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Abstract

Abstract

Incumbent telecommunication lasers emitting at 1.5� m are fabricated on InP
substrates and consist of multiple strained quantum well layers of the ternary alloy
InGaAs, with barriers of InGaAsP or InGaAlAs. These lasers have been seen to
exhibit very strong temperature dependence of the threshold current. This strong
temperature dependence leads to a situation where external cooling equipment
is required to stabilise the optical output power of these lasers. This results in a
signi�cant increase in the energy bill associated with telecommunications, as well
as a large increase in equipment budgets. If the exponential growth trend of end
user bandwidth demand associated with the internet continues, these ine�cient
lasers could see the telecommunications industry become the dominant consumer
of world energy.

For this reason there is strong interest in developing new, much more e�cient
telecommunication lasers. One avenue being investigated is the development of
quantum dot lasers on InP. The con�nement experienced in these low dimen-
sional structures leads to a strong perturbation of the density of states at the
band edge, and has been predicted to result in reduced temperature dependence
of the threshold current in these devices. The growth of these structures is di�-
cult due to the large lattice mismatch between InP and InAs; however, recently
quantum dots elongated in one dimension, known as quantum dashes, have been
demonstrated. Chapter 4 of this thesis provides an experimental analysis of one
of these quantum dash lasers emitting at 1.5� m along with a numerical investi-
gation of threshold dynamics present in this device.

Another avenue being explored to increase the e�ciency of telecommunica-
tions lasers is bandstructure engineering of GaAs-based materials to emit at 1.5
� m. The cause of the strong temperature sensitivity in InP-based quantum
well structures has been shown to be CHSH Auger recombination. Calcula-
tions have shown and experiments have veri�ed that the addition of bismuth
to GaAs strongly reduces the bandgap and increases the spin orbit splitting en-
ergy of the alloy GaAs1� xBix . This leads to a bandstructure condition at x =
10 % where not only is 1.5� m emission achieved on GaAs-based material, but
also the bandstructure of the material can naturally suppress the costly CHSH
Auger recombination which plagues InP-based quantum-well-based material. It
has been predicted that telecommunications lasers based on this material system
should operate in the absence of external cooling equipment and o�er electrical
and optical bene�ts over the incumbent lasers. Chapters 5, 6 and 7 provide a �rst
analysis of several aspects of this material system relevant to the development of
high bismuth content telecommunication lasers.
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Chapter 1

Introduction

To sustain the recent growth in the internet, telecommunications has turned to

optical interconnects. These interconnects consist of silica-based optical �bres

with telecommunication lasers to transmit optical data, and receivers to decode

the optical data. Due to the structural properties of silica �bres, there are two

favourable wavelength windows for optical transmission. The �rst window at 1.3

� m corresponds to a local minimum in the attenuation experienced by an opti-

cal pulse travelling in the �bre, but more importantly, 1.3 � m optical signals in

silica �bre experience zero dispersion. This is very important for achieving high

bit-rate transmission, and so this wavelength is utilised for high speed, short haul

interconnects. The second transmission window is at 1.5� m and corresponds to

the minimum attenuation experienced by optical pulses in silica �bre. This wave-

length window is used for long haul communication links where the achievable

distance between optical repeaters is as critical as bit-rate. This thesis focuses on

the development of optical sources for the low loss 1.5� m transmission window.

The incumbent telecommunication lasers emitting at 1.5� m are fabricated

on InP substrates and consist of multiple strained quantum well layers of the

ternary alloy InGaAs, with barriers of InGaAsP or InGaAlAs. These lasers have

been seen to exhibit very strong temperature dependence of the threshold current.

This strong temperature dependence leads to a situation where external cooling

equipment is required to stabilise the optical output power of these lasers. This

results in a signi�cant increase in the energy bill associated with telecommunica-

tions, as well as a large increase in equipment budgets. If the exponential growth

trend of end user bandwidth demand associated with the internet continues, these

ine�cient lasers could see the telecommunications industry become the dominant

consumer of the world's energy.

For this reason there is strong interest in developing new, much more e�cient
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1. Introduction 1.1 Thesis structure

telecommunication lasers. One avenue being investigated is the development of

quantum dot lasers on InP. The con�nement experienced in these low dimen-

sional structures leads to a strong perturbation of the density of states at the

band edge, and has been predicted to result in reduced temperature dependence

of the threshold current in these devices. The growth of these structures is di�-

cult due to the large lattice mismatch between InP and InAs; however, recently

quantum dots elongated in one dimension, known as quantum dashes, have been

demonstrated. Chapter 4 of this thesis provides an experimental analysis of one

of these quantum dash lasers emitting at 1.5� m along with a numerical inves-

tigation of the threshold dynamics of the device. This incremental approach to

using InP based materials for telecommunication lasers is reaching saturation as

it becomes apparent that the problem is a material property issue with InP.

Another avenue being explored to increase the e�ciency of telecommunica-

tions lasers is bandstructure engineering of GaAs based materials to emit at 1.5

� m. The cause of the strong temperature sensitivity in InP based quantum well

structures has been shown to be Auger recombination as discussed in detail in

Chapter 2. Calculations have shown and experiments have veri�ed that the ad-

dition of bismuth to GaAs strongly reduces the bandgap and increases the spin

orbit splitting energy of the alloy GaAs1� xBix . This leads to a bandstructure

condition close to x = 10 % where not only is 1.5� m emission achieved on GaAs

based material, but also the bandstructure of the material naturally suppresses

the dominant CHSH Auger recombination which plagues InP based quantum well

based material. It has been predicted that telecommunications lasers based on

this material system should operate in the absence of external cooling equipment

and o�er electrical and optical bene�ts over the incumbent lasers. Chapters 5,

6 and 7 o�er an in depth analysis of the development of this material system

towards the milestone x > 10 % highly e�cient telecommunication laser.

1.1 Thesis structure

The remainder of this thesis is laid out as follows. Chapter 2 provides some back-

ground and an overview the basic theoretical constructs relevant to the following

work. In chapter 3 an in depth description of the experimental methods employed

in this body of work is presented. In chapter 4, a temperature dependent analysis

of an InP based quantum dash laser emitting at 1.5� m is presented. A bistability

of the threshold current is uncovered in this device. A theoretical understanding

of the behaviour is gained, and a rate equation model which achieves excellent
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1. Introduction 1.1 Thesis structure

qualitative agreement with the measured data is presented. Chapter 5 provides

an experimental investigation of the causes and e�ects of the bismuth related

broadening present in alloys of GaAs1� xBix . The �rst measurement and analysis

of spontaneous emission from this material is presented in this chapter. Chapter

6 details a collaborative piece of work undertaken with Christopher A. Broderick,

in which experimental polarisation resolved photovoltage measurements, and an

8- and 12-bandk�p model are used to provide the �rst ever determination of band

o�sets for the GaAs/GaAs1� xBix heterointerface. In chapter 7 some of the �rst

ever time resolved, band edge photo luminescence is presented. This is achieved

by strong excitation of the GaAs1� xBix to saturate the bismuth pair and cluster

related localised states which exist within the bandgap of the material. This is the

�rst time resoled measurement of band edge emission from this material. Finally,

in chapter 8, a summary of the work undertaken in this thesis is presented.
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Chapter 2

Background theory

2.1 Introduction

The purpose of this chapter is to provide some backgound theory and context

for the chapters to come. This is achieved with a brief description in section 2.2

of what a laser is and a brief comparison of semiconductor, gas, and solid state

lasers. Following this, considering that this thesis is concerned with measurements

made on semiconductor diode lasers, an overview of the attributes of diode lasers

is presented in section 2.3. Section 2.3 is split into subsections in which each

deals with a feature of diode lasers. In section 2.3.1 a brief history of the diode

laser is provided, from the original bulk homojunction lasers to quantum well,

wire, and dot separate con�nement heterostructure lasers. Section 2.3.2 discusses

materials used in modern diode laser active regions, including strained quantum

well materials and a description of how the density of states changes when going

from bulk material to quantum con�nement. In section 2.3.3 a description of

three di�erent processing approaches for edge emitting lasers is presented. Section

2.3.4 discusses di�erent carrier recombination mechanisms and how the interplay

of these a�ect the threshold condition for lasing. In section 2.3.5 the selection

rules for allowed transitions in quantum con�ned materials are discussed before

a discussion of non radiative recombination mechanisms. Section 2.3.6 discusses

Auger recombination and its role in incumbent InP based telecommunications

lasers, and how bandstructure engineering can be employed to remove this costly

loss mechanism. In section 2.4 the chapter is summed up.
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2. Background theory 2.2 Lasers

2.2 Lasers

A laser is a light emitting device, where the emission of a coherent beam of

photons is achieved through a process of optical ampli�cation based on stimu-

lated emission of electromagnetic radiation and feedback within an optical cavity.

The term laser originated as an acronym forL ight A mpli�cation by Stimulated

Emission of R adiation[26]. A laser di�ers from more common light sources in

that it emits a coherent beam of photons, enabling applications such as laser

cutting and lithography and allows a beam to be collimated, as seen in laser

pointers.

Lasers have many important applications. They are used in common devices

such as optical disk drives (cd, dvd, blue-ray), laser printers, and barcode scan-

ners. They are used in medicine for laser surgery and various skin treatments, and

in industry for cutting and welding materials. They are used in military devices

for marking targets and measuring distance and speed. Laser lighting displays

use laser light as an entertainment medium. Lasers also have many important

applications in research, and as will be seen in this thesis, lasers have a large role

to play in modern telecommunications.

There are three broad laser classes: gas, solid state, and semiconductor. Semi-

conductor lasers will be the focus of the remainder of this chapter and so a brief

description of gas and solid state lasers will be given at this point to distinguish

them from semiconductor lasers. Helium-Neon and Nd-doped YAG (yttrium-

aluminium-garnet) are popular gas and solid state laser sources. Diode lasers are

distinguished from these other classes by their ability to be directly electrically

pumped, which results in a much better conversion e�ciency from electrical to

optical power. It is not uncommon for a diode laser to have a 50 % wallplug

e�ciency, whereas the corresponding e�ciency for a gas or solid state laser would

be closer to 1 %. These gas and solid state lasers are typically pumped via

plasma-pumping or via incoherent optical �ashlamps. Size is another di�erenti-

ating factor between semiconductor and the other laser classes. Gas and solid

state lasers are generally thousands of millimetres in length compared to semi-

conductor lasers where in a lot of cases a 1 millimetre cavity would be considered

quite long. This longer cavity, coupled with the narrow gain bandwidth associ-

ated with atomic energy levels in solid state and gas lasers, give rise to a generally

more coherent optical output than simple semiconductor lasers, whose linewidths

lie in the low megahertz range. Semiconductor diode lasers with very narrow

linewidths are achievable but are more complex than the basic edge emitting

devices discussed here.
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2. Background theory 2.3 Semiconductor diode lasers

2.3 Semiconductor diode lasers

This thesis is interested in its entirety in measurements and analysis of semi-

conductor diode lasers. Not just any diode lasers, but a very speci�c subset of

diode lasers called telecommunication lasers. All high bit rate telecommunication

networks are now based on optical interconnects. Optical �bre communication

was proposed in the mid-1960s and by the mid-1970s two windows in the infrared

had been identi�ed for telecommunication applications [90]. Optical telecommu-

Figure 2.1: Spectral attenuation of optical signals travelling in silica �bres [76].

nication networks are comprised of silica-based optical �bres and semiconductor

optical emitters and receivers. The absorption properties of the optical �bres leads

to two common telecommunication wavelength transmission windows. These two

windows correspond to the wavelengths within the optical �bre where the optical

mode undergoes zero dispersion and low loss, 1.3� m, and minimal loss due to

absorption and scattering, 1.55� m, as seen in Fig. 2.1. Long haul telecommu-

nications relies on the 1.55� m window as the losses are lowest in this spectral

region; however, lasers operating at this wavelength are based on InP and are
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2. Background theory 2.3 Semiconductor diode lasers

more expensive to produce and more costly to operate than 1.3� m lasers based

on InP or GaAs. Also the �bre can support a higher bit-rate with lower disper-

sion at 1.3 � m, provided the higher loss is not an issue. For this reason most

short interconnects are based on 1.3� m technology. In this thesis the topic of

1.55 � m emission is addressed both in terms of an analysis of a quantum dash

laser operating at 1.55� m, and the development of novel materials and devices to

extend emission on GaAs to the second telecommunication window at 1.55� m.

2.3.1 A brief history of diode lasers

A number of books and papers give an account of the history of semiconduc-

tor diode lasers [90, 27, 41, 4, 9]. The �rst electrically pumped semiconductor

lasers were based on electron-hole radiative annihilation at a homojunction based

on p and n doped bulk semiconductor material, and operated at cryogenic tem-

peratures, and only pulsed. Continuous wave lasing was not possible with these

lasers. The real-space band structure of these homojunction lasers, is seen in the

top panel of Fig. 2.2. These homojunction lasers had threshold current densi-

ties of 10 - 100 kA cm� 2, owing at least in part to the absence of both optical

and carrier con�nement. Carrier and optical con�nement were improved in the

growth direction by the additional growing of a double heterostructure, which

was proposed by Kroemer in 1963 [26], with real space band structure shown in

the middle panel of Fig. 2.2. This design proposed an active region which was

sandwiched between two doped cladding layers with larger energy gap and smal-

ler refractive index. The two additional cladding layers in this laser design act as

an optical waveguide for photons, and also provide a level of carrier con�nement

to ensure that most of the carriers recombine at the required energy and are

not lost through leakage from the laser active region. The �rst material system

proposed to make use of this new double heterostructure laser design, was bulk

AlGaAs grown on bulk GaAs, due to the very similar lattice constants of these

two materials, often referred to as being lattice-matched. Pulsed and continuous

wave lasing were demonstrated at room temperature in 1970 [40, 8, 7], which was

a considerable improvement on the cryogenic temperature pulsed operation of the

previous homojunction design. Further improvements in diode laser characteris-

tics were seen from the beginning of the 1970s, as the development of molecular

beam epitaxy (MBE) and metal organic vapour phase epitaxy (MOVPE) gained

traction and growth of semiconductor material for lasers moved from liquid phase

epitaxy (LPE) to these new and improved growth methodologies. Some of the

advantages accompanying the move to these new growth processes were accu-
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Figure 2.2: Real space representation of the bandstructure of a homojunction
laser (top), a double heterostructure laser (middle), and a separate con�nement
heterostructure laser (bottom). Note the increasing con�nement for carriers and
photons going from top to bottom [45].
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2. Background theory 2.3 Semiconductor diode lasers

rate, real-time, monitoring of the thickness, composition and planarity of each

layer during the growth process. Laser characteristics took another step forward

with the development of separate con�nement heterostructure lasers, whose real

space bandstructure is seen in the bottom panel of Fig. 2.2. These separate

con�nement regions, as is suggested by the name, provide separate con�nement

for the carriers and the photons within the structure. This allowed the optimi-

sation of carrier con�nement within the structure, and tuning of the waveguide

to suit the emission energy separately. After the demonstration of room tem-

perature continuous wave lasing, semiconductor laser diodes found application in

many areas, including printing, medicine, data storage and as sources for optical

�bre-based telecommunication, as mentioned earlier. The rapid growth in the

internet would not have been possible without the roll out of �bre-based optical

telecommunication systems where InP-based lasers have played a central role.

The growth of quantum wells, which were proposed and demonstrated in the

early and mid-1970s [101], was initially challenging even for the new MBE and

MOVPE processes. In 1982 the quantum well laser �nally outperformed its bulk

counterparts [98]. Also in that year Arakawa and Sakaki [11] made the predic-

tion that quantum wire and quantum dot lasers should have reduced threshold

current with improved temperature stability compared to quantum well lasers.

As with quantum wells, it remained challenging throughout the 1980s and 1990s

to grow quantum wires and dots. The �rst quantum dot laser based on GaAs

was demonstrated in 1994 [55] and six years later the �rst 1.3� m GaAs-based

quantum dot laser with a very low threshold current was reported [81]. GaAs,

however, is very di�cult to extend to the second telecommunication wavelength

window at 1.55� m. The InP material system is the generally accepted material

of choice for this wavelength range, and devices fabricated using this material

system are usually comprised of muliple quantum well layers. There are however

many inherent problems with this material system. Lasers based on InP have a

high temperature dependence of the threshold current and thus require external

cooling to stabilise the emitted optical power. The cause of this temperature

dependence has been shown to be CHSH Auger recombination [94, 22, 92, 93],

which will be discussed in detail further on in this chapter. This recombination

mechanism provides for up to 80 % of input electrical power to be converted to

heat. Because of this there has been interest in extending GaAs emission to the

second telecommunications emission window. There have, however, been issues

extending GaAs-based quantum well and quantum dot materials to the second

telecommunication window at 1.55� m, due to the large lattice mismatch between
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GaAs and InAs.

Two approaches have been investigated to extend GaAs-based lasers to longer

wavelengths. The �rst involves adding a small amount of N and/or Sb to GaInAs

to further reduce the GaAs bandgap [56]. Quantum well lasers have been demon-

strated based on this material system [13, 107], but there remain issues related

to defects in the active region, and concerns about device reliability. The sec-

ond approach involves reducing the lattice mismatch between GaAs and InAs by

growing a metamorphic bu�er layer [59, 109]. Lasing at 1.55� m has been mea-

sured in quantum well and quantum dot lasers with a metamorphic layer [96, 53],

but the temperature performance is quite poor. There are also issues of defects

in the active region and device reliability in lasers which contain a metamorphic

layer.

More recently, and the focus of chapters 5, 6 and 7, came the idea that the

addition of bismuth to GaAs can reduce the bandgap of GaAs and o�er im-

proved electrical, optical and thermal properties for laser operation at the second

telecommunication window and beyond into the mid infrared [94, 22, 92, 93]. The

bandstructure engineering of GaAs is discussed in depth within this thesis.

The growth of quantum dots on an InP-substrate is more challenging than on

GaAs due to the reduced lattice mismatch. Recently advances have been made

in growing quantum dots on the commercially favoured (001)-InP substrate ori-

entation. Using this substrate orientation enables the use of the same fabrication

processes as for bulk and quantum well lasers [84, 60]. In chapter 4 in this thesis

an experimental analysis of a quantum dash laser based on InP operating at 1.55

� m is presented along with some numerical analysis of threshold dynamics seen

in this particular device.

2.3.2 Materials for diode lasers

The successful fabrication and operation of a diode laser is heavily dependent

upon the properties of the materials used in the fabrication processes. The avail-

able semiconductor materials which possess the relevant qualities to produce a

good diode laser are very limited. For double heterostructures, at least two ma-

terials must be found which are compatible with each other and have varying

bandgaps to produce cladding and active regions. In the more complex separate

con�nement heterostructure geometries, as many as four of these materials may

be required to make up the desired device stack. The underlying requirement

for all of these materials is that they have the same crystal structure and very

similar lattice constants [26]. The combination of these two requirements allows
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the epitaxial growth of defect-free single crystal layers of material. If the layer is

of poor quality, it will have a lot of defects. Defects generally act as non-radiative

recombination centres and thus reduce e�ciency and increase threshold current,

as well as reducing device reliability and overall lifetime. In Fig. 2.3, a plot of

Figure 2.3: Energy gap versus lattice constant for ternary compounds de�ned by
curved lines connecting the binary end point alloys [17].

bandgap versus lattice constant is seen for the most common III-V semconduc-

tors. These materials have emerged as the dominant materials for construction of

semiconductor lasers. Most of these materials have a direct energy gap, that is, in

E-k space the maximum of the valence band and the minimum of the conduction

band occur at the same value of k. This means that optical recombination is

favoured in these materials due to conservation of momentum due to annihilation

of the equal and opposite momenta of the electron and hole [26].

The lines drawn in Fig. 2.3 represent ternary compounds, alloys of the binary

compounds labelled at the end points of the lines. The triangular areas enclosed

by lines between three binaries illustrate quaternaries, whose energy gap can be

adjusted easily without changing the lattice constant by a large amount due to
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the large number of degrees of freedom. The dashed lines in the �gure represent

indirect bandgap alloys and materials, where di�erent k-vectors are associated

with the highest valence and lowest conduction band states. These are not ideal

optical emitters as optical recombination must be phonon assisted to conserve

momentum.

GaAs and AlxGa1� xAs are a special case in alloying III-V's, as is evidenced

by the line joining GaAs and AlAs in Fig. 2.3. This line is very close to vertical,

meaning that virtually any alloy of the ternary alloy Al xGa1� xAs can be grown

epitaxially on GaAs. This gives a large technological advantage to the GaAs

material system because devices such as Bragg mirror stacks are quite easy to

grow given the available refractive index contrast and lattice-matched growth.

The most popular materials for the 1.55� m telecommunications window are

InGaAsP quaternary alloys grown lattice matched on InP substrates. The quater-

nary compound is speci�ed as In1� xGaxAsyP1� y. It has been found that setting

x � 0:46y [26] results in lattice matching on InP. Once this ratio is adhered to,

the bandgap of the material can be changed by varying x and y, while the material

remains lattice matched on InP.

Lattice matching is necessary to avoid defects which degrade the laser char-

acteristics and performance. It is, however, well known that a small lattice mis-

match of � a
a � 1% can be tolerated up to a certain critical thickness,� 20 nm,

without the introduction of defects into the material. This is of particular interest

in quantum well lasers, where the active region is of the order of tens of nm thick.

In this case if the lattice matching condition is not met, the lattice constant of

the thin quantum well layer has the ability to either stretch, resulting in tensile

strain, or shrink, resulting in compressive strain. This strain is compensated in

the z direction. A compressively strained well will slightly increase in thickness

whereas a tensile strained well will reduce slightly in thickness when compared to

their unstrained counterparts. It was generally believed for a considerable period

that strain within lasers was not a good thing and that all possible e�orts should

be made to remove it. However, it has been shown that the introduction of strain,

either compressive or tensile, has many positive e�ects on the characteristics of

quantum well diode lasers [3, 78], and a Rank prize has recently been awarded for

the work carried out in this area. The introduction of strain into quantum well

lasers results in an increase in the energy splitting between the highest heavy-hole

and light-hole valence band states, whose degeneracy has already been lifted due

to the breaking of the crystal symmetry within the quantum well layer. This has

the e�ect of lowering the density of states at the optical band edge, at the thresh-
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old for laisng, and so reducing the carrier and current density required to reach

the transparency condition, that the Fermi level separation equals the bandgap

[106]. This comes about directly from the fact that either the heavy or light hole

subbands (depending upon the compressive or tensile nature of the strain) are

no longer at the optical band edge energy, and so the Fermi level separation can

equal the bandgap without the need to �ll the states associated with one of the

bands. This reduction in threshold carrier density is accompanied by a reduction

in the threshold current density, as the threshold current density is dominated by

Auger recombination, whose magnitude varies in the Boltzmann approximation

as n3, where n is the carrier density. This does not guarantee a reduced temper-

ature dependence of the threshold current density, but should lead to a reduced

threshold current density. There are also improvements in e�ciency which are

gained as a result of changes in the dispersion of the valence bands. Improvements

can also be gained in terms of reliability as a result of strain relaxation at the

facets. This relaxation inceases very slightly the bandgap at the facet resuting

in lower absorption at the facet and less chance of the facet heating resulting in

failure of the device.

As the width of the active region decreases from the case of the double het-

erostructure bulk laser, to a quantum well laser, the carriers begin to become

con�ned along the growth direction. This con�nement is increased until the layer

thickness is comparable to the De Broglie wavelength for an electron, and so

electrons begin to act as a two dimensional gas with momentum quantised in

the con�ned dimension. This brings about some interesting e�ects not least of

which is the change in the density of states within the material. When studying

the optical and electronic properties of materials, the density of states close to

the band edge is very important. Following this the e�ect of imposing quantum

con�nement on the carriers and extending this con�nement from 1-D (quantum

well) to 2-D (quantum wire) to 3-D (quantum dot) on the density of states will

be discussed. As can be seen in Fig. 2.4, there are drastic modi�cations to the

density of states as con�nement is increased.

If the case of bulk material is considered, the states are uniformly distributed

in k-space and the distance between allowed k values is very small. The number

of states,� N, in the interval from k to k + � k is

�N = D(k)�k = D(E)�E (2.1)

where D(E) is the density of states per unit energy. A parabolic dispersion relation
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Figure 2.4: Representation of the density of states for bulk, quantum well, quan-
tum wire and quantum dot respectively working from left to right [75].

is assumed

E =
~2k2

2m�
(2.2)

along with a volume V, and� N as the volume of a shell of radius k with thickness

� k, 4� k2� k, divided by the volume of a single state,8� 3

V . A factor of 2 is included

to account for the spin.

�N = D(k)�k = 2

 
V k2�k

2� 2

!

(2.3)

Writing D(E) by the use of equation 2.1 and using� N from equation 2.3 the

expression below is obtained.

D(E) =
2V
4� 2

� 2m�

~2

� 3
2 p

E (2.4)

This expression has units of inverse energy. If D(E) is divided by the volume V,

the density of states per unit volume,� 3D (E), is obtained.

� 3D (E) =
1

2� 2

� 2m�

~2

� 3
2 p

E (2.5)

This quantity is illustrated on the left in Fig. 2.4. If one of the bulk dimensions

is reduced to the order of a few nm thick then the density of states gets strongly

perturbed. If the z direction is reduced than carriers are not free to move in this

direction, but only in the x - y plane. By this imposition carrier momentum is
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2. Background theory 2.3 Semiconductor diode lasers

quantized along kz, and subbands are formed. Considering the density of states

as a function of k , D(k), as in equation 2.1 for an area, A = LxLy, it is seen that

the number of states,� N, between k and k + � k / 2� k� k. Following a similar

treatment as the bulk case, the density of states for a single subband is found to

be

� 1sub
2D (E) =

m�

� ~2
(2.6)

To obtain � 2D (E), as seen in Fig. 2.4 second from the left for 3 subbands, the

Heaviside function H(x � x0) is utilised, where

H (x � x0) = 0 (2.7)

if x <0, and

H (x � x0) = 1 (2.8)

if x � 0. It is now possible to write

� 2D (E) =
m�

� ~2

NX

n=1

H (E � En ) (2.9)

for E � En , where En is the energy of the nth con�ned state within the quantum

well.

The carrier momentum can also be restricted to a single dimension, along

y, by the reduction of x and z, to obtain a quantum wire. This situation is

illustrated in Fig. 2.4 to the right of the quantum well case. In this case the

electron momentum is quantised along x and z and the density of states can be

derived as a function of unit length. Following the same analysis as for the bulk

case, the density of states per unit length per unit energy for a single subband is

� 1sub
1D (E) = 2

~2

m�

s
2m�

~2

1
q

(E � Enx � Enz )
(2.10)

for E >(E nx + E nz ). As with the quantum well case, the Heaviside function is

utilised when a number of subbands are taken into consideration.

� 1D (E) = 2
~2

m�

s
2m�

~2

M;NX

nx;ny =1

H (E � Enx � Enz )
q

(E � Enx � Enz )
(2.11)

Reducing all 3 dimensions to form a quantum dot, where electron momentum is

quantised an all three dimensions, results in a discrete, atomistic-like, density of

states as seen on the extreme right of Fig. 2.4.
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As well as the discussed changes to the density of states arising from increasing

the number of dimensions of con�nement, it is also quite clear from Fig. 2.4 that

increasing the number of con�nement dimensions increases the energy of the �rst

bound state. This has to be taken into account when considering to engineer the

bandstructure of semiconductors for laser applications, as the bound state may

sit in the barrier instead of the quantum well / wire / dot in some extreme cases.

2.3.3 Device geometry

The previous sections discussed carrier and photon con�nement in and about the

active region. The discussion mostly focused on con�nement in the growth di-

rection. In this section three di�ering processing methodologies will be discussed

and compared for their ability to laterally con�ne carriers and photons.

Figure 2.5: Three di�erent processing options for diode lasers. Broad area (oxide
stripe) (top), ridge waveguide (middle), and buried heterostructure (bottom) [45].

The three types of processing which will be discussed are shown in Fig. 2.5.
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2. Background theory 2.3 Semiconductor diode lasers

The �rst, and simplest form of laser structure is called a broad-area, or oxide

stripe laser. In this case the epitaxially grown material has a thin dielectric �lm

deposited on the surface of the p doped surface of the wafer. This dielectric �lm is

covered with a photosensitive �lm onto which windows which de�ne a stripe width

are opened through the photosensitive and dielectric layers by selective chemical

etching. The wafer is metallised and a lift-o� etch removes the unwanted metal

from the dielectric layer, but the metal contacts which were deposited on the wafer

through the etched windows remain. After this step, the p side of the wafer has a

series of stripes, which provide electrical contact to the wafer, separated by regions

of non-conducting oxide. The n side of the wafer is completely metallised, leading

to electrical contact being achievable on the n-side also. The wafer is cleaved into

laser bars perpendicular to the metal stripes on the surface of the p side. Each bar

may contain as many as 15 -20 lasers. In this type of laser device, lateral photon

con�nement is achieved by the slight material refractive index change caused by

electrical injection and so devices processed in this manner are regarded as gain

guided, and the carriers are not con�ned laterally and so spread out underneath

the contact stripe. This spreading causes degradation of the laser characteristics.

The stripe width of these oxide con�ned lasers is of the order of 20 - 100� m,

which supports the propagation of more than one transverse mode in the cavity;

this also degrades the device performance. These lasers are commonly operated

using a pulsed drive current, as the heat dissipation properties of the material

would not be su�cient to stop the device heating given the large applied currents

required to drive such a large pumped area to threshold.

The second laser device considered is the ridge waveguide laser. The process-

ing of this type of device is similar to the broad area device and so will not be

repeated in detail. The processing is, however, slightly more di�cult. In these

devices, as seen in Fig. 2.5, the metal in the ridge waveguide is raised above the

surface, this is the ridge. This comes about as a result of most of the top cladding

layer being etched away around the ridge allowing a layer of lower refractive in-

dex oxide material be deposited on the sides of the ridge. This provides both

carrier and photon con�nement. Carriers are con�ned as they cannot spread out

in the material before they get to the active region, requiring all of the carriers

to excite states in the area de�ned by the ridge; photons are con�ned by the high

re�ectivity created by the large refractive index contrast at the sides of the ridge.

This is however only at the p side of the device and so devices processed in this

manner are regarded as being weakly index guided. Along with these bene�ts,

these ridges are generally of the order of 0.5 - 5� m wide, usually allowing only
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2. Background theory 2.3 Semiconductor diode lasers

one transverse cavity mode. The ridge waveguide laser is superior to the broad

area laser and results in enhanced lasing characteristics.

The third laser device design considered here is the buried heterostructure

laser. This is the most complex design in terms of processing, but also the best in

terms of lateral optical and electronic con�nement. The buried heterostructure

laser can be seen in Fig. 2.5. The processing steps for this laser are the same

with the exception that once the ridge is de�ned lithographically, the etch is

continued all through the active region and into the n doped cladding layer.

Regrowth is then performed with a lower refractive index material, with a doping

pro�le opposite that of the originally grown wafer. In this way the active region

is bounded both parallel and perpendicular by a material of lower refractive

index making the carriers and optical mode highly con�ned. These laser devices

are referred to as being fully or strongly index guided. Due to the superior

characteristics of this design, these lasers are widely implemented even though

they are much more di�cult to process.

2.3.4 Carrier generation and recombination in active re-

gions

When light and matter interact, such as in the active region of a diode laser, there

are three possible processes which take place. These processes are illustrated in

�g. 2.6. The �rst process is known as spontaneous emission. This is shown in

the top panel of �g. 2.6. This occurs in the case where an electron is excited

from the lower state (valence band) of energy E1, to the upper state (conduction

band) of energy E2. The electron is not stable in this excited state and so after a

short period of time decays back to the original lower state via the emission of a

photon of energy E2 - E1. This is the dominant processes in a diode laser when

the drive current is less than the threshold current.

The second process in �g. 2.6 is absorption. This is depicted in the middle

panel of �g. 2.6. If a photon is travelling in the material, with an energy of E2 -

E1, this photon can cause the excitation of an electron from the lower energy E1

to the upper E2 state by absorption. This excited electron can then behave as

described above, decaying back to the lower energy state by spontaneous emission,

or by stimulated emission which will be discussed next.

Stimulated emission is the process by which lasing occurs and is shown

schematically in the bottom panel of �g. 2.6. This process becomes more favoured

than absorption at high drive current levels, close to threshold current, where

there is a population inversion (more electrons in the upper state than the lower
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Figure 2.6: Schematic illustration of the three possible outcomes of light-matter
interaction. Spontaneous emission (top), absorption (middle), and stimulated
emission (bottom) [51].

state). This inversion results in net material gain, which in turn renders the mate-

rial transparent to a photon of energy E2 - E1 travelling through it. As this photon

interacts with the excited states, it induces the emission of more photons of the

same phase, amplitude and direction, resulting in generation of coherent light.

Carrier lifetime is a quantity which describes the amount of time an electronic

charge carrier is stable in the excited state. This is a very important parameter

for laser materials as if the lifetime is too short achieving population inversion

becomes very di�cult, whereas if the lifetime is too long (stable) the state may

not interact strongly with the optical mode. If a material which achieves inver-
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sion is placed within an optical cavity then optical feedback provides the last key

ingredient to achieve lasing. Sources which reach the transparency condition but

do not have su�cient feedback to produce lasing are known as superluminescent.

Stimulated emission dominates laser output above threshold and any additional

carriers injected above the threshold carrier density result in an increase in the

optical power output.

These processes can be thought of in terms of an analogy with a water reser-

voir. An illustration of this analogy is seen in Fig. 2.7. In this picture the large

Figure 2.7: Reservoir analogy for the competing processes at play when trying to
reach threshold in a diode laser [26].

pipe supplying the water is equivalent to the electrical pumping source which

would commonly be used for a diode laser. The amount of carriers per volume

per second which reach the active region, Ggen, is described by the injected cur-

rent, I, times an injection e�ciency, � i (typically � 80 %), which takes account of

carrier loss mechanisms including injection leakage, divided by the charge on the

electron, q, and by V, the volume of the active region. Once the carriers get to

the active region, they start to �ll the reservoir. Three processes, two optical and

a leakage term try in turn to deplete the reservoir of carriers. The �rst process is,

Rl , this describes carriers which gain enough thermal energy to pass the potential

barrier of the active region. In a well designed laser this quantity should be small.

Rnr is the non-radiative recombination rate and is highly dependent upon carrier

density. Rsp is the spontaneous emission rate and is also highly dependent upon

carrier density. Nth is the threshold carrier density. As can be deduced from Fig.
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2.7, once Ggen is larger than Rnr + R sp (assuming Rl is negligible) at a particular

�ow rate, the level of water in the reservoir will rise, and so for a diode laser, the

carrier density will rise. If this condition is satis�ed up to the line at Nth , than

the laser has reached threshold. Any additional carriers introduced to the active

region will result in stimulated emission but no increase in carrier density. As

seen in Fig. 2.7 any additional water will �ow away over the spillaway, resulting

in no additional rise in level. Because of this carrier density pinning at threshold,

the spontaneous emission rate and gain are also pinned, as these are heavily de-

pendent on carrier density. Any additional carriers result in stimulated emission

from the active region, and so, lasing. This explains the discontinuity seen in the

laser light-current characteristic in Fig. 2.8. For lasing action to occur, the round

Figure 2.8: Example laser light-current characteristic showing di�erent processes
above and below threshold [26].

trip gain of the laser cavity must equal the propagation and transmission losses.

This can be written as

� gth = � i +
1
L

ln
� 1

R

�

(2.12)
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where � gth is the normalised threshold gain,� i represents internal losses within

the laser cavity and the 1
L ln

�
1
R

�
term describes the cavity mirror losses.

2.3.5 Matrix elements

The transition rate of an electron in a state 2 to a continuum of �nal states 1

in the presence of a harmonic perturbation, such as an electromagnetic �eld, is

given by Fermi's Golden Rule [26], and is proportional to

2�
~

jH
0

21j
2 (2.13)

where jH
0

21j
2 is the square of the matrix element evaluated at E21, which deter-

mines the strength of the interaction between the initial and �nal states and the

optical �eld. The matrix element H21, is given by

jH
0

21j =
Z

V
 �

2H
0

r  1d3r (2.14)

where  1 and  2 are the wavefuntions of the isolated electron in states 1 and 2,

while H
0

r is the Hamiltonian characterising the electronic state and its interaction

with the electromagnetic �eld. In a quantum well,  1 and  2 can be decoupled

into a slowly varying envelope function, F(r ), which satis�es Schrödinger's equa-

tion at a macroscopic level, and a complex Bloch function, u(r ), which repeats

itself over each unit cell and satis�es Schrödinger's equation at an atomic level.

The di�erence between F(r ) and u(r ) can be seen schematically in Fig. 2.9. The

valence and conduction band wavefunctions can be written

 1 = Fv(r )Uv(r ) (2.15)

 2 = Fc(r )Uc(r ) (2.16)

Hr is related to the vector potential A(r) and can be written as [32]

H
0

r =
qA(r )
2m0

(e � p) (2.17)

where the unit vectore gives the polarisation direction andp is the momentum

operator. If we substitute equations 2.15, 2.16, and 2.17 into equation 2.14 and

assuming that the vector potential is a plane wave with magnitude A0 and no
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Figure 2.9: Representation of the atomistic potential, u(r ), and the accompanying
envelope function F(r ) in a periodic crystal structure [26].

spatial dependence, we obtain

H
0

21 =
qA0

2m0
jMT j (2.18)

where jMT j is the transition matrix element and is equal to the product of the

overlap integral, < F v(r )jFc(r ) > , and the momentum matrix element,jM j =

< U c(r )j e�p jUv(r ) > , which gives the polarisation dependence of the interaction.

We substitute equation 2.18 into equation 2.13 and can writejM j2 = Sx jM j2 +

Sy jM j2 + SzjM j2, where Si is the relative transition strength at the band edge

along the ith direction. The polarisation dependence ofjM j2 does not reveal itself

in bulk due to a uniform distribution of electron momentum. However when a

quantum well is grown, the degeneracy of the heavy-hole (HH) and light-hole

(LH) levels is lifted, with the HH states lying above the LH states in unstrained

and compressively strained quantum wells. When light is emitted (absorbed)

by recombination into (from) a pure HH state in a quantum well, the emitted

(absorbed) photon is polarized in the x� y plane with Sx = Sy = 1
2 and Sz =

0, giving what is referred to as TE-polarized emission (absorption). By contrast,

Sz = 2
3 and Sx = Sy = 1

6 for a pure LH state, so that transitions involving LH

states are predominantly TM -polarized, with the electric �eld pointing along the

z-direction [26].
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Non-radiative transitions in diode lasers are, as the name suggests, transitions

between electrons and holes which do not produce photons. These transitions are

not favourable to good laser characteristics as they produce waste heat in many

circumstances, reduce laser e�ciency, and increase threshold currents.

Carrier leakage, as discussed earlier, occurs when carriers within the active

region are not adequately con�ned and gain enough thermal energy to escape

to the barrier and cladding layers. These carriers can then recombine either

radiatively or non-radiatively in these barrier/cladding regions. This process

reduces the di�erential e�ciency of the laser and increases the threshold current.

Monomolecular defect-related recombination is a process whereby carriers can

recombine in defect states within the bandgap of a semiconductor crystal. These

states can be associated with vacancies, dislocations or impurities within the

crystal created during the growth process. The defect-related recombination rate

is proportional to the carrier density.

Auger recombination is a process whereby an electron and hole recombine,

but instead of the generation of a photon, a carrier is promoted in the conduction

band or in the valence band. There are three main types of Auger recombina-

tion, with the names given to the di�erent Auger processes re�ecting the types

of carrier involved in that process. Due to Auger recombination being a three

carrier process, the Auger recombination current is proportional to the cube of

the carrier density. This means that for typical carrier densities of diode lasers,

Auger recombination is often the dominant factor in the determination of the

threshold current. The resultant excited carrier from this process scatters o� the

lattice on its way back to the band maximum or minimum and produces waste

heat. The speci�c type of Auger recombination which e�ects 1.55� m InP based

telecommunication lasers will be discussed in the next section.

2.3.6 Auger recombination

Auger recombination is highly reliant upon a suitable bandstructure in which the

required three carrier process can conserve energy and momentum. In incumbent

InP based telecommunications lasers, CHSH Auger recombination has been shown

to be the dominant loss mechanism [82, 93, 88]. This type of Auger recombination

occurs where an electron near the conduction band minimum and a hole near the

valence band maximum recombine, giving up their energy to another hole and

thus promoting it to the spin split-o�-band. This hole then relaxes back to

the valence band maximum producing waste heat, and contributing to a highly

temperature sensitive threshold current. This temperature sensitivity introduces
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the requirement for external cooling equipment with these telecommunication

laser chips, to allow operational stability, at a very large energy and equipment

cost.

2.3.6.1 Removal of CHSH Auger recombination through bandstruc-

ture engineering

Figure 2.10: Schematic representation of the predicted CHSH Auger recombina-
tion suppression due to bandstructure engineering.

It has recently been suggested that this non-radiative recombination pathway

can be removed from telecommunications lasers using a bandstructure engineering

approach. The addition of bismuth to GaAs to form the alloy GaAs1� xBix results

in a rapid decrease in the band gap energy, Eg, and superlinear increase in the spin

orbit splitting energy, � so [94, 22, 92, 93]. It is predicted that at x� 10%, along

with reaching the milestone 1.55� m emission on GaAs, the Auger suppressing

bandstructure illustrated in Fig. 2.10 will be achieved with� so >E g and this non

radiative recombination process then being suppressed due to the requirement for
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conservation of energy and momentum. Chapters 5, 6, and 7 provide an in depth

discussion of this topic.

2.4 Summary

In this chapter some backgound information and context for the chapters to come

has been provided. This was achieved with a brief description in section 2.2 of

laser action and a comparison of semiconductor, gas, and solid state lasers. Fol-

lowing this an overview of the properties of diode lasers was presented in section

2.3. Section 2.3 was split into subsections each of which dealt with a feature of

diode lasers. In section 2.3.1 a brief history of the diode laser was given, from

bulk homojunction to quantum well, wire, and dot separate con�nement het-

erostructures. Section 2.3.2 discused materials used in modern diode laser active

regions, including strained quantum well materials and a description of how the

density of states changes when going from bulk material to quantum con�nement.

In section 2.3.3 a description of 3 di�erent processing approaches for edge emit-

ting lasers was described. Section 2.3.4 discussed di�erent carrier recombination

mechanisms and how the interplay of these a�ect the threshold condition. In sec-

tion 2.3.5 the selection rules for allowed transitions in quantum con�ned materials

were given, followed by a discussion of non radiative recombination mechanisms.

Section 2.3.6 discussed Auger recombination and its role in incumbent InP based

telecommunications lasers, and how bandstructure engineering can be employed

to remove this costly loss mechanism.
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Chapter 3

Research methodologies

3.1 Introduction

As has been outlined in chapter 1, this thesis is concerned primarily with temper-

ature dependent optical emission and absorption measurements. These measure-

ments are designed to further our understanding of the bandstructure of materials

composed of highly mismatched alloys of GaBiAs, and InP/InAs quantum dashes,

and to show how the bandstructure of these materials change with temperature

and composition. Measurements are also made on processed laser devices to de-

termine operating properties and e�ciencies and to determine the radiative and

non-radiative processes at play.

This chapter will be split into two sections. In section 3.2, the main labora-

tory equipment used in the experimental procedures will be described. Section

3.2.1 discusses the cryostat set-up which is required for all of the temperature

dependent measurements, and in sections 3.2.2 - 3.2.6, the rest of the equipment

used to construct the various experiments is introduced.

In section 3.3, a detailed description of the various arrangements of the equip-

ment appropriate to each of the experimental techniques is given. This will be

followed in each case by an outline of how the results obtained using the mea-

surement technique are helpful for our understanding of the associated material

properties. The measurement of pure un-ampli�ed spontaneous emission (SE)

is problematic in edge emitting laser structures due to the geometry of the ac-

tive region and waveguide. Section 3.3.1 explains how spectrally resolved SE

spectra of edge emitting laser structures are measured. In section 3.3.2, the tech-

nique for measuring temperature dependent SE and facet emission is explored.

This technique allows investigation of the variation of Ithtotal and Ithrad with tem-

perature and is a valuable device characterisation tool. Section 3.3.3 details the
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method employed for temperature dependent optical time trace capture, used

to characterise threshold dynamics. In section 3.3.4, the temperature dependent

photoluminescence (PL) method used in this work is described. PL spectroscopy

is a characterisation tool for direct band semiconductors and yields bandstructure

information. Finally in section 3.3.5 the method for collection of photovoltage

spectra is presented. PV spectroscopy is the method which has the widest appli-

cation in this thesis, and the technique utilised allows investigation of the lifting

of the degeneracy at the VB edge of QW materials, and further details of the

bandstructure.

3.2 Laboratory equipment

In the following section a description of the most frequently used equipment used

in the laboratory will be given.

3.2.1 Cryostat

The cryostat used in this work is an Advanced Research Systems (ARS) closed

cycle liquid helium cryostat. It is capable of of achieving temperatures as low as

8 K, and up to 400 K, with temperature stability of 0.01 K. This allows mea-

surements over a very broad temperature range. The cryostat operates under a

pneumatically driven Gi�ord-McMahon refrigeration cycle [95] where high pres-

sure helium from the compressor undergoes a pressure drop in the cold head of

the cryostat, expands, and in so doing removes heat. This low pressure helium

travels back to the compressor where the pressure is once again increased. The

heat removed from the cryostat cold head is transferred to cooling water in the

compressor and then dumped. The schematic representation of this system is

shown in Fig. 3.1. The cryostat is only capable of cooling once the compressor

is switched on. The refrigeration cycle works to drive the temperature of the

cold head to 8 K. Temperature variation is achieved through a heating coil lo-

cated at the end of the cryostat cold �nger, and a temperature controller. The

temperature controller monitors the temperature by measuring the voltage of a

calibrated precision silicon diode located on the sample holder. It implements a

proportional, integral and derivative (PID) control algorithm to adjust the cur-

rent �ow to the heating coil to reach the desired temperature set by the user,

or LabView routine. This cryostat was used for all of the temperature depen-

dent experiments discussed. Numerous mounts for the cold �nger of this cryostat
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Figure 3.1: Schematic of the ARS cryostat [95]

were developed for the di�erent measurements; these will be discussed with their

accompanying measurement technique in the following section.

3.2.2 8 GHz oscilloscope

The oscilloscope used in this work is an Agilent In�nium 8 GHz oscilloscope.

The shortest pulse measurable by this oscilloscope is 0.1 ns, due to bandwidth

limitations. This oscilloscope is used to measure laser optical time traces. Any

dynamics slower than the ns regime that are present in the optical signal can

be measured. For dynamics happening on a quicker timescale than this, an

autocorrelation measurement is required.

3.2.3 Lock-in ampli�er

The lock-in ampli�er used is an EG&G DSP 7260. A lock-in ampli�er is an in-

strument used for signal recovery of poor quality signals with low signal-to-noise

ratio (SNR) [83]. Signal recovery is achieved through phase sensitive techniques

[1]. In this work, this instrument is generally used where measurement of an opti-

cally induced voltage, either from a detector or laser structure is required. These
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voltages can be very small and noisy. The incident light is chopped at a reference

frequency with a 50 % duty cycle which is known to the lock in ampli�er. The

ampli�er then integrates the measured signal, using a phase sensitive detector.

When the optical signal is blocked by the chopping wheel, the measured signal

contains only noise. When the optical signal is allowed to pass by the chopping

wheel, the measured signal will contain signal and noise mixed together. The

lock-in ampli�er integrates the measured signal in both regimes, and removes

the former from the latter, thus removing a large portion of the noise from the

measured signal. There is a time-constant which is set on the lock in ampli�er

which determines how many of these on-o� cycles are averaged before the signal

is determined. The more of these cycles that are averaged, the less noise will

be contained in the measured signal, but the longer the measurement will take.

This introduces a trade-o� between time e�ciency and measurement quality. The

procedure implemented by the lock-in ampli�er creates a narrow band pass �lter

at the chopping frequency, dramatically reducing the noise spectrum.

3.2.4 Spectrograph

A large portion of the work undertaken in this thesis involves spectrally resolving

light emitted from a material, or light which is destined to illuminate a material.

This spectral resolution is achieved in most cases using a Princeton Instruments

Acton SpectraPro 2150i spectrograph. This is an imaging grating spectrometer

with a focal length of 0.15 m and a 600 line/mm 1� m blazed grating. The

resolution of the spectrograph is 11nm/mm, where the length measurement in

the stated resolution refers to the manually set slit-width. This relation between

resolution and slit-width results in a sensitivity and resolution trade-o� when

using the spectrograph. Light is coupled in and out of the equipment using two

sets of f-number matched lenses, one for the input slit and one for the output

slit. A calibrated tungsten irradiance standard is used for spectral illumination

experiments, while the InGaAs detector which will be discussed in the next section

is used to detect light generated in emission measurements.

3.2.5 InGaAs Femtowatt detector

For spectrally resolved emission measurements, and measurements of throughput

for measuring instrument response functions, a Bookham New Focus 2133 fem-

towatt front end optical receiver is used. This contains an InGaAs PIN photo-

diode which allows optical detection up to 1.6� m. The detector is designed to
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provide excellent sensitivity, dynamic range and gain, as well as having fast gain

recovery with 20 kHz bandwidth, to aid detection of modulated optical signals for

phase sensitive measurements. This detector is used to measure the spectrally

resolved emission from materials due to its superior sensitivity, as the optical

signals can be very weak in high resolution spectral measurements.

3.2.6 Pulsed current source

Most of the devices studied in this thesis are broad area 50� m or 100� m oxide

stripe laser structures. These cannot be CW pumped electrically due to heating

e�ects, and so a pulsed current source is required. An Agilent 8114A pulsed

current source is used. This has a current output limit of 2 amps and can source

50 Volts. This is generally used to pump lasers at 10 KHz with a 1 % duty cycle

to minimise device heating. The applied current is measured using a current

probe and digital oscilloscope due to the fact that these pulse generators infer

the current �owing by assuming a 50
 load and using the applied voltage.

Interfacing to all of the equipment discussed in this section is carried out using

NI LabView and the GPIB (general purpose interface bus) protocol. Once the

experiments which will be discussed in the next section are designed, their imple-

mentation is achieved by decomposing the experimental technique into the funda-

mental tasks required of each instrument. LabView routines are then developed

to automate the measurement by communicating in turn with each instrument

as required and either collecting experimental data or changing the experimental

operating conditions, such as the temperature, electrical pump power or optical

pump power.

3.3 Measurement techniques

The main experimental methods used in the thesis will be explained in this sec-

tion. After this in each case the merits of the method will be discussed before an

overview is presented of how the method helps further our understanding of the

properties of the material/device under test. The methods are discussed in order

of their use in the thesis.
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3.3.1 Spectrally resolved spontaneous emission measure-

ments

As mentioned in the introduction, SE measurement cannot easily be achieved

from the facet of edge emitting laser structures [37]. This is because light which

is emitted from the facet has passed through the waveguide and gain region,

and thus may have undergone some ampli�cation. Some authors misleadingly

refer to this ampli�ed spontaneous emission (ASE) from the facet as SE [38].

This ampli�cation can be circumvented by measuring SE through a transparent

window etched in the substrate of the laser structures [82]. Windows can also be

made during the processing of the laser devices [46] The nature of a quantum well

(QW) structure is that it is extremely thin in the out-of-plane direction. This

means that even if there is signi�cant re�ection of the SE by the waveguide in the

z direction, photons will undergo negligible ampli�cation, due to the very thin

nature of the gain region in this direction. The transparent windows are achieved

by etching the laser substrates using a technique known as focused ion beam

(FIB) milling. A FIB is very similar to an electron microscope in its operation

[104]. A beam of highly energetic (� 30 keV) gallium ions (Ga+) bombard the

substrate and remove some of the substrate material along with the metal of the

bottom contact [91, 85]. The spatial resolution of this beam is� 10 nm. The

window is generally milled along the length of a laser bar, which may contain

6-8 lasers, allowing comparison of results from di�erent devices along the laser

bar. Measurements of the laser light-current-voltage (L-I-V) characteristics are

made before and after windowing to ensure no damage has been done to the laser

electrical characteristics during windowing. The windows are 5� m wide and 5

� m deep.

Once windowing has been completed the lasers are mounted on a specially de-

signed SE measurement mounting system. This mount is shown schematically in

Fig. 3.2. The mount consists of a horizontal brass block with a height adjustable,

vertical, cylindrical brass bushing attached on its end. There is an electrically

insulated copper spring clip with height adjusting screw to electrically contact de-

vices, which sits over the bushing. The contacting spring clip system has a silver

wire as the contact surface to ensure excellent electrical contact characteristics.

The centre of the brass bushing has a 100� m hole in it into which a bare cleaved

optic �bre is glued using a temperature stable epoxy glue. The top surface of the

bushing is polished to avoid scattering of the light emitted from the window in

the laser substrate. The mount has a terminal to connect to the cryostat temper-

ature sensor, and also attaches to the cryostat cold head to provide both room
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Figure 3.2: Schematic of the SE measurement mount. Figure modi�ed from [45].

temperature and temperature dependent capabilities.

Devices are placed on this mount with the transparent window facing the

polished �bre in the brass bushing. The electrical contact clip is lowered to

achieve electrical contact to the device, electrical injection is applied (pulsed or

CW, device dependent), and the device position is optimised to achieve optimum

SE coupling e�ciency from the substrate window into the �bre. The light output

from the �bre is incident on a �bre coupled detector for optimisation of the signal

as the integrated SE is a much easier quantity to measure than the spectrally

resolved SE.

To measure the spectrally resolved SE after this set-up work has been com-

pleted, the device is forward biased electrically, usually to threshold current, and

the SE spectrum is collected using an optical spectrum analyser. The spectrum

can be analysed at any drive current; however, using this windowing technique,

laser emission is scattered into the SE once threshold current is exceeded and

the laser peak is then visible in the SE spectrum, as is clearly seen in Fig. 3.3.

This measurement can be made temperature dependent very easily by inserting

the mount into the cryostat and varying the temperature between the available

limits of 8 K and 400 K. A more thorough discussion of temperature dependent

SE measurements will be provided in the next section.

Experimental analysis of novel telecom
source materials and devices

33 Patrick Harnedy



3. Research methodologies 3.3 Measurement techniques

1.15 1.20 1.25 1.30 1.35 1.40

Energy (eV)

0

1

2

3

4

5

6
Li

gh
t(

a.
u.

)

Scattered laser emission SE peak

1033 954 886
Wavelength (nm)

Figure 3.3: Injection level dependent SE spectra of a GaBiAs QW laser

SE measurements give information about the bandstructure and carrier distri-

bution within the device under test [37, 46, 54]. The SE spectrum is, essentially,

a visual representation of the distribution of carriers in the semiconductor ac-

tive region under electrical injection. This carrier distribution, and its energy,

are dependent upon the bandstructure of the device. From this measurement we

can extract the main band to band transition energy of the material and also

the broadening of the optical transition, which is an important parameter in the

GaBiAs material system, for assessment of the magnitude of the disorder present

in the material.

3.3.2 Temperature dependent facet and spontaneous

emission measurements

As has already been mentioned, as well as material bandstructure measurements,

measurements are carried out to characterise device performance within this the-

sis. Temperature dependent facet and SE measurements give information regard-

ing both of these aspects of laser devices. The laser structure we wish to test is

mounted and the optical SE signal optimised in the manner discussed in section
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3.3.1. The mount is attached to the cold �nger of the cryostat, the shroud is

put in place and a vacuum of� 10� 7 mBar is applied to the cryostat chamber.

The laser facet emission is measured through a sapphire window in the cryostat

shroud using a broad area Ando detector. As electrical injection is applied to the

device, and the level is increased, the facet emission is measured by the broad

area detector, and concurrently the integrated SE is measured by a �bre coupled

detector. Example light-current characteristic curves can be seen in Fig. 3.4.

Threshold-like behaviour of both (SE and facet emission) traces is clearly seen.
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Figure 3.4: Facet L-I characteristic seen in blue with SE characteristic L-I in red.
A clear threshold-like behaviour is present in both.

We expect threshold behaviour from the facet emission of a laser, but not the SE.

The SE should pin at threshold in an ideal laser, along with carrier density and

gain, as the gain counteracts the losses and any extra injected carriers contribute

to the laser emission. The threshold-like behaviour of the SE characteristic comes

about as a result of laser emission being scattered into the substrate window as

mentioned in section 3.3.1. This has been veri�ed by integration of the spectra at

each drive current ignoring the laser peak. This analysis shows pinning of the SE

at drive currents exceeding threshold. If the integrated SE continued increasing,

even after the exclusion of the laser peak, the behaviour would then be indicative
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of either a carrier density which is not in thermal equilibrium, or emission from

barrier regions at high energy positions in the bandstructure.

A set of curves similar to those seen in Fig. 3.4 are collected for tempera-

tures between 50 K and 350 K. Total threshold current, Ith
total , is extracted by a

systematic derivative analysis of the facet L-I curve. Ith
total is taken as the peak

of the second derivative of the facet L-I curve. This extracted value for the Ith
total

lies on the point of in�ection of the �rst derivative of the L-I curve and conse-

quently half way between the two distinct slopes of the L-I curve. The threshold

radiative current, I th
rad , is the value of the integrated SE at the extracted total

threshold current. It is very important for this experiment that the SE collection

e�ciency does not change during the course of the measurement, which can take

up to four days to complete. This is ensured by beginning the experiment at 350

K, collecting the facet and SE data and then reducing the temperature in 20 K

steps. This process is continued until a temperature of 50 K is reached. After

the measurement at 50 K is completed, the temperature is increased by 10 K to

60 K, once the measurement at 60 K has �nished the temperature is increased in

steps of 20 K and the measurement taken at each temperature up to 340 K. By

using this technique the static nature of the collection e�ciency can be veri�ed

by the interleaving nature of the extracted temperature dependent Ith
rad values.

If there is an o�set between the data gathered with increasing and decreasing

temperature, the collection e�ciency has changed; if there is no o�set then the

measurement is valid.

Using these measurements, the variation of Ith
total and Ithrad with temperature

can be investigated. This is an important characteristic for laser performance as

the ratio of I th
rad to I th

total provides a measure of the electrical to optical conversion

e�ciency, the internal quantum e�ciency, � int . The slope of the facet emission

L-I curve above threshold provides the external di�erential quantum e�ciency,

� d
ext .

Using the data gathered in this experiment, another analysis can be applied

which yields further information regarding the dominant recombination mecha-

nism at a given temperature [82]. It is assumed that the total current through

the device,I tot is given by

I tot = qV(An + Bn2 + Cn3) + I leak (3.1)

where An, Bn2 and Cn3 are the contributions from monomolecular, radiative

and Auger recombination, respectively.I leak is leakage current,q is the electronic

charge andV is the volume of the active region. Assuming negligible leakage,
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and for a dominant recombination process,I tot can written as

I tot / nz: (3.2)

If the device is dominated by defect related monomolecular recombination z� 1,

radiative recombination z� 2, or Auger recombination z� 3. Using the fact that

n2 / I rad , Eq. 3.2 can be rewritten as

I tot / (
q

I rad )z /
� p

L
� z

(3.3)

In this way z can be extracted as

d ln I tot

d ln (
p

L)
/ z (3.4)

The extracted slope of a graph of log(I) versus log(
p

SE) between one third Ithtotal

and Ithtotal gives the value of z. This technique allows measurement of the dominant

recombination mechanism in lasers, provided one is present.

To estimate � i , it is assumed that the current is dominated by radiative re-

combination at low temperatures and so Ith
rad and Ithtotal are normalised at 50 K.

We also note that the SE measured from the bottom contact window is a lower

bound measure of the radiative current due to the neglect of the TM polarised

spontaneous emission, which cannot be measured with this window orientation,

due to the electric �eld vector of this light pointing in the direction of the window.

The parameters extracted using this measurement technique are important for

analysing the temperature dependent operating e�ciencies and loss mechanisms

in laser devices. Understanding these parameters opens a route to improvements

through bandstructure engineering to reduce losses and increase e�ciencies.

3.3.3 Temperature dependent �bre coupled facet emission

measurements

This experimental technique is, again, related to device performance measure-

ments. It supports measurements of both temperature dependent optical time-

traces and spectrally resolved high resolution ampli�ed spontaneous emission

(ASE). Fibre coupling the facet emission of a laser involves collimating the facet

emission and then focusing this collimated beam into a �bre on an x,y,z �bre

launch stage. This is quite a simple proposition on the optical bench and can be

achieved quite easily. However, to achieve temperature dependent measurements,
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the measurement must be made on a laser in the cryostat. This introduces a dif-

�culty as the focal length of the lenses used in this method are generally quite

small, and the distance between the laser and the window in the cryostat vacuum

shroud is 55 mm. This results in only a very small portion of the emitted facet

emission being collimated using a lens external to the cryostat, and not enough

light being collected to support high resolution measurements.

This problem is overcome through the use of a di�erent, specially designed,

�bre coupling mount. This mount is very similar to that seen in Fig. 3.2, with

the exception that there is no optic �bre for SE measurement. This mount has,
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Figure 3.5: Temperature dependent ASE (black) and lasing (red) spectra with
the FP mode structure resolved.

however, an adjustable position lens which moves on a brass slide in front of the

laser. This allows collimation of the laser beam on the cryostat mount before

the shroud is put in place, resulting in a collimated laser beam exiting through

the cryostat window when the shroud is in place. For ease of optimization of the

signal, a 3-axis adjustable mirror is inserted in the path of the collimated beam to

add another degree of freedom to the �bre coupling as the adjustment of the beam

at the laser is no longer possible once the shroud is replaced on the cryostat. This

measurement is demanding as a very slight misalignment of the beam into the
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�bre results in almost complete loss of the measured signal and, once the cryostat

is switched on, the cold �nger moves with the pneumatic valve changeover in

the cold head. For this reason the cryostat is switched on and let cool to its

lowest achievable temperature; once this temperature is reached, the cryostat is

switched o� and the optical signal optimised. Measurements have to be carried

out quickly, especially at low temperature, because once the cryostat is o�, there

is no cooling capacity and the system will begin to warm up. As the system warms

up temperature dependent measurements can be made on the laser as with the

cryostat turned o� there is now no movement of the cold head. The optical signal

is measured using the 8 GHz oscilloscope for timetraces or the optical spectrum

analyser for spectral measurements. Examples of spectral measurements are seen

in Fig. 3.5, and temporal measurements in Fig 3.6. As can be seen in Fig. 3.5
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Figure 3.6: Bistable threshold current timetrace seen at 190 K.

we achieve excellent resolution of the ASE spectra using this method. The FP

modes are clearly resolved and we can use this method to accurately track the

variation of the ASE and lasing peak energies with temperature. This can be

used to infer how material losses change with temperature. This method can also

be used to make temperature dependent gain measurements from 8 K to 400 K

using either the Hakki-Pauli [38] or Cassidy [24] methods. Fig. 3.6 shows multiple
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overlaid timtraces captured at 190 K. This timetrace was captured as the injection

current was modulated between 0.1 x Ith
total to 2 x I th

total . This clearly shows an

on/o� intermittency/ hysteresis/ bistability of the light-current characteristics.

As will be seen in chapter 4, the use of this experimental technique (both

spectral and temporal) is a valuable tool to further understanding of device be-

haviour at low temperature, and hence improve devices at operating temperature

by input to the device design stage.

3.3.4 Temperature dependent photoluminescence spec-

troscopy

In contrast to all of the previous techniques discussed, photoluminescence (PL)

spectroscopy is a measurement carried out not on a processed laser device, but

rather on a bare wafer sample. The PL measurement is carried out by illumi-

Figure 3.7: Set-up for PL experiment. Figure modi�ed from [45].

nating the bare wafer sample with emission from a 640 nm diode laser. This

incident radiation creates electron-hole pairs within the material under test and,

because the photons in the 640 nm pump beam are much more energetic than the

band-gap of the material which is being investigated, these carriers are promoted

to levels high in the conduction band and low in the valence band. From here the
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carriers decay towards the conduction and valence band edges, and depending

on the radiative lifetimes in each region emit photons or decay to a lower en-

ergy state within the bandstructure, where radiative recombination occurs. We

measure and spectrally resolve these radiative transitions to gain insight into

material bandstructure, and lifetimes at certain temperatures and energies. The

experimental set-up used for this experiment can be seen in Fig. 3.7.

The wafer is clamped on a vertical �at mount in the cryostat. The pump

beam is chopped with an optical chopping wheel at a frequency of 1 kHz and is

directed through the cryostat window at an angle of� 30 degrees to the surface

of the wafer. The emission from the wafer resulting from the pump beam will

emerge in a symmetric cone with its apex at the illumination point of the pump

beam. A collimating lens with focal length equal to the distance between the

sample surface and the cryostat window is placed in the path of the emitted

radiation. This collimated beam is then passed through a lens which is f-number

matched to the spectrometer input slit optics and the beam is passed through

an 800 nm high pass optical �lter to remove any trace of the pump beam. The

beam passes through the spectrometer and is spectrally resolved. The output of

the spectrometer is passed through a lens f-number matched to the spectrometer

output optics for collimation and focused onto the femtowatt detector. As the

energy of the light passing through the spectrometer is varied, the voltage from

the femtowatt detector is recovered using lock-in ampli�cation. In this way a PL

spectrum is acquired. This process is repeated as temperature is varied and a

full temperature dependent PL spectrum can be built up. A PL spectrum of a

GaBiAs QW can be seen in Fig. 3.8.

There is, however, some post-processing required on the measured spectra.

This is as a result of spectral variation of the transmission of all of the optical

components of the experimental set-up. To eliminate this the instrument response

function is found and applied to the measured signal. To �nd the instrument

response function, the sample is replaced by a calibrated tungsten source with

known spectral response. With the rest of the system unchanged, a spectrum is

collected in the same spectral region as the measurement which needs correction,

with the tungsten source as input to the spectrometer. This spectrum is corrected

by dividing by the known spectral response of the femtowatt detector and the

known emission pro�le of the source, and the resulting spectrum is the instrument

response function for the system. All of the measured spectra are then divided by

this spectrum to correct for spectral variations in the transmission of the optical

components.

Experimental analysis of novel telecom
source materials and devices

41 Patrick Harnedy



3. Research methodologies 3.3 Measurement techniques

1.1 1.2 1.3 1.4 1.5 1.6

Energy (eV)

0.0

0.2

0.4

0.6

0.8

1.0

P
ho

to
vo

lta
ge

(a
.u

.)
GaAs emission

GaBiAs emission

1127 1033 954 886 827 775
Wavelength (nm)

Figure 3.8: PL spectrum of GaBiAs QW at 13 K.

PL is a very useful experimental tool. Similarly to the spectrally resolved

SE measurement, it provides bandstructure information, but over a much larger

energy range. It is also much easier to measure PL at lower carrier densities than

SE, as there is less absorbing material to degrade the optical signal since it is

emitted from the wafer. Comparison between PL and SE is useful to determine

if any changes have occurred during the processing of the material into laser

devices, or to �nd out if there is any di�erence between the material response to

electrical and to optical injection.

3.3.5 Photovoltage spectroscopy

Similarly to the earlier measurement techniques, this technique is applied to fully

processed laser structures. In this method the material bandstructure is probed

using the laser as a PIN photodetector [23], while illuminating the facet of the

laser with spectrally resolved, chopped light from a calibrated tungsten source,

and measuring the voltage response of the laser to the energy of the photons

incident on the facet. An order-sorting high pass optical �lter is used to ensure

that there is no harmonic mixing present in the spectrally resolved light incident
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on the laser facet. The experimental set-up seen in Fig. 3.9 is used with the

exception of the polariser.

Figure 3.9: Set-up for PV experiment. Figure modi�ed from [45].

Once the energy of the light incident on the facet of the laser exceeds the

bandgap energy of the material, the light is absorbed in the intrinsic region of

the device. This absorption results in the formation of electron-hole pairs within

the material. These photo-generated carriers are swept out of the intrinsic region

of the device by the built-in electric �eld created by the p-n junction. The photo-

voltage induced by this photocurrent is measured using phase sensitive detection.

The photovoltage produced at any given incident energy is related to the

density of states (DOS) and the recombination lifetime of a state at that energy.

PV is used to probe QW bandstructure in this thesis. The DOS of ideal QW

structures is step-like and so the PV signal should be step-like in the energy region

of the QW. Once energy is increased enough to promote the photo-generated

carriers into the continuum states of the barrier region, a large increase in the

voltage is seen, related to the DOS of the bulk barrier material of the device.

Similarly to the previous section, a spectral correction is required to remove

the instrument response from the measured spectra. In this case it is simpler
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than the previous section as the device under test is replaced by a detector with

known spectral response and a spectrum of the light incident on the laser facet

is collected. This is then divided into the measured device spectrum to remove

the instrument response.

This is then a useful tool to determine the energy of the lowest lying transition

in a material and verifying the QW and the barrier composition. A measure of

the broadening present can also be gained by Gaussian �tting to the absorption

edge. Much more insight can, however, be gained by exploiting the orthogonal

nature of the P-like states at the valence band edge in tetrahedrally bonded QW

materials [71, 72, 61, 87].

3.3.5.1 Polarisation resolved photo-voltage

As discussed in chapter 1, TE polarised light incident on the facet of the laser will

excite states with mainly heavy-hole (HH) character with a small contribution

from states with light-hole (LH) character. TM polarised light incident on the

facet of the laser excites states with entirely LH character. Knowing this, a

polariser is inserted into the experimental set-up to allow polarisation-resolved

measurements. These can then be used to determine separately the energies of

the HH and LH valence band edge states, characteristic of QW structures. This is

a very useful measurement, since the lowest lying transition energy, the HH - LH

splitting, and broadening of each of these states are all measured independently.

These are very important parameters in QW lasers as the threshold condition is

related directly to the VB edge DOS, the Fermi level separation and the bandgap,

with the VB edge DOS strongly dependent on the strain induced HH-LH splitting.

As will be seen later in the thesis, the parameters extracted from this experiment

feed directly into a continuum modelling code for GaBiAs QW laser devices in

order to develop a set of reliable parameters for modelling the material. An

example of the polarisation resolved measurement is shown in Fig. 3.10.

3.3.5.2 Spectral corrections

Polarisation resolved spectra require spectral correction in the same manner as

the polarisation unresolved measurements, with further corrections also required

to ensure that the TE and TM spectra are treated on an equal footing. The

experimental set up used is shown in Fig. 3.9. An instrument response function

is found for the polariser parallel to, and perpendicular to, the spectrometer slits.

Each spectrum is divided by its applicable response function. Due to an intrinsic

polarisation dependence of the system, there is a requirement for a polarisation
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Figure 3.10: spectra measured on a GaBiAs QW laser structure.

correction to these measurements also in order to be able to compare the TE and

TM measured spectra. In order to correct for this polarisation dependence, two

measurements must be made of the TE spectrum and a further two measurements

of the TM spectrum [71]. These measurements are made with the plane of the

QW parallel and perpendicular to the spectrometer slits by rotating the device

by 90 degrees. The four measured spectra after removal of the system spectral

dependence can be written

Sppara (�; TE ) / S(a) (3.5)

Spperp(�; TE ) / S(b) (3.6)

Sppara (�; TM ) / S(b) (3.7)

Spperp(�; TM ) / S(a) (3.8)

where Sppara and Spperp represent spectra collected with the QW growth plane

parallel to, and perpendicular to the spectrometer slits. The TE and TM exci-

tation is achieved in each orientation by changing the polarisation angle. S(a)

and S(b) represent the orientation of the polariser relative to the spectrometer
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slits, where S(a) represents the polariser parallel to the slits and S(b) represents

the polariser perpendicular to the slits. From this the ratio of the polarisation

sensitivity factors S(a)/S(b) can be written

S(a)
S(b)

=

 
Sppara TM
SpperpTM

�
SpperpTE
Sppara TE

! 1
2

(3.9)

By considering Eq. 3.6 and Eq. 3.8 we can write

Spperp;corr =
S(a)
S(b)

� Spperp (3.10)

This correction results in the removal of the polarisation dependence of the sys-

tem, and calibration of SpperpTM for plotting on the same scale asSpperpTE.

Errors which a�ect the results from this method can arise from generating the

photocurrent-induced photovoltage from di�erent areas of the junction in the dif-

ferent orientations. These errors can be minimised by careful alignment of the

sample in both orientations.

3.3.5.3 Extraction of transition energies

Transition energies for the observed features in each of the TE- and TM-polarized

spectra are extracted by examining the �rst derivative of the measured PV spec-

trum multiplied by the photon energy. Transition energies are systematically

assigned using the peaks in these �rst derivatives, which correspond to the points

of in�ection in the spectra associated with the optical absorption edges. This

method for determining the transition energies has been shown [86] to pro-

vide results in good agreement with those determined using photo-modulated

re�ectance, a di�erential technique which is highly sensitive to critical points in

the band structure. [47, 39]

Due to the symmetry present in an (001)-grown QW, the TE-polarized optical

transitions involve both HH and LH states, while the TM-polarized transitions

involve LH states only. Therefore, in order to accurately determine the energy

splitting between the highest LH and HH states in the QW, we correct the mea-

sured TE-polarized PV spectra in order to remove the LH contributions and

obtain the PV generated by heavy-holes only. For LH states in an ideal QW

the TM-polarized optical transition strength is four times that associated with

TE-polarized transitions. [25] Assuming that this relationship holds in the QW

laser devices studied here, we correct the measured TE-polarized PV spectra at

a given photon energy by subtracting one quarter of the TM-polarized PV mea-

Experimental analysis of novel telecom
source materials and devices

46 Patrick Harnedy



3. Research methodologies 3.3 Measurement techniques

sured at that photon energy. Since the LH-related transitions occur at higher

energies than those related to HH states in the compressively strained QWs stud-

ied in this thesis, this correction has the e�ect of decreasing the magnitude of

the TE- polarized PV signal as the photon energy increases above the band edge.

This then leads to a small increase in the measured splitting between the high-

est energy LH and HH states compared to that obtained using the TE-polarized

spectra.

3.3.5.4 Device mount

A device mount designed for this experiment is shown in Fig. 3.11. This mount

consists of a brass plate with a similar electrically contacting spring clip set-up to

that discussed in section 3.3.1. This mount has the capability to rotate through

90 degrees to allow access to all of the sample-polariser-slit orientations discussed

in the previous section. This mount also has a Peltier heater/cooler to allow

Figure 3.11: Left: PV mount in horizontal orientation. Right: PV mount in
vertical orientation.

temperature dependent measurements of PV from room temperature to� 350

K.
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3.4 Summary

In summary this chapter provides an overview of the main experimental methods

used in this work. Firstly a description of the main experimental instruments

used is presented. In the next section the experimental methods are explained in

detail. Firstly the method for collection of spectrally resolved SE is given. This

is followed by a description of the temperature dependent collection of SE and

integrated facet emission. Next a description of the method used to �bre couple

facet emission from the cryostat is given. This is followed by the technique

for measurement of temperature dependent PL. Finally detail is given on the

collection of room temperature PV spectra and the how the spectra are corrected

for extraction of bandstructure information.
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Chapter 4

Experimental analysis and rate

equation modelling of an InP

based quantum dash laser

showing bistable threshold

4.1 Introduction

Semiconductor laser active regions composed of quantum dots or wires have at-

tracted much interest for future optelectronic devices. This interest arose due

to impressive predicted attributes of these con�nement geometries, where lasers

have been predicted with very low, if not zero temperature dependence of the

threshold current, and very low values for chirp and linewidth enhancement fac-

tor [12, 11]. However, due to growth inhomogeneities among other issues, these

materials have never fully delivered on their predicted bene�ts. Most of the in-

terest in these active region geometries has been in quantum dots on GaAs for

the 1.3 � m telecommunication window [16, 62]. It is, however, very di�cult to

extend emission on GaAs to the 1.5� m window for telecommunications. InP is

the accepted material of choice for this spectral region. InAs grown on the com-

mercially favoured (100) InP substrate orientation can, under appropriate growth

conditions, form quantum dots elongated along the (1-10) axis, known as quan-

tum dashes [10]. Quantum dash lasers have shown many impressive attributes

including low threshold current, high characteristic temperature,T0, low chirp

and in some cases spontaneous mode-locking [60].

Quantum dash lasers o�er improved optical bandwidth over quantum well

lasers due to inhomogeneous broadening caused by the dash size distribution.

49



4. Experimental analysis and rate
equation modelling of an InP based
quantum dash laser showing bistable
threshold 4.1 Introduction

This o�ers the possibility of extremely short pulses from these lasers [58]. The

InAs/InP quantum dash material system is an exciting prospect for next gener-

ation optical networks, due to the high temperature stability and large bit rates

which have been associated with it [33].

Quantum dash laser devices are studied in this chapter to investigate the

possibilities as well as constraints o�ered by increasing con�nement of the carriers

within quantum con�ned structures. The temperature dependent gain and loss

mechanisms of these lasers are investigated.

In this chapter, two quantum dash laser devices emitting at 1.55� m at room

temperature are studied, which are nominally identical except for barrier height.

As seen in �g 4.1, these devices have a dash-in-a-well structure. From here on

the high barrier device will be referred to asDWH and the lower barrier device

will be called DWL . Both devices are processed as ridge-waveguide lasers with

as cleaved facets. The temperature dependent characteristics of these devices are

measured and a temperature dependent bistability of threshold is uncovered in

DWH . A theory based on carrier localisation and impeded interwell transport at

lower temperatures is put forward to explain this bistable behaviour and a simple

rate equation model is used to test this theory. Very good qualitative agreement

is achieved between the measured and calculated data.

Details of the device composition are available in section 4.2. Here it is seen

that both devices have very similar electronic structure with the exception of the

con�ning potential of the barrier. In section 4.3 a comparison of experimental

measurements which have been made onDWH and DWL is shown, including a

temperature dependent bistability measured at threshold inDWH . In this sec-

tion ampli�ed spontaneous emission (ASE), timetrace and detailed temperature

dependent threshold characteristics are presented. Theoretical analysis of the

measured data is made in section 4.4. A theoretical framework which accounts

for the bistable behaviour is proposed, which is the basis for a numerical model.

In section 4.5 the model which is used to simulate the dynamical behaviour of the

laser threshold is introduced. The method employed to model the behaviour is

described in detail and all model parameters are shown. In section 4.6 the results

of the modelling are presented and a comparison of calculated and experimental

data is made. Some suggestions are made to improve the quantitative accuracy

of the model. Very good qualitative agreement is achieved between the measured

and simulated data. The chapter is summarised in section 4.7.
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4.2 Materials studied

Figure 4.1: Flat band approximation showing schematically the variation of con-
duction band edge energy with position for the two DWELL structures consid-
ered, one with high barrier (dashed), and the other with a lower barrier.

This section includes a description of the two materials studied in this chapter.

For each of the two materials studied, 8 lasers were tested from 4 laser bars; these

bars were cleaved from one quarter of their respective wafers. Consistent results

were found for the di�erent devices from each material. The devices studied in this

chapter were grown by gas-source molecular beam epitaxy (GSMBE) at Alcatel

- Thales III-V Lab by François Lelarge. The device structure consists of 6 stacks

of InAs quantum dashes surrounded by quantum wells of the quaternary alloy

Gax In1� xAsyP1� y. The wells are bounded by barriers, also of Gax In1� xAsyP1� y.

This active region is grown in a p-n junction lattice-matched to the InP substrate

and to the cladding layers. The growth of these materials is reported in [60].

The thickness of the InAs quantum dash embedded within the QW is slightly

larger for DWH in order to keep the same emission wavelength (� 10%increase).

The quantum well region of both devices is of Ga0:36In0:64As0:78P0:22 and is 3.5 nm

thick each side of the quantum dash layer. Both designs are based on 20 nm-thick

barriers with a 140 nm-thick separate con�nement heterostructure. The only

di�erentiating factor between the materials is the barrier composition, withDWL

composition Ga0:20In0:80As0:43P0:57, and DWH composition Ga0:15In0:85As0:32P0:68,

leading to greater con�nement for carriers inDWH .
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4.3 Experimental analysis

In this section the results of the experimental methods are presented.
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Figure 4.2: Temperature dependence of threshold (black) and radiative (red) cur-
rents for DWL (�lled circles) and DWH (crosses).DWH has a bistable threshold
below 220 K.

The bare laser chips are mounted on the cold �nger of a closed cycle helium

cryostat and contacted using a clip system as discussed in chapter 3. The tem-

perature dependence of the threshold current of the lasers is measured from the

temperature dependent facet light-current curves. Lasing is observed from the

quantum dash states at all temperatures. Threshold current is found using the

derivative method outlined in chapter 3. The temperature dependence of the

radiative current of the lasers is extracted from spontaneous emission measure-

ments made from a window in the laser substrate, as in [82], and normalised to

Jth at low temperature. As can be seen from Fig. 4.2, the threshold current of

DWL increases exponentially from low temperature to 148 K. This is followed by

a region of slightly increasedT0 up to 235 K. This is attributed to the formation

of a thermal equilibrium of carriers in the dashes, resulting in a slight decrease in

the rate of increase of threshold current. This is then followed by a region of expo-
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nentially increasing threshold current, withT0 = 61 K. In this laser the radiative

current increases with threshold current up to 150 K and then decreases up to

230 K before recovering and increasing again above this temperature.DWL ex-

hibits temperature dependent lasing characteristics which are typical of previous

quantum dash lasers which have been measured [43].

In DWH the threshold current at which lasing commences increases exponen-

tially up to 230 K; between 230 K and 310 K there is a reduction in threshold

current accompanied by a giant (and negative over a small interval)T0 value.

Above 310 K the threshold current once again increases exponentially. The ra-

diative current of this device is decreasing over the entire temperature range,

showing only slight signs of increasing above 320 K. Similar characteristics have

previously been observed in 1.3� m quantum dot in a well lasers [30].
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Figure 4.3: 300 overlayed light-current measurements of the high barrier laser
at 190 K, clearly showing an abrupt switch to lasing at 37.5mA and an equally
abrupt switch from lasing at 33.3mA.

At temperatures lower than 220 K,DWH shows bistability of threshold, as

seen in Fig. 4.3, with lasing switching o� at a lower current than it switches on.

There is an increased threshold current compared toDWL and an abrupt switch
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to and from lasing seen inDWH at these temperatures.
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Figure 4.4: Left y-axis plot shows the temperature dependence of the experimen-
tally determined threshold current including switch on/o� points in the bistable
region. Right y-axis plot shows the temperature dependence of the size of the
bistability, which is seen to grow in size from 50 K to about 200 K, above which
it drops quickly to zero with increasing temperature.

In Fig. 4.4 the temperature dependence of the measured switch points of the

bistability can be seen. It is noted that the width of the bistability in mA grows

from low temperature to a maximum size at 190 K and from there diminishes

very strongly with increasing temperature, before disappearing by 230 K.

Fig. 4.5 shows ASE spectra above and below threshold at 190 K and 300 K. At

room temperature (stable region) the lasing transition occurs on the low energy

side of the gain spectrum, as is typical in a semiconductor laser. In the bistable

region (190 K) the lasing transition occurs on the high energy side of the the gain

spectrum and is considerably narrowed. It is speculated that this high energy

lasing is a result of preferential absorption of spontaneous emission at the band

edge due to saturable absorption, thus pushing the lasing transition to higher

energies than it would otherwise occur. This saturable absorption e�ect could be

achieved if the energy gap of the �rst well was slightly larger than that of later
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Figure 4.5: Ampli�ed spontaneous emission (at 80% of I th ) and lasing spectra
at 190 K (right) and 300 K (left). Note that the lasing transition is at the high
energy side of the gain peak in the bistable region and at the low energy side at
300 K.

wells. We do not need to include such a bandgap shift in the theoretical model

presented below in order to demonstrate the transition to bistable behaviour at

lower temperatures. Overall, the narrowing of the 190 K spectrum is also at least

in part a thermal e�ect, with the carriers being distributed over a decreased energy

range at lower temperature, leading to increasing carrier localisation, consistent

with the sharp roll o� observed at the short wavelength end of the gain spectrum

at lower temperature.

4.4 Theoretical interpretation of measurements

In this section a detailed description of the proposed mechanism which accounts

for the bistable behaviour is given.

Passive saturable absorption as a result of carrier localisation at low temper-

ature is proposed as the mechanism supporting the bistable behaviour inDWH .

It is well established that InGaAsP alloys grown on InP have a small conduc-
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tion band o�set, and that there is a large valence band o�set, in particular for

unstrained barriers [57, 14, 89] such as are considered here [44]. Because of this

and the low hole mobility, the carrier distribution can become localised, and so

holes get trapped in the quantum wells near the p-doped side of the device at

lower temperatures. This leads to large changes in the carrier density in succes-

sive layers, with the holes in particular being preferentially trapped in the upper

layers, on the p-doped side. Some layers which are less populated act as ab-

sorbers, while others produce gain. This can lead to saturable absorption in the

temperature range where the carrier densities vary strongly from layer to layer.

Extra gain is then required in the �rst (p-side) well so that the net gain can equal

the cavity and mirror losses plus the extra absorption from the n-side layers in

order to achieve lasing. Once enough gain is produced to saturate the absorbing

regions, and they become transparent, an abrupt switch to lasing occurs. At this

point the absorbing wells should clamp at or near transparency, supported by

the formation of a photon-mediated carrier equilibrium. As current is reduced

from this state of lasing, stimulated emission keeps this photon-mediated carrier

equilibrium active to a current less than the original abrupt switch on, leading to

the bistability seen in Fig. 4.3.

As the temperature rises, the escape rate increases for carriers trapped in

a given (p-side) well, and so a thermal distribution of carriers begins to form.

This leads above 230 K forDWH to a region of decreasing threshold current

and giant T0 as the losses due to the absorbing layers decrease and as these

layers become populated with carriers. Previous analysis has shown that Auger

recombination provides an increasingly signi�cant recombination pathway with

increasing temperature in 1.5� m quantum dash lasers [43], consistent with the

reducedT0 then observed at higher temperatures both inDWH and in DWL .

Based on the above analysis, it is concluded that the bistable e�ect is most

likely caused by transport issues between the quantum well regions ofDWH at

low temperature. In order to test this hypothesis, a simpli�ed quantum well

structure is modelled to investigate how transport within the structure in�uences

the light output as temperature changes.

4.5 Model

In this section, the model used to simulate the bistable behaviour is presented.

In this model, it is presumed that transport between quantum well layers is the

limiting factor at low temperatures. Although the gain in the actual devices is due
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to recombination in six quantum dash layers, it is found that the main physical

e�ects can be understood by using a simple system of rate equations incorporating

carrier transport e�ects to model a three quantum well device: [102]:

_nb
1 =

� i I
qV

�
nb

1

� d
+

nwu
1

� d
�

nb
1

� n
(4.1)

_nb
i =

nwu
i � 1

� d
�

2nb
i

� d
+

nwu
i

� d
�

nb
i

� n
(4.2)

_nb
4 =

nwu
3

� d
�

nb
4

� d
�

nb
4

� n
(4.3)

_nwu
i =

nb
i

� d
�

2nwu
i

� d
+

nb
i +1

� d
�

nw
i

� c
+

nw
i

� e
�

nwu
i

� n
(4.4)

_nw
i =

nwu
i

� c
�

nw
2

� e
�

nw
i

� n
� Gi S (4.5)

Gi = G0S ln(
nw

i

ntr
) (4.6)

_S = � vg

mX

i =0

Gi S �
S
� p

+ �
mX

i =0

nw
i

� n
(4.7)

For a 3 well device, this model consists of a set of 11 coupled di�erential

equations, as are represented by Eq. 4.1-4.7. Here� i is the injection e�ciency, I

is the current, q is the elementary charge,V is the volume of the active region.

_nb
i , _nwu

i and _nw
i are the rate of change of carrier population in the barriers, the

uncon�ned quantum well regions and the con�ned quantum well regions, with

respect to time. ntr is the transparency carrier density.� c, � e, � d, � n , and � p are

the capture, escape, di�usion, recombination, and photon lifetimes._S is the rate

of change of photon density with respect to time andGi is the gain calculated

using the logarithmic gain approximation of Eq. 4.6 in each of the quantum wells.

Layer indexing starts on the p-side of the device.

The dynamic �ow of carriers through the equation system is depicted in �g

4.6. The capture, escape, di�usion and recombination time constants are used to

distribute carriers through the system.

All of the carrier lifetimes used in the model are assumed to be independent

of temperature and carrier density, except for the carrier escape time. This is jus-

ti�ed by � e having a much larger temperature dependence than other processes.

Inclusion of carrier density dependent lifetimes is possible, but would not qualita-

tively change the overall behaviour observed. The parameters used for modelling

the bistable behaviour are listed in Table 4.1. The parameters used are taken
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Figure 4.6: Flow diagram of the rate equation system showing how di�usion time,
capture time, escape time and recombination time in�uence carrier distribution
through the system.

from Refs. [102] and [74]. We include a temperature dependence for the trans-

parency carrier density,N tr , in order to account for the temperature dependence

of the gain in Eq. (6). The escape time is calculated from

� e = � c � exp(
E b

k bT ) (4.8)

where kb is the Boltzmann constant,Eb is the energy di�erence from the band

edge of the well to the band edge of the barrier andT is temperature [29]. The

escape time calculated from this relation and using the conduction and valence

band con�ning potentials for DWH can be seen in Fig. 4.7. It can be clearly

seen that the escape time for holes is much longer than for electrons, resulting in

the localisation of holes at low temperature. The temperature dependence of the

transparency carrier density is included through the relation [80]

N tr (T) = N tr (300) �
T

300
(4.9)

At low temperatures, the calculated escape time is large enough to result in

carriers becoming localised in the upper layers due to the large ratio of capture
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Figure 4.7: Calculated escape times for the CB and VB con�nement energies

Table 4.1: Parameters used for modelling of bistable threshold current.

Parameter Value Unit
� c 0.1 x 10� 12 s
� n 1.4 x 10� 9 s
� d 0.3 x 10� 12 s
� p 1.28 x 10� 12 s

N tr 1.8 x 1018 n/a
� i 0.8 n/a

and escape times; this causes saturable absorption.

As the temperature approaches 230 K, and the ratio of escape time to capture

time decreases, a more uniform distribution of carriers across the wells begins

to develop, removing the saturable absorption process so that the bistability is

eliminated and the threshold current reduces with increasing temperature. At

higher temperatures,� e approaches� c, this represents thermal broadening of the

carrier distribution and higher energy states being populated with carriers. This

state-�lling makes it more di�cult to achieve transparency carrier density at the

lasing energy, as described by Eq. (4.9), which contributes to the increasing
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threshold current with increasing temperature in this temperature region.

4.6 Results

In this section the results of the modeling are presented.
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Figure 4.8: Top panels show calculated light-current characteristics for two
di�erent escape times, representing the stable and bistable regimes. Bottom
panels show calculated carrier densities for each con�ned region(well1=black;
well2=blue, dashed; well3=red), for the same escape times as the top panels.

The 11 dimensional system of equations is integrated using a fourth order

Runga-Kutta method to determine the device characteristics as a function of

drive current and of temperature. The right panels in Fig. 4.8 show the calculated

photon density (top) and carrier density in the quantum wells (bottom) versus

applied current for an escape time which corresponds to room temperature. As

can be seen the light output shows lasing with no sign of bistability and the

carrier densities all clamp at threshold, as expected.

The left panels show the same calculation for an escape time which corre-

sponds to a temperature of 150 K. At 150 K a bistability of the light current
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characteristic and of the carrier density can be clearly seen.
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Figure 4.9: Calculated temperature dependence of threshold current (left panel)
and the measured temperature dependence of threshold current (right panel).
Switch on points red and switch o� points black in bistable regime.

The escape time is varied according to Eq. (8) and the transparency carrier

density according to Eq. (9) in the temperature range from 50 K to 350 K and

the resulting threshold currents are compared to the measured values in �g 4.9.

From 50 K to 230 K in both cases there is a bistable, increasing threshold

current. From 230 K to 280 K there is a decreasing threshold current, and

giant T0. Both the measured and calculated values of threshold current begin

to increase above 300 K. Despite that the model presented here includes only

two temperature dependent parameters; the transparency carrier densityN tr and

the carrier escape time from the quantum wells,� e, it still provides very good

qualitative agreement between the measured and calculated threshold currents.

Overall, the simple model presented here con�rms that carrier localisation and

a non-uniform spatial carrier distribution can lead to bistable behaviour of the

threshold current at low temperatures in theDWH device considered here.

To achieve results with stronger quantitative agreement, Auger recombination
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Figure 4.10: E�ect of Auger recombination inclusion on the total threshold cur-
rent, represented by the total carrier density cubed. Switch on threshold in red
and switch o� threshold in black.

would have to be considered. Auger recombination is a 3 carrier process and so

the Auger contribution at threshold is a cubic function of the total carrier den-

sity. The e�ect of this can be seen analytically by summing the threshold carrier

density in each of the modelled well regions and plotting the cube of this number

as a function of temperature, as shown in Fig. 4.10. This is not a quantitative

measure of the Auger contribution, it does, however, provide insight into how

Auger recombination will qualitatively e�ect the model. It is seen in Fig. 4.10

that, overall, the Auger contribution at threshold introduces a larger increase in

threshold current with increasing temperature. This e�ect would serve to bring

the calculated data into closer agreement with the measured data by increasing

threshold values at higher temperatures. It is also seen in Fig 4.9 that the in-

crease in the size of the bistability with increasing temperature is not as strong

in the calculated data as the measured data. The Auger contribution also brings

the model and experimental measurements into closer agreement, because the

higher total carrier density required to reach switch-on threshold in the bistable

regime leads to increased Auger losses for the switch-on threshold when com-
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pared to the switch-o� threshold. This combined with the temperature dependent

transparency carrier density, results in an Auger contribution to threshold in the

bistable temperature regime which increases the the size of the bistability with

increasing temperature, before it is eliminated due to the formation of a thermal

distribution of carriers throughout the structure at elevated temperatures.
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Figure 4.11: Temperature dependent threshold carrier density normalised to
transparency carrier density for each of the three wells modelled, triangles in-
dicate switch on points and dashed lines switch o� points.

Strong insight into how the behaviour of the carriers in this model results in a

bistable threshold current can be gained by studying Fig 4.11. In this �gure the

temperature dependent carrier density at threshold in each well is plotted with

increasing current threshold (switch-on) represented by triangles and decreasing

current threshold (switch-o�) represented by dashed lines. The carrier density

has been normalised to transparency carrier density in this plot for comparison

of carrier density in each region without the e�ect of the temperature dependent

gain. At low temperature it is clear that most of the injected carriers populate

well 1 (red). Enough carriers escape from well 1 to ensure that well 2 (blue) is

electrically pumped to transparency. The carrier density in well 3, however, re-

Experimental analysis of novel telecom
source materials and devices

63 Patrick Harnedy



4. Experimental analysis and rate
equation modelling of an InP based
quantum dash laser showing bistable
threshold 4.7 Summary

mains far below transparency and consequently well 3 strongly absorbs. A total

carrier density much greater than the minimum of three times transparency is

required to achieve lasing as a result of this absorption. Once enough carriers

have been injected to produce enough gain in well 1 to achieve lasing, the afore-

mentioned photon mediated carrier equilibrium takes e�ect, resulting in well 3

remaining at or close to transparency by absorbing photons - well 3 is essentially

optically pumped to transparency. As current is reduced, stimulated emission

ensures that well 3 remains at transparency to a value of total carrier density

much lower than was required for the initial switch on, and so it is seen that the

switch o� carrier density of well 3 is very close to transparency. As temperature

is increased above 150 K, it is seen that the carrier density of well 3 at switch

on threshold begins to rise, signifying that carriers have gained enough thermal

energy to escape well 1 and 2 and to reach well 3. As temperature is further

increased, a thermal distribution of carriers across the structure begins to form,

resulting in a near uniform carrier density in each well at higher temperatures.

4.7 Summary

In this chapter a bistability of threshold is discovered in a quantum dash in a

well laser at low temperatures. Firstly, in section 4.2 an overview of the studied

materials was given. In section 4.3 the experimental methods utelised and the

data aquired were examined. Following this, in section 4.4 a proposed mechanism

for the bistable behaviour was put forward. In section 4.5 the model developed to

describe the bistable behaviour was presented. Finally in section 4.6 the results

of theoretical calculations and experimental measurements were compared before

a thorough discussion of the results of the model was given.

It was concluded that passive saturable absorption causes a bistability in the

higher barrier laser due to impeded interwell transport at low temperature. It

was seen that this bistability is followed at higher temperatures by a giant, and

sometimes negative, value ofT0. A modi�ed 11 dimensional rate equation model

incorporating carrier transport e�ects was used to qualitatively test the proposed

mechanism for bistability and very good qualitative agreement between theory

and experiment was found.

This e�ect has potential to be exploited in several areas. Modelocking, where

decoupled carrier states are required to achieve transform limited pulses, and

where a wide gain bandwidth provides the possibility of very short pulses, could

be achieved by making a two section device from theDWH material. In addition,
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if the composition were varied to achieve a higher barrier, it would o�er the

possibility of bistable behaviour at room temperature, allowing applications such

as passive optical switching using either injected light or current to switch between

the two stable output powers.
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Chapter 5

Experimental study of

bismuth-induced broadening in

GaAs 1� xBi x quantum well laser

structures

5.1 Introduction

This chapter is the �rst in the thesis to focus on the novel semiconductor alloy

GaAs1� xBix . This material is of interest as an active region for next generation

telecommunication sources. The reasons for the interest in this material are three-

fold. Firstly the addition of bismuth to GaAs introduces the ability to engineer

the energy-sapping CHSH Auger recombination pathway out of telecommunica-

tion lasers, thus, secondly, allowing the development of lasers whose temperature

stability is excellent. Thirdly, the rapid shrinkage of the bandgap with the intro-

duction of bismuth allows 1.55� m emission from materials grown on technologi-

cally favourable GaAs substrates, allowing the possibility for future development

of VCSELs and Bragg gratings on this material platform. In this chapter, some

initial characterisation and analysis of materials and devices grown within the

European FP7 BIANCHO project (www.biancho.org) are presented.

The replacement of a small fraction of the arsenic atoms in GaAs by bismuth

(Bi), to form the GaAs1� xBix alloy, results in a rapid decrease in the band gap

and increase in the spin-orbit-splitting energy with increasingx. Due to the large

chemical and size di�erences between Bi atoms and the As atoms they replace, Bi

acts as an isovalent impurity in GaAs. The observed rapid variation of the band

gap and spin-orbit-splitting energy withx in GaAs1� xBix has been attributed to
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a band anti-crossing interaction [5, 21] between the extended states of the GaAs

valence band (VB) edge, and highly localised Bi-related states which are resonant

with the GaAs VB.

It has been predicted theoretically [100] and con�rmed experimentally [15]

that for x & 10% the spin-orbit-splitting energy exceeds the band gap in

GaAs1� xBix alloys. It has also been predicted that this band structure condi-

tion should lead to suppression of the CHSH Auger recombination mechanism

[94]. This non-radiative recombination pathway accounts for up to 80% of the

threshold current at room temperature in InP-based semiconductor quantum well

lasers operating at telecommunication wavelengths [82], resulting in a strong de-

crease in e�ciency and increased heating in laser chips, which in turn imposes a

requirement for external cooling in order to maintain operational stability.

GaAs1� xBix has gained much exposure over the last number of years as a

candidate material system for highly e�cient, temperature stable laser operation

at telecommunication wavelengths on the commercially favoured and technologi-

cally important GaAs substrate. Strong interest in this material system has led

recently to the development of the �rst electrical injection GaAs1� xBix QW laser

[66]. However, there remains much to understand regarding the fundamental ef-

fects of Bi incorporation on the electronic and optical properties of GaAs1� xBix
and related alloys.

This chapter focuses on understanding the Bi-induced broadening of the band

edge optical transitions in GaAs1� xBix QW laser structures. The materials stud-

ied in this chapter are described in detail in section 5.2. Using photovoltage

spectroscopy (PVS) it is shown in section 5.3 that alloy disorder e�ects cause

strong inhomogeneous broadening of the GaAs1� xBix valence band edge, and

temperature-dependent photoluminescence (PL) and spontaneous emission (SE)

measurements suggest a non-thermal carrier distribution at temperatures below

room temperature. In section 5.4 it is shown that the broadening extracted from

the PV measurements is con�ned predominantly to the VB and therefore that

the conduction band remains relatively una�ected by the incorporation of Bi, in

accordance with the results of previous theoretical analysis [100]. It is suggested

that this alloy disorder results in spatial �uctuations of the GaAs1� xBix VB edge

within the QWs. Evidence for the formation of Bi-related localised states with

transition energies lying below the band edge is also seen. The analysis of the

temperature dependent PL and SE measurements demonstrate that both of these

factors strongly a�ect the carrier distribution, and show that localisation of carri-

ers is important in determining the optical properties of GaAs1� xBix alloys below
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room temperature. In section 5.4.1 the temperature dependent lasing character-

istics of the GaAs0:978Bi :022 QW device of Ref. [66] are presented. In section

5.5, calculations of temperature dependent SE carried out by Christopher A.

Broderick are shown and discussed, which cast further light on the experimental

measurements. In section 5.6 the work undertaken in this chapter is summarised.

5.2 Materials studied

In this section a brief description of the materials studied in this chapter will

be given. All of the devices studied in this chapter are broad-area SCH single

quantum well laser structures with either 50� m or 100� m stripe width, 1 mm

long cavities and as-cleaved facets. The standard device structure used in these

materials can be seen in Fig. 5.1. PL measurements are carried out on bare wafer

samples of the laser structure before metallisation. In this chapter, 5 samples are

Figure 5.1: An example SCH device stack from Philipps-Universität Marburg

studied. Four of these are studied using PV measurements, while temperature

dependent PL, SE and lasing characteristic measurements are undertaken on the

�fth sample. Samples 1, 2 and 3 used in the PV work were grown at Philipps-

Universität Marburg by Peter Ludewig using metal organic vapour phase epitaxy

(MOVPE). Sample 1 and 2 have 20 % nominal AlGaAs barriers and Bi composi-

tion of 0.0 % and 1.7 % respectively. Sample 3 has a pure GaAs barrier and 4.4 %

Bi in the QW. Sample 4 is called a hybrid growth device, it has a 6.6 % Bi QW.

Because the incorporation of Bi into GaAs by MOVPE is technologically very

di�cult, attaining high composition devices by MOVPE is not currently possi-
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ble. It is easier to achieve Bi incorporation by molecular beam epitaxy (MBE).

However it is di�cult with the MBE chamber at FTMC used in BIANCHO to

grow thick cladding layers. For this reason, hybrid laser structures were grown in

the BIANCHO project where the bottom cladding layers were grown in Marburg

before the material was removed from the reactor and sent to FTMC in Vilnius to

Prof. Arunas Krotkus, where the active region was grown by MBE. The material

was then returned to Marburg where the top cladding was grown and the wafer

was distributed for PL measurement or processed into laser devices. The �fth

sample studied is the 2.2 % laser of Ref. [66], which is studied here using PL

and SE measurements. The temperature dependent lasing characteristics of this

material are also extracted from the measurements.

5.3 Experimental analysis

In this section the results of the experimental measurements used to charac-

terise the broadening in GaAs1� xBix QW samples are presented. Polarisation-

resolved PV spectroscopy is a method whereby the laser facet is illuminated with

spectrally-resolved light as described in chapter 3. As the energy of the inci-

dent light is varied, phase-sensitive techniques are used to measure the voltage

associated with the photocurrent generated by the absorption of this incident

light within the active region of the laser structure. The spectra collected in this

manner are corrected to account for the spectral and polarisation dependence

of the experimental setup, so that the spectra they represent are the measured

setup-independent carrier generation rates in the structure [71]. Furthermore, the

orthogonal nature of thep-like states at the VB edge in QW structures means

that the use of polarisation-resolved measurements allows separate access to tran-

sitions related to light- and heavy-hole (LH and HH) states, so that the QW band

structure can be probed in detail. The broadening of each observed transition is

extracted by �tting a Gaussian lineshape function to the corresponding feature in

the measured spectra. The Gaussian lineshape implies that the alloy band edge

has undergone inhomogeneous broadening.

PVS measurements of four QW laser structures are shown in Fig. 5.2. The

structure shown on top (sample 1) has a pure GaAs QW while the sample below

this (sample 2) has a GaAs1� xBix well with x = 1:7%; both structures have the

same Al0:14Ga0:86As barriers. The two samples below these (samples 3 and 4),

both have pure GaAs barriers. Sample 3 has a composition ofx = 4:4% while

sample 4 has a composition ofx = 6:6%. The quantum well thicknesses are
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Figure 5.2: Measured TE and TM polarised (blue and red lines respectively) room
temperature photovoltage spectra of GaAs1� xBix /(Al)GaAs single quantum well
laser structures. For each structure the nominal Bi compositionx and quantum
well thickness are indicated on the plots.
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indicated on the plots along with the estimated Bi composition. By comparing

the TE and TM polarised spectra in Fig. 5.2, it is seen that all of the structures

display a splitting of the HH and LH band edges. Samples 1 and 2 show a

transition at � 1.6 eV, corresponding to the band gap of the barrier material;

equivalent transitions can be seen at� 1.42 eV in samples 3 and 4, which have

pure GaAs barriers. Sample 2 shows an additional polarisation-insensitive feature

at � 1.48 eV, which we attribute to transitions from the �rst bound electron

state in the QW (e1) to the continuum of VB barrier states (BVB) [18]. These

transitions are visualised in Fig. 5.3, where 1 and 2 represent the split e1 to HH

and LH transitions and 3 represents the polarisation insensitive e1-BVB feature

in sample 2. The transition energy and broadening determined from each of the

features in the photovoltage spectra of Fig. 5.2 are listed in Table 5.1. Full details

of the analysis of the measured GaAs1� xBix photovoltage spectra can be found

in Ref. [18] and in chapter 6 of this thesis.

e1

hh1
lh1

Barrier

321

Quantum Well Barrier

Figure 5.3: Real-space illustration of transitions between bound-to-bound (1 &
2) and bound to continuum (3) states in quantum well structures

Fig. 5.4 shows the measured temperature-dependent SE and PL spectra from

100 K to 350 K for the �rst ever electrically injected GaAs1� xBix single QW laser

of Ref. [66]. The SE spectra were measured at the lasing threshold through a

window in the GaAs substrate [34] while the laser underwent pulsed electrical

injection with a 1% duty cycle. The PL spectra were measured by exciting

the bare wafer with continuous-wave laser emission from a 640 nm laser diode
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Figure 5.4: Measured spontaneous emission (blue lines) and photoluminescence
(red dashed lines) spectra, for temperatures ranging from 100 to 350 K. The
spontaneous emission measurements were performed under electrical injection at
the lasing threshold, while the photoluminescence spectra were measured with 70
mW continuous-wave pump power at a wavelength of 640 nm. PL has been o�set
in the y-direction for clarity.
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Table 5.1: Transition energies and broadening extracted from the room temper-
ature photovoltage spectra of samples 1, 2, 3 and 4 shown in Fig. 5.2.

Sample Transition Energy (eV)
Broadening

(meV)
1 e1-hh1 1.449 16
1 e1-lh1 1.459 12
2 e1-hh1 1.264 29
2 e1-lh1 1.292 48
2 e1-BVB 1.477 11
3 e1-hh1 1.107 31
3 e1-lh1 1.147 48
4 e1-hh1 1.051 29
4 e1-lh1 1.082 38

and spectrally resolving the resulting emission from the wafer. Details of the

experimental methods can be found in chapter 3. A discrepancy is seen between

the SE and PL peak emission energies below room temperature.

5.4 Theoretical interpretation of results

In this section a theoretical interpretation of the measured material properties

is presented. Considering the PVS measurements, due to the fact that thee1-

BVB transition in sample 2 shows broadening comparable to the bound-to-bound

transitions in the Bi-free QW of sample 1, and that thise1-BVB transition does

not involve the GaAs1� xBix VB, it is concluded that the broadening of the band

edges in GaAs1� xBix comes about from alloy disorder which almost exclusively

a�ects the VB, as indicated by previous theoretical analysis carried out by Dr.

Muhammad Usman and Christopher A. Broderick [99]. In Table 5.1 it is seen

that, somewhat counter-intuitively, the inhomogeneous broadening of the alloy

band edge, brought about as a result of the alloy disorder, does not vary signif-

icantly with increasing Bi compositionx. It is further noted that the linewidth

of the LH band edge feature is larger than that associated with the HH feature.

This is in accordance with the previously mentioned theoretical work in Ref. [99],

in which it was shown that the enhanced inhomogeneous broadening of the LH

band edge in GaAs1� xBix epilayers is a result of a combination of the biaxial

strain present in the material, as well as the strong hybridisation of the LH band

edge states with a series of highly localised Bi-related states associated with Bi-Bi

pairs and higher order clusters of Bi atoms.

The results of the temperature dependent PL and SE measurements of the
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Localised Bi pair and cluster states

Inhomogeneously broadened VB

1

3
2

Figure 5.5: Illustration of di�erent carrier localisation mechanisms discussed.
Bi pair and cluster localised states lying above the band edge shown by green
dashed lines and represented by 1. The inhomogeneously broadened VB edge is
represented by 2 & 3.

GaAs1� xBix single QW laser of Ref. [66] will now be discussed.

A discrepancy is seen between the SE and PL peak emission energies below

room temperature. It has previously been shown that PL in GaAs1� xBix at

low temperatures is dominated by the recombination of excitons in Bi-related

localised states lying in the tail of the emission spectrum, as seen in Fig. 5.5,

represented by 1. These states have radiative lifetimes� 103 times longer than the

timescale associated with the relaxation of carriers into localised states from the

band edge [49, 50]. Detailed tight-binding supercell calculations by Christopher

A. Broderick on disordered GaAs1� xBix alloys, have explicitly demonstrated that

the formation of these tail states is due to the presence of Bi-Bi pairs and larger

clusters of Bi atoms [100]. Furthermore, it has recently been shown that increased

excitation power leads, at �xed temperature, to a blue-shift of the PL peak as

these tail states become saturated [63, 73].

Based on these observations, the measured discrepancy between the peaks

of the SE and PL spectra at low temperature are attributed to the saturation

of localised states due to the strong electrical pumping present in the SE mea-

surements. The measured SE then comes predominantly from GaAs1� xBix band

edge at all temperatures [19], whereas the lower carrier density of the PL exper-

iment results in emission from the localised states at low temperature. However,

while these Bi-related lower energy localised states contribute only in part to
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the measured SE, carrier trapping in these states at low temperature prevents

the establishment of a thermal distribution of carriers in the QW. The e�ects

of this can be seen in the strong dependence of the measured SE linewidth on

temperature, as shown in Fig. 5.7. The SE linewidth is seen to increase strongly

with temperature up to approximately 240 K, above which it strongly decreases.

Part of this linewidth behaviour is expected to arise from thermalisation e�ects

although, as we discuss further below, the strong increase in linewidth near 250

K includes a contribution from carriers thermalising into the �rst light hole band,

while the decrease in linewidth at higher temperatures is partly due to absorption

of the SE as it passes through the GaAs substrate. The PL spectra in Fig. 5.4

show a GaAs-related emission at higher energy. This GaAs-related emission is

well separated from the GaAsBi PL and SE spectra at low temperature; it can

be observed however that as the temperature increases, the PL peaks start to

overlap. The GaAs substrate can then act as an absorbing layer for the higher

energy GaAsBi emission; thereby reducing the width of the measured SE emission

spectrum.

Given the broadening present at the GaBiAs VB edge, it can be expected

that there will be a mobility edge in the VB states in the vicinity of 2 in Fig.

5.5, with all states above the schematic line at 2 being localised in character. At

low temperatures holes will tend to be trapped at local maxima in the VB state

distribution, weighted towards the states labelled 1. As temperature is increased,

holes can gain su�cient energy to start to move towards a thermal distribution

with carriers now recombining from states labelled 1, 2, and 3. The linewidth of

the SE then increases due to the emission of light across a wide range of states.

Then as the temperature increases beyond 240 K, the low density of Bi-related

tail states become depleted of carriers and we begin to see the establishment of a

thermal distribution of carriers in the QW. At these higher temperatures, carriers

gain su�cient energy to start to form a thermal equilibrium.

The measured temperature dependence of the SE and PL spectra therefore

demonstrates the absence of a thermal distribution of carriers below room temper-

ature, and additionally shows the move towards a thermal distribution of carriers

above room temperature, at which point the peaks of the SE and PL spectra

come into coincidence. Additionally, the analysis indicates that this behaviour is

a direct result of the e�ects of alloy disorder, which are manifested through the

e�ects of Bi-related localised states, and through larger scale spatial �uctuations

of the Bi composition, which generate spatial variations of the VB edge energy

within the QW. Also visible in Fig. 5.6 is the characteristic �S-shape" in the tem-
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Figure 5.6: Measured temperature dependent spontaneous emission (crosses) and
photoluminescence (�lled circles) peak emission energies, as well as the broaden-
ing of the spontaneous emission spectra (�lled triangles)

perature dependence of the PL emission peak. This S-shape comes about as a

result of the aforementioned localised Bi pair and cluster tail states lying below

the band edge, in which carriers become localised at low temperature [49, 50, 73].

Fig. 5.7 shows the measured variation of the SE spectrum with current density

at 250 K. As the injection level is increased we see a weak S-shape in the SE

peak, which is followed by an abrupt blue-shift of the SE peak at higher current

densities. The broad low-energy emission (below 1.3 eV) is attributed to the

GaAs1� xBix localised states. The abrupt blue-shift in the SE peak by about 25

meV is attributed to carriers occupying the �rst light-hole band in the quantum

well, as discussed further in Section 5.5. Although spontaneous emission starts to

be observed from the light-hole band, the peak gain is nevertheless still associated

with transitions from heavy-hole states, as indicted by the observation for the

highest drive currents of a lasing peak in the emission spectrum above 1.3 eV. This

peak is attributed to scattered laser light being captured by the �bre collecting

the spontaneous emission spectrum through the window in the laser substrate.

It can also be observed that the spontaneous emission does not pin, but rather
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Figure 5.7: Measured injection level dependent spontaneous emission measure-
ments up to threshold carrier density at 250 K, the peaks of each spectrum is
indicated by a closed circle

continues to increase in magnitude above threshold (three highest drive currents

in Fig 5.7). This is to be expected from a semiconductor laser structure in which

the carriers are not in thermal equilibrium. The shift in the SE peak to the light

hole peak around 250 K may also account for the unusual temperature dependence

of the SE peak energy observed in Fig 5.6. It can be seen that the SE peak has an

anomalously low temperature dependence between 170 K and 250 K, re�ecting

the shift to LH states, followed by a rapid reduction in energy above 270 K, as

the measured peak appears to shift back towards the HH states.

It is possible that excitation power plays a role in the discrepency between

the two datasets. As pump power is increased, the emission wavelength will

naturally undergo a blueshift as low lying states become saturated and carriers

begin to occupy higher lying states in the bandstructure. The SE measurement

was collected under electrical injection at the threshold current density. Threshold

current density in this material is quite high and its temperature dependence can

be seen in Fig. 5.8. The current density for this measurement ranges from

3 kAcm� 2 at 50 K to 30 kAcm� 2 at room temperature. This means that the
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injection strength for the electrically pumped measurement is increasing with

increasing temperature. For the PL measurement, the excitation power is kept

constant at 70 mW at all temperatures with a pumped area of� 1 mm2 and a

pump wavelength of 640 nm. This corresponds to an optical power density of 0.7

mWcm� 2. Presuming each incident photon of energy 1.94 eV creates one electron-

hole pair, this is then equivalent to a current density of order 0.35 mAcm� 2.

Comparing this to the minimum electrical power density of 3 kAcm� 2 in the

spontaneous emission data presented, we see that the electrical injection rate is

then over six orders of magnitude larger than the optical injection rate. This

then justi�es the assumption in our earlier discussion that there should be a

much higher carrier density present for the spontaneous emission measurements

compared to that which is present for the photoluminescence measurements.

5.4.1 Lasing characteristics of 2.2 % GaBiAs QW struc-

ture

In this section, the temperature dependent lasing characteristics of the �rst ever

electrical injection GaAs1� xBix laser of Ref. [66] are presented. The laser material

is electrically pumped with a pulsed current source at 10 kHz, with 1% duty cycle,

while the temperature is varied in the closed cycle helium cryostat. The facet

light-current characteristic is measured from a window in the cryostat cold-head,

and spontaneous emission is collected as a function of current and energy through

a window milled in the laser substrate as described in chapter 3. Threshold

current as a function of temperature is extracted from this data, and Irad
th and z th

[82] are extracted from this data. In Fig 5.8, T0(I th ) is � 100 K at low temperature

and � 170 K at 250 K. This is an excellent value for T0, but is accompanied

by a large threshold current density, suggesting that there are signi�cant loss

mechanisms in the laser. This is con�rmed by comparison of the total threshold

current density Jth , and its radiative component Jrad in Fig 5.8. The graph is

plotted with the radiative current normalised to the total current at 50 K, i.e.

assuming that there are no non-radiative losses at 50 K. It can be seen that

even after the inclusion of this assumption, the radiative current (neglecting TM

emission) is only 25% of the total current at 250 K. Hence we can estimate

that non-radiative recombination pathways account for at least 75% of the total

current at 250 K. The non-radiative losses are likely to be at least as high or

higher than this value, as there is no evidence to suggest that non-radiative losses

are negligible at 50 K.

In Fig 5.8, a small dip in the temperature dependence of Jrad
th and a corre-
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Figure 5.8: Variation of threshold current density (closed blue circles), Jth , and its
radiative component (closed red circles), Jrad

th , with temperature, and the variation
of z (closed yellow circles), the power of the carrier density, with temperature

sponding dip in Jth is seen, which strengthens the case for localisation / thermal-

isation e�ects in this material. Fig 5.8 shows that Irad
th is relatively temperature

insensitive (310 K� T0(I th
Rad) � -3000 K). Similar behaviour has been observed

in quantum dot and in dilute nitride semiconductor lasers, where the tempera-

ture insensitive nature of Ithrad is attributed to a combination of carrier localisation

and thermalisation e�ects, with the thermalisation e�ects leading to the observed

negative values of T0 in the previous devices studied.

It is noted that z th � 2 across the temperature range as evidenced on the right

y-axis of Fig 5.8. This would usually correspond to recombination dominated by

radiative transitions. However, in this case it is suggested that zth � 2 is a result

of a loss mechanism with a carrier density power dependence similar to that

of radiative recombination, due to the enhanced threshold current density and

localisation e�ects in this material.
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5.5 Calculations by Christopher A. Broderick

In this section a brief overview of some relevant calculations of temperature de-

pendent SE by Christopher A. Broderick, using thek � p method is presented.

The band structure of the GaAs1� xBix /(Al)GaAs QWs are calculated using a

12-bandk � p model, which has recently been derived based on the results of de-

tailed tight-binding supercell calculations of ordered GaAs1� xBix alloys. In Ref.

[21] it is demonstrated that the GaAs1� xBix band structure can be accurately de-

scribed in terms of a valence band anti-crossing (VBAC) interaction between the

extended states of the GaAs host matrix and highly localised impurity states as-

sociated with substitutional Bi atoms. The 12-band model includes the extended,

spin-degenerate conduction, light-hole, heavy-hole and spin-split-o� bands of the

GaAs host matrix, as well as VBAC interactions between the host matrix light-

and heavy-hole bands and localised Bi related states that are resonant with the

host matrix VB. The Bi-related parameters of the 12-band model have been con-

strained by comparing the band o�sets and transition energies calculated using

the model to the results of polarisation-resolved photovoltage measurements on

a series of GaAs1� xBix /(Al)GaAs QW laser structures [18]. This means that the

model will predict the temperature dependence of the average material bandgap;

this model does not take account of localisation e�ects. Inhomogeneous broad-

ening is added to the calculated spectra as a post processing procedure, with the

inhomogeneous linewidth extracted from Gaussian �tting to the aforementioned

PV measurements. The value of inhomogeneous broadening used at each temper-

ature is indicated on Fig. 5.9. Following Ref. [42], the QW electronic structure is

calculated using a semi-analytical plane wave expansion method, which accounts

self-consistently for the e�ects of electrostatic con�nement by solving Poisson's

equation for the carrier-induced electrostatic potential. The spontaneous emis-

sion and radiative losses are calculated using a density matrix formalism, in which

the transition matrix elements are evaluated explicitly from the QW eigenstates.

This approach therefore includes the crucial e�ects of VBAC-induced state mix-

ing and epitaxial strain on the calculated electronic and optical properties [19].

As can be seen from Fig. 5.9, the 12-band model describes the temperature

dependence of the SE peak very well up over the full temperature range. In ad-

dition, we note two features of the spectra consistent with our earlier analysis.

It can be seen that the calculated high temperature theoretical spectra are much

broader than the experimental ones, consistent with the likely absorption in the

substrate of the high-energy side of the experimental curves. In addition, the 250

K theoretical curve broadly follows the experimental one, with the peak emis-
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sion energy being well above the calculated band edge energy, and including a

signi�cant contribution due to recombination associated with con�ned LH states.
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Figure 5.9: Comparison of measured and calculated SE for the 2.2 % GaAs1� xBix
QW laser structure of Ref. [66]. The calculated spectra at 300 K and 350 K have
undergone a red shift of 12 nm to compare the shape of the band edge transition.
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5.6 Summary

Section 5.2 provided an overview of the materials studied in this chapter. In

section 5.3 the use of photovoltage spectroscopy to probe the band structure

of GaAs1� xBix /(Al)GaAs QW laser structures was described, with Bi composi-

tions of up to x = 6:6%. Following this, temperature dependent measurements

of photoluminescence and spontaneous emission from the �rst ever electrically

injected GaAs1� xBix single QW laser structure withx = 2:2% were described.

In section 5.4, it was shown how the use of polarisation-resolved photovoltage

measurements verify earlier theoretical predictions [99] that the light-hole band

edge states in GaAs1� xBix should undergo enhanced inhomogeneous broadening

compared to that associated with heavy-hole states. Additionally, it was shown

that the variation of the inhomogeneous broadening of the band edge transitions

in GaAs1� xBix alloys depends only weakly on the Bi compositionx. It was deter-

mined that Bi-related localised states contribute to the spontaneous emission in

electrically pumped GaAs1� xBix QWs, with these localised states preventing the

formation of a thermal carrier distribution. Additionally, measurements show

that the spontaneous emission linewidth is strongly dependent upon tempera-

ture, obtaining a maximum value at close to 250 K before strongly decreasing

with increasing temperature. This unusual material behaviour was explained by

considering three e�ects, (i) the temperature-dependent dynamics of carriers at

the band edge, using a combination of theoretical calculations[100, 19] and the

results of previous studies [49, 50] of the luminescence dynamics in GaAs1� xBix
materials as well as also considering (ii) the contribution of LH states to the SE

spectra and (iii) absorption by the substrate of the high energy part of the SE

spectra at higher temperatures. In section 5.4.1 the temperature dependent lasing

characteristics of the 2.2 % laser structure were presented, showing large values

for I th and T0 and a value for z� 2. In section 5.5, calculations of temperature

dependent SE by Christopher A. Broderick and a comparative analysis with the

relevant experimental data was presented. This analysis con�rmed the likely con-

tribution of LH states and of substrate absorption to the measured temperature

dependence of the SE linewidth.
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Experimental determination of

the GaAs 1� xBi x/GaAs band

o�set, and k � p paramterisation

6.1 Introduction

In this chapter, following on from chapter 5, the �rst ever experimental analysis

leading to the determination of the band o�set at the GaBixAs1� x /GaAs het-

erointerface is outlined. This experimentally determined band o�set is used to

constrain and parametrise a 12 bandk � p model. The work undertaken in this

chapter was a collaborative study with Christopher A. Broderick, who was re-

sponsible for all of the calculations and modelling mentioned in the chapter.

Dilute bismide alloys are naturally complementary to well-studied dilute ni-

tride alloys such as GaNxAs1� x , [79] with the formation of Bi-related localised

states and their interaction with the extended valence band (VB) edge states of

the host matrix semiconductor determining the details of the electronic structure

[100]. In particular, the replacement of As by Bi to form GaBixAs1� x has been

observed experimentally and demonstrated theoretically to cause a rapid reduc-

tion of the fundamental band gapEg by approximately 90 meV when 1% of the

As atoms in GaAs are replaced by Bi, [97, 6] as well as a strong increase in the

spin-orbit-splitting energy (� SO) with increasing Bi compositionx [36, 15].

Amongst the possible technological applications of dilute bismide alloys are

in GaAs- and InP-based thermoelectric [32] and spintronic [68] devices, but the

most promising application is the possible use of Bi to engineer the band struc-

ture of the quantum wells (QWs) forming the active region of semiconductor

lasers operating at telecommunication wavelengths [94, 22]. The incorporation
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of Bi in GaAs to form GaBixAs1� x with x & 10% leads to a band structure

in which the magnitude of the spin-orbit-splitting energy exceeds the band gap

(Eg < � SO). This band structure condition o�ers the possibility of supression

of the hot-hole-producing non-radiative CHSH Auger recombination pathway, a

loss mechanism that strongly increases the threshold current and temperature

sensitivity in conventional InP-based QW lasers operating at telecommunication

wavelengths [94, 22, 92, 93].

The causes and e�ects of the strong modi�cation of the GaBixAs1� x VB struc-

ture compared to that of GaAs have been studied theoretically by several authors

[52, 108, 31, 100]. Despite a degree of controversy, [31] the general consensus is

that Bi acts as an isovalent impurity, introducing highly localised states which

are resonant with the extended states of the GaAs VB [108, 21]. It has been

suggested [6] that the strong composition-dependent bowing and reduction (in-

crease) inEg (� SO) with increasing x can be understood in terms of a valence

band anti-crossing (VBAC) interaction. In the VBAC model, localised states as-

sociated with substitutional Bi atoms interact strongly with the extended states

of the GaAs host matrix VB maximum. This results in an upward shift in en-

ergy of the alloy VB edge with increasingx, leading to the observed strong,

composition-dependent bowing ofEg and � SO.

The applicability of the VBAC model in GaBixAs1� x has previously been

validated using an atomistic tight-binding model [21]. By using detailed tight-

binding supercell calculations it has been con�rmed explicitly that the strong

composition-dependent bowing ofEg and � SO with increasing x can be under-

stood in terms of a VBAC interaction, and that this picture provides an accurate

description of the main features of the GaBixAs1� x band structure, in agreement

with a wide range of spectroscopic measurements across the full composition

range for which experimental data is available [100, 99].

The growth of dilute bismide alloys represents a di�cult challenge, and only

recently has the growth of device-quality materials become possible. Advances in

the understanding of optimised growth conditions for GaBixAs1� x have resulted

in the realisation of the �rst electrically pumped dilute bismide QW laser [65].

This important milestone has signalled, from a theoretical perspective, the need

to develop models of the GaBixAs1� x band structure which are appropriate for

the description of the electronic and optical properties of nanostructures based

on GaBixAs1� x and related materials.

This chapter begins with the use of photovoltage (PV) spectroscopy

to identify and assign energies to the observed transitions in a series of
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GaBixAs1� x /(Al)GaAs QW laser structures. The use of polarisation-resolved

PV spectroscopy allows explicit identi�cation of transitions involving light and

heavy holes by separately measuring the TM and TE polarised PV spectra. Us-

ing this information the band structure of these dilute bismide QW structures is

compared with theoretical calculations based on a 12-bandk � p model to directly

determine the band o�sets at GaBixAs1� x /(Al)GaAs heterointerfaces.

In order to determine the band o�sets in the QW samples, analysis of a Bi-free

GaAs/AlGaAs single QW structure is carried out which leads to constraint of the

band o�set of the GaAs/AlGaAs alloy. This is achieved through the use of the

results of calculations based on an 8-bandk � p model which are compared with

the transition energies extracted from the measured PV spectra. This �xes the

GaAs/AlGaAs band o�sets which are then used as the input to the 12-bandk � p

calculations for the Bi-containing samples. The incorporation of Bi introduces

seven Bi-related parameters which are not known from the 8-bandk � p model,

which describes the GaAs host matrix. These parameters must be determined

accurately in order to provide a reliable description of the GaBixAs1� x band

structure using the 12-band model. These parameters are: (i � iii) the virtual

crystal contributions to the energies of the conduction band minimum (� ), valence

band maximum (� ) and spin-split-o� band ( 
 ) at the � -point, (iv) the energy of

the Bi-related impurity states relative to the unstrained GaAs VB maximum

(� EBi), (v) the VBAC coupling strength ( � ), and (vi, vii) the hydrostatic and

axial deformation potentials of the Bi-related impurity states (aBi and bBi). The

theory of the e�ects of Bi on the band edge energies in GaBixAs1� x as described

by these parameters, is outlined in Section 6.4 below.

As a result of this large number of Bi-related parameters it would appear

that the task of �tting a suitable set of band structure parameters to the ex-

perimentally measured transition energies is a highly ambiguous one. This issue

is circumvented by determining �ve of the seven Bi-related parameters directly

from detailed tight-binding supercell calculations [21], leaving only two of the

parameters (� , which determines the conduction band o�set, and� , which is the

dominant contribution to the light and heavy hole band o�sets) free to �t to the

measured transition energies. Since the PV spectra of one of the Bi-containing

samples investigated shows clear transitions from bound electron states in the

QW to the barrier VB, it is possible to examine the conduction band (CB) o�set

independently of that of the VB. This allows � and � to be �tted to the ex-

perimental data independently of one another, by comparing the results of the

theoretical calculations with the experimentally measured transition energies. By
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following this approach it is demonstrated explicitly for the �rst time that the

band o�sets at GaBixAs1� x /GaAs heterointerfaces are type-I. Furthermore, based

on the 12-bandk �p model, a straightforward analytical procedure for calculating

these band o�sets is provided. When combined with the Bi-related band struc-

ture parameters systematically extracted from a combination of PV measure-

ments and tight-binding supercell calculations, this unambiguously determines

the GaBixAs1� x /(Al)GaAs band o�sets.

Through this analysis the set of parameters we arrive at for the 12-band

dilute bismide k � p Hamiltonian is shown to be capable of describing the mea-

sured transition energies in additional single and triple quantum well (SQW and

TQW) structures, verifying the robustness of the 12-band model. In particular,

it is noted that the calculated energy di�erences between the �rst bound light-

and heavy-hole states in the QWs (lh1 and hh1) are in good agreement with the

experimentally determined values. This is noteworthy since accurate reproduc-

tion of the hh1� lh1 splitting is an important feature of any model which aims to

describe QW band structure, since the optical properties of a QW are strongly

in�uenced by the density of states at the VB edge [77, 78]. In particular, the

VB edge density of states has a strong e�ect on the hole quasi-Fermi level when

the QW is under injection and is therefore of particular signi�cance for QW laser

action [2]. The analysis con�rms the validity of the 12-bandk � p model as

an appropriate starting point from which to calculate the electronic and optical

properties of dilute bismide-based nanostructures.

The remainder of the chapter is organised as follows. In Section 6.2, the

growth and characterisation of the QW laser structures studied in this chapter

is outlined. This is followed in Section 6.3 by a brief discussion of polarisation-

resolved PV spectroscopy. In Section 6.4 the general theory for calculating the

band o�sets at GaBixAs1� x /(Al)GaAs heterointerfaces is presented, including

the e�ects of Bi-induced biaxial compressive strain. Section 6.5.1 then, by the

comparison of theory and experiment, arrives at a parametrisation of the 12 band

Hamiltonian. Having parametrised the 12-band model, the predicted transition

energies of the model are compared to those extracted from the experimental data

for additional SQW and TQW structures in Section 6.5.2. Finally, in Section 6.6

the chapter is summarised.
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6.2 Materials studied

In this section a brief description of the materials studied in this chapter will

be given. All of the devices studied in this chapter are broad-area SCH single

quantum well laser structures with either 50� m or 100� m stripe width, 1 mm

long cavities and as-cleaved facets as described in Ref. [65]. All of the samples

studied are grown at Philipps-Universität Marburg by Peter Ludewig.

The structural details of the QW laser structures investigated are described

in Table 6.1. The samples were grown by metal organic vapor phase epitaxy

in an AIX 200-GFR reactor system at a reactor pressure of 50 mbar and us-

ing Pd-puri�ed H 2 as the carrier gas. Tertiarybutylarsine (TBAs), trimethyl-

bismuth (TMBi) and triethylgallium (TEGa) were chosen as precursors, since

they decompose su�ciently at the low temperatures of 400 � 425� C required

for GaBixAs1� x growth [67]. In addition, trimethylaluminum (TMAl) and di-

ethyltellurium (DETe) were used for the deposition of the undoped and doped

AlGaAs layers, as well as diethylzinc (DEZn) for the growth of the highly p-doped

GaAs:Zn contact layer.

A GaAs:Te bu�er was grown on an exact GaAs:Si (001) substrate at 625� C

followed by a 1.2 � 1.4� m AlGaAs:Te cladding layer (containing 40 � 45% Al) and

the lower AlGaAs barrier. Following this, the temperature was lowered during

a TBAs stabilised growth interruption for the QW deposition (apart from the

GaAs QW of sample 1, which was grown at 625� C). The GaBixAs1� x QWs of

samples 3 and 4 were grown in a pulsed mode at 400� C as described in Ref. [65],

whereas the QW of sample 2 was grown under continuous precursor supply at

425 � C [64]. After the QW growth the temperature was again raised to 625� C

at a TBAs stabilised growth interruption in order to deposit the upper AlGaAs

barrier, a 1.2 � 1.4� m AlGaAs:C cladding layer (again containing 40 � 45% Al),

and a 170 nm GaAs:Zn p-contact layer. The C-doping in the cladding layer was

achieved by a reduced V/III-ratio.

To determine layer thicknesses and compositions, high resolution x-ray di�rac-

tion (HR-XRD) ! � 2� scans around the GaAs (004) re�ection were performed

in combination with dynamical modelling by Peter Ludewig. As an example, the

measured and simulated HR-XRD patterns for sample 4 are shown in Fig. 6.1,

where good agreement is noted between the measured and simulated di�raction

patterns. Since the signal of a GaBixAs1� x SQW layer is very weak in HR-XRD,

test structures for samples 2 and 3 containing 5 QWs each were grown in order to

analyse the samples. The results of these measurements are summarised in Table

6.1, where the listed uncertainties in the structural parameters were obtained as
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Figure 6.1: Black (Grey) solid line: Measured (Simulated) high-resolution x-ray
di�raction pattern about the GaAs (004) re�ection, for sample 4 of Table 6.1.

the extrema of values which produce reasonable agreement between the measured

and simulated HR-XRD patterns.

6.3 Experimental measurements

Polarisation-resolved photovoltage spectroscopy is a technique which has previ-

ously been used to probe the energy and character of inter-band optical transitions

in quantum well and dot heterostructures [72, 87, 28]. Typically, TE polarised

excitation, where the light incident on the sample is polarised parallel to the QW

epitaxial layer, results in interaction between the applied optical �eld, thes-like

CB states andp-like VB states having both light and heavy hole (LH and HH)

character. When the light incident on the sample is TM-polarised, the electric

�eld vector of the light is perpendicular to the QW epitaxial layer, and the applied

optical �eld can interact with CB states and also VB states with LH character

only.

The orthogonal nature of thep-like states at the VB maximum in tetrahedrally

bonded semiconductor materials allows independent probing of CB to LH and
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Table 6.1: Structural parameters for the GaBixAs1� x /(Al)GaAs QW structures
investigated including nominal well thicknesses and well and barrier material
compositions, as well as the expected growth uncertainties in these quantities.
The QWs in sample 4 are separated by barriers of thickness 29 nm. The values
in brackets are the best �t values used in the theoretical calculations of Section
6.5.

Sample
number

Number of
QWs

QW thickness
(nm)

Barrier Al
composition

(%)

QW Bi
composition

(%)

1, 17275 1
8.0 � 0.5

(8.0)
18.0 � 2.0

(13.6)
0.0 (0.0)

2, 17150 1
11.0 � 0.5

(11.0)
18.0 � 2.0

(14.2)
1.7 � 0.2

(1.7)

3, 17273 1
6.4 � 0.5

(6.9)
12.0 � 2.0

(7.4)
2.2 � 0.2

(2.1)

4, 17272 3
6.4 � 0.5

(5.9)
18.0 � 2.0

(13.7)
2.2 � 0.2

(2.5)

5, 17152 1
6.4 � 0.5

(6.9)
18.0 � 2.0

(14.1)
2.2 � 0.2

(2.1)

6, 17392 1
6.4 � 0.5

(6.9)
0.0 (0.0)

2.2 � 0.2
(1.8)

HH transitions in QW structures in order to gain detailed insight into the band

structure [71]. Using this technique, accurate measurement of the character and

energies of the fundamental transitions involving the lowest energy electron states

in the CB and the highest energy LH and HH states, and the energy splitting

between the highest energy LH and HH states is achieved. This is generally not

possible using non-polarisation-resolved measurements [86]. This technique also

allows access to the the degree of broadening of transitions at the band edge, as

well as the barrier band gap energy. In some samples it is also possible to resolve

features related to transitions between excited bound states, as well as between

bound states and the continuum states of the barrier material. Previous work

has shown that polarisation-resolved PV spectroscopy, when used in conjunction

with k � p modelling, can be highly successful at elucidating the band structure

in edge-emitting laser structures [44, 28].

In the experiment, light from a broadband tungsten light source is focused onto

the input slit of a grating monochromator. A narrow range of photon energies is

selected by the monochromator before being polarised, chopped (typically at a

frequency of the order of 1 kHz) and passed through an order-sorting �lter. This
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spectrally resolved light is then focused onto the facet of the laser device using a

microscope objective. This incident light generates electron-hole pairs which are

swept out of the active region by the built-in �eld, creating a photocurrent. The

voltage induced by this photocurrent is measured using phase sensitive techniques.

The desired range of excitation energies is swept through and a PV spectrum is

collected at each possible orthogonal combination of the sample and polariser,

following the procedure described in Ref. [71]. The PV spectra measured in this

manner are then corrected in order to account for the wavelength and polarisation

dependence of the experimental setup. Further detail regarding the experimental

technique is available in chapter 3.

Transition energies for the observed features in each of the TE and TM po-

larised spectra are extracted by examining the �rst derivative of the measured

PV multiplied by the photon energy. Transitions energies are systematically as-

signed using the peaks in these �rst derivatives, which correspond to the points

of in�ection located at the local maxima of the optical absorption edges. This

method for determining the transition energies has been shown [86] for materials

with inhomogeneously broadened band edge transitions to give results in good

agreement with those determined using photo-modulated re�ectance, a di�eren-

tial technique which is highly sensitive to critical points in the band structure

[47, 39], .

Due to the symmetry present in an (001) grown QW the TE polarised optical

transitions involve both LH and HH states, while the TM-polarised transitions

involve LH states only. Therefore, in order to accurately determine the energy

splitting between the highest LH and HH states in the QW, the measured TE

polarised PV spectra are corrected in order to remove the LH contributions and

obtain the PV generated by heavy-holes only. For LH states in an ideal QW the

TM polarised optical transition strength is four times that associated with TE

polarised transitions [25]. Assuming that this relationship holds in the QW laser

devices studied here, the measured TE polarised PV spectra are corrected at a

given photon energy by subtracting one quarter of the TM polarised PV measured

at that energy. Since the LH related transitions occur at higher energies than

those related to HH states in the compressively strained QWs studied here, this

correction has the e�ect of decreasing the magnitude of the TE polarised PV

signal as the photon energy increases above the band edge. This then leads to

an increase in the measured splitting between the highest energy LH and HH

states, compared to that obtained using the uncorrected TE-polarised spectra.

This increase is found to be. 4 meV in the QW structures studied.
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6.4 Determination of the bulk GaBi xAs 1� x/GaAs

band o�set

In this section the procedure for calculating the GaBixAs1� x /GaAs bulk band

o�sets in the presence of biaxial compressive strain is presented. For the Bi-free

QW (sample 1) the 8-bandk � p model of Ref. [70] is used, and for the Bi-

containing QWs (samples 2 � 6) the 12-bandk � p model of Refs. [20, 21] is

used.

The calculation of the band o�sets for the case of pure GaAs QW and AlGaAs

barriers is straightforward, with the barrier to QW GaAs host matrix band o�sets

�rst determined in the usual way using, e.g., the model solid theory, [103, 57] and

then the band edge energies in the QW calculated following the procedure to

be outlined. The calculation of the GaBixAs1� x /GaAs band o�sets is illustrated

schematically in Fig. 6.2.

Firstly, on the left of Fig. 6.2 in the section labelled �Host" a GaAs host matrix

is illustrated, with the zero of energy taken to lie at the unstrained VB maximum.

Secondly, in the section labelled �E�ect of Bi" the virtual crystal contributions to

the Bi-induced band edge shifts are included (ignoring the e�ects of strain) for a

given Bi concentrationx as [21]

eECB(x) = ECB � �x � Eg � �x (6.1)
eELH/HH (x) = ELH/HH + �x � �x (6.2)

eESO(x) = ESO � 
x � � � SO � 
x (6.3)

The inclusion of Bi also introduces a set of degenerate impurity levels at an energy

� EBi relative to the host matrix VB maximum [100].

Thirdly, in the section labelled �E�ect of strain" the fact that a GaBi xAs1� x

QW grown on a GaAs substrate will be in a state of biaxial compressive strain is

used to calculate the strain-induced shifts to the band edge energies. Following

the conventions of Krijn [57] these strain-induced shifts to the band edge energies

are calculated using the virtual crystal approximation, as
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eECB(x; � ) = eECB(x) + �E hy
CB (6.4)

eELH(x; � ) = eELH(x) + �E hy
VB + �E ax

VB (6.5)
eEHH(x; � ) = eEHH(x) + �E hy

VB � �E ax
VB (6.6)

eESO(x; � ) = eESO(x) + �E hy
VB (6.7)

where the energy shifts resulting from the hydrostatic and axial components of

the strain are

�E hy
CB = ac (� xx + � yy + � zz) (6.8)

�E hy
VB = av (� xx + � yy + � zz) (6.9)

�E ax
VB = �

b
2

(� xx + � yy � 2� zz) (6.10)

and with the non-zero components of the strain tensor given by [57]

� xx = � yy =
a(GaAs) � a(x)

a(x)
(6.11)

� zz = �
2c12(x)
c11(x)

� xx : (6.12)

In order to obtain the lattice and elastic constants for GaBixAs1� x a linear

interpolation between those of the endpoint binary compounds is applied. For

example, the GaBixAs1� x lattice constant is given by

a(x) = (1 � x)a(GaAs) + xa(GaBi): (6.13)

The (Al)GaAs lattice and elastic constants recommended by Vurgaftman et

al. in Ref. [105] are used, and for GaBi the values calculated ab initio by Ferhat

and Zaoui [35] are used. Due to a lack of su�cient information in the literature

regarding the hydrostatic and axial deformation potentials of GaBi,ac, av and b

for GaBixAs1� x are taken to be equal to those of the GaAs host matrix, which

is expected to be a good approximation due to the dilute Bi compositionsx

considered in this work.

Due to the symmetry of thep-like Bi-related impurity states there is a lifting

of the degeneracy of the LH and HH-like impurity states in the presence of bi-

axial strain. Based on the results of tight-binding calculations on large, ordered
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supercells it is found thatELH
Bi and EHH

Bi vary with strain as

ELH
Bi = � EBi + �E hy

Bi + �E ax
Bi (6.14)

EHH
Bi = � EBi + �E hy

Bi � �E ax
Bi (6.15)

with �E hy
Bi and �E ax

Bi given by

�E hy
Bi = aBi (� xx + � yy + � zz) (6.16)

�E ax
Bi = �

bBi

2
(� xx + � yy � 2� zz) : (6.17)

The Bi impurity state hydrostatic and axial deformation potentials aBi and

bBi have been determined by using large tight-binding supercell calculations to

track the evolution of the Bi-related localised states as functions of hydrostatic

and axial strain respectively. The calculated values ofaBi and bBi are given in

Table 6.2.

Finally, in the section labelled �E+ (VBAC)" the valence band anti-crossing

interaction between the virtual crystal band edges and the Bi-related states is

included to calculate the �nal values of the band o�sets. The CB is decoupled

from the Bi-related states, and the host matrix HH band couples directly toEHH
Bi

giving

ECB(x; � ) = eECB(x; � ) (6.18)

EHH
� (x; � ) =

eEHH(x; � ) + EHH
Bi

2

�

vu
u
t

 eEHH(x; � ) � EHH
Bi

2

! 2

+ V 2
Bi : (6.19)

Since biaxial strain couples the host matrix LH and SO bands, there ex-

ists a strain-induced second order coupling between the LH-like Bi-related impu-

rity states and the host matrix SO band. As a result, the SO band cannot be

treated independently and the LH, SO and lower LH-like VBAC band edges in

the strained alloy are given as the eigenvaluesELH
� (x; � ) and ESO(x; � ) of the 3� 3

Hermitian matrix
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Figure 6.2: Schematic illustration of the calculation of the bulk
GaBixAs1� x /GaAs band o�sets for the lowest conduction band (CB), light- and
heavy-hole (LH and HH) bands, and the spin-split-o� (SO) band in the presence
of biaxial strain. The full details of each step in the calculation are outlined in
Section 6.4.

0

B
B
B
@

eELH(x; � ) �
p

2�E ax
VB VBi

eESO(x; � ) 0

ELH
Bi

1

C
C
C
A

(6.20)

which completes the calculation. The values of the Bi-related parameters� EBi ,

� , � , 
 , � , aBi and bBi used in the calculations are given in Table 6.2.

6.5 Results

In this section the procedure undertaken to constrain the 12-bandk � p model

against the transition energies extracted from the measured polarisation-resolved

PV spectra is presented. Firstly, an 8-bandk � p model is used to determine the

GaAs/AlGaAs band o�sets in sample 1 by constraining the calculated transition

energies against experiment in the Bi-free case. Then, beginning from this 8-

band model, the CB and VB o�sets in the dilute bismide case are determined by

comparing the calculated transition energies for sample 2 against experiment.

With this parametrisation it is possible to calculate the band o�sets for arbi-

trary composition GaBixAs1� x /(Al)GaAs QW structures following the procedure

outlined in Section 6.4. The 12-band model is then applied to calculate the transi-
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tion energies in additional SQW and TQW structures, and compare the measured

and calculated transition energies. The results of this analysis are summarised in

Tables 6.1 and 6.2.

6.5.1 Parameterisation of the 12-band model: samples 1

& 2

The �rst sample considered is an 8 nm GaAs/AlGaAs SQW structure, in which

the barrier layers have a nominal Al composition of 20%. The measured TE and

TM polarised PV spectra, as well as the �rst derivative with respect to energy of

the product of the energy and the measured PV, are shown in Figs. 6.3 (a) and

6.4 (a) respectively.

The �rst step in the process of analysing the device is constraining the barrier

Al composition theoretically, by comparing the measured barrier transition energy

to a calculation of the bulk AlGaAs room temperature band gap. A polarisation-

insensitive feature associated with transitions from the barrier conduction band

to barrier valence band (BCB�BVB) is clearly visible at high energy in the mea-

sured TE and TM spectra. The transition energy associated with this feature is

determined from the peak of the �rst derivative of the measured spectra to be

1.625 eV, which, according to the well-accepted AlGaAs parameters of Vurgaft-

man et al. [105], corresponds at room temperature to an Al composition in the

barrier layers of 13.6%. This is a signi�cant deviation from the nominal value of

20% but is plausible due to the near-vanishing strain present in a GaAs/AlGaAs

QW, which makes the determination of the Al composition by HR-XRD di�cult.

In order to calculate the transition energies and �t the GaAs/AlGaAs band

o�sets to the measured �rst electron to �rst heavy and light hole transition en-

ergies (e1� hh1 and e1� lh1) an Al composition in the barrier layers of 13.6% is

assumed. The 8-bandk � p Hamiltonian of Ref. [70] is used to calculate the

transition energies. Thek � p parameters of Ref. [105] are used for GaAs and

AlAs, interpolating to calculate the parameters in the barrier layers. All param-

eters are as in Ref. [105] and the GaAs/AlGaAs band o�sets are calculated using

the model solid theory [103, 57] for which the calculated o�set ratio� Ec:� Ev

= 59:41. Using this parameter set thee1� hh1 and e1� lh1 transition energies

are calculated as 1.461 eV and 1.470 eV respectively. Comparing these with the

measured values listed in Table 6.3 it is seen that, without any adjustment, this

parameter set overestimates the fundamentale1� hh1 QW band gap.

To constrain the GaAs/AlGaAs band o�sets against the experimental data,

the CB to VB o�set ratio � Ec : � Ev is adjusted and the calculated and measured
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Figure 6.3: Measured polarisation-resolved photovoltage spectra of samples 1 �
6 of Table 6.1. Blue lines: TE polarised photovoltage. Red lines: TM-polarised
photovoltage. Blue (Red) arrows denote transition energies extracted from TE
(TM ) polarised photovoltage spectra. Blue arrows are also used to denote the
transition energies for polarisation-insensitive features, which are extracted from
both the TE and TM polarised spectra. Black arrows: Transition energies calcu-
lated using either an 8-bandk � p model (for sample 1) or a 12-bandk � p model
(for samples 2 � 6).

Experimental analysis of novel telecom
source materials and devices

96 Patrick Harnedy



6. Experimental determination of the
GaAs 1� x Bi x /GaAs band offset, and
k � p paramterisation 6.5 Results

Figure 6.4: First derivative with respect to energy of the product of the photon
energy and the measured polarisation-resolved photovoltage for samples 1 � 6 of
Table 6.1. Blue (Red) lines denote the derivatives obtained from the TE (TM )
polarised spectra. Blue (Red) arrows denote transition energies extracted from
the TE (TM ) polarised photovoltage spectra. Blue arrows are also used to denote
the transition energies for polarisation-insensitive features, which are extracted
from both the TE- and TM-polarised spectra. Black arrows: Transition energies
calculated using 8- and 12-bandk � p models for sample 1 and samples 2 � 6
respectively.
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e1� hh1 and e1� lh1 transition energies are compared. As a result of the near-

vanishing strain in a GaAs/AlGaAs QW the LH and HH bulk band edges lie

within 1 meV of one another, so that light and heavy holes in the QW experience

close to identical con�ning potentials. The majority contribution to the hh1� lh1

splitting therefore comes from the di�erences in the GaAs con�nement of the

highest energy LH and HH states in the QW, as determined by the LH and HH

e�ective masses along the transverse (growth) direction, and the size of the VB

o�set � Ev between the QW and barrier materials.

By varying � Ec : � Ev while keeping all other parameters �xed, a best �t

to the measured transition energies is found with� Ec : � Ev = 70 : 30. With

this 70 : 30band o�set ratio the calculated CB and VB o�sets are 145 and 60

meV respectively, and the calculatede1� hh1 and e1� lh1 transition energies are

both within 1 meV of the measured values. In particular, the calculatedhh1� lh1

splitting of 9.4 meV is in excellent agreement with the measured value of 10 meV.

This completes the �tting of the GaAs/AlGaAs band o�sets, which are used as

input to the 12-band calculations for samples 2 � 6. In the remaining calculations

the barrier Al composition is again determined by �tting to the measured barrier

band gap at room temperature, and the GaAs/AlGaAs band o�sets are �xed

to maintain � Ec : � Ev = 70 : 30 in all cases. The �rst Bi-containing sample,

sample 2, is now examined in detail. Beginning with the 8-band model from

this section the Bi-related parameters� and � are �t to the measured transition

energies in order to fully parametrise the 12-band model of Refs. [20, 21].

This sample is an 11 nm GaBi0:017As0:983/AlGaAs SQW structure, in which

the barrier layers again have a nominal Al composition of 20%. The measured

TE and TM polarised PV spectra, as well as the �rst derivative with respect to

energy of the product of the energy and the measured PV, are shown in Figs. 6.3

(b) and 6.4 (b) respectively. Based on the measured BCB�BVB transition energy

of 1.633 eV a barrier Al composition of 14.2% is inferred, which is used as input

to the theoretical calculations.

Examining the TE and TM polarised spectra of Fig. 6.3 (b) two features

are observed which have transition energies intermediate between those of the

bound-to-bound e1� hh1 and e1� lh1 transitions and the continuum BCB�BVB

transition. As a result of the measured transition energies associated with these

features, as well as the fact that these two features are polarisation-insensitive,

the conclusion is reached that they correspond to transitions from the �rst two

bound electron states in the QW (e1 and e2) to the BVB. The interpretation

of this pair of features as being associated with transitions from bound electron
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states in the QW to continuum BVB states is reinforced by noting that these

features have a signi�cantly smaller linewidth than the lower energye1� hh1 and

e1� lh1 transitions, as can clearly be seen in Fig. 6.4 (b), and their transition en-

ergies are not split with respect to energy, which means that there are no con�ned

hole states involved in the transition. This is consistent with previous calcula-

tions by M. Usman and C.A. Broderick of the GaBixAs1� x electronic structure

[100] , which indicated that the incorporation of Bi results in a strong inhomo-

geneous broadening of states in the proximity of the VB edge, suggesting that

transitions involving the GaBixAs1� x VB should have increased linewidths com-

pared to transitions involving the GaBixAs1� x CB. This broadening of the band

edge transition due to the e�ects of Bi on the GaBixAs1� x VB structure is clearly

visible in the measured PV spectra, as can be seen by comparing Fig. 6.4 (a) to

Figs. 6.4 (b) � 6.4 (f).

Starting with the GaAs/AlGaAs band o�sets determined for sample 1, all

seven of the Bi-related parameters of the 12-band model of Section 6.4 are as-

signed their values as determined by large supercell tight-binding calculations [21].

Since thee1�BVB transition does not involve the GaBixAs1� x VB, this transition

can be used to directly determine the e�ect of Bi on the CB o�set. The value

of � is varied in the 12 bandk � p model in order to �t to the e1�BVB transi-

tion energy extracted from the �rst derivatives of the TE and TM polarised PV

spectra shown in Fig. 6.4 (b). With a calculated compressive strain of 0.2% the

strain-induced shift to the conduction band edge is+17:8 meV. Taking the QW

to have a thickness of 11 nm and a Bi composition of 1.7% (their nominal values)

a best �t value of � = 2:63eV is found, to match the measurede1�BVB transition

energy of 1.477 eV. This value of� generates a GaBi0:017As0:983/Al 0:142Ga0:858As

CB o�set of 195.8 meV, of which, when strain is taken into account, 26.9 meV is

due to the incorporation of 1.7% Bi in the QW. This value of� is close to the

value of 2.82 eV obtained from the tight-binding calculations [21].

Examining the calculated CB o�sets and bound state energies for samples

1 and 2, the calculated energy separation between thee1 bound state and the

BCB in sample 2 is seen to be 156 meV, with a total bulk CB o�set of 178

meV. The calculatede1�BCB separation for sample 2 exceeds thetotal bulk CB

o�set of 145 meV calculated for sample 1, and so we conclude that a type-I CB

line-up is present at the GaBixAs1� x /GaAs interface (i.e. � > 0). This is the

�rst experimental determination of the band o�sets at the GaBixAs1� x /GaAs
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Table 6.2: Bi-related parameters for the 12-bandk � p Hamiltonian of Refs.
[20, 21]. The parameters� and � were determined as the best �t to the measured
transition energies in sample 2, with the remaining parameters determined by
detailed tight-binding supercell calculations.

Parameter Value (eV)
� EBi � 0.183

� 2.63
� 1.45

 0.55
� 1.01

aBi � 1.11
bBi � 1.71

interface. This type-I band o�set sets a lower bound on the bulk CB o�set in

GaBixAs1� x /GaAs due to the 70 % CB o�set determined in sample 1 equalling

the largest CB o�set reported in the literature for this material system. This

supports the conclusions of the previous calculations, as well as those of the

pressure-dependent measurements of Ref. [48], which suggested the presence of a

type-I band o�set for electrons in a GaBixAs1� x LED structure. A visualisation

of the method employed to extract the band o�sets can be seen in Fig. 6.5.

Sample 1

70 %

30 %

Constraint: � Ec : � Ev = 70 : 30

Quantum Well Sample 2

Constraint: Measured e1 - BVB and Eg

Figure 6.5: Real-space schematic of type-I band o�set for GaBixAs1� x /GaAs bulk
interfaces illustrating the use of samples 1 (red) & 2 (blue) for o�set determina-
tion. Note the almost identical barrier material in both samples.

Next, the LH and HH band o�sets are determined independently from the CB
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o�set by �xing � at its best �t value of 2.63 eV and varying the strength of the

VBAC interaction � to �t to the measured e1� hh1 transition energy.

The value of� = 1:13 eV determined from large supercell tight-binding calcu-

lations underestimates the Bi-induced band gap reduction compared to the PV

measurements. A value of� = 1:45eV is found to give a calculatede1� lh1 transi-

tion energy which is within 1 meV of the measured value, and produces ahh1� lh1

splitting of 28.6 meV, in excellent agreement with the experimentally determined

value of 29.2 meV. The measured transition energies for this sample, as well as

those calculated using the 12-bandk � p model are listed in Table 6.3.

It is seen that despite the fact that a large number of parameters contribute to

determining the hh1� lh1 splitting in the Bi-containing case, the best �t value of

� combined with the tight-binding calculated hydrostatic and axial deformation

potentials for the Bi-impurity states is able to reproduce the measuredhh1� lh1

splitting to within experimental error. This suggests that it is possible to obtain

an accurate description of the VB edge density of states in GaBixAs1� x using the

12-bandk � p model, and shows that the model is promising for the investigation

of the optical properties of nanostructures based on GaBixAs1� x and related

materials.

Having used the observed features in the measured TE- and TM-polarised

PV spectra for this sample to determine the CB and VB o�sets independently

by �tting to the measured transition energies, in Table 6.2 a complete set of

Bi-related parameters for the 12-bandk � p model of Section 6.4 is presented.

6.5.2 Veri�cation of parameterised model: samples 3 � 6

With the 12-band k �p Hamiltonian having been fully parametrised by a combina-

tion of tight-binding supercell calculation and systematic �tting to the transition

energies in samples 1 and 2, the 12-band model is now applied to study four

additional QW structures in order to test the accuracy and transferability of the

experimentally inferred parameter set.

Samples 3 � 6 contain nominally identical 6.4 nm GaBixAs1� x QWs with

x = 2:2%. Samples 3, 5 and 6 are SQW structures, while sample 4 is a TQW

structure with 29 nm barriers separating the GaBixAs1� x QWs. The barriers in

sample 3 have a nominal Al composition of 12%, while those in samples 4 and 5

have nominal Al compositions of 20%; sample 6 has GaAs barriers. The measured

TE- and TM-polarised PV spectra, as well as the �rst derivative with respect to

energy of the product of the energy and the measured PV, for samples 3 � 6 are

shown in Figs. 6.3 (c) � 6.3 (f) and 6.4 (c) � 6.4 (f) respectively. The measured
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barrier band gaps for each of these samples are shown in Table 6.3, from which

barrier Al compositions of 7.4, 13.7 and 14.1% are inferred for samples 3, 4 and

5 respectively. These material compositions are used as input to the theoretical

calculations for each of the samples.

Table 6.3: Details of the measured and calculated transition energies in the QW
samples investigated. Transitions labelled as �insensitive" are those for which the
measured energies were equal (to within 5 meV) in the TE and TM polarised
PV spectra. The associated designations were assigned based on the energies
obtained from the 8 and 12-bandk � p calculations, as well as symmetry con-
siderations based on the character of the measured PV spectra. The structural
parameters used as input to the theoretical calculations for each sample are given
in parentheses in Table 6.1. The abbreviation BCB (BVB) denotes the barrier
conduction (valence) band.

Sample
number

Polarisation Designation
Energy, meas.

(eV)
Energy, calc.

(eV)
1 TE e1� hh1 1.449 1.449
1 TM e1� lh1 1.459 1.458
1 Insensitive BCB�BVB 1.625 1.625
2 TE e1� hh1 1.264 1.264
2 TM e1� lh1 1.292 1.293
2 Insensitive e1�BVB 1.477 1.477
2 Insensitive e2�BVB 1.539 1.552
2 Insensitive BCB�BVB 1.633 1.633
3 TE e1� hh1 1.265 1.263
3 TM e1� lh1 1.292 1.300
3 Insensitive BCB�BVB 1.537 1.537
4 TE e1� hh1 1.255 1.256
4 TM e1� lh1 1.302 1.302
4 Insensitive BCB�BVB 1.626 1.626
5 TE e1� hh1 1.274 1.273
5 TM e1� lh1 1.301 1.311
5 Insensitive BCB�BVB 1.636 1.636
6 TE e1� hh1 1.241 1.240
6 TM e1� lh1 1.264 1.273
6 Insensitive BCB�BVB 1.420 1.420

Examining the �rst derivative of the TE-polarised PV spectrum for sample 3,

the e1� hh1 transition is identi�ed at an energy of 1.265 eV. Comparing this to

the calculated transition energy using the parameters of Table 6.2 and taking the

nominal QW composition and thickness, the calculated value of 1.263 eV is seen

to be in good agreement with the experimentally determined value. It is noted,

however, that the calculation overestimates thehh1� lh1 splitting by 12.3 meV
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compared to the measured value. By varying the QW composition and thickness

within the range of growth uncertainties stated in Table 6.1 a best �t to the

hh1� lh1 splitting of 37.1 meV is obtained, which still overestimates the measured

value of 27 meV by 10.1 meV.

Further insight into the discrepancy between the measured and calculatede1�

lh1 transition energies in sample 3 is gained by comparison with sample 4. This

is possible since both samples nominally contain the same 6.4 nm thick,x = 2:2%

QWs, and so there should be very little di�erence between the energies of thee1�

lh1 transitions between the two samples. This is expected because the calculated

6.3% di�erence in Al composition between the barrier layers in samples 3 and 4

mainly impacts the CB, causing an increase of 69 meV in the bulk CB o�set, with

an accompanying reduction of only 1.5 meV in the con�nement energy of thee1

state due to the enhanced con�nement it experiences in sample 4.

For sample 4, again the QW compositions and thicknesses are varied in the

theoretical calculations, and good agreement is found between theory and exper-

iment for the energies of thee1� hh1 and e1� lh1 transitions in an ideal TQW

structure having 5.9 nm thick QWs with a Bi composition ofx = 2:5%. Speci�-

cally, the calculated value of 45.5 meV for thehh1� lh1 splitting agrees well with

the measured value of 47 meV. The deviations from the nominal values of the QW

compositions and thicknesses required to obtain good �ts to the measured tran-

sition energies suggests that material inhomogeneities in the GaBixAs1� x layers

play a strong role in determining the details of the VB structure and that com-

positional �uctuations within the GaBi xAs1� x layers have strong e�ects on the

material properties.

6.6 Summary

Using a combination of experimental measurements and theoretical calculations

the band o�sets in GaBixAs1� x /(Al)GaAs quantum wells have been directly de-

termined. The use of polariation-resolved photovoltage spectroscopy has enabled

probing of transitions related separately to light and heavy holes in the laser

structures studied, and hence given information regarding the band structure of

the quantum wells in the devices. By combining a 12-bandk � p Hamiltonian

for GaBixAs1� x , which has previously been derived from detailed tight-binding

supercell calculations, with experimental results, a general procedure for calcu-

lating the band o�sets in GaAs-based dilute bismide quantum well structures at

arbitrary Bi composition x has been developed.
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k � p paramterisation 6.6 Summary

The 12-bandk � p model for GaBixAs1� x /(Al)GaAs has been parameterised

in such a way that the calculated transition energies are in good agreement with

experiment for a number of di�erent laser structures. This combined experimental

and theoretical approach has enabled veri�cation for the �rst time the presence of

a type-I band o�set at the GaBixAs1� x /GaAs heterointerface, in agreement with

the previous calculations for bulk GaBixAs1� x , as well as with pressure-dependent

measurements which have been performed on a GaBixAs1� x -based LED structure

[48]. The type-I band o�set extracted provides a lower bound on the bulk CB

o�set in GaBi xAs1� x /GaAs due to the 70 % GaAs/AlGaAs CB o�set determined

in sample 1 equalling the largest CB o�set reported in the literature for this

material system. Furthermore, by applying the 12-bandk � p model to calculate

the band structure of additional laser structures the validity of the model has

been displayed by showing that it is capable of describing the main features of

the band structure in GaBixAs1� x /(Al)GaAs laser structures with varying Bi

composition, as well as with varying quantum well thickness and number.

The experimental and theoretical work which has been presented therefore

represents the �rst direct investigation of the band o�sets in heterostructures

based upon this highly-mismatched III-V alloy.
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Chapter 7

Experimental investigation of

optical lifetimes in GaAs 1� xBi x

quantum wells using TRPL

7.1 Introduction

This chapter is concerned with low temperatureT ime R esolved Photo

Luminescence (TRPL) measurements of the GaAs1� xBix material. This mate-

rial has been su�ciently introduced in chapters 5 and 6 to not have an in depth

review in this chapter.

TRPL is a tool used to uncover the temporal response of the optical transitions

in the material after a very short optical excitation pulse has been applied. In sec-

tion 7.2 a brief description of the materials studied is presented. This is followed

by a description of the experimental method used to make the measurements.

The format employed here di�ers from the rest of the thesis as this experimental

method is used only once, and so will be described here and not in chapter 3. In

section 7.4 the results of the measurements are shown and discussed. Evidence of

localisation e�ects in the GaAs1� xBix layer are found over a wide energy range ,

with the extracted carrier lifetime exceeding 10ns over a wide wavelength range.

It is described how these lifetimes are generally longer than those observed in

bulk GaAs1� xBix layers with similar energy-gap and composition. In section 7.5

the work which has been presented as part of this chapter will be summarised.

105



7. Experimental investigation of
optical lifetimes in GaAs 1� x Bi x

quantum wells using TRPL 7.2 Materials studied

7.2 Materials studied

In this section a brief description of the materials studied in this chapter will

be given. In this chapter only one sample is studied. This is the 2.2 % laser

of Ref. [66]. Fig. 7.1 shows the structure of the material which is measured

in this experiment. PL measurements are carried out on bare wafer samples

of the laser structure and so there are no processed devices examined in this

chapter. The material investigated is studied using TRPL measurement. This

Figure 7.1: Device stack from Philipps-Universität Marburg

allows investigation of the extent of the recombination rate as a function of energy

as the carriers relax following high energy excitation. The material is grown at

Philipps-Universität Marburg by Peter Ludewig by metal organic vapour phase

epitaxy (MOVPE). This material has 20 % nominal AlGaAs barriers, which have

previously in this thesis been shown to actually contain� 14 % Al, and Bi

composition 2.2 %. An anomalous peak was observed in the TRPL traces of

this material which did not correspond to any of the peaks seen in the CW

PL of chapter 5. This was investigated and found to be luminescence from the

heavily doped GaAs:Zn contact layer. Consequently, this layer was removed

using reactive ion etching techniques, and the TRPL and CW PL traces came

into coincidence.

7.3 Experimental method

As was previously described in chapter 3, photo-luminescence (PL) spectroscopy

is a measurement which is generallly not carried out on a processed laser device,

but rather on a bare wafer sample. A TRPL measurement is achieved by illumi-
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Figure 7.2: Schematic of the TRPL setup used

nating the bare wafer sample with emission from a 650 nm mode locked diode

laser. This incident radiation creates electron-hole pairs within the material under

test, and because the photons in the 650 nm pump pulses are much more energetic

than the bandgap of the material which is being investigated, these carriers are

promoted to levels high in the conduction band and low in the valence band. The

choice of 650 nm excitation allows investigation of both the GaAs and GaBiAs

layers within the material. Following excitation the carriers decay towards the

conduction and valence band edges and, depending on the carrier lifetimes in each

region can emit photons or decay to a lower energy state within the bandstruc-

ture, from which radiative or non-radiative recombination occurs. The radiative

transitions are measured and both spectrally and temporally resolved to gain in-

sight into material bandstructure and carrier lifetimes. The temporal evolution

of the spectrum is recorded using a Hamamatsu streak camera system equipped

with an infrared-enhanced thermoelectrically chilled photocathode. The experi-

mental setup is depicted in Fig. 7.2. This measurement is carried out under phase

sensitive conditions similar to the lock in ampli�er and chopper discussed previ-

ously, except in the nano-second regime. Data collected in this way are spectrally

corrected in the usual manner to account for instrument response. The wafer is

clamped on a vertical �at mount in the cryostat and measured at 10 K. All of the

TRPL work was carried out in the specialist TRPL lab of Dr. Tomasz Oschalski

for which we graciously acknowledge his assistance here.

7.4 Results

The results of the TRPL measurements are presented in Fig. 7.3 where the

colour scale depicts the logarithm of the intensity of the emission as a function

of both wavelength and time. In this �gure areas shaded red are areas of strong

emission and blue shaded regions represent zero emission. Emission can clearly
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Figure 7.3: TRPL streak camera image showing the energy and temporal charac-
ter of the emission from both the GaAs and GaAs1� xBix layers. Red represents
strong emission and blue represents zero emission.

be seen from both the 2.2 % GaAs1� xBix layer, in the 900 nm to 1050 nm spectral

region, and from the pure GaAs layers with an emission peak� 815 nm. The

discontinuities observed in the spectra close to 930 nm and 1010 nm are due to

scale changes in the detection system and do not a�ect the lifetimes extracted

from the measurements. It is clear to see that the GaAs emission, as well as

undergoing less broadening, has very much faster emission dynamics than the

GaAs1� xBix layer. This is consistent with the radiative recombination rate in

GaAs being, as expected, of the order of a nanosecond, due to the good electron-

hole overlap in this material. The longer carrier lifetimes at longer wavelengths

suggest a reduced electron-hole overlap in the GaAs1� xBix layers. This result

agrees with the determinations of chapters 5 and 6 where the broad and disordered

nature of the GaAs1� xBix bandstructure is discussed in detail.

In Fig. 7.4, the temporal behaviour of the optical emission at certain wave-

lengths extracted from Fig. 7.3 are presented. These are plotted on a logarithmic

scale for ease of analysis. The top left and right panel of this �gure contain

plots which clearly show evidence of a two (or multi) component decay for some

spectral regions on the low energy side of the GaAs peak. This two component

decay re�ects the interplaying processes present at this excited energy within the

material. The initial decay rate is comparable to that observed above the GaAs

band edge, and therefore may be associated with recombination to defect-related

states in the GaAs layer. The slower process is on a timescale comparable to that

observed in the GaAs1� xBix layer. If it is due to recombination in this layer, then

it suggests a very broad energy distribution of localised states in the GaAs1� xBix
layer.
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Figure 7.4: Temporal decay of the TRPL streak image integrated at a range of
wavelengths. Note the two component decay clearly visible in some of the plots
in the region of the GaAs peak.

Figure 7.5: Integrated PL just after excitation shown in blue with extracted
lifetimes plotted in green (line with circles).
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Fig. 7.5 shows the integrated PL and the lifetimes extracted just after the

excitation pulse. In this �gure it is seen that the lifetime in the GaAs layers

is small, � 3 ns, and that this increases to a maximum of� 35 ns on the low

energy side of the GaAs1� xBix emission peak. The lifetime then decreases with

decreasing energy in the low-energy tail of the PL spectrum.

This is the �rst measurement of lifetimes in GaAs1� xBix quantum well struc-

tures. There have, however, been measurements and theoretical predictions of

TRPL in bulk GaAs1� xBix epilayers which will now be discussed.

Simone Mazzucato and colleagues have carried out extensive time resolved

studies of GaAs1� xBix material [69]. When the work in this chapter is compared

to the work of Mazzucato et al, some interesting insights become clear. A sim-

ilar emission energy to the material studied here is achieved in bulk layers at a

lower composition. This can be understood as a result of con�nement within the

quantum well layer making the lowest lying transition energy higher than for a

bulk material of the same composition. Interestingly, the bulk samples seem to

undergo less broadening than that experienced by the quantum well layers. Maz-

zucato's work also shows a similar S-like character in the temperature dependent

peak PL emission as reported in chapter 5 of this thesis for quantum wells. Maz-

zucato reports lifetimes (� 1-2 ns) which are much shorter than those measured

here, and also describes the large variation of the lifetime in the GaAs1� xBix layer

in terms of localised and delocalised exciton states. These faster dynamics may be

as a result of better electron-hole interaction in the bulk material,re�ecting that

carriers, in particular electrons can propagate more easily in the bulk compared

to the quantum well samples studied here. It may also be due to better mate-

rial quality in the quantum well structures, so that the competing non-radiative

recombination rates are reduced in these structures.

Sebastian Imhof and colleagues have undertaken time resolved measurements

of GaAs1� xBix bulk epilayers, as well as extensive kinetic Monte Carlo simulations

of the material [50]. This work again shows agreement with the measurements

carried out in this thesis with short lifetimes on the high energy side of the PL

peak, referred to as delocalised exciton recombination by Mazzucato, and longer

lifetimes on the low energy side, referred to as localised exciton recombination by

Mazzucato. This work also shows that the bulk lifetimes are much shorter (< 10

ns) than that of the quantum wells measured here, but are however longer than

the lifetimes measured in the Mazzucato work.

This shows that even amongst the bulk samples there is variability of the

lifetime, most likely driven by material quality. The lifetimes extracted from
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the measurements on the quantum well samples here are over three times as

long as the longest lifetime reported for bulk material. Further theoretical and

experimental analysis would be required to understand the relative importance

of improved material quality and of modi�ed carrier dynamics in explaining the

enhanced lifetimes observed in the quantum well system.

7.5 Summary

Section 7.2 provided an overview of the materials studied in this chapter. It was

found that due to the doping concentration of the p-contact layer, an anomalous

peak was present in the PL spectra. This peak was removed by an etch of the sur-

face removing the GaAs:Zn layer. In section 7.3 an overview of the experimental

method employed to extract the time and spectral dependence of the PL spectra

was presented. In this section it was seen that a 650 nm mode locked diode laser

and a Hamamatsu streak camera can be combined to provide time resolved PL

measurements. In section 7.4, the results of the TRPL measurements were shown

and discussed. These results were also compared to similar measurements carried

out on bulk epilayers. It was seen that GaAs1� xBix quantum well layers show

an optical bandgap which is larger than that of bulk epitaxial �lms for the same

composition. This bandgap enlargement is understood through the quantum well

bound states sitting above the unstrained bulk material bandgap in energy. This

result is noteworthy as it, along with the heavy-hole light-hole splitting shown in

the photovoltage measurements of chapter 6, reinforces the fact that the material

is in fact behaving as would be expected of a quantum well. It was observed that

the broadening of the quantum well band edge transitions is larger than that

observed for bulk �lms of similar composition [69]. The optical lifetimes in the

GaAs1� xBix layers were shown to be larger than the corresponding lifetimes of

the bulk �lms. The enhanced lifetimes could be due to improved material quality

or modi�ed carrier dynamics in the QW sample; further theoretical and experi-

mental analysis would be required to con�rm the primary cause of the observed

behaviour.
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Chapter 8

Conclusions

8.1 Summary

In the following sub-sections the main results of this thesis this thesis are sum-

marised. This is followed in section 8.2 by overall conclusions and an overview of

potential future work.

8.1.1 Experimental analysis and rate equation modelling

of an InP based quantum dash laser showing

bistable threshold

In chapter 4 an experimental analysis was carried out on two similar InP-based

quantum dash lasers, one of which showed bistable threshold behaviour at low

temperature. It was concluded that passive saturable absorption caused a bista-

bility in the laser due to impeded interwell transport at low temperature. It was

also seen that the bistability was followed at higher temperatures by a giant, and

sometimes negative, value ofT0. A modi�ed 11 dimensional rate equation model

which incorporated carrier transport e�ects was used to qualitatively test the

proposed mechanism for bistability and very good qualitative agreement between

theory and experiment was found.

8.1.2 Experimental study of bismuth-induced broadening

in GaAs 1� xBi x quantum well laser structures

In chapter 5 an experimental study of bismuth-induced broadening in GaAs1� xBix
quantum well laser structures was carried out. Photovoltage spectroscopy was

used to probe the band structure of GaAs1� xBix /(Al)GaAs QW laser structures,
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with Bi compositions of up to x = 6:6%. Following this, temperature dependent

measurements of photoluminescence and spontaneous emission from the �rst ever

electrically injected GaAs1� xBix single QW laser structure withx = 2:2% were

described. It was subsequently shown that the use of polarisation-resolved pho-

tovoltage measurements verify earlier theoretical predictions [99] that the light-

hole band edge states in GaAs1� xBix should undergo enhanced inhomogeneous

broadening compared to that associated with heavy-hole states. Additionally,

it was shown that the variation of the inhomogeneous broadening of the band

edge transitions in GaAs1� xBix alloys depends only weakly on the Bi composi-

tion x. It was determined that Bi-related localised states prevent the formation

of a thermal distribution of carriers at low temperature in electrically pumped

GaAs1� xBix QWs. Additionally, measurements showed that the spontaneous

emission linewidth is strongly dependent upon temperature, with a maximum

value obtained at close to 250 K before strongly decreasing with increasing tem-

perature. This unusual material behaviour was explained by considering the

temperature-dependent dynamics of carriers at the band edge, using a combina-

tion of theoretical calculations[100, 19] and consideration of the results of previ-

ous studies [49, 50] of the luminescence dynamics in GaAs1� xBix materials. The

temperature dependent lasing characteristics of the 2.2 % laser structure were

presented, showing large values for Ith and T0. Further analysis of the radiative

and non-radiative processes in this material showed that at least 75% of the to-

tal threshold current density at 250 K was non-radiative in nature. Calculations

of temperature dependent SE by Christopher A. Broderick and a comparative

analysis with the relevant experimental data was presented, showing that the

average band edge approximation of the model holds up well at low temperature

and up to the thermalisation event which occurs at T� 300 K.

8.1.3 Experimental determination of the GaBi xAs 1� x /GaAs

band o�set, and k � p parameterisation

In chapter 6, using a combination of experimental measurements and theoreti-

cal calculations, the band o�sets in GaBixAs1� x /(Al)GaAs quantum wells were

directly determined. The use of polarisation-resolved photovoltage spectroscopy

enabled probing of transitions relating separately to light and heavy holes in the

laser structures studied, and hence the band structure of the quantum wells in

the devices. By using a 12-bandk � p Hamiltonian for GaBixAs1� x , which had

previously been derived from detailed tight-binding supercell calculations, iden-

ti�cation of the key contributions to the conduction and valence band o�sets in
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GaBixAs1� x , and a general procedure for calculating the band o�sets in GaAs-

based dilute bismide quantum well structures at arbitrary Bi compositionx have

been developed.

The 12-bandk � p model for GaBixAs1� x /(Al)GaAs has been parameterised

in such a way that the calculated transition energies are in good agreement with

experiment for a number of di�erent laser structures. This combined experimen-

tal and theoretical approach has enabled veri�cation for the �rst time of a type-I

band o�set at the GaBixAs1� x /GaAs heterointerface, in agreement with previous

calculations for bulk GaBixAs1� x , as well as with pressure-dependent measure-

ments which have been performed on a GaBixAs1� x -based LED structure [48].

This type-I band o�set is seen to be a lower bound on the bulk conduction band

(CB) o�set in GaBi xAs1� x /GaAs due to the 70 % GaAs/AlGaAs CB o�set used

in the analysis equalling the largest CB o�set reported in the literature for this

material system. Furthermore, by applying the 12-bandk � p model to calcu-

late the band structure of additional laser structures the validity of the model

has been displayed by showing that it is capable of describing the main features

of the band structure in GaBixAs1� x /(Al)GaAs laser structures with varying Bi

composition, as well as with varying quantum well thickness and number.

8.1.4 Experimental investigation of optical lifetimes in

GaAs 1� xBi x quantum wells using TRPL

In chapter 7, using a 650 nm mode locked laser for excitation, and a Hama-

matsu streak camera for temporal resolution of the luminescence, the spectral

dependence of the recombination lifetime was measured in GaAs1� xBix quantum

wells for the �rst time. The results of the TRPL measurements were shown and

discussed. These results were then compared to previous measurements carried

out on bulk epilayers. It was seen that GaAs1� xBix quantum well layers show

an optical bandgap which is larger than that of bulk epitaxial �lms for the same

composition. This bandgap enlargement is understood through the quantum well

bound states sitting above the unstrained bulk material bandgap in energy. This

result is noteworthy as it, along with the heavy-hole light-hole splitting shown in

the photovoltage measurements of chapter 6, reinforces the fact that the material

is in fact behaving as would be expected of a quantum well. It was observed

that the broadening of the quantum well material is larger than that of the bulk

�lms for similar composition [69]. The recombination lifetimes in the GaAs1� xBix
layers were shown to be larger than the corresponding lifetimes of the bulk �lms.

The enhanced lifetimes could be due to improved material quality or modi�ed
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carrier dynamics in the QW sample; further theoretical and experimental analysis

would be required to con�rm the primary cause of the observed behaviour.

8.2 Conclusions

This thesis has been concerned primarily with optical absorption and emission

measurements of telecommunication wavelength lasers, and of materials in the

process of being developed for high e�ciency telecommunication wavelength emis-

sion. Chapter 4 provided an experimental analysis of an InP based quantum dash

laser emitting at 1.55� m, which showed bistability of the threshold current. In

this chapter it was shown that optical bistability can be achieved within materials

without the need for complex multi section devices. This allows for the design of

all optical switches through bandstructure engineering.

In chapter 5 a study of the broadening present in GaAs1� xBix was under-

taken and the �rst spontaneous emission measurements on this material were

presented. This work provides detailed insight into the novel GaAs1� xBix ma-

terial bandstructure, and more importantly, the electronic and optical charac-

teristics of device quality quantum wells. This work is not breakthrough in the

sense that it does not con�rm GaAs1� xBix as the next big player in telecom-

munications. However, this work shows that GaAs1� xBix is still a candidate for

optical telecommunications due to the con�rmation that the observed band edge

inhomogeneous broadening, which degrades laser characteristics, is independent

of composition and may even marginally decrease with increasing Bi composition.

In chapter 6 the results of a collaborative project undertaken with Christopher

A. Broderick were presented. In this chapter the �rst ever determination of band

o�sets at the GaAs/GaAs1� xBix heterointerface were presented. This determi-

nation of the band o�set between GaAs and GaAs1� xBix has been key to the

development of better quality devices. This was achieved through the design of

devices with enough conduction band o�set to allow electron con�nement while

maintaining wave-guide performance. The importance of this was seen within

the BIANCHO project with the reduction of threshold by a factor of two for

a 2.2 % Bi laser through optimisation of the barrier material and also through

identi�cation that GaAs barriers provide su�cient electron con�nement at higher

Bi compositions, x, in the quantum well(x� 5 %). This determination of band

o�sets will continue to be of use in the design of devices based on GaAs1� xBix
active regions into the future.

Chapter 7 gave an overview of the process of obtaining time resolved band edge
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photo-emission from the GaAs1� xBix material. This was the �rst time band edge

emission was time resolved in this material. The TRPL measurements provided

the �rst ever measure of optical lifetimes at the GaAs1� xBix band edge.

8.2.1 Future work

The incorporation of Bi into semiconductor materials to favourably in�uence the

bandstructure is essentially in its infancy. For this reason future work has a huge

scope. I will focus on the incremental progress which can be made on the work

presented here in this section.

More work is required to adequately understand the recombination dynamics

in the GaBiAs material. This would involve both experimental measurements of

TRPL and numerical analysis of material properties.

An avenue sure to be explored in the near future is the processing of these

GaBiAs laser materials into buried heterostructure or ridge waveguide laser struc-

tures with the aim to measure the material gain, and then compare to the theo-

retical models of the material for benchmarking purposes.

Turning to the InP quantum dash structures of chapter 4, an interesting

project would be to explore the possibility of growing quantum dashes with a

slightly higher barrier than the lasers studied in this work with the aim of ex-

tending the bistable regime and thus the high T0 regime to higher temperatures,

with the ultimate aim of in�nite or negative T 0 above room temperature.
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