photon lifetime tyy,, are correlated with the threshold gain g, by Eq.
(7.39). For the major fundamental oscillation mode (m=0), Eq. (7.49)
reduces to So = (tpnoCsV/7s)/(1 — Tpnol 'G). Therefore, the photon density for
the adjacent side-mode relative to that for the major oscillation mode, i.e.,
the side-mode suppression ratio, is given by

S
Rsms = Si(:
1 1 S
14+ ( _ > 0Ts
Tphl Tpho Cs N tho
SOTS

=1+ AG 7.50
+ AGn C-Naw (7.50)

AGy, = Ug Agih, Agih = gth1 — &tho

The output power Py of the major oscillation mode is proportional to the
photon density Sy, and they are correlated by Eq. (7.45) or (7.48). The

Copyright © 2004 Marcel Dekker, Inc.



suppression ratio Ry increases with increasing output power. As DFB
lasers use an index waveguide, C is small, of the order of 107°-10~*. The
threshold gain margin Agy, is large; Agy,L is roughly of the order of unity.
Therefore, a very high R, can be achieved in the high-output region. While
in FP lasers, where the side mode is suppressed by the slight gain margin, the
suppression ratio Ry, given by Eq. (6.45) is 100 or less even in the high-
output region, in DFB lasers Ry, larger than 1000 (30dB) can easily be
obtained. In quantum well DFB lasers, in particular, Ry, as large as 40—
50dB has been obtained [13]. The high side-mode suppression ratio Ry
and the small linewidth enhancement factor «. enable high-purity single-
mode oscillation of sub-megahertz spectrum linewidth to be attained [14].
The very high side-mode suppression ratio leads to excellent noise
characteristics. There is no problem of mode-hopping noise. Mode partition
noise is also very low. Therefore, the result of the noise analysis based on the
single-mode model presented in Chap. 6 applies with good accuracy.

High-Speed Modulation Characteristics

Under high-speed modulation or in transient state, the side-mode
suppression ratio cannot be defined simply, since the intensities of each
mode vary with time. However, from the rate equation in Eq. (7.40b),
omitting the mode dependence of the gain I'G, we obtain the relation

CsN /7

S = (dS,/d0)/Sm — TG + 1/Tpohm

(7.51)

and from this we obtain a formal expression for the ratio of the photon
density of the major mode to the photon density of the side mode:

So

S, (7.52)

dsS;/dt  dSo/dr\ Sots
:1+(AGm+ 1/dedSp/ f) 0T,

S So CsN

AGy, = Ve Agin, Agi = g1 — &tho

This ratio, which can be considered a time-dependent side-mode suppression
ratio, is in the form of the suppression ratio for the steady state given by Eq.
(7.50) to which (dS;/d?)/S; — (dSy/d?)/Sy has been added. This added term
varies with time. Assuming that the laser is modulated with a signal of fre-
quency 2 superimposed on an appropriate bias current, |(dS;/d?)/S; — (dSo/
dr)/Sy| can be estimated at most as values of the same order of magnitude as
Q. On the other hand, for appropriately designed DFB lasers, Agy,L is the
order of unity, and therefore AGy, = (vo/L) Agu, Lis of the order of 105 ' or
larger. Therefore, the factor AGy, + (dS;/d?)/S; — (dSo/d?)/Sy in Eq. (7.52)
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remains at values comparable with AGy, even under gigahertz modulation.
This implies that the side-mode suppression ratio is not greatly degraded even
under high-speed modulation. More precise analysis of the high-speed
modulation characteristics can be made, by solving the multimode rate
equation in Eq. (7.40) numerically. It has been shown that appropriately
designed DFB lasers maintain a side-mode suppression ratio higher than
30dB even under large-signal pulse modulation in the gigahertz band,
provided that the laser is driven with an appropriate bias current. For small-
signal modulation, the results of the single-mode analysis discussed in Chap. 6
apply with good accuracy including the high-frequency range. The frequency
chirping characteristic is similar to that of FP lasers, as seen from the fact that
the rate equation for the optical phase (Eq. (7.41)) is common. In quantum
well DFB lasers having a high relaxation oscillation frequency and a small
linewidth enhancement factor «., in particular, single-mode high-speed
modulation above 10 GHz is possible [13], and frequency chirping is small.
Because of these excellent characteristics, quantum well DFB lasers are most
suitable as a light source for high-speed optical fiber communications.

7.4 DISTRIBUTED BRAGG REFLECTOR LASERS

7.4.1 Distributed Bragg Reflector

A DBR is a structure where an index grating of a period corresponding to
the Bragg condition is formed in a passive waveguide. The optical wave in
this waveguide can be expressed, similarly to Eq. (7.27), as a sum of the
forward and backward wave components:

E(z) =exp (+ 1q§<z) [F exp(+iyz) + rBexp(—iyz)]

+ exp (— 1q§(z> [rF exp(+iyz) + Bexp(—iyz)] (7.53)

12 o
Vzi[@_i"yﬂz} ’ “M (7.54)

24 =2B—gK
where « is the propagation loss factor. For higher-order gratings, « includes
the radiation decay factor «, representing the radiation loss due to lower-order

diffraction. We assume a grating of index modulation type (6 =0), and put
s =0 for simplicity. When the grating is terminated by a facet of a reflectivity
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Rpat z= L, a boundary condition

igKL . .
R}/ 2 exp (+ (]2> [F exp(+iyL) + rBexp(—iyL)]

igKL
— exp (- 1"2> [rF exp(-+iyL) + Bexp(—iyL)] (7.55)
holds. If the reflection at the grating end is negligible, the above equation
reduces to
B = —rFexp(iyL) (7.56)

Using Eqs (7.54) and (7.56), Eq. (7.53) can be rewritten as

E(z) = Aexp <+ quz) |:y cosh[iy(L — z)]

_ (1; + A) sinh[iy(L — Z)]:|

Kz

+ Aexp (— 1q2

) « sinh[iy(L — )] (7.57)

2rF exp(iyL)
K

A=

Let P*(z) and P~ (z) be the power flows of the forward and backward waves,
respectively. From the above equations, the relative spatial distributions of
P"(z) and P~ (z) can be written as

P*(z) lycoshliy(L — 2)] — (ia/2 + A) sinh[iy(L — 2)]>

PH(0) |y cosh(iyL) — (ic/2 + A) sinh(iyL)|? (7.58a)

P (z) |k sinh[ip(L — 2)])?
P+(0) |y cosh(iyL) — (ia/2 + A) sinh(iyL)|?

(7.58b)

Note that, at the Bragg wavelength, iy is negative. The power flow
distributions are shown in Fig. 7.11 for cases where the Bragg condition is
satisfied. Here a lossless waveguide («=0) is assumed. The figure shows
that, during the propagation, the forward wave power is transferred to the
backward power owing to the distributed Bragg reflection.

From Eq. (7.57), the ratio of the amplitude of the backward wave to
that of the forward wave, i.e., the complex amplitude reflection coefficient,
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Figure 7.11 Power flow distribution for the forward and backward waves
in a DBR.

can be written as
k sinh(iyL)

i = 7.59
TDBR = cosh(iyL) — (ia/2 + 4) sinh(iyL) (7.59)
o 5 172
y = i[(z—iA> +K2] ., 24=28-¢K
From Eq. (7.58b) or (7.59), the power reflectivity is given by

Rpgr = |rppr|’

_P(0)

~ PH(0)

| sinh(iyL)|? (7.60)

~ |y cosh(iyL) — (iw/2 + 4) sinh(iyL)?

The reflectivity at the Bragg wavelength (4 = 0) in a lossless waveguide (o = 0)
is given by Rpgr=tanh?(xL). The power transmissivity is given by
ro PO

DBR = &7 )

_ lyI?
|y cosh(iyL) — (i/2 + A) sinh(iyL)|?

(7.61)
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Figure 7.12 Power reflectivity and transmissivity of a DBR at the Bragg
wavelength.

Obviously, the relation Rpgr+ Tpgr =1 holds in lossless waveguides
(¢=0), although Rppr+ Tppr <1 in waveguides with loss. The depen-
dences of Rppr and Tppr at the Bragg wavelength on a normalized grating
length «L is shown in Fig. 7.12. The reflectivity decreases with increasing
detuning from the Bragg wavelength. The dependences of the power
reflectivity Rppr = |[rper|” and the reflection phase ¢ppr=arg{rpgr} on
the normalized detuning AL (4=p8—¢K/2) are shown in Fig. 7.13. The
graph of the reflectivity shows that a DBR grating functions as a reflector
with a sharp wavelength selectivity. The Bragg reflection bandwidth can be
represented by 2 (4L), the full width of AL for the half-maximum of Rpgg.
When kL =1 and « =0, the bandwidth is given approximately by 2 AL~ 4.
The bandwidth 2 AL is broadened with increasing «L and «. The reflection
phase is ¢ppr = /2 at the Bragg wavelength. For a grating with «L < 1, the
dependence of the phase ¢ppr upon detuning is given approximately by
¢pBR ~ T/2+A4L, within the Bragg bandwidth, since the effective center of
reflection is at z~ L/2.

7.4.2 Oscillation Condition of Distributed
Bragg Reflector Lasers

A DBR laser is implemented by replacing both or one of the facet mirrors of
a FP laser by DBR grating(s). Accordingly, the mathematical expressions
for a DBR laser are obtained by substituting the DBR reflectivity, instead of
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Figure 7.13 Dependence of the reflectivity and reflection phase of a DBR on
detuning from the Bragg condition.

the facet reflectivity, into the expressions for a FP laser [15]. The oscillation
condition for a DBR laser that results when both facets are replaced by
symmetrical gratings, i.e., the condition for the optical wave to have the
same complex amplitude after a round trip, can be written as

rbar EXPI(Ig — g + 2iB) Laci] = 1 (7.62)

where L, is the length of the active section, I'G the mode gain, and «;,,; the
internal loss. The above equation can be rewritten as separate amplitude and
phase conditions:

1 1
I'g = dint + @DBR,  ODBR = 7— 1n< ) (7.63)
Lot Rpgr
gK
¢)DBR = mn — ﬁLact =mn— |4+ 7 Lact (764)

where apgr represents the reflectivity of the DBR grating converted into a
form of loss and corresponds to the mirror loss for a FP laser. The detuning 4
corresponding to the oscillation wavelength that satisfies Eq. (7.64) can be
indicated by the crossing points of the curves for both sides of Eq. (7.64), as
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Figure 7.14 Oscillation condition of a DBR laser.

shown in Fig. 7.14(b). Each crossing point represents a DBR longitudinal
mode. The values of the DBR loss apgr given by Eq. (7.63) for each mode are
indicated by full circles on the curve shown in Fig. 7.14(a). They have strong
mode dependence. Accordingly, the threshold gains I'gy,,,, = ®jnt + &DBR/» fOT
each mode exhibit strong mode dependence. Noting that ¢pgr~m/2
+ ALpgr within the Bragg bandwidth, and using 4 =8 — ¢K/2, Eq. (7.64)
can be approximated as (L, + Lpgr)4 = (m—1/2)n — ¢KL,/2. Therefore,
the separation between the major oscillation mode and the adjacent side is
given by
2nc
2Ng(Lact + LDBR)

which is similar to the expression for a FP laser.

Aw

(7.65)

7.4.3 Implementation and Operation Characteristics of
Distributed Bragg Reflector Lasers

DBR lasers are fabricated by forming a grating structure, similar to that of
DFB lasers, at a position adjacent to the active section of a channel
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waveguide structure including a bulk DH or quantum well structure similar
to that of FP lasers. An outstanding feature of DBR lasers, unlike DFB
lasers, is that the structure with a DBR grating formed independently out of
the active section offers large design and fabrication flexibilities. Since the
DBR section does not require an amplification function, the possible
degradation of the light emission characteristic due to damage by grating
fabrication process is not a concern, and there is no need to form a p—n
junction and an electrode for carrier injection in the DBR section.
Therefore, fabrication of DBR lasers does not necessarily require crystal
regrowth on the grating. On the other hand, the propagation loss in the
DBR section without carrier injection can be a large problem. For bulk DH
structures, an optical wave with a wavelength at or near the gain peak
wavelength for an active section suffers from a large absorption loss in a
passive waveguide of the same material and structure as the active section.
To realize a high-reflectivity DBR grating, a passive waveguide of different
composition must be connected to the active section. Therefore, the device
fabrication is complicated, and a connection loss may be involved. As
pointed out in Section 4.3.8, for quantum wells and strained quantum wells,
the absorption loss in the passive waveguide for the gain peak wavelength is
significantly smaller than that for bulk DH structures. By detuning the
Bragg wavelength to a wavelength appropriately longer than the gain peak
wavelength, the propagation loss can be reduced. Careful design enables
implementation of a high-reflectivity DBR grating and a high-performance
DBR laser. Moreover, it is possible to reduce further the passive waveguide
loss by the area-selective disordering of quantum well in the DBR section.
Long-optical-cavity DBR lasers, which are advantageous for achieving a
very narrow spectrum linewidth, have also been implemented by inserting a
passive waveguide section with loss reduced by disordering between the
active and DBR sections.

The operation characteristics of a DBR laser can be analyzed using
rate equations, in a similar manner to those for FP and DFB lasers. The
photon lifetime Tpp,, 1S given by

1

Tphm

= Fglhm = Qint + ODBRm (766)

where apgr,, 1S the DBR loss given by Eq. (7.63). The relation between the
photon density and the optical output power is given by the expression for
FP lasers, with the reflectivity R and the transmissivity 1—R of the facet
mirror(s) replaced by the reflectivity Rpgr,, and the transmissivity Tpggr,, of
the DBR grating(s). Since the photon lifetime 7y, exhibits strong mode
dependence, DBR lasers as well as DFB lasers oscillate in a single mode with
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Figure 7.15 Cross-sectional structure of a three-section-type wavelength-tunable
DBR laser.

a high side-mode suppression ratio. A laser using two DBRs at both ends of
the active section has a side-mode suppression ratio higher than that of a
laser using a single DBR and a facet mirror. The high side-mode suppression
ratio is maintained also under high-speed modulaton. It should be noted
that, as we see from Fig. 7.15, two different modes close to the Bragg
wavelength may have values of 7y, the same or very close to each other,
depending upon the relation between the resonator length and the Bragg
wavelength. This problem can be avoided by appropriate choice of the
operating point, since the effective optical length of the resonator depends
upon the carrier density and the ambient temperature. The characteristics of
DBR lasers concerning the oscillation wavelength, polarization mode, high-
speed modulation, noise, and spectrum linewidth are similar to those of
DFB lasers. Although the quantitative characteristics of DBR lasers depend
upon many device parameters in a complicated manner, performances as
high as, or in part even higher than, those of DFB lasers have been obtained,
particularly in quantum well DBR lasers.

7.4.4 Wavelength-Tunable Distributed
Bragg Reflector Lasers

Semiconductor lasers that oscillate in a high-purity single mode at a
wavelength continuously tunable electrically are required in many applica-
tions such as wavelength-division-multiplexed optical communication,
coherent optical communications, and precision optical measurements.
Compact lasers satisfying this requirement can be implemented by
modifying a DBR laser [16,17]. An example is schematically illustrated in
Fig. 7.15 [17]. The device, called a three-section-type wavelength-tunable
DBR laser, is constructed with an active section, a passive waveguide
phase control section, and a DBR section, monolithically integrated in a
continuous-channel waveguide structure. Each section has an independent
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electrode. Let Neaer, Nepe, and Nepgr be the effective refractive indexes for
each section. Then the Bragg wavelength and the longitudinal mode
resonance condition are given by

2AN,
Jp = L eDBR (7.67)
q
2n
27 (Neact Lact + Nechpc) + ¢pr = 2mn (7.68)

The DBR reflection phase is ¢ppr =n/2 for the Bragg wavelength Ag.
Carrier injection in the phase control section or in the DBR section gives rise
to an increase in the carrier density. Then the refractive index decreases
through the band-filling effect. When N, is adjusted so that Eq. (7.68)
holds for A=A4p, by control of the current injection in the phase control
section, the laser oscillates at Ag. The Bragg wavelength Ag can also be
changed through change in N.pgr by control of the current injection in the
DBR section. Therefore, by changing the currents injected in both sections
jointly to maintain an appropriate condition, continuous tuning of the
oscillation wavelength can be achieved. The refractive index can also be
changed by applying a backward bias voltage to the electrode, instead of
current injection. This effect can be utilized to increase the tuning range. In
two-section-type devices without the phase control section, the oscillation
wavelength can be tuned, but a mode jump takes place when the injection
current in the DBR section is changed over a wide range. The three-section-
type tunable lasers have been implemented by using quantum wall
structures. Tuning ranges of 2-10nm, high-speed tuning of the order of
nanoseconds, and submegahertz spectrum linewidths have been obtained.
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8

Semiconductor Laser Amplifiers

Chapters 6 and 7 described semiconductor laser oscillators. Another
important function of semiconductor lasers is an optical amplifier.
Semiconductor optical amplifiers (SOAs) offer many applications in optical
communication systems, including direct amplification of optical signals such
as optical power boosting in a transmitter, amplification in a repeater, and
preamplification in a receiver, and also applications as a power amplifier to
implement a high-power laser source. SOAs can also be used to realize other
functions such as optical wavelength conversion, wavelength filtering, and
optical phase conjugation. This chapter presents the fundamental character-
istics of semiconductor laser amplifiers.

8.1 GAIN SPECTRUM AND GAIN SATURATION

Let us consider the optical amplification gain in a carrier-injected active
region from the viewpoint of application as an amplifier. The gain factor g
can be given approximately by a linear function of the carrier density as in
Eq. (3.40). Approximating the gain spectrum by a Lorentz function of width
2 Aw, the dependences of g on the optical frequency and the carrier density
can be written approximately as

o) = V=)

— 8.1
1+ [(& — wg)/ Aw)? @1

The carrier density N in the active region, where the optical wave is
amplified by stimulated emission, depends not only on the injection current
density but also on the optical intensity. Therefore, it is convenient to
rewrite the above expression as a function of the injection current density
and the optical power density. In the analysis of optical amplifiers, in
general, it is not appropriate to employ the rate equations used in the
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analysis of laser oscillators in the same form, since the carrier density N and
the photon density S in an amplifier, depending upon the injection current
density J and the input optical power, have distributions that are
nonuniform in the direction of the optical axis. However, so far as the
carrier density N(z) is concerned, the rate equation

N J

d
— N = —v,IgS —— 8.2
Vel & Ts+d(1 ( )

dt

holds locally at each position in the amplifier. The local photon density S(z)
in a laser amplifier is correlated with the local optical power flow P(z) by

P = hiwdWv,S (8.3)

where d and W are the thickness and the width, respectively, of the active
channel. Putting d/dz=0 in Eq. (8.2) for the steady state, solving for N by
substituting Eq. (8.1) into Eq. (8.2), and substituting the result into Eq. (8.1)
again yield

By(J — Jy)

w,J,P)= 8.4)
g( ) 1+ [(w - wO)/Aw]z + P/Psal (
AgTs dgNy
B, =% = .
g dq H JO T (8 5)
Py = haodW _ ho (8.6)
I't,A, qI'Bg

where Jj is the current density at transparency. Here use has been made of
Eq. (8.3) to convert S into P. The effective gain factor for a guided mode is
given by I'g— oy, where g is the material gain given by the above
expression, I' the confinement factor, and o, the internal loss.

Equation (8.4) indicates that the gain g depends not only on the
injection current density J but also on the optical power P, as shown in
Fig. 8.1. In the region where the optical power is small, most injected
carriers are consumed by spontaneous emission recombination. Here, as
Eq. (8.2) shows, Nt.J/dg and, with increasing injection current density, the
carrier density and the gain increase. The small-signal gain in this region
does not depend significantly on the optical power. In the region where the
optical power is high, on the other hand, the large value of S limits g to a
small value, as seen from Eq. (8.2). Here, most of the injection current
density J over the J, required for maintaining transparency is consumed by
stimulated emission recombination. Thus the carrier density is limited to
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Figure 8.1 Characteristic of saturation in a semiconductor laser amplifier.

a value close to the transparency value Ny, and the gain is limited. In this
region, the increment in the optical power, dP/dz=TIgP, equals the
stimulated recombination carrier number per unit length in the z direction
per unit time, (J —Jy)W/q, multiplied by the photon energy %w. Therefore,
g~ hoW(J — Jy)/ql' P, and the gain is inversely proportional to P. Thus, the
gain saturates with increase in the optical power. Equation (8.4) gives a
convenient approximate expression for the gain including the saturation
characteristic. In the expression, Py, represents the optical power level
where the gain starts to be involved with substantial saturation and is given
by Eq. (8.6). For ordinary index-guiding lasers, Pg,. is 1w to several tens
of milliwatts.

8.2 RESONANT LASER AMPLIFIERS

A Fabry—Perot (FP) laser can be used as an optical amplifier, as shown in
Fig. 8.2, when driven by an injection current below the threshold level, by
coupling an optical signal from one of the facets and taking the output
through another facet [1]. This type of amplifier is called a resonant
amplifier or FP-type amplifier. We assume for simplicity that the carrier and
photon densities are approximately uniform in the resonator, as in the
analysis of oscillators. Then, by replacing the loss factor « in the expression
for the transmissivity of a passive FP resonator (Eq. (5.134)) by the effective
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Figure 8.2 Resonant semiconductor laser amplifier.

gain factor I'g — o, with the sign inverted, the power amplification gain for
a signal of frequency w is given by

(I = Rr)(I — Ry)G

Gep(w) =
FR(@) =17 ReRyG2 — 2(R; Ry) 2 G, cos(2BL)

(8.7)

G = Gs(w) = exp{[I'g(w) — ain¢] L}

where Ry and Ry, are the reflectivities of the input and output facets, L is
the resonator length, and Gy is the one-way gain. Since the propagation
constant 8 in the above expression depends upon w, Ggp(w) exhibits an
oscillatory spectrum consisting of peaks at the FP modes with separation
Aw=2nvy/2L and a width narrower than the bandwidth of the gain g(w),
similar to the transmissivity shown in Fig. 5.20. The maxima are given by

_ (I =Rp)(I = Ry)Gs

GEpmax = 8.8
FPmax [1 _ 2(Rbe)1/2GS]2 ( )

and from the above expression and Eq. (5.137) the 3 dB bandwidth of each
peak for the high-gain case is given by
_ (Ao/mI( = R — Ry)]'?

dw
(Rbe) 14 G]l:/szax

(8.9)

The equation shows that increasing the injection current to increase the gain
is associated with narrowing of the bandwidth dw in inverse proportion to
GEpmay-

The effect of the saturation on the amplification gain can be analyzed by
using Eq. (8.4). Assuming uniform carrier and photon densities, the output
power Prand photon density S are correlated by Eq. (6.35), the Prdependence
of the amplification gain G can be calculated using Eqs (8.3), (8.4), and (8.7)
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or (8.8), and using Py= GP;, the result can readily be converted into the
dependence of G on the input power P;, and also into the input—output
characteristics.

As the above expressions show, resonant amplifiers have the
advantage that the amplification with positive feedback gives a high gain
even with a low injection level. A typical gain is 15-25dB. The output
power, however, saturates at a small level, from —10 to —5dBm (dBm is a
power unit defined so that I mW is 0 dBm). A high efficiency is difficult to
achieve, since the output power is delivered also to the input port. The
drawbacks also include a narrow gain bandwidth (around 10'°Hz), a gain
peak wavelength that varies with the operation conditions, difficulty in
wavelength matching required for stable operation, and large noises.

The above discussion was with respect to amplification at subthres-
hold injection level. When the injection level exceeds the threshold, the laser
oscillates. The oscillation, however, is pulled into oscillation at the same
frequency as the input wave and with the phase synchronized with it, unless
the input optical power is too small. This operation is referred to as injection
locking [2]. Increasing the input power gives rise to a reduction in the gain
due to saturation. Then, the oscillation stops, and the operation transfers to
resonant amplification as described above. In this way, the laser serves as an
amplifier even with injection above the threshold. The injection-locking
amplifiers offer a gain and output power higher than those obtained with
subthreshold injection. The application, however, is limited, because the
output power does not reach zero for zero input, and the input—output
characteristic exhibits remarkable nonlinearity.

8.3 TRAVELING-WAVE LASER AMPLIFIERS

The drawbacks of resonant amplifiers can be eliminated by depositing
an antireflection coating on the input and output facets. Then the optical
wave propagates in the laser as a unidirectional traveling wave, as shown in
Fig. 8.3, and hence a laser amplifier of this type is called a traveling-wave
type amplifier [3].

8.3.1 Amplifier Gain and Amplifier Bandwidth

The gain spectrum given by Eq. (8.4), when the gain saturation is omitted,
can be written as

_ 80
gle) = 1+ [(@ — wp)/ Aw] (8.10)
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Figure 8.3 Traveling-wave semiconductor laser amplifier.
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Figure 8.4 Frequency dependence of the gain of traveling-wave amplifiers.

and the effective mode gain is given by I'g — a4y, The power gain of an

Relative frequency deviation (w — wg)/Aw

amplifier of length L is given by

Grw(w) =

and the maximum gain is Grw(wo) =exp[(I'go — @in)L]. A typical gain is
20-30 dB. Assuming that ¢;,, = 0, the amplifier exhibits a frequency response
given by Eq. (8.11) and shown in Fig. 8.4, and the 3 dB bandwidth is given by

2 Aa)TW =2 Aw(

Copyright © 2004 Marcel Dekker, Inc.
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The frequency bandwidth of an amplifier given by the above expression is
different from the 3dB bandwidth of the gain spectrum 2 Aw given by
Eq. (8.10). A bandwidth of around 10'> Hz, much wider than that for a FP
laser amplifier, is obtained, although the bandwidth is narrowed when the
amplification gain is high. In practical devices, the facet reflectivity cannot be
completely reduced to zero; the residual reflection degrades the smoothness
of the amplifier gain spectrum, as described by Eq. (8.7) for FP amplifiers.
The reflectivity can be reduced to around 10~ by a fine antireflection coating
[4], by slanting the waveguide channel with respect to the facet [5], or forming
a window structure where the waveguide channel is terminated before the
facet of the crystal is reached [6]. Then a reasonably smooth frequency
response appropriate for practical applications can be achieved.

8.3.2 Saturated Output Power

We next consider the effect of the gain saturation. The internal loss is
omitted for simplicity. The change in the power of an optical wave at the
gain peak frequency w, propagating in an amplifier can be written, by using
g given by Eq. (8.4), as

I'goP(z)

1+ P(2)/Psat ®.13)

Py = Igp(e) =
dz
The above equation can easily be integrated to yield an expression for the
amplifier gain Grw =G = P(L)/P(0):

_P(L) —(G — 1)Pou
G =g = Goexp (GPsat ) (8.14)

Py = P(L), Go = eXp(FgOL)

where P, is the output power and G, the amplifier gain with the saturation
omitted. The relation between the output power and the amplifier gain
calculated by the above equation is shown in Fig. 8.5. From Eq. (8.14), the
output power at which G = Gy/2 is given by

Goln2
out = (Gzi_z)Psat ~ (In2) Psay (8.15)

The above PJ, represents the output power level at which the gain
saturation starts to appear and is referred to as the saturation output power.

A typical value of P, for double-heterostructure lasers is 0-10dBm.
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Figure 8.5 Relation between the gain and the output power of a traveling-wave
laser amplifier.

For quantum well lasers, P§,, can be higher since, as Eq. (8.6) indicates, Pg,,
is inversely proportional to I'; a P, value as high as 20dBm has been
achieved. In applications to optical communications, the saturation effect
gives rise to problems such as distortion in signal waveform, intersymbol
interference, and crosstalk among multiplexed signals.

8.3.3 Noise Characteristics

An important requirement for applications as a preamplifier, where a weak
signal is amplified, is a low noise level. The noise characteristics of
semiconductor laser amplifiers [7] can also be analyzed by using rate
equations similar to those for laser oscillators. Although the rate equation
for photon density for FP-type oscillators is given by Eq. (6.21), it must be
modified for application to traveling-wave amplifiers. The photon lifetime
term on the right-hand side of Eq. (6.21) is S/tpp = Ve(tint + &mir)S, and the
second term represents the outgoing photon flow through the mirrors. In
traveling-wave amplifiers, there are no mirrors present, and traveling-wave
power is amplified. Accordingly, the second term should be replaced by
ve(dS/dz) to represent the net number of photons that flow from a unit
volume of the active region per unit time in the form of a traveling-wave
power flow. On the other hand, the final term on the right-hand side of
Eq. (6.21) representing the contribution of spontaneous emission can be
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rewritten as CN/ts=ng,v,I'g/dWL, where ng, is the population inversion
factor given by Eq. (AS5.8), dW and L are the cross section and the length of
the active region. This term represents the contribution to a mode under
oscillation. It should be noted that, in amplifiers, the spontancous emission
that is mixed with the signal wave and gives rise to noise is not limited to a
single mode but includes several modes within the signal bandwidth.
Although the spontaneous emission in an amplifier consists of many modes,
components belonging to lateral modes different from the signal mode can
be removed by inserting a spatial filter or coupling to an optical fiber.
The components of the same lateral mode as the signal still consist of
many longitudinal modes with a frequency separation of v,/L. Although
some of these can be removed by inserting a wavelength filter, the
bandwidth of the filter should not be narrower than the signal bandwidth,
since the signal must be transmitted. Let dv(=dw/2m) be the frequency
bandwidth with which the output signal is detected; then this bandwidth
corresponds to a mode number (L/vg)dv. Therefore, in the rate equation for
amplifiers, it is appropriate to replace the spontaneous emission term by
(nspvel'g/dWL)(L/ve) dv=(ns,I'g/dW)dv. As a result of this modification,
we obtain a rate equation for the local photon density S(z) for traveling-
wave amplifiers:

ds

d I
5= vg[(rg — ain)S — ] L

dw

& ' dv (8.16)

For the steady state, using Eq. (8.3), the above equation can be converted
into the equation for optical power P:
d
&P = (I'g — ain) P + (np'ghw) dv (8.17)
Let P(0) = P;, be the input power. Solving the above equation with the
saturation omitted, we obtain an expression for the output power:

Powt = P(L) = GPyy + (G — Digperheo dv (8.18)

I'g

Nspef = HNsp W
m

(8.19)

The amplifier gain G is given by Eq. (8.11). The first term on the right-hand
side of the above expression represents the amplified spontaneous emission
(ASE) and indicates that the ASE is mixed with the signal. In order to
examine the ASE inclusion, let 4 cos(wst) be the amplitude of the amplified
wave for a coherent input wave, and aasg(w) be the time-truncated Fourier
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transform of the incoherent ASE amplitude. Then the amplifier output power
is given by

2
P(t) = <<As cos(wst) + %/aASE(a)) exp(—iwt) dw) >

2

A
= 75 + 2Sase(w) dv

+ 24, /Re{aASE(a)) exp[—i(w — wy)f]} do (8.20)

2n
where () indicates the average over a time interval much longer than the
period corresponding to the optical frequency, and Sasg(w) is the ASE noise
power spectrum based on the definition in Eq. (6.74). From the fact that the
first term on the right-hand side of the above expression representing the
time average of P(r) equals P, of Eq. (8.18), we have

A3

5= G Py, 28ase(w) dv = (G — Dngperhio dv (8.21)
As the last line of Eq. (8.20) shows, inclusion of the ASE gives rise to beat
noise due to the interference between the signal and the ASE.

The input light is considered to be a photon flow with a photon
number per unit time of Pj,/hw. Assuming the noise of the standard
quantum limit (SQL), the noise power for Py, is given by (hw)*(Pin/fiw) dv.
Therefore, the signal-to-noise ratio (SNR) for the input light is given by

Pizn Pin

SNR;, = _
(hw)*(Pin/hw)dv  hodv

(8.22)

We next calculate the noise power for the output light P(¢). Neglecting the
second term in Eq. (8.20) under the assumption that 42/2 > Sasg(w) dv, the
major time fluctuation of P(¢) is the beat noise represented by the third term,
and the noise power is given by 242Sxsg(w) dv. The first term in Eq. (8.20)
equals GP;, and the associated SQL noise power is given by GhwP;,dv.
Therefore, the total noise power of the output light is given by
[GhoP;, +2A42Sasp(w)]dv, and using Eq. (8.21) the SNR for the output
light is given by
GPy,

NRou = 2
S T+ 2(G — DigperJho dv (8.23)

A convenient numerical figure for representing the noise characteristics of
an amplifier is the noise figure (NF), defined as NF = SNR;,/SNR, which
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describes the degradation in SNR caused by the amplification. From Eqs
(8.22) and (8.23), the NF for the TWA is given by

14 2ner(G — 1)
- G

Quantum theory calculation also gives a result consistent with the above
result. As the above result shows, in optical laser amplification, 3dB
degradation of the SNR is inevitable even in ideal cases when ¢;, =0 and
ng, = 1. Typical values for practical traveling-wave amplifiers are 6-8 dB.

NF ~ 2Mgper (8.24)

8.4 TAPERED LASER AMPLIFIERS
8.4.1 Amplifier Structure

As presented in Section 8.1, since in the region above the saturation power
level most of the injected carriers is consumed by stimulated emission
recombination, the saturation output power is limited by the injection
power. Therefore, to attain a high output power, it is necessary to enhance
the saturation power level and to construct a structure that allows injection
of a large current. However, it is evident that the heat problem and the
catastrophic optical damage (COD) problem limit the achievement of a high
output power; for lasers using an ordinary channel waveguide, the
maximum output power is 100 mW or so. A structure that allows further
enhancement of the output power is a tapered amplifier [8], where the width
of the active region of a traveling-wave amplifier is enlarged gradually along
the direction of light propagation, as shown in Fig. 8.6. The amplifier serves
as a planar waveguide, and the light, coupled in the input port as a guided
wave with a narrow lateral width, propagates as a two-dimensional
diverging Gaussian-like beam in the waveguide. The propagation is
associated with amplification. In this structure, however, the saturation
effect is significantly reduced, since the lateral broadening of the guided

y Electrode (injection area)
/
X i
ey w—
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W g F z y z
Output wave
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Figure 8.6 Tapered semiconductor laser amplifier.
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beam gives rise to suppression of the increase in the optical power density
and improvement of the uniformity in the amplifier area. The large area of
the injection region and the large width of the output port allow a high
current injection and reduce the heat and COD problems.

8.4.2 Beam Propagation Method Analysis

An optical wave in a tapered amplifier having a large-area active region
propagates in the planar waveguide with evolution of the lateral
distribution. The optical amplitude, the optical power flow, and the carrier
density are functions of both the longitudinal coordinate z and the lateral
coordinate y. The gain saturation is not uniform, and the carrier-induced
refractive index is not uniform. Moreover, the temperature in the plane of
the active region forms a nonuniform distribution, which gives a thermal
lens effect on the optical wavefront through the temperature dependence of
the refractive index. Thus, the nonuniform index changes resulting from the
nonuniform distribution of the temperature and the carrier density affect
significantly laser performances. The analysis of a tapered amplifier requires
treatment of these two-dimensional distributions, and therefore cannot be
made using the simple rate equations presented thus far. The analysis of
tapered amplifier performances can be made by numerical simulation based
on the beam propagation method (BPM) [9].

Let E be the optical field amplitude in the amplifier, P the power flow
per unit width in the y direction, T the temperature, and J the injection
current density. The complex propagation constant for the optical wave is

given by
B(y.2) = Po+8B(y.2),  Po=koNeo (8.25)
8B(y,2) = % Jrzi)g(y :2) +i"%+koaﬂ( 7.2) (8.26)
g(y,2) = % (8.27)
P(p.2)=|E(n.2)’,  Py= q?;g (8.28)

where a7 denotes the temperature coefficient of the refractive index. The
dependence of the gain on the injection current density and the saturation
are expressed by Eq. (8.27), and the carrier-induced and heat-induced
refractive index changes are represented by the first and the fourth terms on
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the right hand side of Eq. (8.26). Let Q( y, z) be the heat power per unit area
given by the power provided by the current injection and the optical
absorption, from which the power converted into the stimulated emission
power is substracted. Let G(y —)’) be the one-dimensional temperature
distribution describing the heat response, to a unit line heat source, of the
semiconductor multilayer structure constructing the amplifier. Then the
temperature distribution 7{( y, z) can be calculated, by taking a convolution

of O(y, z) and G(y —)'), as

T(y.2) = / G(y — 1002 dyf (8.29)

0(y,2) = VJ + it P(y,2) — I'g(y,2)P(y, 2) (8.30)
V= h?w—i- Va+pJ

where V' is the voltage across the electrodes, V4 the diffusion voltage of the
junction, and p the resistivity of the semiconductor substrate.

The BPM is a split-step algorithm. The positions on the z axis in the
propagation direction are represented by equidistant sampling points z,,
with a small separation Az. From the y- distribution E(y, z,,) of E at z =z,
the distribution E(y, z,,11), at z=z,,11 =z, + Az, is calculated by the two
mathematical steps described below. In the first step, 88 in Eq. (8.25) is
omitted, and the distribution after the simple propagation with diffraction
is calculated by a relation deduced on the basis of plane-wave expansion
of optical fields:

E'(y.zmp1) = FHFLE(y. z)] expli(B] — k3)' Az} (8.31)

In the above equation, k, denotes the spatial frequency in the y direction;
FI] and F~!{} denote the Fourier transform and the inverse Fourier
transform, and they can be calculated numerically by employing the fast
Fourier transform algorithm. In the second step, the above-obtained E'(y,
Zma1) 18 used to calculate E(y, z,,.1), with the effect of 8B( v, z) included:

E(3, Zmi1) = E'(3, Zmi1) explidB(y, zm) AZ] (8.32)

The required B( v, z,,) can be calculated using Eqs (8.26)(8.30). For an input
field distribution given as an initial distribution, distributions of E, P, T, and
other variables at each step in the amplifier and at the output port can be
obtained by iterating the above-described procedure. The output power can
be calculated by integrating the power density on the output facet P(y, L).
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Figure 8.7 Optical intensity profile in a tapered amplifier.

8.4.3 Amplifier Characteristics

A SCH-SQW structure with a small confinement factor I' offers a high
saturation level, and therefore a high output power can be obtained in a
tapered amplifier using such a structure. Figure 8.7 shows the result of BPM
calculation of the optical power distribution P(y, z,,) at a few positions z,,.
The figure shows that, as a result of amplification, the height and the width
of the distribution increase with propagation from the input port towards
the output port. Since both sides of the distribution are amplified more in
comparison with the central part, where the intensity is higher and the
saturation is more significant, the distribution evolves from a nearly
Gaussian distribution near the input port to somewhat flattened distribu-
tions near the output port. The refractive index is increased more on and
near the optical axis, and therefore the wavefront is deformed in such a way
that the rays are curved so that they are directed towards the central axis. As
a result, for a high injection current and a large propagation length, the
quality of the output wavefront deteriorates. Thus the output performances
of a tapered laser amplifier depend upon many factors, and careful
optimizations of the device parameters such as the amplifier length and the
taper angle are required to achieve a good performance. In appropriately
designed amplifiers, output powers as large as 1 W have been demonstrated
in continuous operation [10].

8.5 MASTER OSCILLATOR POWER AMPLIFIER

A combination of a laser oscillator and an amplifier to boost the output power
is called a master oscillator power amplifier (MOPA). A semiconductor laser
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Figure 8.8 Monolithic MOPA.

oscillator and a semiconductor laser amplifier can be integrated together on a
same substrate to implement a monolithic MOPA. For this application, a
distributed feedback (DFB) laser or a distributed Bragg reflector laser is used
as an oscillator, since they do not require a facet mirror and therefore are
suitable for monolithic integration. As for the amplifier, a traveling-wave
amplifier of channel waveguide type is suitable for applications to optical
communications, because of the low noise and ease of coupling to an optical
fiber. Such a MOPA laser provides an output power higher than that of a
single oscillator. Another advantage is that high-speed modulation of the
high output power can be achieved by superimposing a small electric signal on
the oscillator driving current [11]. A MOPA using a tapered power amplifier
provides an even higher output power. They have applications as a pump
source for optical fiber amplifiers and nonlinear optical devices [12]. A
monolithic MOPA consisting of a DFB laser oscillator and tapered power
amplifier is shown in Fig. 8.8.
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Appendix 1

Outline of Density Matrix Analysis

A1.1 DEFINITION OF DENSITY MATRIX AND
EXPECTATION VALUES

The density matrix offers an effective technique for dealing statistically with a
system consisting of many electrons using the quantum theory for an electron.
A mixed state consisting of a statistical distribution of various quantum states
can be specified by a set of probabilities p; with which the electron is found
in a quantum state |v;). The density operator p is defined by

p=D 1Vpiwl (AL
j

The probability satisfies 0 <p;<1and ) ; p;=1. The operator p is a Hermite
operator, and the matrix description of p is called the density matrix. Using
a system of eigenstate {|n)}, the elements of the density matrix are given by

P = (nlln'y =Y (nl)p; (1) (A1.2)

J
The diagonal elements of the density matrix

pun =Y _ pil{nlY) I (A1.3)
J

give the probability with which the system belongs to the eigenstate |n). The
off-diagonal elements represents the correlation of states |z) and |n'). The
expectation value (A) for a physical quantity represented by an operator 4,
being the weighted average of the expectation values for states |1/;), can be
written as

(A) =Y pilwlly)
J

= Y pWimy (nl Al ) (' |)

Jjnn'
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= Z /On’nAnn’

nn'

— Tr{pA} (A1.4)

Since (A) can be expressed by A4 and p only, it is possible to calculate the
value of the macroscopic observable (4) without knowing [y;) and pj,
provided that p is obtained.

A1.2 EQUATION OF MOTION FOR THE DENSITY
OPERATOR

The time variation of a state [y;) can be written by using the system
Hamiltonian H as

—iHt

[¥(0)) = UD)1¥;(0)), U@ = exp<h) (AL.5)
and, if the time dependence of p; is omitted, the time variation of p can be
written as

o)) =Y U ONpi IV = U@ p@Uo) (AL6)

J

Then, calculation of the time derivative of p results in

d _ H()p(1) — p()H (1)

ap(l) = 7

(A1.7)

1
= E[H(t)’ p(0)]

Thus, the equation of motion for p is described by using the commutation
relation between H and p. When the initial state p(0) is given by a matrix
representation based on an appropriate eigenstate system, solving the above
equation to calculate p(z), followed by calculation of (4) by Eq. (Al.4),
clarifies the behavior of the whole system concerning the observation of the
quantity 4. The above description is made in the Schrédinger picture using a
time-dependent operator p(¢). However, for cases where the Hamiltonian H
can be written as a sum of a Hamiltonian H, with the interaction omitted
and an interaction Hamiltonian H;, i.e.,

H(t) = Hy + Hi(¢) (A1.8)
converting p(¢) into a density operator in the interaction picture:
—iHyt
i) = G0 st a0 = exp( ) (AL9)
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transforms the equation of motion into that in the interaction picture:

a/dipi(t) = o2 [Hi(2), i) (A1.10a)
Hi() = Us()) Hi(H)Uo(1) (A1.10b)

where Hi(?) is the interaction Hamiltonian in the interaction picture. Let
E, =hw, be the energy eigenvalues of |n); then the density matrix elements
Py and p,,, are correlated by

P (1) = eXp(—iwp 1) pram (), Wy = Wy — Wy (AL.11)

In the interaction picture, the expectation value of 4 is given by

() = Tr{pD A0}, D) = Uo()) ATs() (AL12)
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Appendix 2

Density of States for Electrons

A2.1 THREE-DIMENSIONAL STATE

The relation between the wave vector k and the energy E of electrons in the
vicinity of a band edge of a bulk semiconductor, based on the effective-mass
approximation can be written using a parabolic function as

h2
2m*
where E is measured with reference to the band edge. Consider a cube of side

length L in the semiconductor. Application of the periodic boundary
condition to the electron wave functions limits the wave vector k to the form

E(k) = K2, k = |k| (A2.1)

2mm, 2mm, 2mm.
k:( L', LJ’ 17 ), me,my,m; =0, £1, £2,... (A2.2)
Therefore, a electron state occupies a volume of (2rm/L)* in the three-
dimensional k space. Since, from Eq. (A2.1), dE = (5*/m™*)k dk, and the states
within k < |k| <k +dk occupy a volume 4nk* dk in the k space, the number
dN per unit volume of electron states with energy between E and E+ dE is

AN — 2[4nk? dk/(2n/L)’]
L3
k* dk
1 *
=5 (2m Y2E2dE (A2.3)
where the number is doubled considering the spin. Therefore, the density
p3p(E) =dN/dE of a three-dimensional state of electrons is given by

pap(E) = Qm*)PE"? (A2.4)

1
2(n2h3)
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A2.2 TWO-DIMENSIONAL STATE

Consider first a subband (the nth subband) for electrons in a quantum well.
The relation between the two-dimensional wave vector k,, and the energy E,
with the nonparabolicity omitted, can be written as

2

E(ky,) = &, + %kz, k = |kl (A2.5)
where E is measured with reference to the band edge and ¢, denotes the
confinement energy eigenvalue. Consider a square of side length L in the plane
of the quantum well, and apply the periodic boundary condition to the
electron wave functions; then the wave vector k., is limited to those in
the form

2nm, 2mm,
ky, = ( L'X’ L“‘), my,m, =0, £1, £2,... (A2.6)
Therefore, the electron state occupies an area of (2m/L)* in the two-
dimensional k,, plane. Since the states within k < |k,,| <k 4 dk occupies a
area of 2nk dk in the k), plane, the number dV per unit area of electron states
with energy between E (>¢,) and E + dE and with the spin considered is

2
4y  A2mkdk/Qm/L)’)
L2

_ kdk

T
*

m

= WdE (E > &) (A2.7)
Thus we have dN/dE=(m*/nh?) (E>¢,) for the density of states of electrons
in a subband. Since the total density p,p(E) of two-dimensional state of
electrons is given by the sum of the density of states for each subband,
we have

pao(E) = 25 Y u(E — &) (A28)

where u(£) is a unit-step function.

A2.3 ONE-DIMENSIONAL STATE

Consider a subband for electrons in a quantum wire. The relation between
the wave vector magnitude k in the direction along the wire and the energy E
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is given by
2
+ 2m*

where ¢,, denotes the confinement energy eigenvalue. Considering a
quantum wire section of length L, with the periodic boundary condition
applied to the electron wave functions, k must be

E(k) = ey k> (A2.9)

k=" m=0,+1,£2,... (A2.10)

From Eq. (A2.9) we have dE = (*/m*)k dk. Considering the electron states
of positive and negative k for a value of E, and considering the spin, the
number dN per unit length of electron states with energy between E (>¢,,,)
and E+ dE, and with the spin considered is

_ 2[2dk/(2n/L)]
=T

o
T on

dN

1
= n—ham*)”z(E —ew) PAE  (E > &) (A2.11)

Since the total density pip(F) of one-dimensional state of electrons, is given
by the sum of the density of states for each subband, we have

Pio(E) = 2 ()2 Y u(E — e E — ) (A2.12)

nn'
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Appendix 3

The Kramers—Kronig Relation

The electric field E(r, f) and dielectric polarization P(r, f) in a medium can be
expressed by using Fourier transformations as

E(r, 0= /E(r, w) exp(—iwt) dw (A3.1)

P(r,t) = /P(r, w) exp(—iwt) dw (A3.2)

where E(r, w) and P(r, w) are the Fourier spectra. Although the polarization
includes contributions associated with the electric dipole, electric quad-
pole, and magnetic dipole, we neglect the latter two, since usually the electric
dipole dominates the polarization. Then the polarization at a position r
depends upon the electric field at the point r only (locality). However, the
polarization at time ¢ depends not only on the electric field at ¢ but also on
the electric field at any other time. Assuming that the polarization is related
linearly to the electric field, the polarization can generally be written as

P(r, 1) = / R(r, t; )E(r, ) d? (A3.3)

where the integration should be over —oo <t < +4o00. Because the
characteristics of a material do not depend upon the choice of the origin
for the time axis (time invariance), the function R(r, t; ¢') can be rewritten as

R(r,t; 1) = R(r, 1), T=t-17 (A3.4)

The function R(r, 7) is referred to as the response function. Since the
polarization at time ¢ is determined by the electric field at ¢ and the time
before ¢ (causality), we have

R(r,7) =0, <0 (A3.95)

In the following, r is omitted. Substituting Eqs (A3.1) and (A3.4) into
Eq. (A3.3) and comparing the resultant equation with Eq. (A3.2), we see
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Figure A3.1 Locus for integration.

that the polarization can be written as

P(w) = gox(w)E(w) (A3.6)
1 .
x(w) = - f R(t) exp(iwt)dt (A3.7)

Equation (A3.6) gives the definition of the dielectric susceptibility x(w), and
Eq. (A3.7) shows that y(w) is given by the Fourier transform of the response
function R(t). The function x(w) can be considered a complex function of a
complex variable w. Since R(7) satisfies Eq. (A3.5), x(w) is analytical in the
upper half of the complex w plane. Noting this, we integrate a function
x(o)/(0'-w), of a complex variable o’ with a real constant w, on a closed
loop consisting of the real axis, an upper semicircle of infinitely large radius
C, as shown in Fig. A3.1. The pole at @' = w on the real axis can be excluded
from the loop by modifying it with the upper semicircle of infinitely small
radius c. Then, since there is no singular point within the loop, the closed-
loop integral vanishes to zero. The integration on C vanishes to zero, as the
magnitude of x(«') decreases exponentially with increasing radius of C. On
the other hand, the integration on ¢ results in —inyx(w). We therefore obtain

x(w) :.1P< / ’E(“’) da)’) (A3.8)
in N )
Separating x(w) into real and imaginary parts, we obtain
Re{x(w)} = +1P(/de,> (A3.9a)
Y w —w
Im{x(w)} = —1P</Re{/X(w>}da/> (A3.9b)
T o'—w

In the above expressions, P indicates the principal value obtained by
integration over —oo <w' < + oo excluding the singular point w — 0<w' <
o+ 0. Equations (A3.9) is referred to as the Kramers—Kronig relations.
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It shows that the real and imaginary parts of the complex susceptibility are
not independent of each other but are correlated by integral transforma-
tions. Noting that E(¢) and P(¢) are real, and therefore Re{x} and Im{x} are
even and odd functions, respectively, of w, Eq. (A3.9) can be rewritten
as integrations over positive frequencies. Consider a case where there is
a change in the absorption (or amplification) spectrum «a(w) of a material
by Aa(w), and let Ax(w) and An(w) be the changes in the susceptibility
and the refractive index, respectively. Then, An=(1/2n)Re{Ax} and
Aa = (w/nc) Im{Ax} and, from Eq. (A3.9), we obtain

An(w) =;P</0+OOQ)A,2(¥(O),)dw’) (A3.10)

— 2

Equations (A3.9) and (A3.10) are also referred to as the Kramers—Kronig
transformation.
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Appendix 4

Experimental Determination of
Gain and Internal Loss

The gain (spectrum) and the internal loss of a active layer and the waveguide
structure in a Fabry-Perot (FP) type of semiconductor laser can be
experimentally determined. The reflectivity R of the cleaved facet mirror and
the confinement factor I' for the guided mode in the active layer can be
evaluated through calculation using the parameters of the laser structure
and the refractive indexes of each layer. The threshold current I3, and the
external differential quantum efficiency np of a given FP laser can easily be
measured. From Eqs (5.6) and (6.6), the inverse of the external differential
quantum efficiency 2np for the total output at both edges of a FP laser using
cleaved facet mirrors can be written as

1 1 O{imL
— - |1+ Ad.1
25 nstm[ 1n<1/R)] (A4

By preparing several lasers with different resonator lengths L, measuring
their np values, and plotting 1/2np against L, a linear graph is obtained. The
internal quantum efficiency 7, can be determined by extapolating the
linear graph to obtain 1/2n., as a value of 1/2np at L =0, and the internal
loss ;¢ can be determined from the slope of the line.

From the oscillation condition in Eq. (6.1), the threshold mode gain is
given by

1 1
I'g = aint + dmirs Omir = Zln (R) (A42)

Measuring the threshold currents 7, for several lasers with different
resonator lengths L, and correlating the results with the value calculated by
using the above expression, the dependence of the maximum mode gain I'g
on the injection current density can be determined.
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Through the facet of a FP laser with subthreshold current injection,
spontaneous emission and amplified spontaneous emission (ASE) are
observed. The spectrum of this light emission is such that the broad peak-
like spontancous emission spectrum is modulated with the periodic
resonance characteristic of the FP resonator. The resonance characteristic
is given by the integration, with respect to the light source elements, of Py
given by Eq. (5.140) with the attenuation factor « replaced by the effective
attenuation factor a;,—I'g of the subthreshold laser. Accordingly, the
ratio Rasg of the maxima to the minima in the observed ASE spectrum is
given by

1+ R exp[(I'g — aint) L]

R _ A4.3
ASEZTR exp[(I'g — ating) L] ( )

Therefore, by measuring Rasg at various injection currents in the
subthreshold range, the mode gain spectrum and the injection current
dependence can be determined by

Rase — 1

1
r =—In|———
glw) L n|:RAsE +1

}+aim T ami (Ad.4)
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Appendix 5

Spontaneous Emission Term
and Factors

Consider the spontaneous emission term describing the contribution of the
spontancous emission to the laser oscillation, which appears as the final
term on the right-hand side of the rate equation for the photon density
(Eq. (6.21)). Since this term represents the component of the spontaneous
emission belonging to the same mode as the laser oscillation (angular
frequency w,,), it is closely related to the gain for the oscillation mode.
Consider a laser of index-guiding type, and let E= E(r) = E(x, y)E(z) be the
complex electric field of the oscillation mode. The field is normalized in
the similar manner as Eq. (2.6), so that the optical energy in the resonator
corresponds to the energy of a photon:

/%w(mzdr/ — hoom (A5.1)

Then, from Eqs (2.50a) and (2.57), the transition probability relevant to the
photons of this mode can be written as

Wabs _ Wstm

n n

= Wspt
= 2 |EG) - (rlerly) PS(E, + hom — E») (A5.2)

where 7 is the number of the photons in the resonator. Using the direct-
transition model, the net number of the stimulated emission transition
per unit volume of the active region per unit time can be calculated by
integrating wgm multiplied by (1/27°)(f>—f1)dk. The average value of
|E(r)|* in the active region is given by

_r (2hwm /eon;ng)

2
(IEI)a 7

(A5.3)
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N2
F:fa |E(')|2dV (A5.4)
JEmFFdV

where V, is the volume of the active region, I is the confinement factor, and
use has been made of Eq. (A5.1). Replacing E in Eq. (A5.2) by the average
given by Eq. (A5.3), and calculating the relative time variation in the mode
photon number in the resonator of volume V,, we obtain an expression for
the mode gain:

ne?

IGlwm) =T IM(f> — 1) pr (o) (A5.5)

NrNg€0M> W

In the derivation of the above expression, use has been made of Eqs (3.14)-
(3.17). This result is consistent with that obtained by rewriting the material
gain g given by Eq. (3.16) in G =v,g, and then in the mode gain I'G.

Let Ry (w,,) be the number of photons spontaneously emitted per unit
time in the active region of a volume V,. Then Ry, can be calculated by
integrating wg, given by Eq. (A5.2) multiplied by V,(1/2°) fo(1 —f;)dk
in a similar manner as above, to yield

ne?

Ryp(wm) =T IM P = £1) pr(hem) (A5.6)

N Ng€0M> Wy

Accordingly, from Eqgs (A5.5) and (AS5.6), the spontaneous emission term
and the mode gain are correlated by

Ryp(0m) = nspI'G(wr) (A5.7)
A=) [, (hom = AR\
o=t =L oo (ar)] (A>9)

where AF=F_.—F, is the difference between the quasi-Fermi levels. The
parameter 7y, in Eq. (A5.8) is referred to as the population inversion factor.

The optical waves in an ordinary laser structure include many radiation
modes with the propagation vector not parallel to the waveguide axis. The
majority of the spontaneous emissions belong to such radiation modes, and
therefore the guided mode component is negligibly small. Therefore, the
expression given by Eq. (3.20) for a homogeneous semiconductor can also be
used to describe approximately the spontaneous emission spectrum in a laser
structure. By integrating it, the total spontaneous emission R, can be
calculated. Approximating the spontaneous emission spectrum by a
Lorentzian distribution with a half-width Aw at half-maximum and using
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an approximation that spontaneous emission peak frequency ~ oscillation
frequency, we obtain an expression for Ry:

nreza)
Ry = 23 |M|2f2(1 — D) pr(hwy)
Tm*c &g
(Aw/2)’

(@ — o) + (Aw/2)?

2
_CORD 2p (1 ) peleom) (AS5.9)

T 2m2cle

The spontaneous emission term C N/t at the end of the right-hand side of
the rate equation given by Eq. (6.21) was introduced, by representing the
total spontaneous emission per unit volume in the active region
approximately as Ry, = N/, and by representing the component belonging
to the oscillation mode per unit volume in the active region Ry,(w,,)/V, as
CiN/ts= CsRyp. Therefore, we see from Eqs (A5.6) and (AS5.9) that the
spontaneous emission factor C; is given by
2ned rt

C=TI = AS5.10
) mngVy,o? Aw  4m’ningVy A ( )

It should be noted that the above result does not apply for lasers of gain-
guiding type, where the guided mode cannot be described independently to
the carrier injection. Since the guided mode in gain-guiding lasers has curved
wavefronts, the coupling of the spontaneous emission to the guided mode is
stronger, and the value of C; is several times the value given by Eq. (A5.10).
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