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Abstract

Light Emitting Diodes (LEDs) operating in the technologically impoméaitnfrared (MIR)
spectralrange (2p >aveumportant for a variety of applications including environmental gas
sensing,nor-invasive medical diagnosiand tunable IR spectroscopyHowever,MIR LED
efficiency at room temperature is still low duettte prevalence ofion-radiative recombination.

The research presented here is aimed at developing material systems which increase the

efficiency of these LEDs, as well creating brigiat/elength specific devices.

Furthermore, a novel application for the MIR spectral range was investigated, in detecting
plastics based on their spectral fingerprambund3 >m. This is an important application llack
plasticsare currently unrecyclable due to their inability to be detected by current optical sorting
technologies in plastic recovery facilities (PRFs). Using an analysidifef ¢lyeleof plastics, and
black plastics, a discussi@had regardinghe necessity of them to remain in the economy and
how recycling technologies can be used to increase economic circujdepding to a more

sustainable use of resources.

To target the 3>m region, the InGaAsSh/AIGaAsSbh t/pmantum well material system was
studied. Samples were grown by MBE eGa&Sb substrates, characterised byay diffraction

(XRD) and photoluminescence (PL) spectroscopy to find structural and bandgap characteristics
The samples grown showed emission from@3L4 >m using various quantum well structures.

When integrated into an LED, room temperature emission was obtained at>12.8

Due to their Auger quenching mechanisms and reduction in SRH recombination, InASAs
superlattices strain balanced to GaSb were studied. Thesetureswere also grown via MBE
and characterised using XRD and PL, showing emissiom~a#i4 K. These superlattices were
integrated into LEDs, which showed bright emission =@t low temperaturewith emission

increasing up to 4.5m at room temperature.
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1. Introduction
1.1. Overview

There are many applications for tiechnologically importanmid-infrared (MIR) region of the
electromagnetic spectrum (@p > YtbeZe include but are not limited tayas sensing, medical
diagnostics, infrared imaging and defende3]. When considering gas sensing, there are a
plethora of industrial and greenhouse gassefh absorption spectrawhich lie in this
wavelength range, including: methane ¢(CH.3>m), carbon dioxide (GO4.2 >m), carbon
monoxide (CO: 4.5m) and nitric oxide (NO: 5.2m) [4]. This is due to the rotational bond
energies of many molecules lying in this range, allowing them to be detected, the gasses and
their corresponding absorbandmndscan be seen ifrigurel.l. Although there is a great deal

of technology established employing riitfrared emitters for the aforementioned applications,

there are constantly novel uses being discovered.
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Figurel.l: the gas absorption spectra from 2.8.2>m, showing the absorption strength of each gas at vario
wavelengthd5].

Onepotential novel application of the MIR spectruisiinthe identification of plastics, this is an
extremely important process, especially in plastic sorting facilities which recycle p@séc.
factor which limits the efficiency of plastic recycling is the detectability plastics which are
dyed black using carbdplack pigmenby current technologiesThis is due to the wavelength
of light ¢ Near Infrared (NIRg used in current optical sorting technology in plastic recovery
facilities (PRFs) beingropletely absorbed by the carbon black pigment. Several solutions have
been proposed for this. One, is the creation of black pigments which can be detected using NIR
radiation, however, this new pigment does not have the benefits of catidack pigment awill
be discussed in sectidh4. Another laseibased technology which detects the plastics using a

plethora of mechanisms, often incorporatimgtificial intelligencanethodologies this has the



drawback of being extremely energy intensive and -pontable. However, some success has
been realised in the detection of carbdutack plastics using the MIR spectr{gr8]. Using MIR
radiation, it could be possible to detect black plastics using an array of LEDs, which would reduce
power consumption and allow for the miniaturisation of the technology. To explore this, FTIR
scans were conducted on samples of dilack and kdck commonly recycled plastics to see
what energies corresponding to the @5 >m wavelength range show reflection peaks. The
results show that for polyethylene, polypropylene and polyvinylchloride, there are
distinguishable spectral fingerprints betweer8g 3.6 >m. This wavelength range was used as

it is the MIR region in which room temperature operational LEDs can be successfully created.

IIl-V alloyshave shown great promise in creating high quality semiconduapiigal devices
operating inthe MIRrange, including: light emitting diodes (LE®%)10] lasers[11, 12]and
photodetectors[13, 14] The reason this material system can be used to make devices emitting
in this wavelength range is due tbe alloys having bandgaps which correspond to these
wavelengths at room temperature. Moreover, the similarities in lattice constants of the alloys
allow complex heterostructures, including alloys comprised of three or more different elements,
to be grown whih can be further used to tailor bandgap, emission spectra and external
efficiency. Moreover, growing thin film heterostructures allows the use gofantum
confinement to improve emission quality and further tailor alloy bandgaps. Since their discovery
for use in optical semiconductoround half a century ago, a great deal of research and
development has been conducted on this material system, leading to great advances in the field.
The development of growth methods such as Molecular Beam Epitaxy (MBE), Metalorganic
VapourPhase Epitax(MOVPE) and Liquid Phase Epitaxy (LPE) have furthered the ability to grow

complex, thin film structures.

Despite their promis@asroom temperature emitters and detectors, there are several factors
which limit the performance of these devices, especially for LEDs and lasers. This includes non
radiativerecombinationand poor light extraction (internal and external efficiency). These are
caused by mechanisms of charge carrier recombination not resulting in the production of a
photon and the difference in refractive indices between semiconductor and air. There have bee
several solutions proposed to these problgnfor nonradiative recombination, the growth of
strained epitaxial layers artdning the bandgapTheuse of Distributed Bragg Reflectors (DBR)

mirrors has shown the ability to improve light extraction from the semiconductor system.

This research was conducted with the Centre for Material Social Futures [(N5&t)Lancaster
University. The aim of MSF, funded by the Leverhulme trust, is to bridge the gap between

research undertaken by social and physical sciences. Because of this, as well as the research
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conducted in optoelectronics and spectroscopy relating to black plastics research also
includes:a review of plastics, the problems they cause and how this relates to governments,
non-governmental organisations and individuals are given. This is important because, the
societal problems caused by plastigislespread beinglargelyknown by the public all over the
world. Plastics came into widgscale production after WWII, before which it had been widely
used in the military but not entered the&eommercial space. Since then, an estimated
8.3x10 metric tons (Mt) of virgin plastics have been created with annual production going from
2Mt in 1950 to 380Mt in 2015 with an average growth rate of 8.4% ann[idly Despite the

fact that in the natural environment, it can take a minimunaodund20 years and a maximum

of around200 yearsor morefor plastics to decompogd 7]. When plastics were first produced,
they were just discardedince then, plastic recycling has increased by ~0.4% each year to the
current rate of 18%416]. This is largely caused by the linear economy that they exist in, with
plastics being produced, used, then discarded. Caudmgj@up of plastics in landill sites due

to them not breaking down naturally. The relatively common process of plastic recycling has
gone someway in alleviating this problem; however, the process is not currently extensive

enough.

Based on the FTIR scans conducted and literature around the absorption spectra of
plastics/polymers, strained, type InGa.AsySh/Al.GaAswSh, quantum wells were
developed for emission around=3n. Thisutilisedstrained quantum wells to reduce neAuger
recombination and the large wavefunction overlap to increase the rate of radiative
recombination. The active regions were grown and characterised to see their performance and
were then integrated into LED structures, giving room temperature enmssibhis culminated

in developing the system with GaSb barriers, i.e. z = 0 and,whidh creates a less complex
growth due to Al cells of the MBE not being requiestl allowed for longer wavelengths to be

realised it also allowed for longer wavelengths to be realised

As well as this, typd InAs/InAsSb structures were investigated. This is in attempt to further see
if the Gafree system reducesionradiative SRH recombination and the type bandgap
alignment reduces Auger recombination, both of which are severe limiting factors in the
performance of MIR optical devices. Samples were grown and characteasddw
temperatures (4 K)then integrated into LEDbased on thiscalibration These LEDshowed
emission from 4K up to rooremperature Modelling was also conducted usihgxtnano to

find the charge carrier recombination path causing the resultant emission spectrum.



1.2. Aims and overview of thesis

The aim of the research is to develop highly efficient, bright, LEDs emitting in the MIR region for
use in the detection of recyclable plastics as well as other molecules. This will be done using

novel structures, some of which can be integrated into namplex devices in future research.

Chapter 2: TheoryThis chapter aims to provide a comprehensive explanation of the theoretical
concepts which are necessary in explaining and understanding the research which has been

undertaken.

Chapter 3: Experimental procedure$his chapter lays out an explanation of the experimental
methods used in the growth, fabrication, characterisation and analysis of samples and devices
discussed in this thesis. Moreover, and explanation of FTIR spectroscopy is given for the analysis

of the MIR absorption spectra of black plastics.

Chapter 4: Literature reviewThis chapter provides aoverview of the development of LEDs
from their initial conception to the present. Providing details on the material systems used with
their benefits and drawbacks. It also discusses the technologies used, such asairder

cascading structures and integed distributed Bragg reflects(DBR).

Chapter5: A material social outlok on plastics at the current end of their lifeThis chapter

provides a review of the development of plastic from its conception as an experimental material

to its widespread use today. It delves into how plastic is treated in society, and what happens to

it at the end of its life. Moreover, an analy®f the implications of the current method of plastic

Gol aidsSeé YIFylFI3aSYSyd 2y FEriaf, the FOR NiegfionSsygedtra bfa I A ¢
commonly recycled plastics iaken so that the devices/material systems could be tailored for

the purposes of recycling.

Chapter6: Developing typel InGaAsSb based active regions for room temperature emission
around 3.3>m. This chapter discusses the development of ty@etive regions based on
IGa.xAs.yShy type-I quantum wells in an AGa.wAs..Sh barrier system. In this, simulations

are carried out to provide information on the bandgaps and critical layer thickness of the system.
Then the development of the active regions, as well as their implementation into LEDs are

discussed and an analysistloéir performances given.

Chapter 7: Typél InAs/InAsSb Strain Balanced SuperlatticéBhis chapter discusses the
development of low Sb InAs/InAsSb strain balanced superlattices. Band structure simulations
and material system simulations were carried out to see how the bandgap changes with varying

layer thicknesses and Sb content. Moreqvesimulations to see the strain balancing



characteristics of the system were also carried out. Both active region analysis and integration

of the active region into LED structures is discussed.

Chapter 8: ConclusionA summary of the results will be given to finalise the thesis and a
discussion of where they fit into the existing literature. A brief discussion of where this research

could lead will also be given.



2. Theoretical concepts

2.1. Semiconductor physics
2.1.1. Energy bands of semiconductors

When considering a single atom, the electrons surrounding the nucleus form discrete energy
levels, based on the Sdéttinger equationg which defines the energy of an electron in the
presence of a certain potential energhhePauli exclusion principlewhich states that no two
electrons can occupy the same quantum mechanical §t8galso affects the discrete energy
level that electrons can takéHowever, when atoms are spaced closely together, the coulomb
interaction between outeelectrons, as well as the Pauli exclusion principles, causes the discrete
energy levels to distort int@uasicontinuous energy bandgl8]. Energy bands are guast
continuous range of energies which an electron in a givemd can takeAs well as creating
energy bands, due to wavefunction overlap the electrons in the outermost full energy band (the
valence band) become delocalised and can move between different atoms in the space
surrounding them, this causes atomic bonds between atdiris.only in higher energy levels,

where there are more electrons that the quasintinuous energy bands are formed.

When lots of atoms are held together in a structure, usually via covalent bonds, i.e. when

gt Syo0S St SOGNRBya FTNRBY SIOK Fd2Y FINB GaakKl NBR¢
electrons in the valence bands are sufficiently close together thatgnkavels coalesce and

form energy bandsin a crystal structuresuch as guarter of a tweinch wafer which will be

discussed throughout this the@is 4 KS ydzYoSNJ 2F I G2Yya A& 3ISYSNI
constant (168%. This means that there are many valence electrons in proximity, so many
wavefunctions are overlapping. Causing energy bands to form, especially in the valence band as
previously discussed\s well as a valence band, there is also an available state of energies above

this, known as the conduction band. The conduction band is the band in which electrons are free

to move arouncthe lattice It is less populated than the valence band and charge carriers are

more loosely contained by the electrostatic force from the nucleus. The position of the
conduction band relative to the valence determines if the material is: conductive, insulating or

asemiconductor.

If there is an overlap between the conduction and valence bands, this makes the material a
conductor. This is because in its equilibrium state, there are always electrons in the conduction
band, so if a electricabias is applied this type of material, the electrons in the conduction band

will flow. A layout of the valence and conduction band of a conductor can be seen in

Figure2.1 (a). A semiconductor and insulator are different from a conductor in that they both
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have an energy gap between the conduction and valence bartse are energy states within

the material that the charge carriers cannot occugmiconductors and insulators are different

to one another in that the gap between the conduction and valence band in a semiconductor is
much smaller than that of an insulator. Examples of these bandgaps are displdsigdreR.1

with (b) being a semiconductor and (c) being an insulator, the bandggms)dEE are the
respective bandgaps characterised Q€ E In a semiconductor, it is possible to cause charge
carriers to move from the valence to the conduction bands given suffieigertgy whereas this

is not possible in an insulator.

@) (b) (©)

Energy

Figure2.1: Diagram displaying the valence and conduction band position in: (a) conductors, (b) semicond
(bandgap B) and (c) insulators (bandgap).E

At 0 K, because there is no thermal energy in any charge carriers, they remain in the valence
band for a semiconductor or insulatdna conductor, they will be able &nterthe conduction
band no matter what the temperaturedue to overlapping bandsHowever, when the
temperature is increased, the charge carriers will obtain thermal energy. In a semiconductor,
this thermal energy is sufficient to move the carriers from the valence band to the conduction
band. As the temperature increases, the chatggiers have more thermal energy which causes
moreof themto move into the conduction band, this is done according to the Fermi distribution.
In an insulator, because the energy gap between the conduction and valence band is so large,
there is a negligible amount of charge carriers which will move to the conduction band, even at
room temperature (~300Kpemiconductors which have excess charge carriease known as
intrinsiccharge carriers, those with an excess of electrons are knowrygsersemiconductos

and those with a deficit of electrons (excess of holes) are knowrgsepsemiconductors



As well as the energy bands splitting into conduction and valence, due to degeneracy caused by
the angular momentum of particles in the ban@his splits the valence band into three sub
bands: heawhole, lighthole and spin orbital, this split is caused by different values of angular

momentum and the spin values of the charged particles in the valence[8hd
2.1.2. Bandgap temperature dependence

As mentioned in sectiof.1.], there are various effects that temperature has on the filling of
various bands with charge carrietdowever, italso has amffect on the energy of the charge
carriers andhe bandthey occupy. Temperature also influences the size of the bandgap. This is
because as the temperature changes, the position of the conduction and valence band varies;
this change in position is caused by multiple factors. As temperature changes, the @istanc
between atoms in the lattice will change, this usually follows a linear relationship with
temperature. However, at very low temperatures this relationship can be nonlinear. If the
spacing between the lattice changele difference in proximity of thelectrons to other atoms

in the lattice also change, this varies the force binding electrons to the atomA&6fher factor

is the latticeelectron interaction, which can change greatly with temperaturlis change is

due to electrons being less tightly bound to the atoms in the lattice as temperature increases,
and vice versa. Weaker bound electrons require less energy to mtwhigher energy bands,

this means that as temperature increases, the bandgap decre@ibeshandgap as a function of

temperature can be modelled using the Varshni equation, shown in equatibf20].

| Y 21

In this equationO 11 is the bandgap at 0 K; andf are both physical constants which have

no precise definition, howevet, is related to the Debye temperature of the material. The

material parameters are generally fouraperimentallythis has been documented extensively

forthelll Y GSNALFE &aeadsSy AWcondpound/sBmidolididdors &hd tBeB F 2 N
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The Varshni equation is very effective at modelling bandgaps at higher temperatures. Although,
at lower temperatures, localisation and exciton effects causes the emission spectrum to be red
shifted relative to the Varshni fit. Models such as the Vina ass$ler equation seek to remedy
these effects by adding extra parameters to the equations, terms accounting for exciton

localisation[22]. These parameters are difficult to predict based on the structure and alloy of



the device, so they are good at finding electron localisation effects based on the bandgap but

are not as effective at predicting the low temperature bandgap behaviour of a material.
2.1.3.Doping and bandgap alignment

As previously mentioned, charge carriers can be excited into the conduction band via thermal
energy.in intrinsic semiconductors, this occurs as temperatures exce¢2i3)Ht is also possible

G2 OKIy3aS (G4KS LINBR2YAYlIyld OKINHS OFNNASNB Ay
atoms/molecules to theintrinsic semiconductqrthis process is known as doping and the

materials used are dopantBonors aranolecules which have one more electron in their outer
energyband than the molecule they are being added to. Accepters have oner feectron in

their outer energy band in comparison to the molecule they are being adde&/hen donors

are added to an intrinsic semicondoc, there are excess electrons in the conduction band and

the material is referred to a@nn-type semiconductorWhen acceptors are added to an intrinsic
semiconductor, there is deficit of electronga surplus of holes in the valence band) and the

material is known as p-type semiconductor This has the effect of making the predominant
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an electron with a greater relative mass and positive chd&$d. Because the Ferntével

denotes the equilibrium point between the charge carritistribution in the conduction and

valence band In an intrinsic semiconductor, it lies in the centre of the bandgap. If a donor atom

is added to thematerial, there is an excess of electrons in the conduction band, so the
equilibrium point is closer to the conduction band edgeeaning the Ferrdevel is closer to the

conduction band. The inversetisie for a ptype semiconductor, as acceptor atoms are added,

there are more charge carriers in the valence band, so the Fermi level is closer to the valence

band This effect can be seen kigure2.2 (a), where the bangdges are of the same energy,
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When two semiconductors meet at a continuous point, it is known as a semiconeuctor
semiconductor junction. Junctions are defined as a heterojunction or a homojunction depending

on if the semiconductors at either side are made of the same materiabt. A junction of a

material where one side isgoped and the other is-doped is referred to as aipjunction.If a

p-type and ntype semiconductor are bought togethezlectrons from the ftype side and holes

from the ptype side will flow into the oppositg doped side due to diffusiohis diffusion

current then causes lbuild-up of electrons in the gype region and &uild-up of holes in the n

type regioreither side of the junctionEventually, thitocalbuild-up of chargecauses a potential



barrier which stopsnore charge carriers diffusing acro#ss section where charge carriers have
diffused across is known as the depletion regiBacause of the new distribution of holes and
electrons throughout the material, the relative energy levels of fhdoped regions and -n
doped regions to shift relative to one anothérhis new distribution throughout the structure
causes the Fermi level to become constaas opposed to the-fype and ntype regions in

isolation. A visual representation of thiian be seen ifigure2.2 (a) and (b).

(a) (b)
p-type n-type p-type n-type
> A
> 2
o e
Q I
Ll \

Figure2.2: Bandedge diagrams showing the relative band edge positions: black, conduction band; red, v

band; grey dotted, Fermi level. (a) Before charge carriers settle to equilibrium, (b) at equilibrium point.
With the ndoped and pdoped regions on either side, this causes a potential difference across
the depletion region, given by equati@® [23], where( is the concentration of acceptors,
is the concentration of donors arid is the intrinsic charge carrier concentration of the material.
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The depletion region also has a finite width. This is defined by how far charge carriergntavel
where they create this equilibrium regiari.e. where the material is intrinsi@he width is based

on the bias applied across the junction, because this effect the equilibrium of charge carriers.
This width is given in equatidh3, where- is the permittivity of free space, is the relative

permittivity of the material andbis the bias applied over the junction.

o6 o o 2 P >
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Whereas in a homojunction, two of the same materials with the same bandgap form a junction
in a heterojunction, two different materials come together to form a junction. In heterojunction
structures, there are three different ways in which bandgaps can be aligned based on where
their conduction and valence bands lie relative to the other matémnisthe junction. These are:

type-l, typell and broken gap alignments. In typginctions, one of the materials will have a

10



higher conduction ban@dge and lower valence baretige than the other material. In typié
junctions, one material will have both a higher conduction badde and the same material will
have a higher valence bastige than the other material. In brokemyg junctions, the valence
bandedge of one material banddge is higher than the conduction bardge of the other

material. These junction alignments can be seehRigure2.3 (a), (b) and (dR3].

(@) (b) (€)

Energy

Figure2.3: the bandgap alignments for: (a) type(b) typell and (c) broketgap junctions. Red signifies mate
1, grey signifies material 2.

2.1.4.Quantum confinement in semiconductors

When charge carriers move througloalk semiconductor, theyare unconfinedthey can move
unrestrained in the x, y, and z coordinate system. It is possible to build heterostructures which
confine the freedom of movement of electrons to less than three dimensions. Using quantum
wells, it is possible to achieve twibmensional cofinement; quantum wires give onre
dimensional confinement, and quantum dots give zdimmensional confinement. Zefro
dimensional confinement is where the electron is completely spwtiaonfined. These
structures are created using heterojunctions, where a potential well can be created, it is in this
well that the charge carrier will be confinebh order to cause confinemerthe dimensions of

the confinementhas to be on the scale of the De Broglie waveleraftthe charge carrier it is
confining The De Broglie wavelengib described in equatio.4 where <is the De Broglie

gl @St SyaGKs K Aa tflyolQa Oz2yadil y#) thiyiR LI

generally ~10 nm or smaller
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If the confining space is of this order of magnitude, then the charged particle will be spatially
confined, as it acts as a wave between two potential barriers which it cannot fully tunnel
through. In a bulk structure, the electron can have any energyidéfsi within the corresponding

band. In a quantum confined structure, the particle acts in a quantum manner, so its energy will
be discrete with respect to the confinement. The energy level of the surrounding bands should
be such that it creates a poteatibarrier at either side the confining region. Confinement has
two types, in typel confinement, the electrons and holes are both confined in the same space,
this would be both charge carrierstime same materiain Figure2.3 (a). In typell confinement,

the charge carriers are confined in different spaces, i.e., the electrons wouldooe imaterial

and the holes confined imnother,as shown ifFigure2.3 (b) and (c) Because being in a quantum

well causes the charge carriers to have discrete energy level in their respective band, it changes
the energy that charge carriers occupy in the wedlpective to the band edgén a system where

there is quantum confinement, the bandgap is defined as the difference in energy from the
electron energy level to the hole energy level. Thus, the bandgap of the system can be changed

by changing the confinement conditions, such as walth and confinement energy.
2.1.5. Density of states

The density of states (DoS) in a semiconductor is a measure of how many available states there
are at a given energy. This is an important part of analysing how a device or sample will perform,
based on how many charge carriers will be present between giving energiesin bulk
semiconductorgno quantum confinement)the density of states of charge carriers is given by

the densityenergy relationship shown in equati@b. This shows that the density of states is a

continuous functiorof energy

L 25

Here,i O is the density of stateh)A & t £ | y O16aQia theleffeftddintass dfIhe charge
carrier andOis the relative energy from the lowest point of the energy bandoitfvolved with
the FermiDirac distribution function, this shows the number of electrons of a given energy at

any point in the energy ban@3].

Whenconsidering awo-dimensionafuantum well, the density of states is given by the formula
shown in equatior2.6, wherenis a positive integer greatéhan 1, andbA & G KS NBRdzOSR

constant, i.e.K K H ~
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This twedimensional density of states is independent of energy, the density in each quantum
state is solely defined bgguation2.6 [23]. This means that the density of states is dependent
2y (GKS 2NRSNJ 2F (KS SySNHe S@St olFaSR 2y @K

density of states, rather than the continuous bulk model.

2.2. Carrier transport and recombination
2.2.1. Charge carrier injection

When applying a potential difference across a semiconductor, a current will flow if there is an
excess of charge carrieirsthe conduction or the valence band, where the charge carriers less
bound to the atom and can move somewhat between multiple atomee flow of current will

be dependent on the direction of the applied potential difference, as well as if the charge carriers
are in the conduction or valence bands. When consideringgunction, the direction in which

the potential difference is apjd is known as a bias. If the positive potential terminal is
connected to the gype doped region and the negative connected to thtype doped region
0KSYy GKS o0Ala Aa NBFSNNBR (2 Fa aF2NBINR OAl &
type doped region and the negative terminal connected to theype region, this is referred to

la GNBOSNBRS oAl atdd 9EIFYLX Sa 2F | F-8pNdtoNR | yR

can be seen ikigure2.4 (a) and (b) respectively.

(@) (b)

— » |5

Figure2.4: potential difference applied across a semiconductor junction for (a) forward bias and (b) reverse
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When a forward bias is applied across tha junction, this causes a reduction in the potential
barrier between the two regions. Because of this, the diffusion current is increased, which
causes electrons from thetype region and holes from thetype region to enter the depletion
region. The carriers are then replaced by the driving so[#8F As charge carriers are injected

into the depletion region, they recombine releasing energy equal to the bandgap that they cross.

As the forward bias across the junction is increased, the potential that the charge carriers cross
is lower meaning more enter the intrinsic region, thus increasing the current passing through
the device.The opposite to theeversebias, i.e. having the positive terminal connected to the
n-type region and the negative terminal connected to thype region The causehkoles in the

p-type region to move towards the positive terminal and vice versa for electrons in-tiygen
region. This causes the widtlithie depletion region to increase as more electrons flow into the
p-type and holes flow into the-type [23]. The different effects of bias on the junction creates

the effect of current flowing easily ongay (forward bias) and not flowing in the other direction
(reverse bias)this createslevices which do this are known as diodes. The current that a forward
bias causes in an ideal diode is given by the Shockley eguatiownin equation2.7. This
describes the current of a diode with cross sectional area A, hole and electron diffusion
constants P and D\ respectively; electron and hole charge carrier lifetimes_oft Y B _
respectively; intrinsic carrier density afand donor and acceptor carrier densities gfdhd N
respectively

5 5 P
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2.7

This is how an ideal diode would operate; however, physical devices do not operate in this
manner, however, differentypes of resistances limit the performance of the device in different
ways Series resistance gRoccurs due to resistance of the intrinsic region as it has fewer free
charge carriers, as well as resistance coming from the contacts. Parallel resistgnmec(iRs

when current bypasses the junction, by mechanisms such as surface currents. This causes the
current of a real diode to be described by equat®8, neea is the ideality factor of the diode,

this should be around 1 to 2. Series resistance causes an increase in the resistance of charge
carriers under forward bias, parallel resistance causes a lowering of resistance under reverse
bias. An ideal diode wouldalre an infinite parallel resistance so that no current bypasses the

junction. Thissquation alsaconsidershow temperature will affect the system.
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2.2.2.Recombination processes

When charge carriers are injected into the intrinsic region of a semiconductor under forward
bias, they will be forced to cross the bandgap. This occurs at the same rate for electrons and
holes. This causes the electsand holesto recombine with one another, creating energgual

to that of the bandgap. This energgneither be converted into a photoga process known as
radiative recombinationalternatively, it could move charge carriers into different energy bands

i.e. Auger recombinationor emitthe energy as lattice vibrations (phononsg.ShockleyRead

Hall (SRH) recombinati¢®3]. For the purposes of light emitting diodes, radiative recombination

is the desired process, as photons of a predictable wavelength are generatedadlative
recombination processes are undesirable, because they do not convert charge carriers into

photons, thus reducing the efficiency of the device.

There are several ways to cause charge carrier recombinations in semiconductor madereals
method isusing electrical pumping of ampjunction as described in secti@2.], alternatively
pumping via a laser emittinghotons witha higher energy than the bandgap of the material
being pumped. The spectm of light created via electrical pumping is known as
electroluminescence and via photon pumping is known as photoluminescence. Whereas in
electrical pumping, charge carriers are pumped into the intrinsic region by applying a bias. For
photon pumping, carérs in the valence band are given sufficient energy to cross into the
conduction band when they absorb a highergy photon from a laser. They will then-ecite,

losing that energy and travel back down into the valence band emitting a photon with energy

equal to the bandgap.

15



2.2.2.1Radiative recombination

Radiative recombination occurs when charge carriers from one band, recombine with charge
carriers from another band, causing the release of energy in the form of a photon. Because it is
free charge carriers which are injected into the intrinsic region réte of recombination (R) is

given by equatior2.9. This gives a direct proportionality to the electron and hole densities.
Y 0¢&n 2.9

In equation2.9, n is the electron concentration and p is the hole concentration. B is a
proportionality constant known as the Bimolecular recombinatimefficient[25]. As dopants

are added to a semiconductor, it increases the concentration of one charge carrier type whilst
decreasing the other. Because of this, the product of the of tHgpe and ptype dopant

concentration is equal to thequare of thantrinsic charge carrier concentration, ie.y, ¢ ®

The transition from the conduction to valence band of a charge carrier can also be described
using the transfer matrix, shown in equati@i0, w o is the recombination from state i to

state j.

. - o~ 2.1

W o % 0”0 0O 9 0
" is the density of states at a given energy ai@l is the transitional matrielement. When
considering a notime-dependant transitional matrix element, the matrix element is given by
the formula in equatior2.11.[ is the wavefunction of the charge carrier in state °is the
complex conjugate of the wavefunction of the charge carrier in gtatas is then integrated
over the space it is contained j@5]. The space it is confined in is technically infinite, but the
wavefunction will go almost to zero outside of the quantum well and barrier system.

N TN 211
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The transitional matrix element is also known as the wavefunction overlap; it shows that charge
carriers which are spatially confined around one another are more likely to recombine. In bulk
semiconductors, the transitional matrix element is given by eiquma®.12, whered * is the

effective mass of the electron andis the spin orbital splitting. This is derived using the four

band Kane model.
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In quantum structures, if the wavefunctions of the electrons and holes are known, which can be
done through modelling of the quantum structures. The wavefunction overlap can be calculated
numerically using equatioB.11. Wavefunction overlap is a normalised constant which varies

between 1, for wavefunctions which are completely overlapping, and 0, for wavefunctions which

are completely spatially separated.

Due to the energetic states available to charge carriers, when recombination occurs, there is a
distribution of energies that photons can take. The intensity of this emission spectra for a bulk
semiconductor, as a function of energy(E)¢ is given by the distribution shown in equation

2.13. This means that the minimum energy photons emitted are equal to the bandgap energy.

00 o0 00— 213

The maximum intensity of this emission spectra is equ&to —, and the linewidth is equal

to p&/Q"YHowever, when considering quantum well structures, although the maximum intensity
remains the same, the distribution is Gaussian and the linewidth is reduced to
I ic Q"re]

2.2.2.2 ShockleyReadHall (SRH) recombination

ShockleyReadHall recombination is a neradiative recombination process. It occurs when a
charge carrier movefsom an energy bantb an energy trap state rather than to another band.
Trap states occur in a bandgap duentm-uniformitiesin the lattice structure. This can include:
non-native atoms in the structure; dislocations, defects and quoiform alloy structurg?27].

Trap states can trap both electrons and holes; their effectiveness at trapping charge carriers is
determined by their energy relative to the Fermi level and the lifetime of the trap state. The
lifetime of a carrier in a trap state is given in equatibh4; 0 is the trap concentration) is

the charge carrier velocity is the capture cross sections of the traps for the charge carriers.

[ 2.14
T ”

The rate of SRH recombination in a system is given by the formula in eq@dt®rwWherer)

and¢ are the intrinsic hole and electron concentrationsgand w rfiare the electron and hole

17



doping densitiesy) and¢ are the concentrations of holes and electrons respectively near the

Fermi level.
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When the material is approximately intrinsic, the lifetime of the carriers is given by equation

2.16.
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From equation2.15, the rate of SRH recombination is inversely proportional to the carrier
lifetime, thus, the rate is lower when the carrier lifetime is larger. Equa#id® shows trap
states that are close to the Fermi level will decrease the lifetime. Also, at lower temperatures,
the cosh function will be lower, so the lifetime will also be lower. SRH recombination rates are
highest when the trap states in the material arear the Fermi levej which is generally around
the middle of the bandgap in the intrinsic region. At high temperatures, the carrier lifetime is
decreased, meaning at higher temperatures SRH recombinations will increase, thus decreasing
the efficiency ofany devicqd27]. Because SRH recombination is only dependent on one charge
carrier, as it is an electron or a hole moving into a trap state and releasing energy as a,phonon

the rate of SRH recombination has a linear proportionality to the number of charge carriers.
2.2.2.3Auger recombination

Auger recombination is another neadiative recombination process which takes place
between three charge carriers. It occurs when an electron and a hole reconitiieenergy

from this recombinatiorthen causes charge carrier in another band to move to a higher state

in that band, or to move up into a higher energy band. There are four ways in which this can
occur. One is, Conductiog heavyhole, lighthole ¢ heavyhole (CHLH), this is when a
recombination fom the conduction band to the heahole bandcauses a hole to move from

the lighthole band to the heawole band. Another is, Conductigrheavyhole, conductior
conduction (CHCC), this is when recombination causes an electron in the conduction band, to
move to a higher state in the conductioard. Moreover, conductiog heavyhole, heavyhole

- heavyhole (CHHH), is when a recombination causes a hole in the ihedeypand to move to

a higher state in that band. Finally, conductigmeavyhole, spin orbitalg light-hole (CHSL)
when a recombinton causes a charge carrier from the spin orbital to enter the-igié band.

These recombination processes can be sedfignre2.5 (a), (b), (c) and (d)

18



(@)

(©)

>~

v

(b)

(d)

N

hole, and yellow the spiarbital.

Figure2.5: Energy (E), wavevector (k) diagrams showing the Auger recombination processes for (a) CHLH

(CHCC), (c) CHHH and (d) CHSL. The blue line represents the conduction band, orangétie, med\ze light
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Radiative recombination is proportional to the square the charge carrier concentradios to

it being caused by two charge carriemsd SRH has a linear relationslp aforementioned
There are three charge carriers which partake in Auger recombinatiaghesduger rate follows
acubic relationshipthis isshown in equatior2.17. This is assuming that the electron and hole
carrier concentration are equal.

v 50 ¢ 2.17

In this case is a proportionality constant which is different for specific materi@lsjs the
activation energy of the specific process. The CHCC and CHSL activation energies are shown in

equation2.18 and2.19respectively.

a
0 : 0 218

ca a , 2.19

Because the Auger recombination rate is dependent on band energy parameters and relative
mass of charge carriers, it is possible to use bandgap engineering techniques to quench Auger
recombination. However, because activation energies for Auger recombmate directly
proportional to the size of the bandgap, as wavelength increases the Auger activation energy
decreases. This means that Auger recombination is very prevalent in longer wavelength devices
[28]. There is also a strong temperature dependence of the Auger recombination rate, this is

shown in equatior2.20.

Ve QY 2.20
The cubic dependencefdemperature br the Auger recombination rate shows that as
temperature increasgthe Auger recombination rate will increadénis is becaughe cubic term
dominates at room temperature whereas a negative inverse exponential term platdduis
leads to it being the dominant recombination type at room temperature in-t@mdgap WV

semiconductorg29].
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2.2.3.Recombination current

The current passing through armpjunctionis prortionalto the rate of recombination. This is
because for current to flow in the device, it must pass the bandgap, causing the charge carriers
to recombine via the mechanisms discussed in se@i@r? It is possible to work out the rate

at which each different type of recombination mechanism is occurring in a device. The current
running through a device is given by equati22l, where A, B and C correspond to the

contribution to current from: SRH, radiative and Auger recombinations respeciB@ly
‘® o0& o6& 0O¢ 2.21

The coefficient ford is proportional to theintegrated emission, i.e. the area under the
luminescence peak, should then be proportionatto Because of this, if the driving curreott
input laser powerover the square root of the integrated emission is plotted as a function of

integrated emissioifL) the graph that is essentially plotted is equatida2.

'Oe o s 2.22
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Plotting software can then be used to find the coefficients of A, B and C, giving the contributions
of the different types of recombination mechanisi®]. This can then be used to determine
what proportion of the current in the device is duedifferent recombinationrmechanismsThis
is important when analysing the efficiency of a deviskernatively, the relation ir2.23 can be

used[31].

o o 2.23

By plotting the natural logarithm of input current as a function of the natural logarithm of the
square root of the integrated emission the coefficient Z can be found. The Z value will show the

dominant recombination mechanism, with 1, 2 or 3 being SRiiatige or Auger respectively.

The internal efficiencgan also be measured using the output power of the device, using the
formula shown in equatior?.24. Where0 is the output power of the device and is the
optical extraction efficiency, given by equati@®5, where ¢ is the refractive index of the

semiconductor materig32].
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2.3. l1I-V material system

IIl-V materials are molecules made of atoms from a combination of ghd@md groupV atoms.
Grouplll atoms are: Boron, Aluminium, Gallium, Indium armlllum;, groupV atoms are:

Nitrogen, Phosphorous, Arsenic, Antimony and Bismuth.
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Figure2.6: bandgap energy vs lattice constant diagram eY¥Itaterial system for binary systermreated by
Bett et. al.[33], the lines connecting binary points show the ternary systems.

When one grougll atom and one groupV atom form a molecule, ithas a bandgap with an
energy such that the material is classed as a semiconduth@ is known as a binary-I
molecule.Moreover, multiple of these molecules can bond together to form large crigtade
structures. A selection ofbinary IV materials are shown iRigure2.6, with their bandgap

energy plotted as a function of their lattice constant.
2.3.1. Alloys

An alloy is a mixture of two or more binary materials which form a new compound, made of
three or more atoms. Ternary compounds are showRigure2.6, in the dotted or dashed line,

depending on if the material bandgap is direct or indirect. The lines connecting show the
bandgap and lattice constant of ternary alloys. As well as ternary alloys, four or five different

atoms can be mixed to create an allothese are known as quaternaries and quintenary
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respectively. To ensure that covalent bonds form, there has tedpsal parts grougll and

groupV atoms in the system.

When alloys are created, the bandgap and lattice constant of the alloy is an interpolation of the
bandgap and lattice constant of the constituent binary materials. For example, when ternaries
are created, out of the binaries AB and AC, if the proportidrirtdry AB in the ternary isthen

the lattice constant of AR« is given by equatio.26[34]® ¢ KA a Aa (1yz24y | a

the principle can be applied to higher order alloys to find their lattice constants.
@ GX0 P WOW 2.26

When considering quaternaries, there are two different forms they can take, depending on the
portion of grouplll and groupV atoms. Two groufll atoms and two growy atoms (taking the
form AB.xGDyy); three grouplll and one grow)/ or three groupv and one groull, (which

take the form ABGD.xy). The formulae to find each of these respective lattice constants are

given in equation2.27 and2.28.
W W G wp W P WuW P WP WW 2.27
d’) A (A1) P W WW 2.28

The interpolation of the lattice constants for alloy materials follows a linear scheme based on

the composition of the alloy. The bandgap of the materials does not follow a linear scheme
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the bandgap interpolation nofinear. The bandgap of the alloy &B«is given in equatio2.29
[35]. In this equationy is the bowing parameter of the alloy, each different ternary alloy will

have its own bowing parameter.
0 6O PO O wp wd 2.29

Likewise, when there is a quaternary systeiB.AGD..y, the bandgap is given by the formula in
equation2.30. There is o bowing constant for quaternaries specifically but there is a nonlinear
mix of the bowing parameters for the ternaries ABC, ABD, BCD an[33|CD

wp w O p wO wp w oo p w0 2.30

o ( __« :
wp ® Wp W
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2.3.2. Strained systems

As mentioned in section®.1.3and 2.1.4, in the creation of hetergunction, semiconductor
materials with different bandgaps are bougtiigether. In practice, this is done by growing
different IIFV materials via various processestop of one another. This creates one continuous
crystal with abrupt junctionginterfaces)where the alloy turns from one type to another. As
discussed in sectio2.3.], different alloys have different bandgaps and lattice constants.
Because of this, when different alloys are growntop of one another, it causes the lattice
constant to chang¢35]. This change in lattice constant is based onlétice constant of the
substrate that the structure is grown on, the epitaxial layers grown will deform to the lattice
constant of the substrate. This is because the substrate is so much large than the epitaxial layers
being grown, so it exerts a greater force on the epitaxégkt which is only a few monolayers
thick.

(a) (b)

it
i

Figure2.7: Diagrams showing the effect of (a) tensile strain, and (b) compressive strain on the structure
epitaxial material before (left) and after (right) growth.
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Figure2.7 showshow the epilayer deformalong the surface of the substrate structure under
the two different types of strain. These are: tensile strain, which occurs when the epitaxial layer
has a smaller lattice constant than that of the substrate; and compressive strain, when the
epitaxial lyer has a larger lattice constant than that of the substrate. As sefeigime2.7, strain

causes the epitaxial material to deform, so that it has the sanmanelattice constant as the
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substrate subsequently causing the out of plane constant to chamgasile strain occurs under

the condition, a< aand for compressive strain & a.

The stress of a system is defined by the ratio of the lattice constant of the substrate over the
relaxed epitaxial layers, shown in equati®81. This definethe stress parallel to the growth
surface, and the stress perpendicular t@ Mvhich is the stress in the growth direction. To find
the stress in each direction, different lattice constants are used, equafi®sand 2.33 show

the lattice constants which should be used when calculating each component of strain.

@R 2.31
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< 2.32
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The parameteiO in equation2.33is a material dependant parameter which can be calculated
based on the elastic constants of the epitaxial matgB8&l. For a 00irystal structure; those
which are exclusively used in this reseai®lis given by equatio.34. The parameter&) and

& are the elastic constants in different directions in the plane of the substrate of the epitaxial

material.

A
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2.3.2.1Effect on energy bands

Strain affects the positions of the valence band edges: hbals), light hole and spin orbital, as
well as the position of the conduction band. The change in band positions are given by equations
2.35 and 2.36 for the valence average and conduction band respectiwelyand w are the

hydrostatic deformation potential of the respective bands.
WOy ® ¢~ - 2.35
WO © ¢ - 2.36

Along with baneedge position change, the sdiands which make up the valence band shift
with respect to one another due to sheer stress. These shiftsleseribedby equations2.37,
2.38 and 2.39 for the heavyhole, lighthole and spin orbital respectivelsa is the spirorbital

position before it is perturbed by strain.
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The value df O is determined by the orientation of the surface interface, for @6terfaces,

it is given by equatio.40, whereis the tetragonal deformation potential.

10 qw - - 2.40

These perturbations due to strain mean that the band edges of the valence and conduction band

are given by equatiord41and2.42[35].
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Equation2.41 shows that there are twwalence bandg heavy hole (HH) and light hole (LH)
which charge carriers can reside in. However, it is the higher energy of the two which the charge

carrier will be in due to it having the lowest energy relative to the conduction band.

The effect of strain on the valence band is that it splits, as can be seen in equaABBN2.38
and2.39. The different valence sdtands split at different rates, as well as this, the dispersion

relationship is made anisotropj86].
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Figure2.8: effects on the valence and conductions bands for (a) unstrained, (b) tensile strain, (c) compre
strain. The conductions bands are blue, conduction; orange, #edgyred, lighthole and yellow, spiorbital.
The effect of this straiton the conduction and valence bandan be seen ifrigure2.8, the
biaxial component of strain changes the size of the bandgap, and the hydrostatic component
causes the splitting of the valence band. This band splitting makes energy level engineering via
guantum effects in the valence bamassible As well as changing the bandgap, this allows for
other engineering technigues whidan decreas¢he amount of norradiative recombinations

which occur.

As mentioned in sectio®.2.2.3 Auger recombination is dependent on the difference in energies

of various energy bands due to the recombination method being caused by charge carriers
moving between bands. Because strain can be used to move the position of the band, strain
engineering an be used to reduce the amount of Auger recombination which occurs in a system.
This is because the barsplitting makes it more difficult for charge carriers in the valence band
to go from one sudband to another (i.e. from HH to LH), this reduces the likelihoadeo€CHLH
Auger recombination mechanisriB7]. Furthermore, the increase in strain, increase the
activation energy of the Auger process, which in turn increases the Auger lifetiaiéng the
process occur less than radiative recombinatidhis has been documented well in quantum

well systemg38].
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2.3.2.2Critical layer thickness

The strain caused by growing lattio@smatched epilayers otop of one another can have a
negative effect on the crystalline structure of the systefim maintain thein-plan lattice
constant, norntlattice matched epilayers are under a force which allows them to deform to
maintain the in-plane lattice constant of the substrate, rather than its equilibrium lattice
constant. If a sufficiently large notattice matched epilayer is grown on a substrate then
dislocations can start to form. This is due to dislocation nucleation being the energetically
favourable state for the crystal to form as opposed to a regular lattice dfgg@h l.e. the force
GKIFG GKS tFGGA0OS A& SESNIAYy3I 2y AGasSt¥ Aa (22
the force. Defects in a lattice structure are optically and electronically detrimental to a
semiconductor. They increase the resistance for charge caaigsreate trap states, which
increases the rate of neradiative recombinations, specifically SRH recombination, as discussed

in section2.2.2.2

Although strain in a system can cause lattice defects, occurring when a system of a certain strain
exceedsa certain thickness, known as the critical layer thicknekg. (Before this, a lattice
mismatched layer can be grown with no adverse effects on the crystalline structure. The critical

layer thickness is the thickest a strained epilayer can be grown before lattice defects start
occurring.One way to calculate this parameté givenin equation 2.43 as proposed by

Matthews and Blakeslee. Whedgs the strength of the dislocatioffisthe strain; Ada t 2Aaz2yQa
ratio, described in equatio.44;| is the angle between the dislocation lines and the Burges

vector and_is the angle between slip direction and the perpendicular line of intersection in the

slip plane and the interfad@9].
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The Matthews and Blakeslee model of critical thickness considers the mechanical properties of
a dislocatiorand when this would cause defects to farhlowever, a model proposed by People
and Bean considers the energy density in the material due to strain. Giving a relationship

between the energy density and misfit dislocations, this model is shown in equad6i40].
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Both equation2.43 and 2.45 make their assumptions based on the strain due to one strained
epitaxial layer being grown on a substrate. When this is extended to how the strain acts upon
multiple epitaxial layers, the critical thickness is given by equa?id6. Where—is angle
between dislocation line andhe Burgers vectar The previous models assuntleat upon

NBIF OKAy3d GKS ONRGAOIE fFr@SN) GKAOlySaazr (KS
occur. Whereas after the critical layer thickness is surpassed, there is a dislocation density which
increases the larger the layer is than theicst layer thickness. Equatid7 describes the
dislocation density, wheré&is the thickness of the layer, this is only applicable wlien "Q

[41].
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2.4. Fouriertransform infrared spectroscopy

Molecularspectroscopy uses the interaction of electragnetic radiation with chemical bonds

in matter to deduce information about their structure and identify their bond typgdsing the

types of bonds present in a structure, the chemical composition of a sample can be deduced.
Due to its ability to identify certain bonds between atoms in a molecule, molecular spectroscopy
is extensively used across many fields, including fiufdanalysis, biomedicine and bio sample
analysig42]. Electromagnetic radiation interacts with different types of bonds differently. These
can be: electron transitions, bond vibrations, molecular rotations, electron spins and nuclear
spins. Corresponding with: UV/visible; infrared; microwave and radio w@asThe infrared

part of this spectrum is concerned with observing the vibrational energy transitions, this is in
the range of 4000 crh- 625cm [44]. The way that these vibrations occur in the molecules can

be seen irFigure2.9.
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Figure2.9: the movement of bonds that contribute to absorption of infrared light.

The frequency corresponding to the rotational bond is like that of a mass on a spring, it can be

approximated using the formula shown in equati248.

o 2.48

a

Here,mis the equivalent mass of the two atoms which are vibrating, this can be calculated using
equation2.49. k is the equivalent of the sprint constant, proportional to the strength of the

bond, meaning that single bonds will have a lower frequency than double bonds and so on for

higher order bondgi4].
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The factor which distinguishes the intensity of individual rotational bonds, is the population of
their lower energy level in comparison to the one it is being excited to. The distribution of
molecules in the energy levels is given by equaidl [43].

& 0 s @0 2.50

& %My
Here, n is the number of molecules in the uppéu) and lower [) energy levelsyg is the
degeneracy of the energy levefs,ds the quantised energy of the transitiok, is Boltzmann

constant,and T is the absolute temperature of the system. This shows how the intensity is

dependent upon the degeneracy of the energy levels as well as the temperature of the system.

Because of the discrete energies of the vibrational modes that are measured in FTIR
spectroscopy, these modes absorb infrared light of a certain frequency. If the amount of light
absorbed or reflected can be calculated. This will cause peaks/troughemsitytcorresponding

to the energy of the bonds in the system, showing that those bonds between those elements
exist[43].

2.5. Bandgap modelling

For the banekdges and wavefunction modelling in this project, Nextnano was used, this is an
electronic and optoelectronic nanodevice simulaié®]. The software allows the user to create

a model semiconductor sample with the layer thicknesses and alloy types being programable
The software calculates the batediges of the device using the Krijn model, explained in section
2.3. This includes the alloy bandgap calculation which uses the Varshni model to see find
bandedges at a specific temperature, as explained in se2tih@ The software allows all of the
relevant material parameters to be changed, most of these values are obtained from the paper
published by Vurgaftman et f21], these can also be programmedhavewhatevervaluethe

user defines Using baneedges,the Nextnanosoftware can then calculate what theharge
carrierwavefunctions in various parts of the device woulddsewell as the band edgeghis is
extremely useful when modelling low dimensional devigesuch as quantum wells and
superlattices in the case of this projedhe energy levelsn quantum wells as well as the

wavefunction overlap of charge carriers can be calculated using this metihede are seval
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ways that this can be done: using a classical, sioghel method; a p 6-band approximation;

or a kp 8band approximation

Although the Satbdinger model can be used to find wavefunctions, a complete model of the
potential energies for the electron and holes are required for this. The8ttyer solution also
requires a great deal of calculations. However, for an electron or hole in a structure, the majority
of the carriers are within meV of the baradige. Because of thispkperturbation can be carried

out allowing the rest of the dispersion relationship to be calculdt#l, this is a much less
intense calculation. In-f perturbation, for however many bands are involved, a Bloch potential
is used to describe the band edges. Then the formula in equatidnwhere® , are constants

of normalisation for the different wavefunctions in the equation, is implemented to give the

energy levelsQ ®).
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For the single band application of thggkmodel, a norspinor charged particle is considered in
the potential field and it is assumed that it does not interact with any other particles, this is the
classical model. However, thepk8-band simulation assumes that there are four bands which
are occupied by charged particles: conduction, helasie, lighthole and spin orbital. Then, in

accordance with the Pauli exclusion principle, there are two charged particles in each band with

opposite spins.

The basic principle of the Nextnano simulates stated above is defining theband structure

To do this, a substrate that the structure will be growni@eelectedhen define the rest of the
layers¢ buffer region, active region, et cetera. When doing this it is possible to define the
thickness of each layer, as well as the alloy contents of any alloys that contain more than two
elements. Once this is done, the baapproximation is chosen. As described above, it uses the
calculated banekdges tdfind the wavefunction otharge carriers in each respectivand the

data from the calculations can then be saved for further analysisvell as the information that

can be obtainedfrom the Nextnano file produced, such as: energy of certain levels,
wavefunction amplitudes and probabilitiel is alsgossible to calculate wavefunction overlap

using the amplitude wavefunctions.
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3. Experimental procedures

This chapter will outlinesample growth pre-fabrication characterisatiorof structure and
emission;devicefabrication techniques and po$abrication characterisationThere will be an
outline of all the equipment used, as well as the principles behind any measurements that were

performed.
3.1. Molecular beam epitaxy (MBE)

Molecular beam epitaxy(MBE)is a method ofgrowing semiconductorsusing monolayer
deposition of materials from heated sources onto a substrate under -bigh vacuum
conditions[47]. llI-V alloys can be created using fluxes of different gruand groupV atoms,
which form a lattice together on a substrate, different alloys can be created by controlling the
fluxes. Thermal effusion-¢ells are used to create grodp matrix fluxesindium (In), Gallium
(Ga), Aluminium (AlAlso,for the dopants: Beryllium (Be)-fgpe) and Gallium Telluride (GaTe)
(n-type). GroupV matrix fluxes are created using cracker cells; these include Arsenic (As) and
Antimony (Sb). The growth rate of tladloys is controlled by the flux of the grodip materials,

and the composition is determined by ratio of all different atoms in the process. The rate at
which thermal effusion ¥ells create a gas matrix is controlled by temperature. This is controlled
by a heater on both the base and tip of the cell, which are set®@8&partGroupV materials

are kept in cacker cellswhichare kept at a constant temperature (bulk), the rate at which they
create a matrix is controlled by the valve position. The grgupaterials must keep a constant
pressure on the sample whilst growing for lattice incorporation, else gko@waporation will

take place, decreasing the quality of the sample.
3.1.1.General use

Whilst growing, the environment must be kept at high vacuum, if this requirement is not met it
can cause a decrease in the mean free path of the gas fluxes such that they may not reach the
substrate. As well as this, residual gasses in the air such asn@admoxide (CO), Carben
dioxide (CQ and other carborbasedcontaminants can cause carbon to be incorporated into

the epilayers during depositignthis would decrease the quality of the latticén air, at
atmospheric pressure, incorporation of carbara the lattice from these residual gasses is
sufficient such that it does not allow the formation of aMllattice.If the pressureof the growth
camberis reduced to 18° mbar, thisincorporation rateis reduced to 10 ML/s, which is
negligible in comparison to the rate at whithe alloy lattice will be grownwhich is around

1 ML/s. Using the correct growth conditions, due to the mdaager deposition nature of MBE,
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it is possible to precisely grow heterojunction structures with abrupt interfaces and structures

on the scale of nanometresor single monolayets

Using high vacuum conditions also has the benefit of allowing for reflectiorehigigy electron

diffraction (RHEEDp be used This is a method of characterising surface morphology of a
crystalline structure growing on a surfaRk], used to characterise if material is growing on a
substratg and the rate at which itisgrowidg ¢ 2  OKAS@S GKA&ax Fy St SO
with energies of around 10 keV at angleasbund 5° to the surfaceof the substrate These
electronsthenexperienceBragg diffraction, caused by interference of the high energy electrons

being reflectedrom epilayers within the structure, i.e. the surface and layers which penetrate

the surface of the substrate. Thsausesthem to interfere with one anothe creating a

diffraction pattern.
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Figure3.1. A simplified diagram showing the basic operating principles of the VEECO GENXxplor MBE syst
this work. Solid black lines show the direction of motion of the corresponding parts.

This can then be seen using a photomultiplier usually attached to a camera which allows the
pattern to be viewedFor GaSb, hen electrons are diffracted from a heated surface with no
material growing, a dotted patter(ix3) can be seenA (5) pattern can also be observed, but
this occurs when theconditions for growthare not ideal[48]. Other materials shovdifferent
surface recombinatios) but they will not be discussed as it is outside the scope of this thesis.
When grouplll materials are incorporated, starting material growth, the dotted pattern turns
into a streaky patternThe dotted pattern is indicative of three-dimensional morphology of

the surface, which occurs when growth is not occurring. The streaky pattern occurs when there
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is two-dimensional morphologegf the surface, generally indicative that material is growing
dimensionally, as would be expected with high quality epitaxial groRhctically, the streaky

pattern is used to indicate that material growth is successfully occurring.

RHEED is also used to calibridte growth rate of certain alloys. This is done before the growth

of samples to ensure that thalloys are growing at the correct rate. It is done by observing

2a0AttlrdA2ya Ay GKS Ayl Sy aFkoin®ne anensity Kéxima1o9 95 Qa

another indicates the growth of one monolayer of materi@his is because the morphology
changes from a 2D plane, to a 3D morphology, back to 2D when a new layer has been formed.
Which can be used to find the average growtterasing a set substrate temperature and greup

[l cell tip temperatureThis is done by taking the number of maxima and minima observed
during a certain time period to find the rate. For exampldeif maxima are observed in ten

seconds, then the growth rate of that material is 1 ML s

The MBEreactor used at Lancaster is a VEECO GENxplor, a simplified diagram showing the
different parts of the machine used in the growths can be sedfignre3.1. There are three
chambers in this MBE machine: leldk, buffer chamber and the growth chamber. The load
lock is the smallest of the chambers, and it is where the substrate is |deatadind the grown
sample unloaded from. It is only connected directly to the buffer chamber and can have its
pressure isolated by a gate between the two chambers. The purpose of this chamber is to be
able to go from atmospheric pressure aoound10”’ bar relatively quickly so that the samples

can be taken out without having atmospheric pressure outside of the growth carmheéris for
loading and unloading of samples before and after growtk,chamber can be bought from
atmospheric pressure th0” bar using a turbo pump systenThe buffer chamber is connected

to both the loadlock and the growth chamber via two different gates, ensuring the load lock is
not directly connected to the growth chamber. This is where substrates are stored before being
placed into the growth chambesr being outgassed, it is kept at around®li@ar. The outgas
chamber is connected to the buffer chamber but not through a gate, this is the chamber in which
ddz0 AGNI G6Sa oAff 0SS a2dzi3t aaSRéEstrate dzihéhtedita A y 3
remove anysurface contaminants fronthe substrate before it is loaded into the growth
chamber. The growth chamber is the chamber kept at the highest vacuum and is where the
growth process occurs. It is connected to the buffer chamber so that substrates can be loaded
in; it can be isolateddm all of the other cambers by closing the gate between it and the buffer
chamber. Two different pumps are used to keep the buffer chamber and the growth chamber,

these are: ion sputter/pump and ayopump.
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Theprocess of loading a substrate into the growth chamber is as such:

T

Using the liquid nitrogen controller, set the temperature of the growth chamber to
c140°C.

Move the cassette holder from the buffer chamber into the ldadk, close the gate,
then bring the loadock to atmospheric pressure, so that it can be unloaded.

Load the substrate into a sample holder, this project grew qoaterof a 2inchGaShb
wafer for each growth.

Put the sample, in the holder, into the load lock and pump the chamber.

Once the loadock is at a pressure of 57107 mbar, open the gate between the load
lock and the buffer chamber, move the cassette with the sample into the buffer
chamber, close the gate between the Iektk and the buffer chamber.

Using the transfer arm, move the sample from the buffer chamber into the outgas
chamber, then, move it up in the sample holder of the outgas chamber and set the
relevant outgas recipe to run.

Once the outgas recipe is complete, move the sample back into the buffer chamber.
Ensuring that the difference in pressure between the growth chamber and the buffer
chamber is around one order of magnitude, open the gate between growth chamber
and the buffer chamber.

Using the transfer arm, move the sample from the buffer chamber into the growth
chamber, put it on the sample holder, remove the transfer arm from the growth
chamber and close the gate.

Start the sample spinningpunterclockwise

Start the growth recipe.

Once the recipe is complete, open the gate between the growth chamber and buffer
chamber, move the sample into the transfer cassette, then close the gate.

Ensuring the pressure difference is correct between the buffer chamber anddokd
open the gate between the buffer chamber and the ldadk and move the sample in
the cassette into the loatbck, close the gate from the buffer chamber to the ldadk

Bring the loadock to atmospheric pressure and unload the sample.
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3.1.2.Set point calibration

During many of the growtkwhichwill be discussed in this thesis, ternary and quaternary alloys
will be grown on GaSb substrates. The optimal structorsome ofthese samples occurs when
the alloys are grown lattice matched to the substragdor example, AGa-As.,Sh. When
calculating the cell temperatures to grow a specific ternary alloy containing two gtoup
elements and one groul, for example ka.xSb, an extrapolation of the ternary elements is
done basedn the constituentbinary growth rates. However, when finding cell temperatures
for aternaryor higher order alloy which has more than one grétiplement, for example InAs
«Shoor AkGa.As.,Sh, a calibration growth is required. This is due to the volatility of grdup
elementsfrom the cracker cells, often using the same bulk temperature and valve position does
not yield the same grouy integration into the alloy. This is also due to the integration of
groupV elements into the alloy being more dependent on the substrate tempesatn
comparison to grouglis.Because of this, it is npbssible to directly calculate the alloy content
that will be obtained from a mixture of grody fluxesbased solely omulk temperature and
valve position Each time a growth is done with a particular ternary or quaternary (both with
two groupVs), a calibration must be done with set bulk temperatures to find out ghdup
incorporation based on valve positiohio do this calibration, if there are two or more grolip
elements in the alloy, their cell temperatures are calculated based on their growth rates, which
will remain fixed. To find the grodyg valve positiodor the element with lower concentration

in the alloy a constant bulk temperature is chosamrmally a lower temperature as it is the
element with a lower content in the alloy which will hathe cell vdve position changed. Three
valve positions of the groul will be chosen, which will create three epitaxial layers with fixed
group-ll incorporation and slightly varied grotfy each of which will be grown around 300 nm
thick so that they are visible oa XRD scan, but not so thick that they exceed the critical
thickness, causing relaxations in the lattice. Because the three different allogaweltifferent
lattice constants, on the XRD scan, there will be three peaks corresponding with each layer, XRD
modelling software can be used to find the alloy content corresponding with each pleak.
amount that the valve position is varied will be relatively small, the difference in alloy content is
also relatively small, normally within 10 %. Because of this, if a plot of ¢fazgntent as a
function of valve position is made, it gives an appreately linear relationship. This plot can
then be usedo find the valve position which will give the desired greédiflux for the desired
incorporation in the alloy usintpe linear interpolation of the data. This can be used to find the
valve position which coincides with the alloy being lattice matched to the substrate, or to find a

specific alloy based on bandgap engineering or strain balancing.
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3.2. X-ray diffraction (XRD)

X-ray diffraction isa method of characterising the thickness of epilayers and their alloy content.
Because the thickness of layers for differerdterialscan be determined, this methathn show
the alloy content the growth conditions give. This is critical when tryinghlitain acertain
thicknesses and alloy conteritsheterojunction structures. It can be used to identify tp@wn

structure,allowing relevant changes to the growth to be made to create the desired structure.

Because the layer separation of atoms inMIhttice is of the same order of magnitude as the
wavelength of an xay, the principle of Bragg reflection can be applied. This means at certain
angles, some of the reflected rays from different epilayers in the structure will interfere
constructively, so the mantude of the xray intensity will increase. The condition for

constructive interference is given in equati8r [49].
y< T *HRaAy 31
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ray ¢ also equal to the angle of reflection. When the reflection of light on the surface of the
sample is such as shownHRigure3.2, and the conditions of equatioB.1 are met, constructive
interference will occur.
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shown inFigure3.3 is setup. The main components required aran x-ray source, beam
collimator, goniometer/sample holder, slit and detector. They source is an evacuated tube,

in which electrons produced by thermionic emission from a tungsten cathode collide with a
metal target. This causes photons in theay regon to be emitted. A collimator is used to ensure

that the beam is parallel when it hits the target, if the beam were diffuse upon hitting the target,

the reflected xrays would scatter and be more difficult to dete€he goniometers used to set

the angle between the source and the detector so that the angles can be changed throughout

the experiment. This is also used to hold the sample in place via vadinenslit inbetween the

detector and the sample, which should be the same distance away from thglsas the xay

source is, is used in order to improve the resolution of the $6@h
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Figure3.2: how light is reflected from individual monolayers when it is incident on a regularly spaced lattice

orange arrows indicate incoming light, the blue dots are the atoms in the lattice.
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peaks lieAn angle of 2° either side of the substrate peak is sufficient to gather enough data for

the XRD modelling software to accurately model the alloy contents of the epitaxial layers. This

is further due to the range giealks which are measured, most of which have their principle peak

within two degrees of the GaSb substrate pefiilall of the satellite peaks are not included in

the scan, the model of the XRD scan will be less accuestdingto an incorrect assumption of

what the grown material is.
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Figure3.3: basic diagram of the path of theray from the source to detector as well as the other parts that al

- gt

an. -2' scan to be conducted.

3.3. Photoluminescence (PL)

Photoluminescence is an important pdrt the growth procedurefor calibrating the active
region of a device. It is also key in showing many physical properties of emjisgiiols can
give further information in the quality and structure of a growth this project, a PL setup was
used that allowed emission spectra readings to be taken fr@B@0 K, the experimental setup
used to do this can be seen kigure3.4. In this setup, &CWred laser was used to excite

emission; controlled by software on a PC so that its output power could be set frogn 50
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140mW. There are two planar mirrors which are used to aim the laser beam to hit the sample
at an angle as it is contained in a cryostat. The path from the laser to the first mirror in
uninterrupted. The path from the first mirror to the second mirror has apger placed in the

way to vary thanodulationof the laser beanin order for the signal to be picked up by the loeck

in amplifier The path from the second mirror to the sample in the cryostat is uninterrupted and
the second mirror is used to positidhe beam on the sample. The path between the cryostat
and the monochromator is the path in which the sample will emit light once it has been excited
by the laser. There are two planoconvex lenses that the emission will pass through. The first of
these is ged to collimate the light, to reduce radial loss between the sample and the
monochromator. Then the second lens refocus the light into the front opening of the
monochromator. There is a rdayht filter between the cryostat and monochromator to stop

red light from the laser entering the monochromatidhis would be detrimental in aligning the
lenses such that they maximise the signal from the PL entering the monochroasitioe laser
power is on the order of 100mW, whereas the PL signal of the device is several orders of
magnitude weaker. This means that the PL signal would be insignificant compared to that of the
laser, such that moving the position of the sample wousd/éh no noticeable effect on the
reading of the lockn amplifier. Whereas if the samgls moved and the laser light blocked, the
difference is noticeable and can be maximised by moving the sample in the plane perpendicular

to the direction of the PL signal.

PC with analysis

software

Lockin amplifier

Preamplifier
> Monochromator
1
|
Cryostat || @ ey, 090 2 - InSb detector

Figure3.4: The experimental setup to measure PL spectra of samples, for room temperature and low temp:
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Because PL shows the intensity of a specific wavelength relative to the other waveliartys
spectrum before going to the detector, a monochromator is used to split the emission spectrum
into its constituent wavelengths. It does this via a system of two planar mirrors, two concave
mirrors and a diffraction grating. Light enters through a slit on one gidke monochromator

(the opening), it is reflected into the system using a planar mirror, then collimated using a
concave mirror. Once collimated,gHight will be reflected off a diffraction grating; this causes
the polychromatic light to have its constituent wavelengths diffracted at different angles. The
angle of diffraction is based on the wavelength of incoming light, as well as the distanaebetw
slits in the grating51], the distance between slits in the grating is kept constant. The light will
then be uncollimated by another concave mirror and reflected into the InSb detector by a planar
mirror. The angle of the diffraction grating can be used to select the wavelehttinbentering

the detector by changing the angle, as light of different wavelengths will be reflected at different
angles. Once the signal from the monochromator has been detected, it goes through a pre
amplifier, then to a lochkn amplifier, the lockn amplifier sends the intensity of the signal to
software on a PC. A spectrum can be plotted by plotting software based on the signal from the

lock-in amplifier at various wavelengths.

To perform temperature dependant measurements frong 800 K, a continuous flow liquid
helium cryostat was used. This works by loading the sample into a vacuum chamber with a
pressure of ~ I®mbar.Liquid helium can then be pumped around this chamiteus reducing

the temperature. The flow of liquitieliumis controlled by a gas flow pump, once thelium

has been pumped around the chamber, it is pumped out, being replaced and is sehgliom
recoverysystem This takes the chamber from 300 K toi K 30 minutes. Once its temperature

has reached an equilibrium point, it can be controlled using a heateéra reduction in the flow

of liquid heliumto be bought back up to room temperature.
3.4. Device fabrication

In order to create a device out of a piece of a sample, several stepsequired which allow
relevant contacts and performance enhancing features to be added so that a current can be put
through itand light extracted The processes which were used to do this in this project will be
discussed in the following section. All of which was carried out in a cleanroom laboratory in the

Quantum Technology Centre (QTC) in Lancaster University physics department.
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3.4.1. Photolithography

Photolithography is the process by which a mask can be put onto a sample, so that a contact can
be evaporated onto some parts, but not others; also, so that it can ugdevetetching sothe

etchant will only affect certain parts of the sample. To do this, a photopositive resist is put on
the sample that once exposed to UV light and developed, the parts exposed to UV light will
dissolve and the rest of the resist will form a Ralmotosendtive covering of the sample. To
obtain a uniform layer of resist ahe sample, once the liquid resist has been put on top of the
sample via pipette, it is spun in SUSS LabSpin6 spinner at a speed of the order of magnftude ~10
min?, it is then baked on a hotplate to set the resighe exact speed, resist type and baking

information used can be found iable3.1.

Resist | Spin time Spin speed | Bake time | Bake temperature Used for

name Is /min-t /min /°C

LOR3A| 30 3000 5 180 Thermal
evaporation,
wet-etching

S1813 30 6000 2 115 Wet-etching

Table3.1: The resists used in device fabrication during this work, as well as the speed and bake time which they

require and which process each of them are used in.

Once the resisthavebeen applied and baked for the correct tim@hotolithography can be

done To do this, a SUSS MJB4 Laboratory Mask Aligner is used. This allows the user to place
chrome maské front of the sampleand align it as requiredo that some parts are exposed

to the UV light, and others are not.
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Figure3.5: chrome masks used for (a) topntact, (b) etching mesa, (c) grid contact, using photopositive res

Parts highlighted with blue squares are the alignment markers.

The mask aligner has a built in UV lamp which will expose the sample for a given amount of
time, forresistsin this work, the exposure time was 2.5 seconds. There are three different masks
used in this work, these are: top contact, MESA and grid contact, these masks can be seen in

Figure3.5(a), (b) and (c) respectively.

To ensure proper contact alignment and accurate etching around the contact, the masks

be aligned to one another, if they are not, this could cause parts of the circuit to short as the
current would not pass through the active region. To do this, there are alignment marks on each
of the masks, which have a piece of gold evaporated onto tiierimg the evaporation process,
these can be seen highlighted in blbexesin Figure3.5. Once these are lined upith one
another, all of the proper alignment has be@ompleted,and the masks will be where they
should be after lithographyOnce the UV exposure has been completed, the sample must be
developed to make the mask ngphotosensitive. This is done by placing the exposed sample in
Microposint MRCD26 developer for 80 seconds, rinsing it inidaised (DI) water and drying

it using compressedJyas.
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3.4.2. Thermal evaporation

Thermal evaporation is a process by which metal contacts are put onto a sample, this is
completed under high vacuum, around@bar, to ensure that pollutants do not get onto the
surface of the sample or into the contact material as this can decrease the quality of the contact.
This is done by supdreating specific metals via running a high current through them until they
turn gaseous and evaporate onto the surface of the sample. Hneyhen deposit onto the
sample, creating a layer of metal, this pess can be used to create contacts with thicknesses
of 10s, up to 100s of nanometres. For this project, Titanium/Gbild\u) contacts were used,

usually aiming for 20 nm of Ti and 200 nm of Au.

Material Sublimation current /A| Deposition rate /A &
Ti 58 0.3
Au 28 3.0

Table3.2: the current whichmustbe put through respective crucibles to cause thermal evaporation to occur, as well

as the approximate deposition rate that this causes.

To do this, a Moorfield Thin Film Deposition Thermal Evaporator was used. This is made up of: a
vacuum chamber, a sample holder and four crucibles which hold the metals which will be
depositedc for this project, only two were used. Once the samples athérsample holder and

it is in the vacuum chamber, facing the metal crucibles, the camber can then be pumped down
to an adequate pressure, < f@nbar. The crucibles heat up the metal by driving a current
through them, which is controlled externally bycarrent controller, the approximate current

and subsequent evaporation rates for Ti and Au are showhalrle3.2. At the appropriate
current, sublimation will occuk, the material going from solid to gasand then the gaseous
metal will deposit on the surface of the sample once it comes into contact. The shutter can stop
the process by closing between the crucible and the sample, this is also used to stop deposition
on the sample from metal that sublimates before the sublimation temperateigure3.6 shows

the layout of the thermal evaporator as well as the constituent parts which control the

evaporation.
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Figure3d.6: the layout of the thermal evaporator aradl the constituent parts.

Thermal evaporation is used to evaporate on: top contact, grid contact and back contact. As
discussed irsection3.4 the top contact and grid contaet which would both be on the same

side of the sample have a mask on them. After the evaporation the sample will be soaked in
acetone which causes the parts with resist on to come off taking the evaporated metal on top
of it with it, leaving a contact only on the parts of the sample which did not have resist on them.

The back contaat, applied when the substrate and all buffer layers are correctly doped does

not require a mask as it just needs to cover all of the back/sutestiide of the sample.
3.4.3.Wet-etching

Wet-etching is the process of creating a mesa structure on a device, these structures increase
the likelihood that light will escape from the devjathis is due to the side wall reflection from

the semiconductoiair interface and light directionality due to total internal reflection affects. It
has a furtheeffectof decreasing current crowding in the device and the increase in surface area
allows for greater cooling, decreasing the negative impact of Joule heg#tjgMoreover,
allowing a grid contact to be put on the device in section that is relevantly doped, required if
current cannot be passed through the substrdtar exampléf it is undoped or will contain a lot

of defects. This is done by having a mask of S1813 resist over the top of the contact structures
which will be the top of thenesa andhen putting the structure into an acid/peroxide solution.

This will cause the part of the device not covered by resist to be etched away by the acid, creating
differentlevels. Different acids etch through different materials at different rates, so sometimes
multiple etchants are required to etch all the way through to the required level of specific
devices which are made of two or more materials which cannot be etchekeosame etchant.

The information for the etchant used for each different device from this project can be seen in

Table3.3.
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Device Etchant Ratio Approximate etch rate/

nm min?

INGaAsSb/AlIGaAsSH HsPQ:GHsOr:H.O0:HO | 2:10:10:20 75
type-l LED

InAs/InAsSb typd HsPQ: GHsO7:H02:H0 | 2:10:10:20 80
LED

INnGaAsSb/GaSh HsPQ: GHsO7:H.O0:HO | 2:10:10:20 25
type-l LED

Table3.3: the etchants used on different layers of different devices, as well as their ratios and approximate etch

rates.

The mesa structure of a LED generally has a height of around 1000 nm, to measure the height
of the mesa after a certain amount of time in the etchant, a Bruker Dektak XT Profiler is used.
This allows one to measure the depth from the top of the structuirecluding the mask on top

¢ to the base where the etch has stopped. This can be used to initially take an etch rate to give
an estimate of how long the total etch will take, although the same etchant goes through
different layers at different speeds sogtetch should be checked in more regular intervals. The
etch will stop once the desired height for the mesa has been reached, considering the resist on
top, which is usually around 1500 nm thi€kace the etchhas reached the desired deptthe

resist can be removed by leaving it in acetone for several hours, then rinsing it WiGD¥6&
develope, IPA and then DI wateThis leaves the desired mesa structure, with the contacting
layer onto with the respective electrode and a mesa structure extending dimwenthe buffer

region, encompassing the active region of the device.
3.4.4.Scribing

Scribing allows a processed sample which is approximately a third of a quanehn @vafer
which will contain between twenty and fifty mesa structures on it to be cut out into individual

pieces which can be mountethd bonded to create a useable device

To do this, a SUSS RA 120M Scriber is used. This device is assdea continuous scribe,
whereby the sample is held in place, and using a diamond pointed scribing tool, a straight,
continuous line will be scribed into the sample, around 150 nm deep. This can be set to be done
repeatedly with the tool moving a set distanaeross the sample each time, meaning that the

scribe lines are between the repeating top contact pattern which allows individual devices to be
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separated. This can be done in both the x and y axis by moving the sample holdéradnd90
repeating the scribelf pressure is applied to the sample on two points on opposite sides of a
scribe, a full break will occur along the scribe edge. A clean break will occur if the scribe lines
line-up with the direction of the crystal, this means that initially, the devioetacts should be

lined up so that they are in line with the direction of the crystal.
3.4.5.Wire-bonding

Wire bonding is how the contacts which have been put on the device are connected to the
contacts on the mount, so that the device can be plugged into a power supply. Once the sample
has been scribed into individual device piecélse type of TO header used will depenamif

the deviceneeds to betop-top or top-bottom contacted in a toptop contact the top contact

and grid contact are bonded to separate lelggsa topbottom contact, the top contact goes to

a legwhich is electrically insulated from threst of the TO header.hE device is glued to the
face of the TO header using an electrically conductingpeut silver epoxythe face of the TO
header is connected to one of the legs, allowing it to act as an elegtadidaving current to be
pumped through thesubstrate via the base of the head@nce the device is on the header with
the bonding agent, it isured for around 12 hours on a hotplate at 80°C. This bonds the bottom
contact to the header, allowing current to be put in from the base, throtighsubstrate, for a
top-bottom contact. The toontactshave to be connected to the TO header legs vigol

wire. To do this, a tpt HBO5 wire bonder is used. blel wire is superheated at one end so

that a ball forms, this allows the user to more effectively bond to one of the gold confHuts
bond is most effective whethe first bond is from the top contact of the devidbere isa pre

set force and contact time programmed into the wiwenderwhich will occur when it touches

one of the placedt is bonding wire to A set amount of wire will then be fed through by the
machine, and the wire will be bonded to the second contact point, the machine will apply a

certain force to this, which will cause tigeld to bond onto this second contact point.
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3.4.6. Summary

There are several processes which have to be carried out in order to turn a doped wafer into a
light-emitting diode. The processes up to cleaving are showrigare3.7, mounting and wire

bonding are then used in order to finalise the device so that it can be tested.

(@) (b)
I
(©) (d)

(e) (f)
1 ] 1 L1 L1

—
) (i)

Figure3.7: a flow chart of the fabrication processes from wafer tolpoaded device. These afa) an unprocesse!
sample; (b) a sample with LEBR and S1813 resist layered on top (c) a mask placedpof the resist, wititJV
light incoming topattern the resist; (d) remaining resist which has been developed, leaving resist in some
whereas it is washed away in others; (e) Ti/Au evaporated on to the surface of the sample, some coa
sample, and some coating the resist which is orofap (f) sampleonce resist with metal on top has been remow
leaving only the metal contacts where they are desirgiin(esa structures being etched, leaving a mesa v
contacts on top; (i) bottom contact evaporated onto the rear of the subs{rsample cleaved; (k) sample brok
along cleaved lines, leaving individual mesa device structures which can then be mounted.
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3.5. Electrical characterisation

Electrical characterisation is important for devices as it shows how they perfoam elgctrical
component If a device has too high a resistance it will not work as efficiently at converting
electrons into photonslt can also be used to find the power supplied to a device at a certain
bias.Electrical characterisation can be done as soon as the adequate contacts have been put
onto a deviceq via probing, and after the device has been fully fabricateloy regular &V

characterisation with a mount.
3.5.1.Currentvoltage (FV) characteristics

When measuring theV characteristics of a device, or part of a device, a potential difference is
applied across the two contacts, the absolute value of the corresponding current is then saved
and the potential difference is changed. In this project, s done by connecting the device

to a Keithly source meter, which is in turn, connected to a computer which uses LabView
software to change the potential difference and record voltage and absolute current at each
corresponding value. The generic setugdido take IV measurements can be seenhigure

3.8, the device is connected to the Keithly source meter via a coaxial cable. There are two
different ways in whichY characteristics are measured, one after all contacts are applied, but
before scribing and wire bonding takes place (probing), tRémleasirements are taken of the

fully bonded devicé-igure3.8 (b).
3.5.1.1Probing

Probing is measuring the currembltage characteristics of a sample in different locations of the
sample before the sample is cleaved, mounted and bonded. This is used to see if the devices
work as they should, i.e. give diode like characteristics. Bedtessample is not bonded when
probing is done, the current is passed through the sample by connecting probes, which are in
turn connected to a power source meter, to the contacts. If it the sample idpmontacted,

then one of the probes will be corated to the grid contact, and the other to the top contact;

if the sample is togottom contacted, the sample will be placed on a glass slide with a thin gold
film coating, one probe is then connected to the top contact, and the other is placed on the gol
coated slide, allowing current to be passed through the bottom contact. The contacting for

probes can be seen Figure3.8 (a).
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(@) Probes (b)

Bottom contact leg

Top contact leg

Coaxial cable to Source meter

Coaxial cable to
Source meter ~ Sample Gold plate

Figure3.8: the setup for taking-VY characteristics for (a) probing and (b) for a mounted and bonded devic

Probing can alsshowhow the current moves around the mesa structure and active region. The
top-contact mask has three different diameter contacts: 880, 400>m and 200>m, all of

which have mesa structures. Because probes can be moved around and are not bonded to the
contacts, it can be used to take th&/Icharacteristics of each of the different sizes of mesa. If
this is done for a sufficient number of mesas aroundgample, they can be plotted, each mesa
size should approximately group with the others of the same diamd&he 1V curves can then

be normalised with eithemesaperimeter or are; if the Vv curves all group together when
normalised for area, it shows that the current flows through the area of the mesa. However, if
the grouping occurs when normalising for perimeter, it shows that current is largely flowing
around the surface ofte mesa rather than through it, which can be a sign of high surface

current which is undesirable for recombination in the active region.
3.5.1.2Mounted and bonded device

One a device has been mounted, the setup for taking-¥elrve can be seen kigure3.8 (b),

this then goes, via a coaxial cable, to be analysed as explairsedtion3.5.1 This has to be

done again as bonding should create a better contact than probing so the current should be
higher for the same potential difference. This shows if the bonding has been successful and also
allows theresistance at different forward biases to be calculatéthe resistance isignificantly

higher for a bonded device in comparison to the probed devices, it can imply that something has

gone wrong with the bonding proceasd can indicate poor contact quality
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3.5.2. Total effective esistance

Thetotal effective resistance of an-V curve can be calculated by taking the inverse of the
differential of the 1V curve, showing the resistance of the device at each potential difference
measurements were taken at. This was done by importing the data saved by the LabView
software and exporting it into a Python 3 script. Using the NumPy Pyithvamy differentiation
function [53], it is possible to find the gradient of the graph at each corresponding point, and
using simple, inbuilt mathematical functions, taking the inverse of these points. This made it
possible to find the series resistance at each potential difference and ®gdtlthanges, for

this purpose, the resistance is only considered under forward bias, as that is what the devices

will be operating under.
3.6. Electroluminescence

Electroluminescence (EL)e emission spectrum which comes from the electrical pumping of

a device To measure the EL spectra of a device, it must be fully fabricated as explained in section
3.4, this is so that it can be electrically pumped from an external source. In this project, the
driving current was provided bynaalternating current (AQJower sourcethis had the option to
operate in pulses witha duty cycle of which could be varied from¢0100%, this would be
selected based on the device that was being tested and how much it would heat up whilst having
current put through Devices were tested at ~1{020% duty cycle to avoid the effects of Joule
heating, allowing for higher driving currents to be tested without heating occurring. The
frequency of the A@as set to 1kHz, this is a standard AC frequency andedidke signal to

be picked up by the loek amplifier.

EL was tested from ¢ 300 K during this project, to do thihed device is mounted inside a
cryostat, in a holder which once inside the cryossatligned sohat it emits straight, relative to

the translucent window of the cryostat. When the device is being driven, it emits radially, which
means that if the rays are left uninterrupted most of the light will not reach the detector. To
compensate for this, a syem of two planoconvex lenses is used, one lens is placed as close to
the window of the cryostatis possible, with the convex face of the lens facing the incoming
light, the purpose of this lens is to take radial light, and collimate it, so that the beams are as
close to parallel as they can bEhe second lens used to urcollimate the light so that it can

be focused into the slit; this is done by having the planar face of the lens face the incident light

This lens set up can be seen in

Figure3.9, there are seven degrees of freedom between the two lenses, these are used to align

the device so that the maximum amount of light possible enters the dete&toronochromator
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IS used to separate the EL emission into its constituent wavelengths, this is the same technique

used in the PL in this project and the experimental setup of this described in s8@ion

Power supply PC with BenWin+ software

Pre{amplifier Temperature controller

Oscilloscope
1

1
i
1
1
1
1
1
1
1
1
1
:
:
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detector

Figure3.9: The setup used to electrically pump a device and then measure the emission spectra, this can

for room temperature, and low temperature measurements.

To obtain spectra at different temperatures, the device chamber in the crysspatmped down

to 102mbar. The cryostat used for taking EL measurements is d@garyostat, meaning that

no exchange gassese needed to reduce the temperature to 4 K. Instead, a mechanical cooler

is usedoperating using &iffordMcMahon coolersUsing an internal heater controlled by a
controller in the cryostat, it is possible to control the temperature in the cryostat fran8d0

K. This is used to take EL measurements in this temperature range, used to see how the emission
spectrum changessa function of temperature for bandgap analysis. This is in comparison to a

liquid helium cooled cryostat, which uses cryogenics to reduce the temperature down to 4 K.

The main features that are found at any given temperature are: peak wavelength/emission
energy, integrated emission and the amplitude of the emission spectrum. Theilittle (or fulk
width halfmaximum (FWHM)) of a spectrum is found by finding the diffeee of the

corresponding wavelengths at half of the amplitude of the emission spectrum.

3.7. Power measurements

Power measurements are required to see both the output power of the device, which allows its

brightness to be compared to other devices, but also so that the external efficiency of the device
can be calculated.
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Figure3.10: Setup to measure the power output of devices.

To measure the output power of a device, the equipment is set up as shokigure3.10. In

this, the device is driven by an alternating current, power source meter at 1 kHz with a duty cycle
of ~20, to prevent Joule heating. Heating effects can decrease the output power of the device,
thus, increasing the contribution afoise,making the power reading less accurate. To detect
the output power of a given device, a Thorlabs S180C Mercury Cadmium Telluride
(HgCdTe/MCT) photodiode is connected to a Thorlabs PM100D power meter console; the peak
wavelength of the device can be progmmed into the power meter so that the power

calibration can be competed.

Once the device has been turned on, it should be placed in close proximity to the detector so
that as much of the produced light as possible enters. At first, the output power of the device
will not be consistent, a real time measurement is given on thegganeter and before taking

an average, the power should be oscillating a small amount around an equilibrium point. After
this, an average power reading over a thirty second period should be taken, the power meter
will give an average reading, as well asiacertainty, this is recorded manually. Power reading

are fromtaken from a driving current ef0 mA, which is the lowest driving current provided by
the source meter, up to around 200 mA, which is the highest that the device can safely be driven
at. This should be recorded, along with the current going into the device, as well as the voltage

acros it, to calculate the input power.
3.8. Fouriertransform infrared (FTIR) spectroscopy

FTIR spectroscopy is the experimental method used to identify the energy of certain chemical
bonds, in the infrared spectrum; generally, from 409@00 cm' (2.5 ¢ 25 >m), the theory
behind which is explained in secti@m. Because photons corresponding to these bond energies

are absorbed, if the sample has a polychromatic light source shone on it, some of the
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corresponding to the energy of chemical bonds will be absorbed, and the rest will be transmitted

or reflected.

To measure transmittance, absorption and/or reflection of a sample, a Michelson
interferometer is used with a broadband laser source. The Michelson interferometer consists of
a light source, a beam splitter, a fixed mirror, a moveable mirror and a detelterlayout of a
Michelson interferometer can be seen in the FTIR spectrometer diagrémigime3.11. In the
Michelson interferometer, the light source (after passing through the sample in the case of an
FTIR spectrometer), hits the beam splitter; 50% of the light is reflected, hitting the stationary
mirror, the other 50% passes through, hitting the malke mirror. Both are then reflected,
upon hitting the beam splitter again, 50% of the light reflected from the stationary mirror will
be transmitted through the beam splitter; 50% of light reflected from the moveable mirror will

be reflected such that gnters the detector.

|
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Sample Beam splitter :

. <----- Detector

Figure3.11: The workings of an FTIR spectrometer, including sample setup for measuring absorption
transmittance. The solid black arrow on the moveable mirror indicates the direction in which it can be disy

laser source

Because the beams travelling from the beam splitter to the detector have the same beam path,
they interfere with one another. The detected signal will show the interference pattern of the
broadband source, this pattern is dependent upon the position ofrtfeeable mirror. When

the stationary and moveable mirror are the same distance from the beam splitter, there is no
path difference, all of the wavelengths will interfere constructively. However, as the moveable
mirror moves backwards, the detected signédll have some constructive, and some destructive

interference, because constructive interference patterns occur when the path difference is a

factor of n<and destructive interference occurs when the path difference is a fact ,

wheren N ¥*. A Fourier transform is conducted at each mirror position as each interference
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pattern is a summation of many cosine waves of different wavelengths and amplitudes. After a
sufficient number of mirror positions, analysis software can be used to plot the amplitude of

different wavelengths measured by the detec{éd].

In practice, to use a Michelson interferometer to find the absorption/reflection spectra of a
sample; first, the number of scans and resolution of the scan (it @efined in the software
which controls the spectrometer. Then, a background scan must be done with the corresponding
resolution, as some absorption will happen due to atmospheric gasses which if not accounted
for, would create incorrect data. Then gtscan is defined for the sample, and the software will
automatically make the spectrometecomplete the scans and corresponding Fourier
transforms. This will give the user a spectrum of intensities at different wavelengths, standard
formatting is that the infrared light is measured by wavenumber and the intensity is a base ten

logarithmic scale.
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4. Literature review

In this chapter, an overview of the developmeoit and current leading technology in light
emitting diodes (LEDs) operating in the technologically importantiniidred (MIR) spectral
region (2¢ 5>m) reported in the literature will be given. A range of material alloy systems and
bandgap alignments will be considered and compared. The enhancement of emission through
active regions being placed in resonant cavities and the use ofliated cascadinghrough

charge carrier injection shall also be discussed
4.1. Bulk LEDs

Bulk homojunction LEDs were the first material systems to be fabricated into devices. The first
reported device emitted in the neanfrared (NIR) spectral range, with ~ 800 nm emission from

a GaAs based-p junction by Hall and Fenner in 19@5]. Mid-infrared devices were then
created in 1966 by Melngailis and Rediker using electrical injection of carriers in an InAs based
p-n junction. This emitted at 3¥m at room temperaturg56]. Electroluminescence from a GaSh

p-n homojunctions was first reported by Blosh alin 1971[57], this was from a device grown

via Liquid Phase Epitaxy (LPE). This device emitted at room temperature with two peaks, one at
1.7andoneatl6 Y® ¢KA&a RdzS (2 (62 | OOS-edgeciedtiagivvoli Sa y S
possible recombination sites for the charge carridbsie to advances in epitaxial growth
techniques such as molecular beam epitaxy (MBE), liquid phase epitaxy (LPE), amaigaeial
chemical vapor deposition (MOCVD) it became possible to grow othériHaries, ternaries

and higherorder alloys for bulk structures. This was beneficial as it allowed a wider range of

bandgaps to be realisaghich could be grown on standard substrates due to lattice matching
4.1.1.InAsSb

Dobbelaere et al(1993) used MBE to grow an InASk p-n structure on both GaAs and Si
substrateg58], three different devices with Sb contents of: x = 0, 0.06 and 0.15 were grown.

The resultant spectra can be seenfigure4.1 6+ 0 A GK LISF1& | NRPdzyR oo
corresponding to x = 0, 0.06 and 0.15 respectivEhere is a slight distortion in the spectra

I NPdzy R noH >Y gKiinGsgheriz dbsoRtizSdenibistrating this materials

suitability for gas detection. It also showed that the addition ofirbthe alloyincreases the

brightness of the spectra several times. They further showed that as temperature increases, the
external efficiency of the device decreases, this can be seéiigime4.1 (b). The efficiency

decreases by a factor of 10 from 77 K to room temperature due to an increase in the prevalence

of nonradiative recombination mechanisms.
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Figure4.1: (a) electroluminescence of InAsSb devices reported by Doblé&ktbe solid line shows results fc

devices on GaAs and the dotted Si and (b) a plot of the external efficiency for the InAsSb light emittir

reported by Dobbelaere
Zotovaet al (1992)reported a quaternary InAsSbP LED grown using LPE onto InAs substrate
gKAOK 3l @S S Y[s% Quateryarids Bavertite advantige of a wider range of alloy
compositions which can be grown lattice matchedhaving a particular amount of straim a
particular substrate due to the extra degree of freedom in the alloy in comparison to ternaries.
A wider range of alloy compositions also allows for a wider range of possible banaliapig

for the tailoring ofemission.
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Figure4.2: (a) the structure of the heterojunction device reported by (&8 and (b) the room temperature
electroluminescent spectra from that device, showing theab&orption band around 4 200 nm.

INA3 8sSh.17/INAS 465k 200 3 heterostructure were reported by Gao et(@999)[60] which was
grown via LPE onto aninAs substrateAn InAsqsSh os buffer was added to account for the
lattice mismatch of the InAsSb in the heterostructure with the substnagducing the likelihood
that defects would occur in the lattice structur&his buffer can be seen in the schematic in

Figure4.2 (a) as well as the layout of the rest of the heterostructure. This device had an
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At Lancaster University, MBE was used to grow ar bg®is.04LED integrated onto Silicon via a

GasSb buffer layer as reported by Detlial (2019)[9]. I}V integration onto silicon is important

as it allows for orchip light sources compatible with current technology to be utilised. This gave

room temperature emissioatF N2 dzy R n®p >Y gAGK | ¢ >2 2 dzi Lz

of 0.011 %.
4.1.2.InGa(As)Sb

The quaternary InGaAsSb has the aforementioned benefits of having multiple degrees of
freedom, allowing for lattice matching to a plethora of substrates whilst being able to engineer

the bandgap. However, the growth of this material system faces an attgstability challenge.

With certain alloys, the material does not form homogeneously, instead, segregated regions of

InAs and GaSb, which gives aoriform optical and adverse electrical propertigl]. This is

generally considered to be with In contents of over 20 % and arsenic contents ovea2dre

in depth discussion of the miscibility gap is had in sectibhsland6.1.2 The development of

a.9 KIFIa YFRS 3INBgAy3d Ay GKS a2 OFrfftSR avYArAalOio
harder to preserve and the substrate temperature must be tailored specifically for the material

system.

Zotovaet alreported in 1992 a ternary bulk system of $iGa.0sAS grown using LPE onto an
InAs substrate. The bulk structure was lattice matched to the substrate and gave room
0SYLISNI (dzNB S Y [549].3Hetergfunction stractiies havé also been utilised in
creating devices operating in the midfrared region. Popowet al (1997) reported a N
AlGaAsSbAtsalnAsSb/fAIGaAsSh lattice matched double heterostructure grown via LPE onto
n-GaSb substratel62]. This gave a room temperature electroluminescence peak at3.94>

with a maximum output power of 3.7 mW and quantum efficiency of 5.5%.

In 2007, Krieet alreported a quintenary GalnAsSbP device grown via LPE, lattice matched to n
GaSb substratf3]. Quintenary alloys have a further advantage from quaternary as they have
an additional degree of freedom, in the same way that a quaternary has an extra degree of
freedom over ternaries. This means an even wider range of lattice matched alloys can be grow
on a given substrate, giving more baedge configurations for a larger range of emission
spectra. This device gave high intensity electroluminescence from 77 K up to room temperature,
GAGK | w¢ LISF]1 FNRBdzyR ndo >Yod
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An InGaAsSb/AlGaAsSb heterostructure grewanLPE onto-GaSh substrate was reported by
Petukhowet al(2013)[64]® ¢ g2 LIS 1a 6SNB 20aSNBSR KSNBzI 2yS
4 nonwyn S+ o6ndoT >Y0IX GKSaS INB FTNRBY GKS DI {
¢KS LR6SNI2F GKS LyDF!&{o6 LISF{=Z F+td NR2Y GSYLI
beingRNA Sy |G modn ! & ! YIFEAYdzY 2dzildzi LR SSN 27F
whilst being driven at 2.5 A.

4.1.3.AlInSb

The AlInSb material system has been extensively researched due to it showing better charge
carrier mobility compared to othdil-V materials, leading to improved electrical characteristics,

as reported by Merigget al (2015) [66]. Moreover, because the alloy contains only one
groupV material (Sb), it is much easier to control the alloy content, making it easier to grow
specific alloys in comparison to ternaries with two grés such as InAsSb. Yetgal (2014)
demonstrated an Absino.gsSbstructure grown on GaAs substrate with a GaSb buffer layer via
MBE[67]. Growing on GaAs is beneficial because it is less expensive than GaSb, however, it
presents the challenge of having a different lattice constant, this is why buffer regions are
required. Moreover, it is semnsulating, so more complex fabrication is ré@gd to properly
contact itin comparison to growing on GaSbue to the difference in lattice constant of the
binary GaSb, AISb and InSb alipydSb and InSb both have a larger lattice constant than GaSb

it is not possible to grow the Mh..,Sb latti@ matched to GaSb. However, growing on GaSb is
still beneficial as its lattice constant is closer than that of GaAs, meaning that thicker layers can
be grown without relaxation occurring. Room temperature electroluminescence was reported

I NP dzy' R ntlbsrdevieey It vilag fitdher demonstrated that thé-p structure is superior in
comparison to the p-n structure here due to the electrical characteristics of theaped

material incomparison to pdoped.
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Figure4.3: (a) room temperature EL of Alxir$b devices reported by Fujiéb] and (b) schematic of that device
showing the substrate and buffer regions.
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Fujitaet al(2018)reported an Aln.,Sb based deviggrown via MBE onto a GaAs substrate with

x = 3.9 7.6 %465]. These devices gave room temperature EL spectra with peaks frqp ~4> Y
with decreasing Al content increasing the wavelength, as seBigime4.3 (a). This displays an
advantage of this material system in comparison to InGaAsSb; it can be engineered to have a
smaller bandgap, thus emit at a longer wavelength. The buffer region dupdstructure of the

device can be seen irigure4.3 (b). This had the highest power conversion efficiency of any
NBL22ZNISR [ 95 I NRafplBicationat~Y1%l G GKS GAYS

4.2. Quantum wells

Quantum wells (QWSs), single and multiple, have been utilisasnultitude of different material
systems to specifically tailor emission wavelengtimprove radiative recombination rateand
supressing nomadiative ones The mechanisms by which this occurs are discussed in section
2.1.4 Typel and typell structures as well as diffent alloyshave been utilised to further tailor

the bandgap for emission and neadiative recombination quenching. The use of quantum
wells has also allowed for strained structures to be grown due to the thicknessudrdum

well being lower than the critical layer thickness for strains of aroug@ %o.
4.2.1.Single quantum wells (SQWSs)

Molecular beam epitaxy has been used to grow single quantum well structures. Batabv
(1996) reported a GadnSb/GaSh typé strained quantum well on GaSb substrates. These
devices had well widths with thicknesses frong I0 nm and Indium contents (x) of 0.26 and
0.35[68]. These devices gave room temperature electroluminescence in the range @229

>m. Furthermore, Tangt al(1998)reported a typell InAs/InAs,Sh structures grown on nAs
substrate via MBEB9]. Devices were grown with Sb contents (x) of 0.16 and 0.26, emitting at 5
and 8>m with output powers of 50 and 242  NB & LJBiS\ias dbBefwih a driving current

of 1 A. InGaSh/AlGaAs8ipe-I structures grown on GaAs substrates via MBE utilising a GaSb
buffer layer were reported by Yet al (2011)[70]. This sample showed photoluminescence of
Mdpn >Y i NR2Y ( etai@81NjepodeNSasb/lass tyd buarttutn @eélls
grown on RGaSb substrates via metalorganic vapbase epitaxy (MOVPE)1]. These samples
RAALI @SR NR2Y GSYLISNI GdzNE St SOUNRE dzYAySaoOSyoO
odPH >YI GAGK FTRRAGAZ2YIE LISIF1&a Fd odp YR ndc
electron energy level to various other hole states in ttracture.

Although several single quantum well devices have been grown and fabricated anshioawe
room temperature EL. It has been shown through multiple studies that using more quantum

wells achieves more luminescengefor both electrically and optically pumped systems. An
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example of this can be seenhigure4.4 (a), where the spectral purity of the device is increased

by having multiple quantum wellas will be discussed in sectidr2.2

4.2.2.Multiple quantum wells (MQW)
4.2.2.1Type | InGaAsSb/AlGaAsSb

The InGaAsSh welith AlGaAsSb barrier material systésrweryversatile with a wide range of
tailorable bandgaps based on alloy content of ealltyin the well and barrier. Researafito

the InGaAsSb/AlIGaAsSb material systems show that it can be turned into high quality type
devices. An example of the band structure of these devices can be s&@guies.4 (b) [72],

showing the large conduction band and valence band offset for charge carrier confinement.
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Figure4.4: (a) single quantum well vs multiple quantum well EL spectra at RT for the InGaAsSh/AlGaAsS
reported by GarbuzoW3] . The band structure of a laser device with an Al0.25GaAsSh/InGaAsSbh active
used for emission in the 2¢®.0>m range[72].

The AlGaAsSb/InGaAsSb system has been effectively utilised to create devices which emit in the

2¢Hdp >Y gl @St Sy3iK Nry3aSe ¢KAa dzaSa | OGA@S

~ 10¢ 40 %, Arsenic contents ranging from € 20 % and well widths of ~ 10 njmd, 75] It is
also possible to change the strain in the quantum well by varying the Indium and Arsenic
contents. Strain has been used to engineer the bandgap structure and to supress Auger

recombination this is further discussed in secti@r8.2.1

Thissystem has also been used to create devices with wavelengths of .& NB L2 &tli SR
al (2004)[72], grown via MBE on GaSb substrates. In this system, d typ@ntum well with an
Indium content of 40% and an arsenic content of 14 % was utilised witkGalAsShattice
matchedbarriers, this gave room temperature emission with good electrical performance. Lin
et al (2004)also reported type | InGaAsSb/AlGaAsSb devices grown via MBE oftaSh

substrates[76], with indium contents of 30%, arsenic 9.6% and well widths of 10 nm, room

0SYLISNI GdzNBE St SOGNRE dzZyAySaoOSyoOS ¢l a | OKAS@OSR
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regions containing indium contents of 50%, arsenic 23 % and 20 nm wells to achieve eatission
odnn >Y® ¢KS AUGNIAY Ay GKSaS Ipdddiyiaryarsengt f &
contents to 1.50 % for hig indium and arsenic. Most of the samples discussed here were
grown on GaSbkubstrates andabricated as FabrPerot laser by including cladding layersasr

light emitting diode. However, @it al (2019)reported this material system with dn:GaAsSb

type-l active regions and lattice matched biars [77] grown on GaAs substrates with GaSb
buffer regions via MBE. Devices had strains of 1.1% and well widths of ~10 nm, this produced an
SYAaarzy 2F uon >Y i NR2Y (GSYLISNI Gdz2NB o

As the bandgap of InGaAsSb decreases through the addition of In and As into the alloy, the
absolute position of the valence band decreases, whereas the barrier vglesit®nstays the

same. This poses a problem in the material system becasiee valence band confinement
decreases, the hole confinement decreases. Lower hole confinement can decrease the
wavefunction overlap of the charge carriers, leading to a lower rate of recombination, thus
guenched radiative recombinatiofit. can also allow for chge carriers to be forced out of the

well due to the thermal energy of the systerhlowever, the barries can have Indium
incorporated to create the quintenaihGavln.xwAs.ySh, this is a requirement to obtain longer
wavelengths from GaSb based tybguantum wells. This is due to a deeper valencedeage

giving greater confinement potentials for the holes in the device as the valencedgedf the

well has a lower energyhis is useful as the amount of As in the alloy increases, it decreases the
position of the valence bandedge, in a quaternary barrier system with no In, this will decrease
the holeconfinement potential. However, the quintenary alloy, with its lower valence band
edge allows for greater hole confinement of these high As well alBgsause of this greater

hole confinement, more indium and arsenic caBobe incorporated into the well. Jurg} al

(2010) from the world leading research group in Stony Brook,repsrted a dual wavelength

light emitting diode grown on+4&aSb via MBE which incorporated tyljpgGaAsSb wells with

both quaternary and quintenary barriefg8]. The structure used in this device was similar to
that shown inFigure4.4 (b), with typel wells and graded cladding. However, rather than
AlGa.As.,Shk barriers, there are AGavnixwAsiySly barriers grown lattice matched to GaSb.
¢KAada LINPRdAzZOSR NRB2Y (GSYLISNI GdzZNE SYAaarzya 27F
and 0.14 mW from the quaternary and quintenary barriers respectively. Sucleal&li§2008)

also of Stony Brook, further reported InGaAsSb in quintenary barriers, grown-GaSb
substrates via MBE9]. The room temperature emission ob¥aGaAs;Sb wells in quaternary

and quintenary barriers can be seerfilgure456 I 0> GgAGK SYAaaiazy LISI ]
dzLJ 2 o®p >Y® ¢KS YIFIEAYdzZYy NB2Y @SYLISNI (i dzNB
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be 0.7 mW. The effect of using quaternary and quintenary barriers can be segume4.5 (b),

showing that using quintenary barriers produced devices with higher output power capabilities.

Similarly, Dinget al (2016) reported a Gai74nSb/AlGalnSb typkstructure grown on GaAs
substrate, similar to the quintenary structure previously discussed, but with arsenic free wells
and barriers[80]. Arsenic free structures provide the benefits of single greugrowth as
previously mentioned, it is much easier to create high quality material with the intended alloy
content. This structure gave room temperature EL with a peak of arourd ¥.4 6 KA OK ¢ I &
than twice as bright as a bulk reference sample for the same driving current. However, this
device suffered from not having graded cladding layers, restricting the sample to surface
emitting spontaneous emission rather than being ablelase throgh stimulated emission.
Graded layers in the cladding allow fmsier injection of charge carriers into the active region

of a laser and also decrease the turn on voltage of the device, allowing it to operate at lower

input powers[81].

(a) 104 =300k 1 2 3 4 1 ) os
‘mr |

% ll 1 . ] 0.7 4 Quinternary |- ..2_
c 0.8 [ | - E wavegLide
2 t
E ! | ] 0.6+ \‘\ 3
@ 06 s - i % 05 |-
-D =
8 / \\ ' 1 0.4+ !
S 0.4+ f . i
£ / | 03 A
2 i - @ /

0.2 "- i 0.24 //

A
' 1 0.1+ .
0.0+ - T ’ - - o é—/’
2.5 3.0 3.5 4.0

i L e LE RS
00 01 02 03 04 05 06 OF 08 09 10
Wavelength, pm Current, A

Figure4.5: (a) the normalised room temperature electroluminescence spectra of InGaAsSh/Al(In)GaAsSb
reported by Suchalkifr9] and (b) the corresponding output powers as a function of driving current of the de
gK20a alLISOGNI INB akKz2gy Ay o0l 0

Junget al(2011)further developed the quintenary barrier quantum well system, using the same
device structure reported by Suchalkin, with InGaAsSb active region with quintenary barriers
B2l ¢ KS&4S 6SNB dzaSR (2 ONBIGS pmH E pmH [ 95
with each LED having a radiance of 1.3 W-.cm

Another structure which has been utilised to create longer emission with-ityjpendgap
alignment is InGaAsSb wells with GaSb barriers. Although this can also be used to crehite type
devices, with sufficiently low arsenic contents, a tjfandgap ischievable. An example of the

valence band offset of the system is providedrigure4.6 (a), showing how the valence band

offset increase as the strain increases (decrease in As content). This requires the InGaAsSb to

have a sufficiently small bandgap so that it can be weiitained in the GaSb bandedges.
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Siffermanet al (2015)reported typel InnssGaAsSb/GaSb grown or@aSh substrate via MBE,
samples of various As contents were grown to see the effect of strain on the s{&3¢nThis
device employed 10 nm InGaAgglantumwells with 20 nm GaSb barriers. It was also reported

in this paper that the emission intensity is increased when the substrate temperature during the
QW growth process is lower, with devices being grown at 350 andCLIhis is partially due to

the varying Arsenic contentscross the differenguantum wellsdiscussed in the papewhich

is especially prevalent when substrate temperature is changled difference in the PL intensity
cannot be solely attributedo the difference in substrate temperature during growiut the
variable PL intensity due to growing with different substrate temperaturatssa result othe
quality of alloy formation when growing close to this miscibility gap. Because the alloy is Indium
rich, it requires a lower growth temperature to properly form epilayers, this will vary depending
on the alloy mixture. This simultaneously allows fioustures with higher strains to be grown

due to an increasdn As incorporation, theeffect of substrate temperature and strain on PL
intensity can be seen iRigure4.6 (b). The PL samples gave room temperature emission around
odn >Yo ¢KSaAS | OGAGS NBXIA2ya ¢gSNB | faz2 LI OSR
AAPAY3I SYAaaArzya | NRdzyR odn >Yo
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Figure4.6: achievable valence band offsets of thes®a .4sAS.ySh system as the strain of the active region
increased and (b) comparison of PL from two InGaAsSh/GaSb samples grown at 350 and 410 (red a
respectively) with their respective strains shown. Both were reported by Siffermg8&} al

4.2.2.2Typec | (In)(Ga)AsSb/InAlAs

Grietenset al (1996)reported an Sb free InGaAs/InAlAs tylpdevice grown via MOVPE and

lattice matched on GaA4]. This contained 20 nm dgAb2As barriers with 10 nm 0.68%
compressively strain GaiAs wells which gave room temperature emission of 2% 6 A i K

'y 2dziLdzi LR 66SNI 2F mdyp >2d ¢KSaAaS K26SOSNI KI R

and Auger recombination.
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Gallium free InAs1sSb/Ab.1adnAs typel wells integrated onto undoped GaAs and Si have been
reported by Altayaet al(2022)at Lancaster Universifit0]. These devices were grown via MBE
with various buffer layers to account for the lattice mismatch between Si/GaAs and GaSb based
growth. Devices on both GaAs and Si gave low temperature EL with a peak at arounda2.9
20KEKS NR2Y GSYLISNI GdzNB 9] LISF{SR { FNRdzyR

for the sample on GaAs and Si were obtained respectively on a 1% duty cycle.
4.2.3. Typell MQWs and Strained layer superlattices (SLSs)

Typell bandgap alignment can be used to tatloe bandgap of devices more easily and access
smaller bandgaps in comparison to typalignmentdue to the electrons and holes being
confined separately. They also have extra Auger quenching mechanisms which cannot be
achieved in typd devices. The #plane Auger process is diminished because of the specially
separate charge carrier confinement, kiag the transition less probabl@5], this is further
supressed by the removal dfole resonance states with the spin orbif@6]. Due to the
positioning of bandedges in tygédevices, they have shown good performance in theSm3
wavelength range, from mid to loagave infrared. Superlattices have the extra benefit ofdow
charge carrierconfinementin the wells This causes a more -tecalised wavefunction in
comparison to typd and typell MQWsystems to form, known as a minand. Minibands have

the benefit over typell MQWs in that they have a higher wavefunction overlap and overitype
MQWs in that they have spatially septwaconfinement functions.However, they have well
confined hole stateslue to the deeper valence band offsets in most materialss causes well
localised hole wavefunctions which is beneficial as it reduces the temperature dependence of
Auger recombinationf87]. W-QWs, first developed by Meyer and Hoffman in 1584 utilising

both the separatespecial confinement of typd band alignment and the benefits which come

with high wavefunction overlap.
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Figured.7: (a) the bandstructure of an InAs/GalnSEQW in AISb cladding and (b) the resultant wavefunctiol
electrons. ,and holes ,,[88].
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This technology uses InAs/GalnSb #ipeells contained in AlSb barriers which gives a-ype
bandgapalignment as can be seenhigure4.7 (a). This confines electrons within the InAs and
holes in the GalnSbh. Wavefunction overlaps of up to 70 % have been demonstrated using W
QWs, the resultant wavefunctions can be seenFigure4.7 (b). The delocalised electron
wavefunction has a relativelgroad probability function where the central peak of the hole
wavefunction is, hence the larger than normal wavefunction oveftaigype-1l confinement
Emissions of around:3m have been realised using this systavhjch isutilised in the brightest

and highest output power device. Much research iFQWs has focusedn their utilisation in

laser structures; where for superlattices research has focused on their application into

photodetectors however, both superlattices and‘@Ws have been utilised in LED
4.2.3.1Strained layer superlattices

The InAs/GaSb system has been utilised to create light emitting diodes, first reported in 1998 by
Moiseevet al[89]. InAs/GaShb superlattices were grown on InAs substrate via MBE. Two different
devices were created, one with 5nm/5nm InAs/GaSb wells, and the other with 50nm/100nm
InAs/GaShb wells. The device with eqaralnAs/GaSb period structure is showrFigure4.8 (a)
including the doping type and AISb electron blocking barriers. The change in period of the
superlattice region in turn changes the position of #ergy levelnd in turn, the bandgap.
These both gave emissionat 77 Kinthe83>Y NBIA2y d | 2SOSNE GKS SY,
do not only come from the superlattice region. The EL of one of the superlattice devices can be
seen inFigure4.8 (b), the three peaks are due to recombination from: Abe; B, ehhy; and C

ex-hh;. Hoffmanet al (1995)reported an InAs/GaSb superlattice light emitting diode grown on
undoped GaS[R0]. At 77 K, this showed emission in the rmiftared (4.6> Y @nd longwave
infrared (10.8> Y using two different superlattice structures. Most of the work since this has
been completed on detectors, with cuff wavelengths from 3; 30 >m [91] and cascading

devices; these will be discussed later.
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Figure4.8: (a) the schematic of the active region for the InAs/GaSb device reported by M8Bjeawd (b) the EL

spectra at 77 K of the device described in (a) with driving currents of: (1) 50 mA, (2) 100 mA, and (3) 200

and C describe three separate peaks.
An alternative material system that has been used to create -tyiperlattices and MQW
systems is InAs/InAsSh. This has an advantage over InAs/GaSb systems in théeieisMbich
means that it is less likely to undergo SRH recombination due tandlige defects in the
bandgap caused by Gallium. Moreover, the system is much easier to grow as it only requires
three valves, two of which are always open, whereas InAs/GaSb requires four valves in which
are alwaydeing switchedMuch like for the InA€aSb system, most of the research has been
focused on detectors, which have shown-aiit wavelengths from 5 to 15m [92, 93] Pullinet

al (1999)reported an InAs/InAsSb superlattice system with an AISb electron blocking layer,
grown via MBE on InAs substrate, Sb contents were {8IP4This gave an emission of 42

with an output power of 100-W at room temperature. The internal quantum efficiency of the
device was ~ 30% at low temperatures, this then dropped to ~ 2 % at room temperature. The
active region in this device was ~ 60 nm thick, around the maximum that could be grown before

relaxation of the material. This is due to the inherent stress caused by growing lattice

mismatched InAsSb onto InAs.
4.2.3.2Typell multiple quantumwells

Lancaster University has completed a significant amount of research in developing the
InAs/InAsSb material system, including integration onto different substrates, as well as creating
strained and strain balanced systems. Krier e€2006)reported an InAs/InAsSb MQW system
with Sb ~ 0.13 grown ortlmAs substrates via MB#5]. This device gave room temperature EL
with several peaks, from the bulk InAs; electron level from the quantum well {@hd the

electron level to I Room temperature emission was 40 with an output power of 1.4 2 @
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This work was developed on by Carringétral (2009) who grew the same MQW structure but
using Sb ~ 8 §82]. This was grown ortimAs substrate via MBE, with a lattice matched AlGaAsSb
electron blocking layer. The devices gave room temperature EL with an output powerdcf 12
and external efficiency of 0.04 %. There were three EL peaks at room temperature,
corresponding t®.95>m, 3.35>m and 3.76>m for bulk InAs, 41h; and elh; respectively. The
different transitions can be seen Figure4.9 (a), this agrees with the results from Krier as well.
The room temperature EL, with these peaks can be seEigured.9 (b), the typell transitions

are more current dependant than the bulk InAs transition which dominates at higher driving

current.
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Figure4.9: (a) the bandgap diagram of InAs/InAsSb typbguantum well as reported by Carringtf82], shown

are the electron level, as well as heavy hole and light hole energy levels in the valence bands and |

temperature EL of InAs/InAsSb MQWs reported by Carrington, given as a function of driving current, this i

RSOAOS sK2QashavhyiRSRISA |

Furthermore, Keeret al (2018)reported InAs/InAsSb MQW devices grown by MBE on InAs
substrates with Sb ~ 6 and 8[96]. These devices gave room temperature emissions ofih.4

and 4.7>m, with output powers of 8.2 ad 382 NB a LIS O étla@dI0xeportesl e f A
integration of this MQW system onto Silic§@7], obtaining room temperature PL. This was
dominated by the nh, NS O2 Yo Ayl A2y YSOKIYAAY |G | NRBdzyR

temperatures, the ehh; recombination mechanism is dominant.

4.2.4.Interband cascading light emitting diodes

Interband cascading devices have been well developed in the past few decades since they were

first reported by Yanegt alin 1994[98]. The reason they have been a focus of development is

RdzS (2 UGKSANI FoAftAGE (G2 aNBO&OtS¢é OKEFNEHS OF NN
can partake in multiple bandgap transitions, thus increasing the efficiency of devViussis

done using an electron injection region and a hole injection region, operating using InAs/GaSh

broken gap junctions. When a forward bias is applied, the bandedges move, as sheigurin
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injectors are placed next to or@nother and active regions either side of this, it allows for
electrons and holes to be injected in a more uniform way than in a conventb@&V system

[99]. A bandedge diagram incorporating an electron and hole injection region as well Ay sV

is shown inFigure4.10 (b), further showing how once a charge carrier recombination occurs,

this allows for the recycling mechanism of ICLEDs to othig.is important in creating devices

with high wall plug efficiency and high output power.
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Figure4.10: (a) the operating principle of the interband cascading system and (b) how this is integrated ir
device, utilising \AQWs[99].

This initial structure contained selectively doped InAs/GaSb superlattices with AISb barriers
which could recycle charge carriers once they had undergone one recombination. Koerperick
et al (2008)reported an ICLED device based on InAs/GaSb superlattices grown via MBE onto n
GasSb substratfl00]. They grew several devices with different numbers of cascading stages: 1,
4, 8 and 16. The devices emitted aroundt for all of the different stages, with a maximum
output power of 0.9 mW. It was shown that increasing tlvenberof cascading stages increased

the external quantum efficiency from a minimum of 0.36 % with 1 region, to 9.8 % with 16

cascading regions. Similarly, Koerpegtlal also reported a device with a similar design, but
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different active region which emitted at 8:8n with a maximum output power of 01&8W [101].

This device had 16 stages of repeating active regions.

ICLED devices utilising InAs/GaSb active regions have also been reported bgtRiRE15)
who grew a duel wavelength device ofGaSb substrate via MBED2]. This device emitted at

38land472Y 6AGK NI RAI yOS & sraebpeqivelp. THe deRice tertpioyed

12 and 16 stage cascading region for the short and long wavelength active regions respectively.

Zhouet al (2019)also reported an InAs/GaSb active region device grown via MBElAsn
substrate [103]. Two different devices with two and five cascading regions were grown,
schematics of which can be seenfigure4.11 (a). These emittediroundn o  >Y | (i
temperature with a maximum output power of 3.65 mW at 80 K and a-phadj efficiency of

0.2 %, these spectra can be seeifrigure4.11 (b).
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Figure4.11: (a) schematic of the InAs/GaAsSb ICLED reported by¥8}and (b) the EL spectra for thestage

[ 95 6K2Qa O02YLRaAlGAzy o6l & akKz2gy Ay oOl0od
Incorporating both resonant cavity enhancemdas will be discussed in sectidrB) as well as
interband cascading active regiondaBThomaset al (2020)reported an interband cascading
device based on InAs/GalnSb tyiha\-QW structures grown on-5aSb via MBRE.04]. This

utilised a ¥, with lambda being the maximum emission wavelengtjcal cavity with a seven

stage cascading region, with a semiconductor GaSb/AIAsSb bottom distributed Bragg reflector

oYy

NE 2

(DBR) mirror and a dielectric ZnS/Ge top DBR. This device gave room temperature emission at

3.3>m with an output power of 66:W, the spectra purity of the room temperatuemission
was greatly increased by the resonant cavidiazThomas et a{2025) have also reported an
interband cascading device in a resonantityawhich has been integrated onto silicon, emitting
around 3.4um [105]. Showing the possibility for high performanideV interband cascading
devices to be integrated onto SilicaW-QWs have further been utilised in the creation of ICLEDs

by Kim et a{2018)[106]at the Naval Research Laboratory. In this, &@@e device was created,
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which emitted light at 3.1>m with an output power of 2.9 mW and WPE of 0.4 %. This is an
AYLINRGSYSy(l 2y GKS INRdAzLIQd LINBGA2dza AGSNI A2y
a similar structure with 18tages which emitted light at 3:3n with a continuous output power

of 1.6 mW. The work on ICLEDs is largely built on the research which has come out of the Naval
Research Laboratory in the WSpartially discussed above who pioneered the interband

cascade laser. They first reported rodemperature operation of a device grown onr@®aSb in

2006, making use of M@Ws to obtain a device emitting between %.3.6>m [107].
4.3. Resonant cavity LEDs

RCLEDs were first reported by Schule¢dl (1992) who grew a near infrared device of3aAs
substrate via MBIELO8]. This device consisted of an AlAs/AlGaAs 99% reflectance bottom DBR
mirror, with a<cavity consisting of n and p doped AlGaAs and a metallictsensiparent top
contact used as a topirror. This device gave room temperature emission of 862 nm with an
output power of ~ 200-W. The practical benefits of resonant cavity devices were also outlined.
These are: enhanced spontaneous emission, including decreased spontaneous lifetime for
carriers; improved light extraction due to a higher proportion being esdithrough the top of

the device; and an improvement in the spectral purity of the emisside enhancement of
spontaneous emission is described by the transfer matrix method (TUD8), this utilises the
semitransparent DBRs to cause constructive interference throughout the cavity. An example of
how this occurs when the DBR layers and active region cavity are designed correctly can be seen
in Figure4.12, whereby having 42.5 pairs and 4 pairs of GaSb/AlAsSb mirrors on the bottom
and top respectively can lead to an enhancement factor of ~12.5 in the cAvitjdinfrared
RCLED was then reported by Gre¢al (2004) grown via MBE on-GaAs substratgl10]. This
contained an InAs/InAsSb MQW active region withnpdoping, which itself acted as &/3

cavity. The top contact acted as a 95éfiectivity mirror, an epitaxial DBR mirror was grown
below the active region with a GaAs/AlAs R < 95 % to act as a lower reflectivity mirror. This
meant that the device emitted light through the substrate. This device gave room temperature
emissions of 3.96m, the output power was reported to be ~2.2 times larger than that of a LED

not in a cavity.
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Figure4.12: A diagram showing how <2 cavity with</4 GaSb/AlAsSb mirrors can be utilised to amplify th
electric field passing through them via constructive interference, as described by the transfer matrix me
(TMM).

Ducanchezt al (2008) from the research group in Montpellier, France, reported an RCLED
device based on a typelnGaAsSb/AlGaAsSh active region grown via MBE onto GaSb substrate
[111]. This device used epitaxially grown lattice matched GaSb/AJAS3BR mirrors for both
the top and bottom mirrors. The bottom mirror had five periods and the top three, creating a
surface emitting device, the structure of which can be sedfignre4.13 (a). The active region
contained 4 QWs placed at the antinode points of é23cavity. This device gave a room
temperature emission of 2.3m, the spectra of which can be seerFigure4.13 (b). An output
power of 0.4 mW was measured with an injection current of 800 mA. A tunnel junction was also
employed in the structure, meaning the entire device could béoped, which gave better

electrical performance than having adpped top mirror.
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Figure4.13: (a) a schematic of the substrate emitting MRRLED reported by DucancH&11] and (b) current
dependant EL spectra from the device at room temperature.
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Meriggiet al (2015)reported a RCLED grown on GaAs substrate with a GaSb buffer region via

MBE with a AllnSb bulk active regidi2]. The AlinSb active region doubled as a cavity, with a

5 pair AISb/GaSb DBR below the active region, giving a reflectivity of 65 %, the top mirror was

the semiconductodair interface. This device emitted at 4:eh with EL three times brighter than

a control device which was not in a cavity.
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Figure4.14: (a) the structure of the RCLED device grown on GaSbh reportedShymdri[113] and (b) the
temperature dependant EL spectra of that RCLED.

Also n this wavelength range, at Lancaster UniversityS&mari et al2020)reported a RCLED

emitting at 4.5>m utilising lattice matched GaSb/AlIAsSb DBR mirrors and an InAsSb cavity

grown via MBE on GaSb substr§té3]. This device had ~ 1 % strained tygaAsSb wells, in

lattice matched AllnAs barriers. An AlSb electron blocking barrier was also utilised to prevent

charge carrier leakage. Because the mirrors wgmavn lattice matched to the substratenore

could be grown than on previous RCLED dewig#®ut relaxationoccurring meaning a higher

spectral purity. The doping profile of this device watype bottom InAsSb cavity with an

undoped active region, then agoped top half of the cavity which is followed &y-doped top
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DBR which would result in adverse electrical characteristics. This leads tet@ptepntact

configuration being used, part of the bottom halftbg cavity is used as a bonding pad, and the

top DBR is used as the mesa structure which is then contacted. The bb#ncontained

13.5 pairs of mirrors and the top 4.5 pairs, this can be se€igire4.14 (a). This resulted in the

room temperature output power being 13 times higher than that of an LED which was not in a

resonant cavity. The temperature dependant EL for this device can be ségyune4.14 (b).

Al-Saymari et al (2023) also reported a RCLED grown via MBE onto InAs substrate with
AlAsSb/GaAsSb DBR mirrfr$4]. This device had an InAs/GaAsSb SLS active region with an
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AlSb/GaSb SLS electron barrier contained in an InAs cavity. The bottom DBR consisted of 13.5
pairs and the top, 5 pairs, this led to a spectrally pure EL emission at room temperature with a

peak at 4.6>m.
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4.4. Summary and outlook

In this chapter, different structures used to create Anfrared LEDs in the@5 >m wavelength

range have been discussed, the devices and their emission output power can be Sedtein

9.1 in section9.1. The devices are displayed in graphical formFigure 4.15, comparing
wavelength and output power for different types of devices. From this, it is cleagtradrally

as the emission wavelength of the device is increased, the output power falls. With the
difference between a 2m and a 5>m device being ~ 100. This is due to an increase iR non
radiative recombination processes for devices with smaller bandgaps, however, this can be
supressed using various bastfuctural engineering techniqueddowever, omparing the
output power of structures can be futile. Various technologies have been utilised which
significantly increase the output power of longer wavetndevices, such as the-@W ICLED
developed by Kim et al. at the Naval Research Laboratory in the United States of America,
emitting at 3.1>m as seen irFigure4.15. Moreover, this does not consider the internal or
external efficiencies of the device, or the spectra purity. There is a plethora of characteristics
which make for a higiperformance LED, which can decrease the output power of a device, but

give it a specific use characteristic.
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Figure4.15: graph showing the output power of the devices discussed in this chapter as a function of the |
wavelength with. The data is displayedriable9.1 showed in sectiof.1, where all of the devices which have val
in the output power column are included in the graph above. A linear regression fit is also shown, giving a
trend of output power as a function of wavelength.
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To achieve emission of < 3uf, a typel device should be used, this is clear frBigure4.15.
Section4.2.2 showed that AlGaAsSbhieaAgSb with x = 0.15 0.4 and y = 0.0§ 0.2 can be

used to achieve emissions <B1. To get emission >3n, quintenary barriers can be used or

high In wells with GaSb barriers. In these typevices, strained active regions are used to
supress Auger recombination due to the degeneration of valence band states. For emission
> 3.5>m, typell devices have to be employed, InAs/GaSh and InAs/InAsSb devices have both
been shown to give emission in this range, going as high>as. & he typell configuration is

also beneficial in that it reduces naadiative Auger recombination due tomlination of certain
processes due to spatially separate charge carrier confinement. Moreovdre SmAs/InAsSh

also have been shown to reduce roadiative SRH recombination due to the removal of native

defects around the Fermi level.

RCLEDs have been utilised to improve the spectral purity of LEDs, as well as the extraction
efficiency of the devices. Different active regions can be incorporated into a RCLED to tailor the
emission the emission profilecan be changed by varying the number of DBR repeats on the top
and bottom mirrors. They have been demonstrated over a wide range of emissions, from 2 up

to 5>m.

Interband cascading has also been utilised to improve the performance of devices, largely using
type-ll InAs/GaSb based active regions. It was shown that by increasing the number of stages in
an ICLED the output power can be increased for the same dauimgnt. It is possible to create
ICLED devices which have a much higher output power thastasrading devices as shown in

Figured4.15.

IIl-V materials have been shown to produce high quality LEDs with high output powers across
the midinfrared spectrum; the best performing devices are represented B9W/based ICLEDs

and InGaAsSb tygeQWs. This isnaextremely competitive field with lots of higlyuality
research being constantly published, however, there are still many challenges that are yet to be
overcome. Although complex structures which create higher output and efficiencies are being
created, more complextisictures are more difficult to grow, requiring longer growth processes
and costing significantly more. This gives ample room for developing methods to simplify this

growth process whilst still increasing the performance of devices.

The development of these is crucial for many vesliablished applications such as greenhouse
and/or industrial gas sensing as well as chemical sensing for compounds such as glucose. Novel
applications for mieinfrared radiation are constantly being fourah example being the sensing

of black plastics awill be discussed isection5. Researchnto glucose sensingd 15] has been
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conducted and photodiode arrays based on GaSb alloys have been created in this spectral region
[116]. Detection of €H bonds in nofpolymer based moleculgd09] has further been realised

using this material system. Furthermore, a Lithuanian company, Brolis, have utilised MIR sensing
in the monitoring of dairy products with their Herdline randd.7]. This has also been used in

the monitoring of dairy products in published wddL8, 119] Moreover, research intgrowth

on Silicon is crucial for the development of integrated MIR photonics; resonant cavity devices

and plasmonic§l20] also show great promise.
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5. A material social outlook on plastic and theurrent end of its life
5.1. Lexicon

In this chapter, several terms will be used which are specific to the framing of the work. They

are defined as follows

Embodied energythe amount of energy required to create an object from a raw material. The
starting point of where this quantity is measured from is subjective, i.e. the researcher could
choose any point in time to begin their energy analysis of the material. ff@kess, it can be

set at a point which can be useful when comparing different processes to make the same object
or comparing different objects which do the same thinge. internal combustion vs. electric

vehicles.

Energy losshe amount of energy inputted into a process, but which does not contribute to the

final outcome. For example, energy lost to noise when boiling water.

Waste a period defined by a prolonged state of-use of an object; for example, objects in
landfill. This is a liminal space in which an item may degrade to varying extents but can also be

bought out of that space to be made use of again.

Biproduct diversionwhen a product of a production process which is not included in the final
LINE RdzOG A& dzaSR Ay | ¢l & &adzOK GKIG AdG Aa yz2i

Cradleto-cradle analysisthe analysis of a material which is continually ugewt necessarily

always in the same product.

Dirigability. a state of steerabilitg commonly used in terms of boats. However, in this chapter,
it will be thought of in terms of energyi.e. how it can be transferred. In the context of products

¢ the different ways in which they can be used, both duringan8 & G KSANJ ¢t A TSé @

PESTLE analysénalysing systems in terms of: political, economic, social, technological, legal

and environmental implications.
5.2. An overview of plastics

Long chains of identical monomegsmolecules based on carbon and hydrogen with other
elements depending on the specific mononggknown as polymers are the main constituents

2F LXFadA0ad ! RRAGAGSE (y26y | & CGesdiplasiciserOA & SNE
give the plastics certain properties which are generally beneficial to their use [d&dsThe

polymer with the addition of plasticisers is what is commonly known as a plastic. Some natural

plastics exist, such as rubbfr22], however, thein the modern conception and in common
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parlance, the term plastics are generally used to refer to synthetic plastics. Plastics were first
synthesised in 1862 by Alexander Parkes, it was marketed as an alternative to ivory and horn for
decoration, as well as shellac for waterproof{tg3]. The material developed steadily over the
next century; the advent of the Second World War accelerated the rate of research into the
material. In the 1950s, the market for materials such as: polyester, polypropylenegéigity
polyethylene and polystgne grew significantly due to the realisation of their uti[i23]. Since

then, the production of plastic has increased by ~8.3% every year from 1.7 Mega tonnes (Mt) in
1950, to 348 Mt in 2017. It is estimated that in this time, around 9.2 billion tonnes of plastics
have been producefl6]. Since 2017, this trend has continubdwever,the rate of production
increase in 2020 was lower due to the changing requirements of production due to the
coronavirus pandemic. Even during that time the amount of plastic produced still increased from

previous yearsg, in 2021 390.7 Mt of plastics werequuced[124].

m Packaging m Building and constructiom Automotive
Electrical/electronic m Agricultural m Household/leisure
m Other

Figure5.1: Pie chart showing the portion of plastic which is used for different purposes as dfLl2620

Plastics are used in the creation of a plethora of different types of commodities in a wide range
of sectors generally, most commodities will have a variant that is made from plaséinging

from coffee cups, to fishing line, to building mater[dR4]. Plastics have replaced many
materials in a variety of different fields since their mainstreaming. In medicine, almost all tools
contain plastics, this is due to them being highly malleable; easily sterilised and cheaper to
produce than other types of matials[126]. In packaging, thelow weightand durability have
resulted in them becoming thmain typeof packaging material. In farming, the use of plastic
mulch filmsg although having unknown long term effects to the environment andglods led

to higher crop yields, earlier harvests, improved fruit quality and decreased water consumption

in the secor [127]. Plasticsare also now used in a number of other industii£g8]. The share

79



of different sector§use of plastic can be seenhigure5.1, primarily showing that 40 % of all

plastic produced is used in packaging.

Different commodities made of plastic take different amounts of time to decompose based on
the specific plastic/polymer used and the structure of the commodity. Plastic bags and coffee
cups take around twenty and thirty years respectively, whereas plastites and coffee pods

can take fowhundred and fivehundred years respectiveljd29]. Despite this, the average
amount of time that most plastic packagirsgused; including coffee cup lids and plastic bottles

¢ is under a yealVith some singlaise items often being discarded within minutes of the goods
being purchased. Electronic goods are used for between five and fifteen years and building
material between twentyfive and fifty years. From this, it is clear that there is adar
discrepancy between how long plastic materials are used for, and how long it takes them to
break down[16]. Due to this longevity of the material, plastics must either be reused until the
polymer material system breaks down; recycled so that the material can be used to create a new
commodity, or discarded, entering a state of waste as the material still lapdtential to be

used. These three fates plastics can have will be discussed in this chapter, including their larger
ramifications, what is currently being done about this, and what can be done to mitigate
negative effects in the futureln turn, to understand this, it is important to holistically

understand the broader life that plastic takes.
5.3. The life of plastic

When considering the life of plastic, three elements will be considered. These are: the material
itself; the energy which goes into making it and the energy contained within the plastic. When
considering the material, it is useful to use the framework rafdte-to-cradle [130], this is a
philosophy which states that all material should go back into the production process. Seeing
gKIFG ¢la 2y0S OFGS3aA2NRaSR la aelaidSeésx Fa YL
viewpoint to how most current production works. When considering energy, there are two
things to consider, the energy that went into creating the material through the production
process and the energy which can be extracted, or the available/transferrable en&sgythis

is energy that can be transferred from tineaterial into another form (kinetic, thermal, etc.).

The energy used to create the material can be defined by processes such as polymerisation,
transportation etc. This would be referred to as the embodied energy which cannot be extracted
from the material Because plastic is such a unique material system, the transferrable energy
which is physically contained within it is dirigilglee. it can be directed in different ways based

on how it is treated at various points in its life cycle. However, the endobdnergy of the
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plastic is nordirigible, it is an energy investment into a material, and how that material is
treated outlines how useful that investment will prove. At different points in thedifele of
plastic, each of these view points of the material are consid¢i81]. How plastics are acted
upon during the different stages of their life gives a large view of different political, economic,
environmental and philosophical outlooks on society at large. The material systems life will be

divided up into three general stagebirth, life and enebf-life, these will be discussed.
5.3.1.Birth

For a plastic to be created, it must be processed from crude thik initial constituent raw
material. Crude oil is naturally produced liquid petroleum, which accumulates in porous rocks in
0 KS S NJLBRIais niabldua Gf a plethora of hydrocarbogsnonomers of different
lengths which have a variety of different uses, from lahgin with uses as bitumen for surfacing
roads, all the way up to shedhain refinery gas. These different types of hydrocarboms ar

separated by distillation, a process of separating material by molecular weight.
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N o S
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Figure5.2: a diagram showing the distillation of crude oil into its constituent parts, with the temperature of
part of the distillation chamber being shfil83].
A diagram showing this process is giveRigure5.2, this outlines how distillation can be used
to sort the constituents of crude ail, as lighter elements distil further up, and heavier ones stay
near the bottom of the vat. One of the products of distillation is naphtha, this is the raw material
which is sed to create plastic. Naphtha then goes through a process known as polymerisation,
a process by which shorter length hydrocarbon monomers aianm@nged by various different

processes to create long, repeating chains of hydrocarbons, known as pollr8é}sThrough
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different processes and adding in different chemicals, it is possible to create any polymer via this

process.

Polymers are then transformed into plastics by adding various compounds, this gives them
different properties, such as flame retardance, elasticity, toughness etc. This is done by various
processes with various compounds which are too numerous to listth#érean be found in the
polymer application databas§l35]. This list is however incomplete, new additions are
constantly being added due to vast amounts of research and developméme field much of
which is beyond the scope of this project. However, at the end of the plasticisation process,
plastics are formed into small pieceknown as pellets or nurdlesusually no more than a few
cubic millimetres. These pellets are then shipped ftbmplastic producer, to companies/state
entities which creates commodities out of plastic, different production techesgsuch as
injection moulding are used in this procd486]. As of 2020, 90% of all plastic being produced
were virgin plastic, accounting for 6% of global oil consumption, furthermore, the production

process accounts for most Anthropocene greenhouse gas emigi®ris
5.3.2.Life

Here, the life of a plastic commodity is defined as the time period from when the commodity
starts being used by a user, users or larger population, to when the user(s) ceasdaswiing

no intension ofre-use or in the case of industrial/infrastructural plastics, they have to be
replaced or are no longer usable. The ceasing of use by a user(s) is normally categorised by the
commodity being placed in some sort of waste disposal system, such as general \waste bi

recycling bin/collection site of some sort.

Because of the variety of different plastics which are present in the modern economy with
different uses; as discussed earlier in the chaptgthe form which the life of the plastics take

can be vastly different, from plastic packaging to building makerit is in this phase, that the

use value of the plastics is realised, i.e. the value obtained from using the plastic item over not
using it, this can come in many forms, such as promoting higher yields in agricultural practice or
making foods have ahger shelf lifef138]. This value is somewhat arbitrary and difficult to
guantify, however, the fact that they are used, implies that they have a high use value over other
commodities. How plastics are used is not relevant to this this discussion, as it is concerned with

how plastics are treated at the end of their life and how to extend this period of life.
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5.3.3.Endof-life

Theendoff ATS 2F | LI &AGAO0O Aa RSTFAYSR Fa (G(4KS GAY
generally be when it stops being used due to breaking or for its purpose having been fulfilled.
Especially in the case of single use, not using it anymaueh as plastic packaging for food

once the food has been used. How plastic is treated at this point determines how much extra
economic utility can be extracted from the material than was intended when the commodity

was originally made. At the end of life afplastic, they are commonly categorised as waste;

here, waste will not be framed as a state in which something automatically becomes, but a

temporary state which something can be bought out of.
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simplest way of understanding this is by the natural cycles, the example used in the text is a
cherry blossom tree, the proces$the tree growing a cherry creates blossom, which is not part

of the cherry itself. In one way, the blossom is a waste product, however, once it has served its
purpose, it will fall to the ground, decompose and then become fertiliser for new plagten

the cherry tree itself. As a part of the natural world, humans came from this biological cycle,

with early huntergatherer era humans producing things which could be directly discarded in

the environment and break down as nutrients for that environmétawever, as human society

developed into an agricultural one and through many various stages into an industrial one, the

level of anthropogenic manipulation of the environment increased. It is now largely accepted

that we live in what would be described ti® Anthropocene era, marked by large scale human
manipulation of the natural environment. This is seen to largely have started at the advent of

the industrial revolution139], however, there is debate on when this definition would have

started, with some sources claiming it could be defined eaflieis was to account for a larger

number of people living closer together in one permanent settlement. In the current agricultural

sector, most of the nutrients in the soil come from artificial fertilisers which have many adverse
environmental effects, inading: increase in soil erosion and draining of the natural nutrients

from the soil over time. Some of this is due to a divergence from the natural cycle of crop
rotation which used to be common in piedustrial agriculture, a process which naturally
replenishes soil nutrients. This is an example of humans diverging from reaping what can be
FOOSaa5R 08 dza FNRY (GKS daybddiNIté $2NIRS Ayd:
world so that it provides for us. But the morphing requires the use of cdrated chemicals

which otherwise would not occur in natur&his outlines the idea of biological and technical
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nutrient cycles. Biological nutrient cycles are those which occur in natuneithout
anthropogenic influence as outlined by the cherry blossom example. Technical nutrients are
those which are anthropogenic and used to make technical commodities. Theseaxample

of a technical commodity is metal, which does not naturally decompose and has to be created

viaan arduous processnot just shapedasin the case of stone.

When separatd, it is easy to dispose of biological and technical nutrients. Biological nutrients
naturally decompose back into biological cycles. Technical nutrients are more complex to bring
back into a cyclicarocesshut it is possible recyclingof plastics or papeis an example of this.

In cradleto-cradle, it is exemplified how many processes which are currently viewed as
LINERAZOAY 3 aoladaSés FINB 2yteé &adzOK 0SOlFdasS 27
Human excrement (a biologigadoduct which can be used as fertiliser) becomes waste because
it is treated with chemicals which sanitise mosittdiut mix biological and technical nutrients.
This is further exemplified by the mixture of technical nutrients, when a car or television comes
to the end of its lifeandthey are scrapped, all of the materials are separated by typemetal,
plastic, etc). However, this greatly reduces the ability to create high quality material from these
G y dzii NBe&aysé af ¢he difficulty in separating the different materidlis chapter of the

book suggests a design side solution to this problem, whereby technical items can be more easily

aSLI NI GSR Ayil2 aGeLSés AdSed aisSSt yR O2LILISNI

This shows that waste is currently a categorisation of fuesic commodities are thrown away
when the use that they are framed for is finished. This is different for various commodities but
generally plastic is expected to have a finitedif®e wherebyafter, it can be discarded. This is
AYO2NLIR NI GAY3a GKS ARSFa 27 (MG wutlikim yhe iled of K A &
value as a mutable social relation which is not inherent to the object itself. Further incorporating
the notion that the greatetabour,which is exacted on a commodity, the greater its value will
be. To extend this ideaplastics go into the liminal state of waste because theirusae has

been fully extracted. However, when viewing waste as a period of unuse, where given the
correct tools and facilities, the material categorised as waste, can be bought back intd use a
various levels. These two different ways of viewing plastics at the end of their life, are analogous
to death and rebirth, categorising a linear and circular economy respectiMaiy links back to

the ideas outlined in cradio-cradle, as this is bringing material back out of a transient state of
waste, and into one of use. This is one of the fundamental principles of all circular economic

theories.
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5.3.3.1Deathc¢ linear economy

The linear economy is definition of a type of economy in which commodities are produced, used

and then put into permanent wase, this can be through various mechanisms, but the material

does not reenter the economy in a way in which it could have a pesiimpact. As mentioned

previously, over time, plastics break down becoming smaller polymer chains and eventually
microplastics. Microplastics have been found all over the environment, from oceans to the tops

of mountains, and most recently, in the humbady[141]. This is not surprising as up to 3% of

plastics produced every year end up in the ocgtb] where when they break down, it is easy

for the biproducts to be spread worldwide. Moreover, those which are disposed of by official
meansc i.e. waste collection servicesend up in landfill or being incinerated, commonly known

as a takemakewaste econmic model[142]® ¢ KA a O2YSa FTNRY G(KS ARS
resources, producing commodities from theh ®S® a Yl { Ay 3¢ | yR GKSYy agl
are discarded, not to be used again. It is called linear as the life of plastic in this sense can be
plotted linearlyon a timeline, this can be seenkigure5.3, whereby each stage proceeds the

other with a clear start and finish point.

Production

Figure5.3: flow chart showing how the linear economy works. Showing the different stages of production,

and unuse going linearly from one to another.

The final section in the flowchart iRigure5.3, un-use can encompass a variety of different

fates. For example, the majority of plastics are sent to larjdfl, this is certainly classed as-un

use as the material is still there, it is just not being used by anyone. Incineration would also be
classified as thjsalthough this is usually used as energy recovery, i.e. using the plastic as fuel for

a power stationlt still ends up with the material being used onoere andis then unable to be
usedagaigl & Ad KIFIa 0SSy AYyOAYySNIGSR® ¢KAa 3IABSa
by creating the plastic in the first place, which is then either not used siralged. Therefore,

the linear economy is one which requires constant production from virgin mateciaide oil in

this casec if it wants to continue creating new commodities. Although certain open loop
processes occur, i.e. the current form of recyglia linear economy does not rely on this for its

general productionThe open loop process of recycling is one whereby some materials are put
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back into theeconomy butthen follow the same linear use pattern and are often discarded at
the end of this reentering.From when plastics were first industrially created, until around the
1980s, they were disposed of in a completely linear manner with commodities going tfilland
sites after their use, in 2019 around 57% of plastics went to landfill [dit3]. Aside from the
environmental problem of burning or discarding plastics in landfill, crude oil is a finite resource
which takes millions of years to form from organic matter. Because of this, using it at such a rate
puts serious strain on the quantity ofude-oil supply that there is in the natural world. As more

is used, supply has to be taken from more ecologically sensitive areas through more geologically

harmful methods.
5.3.3.2Rebirth ¢ circular economy

The circular economy is defined in opposition to the linear economy, so whereas the linear
economy has a clear start and end point; in a circular economy after the start point, materials

are kept in the economy via a plethora of different procesgdthough there is always loss in

any system, in a circular economy one principle is that this should be minifiiseddefinition

of the circular economy¥ a! aéadsSvya azfdzZiazy FNIYSg2N] (K
climate change, biodiversity loss, waste and pollution. It is based on three principles, driven by
design: eliminate waste and pollution, circulate products and materials (at their highbst)

YR NBISYSHMMiIS yI (dNBSodé

Although other schools of thought do exist which critique this exact definition and use their own.

Ly 20KSNJ f AGSNY GdzZNB>X Ad A& RSFAYSR la a!'y Ay
design which utilises ecosystem cycles in economic cycles by respecting their natural

NB LINE R dzO (i[#43].yIn oNikr GoSaghéeve the goals of a circular economy, there are a
multitude of material cascading mechanisms which take materials after they have been used or
bi-products of certain industrial processes andpurposes them so that they can be put back

into the supply chain, this is outlined ffigure5.4.

86



RENEWABLES é FINITE MATERIALS
RENEWABLES FLOW MANAGEMENT STOCK MANAGEMENT

o

PARTS MANUFACTURER

Voo

PRODUCT MANUFACTURER
REGENERATION BIOSPHERE $ &

MING/COLLECTION'

BIOCHEMICAL
FEEDSTOCK

RECYCLE

SERVICE PROVIDER

AL g

COLLECTION

ISH/
UFACTURE

CASCADES MAINTAIN/PROLGNG

ANAEROBIC
DIGESTION
COLLECTION

EXTRACTION OF
BIOCHEMICAL
FEEDSTOCK?

1 Hunting and fishing
2 Can take both post-harvest and post-consumer waste as an input

SOURCE

Ellen lMacArlhur Foundation - 010 - .

ircular economy systems diagram (February 2019) ;

wwwellenmacarthurfoundation.org / LEANAGE AND NEGATIVE . ELLEN MACARTHUR
Drawing based on Braungart & McDonough, / EXTERNALITIES i

Cradle to Cradle (C2C)

Figureb.4: the sacalled "butterfly diagram” showing the mechanisms by which materials can be cascaded
consumer or user back up the supply as to be used again. The leakage mechanisms are alsfilddilined

This is particularly important for plastics from petroledrased sources, as the replenishment
rate of petroleum is millions of years, so any resource which are extracted should be used as
much as possible, a practically infinite number of times. Thisetause it maximises the
embodied energy in the system as well as minimising the virgin material used. It is clear that the
circular economy is an inversion of the linear economy, this is because the linear economy has
a clear¢ and permanent state of unuse. Whereas in the circular economy, as much of the
material produced as possible, once in a state ocliga, will be put back into the production

chain.

¢KS G4SN GaNBRdAzZOS>Z NBdzaSz NBOeOf S¢ KIFLa 2FaGSy

we ought to have with plastiq446]. This continues to define our attitude in how the problem
should be tackled. Although individuals can only do so much to help with the economy as a
whole, the good attitude of individuals within a larger system which itself works towards the
goals of circdr economy is vital in its creatioifhe first term, reduce, is a critical one for
individual habits; however, as a systematic approach, it is less so. In general, plastics should be
eliminated where possible, this is because even with a reduction in the amount of plastic which
goes into a dsign, there will always be some leakage into the environment and their creation is

a carbon positive process. The use of plastics in industries suédrmig, construction and

medicineg as discussed earlier in this chaptgrely greatly on plastics he removal of plastics
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from such industries would haveme predictablecatastrophiceffects and many unforeseen
consequences, society as it currentists would have to be completely redesigned to
accommodate this. Therefore, as a systematic approach, reducing cannot be applied to fix the
problems caused by plastics currently, despite it being able to alleviate some of the worse
effects. The idea of reusingtrivial, rather than discarding objects after their useful or intended
lifetime has come to an end, they should beused to do the sam&ask orrepurposed to do a
different one.This can be seen from the UK government putting a tax on the sale of-asgle
plastic bagg, whereas before they could be given out for free. From when the tax came in, the
use of singlause plastic bags dropped by a factor of 6, with the highest reduoaif the bags
annually being 59%147]. This shows the efficacy of-tsing on reducing the amount of
problematic plastics which caused a large amount of pollufi@¥8]. Despite these reductions

in single use plastic bags, the UK ban as well as various countries around the world who have
implemented similar bans have found that there are several unexpected and unintended
consequences. These include: companies usingptestic, single use bags which are more
energy demanding to produce; the prevalence of thicker reusable bags being used in the same

manner as single use plastic bags; black markets appearing in several countries, afith®jore

The third, and final term of the phrase, recycle, is one which is much more complex compared
to the others, and has an abundance of technical, political and social issues surrounding it. The
specific of recycling as a mechanism for reusing polymer materials will be discussed in section
5.3.5 Recycling is defined as a process of recovery and reprocessing of materials for the creation
of new material/ commoditie$150]. Although recycling is not a solution which will itself bring
about a circular economy, it is an important component in a larger system which would
constitute a circular economy. This can be sedfiguire5.4, with recycling being the mechanism

by which material that has been collected can be placed back into the production piess

the initial manufacturing stage.
5.3.4.Comparison of linear vs. circular economic methods

In the case of plastic, after @@m has been used and the user has no need for it anymore, once

it has been discarded, it is generally referred;tand shall be here as waste. There are three

broad categories of how plastic waste can be dealt with, these are: discarding, recyaling a
incineration. Discarding is defined as when plastic is sent gwayally to landfil where there

are noreclamationefforts, recycling is defined as when plastic waste iprozessed so that it
canbeusedagain.lhey SN} GA2Yy Aada gKSy LI FaGuAO A& o0dz2NYySR:X
NEO2OSNEE yR OFy 0S dzaSR (G2 ONBFGS St SOUGNROA
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heavy metal§151]. Because the toxic fumes which are produced in this process are let out into
the environment, this can have serious negative effects, such as acid rain and an increase in
heavymetals in the ground. Before the 1980s, plastic waste was generally justdfiggcdout

since then, there has been a great effort to increase the amount of material recycled, along with
incineration[16]. In 2017, recycling rates in different countries varied from 3@%0% to as low

as 9% in the United States of America (USA), overall recycling rates worldwide were 18%, it has

been projected that by 2050, the global recycling rate will be P8}

Primary production
8300

Recycled
600

-

\
Figure5.5: a flow diagram showing what currently happens to plastic at the end of theimjifeeyer et. a[16].
This also shows that although a loop can be created via recycling, the material does eventually leave th¢
and get discarded or incinerated

2

Because of this, if a diagram were made of the current mode of production, recycling and
discarding, a great proportion of the input would end up in the systematic leakage section due
to the discarding and incinerating of plastic materiasjoncircular solution to the waste. A
visual representation of this can be seerkigureb.5, where most the primary production ends

up discarded or incinerateaind an open loop is visible

The noncircular nature of the treatment of the majority of plastic waste, as well as the open
loop recycling modekhich largely exists, shows that the current economy of plastics worldwide
is one of linearity. Polymers and plastics always leave the economy at some point, and are not

bought back in, with new material having to be produced from virgin sources constantly

FromFigureb.5, it is also clear that although recycling helps in keeping material in use for longer,
eventually, it does get discarded or incineratethus exiting use, entering a permanent state

of waste. This is generally due to a process knowatoascycling downcycling is a term which
describes a recycling process, generally of plastic, whereby the product made of the recycled
material is of lower quality than the original produdi2]. A widely used example of this, is
recovered plastic being turned into fleece to create jackets, which are then recycled to make

short term building materialsi.e. ones which are not used in permanent structures. This is an
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example of downcycling because each subsequent item is expected to last longer, and serves a
less valuable role than what it was created frft82]. Although this is useful in some respects,

in the longrun, it does not help reducing waste, only prolongs the inevitability of plastics going

to waste. Downcycling could also be described as an-tp@mrecycling process, this is because
although it crates a circular mechanism, the material does eventually break out and become

waste.

Thereason downcycling has become a prevalent way of repurposing a lot of material is because
the quality of recycled plastic is less than that of virgin plastics. This is due to the purity of
feedstock which is used to create recycled plastic. When plemticsorted in plastic recovery
facilities (PRFs), as the process is not 100% accurate, the feedstock (pellets/nurdles) created is
not purec it can contain plastics of other polymer types than the one intended. In general, PRFs
create materialwith lessthan 5% impuritie$153], however, some specific high quality sorting
facilities can create recycled material with impurities as low as (1B%]. Although this is a
relatively low percentage of the plastic being an impuiitgloes affect the performance of the
plastic. Recycled plastic is generally less clear, less malleable and is lesg stsongll as a
plethora of other negative characteristics compared with plastics made from virgin material
[152]. These can be contaminants from other plastics, for jathylene based plastics
(HDPE/LDPE), the inclusion of PVC, PET or PP can create inhomogeneities which significantly
decreases the quality of the final recycled prodii&5]. Being able to more effectively identify,

and sort plastics is one way in which the quality of material can be improved, as well as create
pure streams of plastics for materials which currently are not sorted due to the cost of stwing

but end up as contaminants in other plastic streamn.example of this is curb side recycling,
whereby all different types of plastics are gathered together to be eventually put in the same
material stream to be sorted, rather than being sorted by specific type initidiyher purity
recycling material streams leath more recycled material being used for higher economic
purposes, generally referred to by the terms recycling or upcycling. This creates a closed loop
system where material stays inside the production and use processes rather than being

discarded due t@ decrease in quality.

Not only is the current treatment of plastic waste such that it could not be defined as circular;
but the current treatment leads to widespread pollution. Even if the plastics are placed in a
seemingly controlled environment at the end of their lives, there many mechanisms by
which they can leak into the surrounding area. Plastics of various shapes and sizes, from macro
to micro and seemingly nano have been observed in: remote ocean surfaces; water columns,

deep sea environments; soils, the bodies oihaals of all shapes and sizes and in various other
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locations[156]. The full extent of the effects of plastics in the environmens hat been fully
realised, however, some have been noted as: toxicological risks to environments; changes to the
carbon cycle and physical damage to megafauna due to entanglement or ingestion of

macroplastic$156].

When comparing the linear and circular economies, it is useful to look at the materials and
energy at each point in the production process. Work is constantly being done on the material
system, increasing its embodied energy, as it is originally prodgeddch requires energy to

get the raw materials otop of the manufacturing process, then transported to the destination

in which it will spend its useful life. At the end of its life, if the material is discarded, all of the
energy is wasted, i.e. bothéhenergy stored in the material (chemically), and also the embodied
energy. If the material is incinerated, the chemical energy is gsgden that it is in an energy
recovery facilityg however, the embodied energy still goes to waste, all of the trartsgion

and manufacturing has to be done agéin new material However, if the material is recycled,
almost all of the energy is saved. Although energy is required to convert it into a form by which
it can be reprocessed into new material; creating @oene of plastic from recycled material
saves 5774 kwh (20.79 billion Joules) of enetbis is a saving of 34 %; 3 114L of oil, 25 cubic
metres of landfill space and 3 000L of waltes7]. Ontop of this, the use of recycled material
negates the need to obtain new crude oil. This has also been confirmed in a case for the specific
case of polypropylene, with recycled material saving 37.4 % of the energy required to make the
equivalent amouh of virgin material [158]. These cases have taken into account the
International Organization for Standardization (ISO) Environmental manageqkfecycle
assessmeng, principles and frameworkl59], where the process begins with the extraction of
raw material. This is the most beneficial way to analyseclifdes and the associated embodied
energy of the material from an economic and environmental point of view, as extraction of raw
resources for plymer production is where the cycle starts. Calculating the energy that it takes
to create crude oil would not be necessary in this analysis. This shows that not only does
recycling keep material in the production cycle, but it also saves other resowtgel would

otherwise have had to be used.
5.3.5.The role of recycling in a circular economy

Recycling can take many forms due to its vague definition. However, when it comes to recycling
on an industrial scale, there are generally two different types: mechanical and chemical.
Mechanical recycling is a process which takes plasticdsedted inb polymer typeg and then

performs a process known as extrusion, by which the feedstock is heated up and passed through
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a screwing system. This is then used to create plastic nurdles, which are used as a feedstock for
creating new plastic items. The process is outlindeigure5.6 (a) from initial insertion of plastic

pellets in the feed section, through the screw and to the final metering section, where the final
product is produced. Mechanical recycling is highly compatible with: polyethylene
terephthalate; highdensity polyethyéne; lowdensity polyethylene and polypropylerig60],

but with repeated recycling, the quality of the polymer chains does degrade due to many
chemical mechanisms leading to decreased quality of the plastitough it can be used on

these polymer types, it is less effective when applied to polydhidride and polystyrene.
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Figure5.6: (a) a diagram showing the extrusion process used in mechanical red€djgnd (b) a diagram

showing the process of pyrolysis for chemical recyflidgj].
Chemical recycling is a method which depolymerises plastics rather than converting them
straight into a new feedstock material. This is usually deiné LJ@ NP f @ aA 4d€é > (GKS TFA
this are monomers which can then bepelymerised. The process of chemical recycling is much
more complex than that of mechanical recycling, the diagraRidnre5.6 (b) shows the process
of pyrolysis. This creates a superior end product than that of mechanical recycling, closer to the
quality of virgin plastidBut it is a much more intensive procedure, with many more complicated
steps to reach a final recycled produft62]. Furthermore, current chemical recycling
technologies produce less greenhouse gasses than incineration, but still more than mechanical
recycling. Moreover, compared to incineration, neither process produces as many ozone
depleting biproduct, or ones whie result in acidification of the environmeifit63]. Although
technologies are continually being improved, and new methods being created, mechanical
recycling is currently the only recycling method which is economically viaBlE. When
considering the role of recycling, the efficiency of the process should be considered. Here, there
should be two factors which are considered. One, is how much of the plastic feedstock is
converted into useable nurdles; the second, is the energgieffcy, i.e. does making a unit
weight of recycled material use less energy than a unit weight of virgin plastic? Using this

framework, it is clear that mechanical recycling is slightly lacking in material efficiency, but very
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good in terms of energy efficiency. As it is a relatively low energy consumptive process, however
the material it produces is not excellent. Whereas chemical recycling is very good in material
efficiency, but poor in energy efficiency. As it produces higdlity plastics buis highly energy

and time intensive.

For each of the recycling types, the required feedstock is sorted plastics, i.e. plastics of only one
polymer type. Plastics which are collected by local councils, equivalent government bodies or
any other plastic collection schemes are sent to plasticériat recovery facilities (PRF/MRFS),
here, a plethora of sorting techniques are applied. Some of these sorting techniques include:
density separation (sinfloat); manual sorting; visible spectroscopy; n@#rared (NIR)
spectroscopy; hyperspectral imagi xray fluorescence laser induced breakdown spectroscopy
and many morg164]. Although a multitude of techniques exist for the sorting of plastics, the

main one which is used is NIR spectrosdapp).

FEED
CONVEYOR SPECTROMETER

SAMPLES

Figure5.7: a diagram showing how plastics are sorted at PRFs, from the scanning via a spectrometer to |
blast sorting into different strean{466).
At PRFs, the initial feedstock is a mixed plastic bail, this is a lemged amalgamatioof mixed
waste, mostly made up of plastic; there are also many contaminants initially, including: metals
(such as aluminium foil), fats from food products, paper, and many ofthéig. At the start of
the process, a basic cleaning process is applied to the waste; then the bails will be optically
sorted into constituent plastic types on the large scale, these different flows of plastic are then

sorted based on colourthis is generallynto clear and coloured plastic. After this, plastic labels
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are removed from the products and the remaining plastic is shredded into small fragments
Other sorting processes such as density sorting can be applied at thisggbiatis generally to

sort PE/PP from PET, another optical sorting process widppéied, and then mechanical
recycling techniques are used to create the nurdles. The optical selection processes are based
on positive selection, meaning that if an item is identified as a certain type of plastic, it is
removed from the general flow, into a garate flow, at the end of the selection process,
anything that is left in the general flow is viewed as waste and goes to landfill or is incinerated
[125]. The process of optical sorting and then segregation into different material streams is

outlined inFigureb.7.

Plastic incineration and landfill usage has been shown to be detrimental in manywayse

of which are outlined in this chapter. Because of this, the reduction in the quantity of this general
waste flow at the end of the selection processuld be realisedby improving the efficiency of
recycling facilitiesas well as limiting the amount of material being incineratBuis can be linked

to the idea of waste being a liminal state, the stream of plastic that is discarded/incinerated can
be reduced, it jusdepends on the technical ability of the sorting facility. One mechanism by
which the amount of waste can be reduced, is by having a sorting system which can identify the
polymer type of plastics containing the carbblack pigment; this is a pigment comonly used

to colour plastics black. The neafrared detection systems commonly used for optical
detection cannot identify these plastics, this is due to the pigment absorbing the wavelength of
light used for this type of detectiof, 8], this is still effective on other colours of plastic, as long

as they do not contain this pigment.
5.4. Black plastics

As mentioned in the previous section, black plastics are a cause of inefficiency in plastic sorting
facilities, taking material out of an economic loop which could otherwise contribute to a circular
economy. It has been noted in several publications tHatlk plastics cannot be recycled due to
them not being able to be optically sorted by current NIR techno]d§$-171]. The reason for

this, is that the pigment used to dye the plagtiknown as carbon blagkabsorbs almost all NIR
radiation[172], and example of this can be seerFigure5.8 showing a comparison of white

PVC and PVC which contains carbtatk pigment. This shows that there are discernible
spectral characteristics in tHeIR reflectance spectrum, however in the same spectrum for the
carbonblack pigmented plastics there are mbscernible characteristicdn order to make
recycling more material efficienthere are different approachesvhen considering this

limitation. One, would be to eliminate black plastics through reduced consumer/industrial use
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or by government policy. Another would be to find a way to make black plastic that is able to be
optically sorted using existing industrial sorting technologies. Finally, a technological solution

through an optical sorting system which could identify catrelack plastics would resolve the

issue.
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Figure5.8: A comparison of the NIR spectra of a white sample of PVC and one containing the carbon black pigment

from research conducted by Masoumi et. al [165].

Because black plastics are not current detectaldiang existing technologiethey go into the
waste steam in PRFs; it has been outlined earlier in this chapter why this is an environmentally
damaging and fundamentally opposed to the circular economy. Both of these factors have been
shown to have a plethora of negative consequeddowever, black plastics pose a particular
problem if they go to landfill or are incinerated; this is because they contain betweeh %

toxic materialssuch as antimony, which is to make them flame and heat retardant. When these
are incinerated or left in landfill, the toxic heavy metals will be carried away through exhaust
fumes or leak into the ground respective]§73]. This shows that black plastic poses a
particularly large problemvhen they enter the waste streanand it is vitally important to be

able to have black plastics as part of a circular economy.

Although there are several ways in which black plastics are being phased out, they have
continued to be used because they give polymers specific properties which are highly beneficial
to becoming plastics. These include: colour stability, solvent resistance;vidtea light
resistance and many mof&73]. Black plastics span a wide range of polymer types and are used
to create goods for: foo@dontact, storage/construction, clothing, electronics and many more
[173]. As well as black plastics being useful as a virgin plastic, plastic which has been made from
recycled feeestock can have its material properties improved by the addition of catidack
pigment[125]. This means that carbeolack pigment can be used to increase the durability of

recycled plastics, which could in turn lead to a reduction of dayeling due to deteriorating
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material quality. Although most plastic®ontainingcarbon black are currently not recycled,
there has been great success in recycliekicle tiresvithout reduction in material qualitj174].

This is done through chemical recycling, tires have been an effective commodity to recycle
because waste is not put into a mixed system, therefore sorting is not reqirél Companies

such as Lawrence industries and others are hoping to capitalise on this and offer services in
recovering carbon black from other commoditigs6]. This further shows that it is only the
sorting of commaodities which prevents them from being recycled, once the sorting process has

taken place, they can be recycled mechanically or chemically, the same as any other plastic.
5.4.1. Government policy

The government of the United Kingdom does acknowledge theraoyclability of black plastics

due to optical absorption as well as why they are currently used for food packaging, as stated in
PostNote number 60B8L77]. According to the Twentfive Year Environment Plan, published by

the United Kingdom Government in 201878], the government plan to have eliminated
avoidable plastic waste by 2042 and eliminate all waste by 2050. They outline that to do this,
the pace at which the proportion of plastics which areusable and recyclable is increased as
well as working with NG©to reduce the amount of plastic used. However, the idea of dealing
with waste using energy recovery is also present in this document, as virellhes2020 waste
management plan for Englajd79]. Thus, this remains another reason that the efficiency of
recycling facilities should be increased. In the governments net zero plan, as well as their delivery
plan 2022¢ 2025[180, 181] black plastics are not mentioned, most of the discussion is around
plastic packaging and how this should be cut back. Despite this, boths#pibicy documents
discuss the requirement for plastics to become reusable and recyclable. However, this is severely
lacking many aspects of the plastic economy which currently make it so linear. The only
document stating black plastics and their problerthi@ broader scope of waste is the Resources
and Waste Strategy for England, published in ZQ88], this states the problem of black plastics

and their unrecyclability.

Currently, in the UK, government policy is largely concerned with eliminating-sisglplastics,
often citing the 5p plastic bag tax as an effective way of combattingThisis a worthy topic

for the government to focus their efforts on in terms of plastic pollution, but even in its success,
it will not provide a holistic solution for the problem of plastic pollution. Furthermore, much of
what the government is doing is pasgithe buck down the line to NGOs who are having
responsibility put on themd find solutions to problems, this was largely done with respect to

consumer black plastiddoreover, as previously discussed, the banning of plastic bags has had
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a plethora of unintended negative consequences which were largely unforeseen, this could be

seen as a cautionary tale in creating further legislation.
5.4.2.Nonrgovernmentorganisations

Analysis of black plastic usage, market trends, and possible solutions to the problems of black
plastics have been carried out by rgavernmental organisations (NGOs). Two NGOs who have
carried out a broad scope of research on different solutions asasellhat producers are doing

to stop this problem, are WRAP and RECREZOUP is a charity which aims at to achieve a
more sustainable use of plastics, increased recycling and change legislation so that plastic waste
has less of a negative impact. WRA&ni®rganisation fighting to alleviate climate change, one
way in which it does this is by looking at how plastics can be made more sustainable, from how
they are produced, consumed, and disposedTdfe action that these NGOs have taken can be
broken downinto two major parts, and one speculativehe two major areas of research and
application have been replacing black plastic packaging with clear or lighter coloured plastics
and using NIR detectable colourants. RECOUP briefly discusses theattffeciaf intelligence

(Al for non-NIR sorting machines in its 2020 repfi¥2], however, they do not go into how
widely this has been applied or its efficacy. As well as RECOUP doing work to get brands to move
away from black plastic packaging, Greenpegcan environmental justice action/pressure
group¢ have been largely creditedith major supermarkets banning black plastics in December
2019[183-185].

Another solution proposed is to use detectable black pigment. Detectable black pigment is a
different type of pigment to carbon black, but it still colours the plastic black. However, it comes
with the benefit of not absorbing NIR radiation, hence, beiaggdtable by current technologies.

There is academic research showing that Calcium Manganese Oxides can be utilised for this.
Research has shown that near infrared light can be reflected off plastics coloured with this
pigment in various different formfl86]. Several companies have implemented this in their
packaging, these are displayedTiable5.1, this has been done for common packaging material
such as PET and PP. A report by WRAP did show that there is no drop in the efficacy of recycling
when NIR detectable black plastics are mixed in with-cambon black pigmented plastic
packaging[187]. Thereis also a plethora of companies which now make {oanbon black
pigment for use in plastics, these include: Ampacet, COTREP and kpKapture, showing that this is

a solution which is preferable for manufacturers.
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Company Advocacy group

Replacing black T Quorn T Aldi 1 RECOUP
plastic 1 Cooperative 9§ Morrisons 1 Green peace
packaging | Spar  Tesco
Using 1 The Collective Dairy 1 RECOUP
detectable | 1 Unilever T WRAP

black pigment | § Berry M&H

Table5.1: Companies using the various solutions proposed by advocacy groups to reduce the amount of black plastic
in the economy.

Although detectable black pigment allows companies to pack their products in black packaging
again, this is a purely aesthetic solution. Strength testing of plastics which have been coloured
using nonrcarbon black pigment show that they are no strongemhagular coloured plastic,

so the material benefits of carbdplack are not held. This means that it cannot be used as a
replacement of carbon black pigment, as it has none of the same properties bar aetithetic

the carbon black pigment ad{i$88]. Moreover, this solution only applies to new black plastics,
there is plenty of legacy black plastic in the econanigr example DVD/VHS cases which can

still not be sorted.
5.4.3.Optical solutions for carbon black pigment

Whereaggovernment policy is largely trying to legislate away black plastics, so that no new black
plastic is created, as well as passing the buck to NGOs to do the research, there are several points
which are missed in their analysis. First, there is alreadyd lwack plastic currently circulating

in the supply chain, which at some point, will need to be sorted to be recycled or incinerated.
Second, there are a plethora of reasons why carbon black pigment should remain in use in
plastics for practicapurposes. If it were completely banned this could have many negative
consequences due to many materials not having the properties which they previously had
because of the carbon black pigment, as will be discussed in séctidfinally, even if there is

a UK ban on black plastics via government policy, this doesamsiderthe fact that this ban

will not take affect everywhere, other places will still produce black plaskies.world is so
interconnected, as previously mentioned, plastic pollutmniginating in one placean have
effects onfarawayplaces around the globe. Moreover, although NIR detectable black pigment

allows plastics to be coloured black, and detected by NIR systems, it is not a replacement for
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carbon black. This is because carbon black provides a plethora of uses other than just as a

colourant, which are not replicated by NIR detectable pigment.

When considering plastics containing carbon bjaigknent, although this is not detectable using
nearinfrared detection technology, there have been several ways in which it has been possible

to detect plastics coloured with carbdslack pigment using optical technologi€khere are

multiple companies who have made industrial scale plastic sorting machines which use various
tSOKy2f23AS8a (2 &a2NIl o6fl O1 LXIFIadAaAda 6KAOK I NB
Black[189], which uses hyperspectral imaging (HSI) technology in addition to standard NIR
spectroscopy technology to create an additional black plastic waste stream. PF@i#jcises

a mixture of NIR and visible spectroscopy, which is supported with convolutional neural
networks (CNNSs) to sort the different types of plastics. Tdi®a]use LAISER technology along

with Al assisted analysis of NIR spectra to detect black plastics in their systems.

There are several methods of detecting black plastics which have been mentioned in literature,
one is using Laser Induced Breakdown Spectroscopy (LIBS). A spectroscopic method for solid
materials, in which a highower laser is focused onto a target sugacausing ablation. The
fluorescence caused by this is then analysed by a spectrometer around the visible spectrum (200
¢ 900 nm)[192]. It has been shown that this spectroscopic method can be used to detect black
plastics by polymer typEL93, 194] This works for black plastics because it can tell the fraction

of carbon and hydrogen in a sample by molecular weight, which is then used to determine the
polymer type. Because of the high energy of the laser light, ablation occurs rather than just
absoiption, which is why the carbehlack pigment is not a problem, unlike in NIR spectroscopy.
Another method used to identify black plastics has been-imiichred spectroscopy, it was
shown by Signoret et al. that it was possible to obtain clear spectraeimiid-infrared range
(4000¢ 400 cm?) [195]. This methodology worklsy comparing the spectra to the expected
absorption lines, based on the energy transitions of bonds in the material. These bonds change
based on the molecular structure, which is why it is possible to discriminate between various
different types of plasticpolymers. Other groups have shown that using 4nitdared
spectroscopy and a mixture of artificial intelligence methods, plastics containing carbon black
pigment can be identified based on the midrared spectruni6, 170, 196] This uses the same
methodology, but the Al powered identification allows for quicker and more accurate analysis

on the system. This is particularly useful when considering commercialising the technology.
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5.4.3.10ptical solution in the midinfrared (2¢ 5>m) region

As discussed, various research groups have shown that black plastics can be identified using
various methods of analysis on their midrared spectrum. However, this is a process which
requires a laser with frequencies spanning the 4inilared range as @l as analysis software
which can complete a Fourier transform. All of this results in this method being energy and time
intensive.If there is sufficient spectral information in thegs >m range however, it is possible
that this process could be simipdid. Reflection minima/maxima can be detected using LEDs
with specific output frequencies, coupled with detectors which are also specifically tuned for
operation in the region of interest. FTIR scan in this range43m) have been conducted on
black and norblack plastics of polymer type: polyethylene, polypropylene and polyvinyl
chloride, these scans can be seelfrigure5.9 (a) ¢ (c). From thisit is clear that both black and
non-black plastics have discernible spectral fingerprints in this region, with the only difference

being that black plastics have a lower reflectpapart from PVC.
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Figure5.9: FTIR spectra comparison of black and-biack plastics between@4 >m for (a) polyethylene, (b)
poly propylene and (c) polyvirgtloride.
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The reflection minima of the spectrum are due to the absorption in the plastic, this is caused by
the stretching of bondg; as discussed in sectidh4. These reflection minima (absorption
maxima) are displayed with their corresponding wavelengtiTatle 5.2, where the bond
causing the absorption is also shown. It can be seen that for the same bonds certain plastics
have different absorption minima, this is due to the different molecular weights of the molecules

causing different energies of stretching.

Plastic Absorption /> Y
PE - 3.407 - 3.499
PP 3.365 3.411 3.470 3.515
PVC - 3.402 - 3.496
Causal bond| CH asymmetric ChH CH CH
stretch asymmetric | symmetric| symmetric
stretch stretch stretch

Table5.2: the absorption inX¥m) of the three different polymers shownRigure5.9. The bonds which cause the
reflection minima/absorption peak are also shojg87-199].

From this, it isshownthat there are spectral characteristics in this range. Because of this, it
should be possible to discern these using LEDs with corresponding detectors, this has been

shown practically in the detection of gasses and other compounds, as discussed in 4gction
5.5. The future of black plastics as part of a circular economy

As stated in this chapter, carbditack pigment isurrentlya nonreplaceable component in the
manufacturing process of many plastics, giving them functionality such as: added strength, flame
retardance conductivity, UV protection and many more. However, they pose a unique problem
as part of a circular economyue to themnot being currently recyclablebecause ottheir
inability to be sorted by current NIR spectroscopic technologies. Once sorted by polymer type,
there is no reason that black plasticsyabgh the means of chemical or mechanical recycling,
cannot be turned into recycled feedstock for the creation of new commodities. This is important
Ay GF1Ay3 6KIG Aa OdNNBydate OFGS3I2NRAaSR | a
discussed isection5.3.3.2 which can be remade into new, useful commodities. This has wide
ranging positive effects from being able to create plastic feedstock in a more energy effective
manner; reducing the amount of raw materials which have to be extracted and stopping

technical mtrients from entering biological cycleswvhich can have acute ramifications.
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Several companies have created technologies which can sort black plastics by polymer type via
a plethora of different methods. However, these are all industrial level sorters, some of which
incorporate lasers, making them highly energy intensive. It has Isdown in literature that it

is possible to obtain the MIR spectra via infrared spectroscopy for polymers and commercial
plastics containing carbon black pigment. Hence, technologies using MIR spectroscopy are a
novel and largely untested method of créal sensors for black plastics. As these speatea

easier to obtain than NIR osgt may be possible to use less energy intensive methods, such as
light emitting diodes (LEDs) to identify these plastics using selected absorption peaks in the
wavelength rangelt was shown that there is a strong spectral fingerprint for: polypropylene,
polyethylene and polyvinylchloride in the 34 >m wavelength range. The development of
emitters (LEDs) and detectors in this wavelength range, specifically around #atiosfiminima

and maxima is vital in being able to create the technology which could detect these materials.
The development of LEDs in the discussed wavelength range will be a vital starting point in

seeing if this is Hiact a possible solution, this is one of the aims of this thesis.

The work of the UK government regarding black plastics has been discussed, showing that their
longterm goal is to stand for their removal. They seem to use NGOs to implement this, with
their work mainly being focused on plastic packaging and the geredakttion of the use of
non-recyclable plastics. This work discussed the shigiitedness of this strategy, due to it
overlooking the benefits of carbablack pigment not only during the lifetime of plastics, but as

a means of more effectively recyclingeth.

Detection of these black plastics does not only mean that they can be used to create black plastic
feedstock from recycled material, which is a more energy and material efficient way of creating
plastic.It will also mean that black plastics of various types will be able to be extracted from
other plastic streams in PRFs more easily, this will lead to less contaminants in the recycling
process, creating better quality recycled plastic feedstock which @aruded to create
commodities of higher use value. Creating commodities from recycled material of high use value
is extremely important in a circular economy as it puts material back into the economy via
corresponding cascading mechanisms. Furthermorehef technology used to detect black
plastics uses less energy, then the energy efficiency of the plastic creation process is increased

as the embodied energy of the feedstock is lower.

In summary, it is not currently possible for black plastics to be part of a circular economy due to
the inability of existing technologies to sort them, hence, not they cannot be recyétedever,
via the creation of various technologies, it may be possible to include this plastic with important

properties into the economy at large whilst still maintaining a sustainable, circular mode of
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production. This would allow for the closing of a material loop in the circular economy. Although
by itselfthis is not a holistic solution to the linear economy, it is an important part of several
material cascading mechanisms which could contribute to a reduction in the amount of material

which is permanently taken out of the economy.
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6. Developing typel InGaAsSb based active regions for room temperature
emission around 3.3m

Typel strained IRGa.xAs.,Sh quantum well basedctive regions have been shown to have
strong emission from 1.86m up to around 3>m, as discussed in sectidrR.2in both LEDs and
lasers. For the purpose of sensing black plastics in thenfrared range, the results in section
5.4.3.1show that there is a strong spectral fingerprint for commonly recycled plastics at
3.3¢ 3.6>m. Because of the wavelengthngeof this spectral fingerprint, in order to create a
sensing device for different polymer types, LEDs emitting in this range have to be developed.
Around 3>m is the upper limit of where typédevices have been shown to operate and is the
lower limit of where typell devices have been shown to operate at room temperature. Both
bandgap types are highly tailorable in this region so each could be used in tit®orref a
device. However, the use of the InGaAsSb amal systempreviously to create highly
luminescent LEDs and lasemitting < 3>m can be built upon. Moreover, the extra degree of
freedomin the quaternary alloy rather than ternary allows for a wider range of alloy contents
with engineered bandgaps and strain characteristics. Being able to control the strain and
bandgap with an extra degree of freedom allows for higher strain at all wavelerngtiecome
available in comparison to ternaryd®a.«Sbsystem This strain tailoring is beneficial due t@th
reduction in nonradiative Auger recombinationsaused bybandsplitting of hole states it
causes. Furthermore, twdimensional quantum confinement as discusse@.ih4, allows for
additional tunability of the output wavelength and an increase in spectral pdugyto quantum
confinement effects Moreover, by placing th®Ws in resonant cavity it is possible to further
engineer the spectral characteristics of the output which is vital for sensing applications. This
device is referred to as a resonant cavity LED or RCLED and is discussed id.8edtiese
devices have been successful in creating LEDs which have their emission tailored to coincide
with that of the absorption spectra of gasses such as @ NO. State of the art research was
conducted by ABaymari et al at Lancaster University in the creation of spectrally pure RCLEDs
based on INAsSBW active regions and epitaxially grown DBRs emitting=m4200]. Typel
InGaAsSb based active regions grown on GaSb substrates have also been grown epitaxially for
resonant cavity enhanced emission at ~ 2rd. However, the use of typé InGaAsSb QWs
requires the growth of lattice match AlGaAsSb barriers which are integrated into the cavity. This
provides additional challenges in tuning the resonant frequency of the structure due to the
addition of a material wh different refractive index to the rest of the cavity. Moreover, to

achieve lattice matched AlGaAsSh, galilon growths are required to obtain valve positions for
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the groupV elements, adding to the number of growtiequired to create the desired structure

as described in sectidhl1.2

A solution to this, is to base the barriers for @&V on the cavity material, this would require
fewer group-V valveand bulk temperatur&ehanges meaning growth is easier and less likely to
result in defects. In order to do this, InGaAsSb #/f&\swith GaSb barriers must be developed

so that they can be implemented into resonant cavities for enhancement. There are certain
challenges associated with this material system; due to the bandgap of GaSb in comparison to
InGaAsSh, there is a small valebead offset, this can lead to poor hole confinement the
creation of typell QWs. Moreover, to obtain emission in the > range, the corresponding

alloy contents of InGaAsSb which must be grown are close to the miscibility gap, this can lead to

the creation of poouality materialand inconsistent alloy content
6.1. INnGaAsSb/AlGaAsSh typlestructures
6.1.1. Design

6.1.1.1Critical layer thickness

When considering the design of the structure, one thing that mustdiesidereds the strainn

the QWs caused by growing an InGaAsSb alloy lattice mismatched onto EgBie6.1 (a)
shows the lattice constants of various@®@a xAs.ySlhy alloys with 0.05 < x < 0.60 and 0.65 <y <
1.00, where GaSb has a lattice constant of 6.0859
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Figure6.1: (a) the lattice constant of {Ga.«As.,Sh for varying alloy contents and (b) the strain of that systel
grown on GaSh.

Figure6.1 (b) then shows the corresponding strain of the alloy when grown on a GaSb substrate,
a strain of 0.00 corresponds to the alloy being lattice matched. Positive strain corresponds to

alloy having a smaller lattice constant than GaSb, which exhibits testisile. Negative strain
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corresponding to the alloy having a larger lattice constant than GaSb, exhibiting compressive

strain, this is calculated in accordance watjuations2.43and2.45as discussed in secti@n3.2

When growing typd QWs it is beneficial for the system to be under compressive strain. As
discussed irsection2.3.2.1, compressive strain causes the energy of the hdwmig band to
raise and the lightole band to fall. The splitting of the light and hedwle bands under
compressive strain creates opportunities for Auger recombinations to be redageiscussed

in section2.2.2.3 Under tensile strain, there is an overlap between the light and heavy hole
bands in kspace, this makes it more likely that ncadiative recombination mechanisms will

OcCcur.

Although strain is beneficial to optical performance of the system, the growth of lattice
mismatched layers can cause defects to occur in the epitaxial layer, as discusssdion
2.3.2.2 The maximum thickness of an epitaxial layer that can be grown is known as the critical
layerthicknessTwo of thedifferent modelsdescribing thigrethat presented by Matthews and
Blakeslee, and by People and Bean. The differences between these two equa#iand

2.45, are discussed in the aforementioned chapt@hese two equations were modelled in
Python 3.0, the code for which is available in a GitHub reposiiaggction9.3. The critical layer
thicknesses were calculated for the same alloy contents shoviaigure6.1. The critical layer
thicknesses thisorrespondgo are displayed ifrigure6.2 (a) and (b) for MatthewBlakeslee

and PeopleBean equations respectivelgr the InGaAsSb alloy
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Figure6.2: the critical layer thickness ofyBa.xAs.ySky layers as a function of x and y according to (a) Matthe
Blakeslee equation and (b) Pecflean equation.
The graph irFigure6.2 (a) shows that when accounting for the mechanical properties of the
epitaxial layer (Matthewslakeslee model), the critical layer thickness is smaller than when
accounting for the energy in the system (PeeBkan modelFigure6.2 (b)). Both of the models

show that for this range of alloy contents, InGaAsSb can be grown with thicknesses from
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~1¢ 100 nm. IRGaShb, which is shown by the pale blue line corresponding to §ne &rsenic
incorporation) shows that as indium incorporation is increased, the critical layer thickness of
the alloy goegrom ~ 100 nm at x = 0.05 to ~ 1 nm at x = 0.60. It is possible to increase the critical
layer thickness of the of the epilayers by adding As to the alloy, this can be seen in in both models
displayed irFigure6.2, whereby as the Stontentdecreases, the critical layer thickness of the

epilayer increases.

As well as the InGaAs&BV, it is important to consider the critical layer thicknesses of the
AkGa-As.,Sh barriers. In order to confine the charge carrier wavefunctions in the respective
bandedges, barriers of around 20 nm are required, with 0.25 < x <Big&e6.3 (a) and (b)

show the critical layer thickness of this alloy according to the MattBéakeslee and People
Bean equations respectively. From this, the alloys are lattice matched with 0.96 <y #060.99,
the given range of x, this can be seen from the asymptotes of the graphs which correspond to
lattice matched points. The dotted line on each graph indicates a layer thickness of E@yuare.

6.3 (a) shows that with y > 0.9, the barriers will be grown within their critical layer thicknesses,

Figure6.3 (b) indicates that for y > 0.85 the critical layer thickness will not be exceeded.
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Figurg6.3: The critical layer thickness of@&.As.ySk based on (a) Matthews Blakeslee and (b) People E
equations.
Although there is a relatively wide range of gredpincorporation which allows 20 nm of
AlGaAsSb to be grown within the critical layer thickness. Because in an active region, up to six
barriers will be grown, with strained InGaAsSb layers between theéshdtter to grow as close
to lattice matched as possibées this allows for greater strain to be achieved in@iAs without

material relaxatioroccurring
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6.1.1.2Alloy bandgaps

As well as accounting for the critical layer thickness which can be grown for various alloys. When
designing an active region, it is important to consider the bandgap of the alloy, as this will
determine the wavelength that the sample emits at. The maoidawhich effects this is the

alloy content ofthe QW (InGaAsSh)as this will change the position of the conduction and
valence bandedges based on the specific alloy content and strain. Furthermore, the width of the
INnGaAsSRWwill affect the bandgap deito it affecting the energy at which charge carriers are
held because of the twdimensional quantum confinement. In order to quantify how alloy
content affects the bandgap of this system;pk8band room temperaturesimulations were

carried out inNextnanqg as described isection2.5.
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Figure6.4: The available bandgaps from the typ®W InGa.xAs.,Sk material system with a 10 niQWfor 0.05
<x<0.45 and 0.65 <y < 0.95. Simulated using-th&land approximation in Nextnano.

The results of the Nextnano simulation can be seeRigure6.4, this was done for a single
10 nmQW.inside 20 nm barriers. For tygeQWs a singleQW will have the same bandgap as
MQWs because of the wavefunction isolation. Because of this, to save on computational power,
the simulations were carried out on singl@As. The results show that in the specified alloy
range, the bandgap varies from ~ 0.7 eV to ~ 0.35 eV, or emissions ofil I4< 3.42>m. As
the indium in the active region is increased, this decreases the bandgap of the material. As
arsenic is increased, this will further decreathe bandgapHowever, with the addition of
arsenic,this bandgap decreasbappens to a lesser extent than the addition of Indium to the
alloy. As previously mentioned, the addition of arsenic and indium into the system can cause

difficulties during epitaxial growth due to the miscibility gap of the aldi higher arsenic and
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indium. For the miscibility gap of J@a..AsSh.y, the miscibility gap 0.15 <y < 0.60 and x > 0.60.
However, the miscibility idependenton the incorporation of each allg201]. This means that

not all of the bandgaps simulated are feasible to grow.
6.1.2. Active region

Based on the constraints of the critical layer thickness of tkeédrAs.,Sh alloy and the range

of available bandgaps based on th&lextnano model, typel InGa.As.,Sh/

Ab 35Ga 65AS 0345 066 QWS were grown with thicknesses of ~ 10 @%\s and 20 nm barriers.
These samples were grown onGaSb substrates, structurally characterised via XRD and
optically characterised by photoluminescence. Photoluminescence at room temperature is
particularly important because it shows that the active regiong good quality and can be put

in an LED structure giving bright electroluminescence spettra.Indium content of th@W

alloys was aimed to be ~ 0.35, with each different growth, the As content @& would be
varied by increasing the valve position of the w#illst the bulk temperature was kept constant

and relatively lowThis was so that the effect of increasing the arsenic content of the alloy could
be observed whilst other variables were held constant. Increased arsenic and indium in the alloy
Oty fSIFIR G2 3ANRBgAYy3I Ay GKS aYAAOAOAfAGe 3l LEZ
high levels of indium in certain places and low indium in others. During these growths, the alloy
conterts were tailored such that they were outside of this miscibility gap, ensuring good quality
formation of the material This was further confirmed using XRD and opégaksionanalysis;
material in the miscibility gap shows poor optieahissionpropertiesand poorQW formation

can be observed in the XRD weaa broad satellite peaks
6.1.2.1Growth

The multi quantum weMQW)samples were grown via MBE ofGaSb substrates as outlined

in section3.1 Before epitaxy is started, the substrate is outgassed, then once in the growth
chamber, a deoxidation process is completed, whereby the GaSb substrate is heGGP@

under Sb flux to remove oxides from the surface. Once this process is complete, the substrate
temperature is reduced to 43@C, at which GaSb and GaSb based alloys can be grown. Then
400 nm of GaSb buffer is grown at a rate ol hour?, followed by 500 nm of lattice matched

Al 3sGa.65A%.03450.966 G this is the same alloy that is used the QWhbarrier. Once this buffer
region has been grown, the growth of the active region begins. This begins by growing the 10
nm InGaAsSBRW, once this is doe, the system is kept under Sb flux whilst the Ga cell cools
down to allow for the AlGaAsSb growttooling the Gallium cell takes around two minutes t

reach the desired temperature aridr it to be stable Then, 20 nm of barrier is grown, once this
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is complete, the system is kept under Sb flux whilst the Ga cell heats up to allow for the growth
of the next InGaAsSBW. Then a 20 nm AlGaAsSb barrier is grown, once this process is complete

the beginning of the process starts again so that the next layer of InGaAsSb can be grown.

Sample InGa.xAsSh.y QWwidth Barrier width
/ nm / nm
y
SAMPLE 6.1 0.34 0.032 9.3 18.2
SAMPLE 6.2 0.34 0.039 9.3 18.2
SAMPLE 6.3 0.34 0.055 9.3 18.2
SAMPLE 6.4 0.34 0.112 9.3 18.2
SAMPLE 6.5 0.34 0.124 14.5 18.1

Table6.1: the alloy content an@Wwidths of the samples shown in Fig@§, for all samples the desired QW width
was 10nm with 20nm barriemside fromSAMPLE 6Wwhich had 15nm QW width and 20nm barriers

Five repeats of thiQWwere grown, totalling ~ 170 nm. In theGa-As.,Sh QW, four samples
were grown with x = 0.34 with y ranging from 0.888.948, then one sample was grown with
x=0.41 and y = 0.12Zhe varying arsenic contents was achieved by varying the valve position
with a constant bulk temperature. This structure is finally capped with 100 nm of
Al 3sGa 65A%.03455 966 then 20 nm of GaSb to prevent surface oxidation. The structure of these

samples can be seenkiigure6.6.
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Figure6.6: the structure of the AlIGaAsSh/InGaAsSb MQW samples.
6.1.2.2Structural characterisation

The samples were characterised usingay diffraction, the process of which is outlined in
section3.2, in order to determine the thickness and alloy content of the layers. Once ##

scan has been completed, a simulation was conducted. The simulation allows the alloy content
and layer thicknesses of the structure to be foundmodelling the peaks of the XRD scéhe

XRD scans and corresponding models of the-typ®Vs can be seen Figure6.7 (a) ¢ (e), the
structures extrapolated from the model can be seerTable6.1. The clear satellite peaks in
Figure6.7 (a) ¢ (d) suggest goo@Wformation with abruptinterfaces,essential for high quality
active regionsFigure6.7 (e) however, shows satellite peaks which are not as clearly defined,
suggestingpoorer qualityQW, although, the presence of satellite peaks suggests thaQiés

did form. The decrease in quality could be due to the higher indium and arsenic incorporation,
pushing the alloy closer to the miscibility gap, causing a less uniform structure of the InGaAsSb
alloy as discussed in sectiéril.1.2 The scans also suggest that Q& barriers were grown

lattice matched to the substrate, suggesting there will be no relaxation in these alloys.

There are certain challenges in modelling thé&sla.,AsSh.y alloy due to it being a quaternary,
giving it four degrees of freedom in the simulation: XQWwidth and barrier width. This degree
of freedom means that it is possible to fit an XRD scan with models which each have different
alloy contents andQW widths. It is assumed that when grown with the same grdilip
temperatures, that the Indium and Gallium contents are constdmésed on growth rates done

by the MBE userg across all samples alomgith QW width. This leaves the grotys as the
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variable that will be the most uncertain at the beginning and that can be predicted to change
throughout. It is important to take this into consideration when modelling the XRD scans of

quaternary alloys as it can cause misleading results.
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Figure6.7: XRD scans ofAkGan.65A%.0355h.06d INGaxAsSh.y type-l QW samples: (a) SAMPLE 6.1,
(b) SAMPLE 6.2, (c) SAMPLE 6.3, (d) SAMPLE 6.4 and (e) SAMPLE 6.5.

In an attempt to further increase thevavelength outputof these typel QWSs, samples were
grown with increased Indium and Arsenic whilst decreasing the Aluminium contents in the
barriers. Higher Indium and arsenic decrease the bandedges of InGaAsSb conduction and
valence band relative to one another, meanift the quantum energy levels will be closer

together. Moreover, theQW width was increased as this further decrease the bandgap. The
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aluminium in the barriers was decreased because it gives a slightly lower charge carrier
confinement potential, although this has the effect of decreasing the wavefunction overlap, it
will also decrease the bandgap. The new barrier alloyis@d 7sA%.0Sky.es Which is lattice
matched to GaSb.
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0.56
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Figure6.8: The bandgap of an daGay.cA%.1550 sstype-l QWin lattice matched AGaixAs., Sk barriers with the
QWwidth varying from 5 15 nm for x = 0.25 and x = 0.35.
The effect of decreased Al in the barriers and vary@W widths can be seen iRigure6.8.
Whereby Nextnano simulations showthat the bandgap of the system can be decreased
significantly¢ by around 15 me\ by increasing in th&@W width from 5 nm to 15 nm. The
decrease in Al incorporation in the barrier alloy has less effaetbut it still works to decrease

the bandgapby several meV

These samples were grown using the same methodology outlined in sécfighl, but with
different cell temperatures for the barrier region due to the reduction in Aluminium content of
the alloy. Two samples were grown using the same barrier configuration but varying the alloy
content of the QWs. The XRD scans and model of the two M@&ples grown with

Al 2sGa 75A%.02Shy.9s can be seen ifrigure6.9 (a) and (b) with the corresponding alloy contents

shown in Figure6.9.

The XRD scans shownhkigure6.9 show well defined satellite peaks throughout the scan,
implying the formation of well defined, good qual®Ws. Furthermore, there appears to be no
peak indicating that the barriers are not lattice matched, so relaxation due to barrier mismatch

will not occur. The alloy contengsedisplayed inrable6.2. Thisshows that there was difficulty
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in altering the As incorporation into the InGaAsSb afjalespite the As valve position being

altered for both of them.
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Figure6.9: XRD scan of theAéGay 75A%.03455h.96¢ INxGaxAgSh.y type-l MQW samples: (apAMPLE 6.&nd (b)
SAMPEL 6.7

The limiting factor in As incorporation is likely to be the flux produced by the cell during the
growth of the well. There is low As flux as the bulk temperature has to be kept low to create the
correct conditions for the lattice matched barriers which we@gs very low amounts of As.
Moreover, the arsenic incorporation may be limited by the presence of Sb during gmwth
possibly saturating the environment. Both of these factors seem to limit the As incorporation to
around 0.15. When the InGaAsSb allogrisving, the As valve is open to its maximum extent
creating the maximum flux for the bulk temperaturnd is then closed slightly for when the
AlGaAsSbh alloy is being grown. If the As incorporation d@ile were to be increased, it would

require a higher bulk As temperature, which may not work on the cladding and barrier layers.

Sample InGaxAsSh.y QWwidth / nm
X y
SAMPLE 6.6 0.40 0.15 145
SAMPLE 6.7 0.38 0.15 14.0

Table6.2: the alloy content and quantum well widths of the samples shown in the XRD sE#g@6.9 with the
data being extrapolated from these scans.

During one growth, it could be detrimental to vary the bulk temperature of the As cell as it can
cause large fluctuations in the flux it produces, causingurtiform QW structures. Moreover,
this would greatly increase the time taken for the active region growth due to the addition of

heating and cooling the cell.
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6.1.2.3Photoluminescence

Once the device has been structurally characterised, optical testing began, this required
measuring the photoluminescenceof each sample The samples were tested at room
temperature using the methodology outlined in sectiBB. The normalised spectra for the
samples displayed ifable6.1 are shown irFigure6.10 (a). These spectra imply that samples:
SAMPLE 6,5AMPLE 6,3AMPLE 6.8nd SAMPLE 6.Mave high quality, Gaussian like peaks,
indicating good material quality. Also showing the potenfiad this active regionto be
integrated into high quality devicesloweveralthoughSAMPLE 6 givesroom temperaturePL,
the spectrumdoes not display &aussian like characteristicand has a noaussian, wide
spectrum possibly consisting of twadiativerecombination mechanisms indium segregation

in the alloy. This indicates poorer material qualitycomparison to the other samples which
could be due to the higher arsenic content in @&V, in addition to being grown thickeihe
poorer material quality is indicted the XRD scan shown kigure6.7 (e) which has lessvell-
defined peaks than the rest of the sampleSAMPLE 6.bad aQW width which exceeded the
critical layer thickness using the MattheBsakeslee equation (k 6.12 nm), but did not exceed
the critical layer thickness using the Pecplean equation (h= 24.9 nm). Therefore, it is

possible that there is some form of relaxation which occurred during the formation dp¥ie
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Figure6.10: (a) normalised room temperature PL spectra for th&an.AsSh.,/Alo 35Ga.65A%.0345.0ss type-|
QWs summarised ifable6.1 and (b) the peak energy of the emission of these spectra as a function of ars
incorporation (y).

The peakenergy of emission is plotted as a function of As incorporation inQkéand the
resultant relationship can be seen kigure6.10 (b). This shows that from the samples which
were grown with constant indium, increasing the arsenic in the alloy decreases the bandgap
increasing the emission wavelength. Moreover, as@width is increased, a furthetecrease

in thebandgap is seerhis is apparent frorthe difference between the two samplesfigure

6.10(b) with As ~ 0.11 whereby@Wwidth increase from 9.3 nm to 14.5 nm causes a decrease
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in the bandgap by > 20 meV. These results atméwith the trends shown in the simulations

in Figure6.4 and Figure6.8.

SamplesSAMPLE 6.6nd SAMPLE 6.Wwere optically tested in the manner &AMPLE 6.2
SAMPLE 6,41sing the same equipment and experimental setup at room temperature. These
samples were sufficiently bright that they could also be tested using different laser powers at
room temperature. The results of this can be seeRigure6.11 (a) and (b) foSAMPLE 6.&nd
SAMPLE 6réspectively.
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Figure6.11: Room temperature (293 K) photoluminescence spectra SARIPLE 6.8nd (b)SAMPLE 6with
the laser power being decreased from 10026 % using filters.

From the PL spectr&AMPLE 6.6as a peak at 3010 nm ai@AMPLE 6.&t 2940 nm. These
correspond toroom temperaturebandgaps of 0.399 and 0.408 eV respectively. Although the
spectra are clear, wittvell-definedpeaks corresponding to the specified bandgaps, both spectra
are obfuscated. This obfuscation occurs slightly ~2600 nm resulting in a slight dip in intensity,
and from ~ 270@ 2800 nmwith a full obfuscation of the spectrusthis is caused by a mixture
of water and C@absorption bandat the correspondent energyThese absorption bands cannot
be avoided due to their strength and the fact that there is not a purge gas system available for
this setup.SAMPLE 6.[aving a slightly shorter wavelength th&\MPLE 6.8 also expected
because of the lower Indium incorporation in tQaV, ontop of the QWbeingslightly thinner.
Both lower Indium and thinneQWs have both been shown in simulation to increase the

bandgap and therefore decrease the emission wavelength.

Power dependant measurements were done to find the dominant recombination mechanisms
as laid out in sectio2.2.2 The integrated intensity of the spectra is lemthan it would be
without the absorption features, however, because the proportion of dataovedfrom each
spectum is the same, this should not affect the relationship between integrated intensity.

Figure6.12 shows thelog.o of the square root of the integrated emissi@s a function of the
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logio Of the input laser powerThe red line on botplots shows linear interpolation of the five

data points from laser powers: 100 %, 65%, 50 %, 25 % and 10 %. The gradient of the linear
interpolations for each set of data are B.&and 1.48 for SAMPLE 6.&nd SAMPLE 6.7
respectively. This shows that radiative recombination is the dominant mechdois8AMPLE

6.6, minimal amounts of Auger recombination occurring as Z Bh2proportion of radiative
recombination is worse in SAMPLE 6.7 with a Z valué.&f implying an approximately equal
amount of SRH and radiative recombinatiblowever, it should be noted that these tests were

only done over one order of magnitudelagerinput power, this idower than that which would

often be expected of a measurement of/dlue.

624 Z=2.06+0.006 [ ] 6.0 1 — Z=1.48+0.03

5.8 q

6.0 4
5.6 q

5.8 4 . 5.4

5.2 q
56 1

5.0 q

Iog(\f‘ fintensityd}n)
Iog(\j‘ fﬂntensrtydA!

5.4 1 a8

4.6 1
52 4

=2.0 =15 -1.0 -0.5 0.0 -2.0 -1.5 -1.0 -05 0.0
log(laser power) log(laser power)

Figure6.12: The linear fit ofogyo of the integrated emission spectss a function of théogioof thelaser power

of (a) SAMPLE 6.#&nd (b)SAMPLE 6, Theinversegradient of the linear fit is shown in the legend as Z.

These results imply that the INnGaAsSb/AIGaAsSbhitifil@Wsystem has higlelelsof radiative
recombinationat room temperature. Furthermore, it shows that the decreasing of Aluminium
in the barrier region does not decrease the quality of emission, with levels of 0.25 and 0.35 in
the barrier both resulting in bright room temperature emissidhis makes the material system

an ideal candidate for integration into an LED structure.
6.1.3.Light emitting diode

To create a devicemitting at the same wavelength as tRe sampleSAMPLE 6.8nd SAMPLE
6.7, the set pointdfrom the sample growtlwere usedor the active region of an LED. This active
region was placed inside a waveguide with graded, dolatice matched AlIGaAsSb on either
side. The graded layers weinbm Ab 1Ga.9ASSh.oe1t0 Ab.sGa 1A% .076Shy.024f0r the layers which
require the injection of electrons {doping) and vice versa for the injection of hol@sis is
required due tothe largeenergy level discrepandyetween the conduction and valence bands

of the AlGaAsSb alloy and GaSb. The graded layers are added so that charge carriers can be
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injected into the active region with greater ease. Moreover, the graded layers are grown lattice
YFHiOKSR (2 DIFI{o &adzOK G(GKIG (KSe& R2yQi SEOSSR
in the system. A schematic of the layout and doping of the Itftibtgre can be seen iRigure

6.13.
6.1.3.1Growth

The devices based on the schematié-igure6.13 were grown on AGaSbh substrates via MBE
using the method discussed in secti®ri. Before beingnoved intothe growth chamber, the
substrates are outgassed to removelatile contaminantsOnce in the chamber, an additional
in-situ deoxidation process is completed wherein the substrate is heated té@&QMder Sb flux

to remove any additional oxides from the surfas@ghout causing groufy evaporation This
process is further described in secti®ri. Once the substrate has been deoxidised, a 100 nm Te

doped nGaSb buffer layer is grown using a substrate temperature o650

3 X Ab2sGay7s
Ab2sGa75A%.0Shos = -+
: A9.@Sh e/
waveguide =
InGa.xAsSh.y MQW

Figure6.13: the schematic of the AlGaAsSbh/InGaAsSb MQW LED including the buffer layer, cladding, wa
and active region. The dopant of each level is shown too.

After this has been grown, the first stage of thé\lisaAsSb graded cladding layer is grown, in

this process, first, AlGa sA%.008Sh.001iS grown. The As valve position and the Aluminium and
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Gallium cell temperatures are then set such thaidBk 1A% 076Shy 924 IS grown this is done
based on triple layer calibrations described in sec8ah2 As the Gallium and Aluminium cells

cool and warm respectively, the Arsenic valve is gradually opeaildving a greater fluthus
greater incorporationThe Ga and Al cooling and warming respectively over this time would be
expected to create an approximately linear grading fromu®@d sAsSb to AlkGa.1AsSh the
increased As flux aldocreases approximately linearly along with the grallg, allowing for a
graded, lattice matched layer to be growhhe As flux increases as the As incorporation in the
alloy to create lattice matched conditions to GaSb increases as the Al in the system is increased
This occurs over a period of 6 minutes, creating a 100 nm of grading. Allowing charge carriers to
be injected from the GaSb substrate into the cladding more easily than using a stepped system
with discontinuous energy levels. Once the cladding alloyo¥5Al1AS.076Sk 924 an additional

300 nm is grown. After this, the Gallium and Aluminium cells are set to grow an
Al 2sGa 75A%.02.Shy gg alloy along with the corresponding As valve set point. This is used to create
a 500 nm waveguide before the MQW &y is grown, as described in secti®ni.2.1 Following

the active region, an additional 500 nm 0b AGa 75A%.0:S.os waveguide is grown before the
p-cladding is grown, doped with Be. This is done in the reverse manner tedlaelding and at

a substrate temperature of 53. Following this, a 300 nm p&&aSb contacting layer is grown

at the same substrate temperature which is the final layer of the growth. To achieve this, the
temperature of the Be cell is raised by ~Q this temperature change of the Be cell was

calculated based on dopant incorporation growths
6.1.3.2Structural characterisation

The device samples had their structures characterised usiayg diffraction, with. -2' scans.
These scans and their corresponding models can be sefigune6.14 (a) and (b) foLED 6.1
andLED 6.2espectively. The alloy composition of each dexies extrapolated from the model

¢ can be seen iTable6.3. This shows that Indium incorporation into the alloy was ~0.41 for
both samples, with the Arsenic varying slightly between the two growths. MoreovarEo16.1

the single peak around that expected of the substrate implies that all of the material is lattice
matched, there is some peak broadening implying this may not be exacEDn6.2there is
more acute peak splitting, with two central peaks (including that of the substrate itself). This is
likely from a slight lattice mismatch in the growth of the 8a& 1AsSh.y layers with one layer
having y 7.2 % as opposed to the 7.6 % requiredi&ttice matchingshown by the XRD model
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Figure6.14: XRD scan and corresponding models foLEd) 6.-nd (b)LED 6.2

The satellite peaks which can be seen ~ 28dBrespond to the straine@Ws. These are less
sharp than those seen in the PL sampleBigure6.9. This is due tdthere beingfewer QWs in
the LED structure (three) in comparison to the PL structure (five), meanirrg ikeless
destructive interference between anglesausing broader peak8ccounting for this, the peaks
are well defined, meaning that the sample has g&@d/ formation which should lead to high

quality optical performance.

Sample InGaxAsSh.y QWwidth / nm
X y
LED 6.1 0.41 0.183 13.2
LED 6.2 0.41 0.175 13.0

Table6.3: the alloy contents of the typeQW of the active region of the LEDED 6.5ndLED 6.2

6.1.3.3Fabrication

The two sampleg LED 6.J]and LED 6.2; were fabricated into 80-m mesa structures using
photolithography andvet-etching, the processof which is outlined in sectio®.4. The etchant
which was used is shownTrable3.3 with its corresponding etch rate. Thermal evaporation was
used to apply Ti/Au contacts to the sample for a-tmytom contacting configuration. Part of
each sample underwent thermal rapid annealing to see the effect on electrical performance of
the device Once all contacts were applied, the sample was cleaved and mounted onto headers
which the top contact was wire bonded to, the final device structure can be sdeigune3.8

(b). The complete fabrication process can be sedrigure3.7.
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6.1.3.4Electrical testing

Once devices had been fully fabricated then mounted and bonded to TO headers, their electrical
properties were tested; this was done for both annealed and unannealed devices. First, the
current was measured as a function of forward and reverse bias afdhiee, the IV curves that

this produced are shown fRigure6.15 (a) and (b) foLED 6.2ndLED 6.2espectively The data
shows two fully bonded devices for both annealed and unannealed samipplissdata was taken
using the methodology described in sectigigure3.8. From these curves, it is clear thaED 6.2
shows better electrical performance thafED 6.because under the same forward bias, a larger
current is produced. Under a forward bias of +2 V, the curreb&id 6.1s ~ 1 A, whereas for

LED 6.2under the same bias, the current is <18¢ for the annealed devices. This means that
more charge carriers are flowing through the device under a similar bias, causing more
recombinations for a lower input powelt should be noted that a lower resistance can imply
that current is bypassing the active region and is not always a beneficial prop#hgugh the

two devices showed differing levels of electrical performance, they do both show good diode
like characteristics with a forward bias giving arent of around 10 to 100 times larger than
that under reverse biadt is assumed that there was no structudggradation during the
annealing process because the annealing temperature was €CG0¢thich has been shown to

not causestructural changes in GaSb based matef02].
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Figure6.15: The currenof two annealed and two unannealédndeddevices ofa) LED 6.;nd (b)LED 6.2s a
function of bias (IV curves).
Moreover, fromFigure6.15it is also clear that when annealed, the current flowing through the
device under a particular bias increases, this can be seen in the difference between the red and
green lines on the graph. When considering the forward bias of the devices, annealgagett

the current by a factor of ~ 100 f&wED 6.Jand ~ 10 folLED 6.2This process does however
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increase the current achieved under reverse bias by a factor greater than when considering the

forward bias, this leads to the device having worse dilikie characteristics.
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Figure6.16: The resistance under forward bias (resistance) of the full fabricated and bonded devi¢ed ()
and (b)LED 6.2

The data shown ifigure6.15was analysed as outlined in secti®®.2to give the resistance of
the device under forward bias. The resistance as a function of forward bias is shéigurie
6.16(a) and (b) fotED 6.AndLED 6.2espectively. As expected, this shows that as the forward
bias is increased, the resistance decrea#ieis, is due to the changing positi@f the energy
bands in ptype and ntype doped regions with respect to one anothatiowing charge carriers
to move more freely. Furthermore, it is apparent thdED 6.has a lower resistance thdrED
6.1at a bias of ~ + 1.8 V. A resistance of arounahl®achieved by ED 6.2whereasLED 6.1
has a resistance of ~ 100 ¢ for annealed samples. The annealing process itggifearsto
decrease the resistance under forward bias by a factor of 10 as can be seen in the difference in

the red and green like for annealed and unannealed devices respectively.
6.1.3.5Electroluminescence

The temperature dependant electroluminescence was measurelddtdr LED 6..andLED 6.2

The lower resistance assuming the same output powemwill increase the external efficiency

of the device significantlyo the devices from each sample with the lowest resistance was taken

EL spectra were taken at temperatures fromy 300 Kfor LED 6.21sing the EL setup descried in
section3.6, using an AC frequency of 1 kHz and a duty cycle of 10 % to avoid Joule heating. The
spectra obtained can be seenhiigure6.18 (a) and the corresponding bandggpemperature

relationship can be seen KFigure6.18 (b) with a Varshni fit.

Power dependant spectra were also taken at low temperature (5 K) to verify the current
recombination mechanisms, as discussesdation2.2.2 The power dependant spectra can be

seen inFigure6.17 (a) andshow the expected result of intensity increasing with driving current.
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These stops increasing around 100 mAJasleheating affects begin occurring, limiting the
output intensity. No observable blue shift is seen in the low temperature current dependant

spectium, this is typical of typé active regions.
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Figure6.17: (a) the power dependent EL spectra at 5 K, with driving currents ranging frob®80nA with a
driving current of 10 % and (b) theg(laser powergas a function ointegrated emission spectravith a linear fit

which was used to calculate thevZlue

The linear fit shown ifrigure6.17 (b), has a gradient of 118shown as a Z value in the graph.
This implies that the recombinations are dominated by radiative at this temperature, as would
be expected. The neradiative recombination current comes from SRH recombination, which is
shown due to Z < 2. SRH recombioatat low temperature would be expected because it is

caused by trap states. Auger recombination is largely supressed at low temperature
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Figure6.18: (a) the EL spectra bED 6.2t temperatures ranging from 5300 K and (b) the bandgaps that this
corresponds to at the range of temperatures with a Varshniith fitting values of §0) = 0.5220.001 eV,h =
(3.0+0.9x10“*eV/K and =170+90 K

The temperature dependant spectra act as expected at low temperatures, this can be seen from

the 5¢ 60 K spectra, with relatively Gaussian peak shapes when accounting for noise. However,
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the spectra at 80 K appears to be around the same intensity as that at 60 K but with a smaller
bandgapg longer output wavelengthThe bandgap obeyed the Varshni model from3D0 K,

this can be seen in the plot fRigure6.18 (b), with the plot of bandgap as a function thie
Varshni equationThe data was fitted using tfe OA t & & Mokl ity & usér flefined
Varshni equationA comparison of this curve fittedhtaand the interpolation of the given alloy

can be seen iffable6.4, showing that the value fits within the error, however, thevaluefits
outside 1.5 times the given erroAn interpolation of the bandgaps given in Vurgaftman is not
given because that is for bulk materials, whereas here we hapeatum well. The mismatch

in the interpolation and the data may also come from how the bandgap qfiantum well

changes in comparison to the bulk.

E(0) / eV h  k 1S4 i /K

Extrapolation from | 0.522:0.001 | (3.0t0.9x10* 172490
EL data

Vurgaftman N/A 4.53 157

interpolation

Table6.4: A comparison of the Varshni parameters from the extrapolation of the EL data and an interpolation of the
parameters given in Vurgaftmg@a1].

Once at room temperature, the electroluminescence spectra of both devices were measured
with driving currents between 56105 mA. These spectra can be seeRigure6.19(a) and (b)

for LED 6.J1and LED 6.2espectively. The wavelength of these devices is shorter than the PL
samples which the active region was based on. This could be due to dndaogenicand/or
indium, an increasén the QWwidth, despitebeing grown with the same grodl base and tip
temperatures and the same growy bulk temperatures and valve position$he peak
wavelengths of both devices appear to be around 2700 nnE® 6.2andLED 6.1espectively,

with LED 6.Jhaving a slightly longer wavelength. The diffeze in wavelength between the
devices is most probably due to the difference in active region, b 6.having a wideQW

and higher As content in the InGaAsSb alloy. Both of these factors contribute to a narrowing of
the bandgap, hence a longer emission. However, there is peak obfuscation due to the
atmospheric absorption bands around ~2750 nm and ~2650 nm, along witbvihiatensity of

the spectra, both of these make peak identification difficult. The actual peak wavelength could
be higher than thos shown here, but some of the spectra is not visible due to the
aforementioned absorption bandslowever, this can still be used to find @alue becausan

approximately equal amount of each spectrum is absorbed
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Figure6.19: the driving current dependant EL spectra of.@&D 6.5nd (b)LED 6.2this was taken using a duty
cycle of 10 % and AC frequency of 1 kHz.

Figure6.19 (a) and (bjalso shows that the peak intensity bED 6.2s almost twice that oEED

6.1, this can be seen when comparing the peaks of (a) and (b). This is likely due to the improved
electrical performance dfED 6.2allowing charge carriers to be injected into the active region
with greater ease. When calculating the Z value from the power dependant syesdris shown

in Figure6.20 (a) and (b); the Z values foLED 6..andLED 6.2re 0.98 and 1.65 respectively.
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— Z=0.862+0.001 —— Z=1.68x0.002

(b)

2.8
2.7

2.6

log( \/ fin tensitydA)
/ -
log(y/ J‘m tensitydA)

251

2.4 4

2.3

T T T T T T T T T T T
4.3 4.4 4.5 4.6 4.7 4.8 38 4.0 4.2 4.4 4.6
log(driving current) log(driving current)

Figure6.20: plot of the logof the driving currentis a function of the log of the square root of the integrat

intensity, with a linear fit to determine the Z value, for dominant recombination mechanisms f&&. hind (b)

LED 6.2
An increase in nomadiative recombination is expected at room temperature. This is confirmed
by Figure 6.20 (b), which shows that at room temperature, the dominant recombination
mechanism of the device is SRH, whereas at low temperatures it was radiative recombination
as was shown iRigure6.17 (b). Further investigation would be required due to tigput current

range being less than an order of magnitude, it implies that there could be a trap state

somewhere in the bandgap which is present at low and room temperature.
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6.2. INnGaAsSb/GaSh typéstructures

In order to further increase the room temperatupeakwavelength of these typédevices, the
bandgap of theQW alloy must further be decreased. One way of doing this is to increase the
indium and arsenic content in th@W. Moreover, to further increase the ease of integration

into a resonant cavity structure, the use of GaSb barriers instead of AlGaAsSb barriers is
investigated. GaSb can be used as a barrier when the indium and arsenic contents of the alloy
are sufficientlyhigh because the band edges avell contained within those of GaSbreating

the desired typd structuie. An example of thimGaAsSb/GaSb typdéand alignmentan be

seen inFigure6.21 (a), simulated in NextnanoThis negates thaeed forthe Aluminium and
Arseniccells during the barrier growthThe growth of this structure wasreviouslystudied by
Sifferman et al. and their results are discussed in sedi@r? The GaSlprovides less valence

band confinement than the quaternary barriedscussed in sectiof.1.2 This is compensated

for by increasing the amount of indium in the well, which is further beneficial as it decreases the
bandgap, allowing access to longer wavelength emissiothis, by decreasing the substrate
temperature from 410C to 350C, they noticed an increase in the PL intensity of their samples,

due to an increase in the miscibility of the matedak to the addition ofndium.
6.2.1.Design

When designing the active region, one thing that must be considered is the decreased
confinement when using GaSb as a barrier as opposed@aA\s.ySh. The decreased barrier
potential means that there is a lower charge carrier confinement inQne because of this, it

is preferable that IxGa.xAs.ySh alloy has a low bandgap. High indium content contributes to a
smaller bandgap, as seenhkigure6.4, as well as increasing the position of the valence band in
relation tothat of GaSbthereforeincreasing the hole confinement potential. However, as seen

in Figure6.2, increasing indium in the J@a-As.,Sk alloy also decreases the critical layer
thickness. Because of this decrease in critical layer thicknes@Weannot be grown as thick

as those demonstrated ibED 6.ndLED 6.2even with the addition of arseni@herefore, the
intended active region would be 20 nm of GaSb followed by a 9 fBalis.,Sh QWwith x ~

0.55 and y ~ 0,2a schematic of this can be seerfFigure6.21 (b). The values of strain that are
produced by varying x and y in this system can be fouRthure6.1 (b) with the corresponding
critical layer thicknesses irigure6.2. The arsenic content is increased in comparison to the
previous active regions to decrease the bandgap and increase the critical layer thickness. The

alloy content andQW thickness would be tailored based on optical characterisation via
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photoluminescence to optimise PL intensity and wavelength, with a desired output wavelength
2Z¥ 9 o®do >YO

6.2.2.Growth

MQW samples were grown on-@aShb using the same initial outgassing and deoxidation
processes as outlined in secti6éri.2.1for the InGaAsSb/AlGaAsSb samples and in accordance
with the MBE processes outlined in secti®d. However, when growing these samples, rather
than growing AlGaAsSb buffer regions, a 167 nm GaSb buffer was grown, followed by a 50 nm
AbdGa1Sb barrier. This was grown to act agpartial reflective barrierwhen conducting
photoluminescence tancreasecarrier collectionin the active region. Following this, a further

333 nm of GaSb buffer was grown. This growth was done with a substrate temperature of

500 °C. All of this growth, and the following active region was grown at a raterofti.
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Figure6.21: (a) A nextnano simulation of theband and Hkband of a GaSb/b¥sGa 4sA%. 1655k 835 type-|
quantum welland (b)a schematic for the GaSb/InGaAsSb MQW calibration/PL samples.

Once the growth of the buffer layer was complete, the growth of the active region could begin.
Because the growth of dB:Ga 45A%.2.Shy s is around the miscibility gap of the alloy as previously
discussed, the substrate temperature required to create a high quality, uniform alloy is lower
than that of GaSb. This requires the substrate temperature to be redfroed the buffer
growth, to grow both the GaSb barriers and tdV. Three different substrate temperatures
were used when growing the system, these were: 400, 380 and@50hestructuralquality of

the alloy would beanalysedby the characterisation through XRdhd optical performane

throughroom temperaturePL.
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Once an initial 20 nm GaSb barrier had been grown, five repeats of the INnGQA&SI GaSb
barrier are grown. To grow the GaSb barrier, the base temperature of the Gallium cel®0&s

°C, during the alloy growth this is reduced~850°C. TheQWwas then grown using a reduced
valve setting on the Sb cetl decrease the fluxcompared to the growth of GaSb and with an
additional As flux. The Gallium cell is then returned to the temperature required for the growth
of GaSb and the next part of the barriergrown. Once fiv@Ws had been grown, a 50 nm GaSb
cap is grown before the system is bought back down to temperature and the sample removed.
The cell temperatures of Gallium anthdium are based on the growth rate calibrations
accounting for the strain in the system tobhroughout the growth run, it is assumed that these
group-ll cell temperatures give constagtoup-lll mixes in the allayGroupV mixes were based

on an initial flux, mediated by the cell temperature and valve positibe,alloy content that

this resulted in would be determined by the XRD scan and modelling done after the growth. If
this did not give the desired grotNd mix, then the valve position of the cell would be changed
Generally, as thesalloys were Sb riglihe Sb cell was kept at a constant valve position and the
As cell would then have its valve position changed to increase or decreads the as required

for the desired alloy content.

To see the effect of substrate temperature on the miscibility of the InGaAsSb alloy, it was
required that the same alloy be grown using different substrate temperatures. There are various
challenges in doing this, largely relating to changing the substaiperature affecting the rate

at which groupV materials evaporate off of the substrate surface, varying the ghbup
incorporationin the alloyat different substrate temperatures. For constant grellipmixtures,

as the substrate temperature is increakethe arsenic incorporation in the system also
increases. This is due to antimony evaporating at higher temperatures and at a higher rate than
arsenic. This did not seem to follow a linear relationship between As valve position and As
incorporation over avariety of different substrate temperatures, with a constant As bulk
temperature. In order to combat this, different As valve positions were used to compensate for
the evaporation rate differences between As and Sb at different temperatures. Over théhgrow
the indium incorporation was also changed, this was done by changing the temperatures of the
indium and gallium cells, to change the fluxes, but to keep the overall growth rate constant.
Constant growth rate allowe@Ws ofapproximately the same widths to be grown by keeping
the growth time the sameHaving a variety oQW widths would add another variable when
characterising the material via XRD, meaning it would be more difficult to characterise the alloy
content. Moreover, increasing the growth rate would likely decrease material quality which

should be avoided.
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6.2.3.Characterisation

Once the samples had been grown, they were first characterised via XRD and then by
photoluminescence, in the same way which the previous AlGaAsSb/InGaAsSb samples were.
This is to confirm the structure and emission of the samples)paring the results to what was

initially targeted.
6.2.3.1Structural characterisation

The structural characterisation was carried out on the samples using XRD, this was to confirm
that satellite peaks were present to che@kVformation had occurred. Also, to confirm the alloy
content and thickness of the variolmyers XRD scans and their models of the samples grown
can be seen iRigure6.22 (a)¢ (f), the corresponding alloy contents are showi able6.5, the

QWs in this growth are around 9 nm.
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Figure6.22: XRD scans and corresponding models faeAMIPLE 6,8b) SAMPLE 6,9c)SAMPLE 6.1Qd)
SAMPLE 6.11e)SAMPLE 6.1%) SAMPLE 6.183g) SAMPLE 6.14 and (h) SAMPLE 6.15

Table6.5 shows that only samples grown using a substrate temperature of 400 antiC3&@
their room temperature PL analysedhis is because all of the samples grown at Ehave
very poorquality satellite peaksind did not display room temperature PL emissionplying

that QWformation did not properly occuiThe poorer quality of XR&an be seen ifigure6.22

(g) and (h) which shows the scan and model of samples 6.14 and 6.15, both of which were grown

with a substrate temperature of 35, this is likely due to a raéming of Arsenideading to
growing nonroptimally in the miscibility gapGrowing at 350C°C should have given better PL

signal for a sample, as was shown by Sifferf@8h Over the range of substrate temperatures,

despite the calibration of As and Sb valve positions, it was not possible to grow the exact same

alloy contents of th€@QWs at the different temperatures. However, upon inspection, the satellite

peaks of the samples which were grown are well defined, implying good qQalkywith abrupt
barriers. The indium content of th®@Ws was varied between 0.5@00.584 and the antimony
between 0.83%; 0.693 Despite the growth of a 50 nmAG&.:Sb layer below the active riem

¢ which is not lattice matched to Gaglthere does not appear to be any significant extra peaks
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from this layer. This implies that this layer is grown close enough to lattice matched that it will

not cause any relaxation in tremample

Sample InGaxAsyShy Substrate
temperature / °C
X y
SAMPLE 6.8 0.540 0.835 380
SAMPLE 6.9 0.500 0.742 380
SAMPLE 6.10 0.500 0.682 400
SAMPLE 6.11 0.500 0.884 380
SAMPLE 6.12 0.584 0.693 380
SAMPLE 6.13 0.584 0.660 400
SAMPLE 6.14 0.584 0.757 350
SAMPLE 6.15 0.584 0.729 350

Table6.5: the alloy contents of sampleSAMPLE 6,$AMPLE 6,$AMPLE 6.18AMPLE 6.18AMPLE 6.12
SAMPLE 6.13AMPLE 6.14 and SAMPLE @Hi§,s according to the modelling of the XRD scans shown in Figure
1.23.

6.2.3.2Photoluminescence

Once the samples had been characterised via XRD and had their structures mahejtdthd
their room temperature PL spectra takeRoom temperature PL was measured using the
experimental setup described in sectiBB. Thenormalised spectréor the samples described

in Table6.5 can be seen iRigure6.23 (a). Showing that the samples have emission peaks ranging
from ~ 250Q; 3400 nm, withPSAMPLE 6.1Having the shortest wavelength emission SWMPLE
6.13having the longest. The data f8AMPLE 6.8nd SAMPLE 6.1i8 obfuscated by thevater
vapourpeak from ~ 265@ 2850 nm which is highlighted in red on the figure, there is a further

absorption peak ~ 2600 nm, causing a slight dip in the spectra.
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The bandgaps corresponding to the PL peaks showigime6.23 (a) are plotted as functions

of their alloy content irFigure6.23 (b). This shows that as a general trend, when the As content

of the alloy is increased whilst holding all other variables constant, this decreases the bandgap
shown for In contents of 0.500 and 0.584. It also shows that as the indium is increased, the
bandgap decreases. This is also an expected result which has been shown in simulations and

with other samples described in thikapter.

However, because the bandgap ®AMPLE 6.8 around the same as those with much higher
indium and arsenic contents, it implies that there could be a fault in its structural
characterisation. Th@Wof this device could be thicker than those of the other ones, i.e. greater
than 9 nm. The trends shown in this graph do however imply that it is possible to obtain
emissions around 3300 nm using this material system, which is required for the detection of
GH bonds in plastics. With sampl&AMPLE 6, $AMPLEB.12and SAMPLE 6.1falling within

this wavelength range. Comparing the relative PL intensiti€sgare6.23 (a) to the substrate
temperatures during the active region growth, it is clear that those which were grown0&C3
display a greater PL intensity that those grown at°@0his can also be seenHigure6.23 (c),

which the integrated intensitpf those samples grown at 370 in comparison to those grown

at 400°C. However, as well as the XRD of those grown at@®@ving poor satellite peaks, there
was also no PL observable at room temperature. The lack of PL & 850kely due to an
increase in the As content of th@Was discussed in secti@2.2rather than the temperature
negatively affecting the miscibility of the intend€@¥Valloy.AlthoughSAMPLE 6.1&hdSAMPLE

6.13 give spectra which is in the desired wavelength range the spectra are about five times
weaker when not normalised compared to the otteamples. This could be due to the alloy
being at a point in the miscibility gap, causing xwmiform alloy, which often gives poorer

quality emission as experienced by these in comparison to other samples.

As was done in sectidh1.2.3 the power dependant PL spectra of the brightest samples were
analysed to determine the dominant recombination mechanisms of MQW systems of this type,

using the same analytical method.
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Figure6.24: room temperature power dependant photoluminescence spectra, using laser powers of 100 %
50 %, 25 % and 10 % for @AMPLE 68nd (b)SAMPLE 6.11

The power dependant room temperature PL can be sed¥igare6.24 (a) and (b) for samples

SAMPLE 6.8nd SAMPLE 6.1tfespectively.lt should further be noted thaSAMPLE 6.8ave

some of the brightest PL emission of a sample grown at Lanc#@kiteican be seen in the power

dependant PL as it is brighter th&AMPLE 6.1Which has a smaller bandgapthis should

increase theoutput power, as shown ifrigure4.15. This shows the expected trend for both

samples, with decreasing laser power giving spectra of decreasing intensity. The high energy
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be due to a smaller vaiee band confinement energy, which is exacerbated at higher

temperatures.
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Figure6.25: the log input laser power as a function of the log of square root of integrated spectral intensity
linear fit which has its gradient shown as Z forSAMPLE 6.8nd (b)SAMPLE 6.11

Moreover, no noticeable blue shift can be seen with increasing laser power, which is

characteristic of typd devices, confirming the structures samplesboth have the expected

bandgap alignment. This is important because with certain InGaAsSb alloys with hghAls) a

a typell alignment can be createdith GaSbWhen considering the dominant recombination
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