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Summary

Self-pulsating laser diodes emitting at 650 and 420 nm are currently in demand in the
optical storage industry. Such lasers offer emission with a low temporal coherence
length, thereby providing a cheap and efficient mechanism of reading data from an
optical disc. Laser diodes operating at 650 nm are fabricated in the AlGalnP material
system; however, material properties hinder self-pulsation at 70 °C, an operating
constraint that must be satisfied. To overcome this problem the use of alternative,
more expensive, techniques are utilised to achieve pulsation and satisfy the emission
criteria. Research involving 420 nm emission, using either GaN or ZnSe material
systems, is still in its infancy with self-pulsation having been somewhat neglected. It
is therefore desirable to achieve high temperature self-pulsation at both operating
wavelengths in order to provide economic and compact mechanisms of reading data
from optical discs.

This thesis offers a theoretical investigation of visible emitting self-pulsating
laser diodes to provide an insight into the viability of the use of such lasers in optical
storage devices. The work is split into two sections. The first part gives a thorough,
detailed study of self-pulsation, analysing the theory required to understand the
mechanisms behind such unstable output. The design and attributes of self-pulsating
laser diodes are discussed combined with the theory used to model the dynamics of
such lasers when operating at different wavelengths. Attention will be directed
towards two of the most advanced self-pulsating structures, namely the real refractive
index guided laser and the laser diode with epitaxial absorber layers.

The second part implements the theoretical models to study and optimise the
emission characteristics of different self-pulsating lasers for optical storage
applications. Three lasers are considered — two operating at 650 nm and the other at
420 nm. In each case the laser is initially investigated for self-pulsation at 70 °C. If
successful the cavity design is then optimised subject to other well-defined operating
constraints, thereby providing an assessment of the most desirable structures. As a
result, the work offers a clear indication of the suitability of short wavelength self-
pulsating laser diodes as economical read-out mechanisms within optical storage

devices.
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Introduction
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1.5  Overview of thesis 13
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1.1  Historical development of the semiconductor laser

The word /aser is an acronym for /ight amplification by stimulated emission of
radiation. There are many different kinds of lasers but they all share one thing in
common — each contains material capable of amplifying radiation. This material is
called a gain medium because radiation gains energy by passing through it and is
generated by making use of the discrete energy levels that exist within matter (at an
atomic level). The discovery of the laser dates back to 1958 when Schawlow and
Townes developed the ruby laser [1]. In the following years various lasers using
different gain media were created [2, 3], including the semiconductor laser [4-7].
Semiconductor laser diodes have subsequently revolutionised the electronics industry.
They have become the most widely used of all lasers, are manufactured in the largest
quantities and are an essential part of many electronic devices such as compact disc
(CD) players and laser printers.

The semiconductor laser concept was suggested in 1961 [4]. It was stated that
gain could be generated via electron-hole recombination by forward biasing a GaAs

p-n junction [4, 5]. The discrete nature of the energy bands that electrons occupy



combined with the band-gap associated with semiconductor materials could therefore
be manipulated to create an active region where recombination takes place. This area
of population inversion creates/absorbs photons as electrons cross the band-gap to
recombine with holes, as predicted by the Einstein relations [8]. Cleaving the facets
perpendicular to the junction plane provides the optical feedback required for
amplification. This earliest form of the laser diode has become known as the
homojunction.

Although easy to fabricate the performance of the homojunction laser proved
to be quite unsatisfactory, primarily due to the very high threshold currents. This was
essentially caused by poor carrier confinement; i.e. injected carriers found it far too
easy to “escape” from the active region. A solution to the problem was suggested in
the mid 1960’s. It was put forward that a material of low band-gap “sandwiched”
between a material of higher band-gap would confine the carriers more effectively
and therefore improve the efficiency of the laser. Optical confinement would also be
improved as the relationship between band-gap, E,, and refractive index, n, i.e.
Egoc'ln, enables the cavity to behave as an optical waveguide. The device was
subsequently developed and would become known as the heterostructure laser [6, 7).

To create such a structure one must join two semiconductor materials of
different lattice constant. If this process is poorly controlled then numerous
dislocations arise resulting in an inefficient laser with a high threshold current. Due to
the infancy of the growth technology available in the 1960’s it wasn’t until the end of
the decade that the first successful heterostructure laser operating at room
temperature was presented [9]. Such a device was fabricated using the liquid-phase
epitaxial (LPE) growth technique. Subsequent work gave researchers an even deeper
insight into the properties of such light emitters, enabling the crystal grower to create
laser diodes with better operating characteristics. These improvements are
demonstrated in the reduction of the threshold current density. From the discovery of
the first homojunction laser in 1963 to the design of an optimised heterostructure in
the 1970’s the threshold current density was reduced by two orders of magnitude, i.e.
from 50 kA/em® to 0.5 kA/cm’. By the mid seventies the laser diode therefore

provided a compact, coherent light source that was useful for numerous applications.



A superior growth technique (to LPE) was demonstrated in the early 1970’s.
The method, known as molecular beam epitaxy (MBE), enabled thinner films to be
grown [10, 11]. This development led to research into quantum confined laser diodes.
It was found that when the active layer thickness is reduced to a length comparable to
the deBroglie wavelength of the carriers then they behave in a quantum mechanical
nature and occupy discrete energy levels (in the growth direction) [12, 13]. The
structure, known as a quantum well, offers an active region that enables the laser to
display superior operating characteristics to those offered by unconfined bulk lasers.
Improvements include a lower threshold current, higher differential gain and a shorter
operating wavelength. The first quantum well laser was demonstrated in 1975 [14],
however, in a similar manner to the changes from homojunction to heterostructure,
the predicted improvements took years to materialise due to problems in growth
technology.

The problems originated from the fact that the popular growth processes at the
time, i.e. LPE and MBE, produced thin films with too many defects, resulting in
threshold currents that were far higher than predicted. However, in 1977 a new
process called metalorganic chemical vapor deposition (MOCVD) successfully
demonstrated the growth of high quality thin films [15]. The development of this
procedure combined with improvements in the MBE technique [16] culminated in
low threshold quantum well lasers in the 1980°s with optimised structures offering
superior performance characteristics to those offered by the old heterostructure
devices [17, 18]. The subsequent introduction of strained quantum well devices [19,
20], where materials of different lattice constant are grown to enhance the device
performance, led to even lower threshold currents [21].

Quantum wells provide confinement in only one direction. As the beneficial
consequences of such active regions became apparent, higher dimensional
confinement was suggested. Indeed, theoretical predictions provided evidence that
quantum wire (2-d confinement) and quantum dot (3-d confinement) active regions
would improve the laser’s operating characteristics even further [22], with lower
threshold currents being amongst the many advantages [23]. So, once the design of
the quantum well was pushed to its limit, numerous research groups moved on to

investigate these highly confined structures [24, 25]. Unfortunately progress has been



slow due to the limited growth technology that is on offer. Indeed, even now in the
year 2001 the strained quantum well active region is usually the active region of
choice. Fabrication technologies must therefore improve once again if these new
multi-dimensional quantum confined structures are to be realised on a commercial
scale. However, with research moving forward day by day it seems that it is only a

matter of time before such new technology is fully developed.

1.2 Laser application: optical storage

1.2.1 Optical storage: technological details

Since the introduction of the audio CD in 1982 by Philips and Sony the optical disc
industry has advanced rapidly to keep up with the consumer demand of higher density
storage capability. Indeed, current state-of-the-art technology can offer the customer
digital versatile disc (DVD) systems that can store over seven times more information
than the CD. This storage improvement allows much more than 75 minutes of audio
to be stored on disc, as is the case with a CD. DVD-ROM (Read-Only Memory)
systems capable of playing pre-recorded movies at twice the resolution of a video
cassette recorder (VCR) with 8 channels of audio and up to 32 channels of subtitles
are already commercially available and various recordable systems will be introduced
soon. Just as the CD has surpassed vinyl records and analogue audiocassettes in the
music industry, it is only a matter of time before the DVD replaces the VCR as the
dominant in-home video device.

Both CD and DVD systems operate under the same principles. To read the
data, a focused 5 mW semiconductor laser shines onto a rotating disc [26]. Patterns of
pits are concealed within the transparent disc, as shown in fig. 1.1. These pits reflect
less light than the areas between them creating a pattern of strong and weak
reflections. A pickup lens then gathers the reflected light and directs it to a
photodiode, where the pattern of light fluctuations are converted to a pattern of
voltage fluctuations. These analogue voltage fluctuations are then converted to a

digital bit-stream by an analogue-to-digital converter.
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Fig. 1.1 Simple illustration of an optical disc system.

One of the main differences between CD and DVD systems is the diameter of
the focused laser beam when it strikes the disc. A compact disc system uses a GaAs
semiconductor laser operating at a wavelength, A, of 780 nm to read the data, whilst
the DVD uses a 650 nm laser fabricated in the AlGalnP material system. The
minimum focused spot diameter is approximately A/2N, where N, is the numerical
aperture of the focusing lens [27], i.e. the lens’s light focusing capacity. In CD
players, the N, value is typically 0.45 ensuing a diameter of approximately 1 pum,
whilst a numerical aperture of 0.6 in a DVD system offers a diameter of 0.5 pm. The

smaller spot size allows smaller pits and a shorter distance between pits, permitting



greater storage capacity. This spot size reduction combined with improvements in
data compression techniques adds up to a DVD-ROM being able to store 4.7 Gbytes
of information compared with the 650 Mbytes capacity of the CD-ROM i.e.
approximately seven times more information.

To be attractive as a home entertainment system it is essential for the optical
storage device to be able to record and playback data. A CD-Recordable (CD-R)
system was developed in the late 1980°s [26]. This device allows data to be recorded
by using a 30 mW semiconductor laser to “burn” pits into the disc. However, data can
be recorded only once. In 1996 CD-Rewritable (CD-RW) technology became
commercially available, using a technique called phase-change recording [26]. This
method uses laser pulses to form “dots” (similar to pits) of erasable digital data within
a specially designed disc material. Although the data is stored differently to
conventional discs they can be played on standard CD-ROM or CD players and are a
natural successor to the standard floppy disc. Current research is concentrating on
developing recordable and rewritable DVDs for the commercial market. The methods
outlined above will probably be modified or perhaps new techniques will need to be
introduced so that DVD-R and DVD-RW systems will be available to challenge the
VCR.

1.2.2 Future developments

To develop a DVD system that will be capable of utilising on-line multimedia
technology, such as digital video by cable, a storage capacity greater than 10 Gbytes is
thought to be required combined with the ability to read and record data at high
speeds [26]. One possibility is to use double-sided discs where two discs are
“sandwiched” together thus offering two layers of pits and double the amount of
information storage. Unfortunately the methods of retrieving the data indicate that a
device of this nature will be expensive so an alternative, cheaper method will
probably be required. The answer may well lie in laser diodes fabricated in the
Gallium Nitride (GaN) material system [28]. These nitride lasers have been
extensively researched over the last few years and are able to emit light in the blue

range of the electromagnetic spectrum, i.e. A=400 nm, which would offer a storage



CD DVD (red) | DVD (blue)
Data capacity (Gbytes) 0.65 4.7 18
Laser wavelength (nm) 780 650 420
N4 of objective lens 0.45 0.6 0.85
Minimum pit length (um) 0.83 0.4 0.2
Disc diameter (mm) 120 120 120

Table 1.1 Specifications for three read-only optical storage systems using a single

sided, single-layered disc [26, 29].

capacity of at least 18 Gbytes on a single sided disc, as summarised in table 1.1.
However, further research is being carried out to optimise the operating
characteristics of these lasers and will have to be adapted further to be used in optical
storage devices.

So just as the DVD has surpassed the CD in storage capacity, the chances are
that a new “next generation” DVD will take over from the VCR and DVD in the not
too distant future. Once the relevant technologies, e.g. GaN lasers and recordable
discs, have been fully developed the prices of DVD systems should reduce making

them more accessible to the general public.

1.3  Optical storage and self-pulsation

1.3.1 Optical feedback

The use of semiconductor laser diodes to extract information from an optical disc had
been suggested as early as the 1970’s [30]. However, it was found that when a
standard continuous wave (cw) laser beam shines onto a disc not all of the light is
collected by the detector. Some of the light is reflected back into the cavity, resulting
in feedback that can cause deleterious effects due to the coherent nature of the laser

beam [31], as shown in fig. 1.2. High optical feedback results in multiple external
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Fig. 1.2 Problems of optical feedback from the surface of an optical disc.

cavity modes being created, leading to undesirable linewidth broadening. When the
feedback becomes too high coherence collapse and chaos can occur where the
coherence length of the laser beam decreases rapidly and the power of the laser varies
unpredictably [31]. Several mechanisms have been used to explain this excess noise
but are beyond the scope of this work, so the reader is referred to references [31, 32].
It was soon found that a pulsating laser beam could be used to reduce the
sensitivity of the laser to optical feedback [33]. Such emission has a low coherence
length making it relatively insensitive to backward reflections, i.e. spontaneous
emission is observed between pulses, so an incoherent beam (with no phase)
dominates the output which gives rise to a stream of incoherent pulses. As a result the
excess noise due to mode competition amongst lasing modes (within the cavity) and
external modes (formed by reflections) is well suppressed [32], making such emission
ideal for use in an optical storage system. A very effective method of achieving this
desirable output is to design the laser diode so that it “self-pulsates”. Such a device
offers pulsation in the lasers optical output under d.c. bias, thereby providing a

compact and economical method of reading information from an optical disc.



1.3.2 Device specifications
When using a pulsating laser beam to read data from an optical disc there are a
number of operating conditions that the semiconductor device must satisfy.
Specifications demand that the laser diode must operate at [34-36]

e temperatures greater than 70 °C;

e an output power of 5 mW for read-only systems;

e 30 mW for a read/write device.
It is also desirable to design a structure that operates at a low threshold current and
over a wide operating current range, thereby optimising the performance of the
device.

Due to the benefits of pulsation self-pulsating lasers are now commonly used
in CD devices, where the GaAs material system is used to construct “narrow stripe”
laser diodes that self-pulsate at 780 nm and satisfy the above-mentioned conditions
[37]. To achieve pulsation at 650 nm the laser is fabricated in the AlGaInP material
system. Unfortunately the output of a conventional AlGaInP narrow stripe laser
degrades at high temperatures and subsequently fails to self-pulsate at 70 °C [38]. As
a results current DVD systems use high frequency current modulation to reduce the
sensitivity of the laser to feedback which adds additional circuitry and amounts to
extra costs. For emission at even shorter wavelengths lasers fabricated in the GaN
material system now seem desirable. However, due to the infancy of research into
nitride materials no literature has been released about controllable self-pulsation in
the blue range of the electromagnetic spectrum.

With these points in mind, self-pulsating laser diodes that operate at 650 and
420 nm and satisfy the high temperature operating conditions are required for optical
storage devices. The work in this thesis will therefore investigate the most advanced
structures on offer to try and achieve such emission. The development of such short
wavelength lasers would provide a step towards improvements in current DVD
systems and also provide a notable contribution towards a “next generation” DVD

device.



1.4  Self-pulsation

When the semiconductor laser diode was discovered self-pulsating emission was
considered undesirable, yielding unwanted fluctuations in the power output.
Considerable efforts were made to eliminate these pulses to achieve the more
desirable cw emission. In time, applications were found for self-pulsating devices and
significant research was conducted into understanding the process in an attempt to
devise structures that offered controllable self-pulsation. In 1974 it was suggested that
the phenomenon was associated with age induced defects [39]. Subsequent work
concentrated on trying to determine precisely how these defects gave rise to pulsating
emission [40]. This led to Dixon and Joyce suggesting that self-pulsation was a result
of the interplay between the gain and defect induced areas of absorption within the
cavity [41]. It was therefore determined that the introduction of saturable absorption
into the laser cavity is the key factor in achieving self-pulsation. With this knowledge
and improvements in fabrication techniques, the subsequent years yielded numerous
devices that offered controllable self-pulsation [37, 42-44].

Self-pulsation could be described as being an extension of the relaxation
oscillations that are observed when the laser is trying to stabilise after turn-on. By
introducing saturable absorption into the laser cavity the steady state that is eventually
achieved in a cw laser is disrupted, resulting in a system where the carrier densities in
the respective regions oscillate around their steady state, as shown in fig. 1.3(b). The
process can therefore be described using a coupled system of three variables — carrier
densities in the amplifying and absorbing regions and the light intensity. Changes in
one about its steady state value gives rise to changes in the others. An unstable
situation is created when the absorber absorbs stimulated photons giving rise to a
laser that has more net gain than is required to sustain steady state emission, thus
emitting a pulse. This happens as follows:

1) The carrier density in the active region, N, is increased by the injection current.
2) As Ny, approaches threshold, i.e. when the gain overcomes the losses within the
cavity, photons are generated that are absorbed in the absorber section.

3) Absorption of carriers increases the carrier density in the absorber region, N,,.

10
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Fig. 1.3 Typical temporal evolution of the various carrier densities in (a) cw and (b)
self-pulsating laser diodes (S=photon density, Ny, ~carrier density in the gain region

and N =carrier density in the absorber).

4) As N increases the rate of absorption decreases. As a result there exists more gain
than loss in the cavity so there is a rapid increase in the photon density, .

5) N, decreases with increasing stimulated emission until no light is emitted, i.e.
when N,,, is low enough to be below threshold.

6) The process is repeated, i.e. return tol).

11
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Fig. 1.4 Typical variation of light output as a function of current for a bistable laser

(with arrows indicating the level of bias current).

A consequence of adding a saturable absorber into the cavity is that bistable
operation is observed [42, 45], resulting in a hysterisis loop which offers two states
for the same current, as displayed in fig. 1.4. The route through point 4 indicates the
influence of the absorption; i.e. the absorber increases the threshold value. This
corresponds to an “on state” (pulse peak) and a coherent light output. After turn-on,
the return trip through B displays the light output without the influence of the
absorber as the carriers attempt to return to equilibrium. This route offers an “off
state” (pulse trough) which gives rise to incoherent output, i.e. spontaneous emission.
It is also known that the width of the loop can influence the device characteristics

[46], i.e. a narrow hysterisis is essential for self-pulsation.

12



1.5 Overview of thesis

This chapter has described the basic operation of the semiconductor laser and
outlined one of its main applications, namely reading data from an optical disc. A key
method of increasing the storage capacity is to reduce the wavelength of the laser and
the most efficient way of reading information from an optical disc involves using a
self-pulsating laser diode. Unfortunately the older, more traditional methods of
achieving self-pulsation have failed to offer the high temperature, short wavelength
emission required for DVD systems. With this in mind, the work in this thesis
theoretically investigates newer, more advanced, self-pulsating laser diodes for 650
and 420 nm emission, with the devices being optimised subject to the high
temperature operating constraints stipulated in section 1.3.2.

Chapter 2 gives a more thorough description of the semiconductor laser,
describing the key material and optical properties that are required for successful
lasing. To accurately assess the dynamical output of the device it is important to use a
detailed gain model that calculates the material gain of the active region. A gain
equation will therefore be derived, explaining how gain is generated in bulk and
quantum confined devices with key material properties, such as many-body effects,
being included. The optical properties of the semiconductor laser are then
investigated, with a derivation of the basic equations that simulate the propagation of
the optical field within the laser cavity. The optical and material properties of the
device are then combined, giving rise to an equation for the threshold gain within a
semiconductor laser.

The third chapter introduces the methods required to model the dynamical
properties of the laser diode, with an emphasis on self-pulsation. To start, a review of
different self-pulsating laser diodes is given, offering an insight into the various
designs that enable controllable amounts of saturable absorption to be included in the
cavity. This is followed by a more thorough investigation of two of the devices, i.e.
the real refractive index guided laser and laser diode with epitaxial absorber layers. It
is the emission of these two lasers that will be investigated in this thesis, so a rate

equation model is derived for each device. The chapter concludes with an outline of

13



the conditions for self-pulsation, with attention being paid to the key differential
gain/absorption relationship that must be satisfied for the emission to self-pulsate.

The first three chapters will give the reader an understanding of the
semiconductor laser and the process of self-pulsation. The remaining chapters
implement the rate equations in order to study and optimise the emission of three
different self-pulsating laser diodes, specifically for optical storage applications.
Chapter 4 uses a rate equation model to simulate a 650 nm real refractive index
guided laser diode and investigate the emission subject to the temperature, power and
current conditions stated in section 1.3.2. To achieve the desired operating
wavelength the device is fabricated in the AlGaInP material system. This material
gives rise to an unwanted leakage current at high temperatures, so the active region is
configured to minimise this deleterious effect. By investigating numerous design
parameters the quantity of absorption within the cavity is optimised. As a result, the
work gives an indication of the suitability of such laser diodes for use in optical
storage devices.

Chapter 5 uses a different structure, a laser diode with epitaxial absorber
layers, to investigate self-pulsation at 650 nm. Again, the AlGaInP material system is
used to achieve emission at the desired wavelength so the problematic nature of the
leakage current comes to the fore. This device offers absorption in a different manner
to the laser described in the previous chapter. Using gain/absorption calculations for
the gain and absorber regions and the relevant rate equation model, the emission of
the laser is studied. In particular, the design of the absorber and the cavity parameters
are investigated for self-pulsation subject to the temperature, power and current
specifications stipulated in section 1.3.2. As a result, two optimised structures are
presented, one suitable for use in a read-only DVD and another for use in a read/write
DVD.

The benefits of 420 nm self-pulsation have already been stated so the
penultimate chapter studies a nitride self-pulsating laser for optical storage
applications. Assessing the results in chapters 4 and 5 it is decided to design and
investigate a GaN laser diode with epitaxial absorber layers. The material properties
of the material system are introduced, followed by the design of the various epitaxial

layers. Gain calculations are presented then the rate equation model is implemented
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to investigate the emission. In particular, the gain and absorber sections are optimised
subject to the high temperature operating constraints with the cavity parameters also
being assessed. The design of two optimised cavity configurations are then presented,
giving an indication of the suitability of nitride self-pulsating lasers for use in “next
generation” DVD systems.

The final chapter summarises the results presented in the thesis and discusses
their implications. The benefits of using the different laser structures and material
systems are given with an assessment of whether self-pulsation is feasible for short

wavelength optical storage. Possible future work will then be assessed.
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2.1 Introduction

Having described an application for the semiconductor laser in the previous chapter it
is now desirable to delve somewhat deeper into the internal properties of the device.
With this in mind, the purpose of this chapter is to introduce the reader to the basic,
fundamental processes required to understand the material and optical properties of a
semiconductor laser. The work begins with a description of the formation of a solid at
an atomic scale. This leads to the classification of a direct band-gap semiconductor, a
material with useful characteristics that can be manipulated to achieve lasing.
Concepts are introduced that describe how electron-hole pairs are created and
destroyed, including equations that enable one to model such features. Improvements
in fabrication methods have led to new quantum structures being devised over the
past 20 years. The benefits of quantum confinement can significantly improve the
performance of a semiconductor laser and will therefore be introduced, concentrating

on quantum well and strained quantum well devices.
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The majority of the chapter considers the material properties of the
semiconductor. However, to achieve lasing the semiconductor material must form a
cavity that allows an optical field to be amplified. A section is included that describes
the propagation of such a field within a dielectric waveguide. The chapter concludes
by combining the optical and material components of a semiconductor laser cavity to

construct an equation for the threshold gain within such a device.

2.2 Semiconductor diodes

2.2.1 Band structure

When atoms combine to form a solid the interaction between an atom and its
neighbours cause a broadening of the sharply defined atomic energy states, resulting
in a series of broad energy bands. The outermost electrons of the atoms combine to
form the valence band. At absolute zero the bands above the valence band are empty,
the lowest and nearest to the valence band being the conduction band. The forbidden
energy gap between these two bands is called the band-gap, E,, the width of which
changes for different materials. The classifications of conductor, semiconductor and
insulator are determined by the size of the band-gap. In this work the interest is in
semiconductors, i.e. materials that have a relatively small band-gap that carriers can
cross given sufficient energy. This means that unlike metals the resistance of a
semiconductor decreases with increasing temperature.

A more detailed description of a semiconductor crystal is given by its band
structure. This picture shows the variation of the electron energy, E, with wave
vector, k., as displayed in fig. 2.1. Visualising the electron distribution in this manner
allows the bands in the semiconductor to be approximated crudely by parabolic
functions of k. When the minima of the conduction band lies directly above the
highest point of the valence band a direct band-gap material is given. If this is not the
case, an indirect band-gap is available. For a complete description of the valence band
it must be noted that it splits into three — the heavy-hole (HH), light-hole (LH) and
split-off (SO) bands. This originates from the discrete energy levels of the atoms that
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Fig. 2.1 Parabolic energy band diagram of a semiconductor where an electron has

been excited into the conduction band, leaving a vacant state (hole) in the valence

band.

compose the crystal. The uppermost degenerate valence bands, i.e. the heavy and
light-hole bands, and the split-off band are separated by another energy gap, defined
as A.

At absolute zero all electrons occupy the valence band, i.e. in discrete energy
states, thus obeying Pauli’s exclusion principle. However, if the temperature is
increased, thermal excitation can give rise to electrons crossing the band-gap into the
conduction band, leaving a vacancy in the bonding behind. This vacancy behaves like
a positive charge and is called a hole. Transitions occur primarily between the upper
two valence bands and the conduction band because of the smaller transition energy
required in comparison with the split-off-conduction band transition.

To model this energy-momentum relationship one must start by investigating
the electron as it propagates within the semiconductor crystal. The electrons
wavefunction, y, can be found for a carrier in either the conduction or valence band

by solving the Schroedinger equation [1]
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which relates the system Hamiltonian of the crystal lattice, H, to the energy of the

electron, . The momentum operator is represented by p, r is the electrons position

vector, V(r) is the potential created by the crystal lattice and m, is the free electron

mass. A generalised approximate solution for \ in a given energy band is given by the
following expression
w = F(r)ulr) 22)
which consists of two components, the band edge Bloch function, u(r), which is
periodic with the crystal lattice multiplied by a slowly varying envelope function, 7(r)
[2]. Assuming a parabolic band structure the energy, £, and momentum, %, of the
carrier may then be related by
. hzkj
2m

(2.3)

where m" is the effective mass. This value is dependent on which band that the carrier

may reside and is approximated by

. AN
=h? 2.4
m i [a’kz ] (2.4)

showing that the effective mass is inversely proportional to the curvature of the band.

2.2.2 Carrier populations
Electrons are fermions and therefore obey Fermi-Dirac statistics. So, at a given
temperature, 7, the occupation probability of an electron with energy £ is given by the

Fermi-Dirac distribution

1
f(E)= expl(E - £, )/ kT]+1 (2:3)

where £ is known as the Fermi level and exists at the centre of the band-gap at
absolute zero. At this point the probability of occupancy is always 1/2, i.e. {Ex)=1/2.
When carriers are injected into the structure non-equilibrium conditions are
generated. The Fermi level is then replaced by an electron quasi-Fermi level, £x,, and
a hole quasi-Fermi level, £y, giving a measure of the deviation from equilibrium, i.e.

the level will move from the centre of the band-gap.
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Fig. 2.2 Schematic band diagrams showing the position of (a) donor and (b)

acceptor energy levels in extrinsic semiconductor materials.

2.2.3 Doping
A perfect semiconductor crystal is said to be intrinsic. Changes in conductivity can be
obtained by doping the material with another element, forming an extrinsic
semiconductor. Important impurities are those which align themselves in the lattice
structure whether they have one valence electron too many or one too few. The first
type contributes a free electron to the semiconductor, increasing the materials
conductivity. This kind of impurity is called a donor as it donates an electron to the
material. The electron density is increased and so the semiconductor is said to be n-
type. In the energy band picture, the donor atoms occupy energy levels in the
forbidden band, just below the conduction band, represented as E; in fig. 2.2(a).
When a small amount of energy is applied to the lattice, i.e. 2E, - £y, the electrons in
the donor atoms can occupy the conduction band, thus leaving a positively ionised
atom. The addition of donor impurities can therefore increase electron conductivity
significantly when enough energy is applied.

The second kind of impurity element compensates for its deficiency of a
valence electron by acquiring an electron from its neighbour. Because these materials
accept an electron they are called acceptor impurities. In this case the density of holes

increases, so a p-type semiconductor is constructed. This kind of impurity atom
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occupies energy levels in the forbidden gap near the valence band, shown as £, in fig.
2.2(b). When enough energy is applied, i.e. 2E, - E,, electrons will leave the valence
band and occupy the hole states that are now available. This causes the acceptor atom
to become negatively ionised. Beyond a certain temperature each donor atom
provides a free electron to the conduction band and every acceptor atom generates a
hole in the valence band. When an intrinsic semiconductor is doped the Fermi level
moves from the centre of the band-gap, upwards for n-type and downwards for p-type,

the precise location being a function of doping.

2.2.4 P-n junction

Joining a p- and n-type semiconductor forms a basic p-n junction diode. When such a
structure is formed the Fermi levels of the two materials align with each other and a
thin depletion layer exists at the junction. Within this depletion region holes and
electrons are sparse with positively ionised donor atoms on one side of the band-gap
and negatively ionised acceptors on the other side. At this point, when the carriers are
in equilibrium, all the electrons lie below the Fermi level whilst all empty energy
states lie above it.

In a semiconductor light emitting device population inversion is required, i.e.
electrons are required in the conduction band and holes in the valence band. The
situation is obtained by applying a large forward bias, i.e. applying a voltage, V,
across the semiconductor, as shown in fig. 2.3. The two ends of the sample then have
different Fermi levels, allowing population inversion to occur within an area known
as the active region where electrons lie directly above empty energy states (holes). In
this area there exists a high probability of an electron traversing the energy band-gap
and recombining with a hole. This results in the excess energy being released as a
photon of energy Av. The band-gap energy is proportional to the wavelength of the
stimulated light via the equation

E,=hv (2.6)
where £ is Plancks constant and v is the frequency of the emitted light. If charge
neutrality is assumed within the active region then

n,+N,=p +N, 2.7)
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Fig. 2.3 Energy band diagram as a function of distance through a forward biased p-

n homojunction.

where n, represents the electron density in the conduction band and p, denotes the

hole density in the valence band. The number of donor and acceptor atoms are given
by N, and N, respectively.

The homojunction is the simplest p-n junction, made up of the same material
on both sides of the junction. Unfortunately the carrier confinement in such a
structure is quite poor, i.e. the carriers “leak” out of the active region for too easily.
This led to the design of a more efficient active region, called the p-n heterojunction,
shown 1in fig. 2.4. To obtain population inversion three different materials are
“sandwiched” together and a forward bias is applied. The changes in material band-
gap form a potential energy discontinuity resulting in an active region with improved
carrier confinement. This increases the probability of electrons and holes
recombining. The structure is also designed so that the active region has a higher
refractive index, », than neighbouring sections following the relationship Egoc'ln. This
ensures that the device behaves as a dielectric optical waveguide in the growth

direction, thus offering good optical confinement (see section 2.4).
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Fig. 2.4 Band diagram of a double heterostructure p-n junction under forward bias.

Improvements in growth techniques have led to quantum confined devices.
These structures offer further improvements in carrier confinement resulting in an
even higher probability of carrier transitions. Electron states for bulk crystalline solids
consist of continuous energy bands, as displayed in fig. 2.1. By reducing the thickness
of the material to a value comparable to the de Broglic wavelength of the carriers
(A~hip) it is possible to enter the quantum regime and use non-classical rules to
improve various operating characteristics. The simplest quantum confined structure is
known as the quantum well, which restricts the movement of carriers in the growth
(x) direction creating a very thin active region, as displayed in fig. 2.5(b). A well layer
is formed when a monolayer of low band-gap material is sandwiched between a
material of higher band-gap. In the y and z directions the energy levels form a
continuum of states. However, in the x-direction the energy levels are quantized
resulting in discrete energy levels that the carriers must occupy whilst obeying Pauli’s
exclusion principle, as shown in fig. 2.6. [Note: The quantized direction in a quantum
well is usually denoted as the “z-direction”. However, for consistency with the other
co-ordinate systems used in this work the quantized direction will remain as the “x-

direction” throughout this thesis.]

27



' & /5 .
@ (®) ©

Fig. 2.5 Crystal geometry’s of the (a) bulk, (b) quantum well, (c) quantum wire and

(d)

(d) quantum dot structures.

Unfortunately the small active region widths that are used in quantum well
devices give rise to poor optical confinement. This problem is overcome by growing
additional waveguiding layers between the active and cladding regions. These layers
can have different designs but the most popular is known as the separate confinement
heterostructure (SCH). This addition results in a structure that offers excellent carrier
and optical confinement, properties that are essential if lasing is to be achieved.

By introducing multi-dimensional confinement other quantum confined
structures may be fabricated. Two-dimensional confinement results in a quantum wire
where a wire-like potential well allows freedom in only one direction. A quantum dot
is formed when the whole three-dimensional active region in reduced to a size below
the de Broglie wavelength of the carriers, offering a box-like confinement. These
structures are shown in figs. 2.5, however, both are very hard to fabricate and aren’t
understood as well as the quantum well structure. Only quantum well active regions
will be used in this work, so the interested reader will find more information about

quantum wires and dots in references [1, 3].
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Fig. 2.6 Band diagram of a single quantum well separate confinement
heterostructure (SCH) and (inset) an energy band diagram of the quantum well

structure with two confined energy levels in the conduction and valence bands.

2.2.5 Energy states in quantum wells

The quantised, or “sub-band”, energy levels for the motion of carriers in the x-
direction are obtained by solving equation (2.1) for carriers in both the well and the
barrier regions of the structure. For the 1-dimensional confinement associated with a

quantum well one can assume the envelope function solutions to be of the form

F(x,y,z)= F(x)expﬁ'(kyy + kzz)}. (2.8)
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To find the energy levels in the quantum well one must therefore solve [1]

n* d*F(x)
EFlx)=- —_— 2
™ 29)
and for the barrier
h d*F(x
EF(x):—Zm; dx,E )+VF(x) (2.10)

where V' is the height of the potential well which is given by the band-offsets for that

semiconductor interface; AE, for electrons in the conduction band and AE, for holes

in the valence band, as shown in fig. 2.6. The effective masses of the carriers at the

band edge within the quantum well and the barrier are denoted by m, and m,,

respectively.
For a finite quantum well the solutions for the electron wavefunctions in the

well are given by
F,(x)= 4sin(k,x) (odd solutions)  (2.11a)
F, (x) = cos(kwx) (even solutions) (2.11b)

and the solutions for the wavefunctions in the barrier are represented by

F,(x)= Bexp(- &, |x|) (odd solutions)  (2.12a)

F,(x)=Dexp(-k,[x)  (evensolutions). (2.12b)

where k, = 2m,£[h* and k, = \/2m,(V - E)/n* .

The confined energy levels and the constants (4—D) may now be calculated.

At the junction of the well and barrier the carrier wavefunction must be continuous,

s0, assuming current continuity

F, =F, (2.13)
and
_lrf_= 1¥d_F_ (2.14)
m, dx m, dx

For even modes the confined energies are then obtained by solving

* * 22
J[ mi ](V_;E] = tan ;’E;?L;_E_ (2.15)
m,, & )

and similarly for odd modes
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where L, is the width of the quantum well. These transcendental equations apply for

both the calculation of electron and hole sub-band energies. The equations assume a
“square well” where the conduction and valence bands are flat at operating bias. This
is a reasonable approximation when the well and barrier regions are undoped.
However, if the structure is doped then “band bending” is observed which destroys
the square well and leads to a more complicated solution.

Varying the well width can change the wavelength of the emission so a certain
amount of control can be utilised over the output, i.e. the band-gap between the
lowest sub-band in the conduction band and highest sub-band in the valence band is
approximately inversely proportional to the well width. The introduction of additional
quantum well layers and variations in width can also change the carrier confinement.
For instance, the lowest sub-band in the conduction band of a narrow well is usually
higher than that in a wider well, making recombination between bands less likely (due
to the weaker overlap between wavefunctions) and increasing the probability of

carriers leaking out of their respective wells.

2.2.6 Density of states

Electrons in a semiconductor material occupy certain “allowed states”. To determine
the number of such states the density of states function is used. This concept is very
important in semiconductor theory, so a full derivation of the function is required.
Consider an unconfined electron within a bulk crystal of dimensions 7., L, and L,
with the boundary condition that its wavefunction must tend to zero at the edges of
the crystal. It can then be shown that the discrete set of k vector states that the
electron can have can be represented by [1]

k=nK, +nK, +nK, (2.17)

where |K,- |= n/L; and the »;’s are the quantum numbers of the system. In this bulk
material the total volume of states in k-space with a value less than some constant
value of k is given by a sphere of radius £ and volume V. The volume of k-space
occupied by a single k-vector is given by a cube of volume V,. The total number of

states can then be written as
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where L=L.L L. . If the density of k vector states is known throughout all of -

space, then the total number of k vector states per unit volume of the crystal, or
density of states, is given by
2
(=522
V dk 2=

where V is the volume of the crystal. The equation is usually required as a function of

(2.19)

energy. Using the relation [1]

p(E)dE = p(k)dk — p(E)= dg(fa)lk (2.20)

it is possible to transform equation (2.19) into energy space. So, for a bulk
semiconductor material with parabolic energy bands the density of states function for

free electrons about an energy level E is given by

p(E) dE [2m‘ ]m'

= —_— 2.21
4n | B ( )

When plotted, the equation gives rise to the curve displayed in fig. 2.7(a) indicating
that more states are available at the higher energy levels.
In the case of a quantum well structure, the length in the x-direction is reduced

significantly, i.e. L, << L, L,. This results in a modified volume for all k states with
the component in the x-direction, i.e. &, , forming discrete steps in k-space. For each

step, or sub-band, the total volume is now represented by a circle of radius £, resulting

in the following expression for the total number of states
nk® Lk

(2n/L)  4n

s

(2.22)

Following the same procedure as for the bulk case the total number of k vector states
per unit volume for this modified crystal is given by

1dN, &k
k:— S=
olk) V dk  2nl,

(2.23)

which is transformed into the following equation in terms of energy

*

p(E)= -2 [3—] (2.24)

" om? | L,
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Fig. 2.7 Density of states versus energy curves for (a) bulk and (b) quantum well

structures.

(similar expressions can be derived for structures with higher dimensional
confinement). The density of states equation for a single sub-band is therefore given
by

m.* 1
N Y] e | 225
p.(E) Znhz[LJ (2.25)

; ’ . th o
where £ is the confined particle energy level in the i sub-band as the function is

independent of energy within any one sub-band (unlike the bulk case). Fig. 2.7(b)
illustrates how equation (2.25) results in a step-like function as opposed to the
continuous curve for the bulk case. This is due to the quantization of the energy
levels, as displayed in fig. 2.6(inset).

The number of carriers injected into states at an energy £ can now be
calculated. Using the probability of occupancy at a specific energy level (as given by
equation (2.5)) multiplied by the density of states for that energy results in an
expression for the carrier density within the band. For example, if the density of

electrons in the conduction band is required the following expression is used

n, = [p,(E),(EME . (2.26)
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where f.(E) is the probability of the conduction band state being occupied. Similarly,

the density of holes in the valence band is given by

E,
p, = [, (E)f,(E)E (2.27)

where f,(E) is the probability of a vacant state in the valence band. Assuming charge
neutrality (equation (2.7)) it is possible to calculate the electron and hole quasi-Fermi
levels from the number of injected carriers. For a bulk material equations (2.26) and
(2.27) are solved numerically. In a quantum well structure, equation (2.26) may be
simplified to give the following expression

k,Tm E e —E,'
, = Z—‘;z—;ln{l ; exp(;c—Tﬂ (2.28)

i T x B
where £ is now the sub-band edge energy. This expression may be used to calculate

the number of holes in a specific valence band by substituting values for the hole

mass and valence Fermi-level.

2.2.7 Strained quantum wells

Early work involving semiconductor heterostructures combined cladding and active
layer materials of the same crystal structure and nearly the same lattice constants. As
a result defect free films are formed, thus avoiding unwanted non-radiative
recombination centres. In the mid 1980°s research by Adams [4], and independently
by Yablonovich et. al. [5], combined materials of different lattice constants to form
strained layer structures; yielding some desirable opto-electronic properties.

Growing a quantum well layer of different lattice constant to the surrounding
barrier material forces the well layer to either compress or enlarge in order to match
the barriers lattice spacing. If the quantum wells lattice constant, a,, is greater than the
surrounding lattice constant, a,, the quantum well lattice will compress in the plane,
giving a structure under compressive strain, as shown in fig. 2.8(a). In an attempt
conserve its volume the lattice also becomes elongated in the direction normal to the
plane. If the opposite is true, i.e. a<a,, then the quantum well is said to be under

tensile strain, as shown in fig. 2.8(b). However, it must be stressed that only certain
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Fig. 2.8 Crystal lattice deformation resulting from (a) compressive (a;>ay) and (b)

tensile (ay<ay) strain.

lattice mismatches are of use. Indeed, the lattice mismatch has a limit beyond which
the strained lattice will revert back to its native state, causing large amounts of lattice
defects and device failure.

Under both kinds of strain the band structure is affected. Assuming a material

with an unstrained band-gap of £’ . the bulk energy band-gap between the heavy-

hole and the conduction band, £ | when influenced by strain is given by

str

EC,HH = EbS

sir unsir +8EH - 6E"S . (229)

The energy separation between the light-hole and conduction band, ES™ | when

str

under strain is given by

EC,H)’ - Ebg

sir unstr

+8E, +8E; —(3E, ) /24, . (2.30)

The term, &£, named hydrostatic-pressure shift, affects only the unstrained band-gap
and is defined by

35



k, . k ko k

[
1
1

¥

!

k5

(a) (b) (c)

Fig. 2.9 The changes in band-structure and the associated heavy- and light-hole sub-

bands resulting from (a) tensile strain, (b) no strain and (c) compressive strain.

8E, =2d|(C,, -C,)/C, . (2.31)
The uniaxial stress induced valence band splitting, 8, is given by

SEg =b[(C,, +2C,)/C (2.32)
where the parameters @ and b are the interband hydrostatic pressure and uniaxial
deformation potentials, respectively. The term, &, gives the amount of strain as
defined by

Szasmal

(2.33)

a
The elastic-stiffness constant of the quantum well layer is denoted by C;; and C),
represents the elastic-stiffness constant of the substrate.

As is shown in fig, 2.9, the introduction of strain changes the band structure of
the material. Under tensile strain, the hydrostatic component of the tension reduces
the band-gap. The axial component splits the degeneracy of the valence bands and
introduces an anisotropic structure, with the highest band being light along the strain

axis, k,, and comparatively heavy perpendicular to the strain axis, k;. When the well
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layer is compressed the band-gap is increased, whilst the degeneracy of the valence
band splits in a somewhat different manner. In this case the valence band splitting is
reversed, resulting in the highest band being heavy along the strain axis, k;, and the
light in the perpendicular direction, k;.

For an unstrained structure, the energy levels associated with both heavy- and
light-hole valence bands is the same due to the degenerate nature of the band
structure. The heavy-hole band has a higher associated effective mass, so the resulting
heavy-hole sub-bands occupy the deepest states within the well. When strain is
introduced the valence band splitting results in two separate energy levels associated
with the heavy- and light-hole bands. In the case of tensile strain the resulting
quantum well structure increases the influence of the light-hole sub-bands, therefore
increasing the amount of carriers required for gain. For a compressively strained
active region the removal of the degeneracy splits the light and heavy-hole sub-bands
even further than the unstrained case. This results in favourable conditions for low
threshold current operation as there are less redundant sub-bands to inject carriers
into with the uppermost heavy-hole band becoming light-hole like in the plane of the
strained layer. When strain is introduced a number of characteristics are therefore
affected. The change in band-gap will naturally influence the wavelength of the
emitted light, whilst the changes in the valence band affects the density of states and
the differential gain offered by the quantum well structure.

To calculate the sub-band energies for a strained layer quantum well the
effective mass must be that perpendicular to the strained layer. For the calculation of
the density of states (and therefore the gain and spontaneous emission, as will be

shown later) the following in-plane masses are used

n—piane hz =

my " :[—2—]@] +7,)" (2.34)
in~ plane hz ~1

my " =\ (v, -7,) (2.35)

where v, and v, are known as Luttinger parameters [6] and are related to the heavy

and light hole effective masses perpendicular to the well, m}5™” and m}" .
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2.3 Gain in semiconductor heterostructures

2.3.1 Methods of recombination

The operation of almost all opto-electronic devices is based on the creation and
annihilation of electron-hole pairs. Any photon that is incident on a semiconductor,
which can impart energy at least equal to the band-gap energy, will create pairs.
Within the crystal lattice this process is equivalent to breaking a covalent bond. For
the highest probability of recombination a direct band-gap material is used. The
creation and annihilation of pairs is dominated by three processes: spontaneous
emission, stimulated emission and absorption. Spontaneous emission occurs
randomly within the diode. Electrons from the conduction band cross the band-gap at
random (to the valence band), releasing energy in the form of photons. A high
proportion of the photons that are emitted in this manner are out of phase with one
and other and the spectral output is fairly wide. This type of emission does not require
the presence of any electromagnetic energy.

Stimulated emission requires a photon to stimulate the transmission of an
electron from the conduction band to the valence band. When this happens, in order
to conserve energy, the electron releases an identical photon that is in phase and of
the same energy as the stimulating light packet. This results in photon emission of
very narrow frequency range. As well as making stimulated transitions in the
downward direction electrons may gain energy and cross the band-gap in the opposite
direction as well, i.e. from the valence to conduction band. This process is known as
absorption and requires the electron to absorb the energy of a passing photon in order
to traverse the band-gap. When the number of downward transitions exceeds the
number of upward transitions gain is achieved. This is of fundamental importance in
laser theory.

In general, the recombination mechanisms can be thought of as being radiative
and non-radiative. Radiative transitions, i.e. those described above, give rise to excess
energy being dissipated as photons. The more undesirable non-radiative
recombination is usually caused by crystal defects, causing unwanted recombination

traps to form within the lattice giving energy that is usually imparted to phonons and
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dissipated as heat. Taking R, to be the radiative recombination rate and R, as the rate
of non-radiative recombination the total recombination rate is given by

Ryu=R.+R,. (2.36)
Both processes have an associated carrier lifetime, giving the average time that a
carrier can exist before recombining radiatively or non-radiatively within a particular
material. The total lifetime is therefore given by

LI . (2.37)
T T

total F nr

T

2.3.2 Fermi’s golden rule
Photon induced transitions therefore form the basis of semiconductor laser theory.
The interaction of the electromagnetic wave and an electron may be incorporated into
the Schroedinger equation, i.e. equation (2.1), via a new operator

H=H,+H(r) (2.38)
where H, is the Hamiltonian described by equation (2.1). The time-dependent

perturbation term is given by
e A
H;(r){;;}A(r)e-p (2.39)
0

where A4 is the vector potential of the electromagnetic radiation and € is the unit
polarisation vector in the direction of 4. Using this new perturbed operator in the
Schroedinger equation it is possible to derive an approximate expression for the
transition rate of an electron from the conduction band state, ., to a particular

valence band state, ;. The equation is known as Fermi’s golden rule and is given by

W,

e—h —

’8(E, - E, - ho) (2.40)

eh

gﬁl H
fi
where

Heh = (wh

Hy(0)w.) = [w,H,(r)y dr, (2.41)

v
E. and E, represent the energies of the electron and hole states whilst the delta
function, 8, indicates that conservation of energy is enforced when a photon causes a

transition.
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Fermi’s golden rule offers an expression for the transition rate between a
single pair of conduction and valence band states. However, from the discussion
involving the density of states it is known that there exist many k states in both
conduction and valence bands. Equation (2.40) must therefore be summed over all
allowed transition pairs to find the total transition rate. Assuming strict k-selection
rules for all optical transitions, i.e. only carriers with the same k value may
recombine, by considering a state in the conduction band one already knows which
state in the valence band it recombines with. This allows a single density of states
function to be used to describe the number of allowed transitions, as opposed to one
for the conduction band and one for the valence band. For bulk semiconductor
crystals, this reduced density of states function is given by

(E'r _ Esep)uz (2mr ]312

4n? h?

Preall, )= (2.42)

where k5, = [, — [, is the transition energy and E,, =k, —E, is the energy

separation between the conduction and valence sub-band edges. The reduced mass,

m,, is used to determine the individual energies that are related to the transition

energy [1]. An analogous equation for a quantum well is given by

m™ (1
B )t 2.43
pred( rr) Qﬂhz (L‘.] ( )

where m;" is a new reduced mass, specific for such a quantum confined structure.

Using equations (2.26) and (2.27) it is now possible to calculate the density of
carriers in the various bands. In response to a flux of photons the total downward

transition rate is given by

2
Wc-»v = %'Hehrpredf;:ﬂ' ' (244)

The transition rate of the reverse process, i.e. an electron transition from the valence

band to the conduction band, is given by

2
Wv—)c =%|Heh|2pred(1_fcxl_ﬂ) (245)

where the Fermi-functions have changed to reflect the probability of an electron

existing in the valence band and a hole in the conduction band.
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2.3.3 Transition matrix element
To evaluate Fermi’s golden rule in its entirety equation (2.41) must be evaluated.
Substituting the wave function approximation, i.e. equation (2.2), into equation (2.41)

gives the following expression

2
A
IH,,[* = (;m" J M, | (2.46)
0
where
1, [ = fo-p . ) (B ) 2.47)

is known as the transition matrix element, an important factor that determines which
transitions are allowed within a particular structure, so will be looked at carefully

during the remainder of this section.

Now the I(F"

F,)

term is the overlap integral of the envelope function and is

used to specify which transitions between the conduction and valence band states are
allowed. For the case of a bulk semiconductor crystal the slowly varying envelope

functions given by
1
F(r)=—=e™" 2.48
i (2.48)

are the same for the conduction and valence band states. The overlap integral for any
two states is therefore unity, so there exists an equal probability of a transition
between the conduction band and any one of the valence bands.

In the case of a quantum well structure the transition probabilities are
somewhat different due to the introduction of sub-bands. Consider the transition of
carriers in an infinite quantum well, from a conduction band state with quantum
number 7, to a valence band state with quantum number #,, as displayed in fig. 2.10.
Now for this infinite quantum well structure the envelope functions are independent
of the carrier effective mass and also form an orthogonal set of functions. Transitions
are allowed when the envelope functions of both states are equal, resulting with an
overlap integral equal to unity. In this particular structure the envelope functions are
equal when n,=n,, so transitions are forbidden when the converse is true, i.e. n#n,.

For quantum wells with finite barriers the envelope functions become a weak function
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Fig. 2.10 Allowed and forbidden transitions between two of the conduction and

valence sub-bands in a quantum well.

of effective mass. This results in a slight variation with a small probability of
forbidden transitions occurring and a small probability of allowed transitions not

occurring. However, this probability is very small.

, 1s related to the Bloch

The other part of the transition matrix, i.e. |(u,|é-p

(nfeplu)

function, u(r). This element considers the polarisation of the radiation that interacts

with the carriers. When evaluated this factor can be reduced to give the following

expression for the transition matrix element [1]

2

M, [ =20 o, x|

(2.49)

where a,,; considers all polarisation’s for a specified valence band and the factor of

two takes into account all possible spin combinations. For a bulk material the basis
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function momentum matrix element, |M|, can be obtained by relating it to the
curvature of the conduction band and is given by [7]
m (£, +A)

M| = 1|5 m,E 2.50

o [m ]2‘Eg+2A/3i ol (2:30)

In such a material o, has a value of 1/3 for each band in each polarisation. The

» o 2
envelope function condition for allowed transitions is represented by l(Fh Fe) =]

(as described above). The transition matrix element is then given by

A
|Mm|2:é-[m‘,‘—1] ks By @51)
m

m,
iEg+2A/3j *

For a quantum well structure the basis matrix and the value for a,, are

different [1]. This is a consequence of the quantum confinement restricting the -

vector to lie on a circle around the k_axis, resulting in only one TE component as
TE =TE,. With the overlap integral equal to unity, the quantum well matrix element

is then given by
Mg | = 2M (2.52)

where o, is given in reference [1] for the two different polarisation’s. These matrix
element equations can now be used in Fermi’s golden rule to estimate the transition

probabilities between the conduction and valence bands (and vice-versa).

2.3.4 Gain and spontaneous emission rates
Equations (2.44) and (2.45) give an estimate of the number of downward and upward
transitions that occur within the semiconductor in response to an incoming flux of
photons. If the number of photons being generated via downward transitions exceed
the number being absorbed through upward transitions, the net increase in photons is
given by

Net,,, =W, -W,,.. (2.53)
Optical gain is defined as the fractional increase in the number of photons per unit
length moving through a sample. Now the photon flux may be given by [1]

2 42
®(0) = 1 [__C_J[w} (2.54)

_% n, 2
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where n denotes the refractive index of the crystal, n, the group refractive index and

g, the permittivity of free space. So, by using equations (2.44), (2.45) and (2.54) the

following expression for gain may be derived [1]

Netc—w

glho)=—=

=( ! ] "R g, P gON S + £, ~1) (2.55)

o €,cmon
Equation (2.55) only considers two stimulated transition processes, 1.e.
stimulated emission and absorption. However, as was explained earlier, there exists a
third transition mechanism that doesn’t require any photon interaction whatsoever.
This spontaneous emission gives rise to downward transitions, thus releasing photons,
and occurs randomly within the crystal. The process may be represented by the
product of the downward transition rate, W,_,,, and the number of modes within a

given energy range, defined by [1]

P (100) = — ( £ (no). (2.56)
This results in the following expression [1]

2
R, (how)= (L) _neh M,

. *0,a(10)1, 1, (2.57)
ho ) g mynn,

where |M m,|2is the average strength of the transition matrix element over all three

polarisations.

2.3.5 Many-body effects
The gain and spontaneous emission equations assume that the only way electrons and
holes may change state is through interactions with photons. However, other factors
must be considered, in particular the effects associated with the interaction of the
excited carriers in the semiconductor material. These “many-body effects” play a key
role in determining the material gain characteristics of a semiconductor (especially in
wide band-gap materials) [8-11]. A full description of the topic is beyond the scope of
this thesis, however, an outline of these events will now be given.

There are three main effects associated with many-body interactions [8, 9].

The first mechanism that will be considered is band-gap narrowing, or
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“renormalisation”. The band-gap is related to the amplitude of the interatomic
Coulomb potential. As the number of injected carriers is increased the potential is
screened, thereby reducing the band-gap, with the magnitude of such effects being
scaled by the strength of the Coulomb interaction, i.e. depends on the magnitude of
the screening. As a result, the influence of this renormalisation increases with band-
gap, so is an important factor when modelling lasers that emit at short wavelengths.

The second many-body effect is spectral broadening. Now the gain and
spontaneous emission equations assume that the only way electrons and holes may
change state is through interactions with photons. However, other factors must be
considered, in particular the scattering of carriers with other carriers and phonons.
This results in the carriers remaining in their states for a finite amount of time, so
there is an associated broadening of the carrier states and therefore of any optical
transitions involving that state. At low carrier densities the broadening energy
increases with the carrier density, however, at higher carrier densities, the dependence
on broadening is much weaker due to the screening of the carrier interactions.

The final process is Coulomb enhancement. Due to the mutual attraction
between electron and holes, the probability of recombination is increased over that for
independent particles, with the strength of the attraction being scaled by the “effective
Rydberg” of the material (ocEy) [8, 9]. When the Coulomb attraction is strong bound
electron-hole pairs, or excitons, are formed which are depicted by introducing
“exciton levels” in the forbidden band that are separated from the conduction band by
a binding energy. Many pairs are formed at low carrier densities and low temperatures
when a strong Coulomb attraction exists with band to exciton transitions dominating
the absorption spectrum. However, as the carrier density value is increased the
exciton lifetime diminishes due to collisions with other particles allowing the degree
of enhancement to be reduced.

From the outline described above it is apparent that many-body effects
become more influential as the band-gap is increased [8-11]. In this thesis visible
emitting laser diodes are considered, so it is very important to incorporate many-body
effects in the gain and spontaneous emission equations. Now the absorption, o, i.e.

negative gain, is related to the susceptibility, ¥, through the equation [8]
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o(v) = mfy(v)} (2.58)

“me
where v is the field frequency, n, is the background refractive index and ¢ is the

speed of light. The absorption spectrum can then be determined from the imaginary

part of the optical susceptibility, given by [9]
(o) =" dyx, (2.59)
k

where
[ﬁf’) — By — By + ihY})Ck = (1 o L P {dk + Z P (k e k')Xk} (2.60)
-

which is derived using the Hartree-Fock approximation, which is reasonable at high
carrier densities and high temperatures. The electron and hole Fermi functions are

represented by f, and f},, respectively, and ¥V, is the screened two-dimensional

Coulomb potential within the single plasmon pole approximation. The momentum
dependent optical transition matrix, which may be linked to |M] [8, 9], is represented

by d, whilst E,, and E,, are the renormalised electron and hole energies at the

momentum k. Setting the potential to zero in equation (2.60) gives the free carrier
result where the Coulomb interaction is neglected. Using the above-mentioned
equations to construct the gain spectrum enables one to assess how such interactions
affect the spontaneous emission characteristics [8-11].

As will be shown later, many-body effects do have a significant influence on
the performance of wide band-gap materials, giving rise to an exciton peak in the
absorption spectrum at low temperatures and Coulomb enhancement and band-gap
renormalisation in the gain spectrum at high carrier densities. To accurately model
these interactions the gain/absorption calculations used in this thesis were generated

using a simulation developed by Dr P. Rees [10, 11].
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Fig. 2.11 Dielectric waveguiding in a slab waveguide. (a) The refractive indices of a
three-layer structure and (b) the ray trajectory of a guided wave displaying total

internal reflection.

2.4 Optical field propagation within the cavity

2.4.1 Waveguiding in the semiconductor laser

A laser consists of a gain medium placed within an optical cavity that provides the
necessary feedback. Radiative recombination takes place within the active region
giving an area where gain occurs (outside the active region losses dominate). Now
that the recombination process has been discussed it is important to understand how a
laser beam is amplified within an optical cavity.

Consider a two-dimensional slab waveguide structure of length L, with
refractive indices #;, n; and n; as shown in fig. 2.11(a), such that n, > n = n,. The

behaviour of the light depends on the angle of incidence, 6, as displayed in fig.
2.11(b). It follows from Snell’s law that for total internal reflection at each interface

the following must hold
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005(9)_‘%'—2—:—;1, (2.61)
2 2

showing that there exists a critical angle, 6,, above which total internal reflection
occurs.

For an oscillation to take place a standing wave pattern must arise within the
cavity. In a slab waveguide structure the light is guided longitudinally as a zig-zag
pattern, as shown in fig. 2.11(b). Ignoring phase changes due to reflections, the phase

change after a round trip is given by

do = 27"(2,5_,_) (2.62)
where A represents the wavelength of the light. So, for laser oscillations to occur the
following must hold

27”(215_, )=2mx (2.63)
or when simplified

L, =mi/2 (2.64)

where m is an integer. Every value of m that satisfies this equation defines a
longitudinal mode within the cavity. [Nofe: From now on the cavity length, L_, will
be denoted by L.]

The modes propagating in the cavity are three-dimensional and have
components in the transverse and lateral directions as well as the longitudinal
component described above. Using Maxwell’s equations, these standing waves can be

described by [12-14]
0°E

or?

V’E = ¢ (2.65)

where E is the electric field vector, n, denotes the vacuum permeability and €
represents the material permittivity. The modes propagating in the dielectric structure
must therefore be solutions of this equation subject to the boundary conditions at the
dielectric interfaces (note that a similar equation can also be derived for the magnetic
field, H).

A semiconductor laser cavity supports two specific types off modes, known as

transverse electric (TE) and transverse magnetic (TM), that are distinguished on the
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Fig. 2.12 A three-layer symmetric slab waveguide with active layer width, d, and the

corresponding transverse optical field profile.

basis of their polarisation. The TE field describes the propagation of the electric field
polarised along the junction plane whilst the TM field is the magnetic field polarised
along the junction plane. The dominant polarisation is dependent on the design of the
active region, e.g. TE emission is dominant in strained lasers under biaxial

compression whilst TM gain is favoured in structures experiencing tensile strain [1].

2.4.2 Confinement factor calculations
It is usually desirable to be able to estimate the overlap of the optical field with the
active region in the transverse direction, giving a value known as the confinement
factor, I, as displayed in fig. 2.12. During this thesis compressively strained quantum
wells will be used to generate gain/absorption in the active region. The single mode
rate equations (derived in chapter 3) used to study the dynamics of the devices under
investigation will assume that the optical field takes the form of the fundamental TE
mode (TEy). It is therefore the confinement factor of this transverse field profile that
is required.

Consider a dielectric slab that is infinite in the y-direction such that &/3y=0.

For TE waves £,=0, so from Maxwell’s equations it is possible to deduce that
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E=H,~0 [12-14]. The wave equation given by equation (2.65) can therefore be

simplified for TE modes and rewritten as

o’E, N OE, _ " SaZEy
ot et T A

which indicates that the field is dependent on the x and z co-ordinates and the time, 7.

(2.66)

Assuming that solutions are plane waves propagating in the z-direction, i.e. of the

form
E, (x,2,t)=E : (x)exp| (o - B2)]. (2.67)
it is possible to reduce the wave equation to [12-14]
O’E
=it (k2n* -B*)E, =0 (2.68)

where P is the propagation constant and ® represents the lasing frequency. The

refractive index is given by n, k, is the wave number and k;n’° = ®’p e . For a multi-

layered waveguide, such as a semiconductor laser, solutions of equation (2.68) are
therefore required for every layer with the electric field in the x-direction matching at
the boundaries.

As was explained earlier, it is sufficient to calculate the field propagating in a
simple three-layer symmetric slab waveguide, as displayed in fig. 2.12. The structure
consists of an active layer of width d and refractive index n, embedded within a
medium of smaller index, »;, i.e. the cladding layers. For the analysis consider a
structure that extends to infinity in the y- and z-directions. The TE, mode is therefore
uniform in the y-direction and propagates in the z-direction. It is then required to
obtain the solution for the fundamental mode from the wave equation, i.e. equation
(2.68), subject to the boundary conditions that are offered by this particular
waveguide.

A number of mathematical techniques have been developed to find the
solution to this problem [15-20]. The most popular method involves using the
effective index approximation [15-18]. This estimate uses the fact that the variation in
the dielectric constant is much greater in the transverse (x) direction than the lateral
() dimension. So, by varying the refractive index in the wave equation by dn(x) a

differential equation is constructed of the form [16]
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08
Ebczy +(n2(x)—nfﬁ)k§8Ey +(5n2(x)—5n3ﬁ)lr§Ey =0 (2.69)

which yields the field solutions. The effective refractive index for a particular

solution is then linked to the propagation constant through the following equation
ny(z)=P (2)/k, . (2.70)

Numerous equations have been derived to offer a simplified estimate of the effective
index for various waveguiding structures [14, 18]. One investigation has led to the
following equation for the effective index of the TE, mode within a symmetric three-

layer slab waveguide [18]

a

nl, ~nl —[l]ln(l+a(n§—nf)) @.71)

where a = (k,d)’ /2. This equation offers a small error which is adequate when the

refractive index step between layers is reasonably large as the condition n;>n.>n;
must be satisfied.

Using the effective index approximation combined with the wave equation
allows the confinement factor to be calculated. Such an expression determines the

overlap between the optical field and active layer and is given by [14]
dl2 2
.sz LJ’ (x)dx
r E (x)dx

(2.72)

2.5 Threshold gain in a semiconductor laser

The structure of the laser diode using either bulk or quantum well heterostructures,
can be grown using a semiconductor epitaxial growth technique. The wafer is then cut
into individual lasers. This is achieved by scribing two parallel lines in one direction
and cleaving along crystal planes perpendicular to the direction of these scribes,
resulting in rectangular laser chips. The cleaved edges produce the smooth end
mirrors or facets and the scribed edges are rough (which encourages the cavity to

support just one lateral mode).
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Lasing takes place when a sufficiently large current, known as the threshold
current, is reached. At this point the round trip gain of the cavity equals the cavity

losses. This threshold gain is given by [13]

1 1 1
Grh = F|:ar' + Zln[ﬁ]} > (2.73)

where o; represents the intrinsic loss caused by scattering and free electron absorption
and R denotes the facet reflectivity. It is therefore evident that these cavity parameters
can have a significant effect on the threshold characteristics of the laser device.

As one increases the injection, the semiconductor laser must first be driven
hard enough to reach transparency, i.e. where gain=absorption. The current then has
to be increased further until the gain required to overcome the cavity losses is
reached. At this point lasing occurs and any further carriers injected recombine by
very fast stimulated recombination, so the steady state populations become fixed and

the spontaneous emission saturates at threshold.

2.6 Conclusions

The work in this chapter has introduced the basic theory required to understand the
lasing process within a semiconductor laser. Having outlined important properties that
encourage the creation and annihilation of electron-hole pairs within semiconductor
materials, additional concepts such as quantum confinement and strain were
discussed. These material properties were then studied in more detail, with a
derivation of equations for the material gain and spontaneous emission within a
semiconductor heterostructure. The propagation of an optical field within a dielectric
medium was assessed then the material and optical properties were combined, leading

to an equation for threshold gain within a semiconductor laser.
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3.1 Introduction

The purpose of this thesis is to investigate the suitability of different self-pulsating
laser diodes for short wavelength operation, then attempt to optimise the structures for
optical storage applications. The previous chapter described the basic material and
optical properties required for successful lasing. The aim of this chapter is to give the
reader an understanding of how self-pulsation can be achieved, including an insight
into the mathematical methods that are used to model the dynamical properties of
such lasers.

The chapter starts with a description of the evolution of the self-pulsating laser
diode, outlining the methods that have been developed over the years to incorporate
extra absorption into the cavity and therefore offer controllable self-pulsation. The
two devices that will be investigated in this thesis, namely the real refractive index
guided laser and laser diode with epitaxial absorber layers, are then described in more
detail with a rate equation model derived for each device. These equations will be

implemented in future chapters when they are used to study the suitability of the
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above-mentioned lasers for optical storage applications. With this in mind a thermally
activated leakage current equation is presented and included in the rate equation
models in order to have a realistic estimate of the high temperature performance of
either device. The chapter concludes with a more detailed description of the self-
pulsation mechanism, offering an insight into the conditions that must be obeyed for

self-pulsation to proceed.

3.2 The development of the self-pulsating laser diode

During the early years of semiconductor laser research, self-pulsation was seen as a
deleterious effect. It was desirable to achieve cw emission, however, the poor
fabrication processes on offer ensured vast amounts of defects, resulting in areas of
saturable absorption and hence self-pulsation [1]. Fabrication techniques were
therefore constantly being improved in an attempt to minimise the density of defects
within these structures. As applications for pulsed emission became apparent methods
of including controllable amounts of absorption into the cavity were investigated.

Probably the most popular of these early devices was the twin section laser [2-
4]. This broad area double section laser was designed to intentionally create pulses by
pumping currents into two sections such that one region is amplifying and the other
absorbing. This is done when the amplifying section is biased above threshold and the
absorber biased considerably below, resulting in a short absorber carrier lifetime as
required for self-pulsation (see section 3.6). The twin section laser was therefore
regarded as a very effective self-pulsating device; however, a more compact laser
diode was required for commercial applications.

A number of single section lasers with controllable absorber regions were
developed during the latter part of the 1970°s [5-7]. A popular concept at the time
involved creating a region of absorption using a method known as proton
bombardment [6, 7]. By deliberately implanting protons into the structure centres of
fast non-radiative recombination and saturable absorption are created. This gives rise
to regions of high electrical resistance and low excitation, thus greatly reducing the
radiative efficiency and carrier lifetime of emission, as required for self-pulsation.
Although more compact than the twin section laser, the control over the saturable

absorption and hence the self-pulsation characteristics isn’t as reliable. The laser was
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therefore not suitable for reproduction on a commercial scale, so the search went on
for a more appropriate source of self-pulsation.

An alternative structure that came to fruition in the late 1970’s was the narrow
stripe laser diode [8]. Due to its use in CD systems, the laser has subsequently become
the most commercially successful self-pulsating device. The cavity is designed to
offer a weakly guided lateral optical field. Self-pulsation is achieved by ensuring that
the lateral field extends beyond the central, electrically pumped, active region to the
neighbouring unpumped region which acts as an absorber. As the stripe width
increases, the amount of absorption decreases, thus offering excellent control over the
absorber characteristics. Grown in the GaAs material system the device provides a
cheap and simple method of achieving self-pulsation at 780 nm, hence the reasons
why such laser diodes are used in CD players.

Unfortunately the self-pulsation mechanism offered by the narrow stripe laser
does lead to some drawbacks. In particular, the performance of the device is restricted
in that the absorber characteristics cannot be varied independently of the gain
parameters as both absorption and gain are produced in the same epitaxial layers.
This led to the development of the most recent self-pulsating structure, the laser diode
with epitaxial absorber layers. Using the fabrication techniques that have allowed
quantum confinement to be realised, this particular laser is constructed with an
epitaxial absorber layer grown parallel to the active layer [9]. The absorber may be
grown as a quantum well, providing the crystal grower with several design
parameters, such as well width, height, number, etc... that can be varied to give
optimum absorption. This laser is therefore the most advanced of all the self-pulsating
devices, however, due to the fact that research is still being conducted into such
structures the more well-developed narrow stripe laser diode is still, in general, the
laser of choice.

The summary outlined above indicates that the two best methods of achieving
compact, controllable self-pulsation involves using the narrow stripe laser and laser
diode with epitaxial absorber layers. It is the emission of these two devices that will
be investigated in the remainder of this thesis. The next two sections will therefore
offer a more detailed description of each structure with a rate equation model derived
for each device, thereby providing a method of evaluating the emission

characteristics.
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3.3 Narrow stripe laser diode

3.3.1 Gain-guiding devices

The narrow stripe laser diode is ideal for optical storage systems as it offers a cheap
and efficient method of producing self-pulsation. The device is characterised by the
planar and continuous nature of the active layer, resulting in a structure that is very
easy to fabricate. As there is no lateral index guiding, the laser uses the area that is
experiencing gain to guide the electromagnetic wave, and is suitably called a gain-
guided laser. Unfortunately, high threshold currents and low differential quantum
efficiency are a performance characteristic, a consequence of the small carrier induced
refractive index changes within the cavity. This also gives rise to a movement of the
optical mode along the junction plane.

Carriers enter the cavity through a stripe contact, as displayed in fig. 3.1.
When current is injected through the stripe, the combined influence of carrier
diffusion in the active region and current spreading creates a carrier density profile in
the active layer. Since optical gain is a function of carrier density a gain profile is also
established. The saturable absorption required for self-pulsation is then given by the
interaction of the optical field with the loss region of the active layer in the lateral (y)
direction. Pulsed output is emitted when the gain/absorption interaction is at a suitable
level. A change in stripe width, ¥, varies the amount of absorption within the cavity.
An element of control is therefore offered and an optimum cavity structure should be
available that emits self-pulsation at the lowest possible injection current.

The optical field distribution in the transverse (x) direction is reasonably stable
with the associated confinement factor, I'(x), only changing as one varies the
configuration of wells in the active region. Optical confinement in the lateral direction
isn’t as straightforward. The electromagnetic field is guided by the area generating
gain as it continually creates radiation to replace that lost to the outer, absorbing areas.
This gain-guiding then confines the lateral mode to an area under the stripe. The
diffusion of carriers during self-pulsation therefore changes the lateral refractive index
profile, which subsequently adds a time dependency to the lateral component of the
optical field, as shown in fig. 3.1(b). This factor must be carefully considered when
modelling the device [10].
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Fig. 3.1 Schematic diagram of the narrow stripe laser showing time varying (a)

carrier diffusion and (b) lateral optical field within the cavity.
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3.3.2 Derivation of the rate equation model

To calculate the dynamical properties of the narrow stripe laser diode a set of coupled
rate equations are commonly used. The equations describe the exchange of energy
between electrons and photons in the cavity by stimulated and spontaneous emission
and absorption. These processes have been described earlier but a number of other
events must be considered to give an accurate description of the amplification
process. In general, the continuity equations for both electrons and holes should be
considered, however, the two are related due to charge neutrality, so the consideration
of the electron evolution is sufficient. Throughout this work only single mode
emission will be considered, i.e. it is assumed that only the dominant TE, longitudinal
mode propagates within the cavity.

For an accurate estimate of the dynamical properties of the narrow stripe laser
it is important to consider the lateral diffusion of carriers. Two mathematical models
are commonly used. One method uses a carrier density rate equation that includes a
carrier diffusion term, coupled with a standard rate equation for photon generation
[10, 11]. It is assumed that the carriers are confined in a uniform manner within the
transverse (x) and longitudinal (z) dimensions of the active layer, whilst varying in
density in the lateral (y) direction. The evolution of the lateral carrier density profile is
then modelled by solving a partial differential equation, which subsequently allows
the calculation of the photon density within the cavity.

The alternative method uses three rate equations that describe the evolution of
the carrier densities in the gain section, absorber section and the photon generation,
with the absorber volume being a function of stripe width. Two “diffusion terms™ are
included to model the carrier diffusion between the gain and absorber sections during
emission [8]. The changing optical field is calculated continuously and entered into
the simulation. This modelling technique will be applied in chapter 4, so a derivation
of a set of coupled rate equations is required for this narrow stripe laser diode.

It is of use to start with equations that describe the time evolution of the
number of carriers and photons in the cavity. Three are required, one representing the
number of carriers that exist within the active region, another evaluating the number
of carriers in the absorber section and the final equation denoting the number of

photons being generated. Now, the two carrier number equations have the form [12]
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change in carrier = carriers - carriers lost dueto - carriers gained/lost dueto - carriers lost
reservoir going in  nr. & spon. recomb.  radiative recomb. & abs.  dueto leakage

whilst the photon number equation is defined by

change in carrier = carriers gained/lost dueto - photonslost +  carriers gained due to
reservoir (photons) abs. & radiative recomb. spon. recomb.

By substituting the necessary values the following carrier number equations are

generated
v, dj;;’” = é— (Rr+R2 W, —(R2 ~R2)W, —R.V., 3.1)
VS = (R + ROV, (R - ROV, - R, (32
v, % =(R2 -R2 Y, +(R* -R2Y, - S{ﬁ +R2V, +R?V,  (33)

where the subscripts gw and o represent values/processes within the active and
absorber regions, respectively. The symbols /" and N denote the volumes and carrier

densities of the respective regions and V, represents the volume occupied by the

photons. The value S indicates the photon density generated within the structure

whilst R denotes the rate of each process, for example R:j, represents the transition

rate from band 2 (conduction band) to band 1 (valence band) in the active region. The

photon lifetime, t_, is given by

1 1. d

—=v_ |, +—In—|. 34

TS g( i L R] ( )
where v, a,, L and R denote the group velocity, intrinsic loss, cavity length and

average facet reflectivity, respectively.
In addition to the transverse components the poor lateral carrier confinement
must also be considered. To estimate the number of carriers that diffuse (laterally) out

of the gain section (per unit time) the following equation is used [8]

dN (v, -N,)
g,y T@ 6l 3.5
” dt o qu—>a ( )
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where 7, =W* /2D, is a time constant with D, denoting the material diffusion

coefficient. Similarly, the number of carriers diffusing in the opposite direction during
the same time period is given by [8]

y dNo:aqw:V (No:_qu)
Yodr T

o—rgw

(3.6)

where 7., ., =T, (VUL /qu). Now the whole of the active region is continuously

qw-—)u

being pumped leading to a constant volume. This is not the case for the absorber as
the time-dependent diffusion process changes its volume. Assuming a continuously
varying lateral optical field an estimate for this volume may be calculated using the
following equation [8]

V =2_dL_ (3.7)

) Re( 2)

where Re(B,) represents the real part of the complex propagation constant within the
active region.

Now, R, -R. =v,xg(N,)xS gives the photon generation due to
stimulated radiative recombination in the active region where g{N qw) represents the
gain being generated in the active region. Similarly, the radiative recombination in the
absorber section is given by R2'—R; =v,xg(N,)xS. The confinement factor, T,
represents the fraction of the optical wave that exists in a specific region, as described

in section 2.4.2. Substituting these values and the diffusion terms into the rate

equations and dividing by the volumes results in the following carrier and photon

density equations
Do . _(R;;,+R;¢;)_3vgg(Nw)_R;w_% 69
Do o (g + 875,88, 7, - Do @9
di -
‘ji—‘j = v, T, 2V, )+ Sv,T.e(N,)- —f— R R Lo - (3.10)

5
A two-dimensional confinement factor is required due to the optical field
consideration in both transverse and lateral directions. The confinement factor in the

gain section is defined by I, (x, y) =V, /V, whilst a value for such an overlap factor
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in the absorbing region is given by Fa(x, y)=Vu/ V,. The spontaneous emission
generated in the absorber section, R)”, is negligible so this term may be neglected.
The photon density generated spontaneously in the gain section is given by BR.,
where [ is the fraction of the emission that enters the lasing mode. The carrier
densities lost due to non-radiative recombination are denoted by N, /1, , Where

T, and 7, are the carrier lifetimes. Substituting these terms into the equations yields

the following rate equation model

dN, J. N, J (v, -N,)
qw inf qw Iqw 5 qw o
=—2_Sv g(N,)-—Z -t _pow 2@ "¢ 3.11
d[ e gg( qw) qu e qw i ( )
Jiw WN,-N
e =—Svgg(Na)—N°‘ i W= Noy) (3.12)
dnf Tu a—rgw
d
O = SV, T8N, 0, T, (N,)~ =+ R (313)

8

where J,, represents the injection current density and .J, the leakage current density.

inj

By integrating equations (3.11)—(3.13) the time evolution of the carrier and photon
densities within the cavity may be calculated. The three equations represent an initial
value problem involving coupled first order differential equations and may be

evaluated using the Runge-Kutta method [13].

3.3.3 Optical field estimate

To evaluate the rate equations in an accurate manner it is required to calculate the
two-dimensional confinement factor, F(x, y), as displayed in fig. 3.1. It is therefore
necessary to calculate the optical field in two-dimensions as opposed to the one-
dimensional system described in section 2.4.2. Assuming a single mode longitudinal
component two methods may be used to evaluate the optical field.

The first estimate involves disregarding the y—co assumption that is made
when evaluating the slab waveguide problem, leading to a scalar wave equation of the
form [10]

0°E, O°E

ax; + ay; +(k2n? -p*)E, = 0. (3.14)
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The equation is then evaluated subject to boundary conditions in both lateral and
transverse directions, yielding solutions for the modes propagating in the structure,
allowing one to calculate a two-dimensional confinement factor.

Alternatively, the wave equation for a slab waveguide, i.e. equation (2.66), is
considered separately in both directions, rotating the co-ordinates and assuming that
the lateral dimension tends to infinity in both cases. This method yields mode
components in both transverse and lateral dimensions, allowing one to calculate
separate confinement factors for the TE, field. The two-dimensional estimate is then
calculated using the equation [8]

I(x,y)=T()(y). (3.15)
As the field in the transverse (x) direction is reasonably stable this method is the
easiest to implement.

In the lateral direction the field equation must be evaluated continuously for
the case of a three-layer slab waveguide, taking the electrically pumped area as the

active layer, yielding a time-dependent lateral confinement factor, I'(y). For an

accurate estimate of the refractive index in the lateral direction complex notation must
be used. Complex refractive indices of the form
H=n

+ Wiy = Ny +iK (3.16)

real M ea
enables dielectric waveguides composed of lossy media to be evaluated. The term K is
known as the extinction coefficient and is caused by the absorption of radiation within
the dielectric material. The value is calculated using the following equation

o
K=— 3.17
Sk (3.17)

where o is the attenuation coefficient per unit length and &, =2n/A is the wave
number. For a k-layered waveguide the refractive index of section j is given by [10]
AN
= s +0tpNj(y)+—————gJ(2l:(y))+in
0

Ry =0+

(3.18)

Jiimag
where n;, is the bulk refractive index of layer j and o ,represents the free plasma

coefficient [14]. The terms N, (v) and g j(N J.( y)) denote the local carrier density and

local gain, respectively, within the jth layer.

When the refractive index step between layers is small, as in the case of the
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Fig. 3.2 A multi-layered waveguide structure.

lateral dimensions of a gain guided laser, the simple effective index estimate
described in section 2.4.2, i.e. equation (2.71), becomes useless and a more thorough
estimate of the optical field is required. Indeed, if the effective index approximation is
used the error may be greater than the refractive index step resulting in numerous
complications. So with this in mind, an alternative method of extracting solutions
from the wave equation is required.
Consider a muti-layered dielectric waveguide, as displayed in fig. 3.2. By
generalising equation (2.68), the TE field for the jth layer is described by
2
%’;’(’C)Jf(kg 2 p)E,,(x)=0 (3.19)
where n, is the complex refractive index of layer ;. The propagation constant, 3, may

be used to determine the properties of the optical waves within the waveguide. A
direct solution of the equation is difficult to obtain, so a general solution is used of the

form
E, (x)=4,expl(x~1, ), )+ B, expl-(x~1, ), ). (3.20)

where 7, represents the interface of the jth layer as displayed in fig. 3.2,

o, =B*—kin’ and A4, and B, are constants to be determined. It is therefore

required to find a value for the propagation constant and a corresponding set of
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coefficients a;, 4, and B, for which all field continuity conditions demanded by

Maxwell’s equations can be met at the layer interfaces, as described in appendix 1.

A popular method of solving such a problem involves constructing a matrix
formulation, thus reducing the problem from 2N complex equations with 2N
unknowns to a single complex equation with one complex unknown. The result is a
single dispersion function whose zeros correspond to the propagation constants of the

guided modes within the structure [15, 16], i.e.

my,(B)=0. (3.21)
A detailed description of the construction of such a formalism for a multi-layered
waveguide is given in appendix 1. For example, a three-layered waveguide structure
leads to the following dispersion relationship once the matrix has been multiplied out

m,,(B)= (1 +5“—1)[1+“—2]exp(— o, —coz)+[1—ELJ@-ﬁ)exp(ml ~0,)=0.(3.22)

&y o, & o,
where ®, =d o ; and d, represents the layer width. It is therefore the roots of this

equation that yield solutions for the TE modes propagating within a three-layer
waveguide.

When numerous modes exist, as displayed in fig. 3.3, a very powerful
numerical technique can be used to extract all of the solutions using Cauchy
integration and Riemann surfaces [15]. However, the short wavelength structures that
are used in this thesis employ narrow active layers, so only a few lateral modes will
propagate in the laser cavity. This allows a method developed by Schlereth and Tacke
to be utilised [16], where the downhill method [17] is implemented to find the
propagation constants. [Note: This method would be unsuitable (computationally
inefficient) for multi-mode calculations. ]

To find the roots of equation (3.21) using such a method requires an initial
guess for the propagation constant, say Po. This value may be calculated using
equations (2.70) and (2.71), i.e. the propagation constant for the effective index of a
symmetric waveguide with real refractive indices. For some predetermined value of
A, the absolute square of the m,, matrix element is then evaluated, i.e.

2
F:lmll

, (3.23)

for BotiA and BotA. The value of (3 that offers the smallest value of F is then chosen
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Fig. 3.3 Intensity distribution for the fundamental, first and second order TL modes

of a three-layer symmetric slab waveguide with a guiding layer thickness of 5 pm.

as the next starting point. If the new starting point is the same as the old value then
A=A/2. This process is repeated until some minimal value of A is found and it is the
corresponding value of B that is chosen as the propagation constant. The field may
then be plotted to determine which mode has been detected. If a mode higher than the
fundamental is found, the program starts with a different initial guess until the TE,
mode is discovered. Once the desired propagation constant is extracted a lateral
confinement factor within the area of interest is calculated using equation (2.72). This
estimate may then be entered into equation (3.15) to calculate a value for the two-

dimensional confinement factor required for the rate equation analysis.
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Fig. 3.4 Schematic diagram of a ridge waveguide structure with current blocking

layers.

3.3.4 Real refractive index guided structure

Due to the poor confinement associated with a “purely” gain-guided laser, as one
decreases the stripe width to achieve enough absorption for self-pulsation anti-guiding
is frequently observed. This deleterious effect occurs when the carrier-induced lateral
change in refractive index creates a scenario where the index in the absorbing region
is greater than that in the gain section, creating a negative index step that cannot guide
the lateral component of the optical field. As a result an unguided ray of light is
emitted from the cavity. This carrier-induced effect is therefore particularly distinctive
in gain-guided lasers due to the poor carrier confinement in the y-direction.

To avoid this problem a modified structure is required that offers a “built-in”
lateral refractive index step such that the carrier-induced changes that occur during
emission don’t give rise to any anti-guiding. One method involves introducing current
blocking layers into the p-doped cladding layer, as displayed in fig. 3.4, thereby
creating a weakly index guided laser [18]. These layers are of different composition to
both active and cladding regions. The resulting structure usually provides a sufficient

built-in index step such that anti-guiding only becomes problematic in extreme
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circumstances, e.g. very high operating currents. Other properties are also improved
with a more stable transverse optical field being a notable benefit [19, 20]. For certain
stripe widths self-pulsation is still attainable with the unpumped sections of the active
layer, i.e. beneath the blocking layers, acting as an absorber [10, 11].

Depending on the material system being used the blocking layer material is
usually designed to offer improvements in both carrier and optical confinement. Some
structures use n-doped blocking layers of high refractive index (when compared with
the remainder of the structure) which is optically absorbing at the lasing wavelength.
Oscillations are favoured in the lateral fundamental mode, with high power emission
also being observed [20]. For self-pulsation purposes a slightly different cavity design
has been proposed [10, 11]. In such a structure the blocking layers are composed of a
material of lower refractive index than the surrounding layers. Whilst still achieving
sufficient carrier confinement this “real refractive index guided” device provides
improvements in optical confinement resulting in stable transverse mode operation
[10, 11, 19, 21]. Furthermore, the band-gap associated with the blocking layer
material is wide, resulting in negligible optical loss, allowing high internal efficiency
and low threshold currents.

This modified narrow stripe laser therefore offers three variables that may be
investigated to determine optimum self-pulsation, as displayed in fig. 3.5. These
variables are the stripe width, /¥, blocking layer thickness, d;, and the thickness of the
p-cladding layer that separates the two, d,, or optical confinement layer as it will be
known from now on. In such a structure the width of the area being pumped, or stripe
width, ¥, is comparable to the lateral blocking layer separation, S, as displayed in fig.
3.5. [Note: To link these two values and estimate the effects of lateral current
spreading various methods have been proposed [22]. However, in this thesis the p-
cladding materials being considered have poor hole transport properties [23] allowing
the assumption that the values are reasonably equal.]. It is also worth noting that it is
the changes in d, and/or d, that alter the time-independent built-in properties whilst
alterations in the stripe width varies the time-dependent, carrier-induced
characteristics.

With the addition of such low index, wide band-gap blocking layers and
subsequent changes in the emission the mathematical model for the narrow stripe

laser must be modified. The lateral changes that occur as one varies the stripe width
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Fig. 3.5 The cavity variables associated with the real refractive index guided device.

are already considered, however, the time-independent components are neglected and
must be included. Firstly, the built-in lateral index step must be calculated and added
to equation (3.18). Secondly, the changes in the transverse optical field component
must be evaluated by associating a confinement factor to both gain and absorber
regions, as shown in fig. 3.6, thereby modelling the optical influence of the blocking
layers.

For given values of d, and dj all of these built-in components may be
calculated by considering the gain and absorber sections as two different waveguiding
structures [19]. The area experiencing gain is evaluated as a five-layer waveguide
whilst the absorber section is considered as a seven-layer structure, i.e. due to the
inclusion of the blocking layers and subsequent introduction of the optical
confinement layer. A propagation constant, 3, is then calculated for the TE; mode of
each section using the technique described in section 3.3.3. These complex values are

used to calculate two distinct effective indices using the following equation

i _ B
=L 3.24
nef ko ( )
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Fig. 3.6 The transverse field profile of the real refractive index guided structure.

where /=gw or o and &, = 2n/A, which are in complex form as described in equation
(3.16).

Now this real refractive index guided structure is characterised by a small
amount of optical loss. This indicates that the imaginary part of the effective index is
very small and may therefore be neglected [19]. The built-in refractive index step, An,

is then calculated by considering the difference in the real part of the refractive
indices through the following equation

An=nly—ng. (3.25)
The propagation constant values may then be entered into equation (2.70) to calculate
the two transverse confinement factors. Entering these calculations and the index step
into the rate equation model gives an accurate assessment of the time-independent
structural modifications associated with the blocking layers. The carrier-induced
changes may then be calculated during the implementation of the rate equation model.
[Note: To model the dynamics of the real refractive index guided laser a number of

equations must be evaluated. An outline of the sequence of the numerical analysis is

displayed in appendix 2, section A2.1.]
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Fig. 3.7 Schematic diagram of a buried stripe laser with an epitaxial absorber layer.

3.4 Laser diode with epitaxial absorber layers

3.4.1 Structure
The most advanced self-pulsating device is the laser diode with epitaxial absorber
layers. Originally developed for the GaAs material system, the structure makes use of
an epitaxial layer of different composition to the active region to incorporate the
saturable absorption required for self-pulsation [9]. The self-pulsation is then
characterised by the interplay between the gain and the absorption at the operating
wavelength. As a result a more flexible, “design-friendly” absorber is offered, with
characteristics that can be engineered via the band-gap, thickness and position of the
absorber layer(s).

This particular laser diode can be fabricated as a buried stripe laser, providing
strong index guiding in the lateral direction. The structure is therefore designed such
that the thickness of the active, absorber and cladding layers within the cavity are

laterally non-uniform, as displayed in fig. 3.7. In this case only the substrate is
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continuous, whilst thick blocking layers are used to inhibit lateral current spreading.
The laser therefore provides good all round confinement allowing one to neglect the
influence of the longitudinal (z) and lateral (y) optical field patterns when modelling
the device [24], i.e. the consideration of lateral diffusion can be neglected due to the

improvement in optical and carrier confinement.

3.4.2 Derivation of the rate equation model

As a new layer is added in the transverse (x) direction, the rate equation model must
be adapted for this structure. Three equations are required, two carrier density
equations, i.e. one for the active layer and the other for the absorber, and a single
photon rate equation. It must also be stressed that the lateral diffusion can now be
neglected due to the improvements in the optical and carrier confinement in the lateral
direction. So, following the method outlined in section 3.3.2 a derivation of a rate
equation model may be started by using the following carrier number rate equations
[12]

dN w [ nr K 21 I
V= == (B + RV gy~ (R = RV gy = RiyY o (3.26)
dN, R
v, = RV, —(R" +R? Y, —(R* -R*W, - RV, (3.27)
ds SV 4 s
v, o (R~ R W+ (RS~ REY, 2+ RV, + RV, (328)

where the subscripts gw and o represent values/processes within the active and
absorber layers, respectively, whilst the symbols are as given in section 3.3.2. All
carriers “leaking out” of the gain section due to the thermally activated leakage
current now enter the quantum wells in the absorber section, as indicated in equation
(3.27). This is an important addition to the model as carrier leakage can significantly

influence the high temperature performance of the device.

Now R2, — R =v, x g(N,,)xS gives the photon generation due to radiative
recombination in the active region and the radiative recombination in the absorber
section is given by R}'—R;> =v,xg(N,)xS. The confinement factor, T, is now
only “transverse dependent”, so two values are required using the equation

I“qw!u(x) =V a!V,. Substituting these expressions into equations (3.26)—>(3.28) and

dividing by the volumes gives the following carrier and photon density equations
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d;"" < (R +R2)-5v,8(N,,)-R!, (3.29)
dNU. RI V nr By

= q;a"“’ ~(R" +R?)-5v,g(N,)-R! (3.30)
ds g . i
i v, T, 2N, )+Sv,T,e(N,)- 4 BTy, +EYT, . (331)

8§

As the carrier density in the gain wells far outnumber the carriers in the absorber

layers, the expression for the carrier leakage out of the absorber, R’ , may be left out.

The spontaneous emission in the absorber section, R?, is negligible so this term may

also be neglected.

By including the spontaneous and non-radiative terms the following rate

equations are obtained

dN e N F
qw — inj —S N _i____L_BRsp 332
dt e V58N o) 1, e qw (3.32)
dN N, J,V
g = g e (3.33)
dS & .
== Sv.I,,eN,)+5vT,g(N,) PT—+ BRE (3.34)

5

where 1, denote the carrier lifetimes in the respective layers. By integrating

equations (3.32)—(3.34) the time evolution of the respective carrier densities may
now be calculated using the Runge-Kutta method [13], as summarised in appendix 2,
section A2.2. This rate equation system is very similar to the narrow stripe model
described in section 3.4.2; however, the computational speed of this “laterally
confined” model is far superior. Now the narrow stripe device requires a single
calculation for the two transverse (x) confinement factors combined with a continuous
estimate of the changing lateral (y) optical field making the calculation speed quite
slow. The laser with epitaxial absorber layers allows one to neglect the lateral
components of the device, requiring only two transverse confinement factors, as
displayed in fig. 3.8. These values may be calculated using the transfer matrix
technique for a five-layer waveguide and need only be calculated at the start of the
computer program then set constant as the transverse optical field is reasonably stable.

This explains why the calculation speed is so much quicker.
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3.5 Leakage current equation

Both rate equation models derived in sections 3.3 and 3.4 include a leakage current
term, the inclusion of which is essential for some material systems, e.g. AlGalnP [23,
25, 26]. Leakage currents arise when carriers “escape” out of the active region into
the cladding layers, resulting in a reduction of the lasers internal quantum efficiency.
The magnitude of this carrier overflow is essentially dependent on two factors,
namely the carrier confinement, which is dependent on the active region design, and
the energy of the carriers, which increases with operating temperature. If carriers are
poorly confined, this process can therefore have a significant influence on the high
temperature performance of the device. Numerous operating characteristics can be
affected, however, the most significant change is probably observed through the
increase in threshold current. Now the threshold current density of a laser diode, Jy,

varies with operating temperature, 7', as follows [23]

Iy, & expTz (3.35)

0

where 7| represents the characteristic temperature, i.e. the temperature sensitivity of
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the structure. This relationship indicates that the threshold current density increases
with temperature. However, when carriers are poorly confined the characteristic
temperature decreases quickly after room temperature, primarily due to the influence
of the leakage current, causing an exponential-like increase in the threshold current.
Equation (3.35) therefore indicates the importance of a structure that offers good
carrier confinement if low threshold current performance is to be realised at high
temperatures.

To minimise the characteristic temperature of a device it is important to
optimise the dimensions of the quantum well active region. A decrease in well width
causes an upward shift in energy states available to the electrons (downward shift in
the valence band) as can be seen in fig. 3.9. These higher states not only change the
emission wavelength but also make it easier for carriers to leak out of the wells
contributing to an increase in carrier leakage. However, the high band offsets, AE,
(conduction band) and AZE, (valence band), available in some material systems can
significantly decrease the amount of carrier overflow, indicating that a high band
offset combined with a wide quantum well is usually desirable to maximise carrier
confinement.

The wide band-gap materials that will be used in this work can all give rise to
unwanted leakage currents, so an accurate estimate of the process is required. Now
the total leakage current comprises of the carriers drift and diffusion components. The

drift current arises when the charge carriers are accelerated by an electric field. When
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this happens electrons acquire energy and a velocity, resulting in a net mean velocity

in the opposite direction to the field. The electron drift current density is given by

&
I panp = 7;’ =eu,NE =08 (3.36)

where p, is the electron mobility indicating the ease with which the electron moves

through the lattice. The symbol N represents the electron density, & is the electric field
intensity and o, denotes the conductivity. An analogous equation may be derived for

the hole drift current density.

When collections of particles are free to move in a random manner there exists
areas of high and low particle concentration, i.e. a concentration gradient of carriers.
In general, carriers will move away from the region of high concentration at a rate
proportional to the concentration gradient. This diffusion of electrons is represented

by a current density given by

Jn,dlﬂ"rmon = —GD"VN (337)
where D, is a constant of proportionality, usually called the diffusion coefficient (the

minus sign is required to cancel the negative value of the gradient). The diffusion
coefficient depends upon the collision processes that carriers experience in the
material. Again, a similar equation can be derived for the hole diffusion current

density. The diffusion length, L, , represents the average distance an electron will

diffuse before it recombines with a hole. This distance depends on the materials

diffusion constant and recombination time and can be linked to the diffusion
coefficient via the relationship L, = \/D,1, .

Now that the main components of the leakage current have been introduced an
equation for the electron leakage current out of the quantum well active region can be
derived. Consider a single quantum well (SQW) device. An expression is required
that calculates the amount of electrons escaping out of the highest sub-band of the
conduction band into the p-cladding layer of the structure. To acquire the leakage
equation the minority carrier densities in the cladding layer at the barrier/cladding
interface must be found, then the drift and diffusion currents. At the interface, the

minority electron density is given by [25, 26]
. 3/2
Ey—E
N, =2 m"kf o s 4 (3.38)
2nh kT
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where

2
E,=E + len[exp(NL:Zf ]—1} (3.39)

n

is the electron quasi-Fermi level within the quantum well and barrier for a single sub-
band. E; , E; and L, represent the energy of the conduction band offset, the energy
level of the lowest sub-band and the width of a single quantum well, respectively.

The minority carrier diffusion equation in the p-cladding layer in the presence

of an electric field, &, is then solved using equations (3.36) and (3.37), i.e. [27]
J, =-eD, %+ en, NE (3.40)

where x is the length from the interface. Boundary conditions are N(x=0)= N, at
the barrier/cladding interface and N(x=w,)=0 at the p-side contact where w, is the

width of the p-cladding layer. Solving the equation, subject to the boundary
conditions, gives the following expression for the total leakage current density out of
a SQW active region [26, 28]

eDN, [ [T 1 M1 1
J,y:.fd{ﬂ-mm"'l‘t]dréﬂz 7 I{ 'IJ—2+—4—-Z—2C0th{ F-{_P-WC}-FZ} (341)

where z is a length characteristic of drift leakage which is described by the equation

2 =(£in (3.42)
e ),

witho , = epp, denoting the electrical conductivity of the p-cladding layer and J; the

total current density. Equation (3.41) can therefore be included in the two rate
equation models to give an accurate estimate of the leakage current that will

inevitably affect the high temperature performance of either device.

3.6 Mechanism for self-pulsation

Self-pulsation is observed when saturable absorption is introduced into the laser
cavity, leading to the characteristic interplay between the regions experiencing gain

and absorption. For a full understanding of this unstable process one must investigate
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density, N, that is required for self-pulsation.

the optical gain and its functional dependence on carrier concentration [24, 29]. If the
gain related to the system is linearly dependent on carrier density then no increase in
net gain would occur, i.e. after the absorption of photons the laser has the same net
gain as before, resulting in no self-pulsation. Pulsed emission can therefore only occur
if there is sufficient non-linearity of the gain function. In particular, a sub-linear
dependence is required where a small change in carrier density affects the absorption
more strongly than the gain. A super-linear dependence leads to a stabilising effect
that results in no pulsation [3].

Consider a sub-linear gain-current density relationship, as shown in fig. 3.10.
Let N, represent the average carrier density in the absorbing region and N, the
average carrier density that experiences gain. Now an increase in photon emission
produces a decrease in the carrier density in the amplifying section by AN,,. This in
turn causes a reduction in gain by a small amount, Ag. To maintain equilibrium the
carrier density in the absorber section increases by an amount AN, reducing the
absorption by Aa. Due to the non-linearity of the gain/absorption curve the
differential gain and absorption are different, so the following condition holds true
[24, 30]
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du2 dg

e, dN,,

(3.43)

where 1z represents the transfer efficiency. Since the decrease in gain is less than the
reduction in absorption the net gain after saturation is larger than the amount of gain
required for steady state lasing. An unbalanced system is therefore created and self-
pulsation will arise.

In addition to the required non-linear gain/carrier density relationship the self-
pulsation characteristics can also be influenced by the time response of the carriers

within the system. It is known that the carrier lifetime in the absorber section, t,,

must be small compared to the carrier lifetime in the amplifying section, t__, for self-

gw>
pulsation to proceed [4, 31]. This indicates that the time-dependent change in
absorption must be greater than that of the gain to create the required unstable system.
This time dependence coupled with the non-linear feedback mechanism therefore
gives rise to the following expression [30, 32]
dda 1
T, dN, 1, dN,

o qw

: (3.44)

a condition that must be carefully considered when designing a self-pulsating laser
diode.

3.7 Conclusions

The work presented in this chapter has offered an insight into the modelling
techniques that may be used to simulate the dynamical attributes of the self-pulsating
laser diode. Having outlined how the self-pulsating laser has evolved over the past
thirty years, two sets of rate equations have been derived, one for the real refractive
index guided laser and the other for a laser diode with epitaxial absorber layers. The
important influence of the thermally activated leakage current has also been studied
and included in the rate equation analysis. An assessment of the dynamical properties
required for successful self-pulsation was then given with time-dependent changes in
the gain characteristics coupled with a non-linear feedback mechanism being of

particular importance. These equations will now be used in the remainder of the thesis
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to investigate the emission of the above-mentioned lasers for optical storage

applications.
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4.1 Introduction

This chapter aims to investigate an AlGalnP real refractive index guided laser for high
temperature self-pulsation, i.e. 270 °C, and therefore offer a cheap and efficient
mechanism of reading data from an optical disc. This weakly index guided structure
has already been described in a more generalised form in section 3.3.4. It is now
intended to study the self-pulsation characteristics of the laser at an operating
wavelength of 650 nm and tailor the device for use in DVD systems (with a 4.7 Gbyte
storage capacity). The rate equation model and gain equations presented in previous
chapters will therefore play significant roles in providing an accurate model of the
dynamical output of the device.

The chapter starts with a brief section discussing the material properties
associated with the AlGalnP material system, showing why the thermally activated
leakage current plays such an important part in determining the operating

characteristics of the device. A description of the real refractive index guided
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structure is then given combined with a summary of the various design parameters
that may be varied to try and optimise the self-pulsating emission. The rate equation
model and gain calculations are then implemented and the design parameters studied.
The latter part of the chapter therefore investigates the suitability of the self-pulsation
for optical storage purposes. Parameters are varied in an attempt to achieve sufficient
gain/absorption interaction over a wide operating temperature and current range.
Once the design parameters have been studied in detail a summary of the results will

be given, outlining the suitability of the structure for use in DVD systems.

4.2 AlGalnP: material information

4.2.1 Historical developments

The band-gaps available from alloys grown in the AlGalnP material system offer
lasing in the 600 - 700 nm wavelength range. Since the first epitaxial growth of
AlGalnP onto lattice matched GaAs substrates by molecular beam epitaxy (MBE) in
1982 [1] the understanding of devices fabricated in this material system has increased
dramatically. In 1985 cw operation was achieved using double heterostructure (DH)
active regions [2, 3] with shorter wavelengths being available by adding aluminium to
the active region [4]. Subsequent research led to further understanding of the red
laser, e.g. [5], in an attempt to lower the high threshold current and increase the

characteristic temperature, 7.

Once the DH lasers were well understood quantum well devices were
fabricated with immediate success [6, 7]. Indeed, the quantum confined active region
proved to be the ideal solution in not only reducing the threshold current of the device
but also improving the temperature sensitivity and lowering the wavelength.
Advances in strained quantum wells led to a further decrease in threshold [8, 9], with
optimised structures approaching the thresholds of GaAs devices [8].

Research during the 1990°s has primarily concentrated on optimising the
structure, in an attempt to overcome some of the negative properties associated with
the material system. By now there exists a good understanding of the characteristics
of the red laser diode with detailed research leading to an in depth knowledge of the
design parameters on offer. This allows the crystal grower to design a structure that
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maximises 7, leading to a more efficient laser diode; however, the material

properties still severely limit the device performance.

4.2.2 Material properties

Typical red emitting structures make use of GalnP quantum wells grown alongside
various AlGalnP layers to offer the best carrier and optical confinement. The
materials are very closely lattice matched, so there is a large flexibility in the choice
of structures available to the crystal grower. These lasers tend to emit at higher
threshold currents in comparison with their GaAs counterparts. This is due to the
higher density of states and higher effective mass [10], creating a laser with a low

characteristic temperature, 7,, that becomes increasingly inefficient as the operating
temperature, 7, is increased, i.e. 7, decreases as 7 increases [11, 12].

Usually a decreasing characteristic temperature is caused by changes in carrier
confinement and/or Auger recombination. The dominance of Auger recombination
decreases with decreasing wavelength [13], so it is the carrier confinement that is
weak in AlGalnP devices, giving rise to a thermally activated leakage current. This
carrier overflow is a consequence of the material properties that hinder the design of
the active region [14]. For example, the high effective mass decreases the energy
separation between the sub-bands (in comparison with GaAs), allowing thermally
excited carriers to occupy higher energy bands with relative ease. Indeed, it is this
weak confinement coupled with a small energy difference between the quasi-Fermi
level of the GalnP quantum wells and the indirect X-band of the AlGalnP barrier
layers that gives rise to this unwanted leakage current. Methods of improving the
carrier confinement must therefore be investigated if high temperature operation is to

“be achieved.

Numerous methods have been used to try to suppress the leakage current in an
attempt to maximise the effective energy barrier between layers and make it as
difficult as possible for carriers to “escape” the quantum well active region. Some
attempts have employed a multi-quantum barrier (MQB) where alternating thin layers
of wide and narrow gap materials act as a multi-layer electron reflector [15, 16].
Unfortunately no striking improvements have been reported to date, possibly due to

the difficulties in growing repeatable layers of such thin films. With such novel
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techniques still in their infancy it is very important that the cavity design is optimised
to offer maximum carrier confinement. This is done by optimising the well layer
dimensions such that the quasi-Fermi levels are as deep as possible within the well
and by maximising the energy difference between the quasi-Fermi level and the
indirect X-gap.

Strained quantum wells achieve the lowest threshold currents in both
compressive [8, 9, 17-23] and tensile [22, 24] domains, offering variations in active
material band-gap and therefore allowing shorter wavelengths and improvements in
carrier confinement. In particular, an active region consisting of compressively
strained GayIn, P quantum wells, i.e. y<0.51, offer the best performance [8, 9, 18].
Although no longer lattice matched to the AlGalnP barriers, the lattice compresses
and modifies the band structure, as described in chapter 2, resulting in a reduced
threshold current and higher differential gain. Higher barriers are also available, with
an increase in indium content increasing the barrier height [10], resulting in an
improvement in the suppression of the leakage current. The lowest threshold currents
of all AlGalnP devices have been achieved using compressively strained SQW
structures [8, 17, 18]. However, strained MQW active regions have been effective in
achieving shorter wavelengths, higher gain and minimising the carrier leakage per
well [12, 20-23].

The quantum well active region is usually grown within a separate
confinement heterostructure (SCH). The difference between the refractive indices in
the quantum well and SCH layers creates a waveguiding effect that is essential for
efficient lasing. The optimum heterostructure configuration is the one which
maximises the overlap between the optical field and the quantum well active region
whilst still providing strong carrier confinement. This is a difficult balance to achieve.
As the concentration of aluminium increases within the heterostructure, the carrier
confinement improves whilst optical confinement becomes weak (and the converse is
also true) [10]. A compromise between optical and carrier confinement must
therefore be made if one is to construct an efficient laser. This is an important point

and must be considered when optimising the structure for specific applications.
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Fig. 4.1 Schematic diagram of the electron leakage current and the effects of doping
the p-cladding layer.

Once the gain generating wells and SCH have been designed it is important to
use a suitable cladding layer composition. For adequate carrier confinement, one
would suspect that a high aluminium content would be desirable to maximise the
barrier height. However, research has indicated that the X-gap is relatively insensitive
to aluminium composition, so the indirect X-band is similar in both barrier and
cladding materials [14]. High aluminium alloys also give rise to a hole conductivity
that is unacceptably low, with a small mobility value limiting the hole concentration
within the layers [25, 26]. It is therefore difficult to achieve a satisfactory p-cladding
composition to maximise the effective barrier height and therefore minimise the
carrier leakage, as displayed in fig 4.1. Indeed, difficulties in achieving a sufficiently
high p-doping density gives rise to an electric field across the cladding layers, causing
the drift component to dominate the leakage process. Unlike diffusion, the drift
current is dependent on temperature and proportional to the total injection current
[12]. This causes an increase in drift leakage with temperature that is much more

rapid than the increase of diffusive leakage, indicating that it is the drift process that
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must be controlled to minimise carrier overflow and obtain high temperature
performance when using the AlGalnP material system [12].

To partially overcome this problem it is desirable to highly dope the p-
cladding layer, thus, increasing the hole concentration and decreasing the resistance
in the region. This process increases the effective barrier height (see fig. 4.1) and
reduces the electric field in the cladding layer (reducing the drift current) resulting in
a reduction in the leakage current and an improvement in high temperature
performance. [Note: The leakage of holes into the n-cladding layers isn’t as much of a
problem due to the holes’ lower mobility, diffusion length and the availability of a
higher n-doping density all contributing to an improvement in conductivity and a
higher barrier [10].]

Over the years improvements in growth techniques have allowed higher p-
doping densities to be utilised. Materials such as zinc [5], beryllium [27] and
magnesium [28] have been used as acceptor atoms to increase the hole concentration
and improve the thermal conductance. However, there exists an upper doping limit
available to all material systems and this is particularly true for AlGalnP where a

maximum p-doping density of around 1x10'®cm™ is available.

4.3 AlGalnP real refractive index guided laser

4.3.1 Structure

Using the material information presented in the previous section it is now possible to
design this modified AlGaInP narrow stripe device. Fig. 4.2 shows a schematic
drawing of the structure. Now the cladding layers are grown onto lattice-matched
GaAs substrates, a material of reasonably high conductivity that is attached to the
metal contact layers. As one moves towards the active region the aluminium
composition of the (Al,Ga,_)o.51Ing 49P layers decreases in order to achieve the desired
carrier and optical confinement. However, two current blocking layers composed of

Al s1Ing 4P are also included in the p-cladding section (separated by a distance S, see
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Fig. 4.2 Schematic diagram of the AlGalnP real refractive index guided laser.

fig. 3.5), thereby providing a sufficient index discontinuity to give superior transverse
mode stability (in comparison with conventional ridge waveguide structures). A
controllable amount of absorption is therefore on offer with a reduced operating
current available if cw emission is required [29, 30]. Table 4.1 summarises the
thickness and refractive index of each layer.

A schematic diagram of the active region is displayed in fig. 4.3. As has
already been mentioned it is important to optimise the design such that the leakage
current is suppressed at high temperatures. With this in mind the device has an active
layer consisting of 3x70 A Gagsslngs,P quantum wells separated by 100 A
(Alp4GaggosiIng 4P wide barriers. These layers are then set within a 0.2 um
(Al 4Gagg)os1Ing 40P waveguide core with (Aly7Gags)osiIngsoP cladding layers for
optimum carrier confinement. This structure has been proven to give optimum gain

per injection current in a 650 nm laser [32], as is required here, offering good optical
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Layer | Material Thickness (um) | Ref. Index
1 p-GaAs 0.5 3.60
2 p-(Alp.7Gag 3)o.511n9.49P 0.6 3.33
3 Al 51Ing 49P dy 3.25
4 p-(Alo7Gag 3)o.511ng 49P dy, 3.33
5 (Alp4Gag ¢)o.51In9 49P SCH 0.1 3.40
6 Gag 4sIng 5,P QW 0.007 3.52
7 (Alo.4Gag 6)o.511ng.49P SCH 0.1 3.40
8 n-(Alp7Gag 3)o.511n0 40P 1.8 3.33
9 n-GaAs 0.5 3.60

Table 4.1 Material properties of the different layers that form the real refractive
index guided laser (from references [10, 29, 31]).

w (Alg 7Gag 3)o 5119 49P

....... e ( Aly 4Gag 6 )0 511N 49P

-~ Gag 4gIng 5P

Fig. 4.3 Schematic diagram of the active region used within the AlGalnP real

refractive index guided laser diode.

91



and carrier confinement subject to the design constraints mentioned in the previous
section.

The most important factor that determines whether self-pulsation is achieved
is the gain/absorption interaction. It is important that this concept is investigated fully
to attain the optimum cavity design so three parameters are varied, i.e. the stripe
width, W, the blocking layer thickness, d;, and the thickness of the optical
confinement layer, d, (see fig. 3.5), to study the emission characteristics of the device.
A vanation in one of these values changes the key differential gain/absorption
characteristics (at turn-on) and therefore determines the dynamical output of the
device. If the structure is to be optimised for self-pulsation purposes one must find the
optimum three-variable combination.

During emission the carrier densities in both sections will fluctuate. This will
inevitably create a carrier-induced refractive index change in the lateral direction. It is
therefore important to design a cavity that provides an adequate built-in refractive
index difference such that the carrier-induced change is insufficient to disrupt the
lateral waveguiding, i.e. n,,>n, must hold throughout the emission. Of the three
variables on offer it is the blocking and optical confinement layer thicknesses that
change the optical field in the transverse direction. An alteration in either variable
will modify the built-in refractive index step and the transverse optical confinement in
the absorber section, I'y(x). It has already been shown in chapter 3 how the index
discontinuity may be evaluated, so an effective index value must be calculated for
both gain and absorber regions.

Using the refractive index information in table 4.1 and the method described
in section 3.3.4 (culminating with equation (3.25)) the built-in refractive index step as
a function of blocking layer and optical confinement layer thickness is displayed in
fig. 4.4 (a). From these results it is evident that a wide-ranging step is available,
allowing one to design the cavity so that the deleterious effects of carrier-induced
anti-guiding may be avoided. The graph also shows the importance of the thickness of
optical confinement layer. This value determines the influence of the material
properties of the blocking layers. As a result, the rate of change in the index step is
very sensitive to the thickness of this p-doped section with the refractive index

difference reducing as one increases d,.
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Fig. 4.4 Calculated results of the (a) refractive index step and (b) transverse
absorber confinement factor as a function of blocking and optical confinement layer

thickness.
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The optical field is also a function of both blocking and optical confinement
layer thicknesses and must therefore be evaluated if one is to vary the initial index
step. Fortunately the transverse component of the optical field remains reasonably
constant in the active region due to the exclusion of the blocking layers and the small
changes in the thickness of d,. However, this is not the case in the absorbing regions
where the small refractive indices associated with the blocking layers influence the
profile of the optical field. Using the propagation constant calculations that were
obtained when evaluating the index step, the changes in transverse absorber
confinement factor, I'y(x), are shown in fig. 4.4(b). It is very noticeable that a wide
range of absorption is on offer with the amount of absorption increasing as one
increases the thickness of the optical confinement layer. As in the case of the index
step, this is due to its dominance over dj, giving rise to confinement factor values that
are far more dependent on d,.

As one examines the graphs displayed in fig. 4.4 it is clear that the built-in
properties will play a key role in determining whether or not self-pulsation will be
observed. In the ranges being considered a significant index step is available,
however, this corresponds to a small amount of absorption. A slight variation in either
dy or d, could therefore be enough to change the emission from cw to self-pulsation,

so a detailed investigation is required to obtain the best combination.

4.3.2 Gain calculations

Now that the design of the device has been completed it is important to obtain gain
calculations for the strained quantum well active region that was introduced in fig.
4.3.1. Using equations (2.55) and (2.60) and the necessary parameters [10, 33] typical
results for the TE gain are shown in fig. 4.5, displaying the changes that arise as one
varies the carrier density and temperature within the device. [Note: These calculations
were generated using a model developed by Dr P. Rees.]. At a temperature of 0 °C
fig. 4.5(a) shows how the peak gain increases with carrier density with a value of
approximately 5x10'® cm™ required to generate gain. However, this is the material
gain, i.e. the calculations do not include any loss terms. It is therefore suffice to say
that a higher carrier density will be required to generate sufficient gain to overcome

the losses within the laser.
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Fig. 4.5 Typical modal gain spectrum for the 3x70 A quantum well active region at
(a) three different operating carrier densities at 0 C and (b) three different

temperatures for a carrier density of 5x10" cm™.,

The influences of the many-body effects are also displayed. Coulomb
enhancement causes a peak in the absorption spectrum at low carrier densities which
“smoothes out” at higher values as the exciton lifetime diminishes due to collisions
with other particles [34]. Band-gap renormaliation is also observed causing the “shift”
in the peak gain to dampen somewhat (when compared to the free carrier case) as one
increases the carrier density. In the single mode rate equation analysis the peak gain is
taken for every iteration, so a slight change in wavelength will occur as the operating
current is altered. [Note: Spectral broadening is harder to characterise, however, it
does reshape the gain curve, especially when scattering events are dominant, and may
be observed by comparing free-carrier and many-body gain curves [10, 34].]

Fig. 4.5(b) illustrates how the material gain changes with temperature. The
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Fig. 4.6 Calculated modal peak gain versus injected carrier density for the 3x70 A

quantum well active region at three different temperatures.

results display how thermal effects dampen the gain spectrum, with the peak gain and
absorption decreasing with temperature. This is a consequence of two factors. Firstly,
the temperature dependence of the Fermi-Dirac distribution causes carriers to occupy
higher energy levels and therefore decrease the probability of recombination.
Secondly, the thermal dependence of some of the many-body effects, e.g. carrier-
carrier scattering, modifies the gain profile. Coulomb enhancement is therefore
reduced at high temperatures, i.e. the peak in the absorption curve disappears, whilst
band-gap renormalisation is observed as it contributes towards the changes in the
wavelength of the peak gain.

The changes in the peak gain due to variations in carrier density and
temperature are displayed in fig. 4.6. As generalised in fig. 4.5, the graph indicates
that the peak gain is at its highest at low temperatures and high carrier densities,

giving rise to a slight reduction in the wavelength of the emission. The diagram also
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gives a good indication of the changes in the differential gain, which is an important
factor in determining self-pulsation with a change in sub-band being observed at -75
°C, i.e. the “kink” in the curve at N=6x10'"® cm™. Now it is apparent that the sub-
linear nature of the curves decrease with temperature. This suggests that the chances
of self-pulsation should increase with temperature, however, the corresponding
alterations in the differential absorption and the problematic nature of the leakage

current will no doubt significantly modify these simple, initial ideas.

4.4 Initial results

4.4.1 Operating regimes

By applying the rate equations derived in section 3.4.2 it is now possible to model the
dynamics of the device. The equations are solved using the method outlined in
appendix 2, section A2.1, by applying the parameter values displayed in table 4.2, the
built-in properties calculated in section 4.3.1 and the necessary gain/absorption
calculations. To assess whether or not self-pulsation is observed the simple conditions
set out in appendix 3 are used.

To gain “a feel” of the results that will be displayed in the remainder of the
chapter it is useful to introduce the operating regimes that are observed as one varies
the current at a given temperature. Starting at a very low current the first typical
photon emission is displayed in fig. 4.7(a). At this point not enough gain is available
to overcome the losses within the cavity so an incoherent stream of spontaneous
emission is produced. As one increases the current similar output is observed until
threshold is achieved, resulting in either self-pulsation or cw emission as shown in fig.
4.7(b). The type of output is dependent on the differential absorption on offer, i.e.
dependent on whether condition (3.44) holds true. So, as one increases the proportion
of absorption within the cavity, e.g. decrease the stripe width, the threshold current
density will increase.

At a certain operating current the emission ceases and anti-guiding is

observed, as displayed in fig. 4.7(c). This is a consequence of the carrier-induced

97



Symbol | Parameter name Parameter value

o Internal loss 10 cm™
Facet reflectivity 0.32

. Active layer confinement factor 0.048

Spontaneous emission coeff. 1x10™

Ty Carrier lifetime in the active layer 1 ns

Ta Absorber carrier lifetime 0.3 ns

L, Electron mobility in the p-cladding layer 60 cm?V's!

T Hole mobility in the p-cladding layer 7 cm*V's™!

L, Well width of the MWQ in the active layer | 70 A

L Laser cavity length 500 pum

B Volume of gain wells Well no.xwell widthx W<

m X-band electron effective mass 0.23 my

Table 4.2 Parameters used in the rate equation model (from references [35, 36]).

changes in the refractive index and is a potential problem in any weakly index guided
laser due to the poor lateral carrier confinement within the device. Once this anti-
guiding threshold is achieved, all higher operating currents increase the negative
index difference, so this anti-guiding regime is the last. The results in fig. 4.3
therefore indicate the importance of designing a cavity with a sufficient built-in
refractive index step such that anti-guiding does not affect the current bounds within
which self-pulsation takes place.

In general, there will exist three well-defined regimes that will vary as one
changes the absorption, current and temperature within the cavity. The investigation
will search for a suitable cavity design that offers self-pulsation at 70 °C for the
lowest operating current. It is therefore crucial that the cavity design is optimised for
such emission. [Nofe: It is only once the high temperature condition is satisfied that

the power emission will be assessed. |
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Fig. 4.7 Fluctuations in the lateral refractive index during a pulse and the temporal
behaviour for (a) low, (b) intermediate and (c) high operating currents at room

temperature (W=1pum, d,=0.15 pum & dy,=0.4 um).
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4.4.2 Importance of a time-varying lateral field calculation

In this weakly index guided device the carrier-induced changes in the lateral direction
of the cavity play a key role in determining the characteristics of the emission. As a
result, as one considers the optical field within the cavity the changes in the refractive
index profile will inevitably vary the lateral component of the field. Early models of
self-pulsating lasers neglected this factor, stating that the changes in the lateral field
profile are negligible. A value for the confinement factor would then be calculated at
turn-on then kept constant throughout the time range being investigated [37]. This
method was regarded as being the standard way of modelling self-pulsation until Yuri
et al. [38] suggested otherwise and gave strong evidence why a time-varying field
should be included. Although more laborious to implement the carrier-induced
changes in refractive index will often determine whether or not a pulse is emitted and
must therefore be evaluated constantly when modelling the device.

The importance of the inclusion of a time-varying lateral optical field is
shown in fig. 4.8 where the photon emission is displayed for two specific cases. Fig.
4.8(a) clearly shows that there exists a significant change in the lateral field during
the emission as the carriers diffuse between the gain and absorbing regions. As a
consequence a self-pulsating beam is emitted from the cavity. Part (b) illustrates the
photon emission for the same cavity design and operating current when the
confinement factor is kept constant, i.e. at a value calculated at threshold. It is clear
that the emission is very different, offering output that would not be deemed self-
pulsating when assessed using the conditions stated in appendix 3. As a result of these
differences the intensity of the emission, frequency and power output would all differ
from those values calculated using the model in part (a). A time-varying lateral field
profile must therefore be continuously calculated if one is to accurately assess the

self-pulsation characteristics from such a weakly index guided device.

4.4.3 Frequency of emission
The linear relationship between the operating current and the frequency of the self-
pulsation is shown in fig. 4.9(a). This trend can be explained by considering the

recovery rate of the carrier densities after depletion by a pulse. If the duration of the

100



—_— S
- T
qw
3
&
2
é \ \ " i
= \ \ % \
:S‘J \\ \\ \\ J \\ \\
T |
(a)
F)
&
2
8
B
!
Sl camme e e e e e ]
J\ AN N _ING N N
0 1 2
Time (ns)
(b)

1.0

0.8

0.6

0.4

0.2

1.0

08

0.6

0.4

0.2

r,,&

r.o

Fig. 4.8 Typical temporal evolution of the photon emission at room temperature

when the time-varying lateral optical field is (a) included and (b) omitted from the

simulation (1=50 mA, W=1 pm, d,=0.15 pm and dy=0.4 pm).

pulse, 7, is short compared to the recovery time, #,, (as displayed in fig. 4.9(b)) then a

large-signal modulation regime is observed where the pulse frequency is determined

by the simple relationship [39]
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Fig. 4.9 (a) The frequency of the self-pulsating emission at three different
temperatures and (b) a typical illustration of the time evolution of the output at room

temperature (W=1pm, d,=0.15 pum & dp=0.4 pm).

In this regime the frequency is dependent on the time required to replace the depleted
carriers in the gain wells, i.e. [40]

dNﬁ'
t ooc—=oc], . (4.2)

i dt "

This leads to a linear relationship between the pulse frequency and injection current,

as approximated by the following equation [39]

7, oc(—]——l] , @4.3)

jm
which holds for the three temperatures being investigated in fig. 4.9(b). The results
also show that the rate of change of the pulsation frequency (with respect to the

operating current) decreases with temperature. This is a consequence of the leakage
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Fig. 4.10 Operating bounds when the leakage current equation is (a) omitted then (b)
included in the rate equation model (W=1pm, d,=0.15 pm & dy=0.4 pm).

current. Not only does this deleterious effect increase the threshold current it also
affects the time required to replenish the carriers consumed in generating a pulse

which consequently reduces the slope of the curves displayed in fig. 4.9(a).

4.4.4 Leakage effects

Even after optimising the design of the active region some undesirable properties
associated with the AlGalnP material system indicate that a certain amount of leakage
is inevitable. The problematic nature of this carrier overflow is illustrated in fig. 4.10
where a search for self-pulsation is conducted when the leakage equation, i.e.
equation (3.41), is omitted then included in the rate equation model. As will be done
throughout this chapter, the emission is examined between temperatures of -125 and
100 °C. In both cases the three typical operating regimes are realised, with a band of

cw emission following the self-pulsation at low temperatures. This is to be expected
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due to the high differential gain at low temperatures ensuring that equation (3.44)
holds for a short range of operating currents.

Despite using a strained active region to maximise the carrier confinement the
leakage current has a noticeable effect on the self-pulsation with both current and
temperature bounds being altered. When the carrier overflow is neglected a “band” of
self-pulsation is detected that increases with temperature due to the thermal
temperature dependence of the diffusion term and the Fermi-Dirac distribution of
carriers. Minimal changes in the emission characteristics are observed as self-
pulsation is offered throughout the temperature range being investigated.

The inclusion of the leakage equations causes an “exponential-like” increase
in the various boundaries as the thermally activated leakage current reduces the
recombination efficiency within the active region. The carrier overflow becomes
evident at approximately -70 °C then increases until the self-pulsation ceases at 42
°C. At this point (and beyond) the efficiency of the active region is very low with the
subsequent changes in carrier and optical confinement affecting the gain and
absorption characteristics. This creates a situation in which the differential gain term
increases and the differential absorption decreases to a point where self-pulsation is
no longer observed, i.e. equation (3.44) no longer hold true. For the cavity
configuration under consideration this change in the differential gain/absorption
relationship takes time to develop with the current range gradually decreasing once
the carrier overflow is initiated. As a result a combination of cw emission and self-
pulsation is observed as the differential gain/absorption interaction begins to weaken.
The inclusion of a leakage equation is therefore of paramount importance when
assessing the performance of an AlGalnP laser, especially when considering emission
at room temperature (and beyond).

The effectiveness of a high p-doping density in the p-cladding layer is shown
in fig. 4.11 where the density is gradually increased up to its maximum available
value of 1x10"™ cm™. The results indicate how the barrier height increases with
doping density and therefore suppresses the leakage current in an increasingly

effective manner. As a consequence both current and temperature bounds for self-
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Fig. 4.11 The upper and lower current bounds for self-pulsation versus temperature

using three different p-cladding doping levels (W=1pum, d,=0.15 pm & dp=0.4 um).

pulsation are improved with the “exponential shift” associated with the thermally
induced carrier overflow taking longer to develop. With these points in mind the p-

doping density will be kept constant at a value of 1x10'® em™ throughout this chapter.

4.5 Changes in absorption

The previous section used the same cavity configuration, i.e. W=1 um, d,=0.15 um
and d,=0.4 pm, to give an insight into the characteristics of the self-pulsation. Now
the work in this thesis aims to optimise the emission for optical storage purposes. The
key factor that must be satisfied (before any other) is that the laser must self-pulsate at
70 °C. The previous results failed to achieve this temperature threshold by quite a

margin. The three variables must therefore be investigated thoroughly in an attempt to
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improve the maximum operating temperature whilst minimising the operating current
of the device.

Investigations for a similar structure using the GaAs material system gives an
indication of the stripe widths required for self-pulsation [38, 41]. However, a change
in wavelength and a reduction in the diffusion length in particular [29] suggests that
smaller stripe widths must be used if the device is to be fabricated in the AlGalnP
material system. With this in mind values between 0.5 and 2.5 pum are tested at
intervals of 0.5 pm. The blocking and optical confinement layer thicknesses are
varied within the limits set out in figs. 4.4. The search for self-pulsation is then
conducted. For a good indication of the configurations that combine satisfactorily to
achieve self-pulsation, an initial search is performed at 0 °C. As demonstrated in fig.
4.10, this particular temperature offers a minimal leakage current and a small
differential gain, resulting in self-pulsation over a wide range of operating currents.

Unfortunately the 0.5 and 2.5 um stripe widths fail to emit any self-pulsation
whatsoever. For the blocking and optical confinement layers being investigated both
cases offer combinations of differential gain and absorption that are unsatisfactory,
resulting in the absence of self-pulsation at turn-on. When the blocking layers are 2.5
um apart an insufficient amount of carriers experience absorption. As a result, the
differential gain at turn-on is too high ensuring cw emission at 0 °C. The output over a
wide operating current is therefore the same as a conventional laser, i.e. no
lasing—cw—anti-guiding. The reasonably small amount of absorption within the
cavity therefore supports a low threshold current density [38, 41]. The “failure” of the
0.5 um stripe to generate any self-pulsation is a consequence of too much absorption.
The small width results in a high threshold current density for self-pulsation at low
temperatures, so when the leakage current takes effect the increase in threshold is
enough to give rise to carrier-induced anti-guiding before turn-on at 0 °C.

The combinations that offer self-pulsation for the three remaining stripe
widths are shown in fig. 4.12. The clearest observation is the sensitivity of the
emission to the cavity design. In the three cases only a limited number of
configurations offer the desired relationship between differential gain and absorption

to achieve self-pulsation. It is apparent that this sensitivity increases with stripe width
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with the optical confinement layer, d,, behaving in a far more influential manner than
the blocking layer thickness, dj, due to its position next to the active layer. It is also
worth noting that the number of combinations of d, and d, offering self-pulsation
increases with a decreasing stripe width. A slight reduction in the lateral dimension of
the gain section therefore gives rise to a decrease in the differential gain (in the active
region) and/or increase in differential absorption (in the absorber) at turn-on, which
increases the probability of achieving self-pulsation.

Now that it is known which combinations of variables provide the desired
emission at 0 °C it will be of interest to study how a change in stripe width affects the
current and temperature bounds for self-pulsation. Setting the blocking and optical
confinement layer thicknesses at constant values, the results are displayed in fig. 4.13.
The most notable observation is the significant reduction in the bounds of the
operating current. This is a further consequence of the variation in the differential

gain/absorption relationship with the interaction “weakening” as one increases the
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gain within the cavity. It is also worth noting that the anti-guiding limit for a
particular temperature increases with the stripe width as a higher proportion of the
carriers injected into the device enter the absorber, i.e. reducing the index
discontinuity. As a result when the stripe is 1 pm wide the majority of the current
bounds are limited by the anti-guiding effect whilst the current bounds for the wider
stripes are limited by the changes in the differential gain/absorption relationship at
turn-on. [Note: When the stripe is 2 um wide not enough carriers enter the absorber to
cause any index discontinuity, so no anti-guiding bounds are observed.]

At low temperatures fig. 4.13 illustrates how the threshold current, /,
increases with the stripe width as the reduction in gain and increase in absorption
causes the absorption-induced effects to become more dominant. However, a decrease
in the amount of absorption per unit volume is observed (with increasing W), leading
to a reduction in the threshold current density, Jy (as IycW.Jy). At higher
temperatures the leakage current dominates the emission with an increase in the stripe
width now causing a decrease in the threshold current whilst also increasing the
maximum operating temperature of the self-pulsation. It is therefore apparent that the
leakage current takes longer to affect the wider widths.

This trend may be explained by considering the quantity of absorption within
the device for a given current. It is known that as one decreases the stripe the amount
of absorption per unit volume increases, thus increasing the threshold current density
of the device. As a results the amount of leakage per unit volume is also increased,
thereby disrupting the emission and stopping self-pulsation at lower temperatures due
to the changes in the differential gain/absorption interaction. At low temperatures it is
solely the variation in absorption per unit volume (due to J#) that decreases the
separation between the threshold current bounds. However, once the leakage current
begins to dominate these trends suddenly change as the deleterious effects of the
carrier overflow takes longer to affect the wider stripe widths. As a consequence the
wider stripe offers the lowest current and current density thresholds for self-pulsation
whilst also emitting at the highest temperatures, however, 70 °C emission isn’t
available.

Fig. 4.14 shows how a change in the thickness of the blocking layer affects the
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different blocking layers (W=1 um & d,=0.15 pm).

temperature and current bounds. Taking constant values for the stripe width and the
thickness of the optical confinement layer, variations in the bounds are now a
consequence of the changes in the built-in refractive index step and the amount of
absorption on offer. This point is emphasised as one compares figs. 4.4 and 4.14.
Now fig. 4.4 shows that the rate of change of the built-in refractive index step and
absorption decreases as one increases the blocking layer thickness as both values
“flatten out™ when d), is set above approximately 0.3 um (for a constant d,). As a
result the current bounds for self-pulsation for the thicker blocking layers are very
similar with more pronounced changes observed as one reduces the value to 0.2 and
0.1 um, as displayed in fig. 4.14. As a consequence a thick optical confinement layer
provides an obvious improvement in the operating current range with the upper bound
for self-pulsation being limited by the anti-guiding bound which increases with dj,.

More subtle improvements are observed for the threshold current and
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maximum temperature limits with both being improved as one increases the blocking
layer thickness. The lower threshold current is attributed to the decreasing amount of
absorption, as summarised in fig. 4.4(b), however, the increase in the maximum
operating temperature is more complicated. For the case of the 1 pum stripe width
were there exists a wide operating current range the maximum temperature for self-
pulsation is limited by two different effects, dependent on the thickness of the
blocking layers.

For small values, i.e. £0.2 um, the built-in refractive index step is small so the
anti-guiding bounds occur at low operating currents. As a consequence, once the
leakage current is activated the maximum temperature is limited by the anti-guiding
boundary, i.e. at the point where the lower bound for self-pulsation meets the anti-
guiding limit. For thicker blocking layers, i.e. 20.3 um, the anti-guiding boundary is
increased. As a result the lower bounds for self-pulsation are always less than this
anti-guiding threshold. Now the leakage current is a function of current density, J,
through equation (3.44). So, for the two configurations displayed in fig. 4.14, ie.
dy=0.3 and 0.4 pm, an increase in the maximum temperature operation is due to the
reduction of the thermally activated leakage current, thereby allowing the differential
gain/absorption interaction to hold at higher temperatures. The changes in the current
and temperature limits due to a varying blocking layer thickness are therefore quite
subtle. However, it still appears that 70 °C self-pulsation is unattainable.

By setting the optical confinement layer thickness as a variable and keeping
the stripe width and blocking layer values constant the influence of the optical
confinement layer is shown in fig. 4.15. The results displayed in fig. 4.12 indicate that
the significant rate of change in index step and absorption contribute to very few
configurations offering self-pulsation at 0 °C (for a given W and d,). As a
consequence any change in d, has a notable effect on the temperature and current
bounds for self-pulsation, as displayed in fig. 4.15. As is to be expected, as one
thickens the optical confinement layer an increase in absorption and subsequent
increase in the threshold current is observed. In theory the operating current range
should also improve as the differential absorption in the cavity increases. This is

indeed true for the smaller thicknesses, however, as one increases d, the built-in
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refractive index step decreases and therefore becomes more influential. As a result the
anti-guiding bound limits the self-pulsation causing the range to be reduced, as
observed when d,20.15 pum.

As the influence of the anti-guiding bound becomes more pronounced changes
in the maximum operating temperature are observed. For the narrowest optical
confinement layer a small amount of absorption is on offer combined with a
sufficiently large built-in refractive index step. The thermally activated leakage
current and the differential gain/absorption relationship therefore limit the operating
temperature. For the larger values the carrier overflow and the anti-guiding bounds
limit the maximum operating temperature, as was mentioned when discussing fig.
4.14. Due to the changes in these limiting factors the highest temperature for self-
pulsation occurs when dj, is 0.15 um thick, i.e. offering emission at 39.5 °C, however,

the 70 °C threshold is still not available.
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All of the results presented in figs. 4.14 and 4.15 are for a stripe width of 1
pm. These diagrams illustrate the sensitivity of the self-pulsation to changes in
absorption and the built-in refractive index step (particularly at high temperatures)
with the temperature threshold being unattainable in all cases. Fig. 4.13 indicates that
anti-guiding is less of a problem when using a wider stripe (due to the diminishing
influence of the carrier-induced changes in the refractive index step), with self-
pulsation being available at higher temperatures due to the suppression of the leakage
current.

With this in mind, a general summary of the maximum operating temperature
is shown in fig. 4.16 for all configurations that offer self-pulsation, i.e. those
displayed in fig. 4.12. The graphs give an indication of the different limiting factors
that affect the self-pulsation at high currents and high temperatures. For a thick
optical confinement layer, i.e. 20.15 um, the maximum temperature is limited by the

anti-guiding and leakage effects. A change in the blocking layer thickness therefore

113



causes the maximum temperature to vary in proportion with the changes in the index
step, as displayed in fig. 4.4(a). For a narrower d), i.e. 0.125 um, an adequate built-
in refractive index step is on offer. As one varies d, the maximum operating
temperature is now limited by the leakage current and absorption. As a result the
upper temperature bounds now vary in proportion with the absorption, as displayed in
fig. 4.4(b).

Although displaying some interesting physics the results displayed in fig. 4.16
indicate that no combination gives rise to self-pulsation anywhere near the
temperature range required for optical storage purposes. Although the laser offers a
method of achieving low threshold current emission once the leakage current is
initiated the diffusion of carriers into the absorber is severely effected and therefore
affects the self-pulsation. Following the trends observed in fig. 4.16 it is evident that a
wide width and/or narrow optical confinement layer would be required for self-
pulsation at 70 °C. However, as one increases the stripe width beyond 2 pum, the
combinations of d, and d, combine poorly with the lateral diffusion characteristics of
the active region, resulting in a small amount of absorption and no self-pulsation.
Indeed, the small diffusion length associated with the AlGalnP material system [29]
plays a fundamental role in this process as it limits the amount of carriers that
experience absorption, i.e. in comparison to a GaAs device less carriers diffuse into
the absorber (for a given carrier density) [38]. As for the case of a small optical
confinement layer it is clear that such a value gives rise to an insufficient amount of
absorption to achieve any self-pulsation. A real refractive index guided device grown
in the AlGalnP material system is therefore very unlikely to achieve the high

temperature self-pulsation that is required for optical storage devices.

4.6 Conclusions

The work in this chapter has investigated the self-pulsating characteristics of the real
refractive index guided laser diode for optical storage applications. In order to
achieve emission at 650 nm a simulation of a device fabricated in the AlGalnP

material system was presented. As a consequence a thermally activated leakage
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current is inevitable so the active region was designed to maximise carrier
confinement. A key property of this particular laser is the wide-ranging amount of
absorption that is on offer due to the weak lateral carrier confinement. For an accurate
estimate of these changes the built-in properties of the cavity were modelled for
variations in the blocking and optical confinement layer thicknesses.

The results have shown that the AlGalnP real refractive index guided laser is
unsuitable for self-pulsation at high temperatures (so an investigation involving the
power and operating current conditions wasn’t required). Using three variables to
study the built-in and dynamical properties of the laser only certain configurations
combine sufficiently with the small diffusion length to offer self-pulsation at 0 °C. In
most cases, at approximately room temperature the deleterious effects of the
thermally activated leakage current come to the fore, with self-pulsation stopping
before the 70 °C threshold.

The problems are primarily caused by the severe leakage out of the active
layer at high temperatures (with the gain section in particular) creating a highly
inefficient laser that is characterised by an “exponential-shift” in the current bounds.
As a result the differential gain/absorption relationship is disrupted, stopping the self-
pulsation at approximately room temperature. Due to the weakly index guiding nature
of the device anti-guiding can also arise. In most cases a sufficient built-in refractive
index step is provided, so this carrier-induced problem only hampers the performance
of the laser at very high operating currents. However, there are occasions, e.g. W=1
um, d,=0.175 pm and d;=0.2 pum, where the carrier-induced refractive index
combines with a small index step to limit the current and temperature bounds, i.e.
through anti-guiding, thereby disrupting the emission before any leakage induced
effects.

The results outlined above indicate that the real refractive index guided laser
is unsuitable for high temperature self-pulsation when fabricated in the AlGalnP
material system. Unless improvements in carrier confinement are achieved, e.g.
through research into multi-quantum barriers, the carrier overflow out of the active
region will severely limit the high temperature performance of the device. It is
therefore apparent that an alternative structure is required to evoke 70 °C emission,

1.e. a more flexible self-pulsating laser that is affected less by the leakage current.
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5.1 Introduction

Having studied the performance of the real refractive index guided laser in the
previous chapter it is clear that such a weakly index guided structure is unsuitable for
70 °C self-pulsation at 650 nm. The main problems arise above room temperature
when the leakage current within the AlGalnP device reduces the efficiency of the
active region. As a result the self-pulsation mechanism is disrupted leading to changes
in the differential gain/absorption interaction and/or the lateral refractive index profile
which consequently stops the pulsed emission.

Due to the problems encountered in the previous chapter an alternative cavity
design is required which is affected less by the carrier overflow and therefore
provides high temperature self-pulsation. With this in mind the laser diode with
epitaxial absorber layers will now be investigated. In such a device the necessary

absorption is supplied by growing quantum wells of suitable composition in the p-
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cladding layer, offering a more flexible “designer” absorber. The inclusion of the
saturable absorber in the barrier minimises the leakage of carriers out of the active
region into the absorbing region allowing self-pulsation to occur at high temperatures.
Carrier and optical confinement is improved allowing one to neglect the lateral
properties of the device. As a consequence many problems encountered in the
previous chapter, e.g. anti-guiding, are avoided.

Having already described the properties of this particular device in chapter 3,
the chapter is set out in the following manner. To start, a description of the structure
is given, using the AlGalnP material system to achieve 650 nm emission. The rate
equations are then implemented and used to optimise the self-pulsation subject to the
absorber design parameters that are on offer. The cavity length and reflectivity
parameters are then studied in an attempt to optimise the laser even further. An
optimum cavity design is then presented, outlining the desirable configurations that

offer high temperature emission at the designated power thresholds.

5.2 Laser structure

A schematic diagram of the laser diode with epitaxial absorber layers is displayed in
fig. 5.1. To obtain self-pulsation at high temperatures it is essential that the gain
section offers maximum carrier confinement in order to minimise the thermally
activated leakage current. With this in mind the active region is the same as that
outlined in chapter 4, providing optimum gain per injection current at 650 nm for a
structure without any absorber layers [1].

To achieve self-pulsation it is important to maximise the differential
absorption in the absorber relative to the differential gain in the active region. To
achieve this condition narrow Gagsolnges P quantum wells with high compressive
strain are placed in the p-doped cladding layer [1-3] at a distance of 0.115 pm away
from the active region. Fig. 5.1 shows an absorber section comprising of three
quantum wells, however, an investigation to find the best absorber configuration will

be given later in an attempt to optimise the self-pulsation characteristics. To ensure
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Fig. 5.1 Schematic diagram of the AlGalnP laser diode with epitaxial absorber

layers.

that the inequality described in equation (3.44) holds true the carrier lifetime in the
absorber section must be shorter than that in the gain wells to maximise dS/dt in
equation (3.34). This is achieved by highly p-doping the absorber wells and has been

measured using time resolved photoluminescence (PL), giving a value of 0.3 ns [4].

5.3 Initial results

5.3.1 Operating regimes

Using the rate equation model derived in section 3.4.2 it is now possible to simulate
the emission of this particular laser. The parameters displayed previously in table 4.3
(combined with a stripe width of 5 pm) and the necessary gain/absorption

calculations are entered into the rate equations then this coupled system is solved
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using the procedure outlined in appendix 2, section A2.2. The photon emission is
studied for self-pulsation subject to the conditions stipulated in appendix 3.

Fig. 5.2 shows the typical output at room temperature where three operating
regimes are observed. For a low current density the amount of gain produced by the
active region is not sufficient to overcome the high amount of loss within the cavity.
Self-pulsation is therefore not achieved and an increase in injection current is
required. As the current density increases more gain is generated and the difference
between optical gain and loss gradually decreases until self-pulsation is detected at a
certain threshold current density. At this stage the differential gain/absorption
interaction, i.e. from equations (3.44), is sufficient to offer the desired emission. At
room temperature the pulse frequency operates in a large-signal regime and is
determined solely by the injection current owing to the temperature dependence of the
threshold current [3].

Once threshold is achieved, an increase in current density increases the
frequency of the emission [3]. However, the differential gain/absorption ratio
gradually changes until self-pulsation stops at a current density “upper bound”, i.e. at
an operating current where the differential gain overcomes the differential absorption,
forcing equation (3.44) to fail. At this point the final operating regime is observed,
beyond which self-pulsation will not occur, only cw emission. [Note: For an absorber
offering the correct amount of absorption (relative to the gain produced by the active
region) the above process will be detected. However, there are situations where an
insufficient amount of absorption can be offered. This leads to behaviour similar to a

standard laser where the self-pulsation stage is omitted. ]

5.3.2 Leakage current considerations

Although a compressively strained active region has been used to minimise the
leakage current this non-radiative process still affects the self-pulsation characteristics
at high temperatures. This point is emphasised in fig. 5.3 where an absorber
configuration of three 40 A quantum wells (denoted from now on as 3x40 A) is used.
As will be the case throughout this chapter, the emission is examined for self-

pulsation at temperatures between -125 and 100 °C. The diagram displays the upper
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Fig. 5.3 Self-pulsation bounds with and without leakage for an absorber section of

3x40 A quantum wells.

and lower bounds for self-pulsation when the leakage equation is included and
omitted from the model, i.e. /=0. The results show how the leakage current increases
with temperature, not only increasing the threshold current due to carriers escaping
from the active region but also decreasing the current density range over which self-
pulsation occurs. The emission is effected as the overflowing carriers bleach the
absorber wells, disrupting the amount of absorption, and thus influencing the self-
pulsation characteristics. An increase in carriers entering the absorber wells damps
the non-linear interaction between the gain and absorber regions, i.e. via equation
(3.44), and limits the capacity for self-pulsation. When fully bleached no absorption
exists in the cavity and therefore no pulsation is seen. As a result of this process self-
pulsation stops at approximately 67 °C, whilst the model without leakage continues

beyond 100 °C.
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The thermally activated leakage current will inevitably arise at high
temperatures, causing a rapid change in slope for both upper and lower bounds. There
exists a similar occurrence at approximately -50 °C, however, changes in the upper
bounds are observed in both cases, i.e. when the leakage is on and off, which
indicates that this is not caused by the deleterious effects of the carrier overflow. One
may explain this development by considering the sub-bands within the quantum well
active region. As one increases the temperature a slight increase in operating current
is required to achieve self-pulsation. As a consequence, above -50 °C a large amount
of optical gain is required to overcome the absorption. Sufficient gain can only be
achieved on the second sub-band optical transition, thereby lowering the wavelength
in comparison to the first transition. At this wavelength the absorption in the cavity is
different so a change in the threshold current bounds is observed. Two separate
processes therefore cause a narrowing of the operating bounds, however, it is the
absorber bleaching that one must be wary of if high temperature emission is to be
achieved.

The effect of varying the p-doping level is displayed in fig. 5.4, showing the
pulsation range as a function of temperature for a structure with 3x40 A absorber
wells. At low temperatures, where current leakage is negligible, this doping density
has no effect on the pulsation range. As the temperature increases the higher doping
levels are the most effective in suppressing the leakage current, allowing improved
self-pulsation characteristics. This example demonstrates the importance of a high p-
density, not only to reduce the threshold current but also to achieve self-pulsation at
high temperatures. A maximum value of 1x10'® cm™ is available and will therefore be

used throughout the chapter.
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Fig. 5.4 The upper and lower current density bounds for self-pulsation versus

temperature for structures including 3x40 A absorber wells using three different p-

cladding doping levels.

5.4 Optimisation of the absorber section

5.4.1 Variation in well configuration

The purpose of this chapter is to optimise the self-pulsating laser for optical storage
applications. The main factor that determines whether or not self-pulsation is
produced is the differential gain/absorption interaction, so the quantum well
configuration in the absorber section is a key factor in determining optimum emission
characteristics. In this section the absorber structure will be optimised by considering
well widths of 25, 40, 55, 70 and 85 A and well numbers between 1 and 5. The
absorber confinement factor, I',, will then be varied accordingly, as displayed in

fig.5.5. So, as the well width is increased, the amount of absorption in the system
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Fig. 5.5 Transverse confinement factor calculations for a changing quantum well

configuration in the (a) gain and (b) absorber sections of the AlIGalnP laser diode.

increases due to the larger overlap with the optical field at the operating wavelength.
[Note: The linear relationship between well no. and I' (per well width) stems from the
fact that the quantum wells are very small when compared to the optical field.]

When using a single absorber, pulsation is observed for all well widths except
for the structure with the 25 A quantum well. Indeed, no self-pulsation was observed
for any of the 25 A absorber configurations due to the negligible amount of
absorption providing insufficient differential absorption characteristics at turn-on.
The results for the other absorber structures are shown in fig. 5.6, where the current
density at which pulsation begins, together with the upper limit where pulsation is
lost, are plotted versus temperature. The lower limits occur at reasonably low currents
due to the small amount of absorption offered by the single quantum wells. The

current range over which pulsation occurs is very narrow especially for the thinner
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Fig. 5.6 Upper and lower current density bounds for self-pulsation as a function of

temperature for structures including a single 40, 55, 70 and 85 A absorber well.

wells whilst in all cases the emission ceases well before the 70 °C temperature
threshold. This is due to the thermally activated leakage current from the three gain
wells being captured in the single absorber well thus bleaching the absorber very
effectively at high temperatures. This effect also causes the narrowing of the range of
currents over which pulsation is observed at higher temperatures.

For two quantum wells in the absorber section pulsation is observed using the
40, 55, 70 and 85 A absorber wells as shown in fig. 5.7. The extra absorption due to
the additional well increases the current density at which the laser self pulsates and
also extends the range of currents over which pulsation is observed. There is a clear
trend of increasing threshold current with increasing well width due to the additional
absorption. As the well width increases the maximum temperature operation also
increases, approaching 80 °C for the 2x85 A absorber configuration. This is due to
the larger volume offered by the wider wells, requiring more carriers to saturate the
absorption, therefore offering a higher tolerance to the leakage current as the

temperature is increased.
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Fig. 5.7 Current density bounds for self-pulsation as a function of temperature for

structures including two 40, 55, 70 and 85 A absorber wells.

Fig. 5.8 shows the current density limits for structures including three absorber
wells. As in the case of the previous results the lower limit increases due to the
additional absorption. However, no self-pulsation is observed for three 85 A wells as
there is too much absorption and the interplay between the gain and absorption fails
to materialise, i.e. the amount of gain/absorption at the threshold current density
equates to an insufficient differential gain/absorption relationship. The presence of
three absorber wells reduces the number of carriers captured per well, therefore
bleaching is dramatically reduced and pulsation is now observed at higher
temperatures (in comparison to previous results). This indicates that at least three
absorber wells are required to achieve self-pulsation at 70 °C but this imposes the
penalty of an increased operating current. Further evidence is shown in fig. 5.9. When
four wells are placed in the absorber layer the threshold current and maximum
temperature operation of the 40 and 55 A structures increase again whilst the 70 and

85 A wells provide too much absorption for self-pulsation.
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structures including four 40 and 55 A absorber wells.
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Fig. 5.10 (a) Maximum temperature operation and (b) threshold current density at 0

C as a function of absorber well number for four different well widths.

A summary of the results is shown in fig. 5.10. Part (a) displays the maximum
temperature operation per absorber structure. As described earlier, there exists a
maximum amount of absorption beyond which self-pulsation will cease. This is
evident in the diagram, indicating that only the 40 A absorber gives rise to any
pulsation when the well number increases to five. The effects of absorber bleaching is
also apparent, showing further that the thicker well widths offer higher temperature
operation. Fig. 5.10(b) summarises how an increasing absorber volume increases the
threshold current density for self-pulsation. By studying these two diagrams and
considering the results presented so far it is clear that an absorber section of 4x40 A
quantum wells gives rise to the most desirable operating characteristics, achieving

high temperature self-pulsation, i.e. >70° C at the lowest possible threshold currents

[5].
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Fig. 5.11 (a) Modal gain spectrum at a typical operating carrier density for the 3x70
A quantum well active region together with (b) the corresponding modal absorption

seen in 4 different absorber structures (T=0 C).

The self-pulsation characteristics can be explained in terms of the changing
absorption in the absorber layers of different thickness. Fig. 5.11 shows the modal
gain for the 3x70 A quantum well active region and the corresponding modal
absorption in the 4x25, 40, 55 and 70 A absorber quantum wells. The carrier densities
are typical of those at the time of emission of an output optical pulse. The lasing
wavelength occurs at the peak of the gain in the laser cavity. For the 3x70 A quantum
well active region, it occurs at 648 nm (marked by the vertical line in fig. 5.11) and,
hence, it is at this wavelength that the absorption needs to be considered. It can be
seen that if 25 A wells are employed there is very little absorption available at the

lasing wavelength due to the confined sub-band energies being higher in these narrow
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wells and therefore it is impossible to obtain self-pulsation, even with four wells. For
the 70 A absorber wells the sub-band energy levels are quite low and so a large
amount of absorption is seen at the lasing wavelength. This explains why self-
pulsation is observed up to three wells but for the four well structure there is too
much absorption and so lasing cannot be achieved. In between these extremes the 40
and 55 A wells give an adequate amount of absorption (at the gain peak) to give rise
to self-pulsation which is easily bleached during an output pulse, a characteristic
required for self-pulsation.
To analyse the average optical power output of a pulse the following equation
is used [6]
P=S mwVyva (5.1)

pVe%m
where S, gives the average photon density during a single pulse, #v describes the
energy per photon and ¥, represents the cavity volume occupied by the photons. The
symbol v, describes the group velocity and o, =(1/L)In(1/R) gives a value for the
mirror losses where I and R represent the cavity length and facet reflectivity
respectively. Fig. 5.10(a) indicates that only six absorber configurations achieve self-
pulsation above the 70 °C temperature threshold so the power output of these six
cases will be studied.

The effect that the operating temperature has on the current density bounds
and power output is shown in figs. 5.12(a) and 5.12(b), respectively. The diagrams
illustrate how the maximum power varies in proportion with the current density range
for self-pulsation. The two graphs are taken for an absorber structure of 4x40 A
quantum wells but the trend is consistent for all the absorber configurations under
investigation. The physical reason for this occurrence is fairly trivial — the more
carriers entering the active region after turn-on, the greater the power. The results also
show the problems of high power operation at high temperatures [5]. As the 70 °C
limit is approached leakage effects come to the fore causing the current density range
to decrease until pulsed emission ceases at 72 °C when the self-pulsation condition,
i.e. equation (3.44), no longer holds true (due to the effects of bleaching). As a result
the range-dependent maximum power output also decreases making high power
emission a difficult proposition. However, for this particular structure the 5 mW

threshold is available at 70 °C.
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Fig. 5.12 (a) Operating bounds and (b) the power output for self-pulsation for a laser
diode with an absorber section of 4x40 A quantum wells (L.=500 um & W=5 um).

Above room temperature the current density range decreases with temperature
until pulsation stops. It is therefore desirable for self-pulsation to be available well
above 70 °C if the 30 mW power threshold is to be achieved at high temperatures.
This point is observed in fig. 5.13 where the six absorber configurations that self-
pulsate beyond 70 °C are considered. The highest power is detected for the absorbers
that provide self-pulsation at the greatest temperatures, thus offering the highest
current density range (at a given temperature). The diagram indicates that 5 mW
operation is available when using all six absorber configurations. However, the 4x40
A absorber gives rise self-pulsation at the lowest operating current, as this particular
structure offers the least amount of absorption.

Fig. 5.13 illustrates the benefits of using narrow absorber wells, with the

improvements in the differential absorption giving rise to superior operating
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Fig. 5.13 (a) Maximum power output at 70 C and (b) current density range for self-

pulsation for the six absorber configurations that pulsate beyond 70 C.

characteristics (for a given volume), as was mentioned when discussing figs. 5.6 to
5.9. From this evidence it is clear that such a narrow well absorber configuration is
desirable for low current and high temperature operation. With this in mind, the 4x40
A structure is very close to offering optimum 5 mW self-pulsation. However, further

work is required to achieve 30 mW operation.

5.4.2 Variation in absorber position

Throughout the investigation the position of the absorber quantum wells in the
cladding layer has remained constant, i.e. d.,=0.115 um, with the confinement factor
varying with the number of wells and the well width. In this section it is intended to
study the effects of changing the position of the absorber wells. This will be done by

varying the confinement factor, I',, for an absorber consisting of 4x40 A wells; an
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Fig. 5.15 Self-pulsation bounds for a laser with an absorber layer consisting of 4 x40

A wells for three different absorber positions.

increase in I'y arising from a movement towards the active region and a reduction in
the value indicating a movement away, as summarised in fig. 5.14. Absorber
confinement values between 0.0065 and 0.0165 (d;.,=0.153—0.094 um) are tested at
intervals of 0.00125. Only variations in this range are examined as an absorber
position too close or too far away from the active region will fail to give any self-
pulsation, i.e. the amount of absorption will be unsatisfactory. It is worth noting that
in this model the absorber confinement value, T',, and separation distance, dsep, are
dependent only on each other.

Fig. 5.15 shows how a change in distance between active region and absorber
layer can affect the current density bounds at various temperatures. In the three cases
self-pulsation ceases at around 75 °C, showing the negative influence of the leakage
current as it bleaches the absorber until self-pulsation stops. The most striking

observation from the three diagrams is the considerable increase in the threshold

139



80

0\\
75 \\‘
~
S P
S ~
e -‘-
=1 TR
: ",
270 .
£ e
2 ~
w S
< Yoy
\
\\
65 | L 1
e
60 : : .
0.09 0.11 0.13 0.15
d_ (pm)

sep
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distance between absorber and active region, di,.

current density and operating range as the absorber layer moves closer to the active
region. As the interaction with the optical field is stronger with decreasing separation
this is to be expected, i.e. the greater the amount of absorption the higher the
threshold current density. However, the extent of the changes with only a slight
variation in position shows how influential the absorber position is on the self-
pulsation characteristics [7]. Also note that the shape of the lower limit curve alters as
the amount of absorption varies. The changing slope of the curve indicates a probable
change in sub-band emission, as described in section 5.3.2.

Looking closer at the variation in maximum operating temperature with
changing absorber position it is evident that the maximum temperature for self-
pulsation increases with the amount of absorption, as shown in fig. 5.16. This is

further evidence of the high temperature/low threshold trade-off observed in previous
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Fig. 5.17 (a) The average pulse power output and (b) the maximum power/current

ratio for three different absorber positions at 70 °C.

results. It is worth noting that the change in temperature operation is far less
substantial than the alteration in current density bounds observed in fig. 5.15. This
observation shows that it is the absorption that has the dominant influence on the
current density bounds whilst it is the leakage current that controls the high
temperature operation of self-pulsation [7].

Fig. 5.17 displays how a change in the position of the absorber layer affects
the output power of the pulses at a temperature of 70 °C. Only distances less then
0.124 um (I',>0.01025) gives rise to self-pulsation above this temperature threshold
as displayed earlier in fig. 5.16. Fig. 5.17(a) illustrates the influence that the upper
current density bound has on self-pulsation. As the absorber section moves nearer to
the active region a higher average power output is observed due to the larger current
density range on offer (as was explained in the previous section). This factor enables

the maximum power output to increase as the distance between the absorber and
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active region decreases. However, a penalty of a slight increase in operating current is
noticed.

Fig. 5.17(b) displays how the power output decreases in efficiency as the
absorber section moves away from the gain region. These results show that the most
efficient laser in terms of power output at 70 °C is that which provides the most
absorption due to the effective suppression of the leakage current. The two diagrams
therefore illustrate the maximum power/efficiency trade-off that is a characteristics of
this particular device. It is also worth noting that the 5 mW power threshold is easily
achieved but the 30 mW output required for the read/write DVD system is still
unattainable. As was mentioned earlier, an absorber distance less than 0.094 pum
(I';=0.0165) provides too much absorption resulting in no self-pulsation whatsoever.
This indicates that other cavity parameters need be varied in an attempt to increase

the power output to 30 mW.

5.5 Changes in cavity losses for further optimisation

Previous work has investigated the structure of the epitaxial absorber layers to satisfy
the temperature, power and operating current conditions stipulated in section 1.3.2. It
was observed that the best structures failed to reach the 30 mW power threshold
required for a read/write device. In this section the computer simulation will be used
to investigate the design parameters further by optimising the laser cavity design,
primarily trying to achieve the high power threshold. By doing so a further insight
into obtaining an optimum structure will be presented in an attempt to satisfy the
emission criteria.
The threshold gain for the self-pulsating laser, described by the equation

G, = qung o +o, +1,g,

i 1
~ao,+—In| — [+ g |, 52
i L (R) txgo'. ( )

expresses the condition that the gain due to pumping must balance the total losses. In

this particular laser a high threshold is observed due to the additional absorption
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supplied by the absorber quantum wells. The equation consists of the intrinsic loss, o,
which is given by [8]
o, =(1-T, Je,, +T,0, +a, (5.3)

where o, represents the losses in the passive regions of the waveguide and in the
cladding and oy, and o, denote the free carrier loss and scattering loss, respectively.
Whilst the intrinsic loss value doesn’t fluctuate much (the value is set at 10 cm™ in
the model [1]), the transmission loss through the mirrors, o, can be varied in an
attempt to lower the threshold current and influence the high temperature operation of
the device. The mirror loss is usually a few times greater than the intrinsic loss, so,
the reflectivity, defined by [8]
Re=JRR, (5.4)
(where R, and R, are the two facet reflectivities) and cavity length, ., can be varied to
optimise the emission (I, and I, can also have an effect, however these parameters
have already been studied). In conventional lasers changes in the mirror losses have
been studied extensively [8-12]. However, the performance of the AlGalnP laser
diode is influenced by a leakage current at high temperatures, so a detailed study of
the cavity design is required if the all round performance of the device is to be
improved. [Note: The spontaneous emission has been neglected from equation (5.2).
Once threshold is achieved this effect is minimal, so the approximation is adequate. ]
For high temperature operation saturation of the absorber due to carrier
leakage must be minimised [1, 13]. It was found in a previous section that a MQW
absorber region is desirable for such an application. This was achieved using an
absorber configuration of four quantum wells, giving optimum current density and
temperature performance when the well widths were set at 40 A [5]. Unfortunately the
maximum power output was only 12.74 mW with other structures offering improved
power characteristics at a cost of higher threshold current density. In this investigation
the 4x40 A absorber and the original gain-absorber distance, dyep, 0f 0.115 um will be
used to study the trends that are observed when varying the cavity parameters. Unless
otherwise stated, cavity length values between 200 and 950 um will be examined at
intervals of 150 pum. Reflectivities between 0.12 and 0.92 will also be studied at
intervals of 0.2. The findings will then be combined with previous results in an

attempt to achieve the desired self-pulsation characteristics.
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Fig. 5.18 Self-pulsation bounds for a laser with an absorber section of 4x40 A
quantum wells for three different cavity lengths (R=0.32).

5.5.1 Operating current and temperature considerations
The threshold current and threshold current density are related by the equation

1y = J WL (5.5)
where 7 is the cavity length and ¥ is the stripe width. As the cavity length increases,
the amount of gain required to overcome the loss decreases, as given by equation
(5.2), so the threshold current density, .J;, should decrease with length as is apparent
in equation (5.5). However, in this section the cavity length is being varied and the
threshold current, /7, is of primary interest. So, from equations (5.5) it is clear that the
amount of optical loss is scaled by the WL term, i.e. the cavity area. This process is
evident in fig. 5.18 where the reflectivity value is kept constant and the cavity length
is varied. In the length range being investigated, the amount of loss increases with
extending cavity (as the area term increases), resulting in an increase in threshold
current. However, the amount of loss per unit length decreases, resulting in the above-

mentioned trend in the threshold current density. Also note that the current range over
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Fig. 5.19 Self-pulsation bounds for a laser with an absorber layer consisting of

4x40 A wells for three different facet reflectivities (L=500um).

which self-pulsation occurs doesn’t vary much. This could change if the length
bounds went beyond those being investigated but for the temperature and power
conditions to be satisfied the length range being studied is adequate as will be shown
later.

The effects of varying the reflectivity are shown in fig. 5.19. In this case the
length is kept constant, so the area scaling value behaves as a constant and only one
variable is being changed unlike two in the previous case. This explains why the
threshold current decreases with increasing reflectivity, resulting from a decrease in
optical loss (see equation (5.2)). The change in the current density bounds for self-
pulsation in this case is interesting. Now the condition for self-pulsation was
stipulated in equation (3.44). The diagrams show how the condition holds over a
wider range of operating currents when the reflectivity value is at its lowest. A change

in reflectivity changes the operating carrier density. As a result a decrease in
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Fig. 5.20 Maximum temperature operation for self-pulsation versus cavity length, L,

and facet reflectivity, R, for an absorber configuration of 4 x40 A quantum wells.

reflectivity increases the differential gain/absorption at turn-on. However, the change
in the differential gain/absorption in the gain section is different to that observed in
the absorber, e.g. exciton peaks affect the absorption spectrum. As a result, an
increase in the reflectivity reduces the difference between the differential gain and
absorption at the operating wavelength, leading to a smaller operating range for self-
pulsation, as displayed in fig. 5.19.

Changes in the maximum temperature operation due to variations in length
and reflectivity are displayed in fig. 5.20. The diagram shows that not all
configurations achieve the 70 °C threshold required for optical storage applications.
As mentioned previously, it is the leakage current that causes the self-pulsation to
cease as the absorber wells are bleached at high temperatures. As the same absorber
arrangement is being used throughout this section it is clear that at a given
temperature the contribution of this carrier overflow becomes increasingly influential

as one decreases either parameter, thereby increasing the amount of loss per unit
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length within the cavity. Although values are only displayed for the 4x40 A absorber
structure this is a trend that is observed for all absorber configurations.

Fig. 5.21 summarises how a variation in length and reflectivity affects the
threshold current at three different temperatures. The graphs are used to show how the
threshold current changes when the leakage effects are minimal (-75 °C), moderate
(25 °C) and high (70 °C). For the three cases, an increasing reflectivity and decreasing
length reduces the threshold current due to a reduction in the amount of loss, as
stipulated when discussing figs. 5.18 and 5.19. For this work the minimum length was
lowered to 150 um in order to show the sudden increase in threshold once the cavity
length decreases below some optimum value, as displayed in fig. 5.21(a). This
happens for small lengths when the 1/ loss term begins to dominate the threshold
gain equation, i.e. equation (5.2), taking over from the area scaling term that
dominates for longer lengths. The point at which the minimum occurs can be
manipulated to generate an equation for an optimum length that offers the minimum
threshold current [8, 9]. However, 70 °C self-pulsation cannot be achieved at any
optimal cavity design, i.e. <200 pm, due to the deleterious effects of the leakage
current (see fig. 5.20).

Fig. 5.21 therefore summarises the threshold current trends that were
mentioned earlier as well as further evidence of the failure to achieve self-pulsation
for some configurations at 70 °C. The results also show a more subtle effect that
needs some explanation. At low temperatures, the threshold current for all cavity
length and reflectivity configurations are reasonably low, due to the negligible
influence of the leakage current. As the temperature increases this carrier overflow
begins to dominate the device performance at different magnitudes dependent on the
amount of loss. Looking at figs. 5.20 and 5.21 it is clear that self-pulsation stops at the
lowest temperatures for small lengths and low reflectivities. However, the slope of the
curves in figs. 5.21(a) to (c) increase with temperature, indicating that the magnitude
of leakage is highest for long cavity lengths in particular. These observations verify
that the amount of leakage per unit length is at its minimum for the long length and
high reflectivity combinations, thus taking longer for carrier bleaching to affect the

device performance, resulting in higher temperature operation.
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5.5.2 Power output

Now that the current and temperature characteristics have been investigated a detailed
study of the power of the self-pulsation is required (for varying cavity parameters). To
start, the reflectivity will be kept constant (R=0.32) and the cavity length will be
varied for the three different temperatures, as shown in fig. 5.22. Below room
temperature (-75 °C) the influence of the leakage current is negligible causing the
maximum power emission to decrease with increasing length as the current density
range decreases in a manner similar to that shown in fig. 5.12. Also note that the slope
efficiency decreases with length as the amount of loss increases [12].

As the temperature increases the leakage current per unit length is greatest
within the smaller cavities, resulting in a reduction of the upper current density
bound. This leads to a “role reversal” in terms of power at 25 and 70 °C; i.e. the
maximum power increases with an extending cavity due to the reduction in leakage
current per unit length. This leakage reduction results in the highest power being
emitted from the longest cavity at high temperatures and no self-pulsation whatsoever
for some of the smaller lengths at 70 °C. A decrease in the slope efficiency with an
increasing length is still observed due to its dependence on the magnitude of loss.
[Note: The slope efficiency for a particular length decreases with temperature (this is
not obvious, as the “maximum power” scales are different) as the carrier leakage
gradually decreases the efficiency of the laser.]

Fig. 5.23 shows how the power output changes as the reflectivity values varies
for a constant length of 500 pm. As the length is kept constant the threshold current is
not scaled by the area term in equation (5.2). This causes the threshold current to
increase with decreasing reflectivity due to the increasing amount of optical loss. In
this case, the higher the threshold current, the greater the amount of energy stored
within the cavity at turn-on. As a consequence, as the reflectivity decreases the slope
efficiency increases. The decreasing current range caused by the changes in
differential gain/absorption is also apparent as the maximum power output varies with
current bounds. These factors enable a laser with the highest threshold to achieve
certain power values at the smallest injection current. The influence of the leakage
current is also observed, stopping self-pulsating at 70 °C for the cavity configurations

that offer too much loss.
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Fig. 5.22 The average pulse power output for six different cavity lengths at (a) -75,
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150



300

— (D =-75°C
~--+0.72
— 0.52
200
)
:
&
100
0
0 200 400 600 800
Current (mA)
(a)
150 20
T=25 °C T=70°C
15
100
=
)
g 10
=%
50
/ 5
P/ g /
o 1 {
5§
0 0 o
100 200 300 400 500 150 200 250 300
Current (mA) Current (mA)
(b) (c)

Fig. 5.23 The average pulse power output for five different facet reflectivities at (a)
-75, (b) 25 and (c) 70 C for an absorber structure of 4x40 A wells (L=500 pm).

151



450 150 30

— 950 pm
\ ==+ 800 pm
\ — 650 pm
\ —= 500 pm
—= 350 pm
\\ — = 200 pm
__ 300 100 20
=
&
D
=
o
a
v
[5:1
=
150 50 10

0 0 0
0 02 04 06 08 10 0 02 04 06 08 10 0 02 04 06 08 10
R

(a) (b) (c)
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reflectivities at (a) -75, (b) 25 and (c) 70 C (absorber structure of 4x40 4 wells).

Fig. 5.24 summarises how a variation in length and reflectivity affects the
maximum power output at three different temperatures. The results show primarily
how the leakage current affects the maximum power operation. At -75 °C, where the
carrier overflow is minimal, a small reflectivity and small cavity length provides the
least amount of loss resulting in the highest power. Once the leakage current becomes
evident at 25 °C the optimum configuration changes with a long length and small
reflectivity offering the best performance as the amount of leakage per unit length
decreases with an increasing cavity. At 70 °C the 1/L term begins to dominate the
mirror loss value when a particular configuration is close to maximum loss (relative
to the amount of gain being offered) creating a downward turn in the curve.

At 70 °C a maximum power of 25.07 mW is emitted, indicating that 30 mW
self-pulsation is still not available for the 4x40 A quantum well absorber structure

due to the deleterious effects of the leakage current. Power and operating temperature
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Fig. 5.25 The maximum power/current ratio for varying lengths and reflectivities at

(a) -75, (b) 25 and (c) 70 °C (absorber structure of 4x40 A wells).

improvements come at a cost of increasing the injection current. Keeping this value
low is essential in commercial devices. The trade-offs between high temperature, high
power and low current operation therefore hamper the optimisation process,
indicating that a desirable high power self-pulsating device is difficult to obtain.

The efficiency of the maximum power output is show in fig. 5.25. For
temperatures below 25 °C, the best power output per injection current is consistently
offered by the shortest cavity as it generates the least amount of loss. A small
reflectivity is also desirable, providing a reduction in differential gain and an increase
in the current range, as was discussed earlier (see fig. 5.19). These results show that
the cavity that offers the maximum power emission is not necessarily the most
efficient, especially at high temperatures when the leakage current becomes
dominant. This thermal effect is shown as the slope of each curve decreases with

increasing temperature. At 70 °C, when the 1/L term begins to dominate the mirror
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losses the power emission ratio suffers as the threshold current rises and the
maximum power output decreases. However, the maximum power configuration
stipulated when discussing fig. 5.24, i.e. L=950 um and R=0.32, unfortunately offers

the least efficient power emission.

5.5.3 Summary

In this section an investigation of the reflectivity and length parameters has been
presented. The work has shown how the leakage current affects the self-pulsation
characteristics at high temperatures and how it may be minimised using the cavity
parameters. Results indicate that the lowest threshold current occurs when a small
length and large reflectivity is used, thus, minimising the amount of loss, as
summarised in fig. 5.21. Using this configuration a minimal threshold current can be
achieved at 70 °C. Unfortunately a different combination is required to optimise the
power output. Fig. 5.24 shows that a long length combined with a reasonably small
reflectivity gives rise to the maximum power. However, for this amount of power to
be generated a large injection current is required and the power output is fairly
inefficient. A number of trade-offs therefore exist between the cavity parameters,

something that must be carefully considered when optimising the device.

5.6 Optimum structure

Now that the absorber structure and cavity have been thoroughly investigated it is
desirable to finish the chapter with two optimally designed laser diodes that satisfy
the temperature, power and operating current conditions stated in section 1.3.2. From
the investigation it is apparent that the 4x40 A quantum well absorber structure
suppresses the leakage current very effectively. The design must then be optimised
around this absorber section. What is also clear from the work are the numerous
trade-offs, in particular the requirement that the maximum temperature operation
increases with absorption, thus increasing the threshold current of the device.

For 5 mW operation at 70 °C a length of 200 um combined with a large
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Fig. 5.26 (a) Operating bounds and (b) power output for the optimum SmW self-
pulsating laser, i.e. 4x40 A absorber, L=200 pm, R=0.72 and dyep=0. 1245 pim.

reflectivity offers desirable operating characteristics. All smaller lengths that operate
at lower threshold currents fail to achieve 5 mW self-pulsation. Ideally a reflectivity
of 0.32 would be desirable, thereby making use of the refractive index change
between the cavity/air interface for reflectivity purposes and reducing costs.
Unfortunately a longer length would be required to achieve pulsation at the
temperature threshold which would increase the operating current to unsuitable
levels.

As shown in fig. 5.24, a reflectivity of 0.92 combined with the above-
mentioned length fails to achieve self-pulsation at the desired power threshold due to
the small operating range that is offered by the structure. Even after decreasing the
gain-absorber separation distance, di,, to its limit, 5 mW self-pulsation failed to
develop. Fortunately, a reflectivity of 0.72 offers an improvement in efficiency, as

indicated in fig. 5.25, so the desired power output can be achieved. To lower the
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threshold current, the separation distance can be increased, with an optimum distance
of 0.1245 pm giving 5 mW self-pulsation at approximately 100 mA. The
characteristics of this particular laser diode are shown in fig. 5.26.

Due to the numerous trade-offs between high power and low threshold current
operation the 30 mW self-pulsation is more difficult to obtain. To achieve the power
threshold an increase in absorption is required. To do so two options are available.
The first is to increase the volume of the absorber wells then optimise the structure, as
was done for the 5 mW emitter. The second option is to keep the 4x40 A absorber
structure, use a long cavity, relatively small reflectivity then increase the gain-
absorber distance beyond 0.115 um. Unfortunately both options result in a vast
increase in threshold current, leading to a device that self-pulsates at a current that is
far too high, i.e. >500 mA. One can therefore conclude that an AlGalnP laser diode of
this type can be adapted for a read/write DVD system but would require an unrealistic
amount of current to operate within a commercial device. [Note: These results are
based on a stripe width of 5 um. Further reductions in operating current could be

achieved by lowering this particular value. ]

5.7 Conclusions

The purpose of this chapter was to model and optimise a 650 nm self-pulsating laser
diode with epitaxial absorber layers for optical storage applications. The first, and
most important conclusion is that high temperature self-pulsation can be achieved.
However, the influence of the thermally activated leakage current has a deleterious
effect on the emission, causing the threshold current to increase and current density
range to decrease once fully initiated, i.e. at approximately room temperature.
Various design parameters have been investigated to optimise the self-
pulsation. Firstly, the configuration of the absorber section was studied. By varying
the quantum well number (1—5) and width (25—85 A) it was shown that only certain
combinations offer the desired amount of absorption at the operating wavelength to
achieve self-pulsation. Within this “range”, as the volume of the absorber increases

the threshold current also increases due to the growing influence of the absorption.
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However, this has a positive effect on the maximum operating temperature, which is
extended due to the more resistive nature of the absorber to the incoming leakage
current, i.e. as the volume of the absorber increases an increasing carrier density is
required to bleach the absorber and stop the self-pulsation. This threshold
current/maximum temperature trade-off therefore limits the device performance. For
a typical absorber volume (that offers self-pulsation) the use of narrow quantum wells
improves the differential absorption characteristics and therefore increases the
maximum operating temperature, due to the absorbers greater tolerance to bleaching.
As a result, the performance of the laser with a 4x40 A quantum well absorber
provides some very desirable operating characteristics.

Once the absorber configuration was optimised the position of the structure in
the p-cladding layer was investigated. The results indicated that the separation
distance between absorber and gain regions can be used to “fine tune” the
optimisation. Such changes can significantly affect the current density limits, range
and power output whilst having a more subtle influence on the maximum operating
temperature.

After the optimum absorber structure was determined the cavity losses were
studied via the cavity length and reflectivity parameters in order to achieve the
previously unattainable high power, i.e. 30 mW, self-pulsation. As both parameters
increase, the maximum temperature operation increases due to an effective
suppression of the leakage current (per unit length in the case of the length
parameter). A small length and high reflectivity is required to minimise the amount of
optical loss and offer the lowest threshold current at a particular operating
temperature. The results also indicated that the combination of a long cavity and a
reasonably small reflectivity is required to minimise the amount of loss per unit
length to produce maximum power output. This comes at a cost of a reduction in
efficiency, which is another trade-off that must be considered when optimising the
cavity design.

Having investigated the most influential design parameters it may be
concluded that suitable emission for a read-only device is achievable for a number of
absorber configurations with an optimum structure having been stated in section 5.6.

Unfortunately the 30 mW self-pulsation that is required for a read/write device is
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more difficult to obtain with all the desirable configurations requiring an unrealistic
amount of injection current to achieve this power threshold. However, a reduced

stripe width could improve these operating characteristics somewhat.
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6.1 Introduction

Due to recent advances in short wavelength nitride laser diodes it is now possible to
fabricate semiconductor lasers that emit in the visible range of the electromagnetic
spectrum. Many areas in opto-electronics are set to take advantage of these
developments. Applications include optical disc storage where a reduction in
wavelength combined with improvements in optics and drive mechanics can
significantly improve the storage capacity of the device. Indeed, a change from red to
blue laser diodes would increase the storage capacity of current read-only DVD
systems from 4.7 to 18 Gbytes. The benefits of using a self-pulsating laser in an
optical storage device have already been stated. It is therefore conceivable that a blue
self-pulsating laser diode will be a key component in any “next generation” optical
storage system. With this in mind, the work in this chapter will concentrate on

investigating the operating characteristics of such a laser.
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It is known that a device grown in the GaN material system can give rise to a
thermally activated leakage current at high temperatures [1]. The previous chapter
showed the advantages of using the laser diode with epitaxial absorber layers for high
temperature operation, especially when there exists any carrier overflow within the
device. The work in this chapter will therefore investigate the performance of a 420
nm self-pulsating laser diode with epitaxial absorber layers for optical storage
applications. The emission will be studied and optimised subject to the temperature,
power and operating current conditions stipulated in section 1.3.2.

The chapter starts with a detailed description of the historical evolution of
nitride light emitters combined with a general discussion about the associated
material properties. The self-pulsating laser is then designed and optimised for
gain/absorption interaction to achieve the strict temperature, current and power
thresholds. This is followed by an investigation of the cavity design in order to
improve the laser diodes operating characteristics even further. The work concludes
with a detailed description of the optimum structure subject to the above-mentioned
constraints. The parameters that will be varied are the same as those encountered
when studying the laser in the previous chapter, so the trends that were observed for

the AlGalnP device will be of some help during the optimisation process.

6.2 GaN: material information

6.2.1 History of wide band-gap light emitters

Since the commercialisation of the first red AlGaInP laser diodes in the mid 1980°s
the search has been on for a blue emitting semiconductor laser. Different wide band-
gap materials have been studied in an attempt to produce blue light for two main
reasons. One is the short wavelength (2400 nm) that allows the laser beam to resolve
(read and write) more information than red laser diodes (operating at 650 nm). This
would considerably increase the storage capacity of current optical disc devices, as
already shown in chapter 1. The second reason is that blue light can be combined with

red and green to produce any other colour, including white light. This would in turn
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revolutionise the lighting industry, replacing the standard light bulb with a more
reliable and efficient source of light in the form of a white LED.

The search for the first commercially viable blue semiconductor laser has
advanced rapidly during the 1990°s. The two material systems that have received
most attention are zinc selenide (ZnSe), a II-VI compound, and the III-V compound
gallium nitride (GaN). However, these materials could be described as semi-
insulators, a name that highlights just one basic problem when using them in
electronic devices.

The main advantage of the ZnSe compound is that it can be grown onto a
GaAs substrate. This is due to similarities in the material lattice constants, minimising
the amount of misfit dislocations. Unfortunately difficulties in p-doping (causing
problems in the fabrication of a p-n junction) plagued ZnSe research in the 1980’s.
The problem was solved by incorporating nitrogen atoms into the system leading to
the first blue and green laser diodes being reported in 1991 [2, 3]. However, many
problems existed such as difficulties in obtaining cw operation and the inability to
emit at high temperatures. The fragility of the material was also a cause for concern -
a single defect can cause others to propagate, disrupting the weak bonding and
causing device failure. Extensive research has subsequently led to an operating
lifetime of around 100 hours [4] which is insufficient for practical applications, i.e. a
lifetime of 10,000 hours is usually required for a commercially viable device.

More dramatic developments have taken place using the GaN material system.
In the late 1980’s researchers had nearly given up hope of fabricating nitride light
emitters. They knew that nitride materials offered the desired band-gap for blue
emission but growth problems using conventional techniques and difficulties in p-
doping the material hindered development. However, in 1988 Hiroshi Amano from
Nagoya University in Japan produced p-type gallium nitride by doping the compound
with magnesium [5]. Other doping techniques were subsequently developed leading
to Shuji Nakamura and colleagues producing high quality indium gallium nitride
(InGaN) films for the first time in 1992 [6]. The addition of some indium to GaN
decreases the energy band-gap, enabling the crystal grower to fabricate InGaN
quantum wells that emit in the blue region of the spectrum. This compound is the

only nitride compound that can produce light strong enough for practical devices, so
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the fabrication of InGaN was a significant milestone in the realisation of blue light
emission.

Nakamura reduced the amount of growth defects by modifying the metal—
organic chemical vapour deposition (MOCVD) growth technique. Conventional
MOCVD methods create semiconductors by flowing reactant gases over a substrate,
parallel to its surface. Nakamura’s technique used a system in which gases flow in
two directions rather than one, cooling the temperature of the reactant gases on the
substrate just before reaction. This in turn leads to more stable reactions, improving
the quality of the material [7].

Once these fabrication problems were resolved the first InGaN LED was
reported in 1993 [8], then commercialised by Nichia within two years [7]. Similar to
device developments using other material systems, once the LED had emerged it
didn’t take long for the first laser diode to be produced — the first laser with an InGaN
MQW active region was reported by Nakamura ef. al. in 1996 [9]. Subsequent
investigations have led to blue semiconductor laser diodes with lifetimes greater than
10,000 hours (at room temperature) being released onto the market [10].

The GaN material system has therefore become the dominant blue light
emitting material. Indeed, the gulf between GaN and ZnSe opto-electronic technology
seems to be increasing with light sources based on nitride compounds improving at a
much faster rate. It is therefore apparent why the work in this chapter will use the
GaN material system (and associated alloys) to study self-pulsation at a wavelength of
420 nm.

6.2.2 Properties of nitride materials

Typical nitride light emitters are grown onto sapphire or silicon carbide substrates
[11, 12]. Sapphire has been the most commonly used material, however, silicon
carbide offers improvements in both lattice matching and conductivity and therefore
looks to be the more suitable substrate for use in future nitride-based devices. The
epitaxial layers are then constructed to offer suitable carrier and optical confinement,
thereby forming an efficient laser diode. Barrier and cladding layers are usually
grown using AlGaN or GaN materials with InGaN quantum wells being used as an

active region. The inclusion of the InGaN alloy is essential to improve luminescence
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efficiency and provide the desired band-gap for low wavelength emission [13]. As
with other most material systems a small amount of strain is usually employed within
the active layers, thereby modifying the band structure and subsequently improving
the operating characteristics of the emission.

Nitride materials are characterised by high carrier effective masses and small
radiative recombination matrix elements (oc']Eg). The subsequent high density of
states indicates that a large amount of carriers are required for population inversion,
hence high lasing threshold currents are predicted. Low levels of gain are achieved
compared to other smaller band-gap alloys. However, as the wavelength decreases the
confinement factor for a specific well width increases. Unfortunately this trade-off is
not enough, so high threshold currents are still required with a typical GaN laser
achieving a modal gain that is roughly half of that offered by an AlGalnP laser diode
[14-16].

Even though a vast amount of work has been achieved in a relatively short
period of time numerous material and optical properties associated with the nitrides
are still not fully understood. Although new growth processes have enabled lasing to
be realised, large amounts of dislocations still exist within the epitaxial layers. This
has led to a wide-ranging debate over some of the basic characteristics, even the
radiative recombination process is not fully understood. Structural defects typify some
of these strange properties. The dislocation density in the active layer of a typical
nitride device is approximately 10" cm™ due to the large lattice mismatch between
the nitride and substrate materials [17]. A dislocation density of around 10° cm™ is
usually enough for device failure in typical III-V semiconductor devices as the defects
behave as non-radiative recombination centres and reduce the optical output. In spite
of a very large density of defects this doesn’t happen in nitride lasers. Indeed, some
reports have indicated that the efficiency of a nitride-based device is similar to that
offered by some AlGalnP light emitters [12].

Recent experiments have shown that the indium composition within InGaN
films is not uniformly distributed [18, 19]. The weak temperature dependence of the
emission spectra in InGaN has subsequently led to suggestions that radiative
recombination is due to localised excitons in these indium-rich clusters [19]. These

areas of high indium concentration therefore act as quantum dots and confine carriers,
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resulting in a high efficiency of emission even when dislocations are present.
However, there are studies that do no support this hypothesis. There exists an
argument that the spectral density of states of these localised states is not high enough
to provide the gain for lasing [20, 21]. Sun et al. suggested that the radiative process is
dominated by free carrier recombination at room temperature [22], whilst another
argument stated that the recombination mechanism is due to an electron-hole plasma
in quantum dots [23]. The radiative recombination mechanism in InGaN quantum
wells is therefore still a hot subject of debate. However, the band-to-band gain model
being used in this thesis has offered some encouraging results so the gain calculations
will be used with confidence throughout this chapter. [14, 15]. [Note: Indium
compositional fluctuations are not considered in the gain model.]

In general, the binding energy in semiconductor materials tends to increase
with an increasing band-gap. As a result Coulomb enhancement plays a key role in
the calculation of the material gain of nitride alloys [16]. Excitons cause peaks in the
absorption spectrum with the strength of these peaks being much stronger in quantum
wells than in bulk materials due to the stronger overlap between the electron and hole
wavefunctions [24]. Now the large binding energy associated with the GaN material
system permits these electron-hole pairs to exist at low carrier densities even at room
temperature. The Coulombic interaction between electrons and holes therefore has a
strong influence on the absorption spectrum even at high temperatures. To model
these effects accurately a gain model that considers many-body effects is essential
[16, 24].

The cladding regions of a nitride-based laser diode typically consist of Al,Ga;,.
«N layers, so it is very important to be able to fabricate both p- and n-doped layers.
Unfortunately a high p-doping density is difficult to achieve. A reasonably high
aluminium (Al) mole fraction is required for sufficient carrier confinement, however,
the conductivity rapidly decreases with an increase in Al, giving rise to a trade-off
between p-doping density and Al mole fraction [1, 12]. As was explained earlier, this
problem severely affected the progress of nitride-based electronics during the 1970’s
and 80’s until suitable fabrication techniques allowed sufficiently doped p-type

AlGaN layers. Magnesium has subsequently become the most commonly used
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acceptor atom with recent reports indicating that a p-doping density of around 2x10'’
cm” is available when the Al concentration is limited to 20% [25].

Thermally activated leakage currents can affect the high temperature
performance of a laser diode [26]. GaN and associated alloys display a higher

characteristic temperature, 7,, than AlGaInP [7] indicating better electron

confinement. However, it has been reported that the performance of some nitride
lasers can still degrade at high temperatures with carriers overflowing via the direct
I'-band [1]. The band offset values available to InGaN/GaN/AlGaN quantum wells
have been investigated by several authors although different estimates have been
given [27, 28]. One conclusion that can be deduced from the data is that the
conduction band offsets are greater than those offered by AlGalnP materials.
However, the difficulties of p-doping and the high threshold carrier densities
associated with nitride lasers indicate that leakage currents are still a possibility.

Now the leakage path, i.e. the direct I'-band, is sensitive to Al content. To
overcome the problem of electron overflow it is recommended to maximise the p-
doping density and Al composition in the p-cladding layer. However a trade-off
between the two values does exist, so it is important to optimise the cavity design
(and therefore minimise the leakage current) subject to the combinations that are on
offer [1]. [Note: Hole overflow into the n-cladding layers is less of a problem due to
the holes’ lower mobility, diffusion length and the availability of a high n-doping

density all contributing to an improvement in conductivity and a higher barrier [12].]

6.3 Laser structure

6.3.1 Design

Due to the ongoing debate about the dominant recombination mechanism in nitride
laser diodes (and the difficulties of fabricating such lasers), research regarding the
gain/current performance has been somewhat neglected. The amount of literature
concerning this topic is therefore quite sparse. Recently some papers have been

published regarding the performance of InGaN quantum well devices [1, 16, 22],
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Fig. 6.1 Schematic diagram of the InGaN self-pulsating laser diode.

offering details about the well widths and cladding designs required for good
gain/current characteristics and low threshold current performance. Using these
results as a guide the device in this investigation will use an active region consisting
of 35 A wide Inp,GagssN quantum wells that are separated by 50 A thick
Ing 0sGag 94N barriers, as displayed in fig. 6.1. This gain section is placed within a 0.1
pm wide GaN waveguiding layer (SCH) which is set alongside Al,Ga; N cladding
layers. Unlike the AlGaInP structures described in the previous two chapters the
quantum well number in the active region hasn’t been optimised in the literature, so
the well configuration of this gain generating section must be investigated.

When using an InGaN quantum well device leakage currents may cause
deleterious effects if the structure isn’t designed to offer sufficient carrier
confinement, with carriers “leaking” out of the gain region via the direct I'-band. The
key design parameter to control this carrier overflow is the energy separation between
the quantum well quasi-Fermi level and the I'-band. Unlike the AlGalnP material
system nitride-based devices can provide high barriers, thereby reducing the carrier

overflow at high temperatures. To achieve such a structure it is recommended to use a
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p-cladding layer with a large Al composition, i.e. around 15-20 % [1]. A high p-
doping density is also desirable; however, this quantity is limited by the Al
concentration. A p-cladding layer composition of Al 5GaggsN is achievable when

3 and will therefore be used

combined with a p-doping density of 1x10"7 cm’
throughout this chapter. A schematic of the laser design is shown in fig. 6.1.

To achieve the necessary absorption for self-pulsation a number of
Ing 0sGag 94N quantum wells are placed in the p-doped cladding layer at a distance of
0.115 um from the active region. These absorber layers are strained in order to
maximise the differential absorption as is required for self-pulsation (see equation
(3.44)). Well widths of 15, 25, 35 and 45 A will be investigated as will the absorber

well number in order to obtain the optimum differential gain/absorption interaction.

6.3.2 Gain calculations
Using the necessary parameters [7, 11, 12] and the gain/absorption calculations
presented in section 2.3, fig. 6.2 displays the results for the TE gain within a 3x35 A
quantum well active region. [Note: These calculations were generated using a model
developed by Dr P. Rees.]. As predicted, the carrier densities required to achieve gain
are high with the modal peak gain approximately half of that generated by the
AlGalnP material system, i.e. when compared to fig. 4.6. Having described the
properties associated with nitride materials it is apparent that many-body effects play
a key role in determining the material gain of the structure. This point is emphasised
even further in the diagrams. Apart from displaying the general trends associated with
many-body effects, i.e. exciton peak in the absorption spectrum at low carrier
densities and spectral broadening and band-gap renormalisation at high carrier
densities, the magnitude of these changes are significantly greater than those
displayed for the GalnP active region. Indeed, peaks in the absorption spectrum
(caused by excitons) are observed at 0 °C even at high carrier densities.

The changes in the peak gain due to variations in carrier density and
temperature are displayed in fig. 6.3. As expected, a high carrier density is required to
generate gain at any of the three temperatures, with the differential gain (for a carrier

density) reducing with temperature in a similar manner to that of the GalnP active
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Fig. 6.2 Typical modal gain spectrum for a 3x35 4 quantum well active region at (a)
three different operating carrier densities at 0 °C and (b) three different temperatures

for a carrier density of 8x10" cm™.

region. A sub-band transition is observed at 0 °C. When compared to the AlGalnP
material more frequent sub-band changes are to be expected due to the smaller
amount of gain per sub-band that is on offer. It is also worth noting that the changes
in peak gain due to alterations in the operating temperature, i.e. the gaps between the
curves, are significantly increased indicating the more dominant influence of the
many-body effects. As a result, a larger shift in the operating wavelength (for a given

carrier density) is observed.

6.3.3 Initial results
Now that the structure and gain properties of this nitride self-pulsating laser have
been determined it is possible to model the dynamics of the device using the rate

equations derived in section 3.4.2. After entering the parameters displayed in table 6.1
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Fig. 6.3 Calculated modal peak gain versus injected carrier density for a 3%x35 A

quantum well active region at three different temperatures.

and the gain/absorption values (at the operating wavelength) into this coupled system
the equations are solved using the procedure outlined in appendix 2, section A2.2.
The time evolution of the carrier densities in the gain and absorber sections and the
photon generation in the waveguide may then be investigated, with self-pulsation
being deemed as the emission that satisfies the conditions stated in appendix 3. The
vast amount of defects that are a characteristic of nitride structures result in small
non-radiative lifetimes, so the key value of the absorber carrier lifetime is given as 0.1
ns [1].

Initial results indicate that the structure is able to suppress the carrier overflow
enough to allow self-pulsation throughout the temperature range being investigated,
i.e. -125-100 °C, as displayed in fig. 6.4. Indeed, the diagram shows that for the

3x35 A active region the leakage current doesn’t influence the operating
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Symbol | Parameter name Parameter value
o Internal loss 40 cm™
n; Ref. index of the AlysGaggsN cladding | 2.46
layers
n; Ref. index of the GaN SCH 2.54
n3 Ref. index of the Ing 4sGag osN QWs 2.56
ny Ref. index of the Ing,Gag 75N QWs 2.66
R Facet reflectivity (coated) 0.32
B Spont. emission coeff. 1x107
T Carrier lifetime in the active layer 1 ns
Tig Absorber carrier lifetime 0.1 ns
Ly Electron mobility in the p-cladding layer | 200 cm®V''s™
I, Hole mobility in the p-cladding layer 7 em*Vs?!
Ly Well width of the MQW in the active layer | 35 A
L Laser cavity length 500 um
/4 Stripe width 5 pm
Vow Volume of gain wells Well no.xwell widthx #x /I,
o Volume of absorber wells Well no.xwell widthx#xL
m” I'-band electron effective mass 0.22 my
W, Thickness of p-cladding layer 1 pm
Table 6.1 Parameters used in the rate equation model (from references [1, 29, 30]).

characteristics until around 25 °C. Even at this point the effects are minimal. The
increase in operating current and reduction in range (relative to the model with no
leakage) then continues to increase quite slowly until the very high temperatures, i.e.
>80 °C, where the exponential nature of the leakage equation begins to dominate. It is
therefore evident that leakage effects are negligible until after the 70 °C temperature

threshold, a point that makes the optimisation process much easier to enforce.
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Fig. 6.4 Self-pulsation bounds with and without leakage for a gain region with 3x35

A quantum wells and an absorber section of 2x25 A quantum wells.

With this effective leakage suppression in mind the approach towards the
optimisation of self-pulsation should be somewhat different to that proposed in the
previous chapter. For the red emitting laser diode the emphasis was primarily on the
high temperature performance of the device, and then the threshold current and power
conditions. Now this structure allows self-pulsation throughout the temperature range
being tested, so as long as self-pulsation can be achieved the 70 °C operating
condition is already satisfied due to the leakage suppression. With this in mind, the
temperature threshold should be less of a priority with the other emission criteria, i.e.

the power and current conditions, being of greater cause for concern.
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Fig. 6.5 Transverse confinement factor calculations for a changing quantum well

configuration in the (a) gain and (b) absorber sections of the InGaN laser diode.

6.4 Optimum gain/absorption interaction for self-pulsation

6.4.1 Optimum gain region
In the previous chapter the active region was optimised for gain/current
characteristics. For an Ing,,Gag 7sN quantum well gain section it is known that a 35 A
well width offers desirable properties [16]. However, the number of wells placed in
the active region need to be investigated as this parameter can influence the
differential gain and therefore affect the self-pulsation characteristics. So, in this
section four well numbers will be studied, i.e. 1, 3, 5 and 7, in an attempt to seek the
optimum gain configuration. The confinement factor, I,,,, will then be varied with the
changing well number, as displayed in fig. 6.5(a).

It will be useful to investigate the properties of these active regions when

operating alongside different absorber structures. Two cases are investigated. The
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first being a study of the gain configuration in relation to a “small” amount of
absorption, i.e. 2x25 A quantum wells, and the second part involving an investigation
with a “large” amount of absorption, ie. 3x45 A quantum wells. These
generalisations are relative to the absorber layer widths that are on offer, as given in
section 6.3.1.

Unfortunately the single 35 A gain well fails to achieve self-pulsation when
operating alongside either absorber structure. This active region provides the least
amount of gain at the operating wavelength, so the threshold currents are high with
the differential gain/absorption relationships at turn-on being unsuitable (to offer any
self-pulsation). This active region would probably achieve self-pulsation when
combined with thinner absorber wells, i.e. less absorption. However, for the well
widths on offer in this chapter the performance is ineffective, so this single gain well
configuration may be disregarded.

For the remaining active regions combined with a “small” amount of
absorption, i.e. 2x25 A quantum wells, the current density operating characteristics
are displayed in fig. 6.6. The graphs show that for all gain generating configurations it
is possible to suppress the leakage current sufficiently for self-pulsation up to 100 °C.
The bleaching process experienced in the previous chapter is therefore negligible,
however, beyond this temperature range leakage-induced effects are inevitable (as is
observed when one extrapolates the curves in fig. 6.4).

It is also evident that the 3x35 A gain section offers the lowest threshold
currents. Now the higher the well number in the active region, the greater the
differential gain. From equation (3.44) it is clear that an increase in differential gain
will hinder the self-pulsation process. As a result, (for a given temperature) the
differential gain/absorption relationship holds true for much longer amongst a specific
sub-band transition when the number of wells in the gain section are at a minimum. A
more stable transition process is therefore observed for the 3x35 A structure resulting
in a lower threshold current. This differential gain factor also causes the current
density range of the emission to increase with decreasing well number, i.e. the
differential gain/absorption relationship holds for much longer when the active region

well number is minimised.
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Fig. 6.6 Self-pulsation bounds for three different gain region configurations with an

absorber section of 2x25 A quantum wells.

This leads to the question of power output. The average optical power of a
pulse is calculated using equation (5.1). As was mentioned in chapter 5, the greater
the current density range for self-pulsation, the higher the power of the emission. Fig.
6.7 proves this point further, showing that when the leakage current is negligible (-25
°C) or at an influential level (75 °C) it is when the well number is at a minimum that
the most efficient and highest power output is observed. The graphs would probably
change at very high temperatures, i.e. >100 °C, when the leakage current becomes
more problematic. However, at temperatures below 100 °C, when combined with this
“small” amount of absorption the power output is best for the smallest gain
generating well number, offering both 5 and 30 mW self-pulsation at the lowest
possible current.

When a “large” amount of absorption is introduced, i.e. the 3x45 A quantum

wells, self-pulsation is only available over the full temperature range when using a
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Fig. 6.7 The average pulse power oulput for three different active regions with an

absorber structure of 2x25 A quantum wells at (a) -25 and (b) 75 C.

3x35 A active region, as displayed in fig. 6.8. This indicates that the other two
configurations generate too much differential gain at turn-on, causing equation (3.44)
to fail at some optimum temperature. The “failure” of the self-pulsation cannot be
due to the leakage current as the temperatures are too low (and the volumes of the
absorber wells are too big to get bleached). The threshold current densities in all cases
are very high owing to the large amount of absorption within the cavity, with the
corresponding increase in differential absorption providing a wide operating range.
This allows a very high power output in the case of the 3x35 A gain section; however,
the operating currents are too high for practical purposes, so the results aren’t
displayed.

The findings in this section provide clear evidence that the 3x35 A quantum
well active region offers the best performance at temperatures below 100 °C (subject

to the generalised combinations of absorption). The amount of differential gain
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Fig. 6.8 Self-pulsation bounds for three different gain region configurations with an

absorber section of 3x45 A quantum wells.

available is small, so the conditions for self-pulsation holds over a wide temperature
and current density range, leading to improvements in the threshold current density
and power characteristics. So, in the remainder of this chapter this particular structure
will be used in an attempt to create an optimised device for optical storage

applications.

6.4.2 Optimum absorber configuration

Using the 3x35 A quantum well active region the configuration of the absorber
section will now be studied. A structure is required that offers sufficient differential
absorption in relation to the differential gain from the active region to produce good
self-pulsation characteristics. The absorber section will be optimised by considering
well widths of 15, 25, 35, and 45 A and well numbers between 1 and 5. The
confinement factor, T',, will therefore change with absorber configuration, as

displayed in fig. 6.5(b), due to the varying overlap with the optical field.
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Fig. 6.9 Current density bounds for self-pulsation as a function of temperature for

structures including two 25, 35 and 45 A absorber wells (and a 3x35 A gain region).

As was explained in section 6.3.3, due to the satisfactory suppression of the
leakage current the intention is to minimise the threshold current and achieve the
power thresholds of 5 and 30 mW. To achieve self-pulsation at a desirable threshold
current, it 1s required to minimise the amount of absorption within the cavity.
Unfortunately when a single absorber well is used all configurations, i.e. 1x15, 25, 35
and 45 A, fail to emit any self-pulsation due to the unsatisfactory differential
absorption characteristics at turn-on. Indeed, for the same reason, no self-pulsation is
observed for any 15 A quantum well configuration whatsoever.

An increase in absorption is therefore required. For the case of an absorber
section with two quantum wells self-pulsation is available, as shown in fig. 6.9. The
graphs display the expected trend of an increasing threshold current density with well
width and confirmation that high temperatures can be achieved for all configurations.

Changes in sub-band transitions are also very noticeable, represented by a minima in
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Fig. 6.10 Threshold current density as a function of absorber well number at (a) -25
and (b) 75 C for three different well widths (with a 3x35 A gain section).

the upper limit and a corresponding maximum in the lower limit curve, especially for
the thicker absorber wells. The results indicate that the 2x25 A quantum well
absorber provides the least amount of absorption (relative to the amount of gain being
generated) to achieve self-pulsation at the lowest possible threshold current.

Fig. 6.10 summarises the threshold current densities for self-pulsation for all
the absorber structures under investigation at two different operating temperatures,
l1e. before and after leakage takes effect. The results show that amongst the
configurations being tested only the 5x45 A structure offers too much absorption and
is unable to generate any self-pulsation. The results also confirm that the 2x25 A
absorber generally gives rise to the lowest threshold currents, even at high
temperatures, due to the effective suppression of the leakage current.

As one increases the temperature the most startling result is the significant

change in the threshold current density per well configuration. It is the influence of
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Fig. 6.11 (a) Operating bounds and (b) the power output for self-pulsation for a laser

diode with an absorber section of 2x25 4 quantum wells.

changes in sub-band emission that cause this effect, not the leakage current, At -25 °C
none of the structures have changed sub-bands hence the reasonably linear
relationship between well number and threshold current density (per well width).
When the temperature increases to 75 °C the sub-band emission within the gain wells
have all shifted to higher transitions. However the varying amounts of absorption
cause this “sub-band shift” to occur at different temperatures. When a sub-band
change is experienced, the lower limit follows the path of a parabolic curve before
changing to another sub-band, as displayed in fig. 6.9. The structures are therefore at
different stages of this cycle, whilst at -25 °C all devices are experiencing emission on
an upward part of the parabolic path. For numerous structures, lower threshold
currents are then observed at 75 °C!

The previous results indicate that the 2x25 A absorber offers the best
performance in terms of threshold current, however the power output must also be

investigated. Fig. 6.11 displays the current density bounds and corresponding power
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output for such a laser, verifying the relationship between the maximum power and
current density range that was mentioned previously (see fig. 6.7). It is evident that
the wide operating range at temperatures below 100 °C allows the power output to
increase beyond 100 mW in most cases. Both power thresholds are therefore available
at temperatures above 70°C. The deleterious effects of the leakage current are also
visible as the slope efficiency of the power curves decrease and the separation
between curves increase with temperature, indicating a drop in the power/current
ratio. However, these effects are negligible, so an absorber structure of 2x25 A in
combination with a 3x35 A gain region can achieve the performance required for
optical storage applications.

Fig. 6.12 shows the modal gain that is generated in the active region and four
corresponding amounts of modal absorption that are on offer from various absorber
well configurations. These curves are taken at carrier densities that are typical of
those observed when a pulse is emitted. The wavelength of the emission is chosen
such that the highest amount of gain is available, i.e. 408 nm, so it is at this point that
the absorption is considered. If two 15 A wells are used the sub-band energy levels
are very high in comparison with the other well widths, resulting in a small amount of
absorption that provides insufficient differential absorption characteristics at turn-on.
For the other three cases self-pulsation is available. At the lasing wavelength the three
structures offer lower sub-band energies, resulting in greater amounts of absorption.
This leads to higher threshold currents; however, the differential absorption values are

now sufficient to generate self-pulsation.

6.4.3 Separation distance between the gain and absorber layers

Now that a near optimum combination of gain and absorption has been achieved it is
desirable to “fine-tune” the current density and power characteristics of the self-
pulsation. A useful parameter that may be varied for just this purpose is the separation
distance between the gain and absorber regions, di.,, as displayed in fig. 5.14. The
value has been set at 0.0115 pm throughout the previous sections which corresponds
to a confinement factor, T,, of approximately 0.0048 for the 2x25 A absorber

structure, as shown in fig. 6.5(b). Using this separation distance both power
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Fig. 6.12 (a) Modal gain spectrum at a typical ope