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Abstract

The work in this thesis reports on the design, growth, fabrication, measurement and
analysis ofn-GaSh/Ab.GasSb heterostructures.Initially a growth study was completed

in order to minimise the nativer)-type GaSb defest (usually ofp~ p mA )andto
calibrate the ¢-type doping (achieved using Te). This growth study then informed
simulations of the band structure and the transport propertiesvia SchrodingerPoisson
and transport lifetime modelling, allowing an investigation for the design of a high
mobility n-GaSb/Ab.GasSb structure, to ensure correct confinement. The optimum
designs from the simulation study were then grown and fabricated into pad geometry
non-gated Hall bars. The metallisation recipe researched further as initial recipegere
deemed unsuitable.The resulting devices were then measured as a function of magnetic

field and temperature to obtain the transport properties (mobility and carrier density).

It has been shown that an optimum set of growth conditions™Y Tt x ¥, V/IlI=1.3)
reduces the n-type native defectsresulting in a hole concentration of5 p 1 A at
room temperature. Smulations of AlGaSb/GaSb heterostructures were completed
investigating the conduction band and the effect of thg-type defects. It was found that
doping below the well is necessary for confinement in these structure$oth square and
triangular quantum wells were grown on semkinsulating GaAs substrates withan
interfacial misfit array to prevent strain. These samples were fabricated where the
metallisation recipe Pd/In/Pd/Au was used, allowing cold temperature measurements.
Measurements of the transport properties across a temperature range of300) K at lov
field (< 3 T) resulted in a peak mobility of 9030A 76 Owhere background impurity
scattering was shown to be the limiting scattering rate. High field measurements of a
doped heterojunction resultedin Shubnikowde Haas oscillationsvisible up to 100 K.As
the first transport measurements ofconfined n-GaSb/AlGaSh, these results inform the

direction of optimisation for high mobility devices in this material.
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@ was taught that the way of progress was neither swift noeasyo

- Marie Curie

Chapter 1

Introduction

1.1 Motivation

Over the last few decades, electron transport in nanostructures has been heavily
investigated, particularly in materials such as silicon and gallium arsenide (GaAs). Over a
period of 10 years the mobility d GaAs/AlGaAs heterojunctions increased by a factor of
1000, and research has since branched out into many other materials. However, a
relatively similar material, gallium antimonide (GaSbh), has yet been relatively untouched.
Though the mobility of bulk G&b has been investigated, no significant research into
electron mobility has yet been performed on GaSb/AlGaSb twdimensional electron
gases (2DEGs). GaSb has a lower effective mass and a higher dielectric constant than GaAs,
both advantageous for high mbility devices. Unfortunately, it also has a high native-p
type background and has an interesting #type band structure, with low lying L and X
minima which can contribute to conduction. This work aims to further the knowledge of
transport properties in confined n-type GaSb systems through investigation of both
simulation and experimental work. This work also aims to further the understanding of

the complications of creating a confined fGaSb electrical device.

Ge&b has been known and welstudied in the llI-V semiconductor field as an
optoelectronic material. The emerging material has proven significant in the
semiconducting world, particularly in the areas of infa-red photonic detectors and long
wavelength laserg[1-3]. Howeverdetailed knowledge ofthe electrical properties of GaSh
is relatively limited. Investigations into bulk transport properties started in the 1960s
though interest then waned, howeverrecently there has been a resurgence imterest in
GaSb for with confined hole transport for topological insulators [4], as well as added

interest in high magnetic field transport measuements in f-type GaSH5]. Despite the



lack of depth of investigations into the electron based transport propgies in GaSb, there
has been research into various fundamental propertieghich will aid this work, such as
the growth condition dependence of the native-type defects found in GaS[6-8] and the
unusually high p-type nature created from low tellurium doping levels [9]. Further,
research has shown that there is a particularly lowying L-band in GaSb, where this has
been shown to have a potentially significant impact on the measured Hall coefficient
across temperature for bulkn-GaSh10]. Nonetheless, anfined electrical properties and
electrical devices inn-GaSbbased systemsis a field that is under researched, where

research in this area could unlock a wealth of potential applicationd1].

As an understanding to the potential benefits thbGaShb can unlock, it is worth comparing
to the historical improvements seen in GaAs/AlGaAs systems, a comparatively similar 11
V semiconductor. These comparisons not only highlight the similarities between GaSb and
GaAs, but show the potential improvemets possible in GaSb due to many advantageous
physical properties. One of the principle reasons for the extensive research into GaAs,
besides the low effective mass, is the fact that its alloy, AlGaAs is well lattice matched,
reducing the strain in these sgtems. Whilst AlGaSb is less well lattice matched, the change
in lattice constant for small aluminium fractions is still small, especially when compared
to the more extreme I1+V InSb, where strain and the associated defects are often a limiting
factor in many practical heterostructured12]. Further, recent developments into the
growth of GaSb, particularly at Lancastetniversity, have shown that interfacial misfit
arrays (IMFs) can be employed to effectively eliminate any strain between grown GaSh
epilayers and a GaAs substrate, allowingif microns of unstrained growth. This allows
the implementation of a defining feature of GaAs based systems in a material system
where the electron effective mass is 42 % lower (&° ek , a°

T8t 0 W )[13].

Extending this comparison, since the invention of molecular beam epitaxy (MBE) ByR.
Arthur and A. Y. Cho in the late 196Q0sGaAs based systems have improved in low
temperature mobility from ~p 1mcm?/Vs in the late 1970s to ~10° cm?/Vs in the late
1990s. The highest reported mobility has been achieved in a GaAs tdimensional
electron gas (2DEG), with a maximum mobility ofc v p A | j 6 {14]. Many of these
improvements have been achieved through improved understanding of growth
conditions, the growth kinetics on the sample surface and dedicated MBE machines, as
well as improvements in heterostructure design to educe carrier scattering. On this first
point, many of the improvements in understanding developed for GaAs are also directly

applicable to GaSb, and further, many growth trials have previously been undertaken to



explain various experimental observations m GaSb. These include an inherem-type
background, believed to come from native defects, the formation of which ae unavoidable
in GaSb, though the density of which can be improved upon. Similarly, the understanding
gained in the design of GaAs based heterostructures can be applied to Gadlstugh again
careful consideration has to be taken to account for the higlptype background. This is a
research area that could be greatly expanded upon, with at this time, no strong

confirmation of electrical measurements and analysis of confinegt-GaSb based systems.

Expanding this point further to again highlight the advantageous properties of GaSb, a
significant limiting factor of the mobility for many GaAs samples is the remote ionised
impurities scattering, the mobility equivalent ofwhich has adependence oR j & *, where

- is the relative permittivity and & “ is the effective masg14, 15]. For both these material
parameters GaSb is favourable compared to GaAs for high mobility samples ( p & for
GaAs and- p @ for GaSb).These favourable parameters sparked interest from a
number of research groups, as such Takedat al[6]. Takeda et al. investigated the
possibility of improved mobility in AlGaSbh/GaSb structurefrom AlGaAs/GaAghrough
simulation, focusing on the mobility produced from remote ionised impuritiesscattering
at low temperature. Shown belowin Figure 1.1 is a simulation completed by Takedat al.
showing the mobility associated with remote ionised impurities scattering at a
temperature of 1 K. The simulation shows the mobty is greater for GaSb thanGaAs
across a wide range of carrier densitiesgiving promise to high mobility devices made
from confined GaSb structures. This simulation however is limited to just remote ionised
impurities. However, at the time this work was produced GaShb was a relatively unknown
material, and therefore important factors were overlooked, such as the native defects
presentin GaSh. These defects are significant and typically result if)-ype concentration
of x pt A . Therefore, remote onised impurities are not the only scattering

mechanism that needs to be considered at low temperature.

Though these defects are significant in concentratignvhich will increase scattering and
lower mobility, as mentioned previously,GaSb does not sufferom significant strain like
other 1l1-V materials such as InShntroduction of interfacial misfit arrays between GaAs
and GasSb, allows for the growth of GaSb on GaAs substrates for many microns without

significant strain build up.
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Figure 1.1: Simulated dectron mobility as a function of sheet carrier
density at 1 K for AlGaAs/GaAs(solid) and AlGaSh/GaSh(dotted)
heterojunctions [15].

The production of high mobility structures leads to deviceswvhich can be used for low
power consumption, high speed technologies such as in communications and sengitg) .
Historically, GaAs, being well researched and optimised for thesg@plications. However,
there has been a trend in recent years towards higher lattice constant, lower band gap
materials for the production of high electron mobility transistors (HEMPTS), in which the
antimonides are next in line. GaSb is far behind the curve for these applications and is

currently not well researched for even fundamental electrical propertiegl7].

The work presented here aims to hed rectify this by performing detailed simulations of
GaSh based structures to create designs for high mobility structures, growing, fabricating
and measuring these AlGaSb/GaSb structures, and extracting and analysing their

transport properties, relating these back to back to the initial simulations.

1.2 Thesis Structure

This thesis describes the design, growth, fabrication, measurement and analysis of
Alo-Ga sSb/GaSb heterostructures, where the devices processed are ngated Hall bars
and the measurements are aimed at obtaining the transport properties of these
structures. Overall this thesis is a guide to the process of going from physical concept to
reality. As such, each chapter (where relevant) contains background theory,
implementation and results, where each chapter represents one step in the process
towards the measurement of the transport properties of Al.GasSh/GaSbh

heterostructures.



Chapter 1 discusses the motivation for this work and whera-Gasb/AlGaSb structures fit
into the field of transport measurements with regards to the more established
GaAs/AlGaAs. The improvement in the mobility of GaAs heterostructures over time is also
discussed to give an historical perspective of the possible improvements that can be made

given suffident time and with a focussed research effort.

Chapter 2gives an overview ofthe general background theory that is necessary for the
rest of this thesis, however theory specific toonly a singlechapter is discussed in that
chapter. The theory outlined includes the electronic properties of crystals, such as crystal
structure and band structure formation, the Fermidistribution and the density of states,
and the use of these to calculate the caar density of doped and undoped systems. Basic
transport theory is also outlined focussing primarily on the Hall effect, with the further
concepts of transport lifetime and scattering discussedh Chapter 7. This chapter then
moves onto band structure engieering and the formationof 2DEGs through alloying and
layering of materials. The implications of confinement on the previously stated theory are
then discussed. Finally, the practical realisation of confined structures is discussed in the
form of strain within crystal structures, and lattice mismatch between dissimilar crystal

compositions.

Chapter 3 explains the use of epitaxial growth in this work and the challenges that come
from the native defects in GaSb. Not only is the theory behind molecular beapitaxy
(MBE) explained, but also the standard procedure of how to use an MBE machine to
practically realise GaSb based heterostructures. Following this, a literature review is
given, describing the nature of the defects in GaSb, with this influencing teabsequent
growth study performed in this work to improve the quality of GaSb growth. This growth
study varied different growth parameters (such as flux ratios and growth temperatures)
in an attempt to reduce the native defects and improve mobility in bulkGaSb as a building
block to creating high mobility Ab.Ga.sSb/GaSb heterostructures. This section also
includes atellurium doping calibration study, with samples presenting with an unusual
correlation between carrier concentration and cell temperature(doping level) at low cell
temperatures. Both n-type and p-type samples were investigated across a range of

measurement temperatures.

Chapter 4 moves on from growth to the fabrication of Hall bars, where standard
processing procedures are described. Théaéory behind each procedure is discussed and

the processing recipe outlined. The procedures include optical lithography, metallisation



via thermal evaporation, etching and electrical bonding. The lithography mask used was

created specifically for this wok and so the design process of the mask is also described.

Chapter 5 outlines the difficulties of the metallisation ofn-type GaSb to create low
resistance contacts, as well as the investigation performed into achieving ohmic contacts
for n-GaSb. There dae not exist in the literature a standard metallisation for ohmic
contacts to n-GaSb, despite many research groups attempts, and as such, a literature
review is given to highlight the range of possible metallisation recipes previously
attempted. The metallisation of n-GaSb is discussed at length as creating ohmic contacts
to this material has proven difficult in practice. As suchthe theory behind ohmic
contacting and the investigation into varying contacting recipes is presented. Simple
characterisation measurements were obtained for each metéibkation recipe to obtain a
practical solution to contactingn-GaShwhere the aim was to find aeasonable contacting
resistance across the temperature range beingised for transport measurements
(3-300) K.

Chapter 6 describes the simulations undertaken to appropriately design an
Alp.GasSh/GaSb heterostructure to achieve twalimensional confinement of electrons.
The first section of the chapter provides the practical design considerations for the
heterostructures and how these considerations were accounted for in the simulations that
were undertaken. Following this, the theory behind a SchrodingePoisson solver, used to
analyse the band structure of the heterostructure, is given. The band structure simulation
results for various Ab.GasSh/GaSh structures are presented, where the results include
investigations into the dependence of the confinement in the heterojunctions when
parameters such as the dopant and defect concentrations are varied. Subsequently,
transport modelling theory is discussed, with the predicted transport properties (mobility
and individual scattering rates) of Ab.GasSh/GaSb quantum wells and heterojunctions
shown. There is a further look into the electron scattering behaviour in these strtres
where square and triangular quantum wells are compared. From these studies, a set of
viable structures are selected to be grown and measured, with the measured results from

these structures displayed in chapter 7.

Chapter 7 presents the measured trasport data for an Ab.Ga sSb/GaSb square quantum
well and two Al Ga sSh/GaSb heterostructures, designed in the previous chapter. The
chapter begins by describing the equipment set ups used to perform electrical
measurements. The lovB-field data is analysed, including through twecarrier fitting, and

the electron mobilities and carrier densities are extracted for the square quantum well



and the heterojunctions. Comparisons are again drawn between the heterojunctions and
guantum wells with a transport model used to analyse the principle scattering
mechanisms in each structue. Subsequently, higHield, Shubnikovde Haas
measurements are presented and analysed, with these confirming the presences of a
2DEG, as well as allowing extraction of a carrier density, effective mass and quantum

lifetime. Discrepancies between the predited and measured mobilities are also discussed.

Chapter 8 summarises the body of research and results presented in this work, and
suggests possible areas of study for future endeavours, including further studies into the

growth, metallisation and high tenperature behaviours ofn-type GaSbh based materials.
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Chapter 2

The Physics of Semiconductor Structures

In the modern-day world, we are surrounded by semiconductor structures, fronthe light
emitting diode to the field effecttransistor and have a good understanding of their
electrical properties. The key to the success of the semiconductor is the control and the
variety. Rather than being simply conducting or norconducting they require an input
such as temperature or voltage in order to conduct and the input required is dependent
on the exact composition of the semiconductor. This allows a host of (semi)conductive
material to be created with different properties each suitable for aifferent application

by simply adding a bit more of a particular element.

In this chapter the physical and electronic structures of bulk semiconductors will be
explained, followed by a brief summary of electron transport. After which, there will be
an explanation of combining semiconductor materials in order to create electron
confinement, from which some of the strengths of semiconducting materials will become
clear. Overall this chapter introduces the background knowledge required to understand
the rest of the thesis, but more relevant theory to the specific results will be given in the
following chapters. The theory in the first two parts of this chapter is required for
understanding bulk materials, which areinvestigated for material quality in Chapter 3
The overall aim of this thesis is an investigation into transport of electrons in AIGaSb/GaSh
structures, the engineering of which is discussed itthe latter sedion. From this base
knowledge, structures were created, whereChapter 6and 7 discuss the simulation and
measurement of these confined structures. This chapter williscuss semiconductors in

general, however, with particular reference to IHV semiconductors and specifically GaSb.

(



2.1 Electrical Properties of Semiconductors

2.1.1 Crystal Structure

Semiconductors have a crystalline structure where a regular array of atoms isrfned.
Binary semiconductors (a semiconductor created from two atomic species) will alternate
each atom to create a regular structure where each atom of an atomic species is
surrounded by the other atomic species. The outer electrons of each atom bond the
structure together; the group Ill atom donates three electrons to bonding and the group
V donates five electrons to bonding etc. This bonding is in general covalent (sharing of
electrons), however there is some ionicity due to the electronegativitydifference of the
group V andlll atoms resulting in a greater distribution of electrons around the group V
atom [18].

Crystals can form a few different types of crystalline structte each made up of the same
repeated shape, a unit cell. The Bravais lattice describes the shape of the unit cell with the
most common being facecentred cubic, primitive cubic or bodycentred cubic as seen in
Figure 2.1 (left).

Primitive Cubic Body-Centred Cubic

Zinc Blende

Face-Centred Cubic

Figure 2.1: Left: Examples of the standard Bravais lattices including the
primitive cubic, the body-centred cubic and the facecentred cubic (fcc).
Right: An example of a zinc blende structure where the dark atoms form
one face centred cubic structure and the light atomsfm another. Where
the bottom left light atom is the equivalent to the bottom left corner of its
fce structure and the others are the face centred atoms that are held in that
cubic unit cell.

1The power of an atom in a molecule to attract electrons to itself.



In general, [IFV semiconductors such as GaSb and GaAs havea blende structure. This
structure consists of two facecentred cubic lattices (fcc) combined, where the group three
atom forms one fcc and the group V atom creates another. Each atonbaded to four
nearestneighbour atoms of the alternative speciesthis could also be described as a face
centre cubic with two atoms offset from each other in each atomic sl¢19, 20]. When
growing a semiconductor crystal, the structural integrity of the crystal iskey. When
combining materials, an important property to note is the lattice congnt, & ,which is the
width of the unit cell; in cases where the unit cell is not cubic a material may have more

than one lattice constantn each direction[19].

In order to describe the electronic properties, reciprocal or momentum space is often used
by redefining the crystal lattice in that space. In this space, the electron energy states can
easily be associated with a electrons wavelike nature, where the reciprocal lattice in k
space defines the allowed energy states for the electrons through the associated
momentum. The spacing between the allowed states is equal¢b 70, whereL is the length

of the crystal. This concept can be a difficult one, but the real importance is that the
periodic nature of the crystal is maintained in momentum space and so much like the unit

cell, only the repeated element of the space needs to be obsedv

2.1.2 Band Structure and Effective Mass

The band structure of a semiconductor is simply a description of the energy states in the

crystal that electrons may occupy.

E, E.
3 &
5 E g E,
c 8 c
w w
E, E,
X Wave vector

Figure 2.2: Left: Simplistic band diagram commonly used when combining
multiple semiconductors showing the conduction banadgeO, thevalence
band edgeO with a gap between themO . Right: Parabolic band structure
showing the conduction band, and the heavy holend light hole bands (both
of which make up the valence band).
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Some energy states are so high that they will never be occupied and some so low that they
are consistently occupied. The energy states are closely packed and form what are called
bands shown on an energy diagram.The simplest band structure diagram can be
displayed as a valence band and conduction band, where at 0 K all states are filled up to
the valence band edge. Between the bands is an energy band gap where energy states are
forbidden. The size of the band gap is the obstacle electrons have to overcome in order to
conduct. The upper limit of the band gap is given by the conduction band, which has an
edge at the lowest unfilled state. This is for intrinsic semiconductors where doping and
dopant states are not considered, doping is considered in more detail later in the chapter.

In the conduction band the electrons are free, and not bound to an individual atom.

The bands originate from the states of orbiting electrons, where the outer electns can

be described by their state, such as 4pl for Ga and 5p3 for Sh. When two atoms are brought
close together the states of the separate atoms begin to merge and form what are called
bonding and antibonding states. In a bonding state the electron prability density is
nonzero between the atoms and is found at a lower energy, it is these states that form the
valence band. The antibonding state is solely focused on each atom with zelectron

distribution between them, these states are what form the auduction band.

Probability
Density

Conduction
Band
(antibonding)

S _ e = Valence
Band
(bonding)

Figure 2.3: Top: The probability densities of the bonding and antibonding
states offset by an amount relative to the energy difference between them.
As the separation decreases the difference in energy increases. The light
blue indicates the bonding state and the dark bkl indicates the antibonding
state.Bottom: Formation of bands and a gap from bonding and antibonding
orbitals as the atomic distance decreases, adapted from rfefl].
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These states are at different energies due to the Pauli exclusion principle, and only one
spin up electron and one spin down electron can fill each state. This is just a simple case
with a couple of atoms but can be readily extended to a full crystal structure where both
the valence and conduction bands have a high density of states in each and are separated

by an energy gaf22].

The above is a qualitative description of the tighbinding model, where the crystal

potential is strong, and electrons are mostly bound to atoms. The tight binding model is

mathematically stated in a number of standard texts such @8" AT A 4 EAT @& AT A

0 01 DA OOE A[gB]. Thate &4 d fév/other moels that can be used to describe the
formation of a band structure such as the free and nearfyee electron models, where
weak crystal potentials are assumed, and the model starts from a formed crystal and
introduces the electrons. Despite approaching theituation from a completely different
point of view, all these models arrive at similar band structures, with a periodic nature

and approximately parabolic relationof energyin k (reciprocal space]23].

Reciprocal space, where the dimensions are expressed in the wave vecfis often used

to help describe he energy of the electrons in the crystal. In one dimension the wave
vector k is related to real space byQ & ¢“ 70 , where0 is the length of the crystal and

¢ is an integer number The electron probability density in a crystal spreads acrosall

real space, making real space an inconvenient variable when evaluating electron
movement. The wave vectorQEO OA1 AOAA OiF OEA OPAOGEAI
probability density, making it a more convenient coordinate.

The simplified parabolic digersion relation (E vs k) for a semiconductor is suitable for

many cases and can be determined with equatidhl

O ——nh 21

where Qis the wave vector,0is the energy of the state and is the electron massand
where the electron mass is proportional to the curvature of thi<O-"Qrelationship. Equation

2.1 is the free electron case, however when we consider an eleotr travelling in a crystal,
the potential of the crystal must also be considered. Mass is a quantity that is in general a
resistance to acceleration and thus an effective mas§,”, is used to more accurately
describe the movement through the crystal latite. The crystal lattice itself will exert a
force on the electron as it moves and thus the effective mass will be crystal, and therefore
material, dependent. The effective mass is defined by the curvature of the respective

energy bandand, can be expressetly
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where the top of the valece band is equal to 0 and the valence dispersion energy is

defined asO 9 "Q¥ca ”. Inthe valence band a different effective mass has been stated,
this represents the effective mass of a hole. The hole is a quasirticle which is defined

as the absene of an electron when an electron is excited to the conduction band. A hole
moving in the valence band is considered to be a positively charged particle as it behaves

in the opposite manner to the electron.

In certain semiconductors the dispersion relationship is norparabolic, leading to an
energy-dependent effective mass. Equatio.1 is simply a first goproximation and the

second orderequation becomes

h 24

o O
P (0] ca

with the effective mass for a norparabolic band defined as
a0 4" p — 25

where pfO is considered the nonparabolicity factor. Therefore, as the band gap reduces
the effect of nonparabolicity increases[24] . With the ‘Qvector for both parabolic and non
parabolic bands being dependent on carrier density, the physical significance of ron

parabolicity is aresulting carrier density dependent effectivemass.

By using the quadratic formula the norparabolic energyOcan befound for a range of Q

vectors and the nonparabolic effective mass can be extractedt is shown clearly here that
the effect of nonparabolicity only comes into play for GaSb at @of ~0.05 ¢ A , shown

in Figure 2.4.
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Figure 2.4: Parabolic and nonparabolic dispersion relations for GaAs
(green) and GaSb (blue), with the nowparabolic dispersion shown as
dashed lines.

Above where we have discussed the conduction and valence lolsn we are describing a
single direction in the crystal, usually this is satisfactory. However, in reality the crystal
structure is a 3D entity, and there are differing conduction bangdges relating to these

directions.

n
2k -
1= -
N Eg,L = ng -
) 0.89eV 0.81eV
& OF "= - —-~-=-~=—"T"~---=---- g
)
c
[1N)
-1k -
-2k -
]
L r X

Figure 2.5: Full GaSb band diagram for the conduction and valence bands,
reproduced from ref [11], annotated to point out the'O for both 3 and,
points.

The3s-band edge is the most symmetric point in the crystal and is generally the bottom of

the conduction band.The implication of the varying band edge in our case is that the band
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edge at the, point (the , -band edge) in GaSb is lies close in energy deband and thus
electrons with a high enough energy may conduct in the-band where the effective mass
is higher. This will affect the transport of electrons, as a higher mass results in lower

mobility electrons.

All of the above structures are assumed to be at 0 K. The bands, however, are temperature
dependent and the change given by the material parametegs and 1 in the Varshni

equation, where the energy gap can be empirically found to equate to

| .
—~ oy 26
O Y ©O n+ T—"\P

whereforGaSh 1€ pm A6 1 pt1KandO nm+ 1@ PR 6resulting in a
band-gap ofO o mf 1§ A §13].

Now that the distribution of the states has been well defined, the final part in the electrical
model of semiconductors isa description of what role the charge carriers actually play.
The Fermi level is the level or energy state at which there is a 50% probability of that state
being occupied. This is a practical description as it is temperature dependent, where
higher stateswill have an increased probability of being occupied at high temperatures. If
the Fermi level lies in or close to the conduction band the structure istype (from donors)
and electrons are the majority charge carriers. If it lies within the band gap n@aduction
occurs without external input such as temperature. If it lies in the valence band the
structure is p-type (due to acceptors) and holes are the majority carriers. A more fleshed
out explanation of the description of carriers and Fermi level will b given in the next

section.

2.1.3 Carrier Distribution, States and Density

The concentrations of electrons in the conduction band and holes in the valance band are
calculated by combining two fundamental tools, the density of states (DOS), determining
where the states lie, and the Fermi distribution, which determines the probability that the
states will be filled. We will start by describing the DOS in three dimensions, after which
the Fermi distribution will be explained, and, by combining these two models, &
calculation for carrier density can be found. The inclusion of dopants will also be

discussed, and how to address them mathematically.
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2.1.3.1 Density of States in 3D

The density of states (DOS) is the number of energy states per unit energy per watume.
From this calculation, the availability of energies that carriers can have, can be found. In
three dimensions the density of states is found to be:

d z —
20 = o o8 2.7
C 2
This equationis derived mathematically in many standard textysee ref419, 25, 26)),

however, to understand its context, the derivation will briefly be @scribed qualitatively.

The density of sates is derived by isolating an arbitrary space or shape kspace, finding
the number of states in that volume and dividing by the volume and energy. This shape
tends to be a spherical shell so that the magnitude is equal in all directions. Tkestates
are separated by2" /L in every direction and thus a regular grid can be created, relating
k-spaceto real space with the crystal length_. Thek-states that fall within that spherical

shell can be then counted, resulting in the number of states per volunper energy.

Equation 2.7 can be integrated between two energies to find the volume density of
available states, whereE=0 is taken to be the valence bahedge.Figure 2.6 shows a

continuous distribution of increasing number of states with energy for GaSh. The density
of states can also be calculated foeduced dimensions, the uses of which will be discussed

later in this chapter.

Energy (eV)

Density of states,
g(E) (cm*J1)

Figure 2.6: The density of states for electrons against energy in 3D.
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The Pauli exclusion principle states that no twalectrons can have the same quantum
numbers, and so two electrons can only occupy the same state if they have opposing spin,

and thus a factor of two has been included in the density of states to account for spin.

2.1.3.2 Fermi-Dirac Distribution

The FermiDirac distribution is a probability density function which allows the probability

of an energy state being occupied to be calculated against temperature. As showRigure
2.7,at very low temperatures o+ there is a sharp step, where, up to the Fermi level the
probability of a state being occupied i1, and above it the probability isFO. The Fermi
level here lies in the mid gap where there are no states, if theewere states here, they
would be occupied. As temperature increases this sharp step softens and the probability
of states being occupied in the conduction band increases. Therefore, even with a Fermi
level at mid gap, there will be a small probability obccupied states in the conduction band
as the temperature increaseslt should be pointed out again that the Fermi level is the
point where the Fermi distribution, the probability of a state being occupied, is 50%,

meaning all the states above this havelawer probability of being occupied.

Energy

Figure 2.7: The Fermi Dirac distribution against energy with an indication

of how the distribution changes with temperature. As temperature

increases there is an inaeased likelihood of having occupied states in the
conduction band.

Holes follow the inverse distribution, where at 0 K the probability is equal to 1 above the
Fermi level. The Fermi level at mid gap means no conduction, fitting with tleeefinition of
an intrinsic semiconductor, where no conduction can occur without stimulus, such as

temperature.
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Formally, the Fermi Dirac distribution describes the probability that a fermion will occupy
an energy state0, at a given temperatureT, mathematically given by equatior2.8. Where
O is the Fermi levelandQ is the Boltzmann constant

Q0 8 2.8

p
0 T P

The probability of a state being occupied by a hole is given py QO .

2.1.3.3 Carrier Density

So now we have an understanding of the distribution of the energy states across the
energy spectra (DOS) and an understanding of the probability that those states will be
filled (Fermi-Dirac distribution). From these two distributions we can determine the
density of electrons in the conduction band and equivalently the density of holes in the

valence band, given by equation.9 and 2.10. The density of electrons is given by
3 "Q0QOQM 29

where "Q O represents the density of states in th conduction band andQO represents
the Fermi distribution. This expression states that given a region of energy, the density of
states across that energy times by the probability of those states being occupied gives us

a density of electrons. The visual realisation of this can be seenHigure 2.8.

o(E)
n
Ec - Ec -
Eff = = = = === = = = = . o Efp = = = = = &~ = = = = - =
f(E) 300 K
Ev = - Ev |= -

Figure 2.8: Visualisation of carrier density calculation at 150K (left) and
300K (right), where the density of electrons increases with temperature due
to the increased probability of occupation of electronic states in the
conduction band.
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Equally, the hole concentration in the valence band is be given by
n QO p Q0 Q@ 2.10

In the above we have been describing the case where there are no impurities or charged
defects and the structure is simply intrinsic; intrinsic carrier concentrations tend to be

very low.

To calculate an intrinsic concentration equatior2.11 tends to be used whera) is known

as the effective density of states in the conduction band and is known as the effective
density of states in the valence bandwhich are both derived from the FermiDirac
distribution. With intrinsic semiconductors there is charge neutrality, where, in a perfect
crystal, each electron in the conduction band will leave a hole in the valence band,
meaning that the intrinsic carrier density, n; is equal to the number of electrons, and also

the number of holes i=n=p), then

¢ 00 QonOo¥Q Yh
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Using equation2.11 an intrinsic carrier density of p& 1 p A for GaSb is found at
300 K. It is easy to see how calculations of material parameters quickly become
complicated when temperaturedependenceis incorporated. It is often assumed that the

parameters are temperature independent which is often not the case.

It should be noted here that there is a subtle shift in the Fermi level with temperature for
an intrinsic semiconductor, as there is a higher probability of occupied states in the
conduction band, the 50 % probability of occupation is increased. The sidicance of this

shift is very dependent on the material, but usually the Fermi level remains approximately

midgap[27, 28] as typically QYL O and( 70  p:

) O QY .0
o — —I
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In the case of GaSb at 300@& O /2+581 A @nd thus is approximately midgap, where
O for GaSb is 730 meV

2.1.3.4 Doping Considerations

Often semiconductors are doped to increase the number of electrons or holes. Donor
doping is achieved by putting an impurity atom with an extra electron in its outeshell

into the crystal. For example in IHV semiconductors, group 6 elements in the periodic
table are used as donor atoms (Te, Se, S) and tend to replace the group V atom. Group 4
elements can be used but tend to be amphoteric (can act as either accepiodonor). This

is due to them either replacing the group V atom and introducing a hole or group 3 and
introducing an electron. Despite the amphoteric nature they are still commonly used in
systems such as GaAs, where the preferred site of the silicondstermined by the
temperature the GaAs is grown at, and there is a wide temperature range at which growth
can be achieved. In GaSb there is a narrower range of temperatures and thus silicon acts

as an acceptor.

When donorimpurities are introduced into the system a state is created just below the
conduction band and electrons are easily promoted to the conduction band from it, even
at low temperature. The donorlike nature tends to be associated with the purposeful
doping, however any impurities could be aracceptor or a donor in a crystal, and in some
cases defects in the crystal can also display this behaviour, such as in GaSb. If the state is
very close to the conduction band they are named shallow donors. These new states imply
that there is a higher piobability of finding an electron in the conduction band than in the
intrinsic case and thus the energy at which there is a 50 % probability of a state being
filled (the Fermi level), is pushed up towards the conduction band. The extent of the
movement is dependent on the number of donor atoms. The reverse is also true for
acceptor impurity atoms creating states near the valence band and pushing the Fermi
level down near the valence band26]. The above equation2.12, is therefore no longer

applicable and a new equation dependertn carrier density must be used

The calculations in the previous section are based on the assumption that the Fermi level
is firmly within the band gap (over ¢'Q"Yaway from either band). However, as stated

above, with increased doping this is no longer the case. For semiconductors with a low
m¢/my, ratio such as GaSb and InSb these assumptions are invalid for only a small

concentration of dopants and so the calculationshould be treated carefully.

As intrinsic concentrations are quite low in comparison to the number of dopants added,

materials with shallow dopants are approximated to have a number of electrons equal to
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the dopant ions, or holes equal to acceptor ions. hbth acceptors and donors are present
and neither are of negligible concentration, the materials are called compensated. This
means that a proportion of the electrons created by the donor atoms get trapped by the
acceptor states of the acceptor atom, netalising the acceptor atom without creating a
charge carrier. Compensated material where the intrinsic carrier concentration is
negligible is approximated to have a number of carriers equal to the difference in donor
and acceptor atoms; electrons where daoors are in the majority and holes where
acceptors are in the majority. Though it is no longer the case that the numbers of electrons
and holes are equal as in the intrinsic case, charge neutrality can still be applied in any
equilibrium system where the sum of all the positively and negatively charged particles
equals zero. This can be used to find carrier concentrations in doped semiconductors, or
more accurately the number of ionised dopant atoms from a measurement of carrier

concentration [29]. Charge neutrality stateshat

O n 0 ¢h 2.13
where ¢ is the number of electrons in the conduction band{s the number of holes in the
valence band0 is the number of positively charged donor atoms (where the electron

has been ionized) and) is the number of negatively charged acceptor ions.

How close the states lie to their respective bands also plays a large role in the number of
carriers created. Before carriers become freed from their dopant atom (activated) they
require an amount of energy equal to the energy difference between the state atitk
conduction band (the ionisation energy). Shallow dopants are close enough to the band
that at 300 K they are almost all ionised. However, this is not always the case and the

number of electrons created from the donorsg , can be calculated by

& 0 0 P h 2.14

p "QQ

where "Q is the degeneracy factor, which is 2 for donors and 4 for acceptors (as the
valence band is split into the heawhole and lighthole bands) andO is the ionisation
energy. In the situation where and acceptor has more than one energy level the
degeneracy and the thermalisation factorQA @PO O FQ"Y is replaced with a

summation over all the levels:
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In reality, distinguishing the number of electrons that come from the dopants is difficult
through measurement and what is actually measured is the total number of electrons,

which in acompensated material is given by

. o, .

¢ ——— 0A@D h 2.16
cO

which is foundthrough a rather long rigorous treatment of the activation and FermDirac
distribution [27, 30].

2.2 Transportin lll -V Semiconductors

The subject of all electronics is the movement of electrons (or holes). The transport
properties of semiconductors, both bulk and in heterostructures, is then of course of much
interest in the creation of devices. Much caibe said on this topic in terms of both

measurement and physics, below is a brief summary of both, followed by more rigorous
discussions in relevant chapters. Above we have discussed physical interpretation of

carrier density, the measurement of which is cussed in the following section.

2.2.1 The Hall Effect Phenomenon and Measurement

The Hall effect occurs when a conductive material with a flow of charge carrier§), is
subjected to a magnetic fieldd , which is applied perpendicularly to the directionof flow

of the charge carriers.
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Figure 2.9: A schematic diagram of the Hall effect, showing the movement
of electrons, creation of the electric field and the direction of the Hall field.
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A force, the Lorenz force, acts on the electrons due to the magnetic field, changing their
direction. The movenent of charge carriers to one side creates a charge difference
between the sides of the sample and thus produces an electric fied,, known as the Hall
field. The electric Hall field counteracts the magnetic field effect and so the flow of charge
carriers continues to flow as before, sedigure 2.9. When the forces are equal and
opposite they give equatior2.17, wherer) is the charge of an electron (or hole) and is its

velocity [31], where,
O 6 0vn nNO O 8 2.17

Due to the charge separation across the sample, a measurable potential difference, the
Hall voltage o Fis produced. Utilising this phenomenon, carrier concentration and carrier

mobility can be extracted from measurerents of voltage in differing orientations.

There are subtle differences in the calculation of these properties depending on the
structure and geometry which is being measured, which will be explained where relevant
in the results chapters of this thesis. & now it will simply be said that for bulk
semiconductor material, measuring the Hall voltage can be used to determine the carrier
concentration of that material,&¢ as shown in equatior2.18, whereois the thickness of the
sample,Ois the current andq is the charge of the carrier.

W H_E% 2.18
In addition to the carrier concentration, from the sign of the Hall voltage the type of the
majority charge carriers can be found (electronsn, or holes,p). Combining the Hall
voltage with the longitudinal voltage and associated resistivity;, ,the carrier mobility,
‘ hcan be extracted, where

W o0

8 .
= 2.19

The mobility is the average speed at which a charge carrier will travel with respect to the
electric field that is being appled to it, which is the case for any electrical current.
Measurements of mobility allow us to understand the ease at which an electron can travel
through the material and as such can be thought of as a material quality factor when
comparing like for like samples. The transport properties are dependent on one another

through resistivity and are related by equation2.20, such that
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where e is the magnitude of the charge of the electron. This is, of course, a simplified view
of the Hall effect as there may be more than one current path, more than one carrier type

and there may beénhomogeneities in the sample.

The above relates physically measurable quantitiesc{ i ) with material dependent
parameters ¢ ). However, a more detailed derivation of the mobility can show how this
also relates to the physical scattering proesses (through the momentum relaxation time),
where this gives a further understanding of material quality, independent of the effective
mass. If we return to think about the force on an electron, we can see that the force of the

electric field accelerates the electron. However, it is not always simply the case shown in

equation 2.21,
.
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charge carrier travels in a straight line in the direction indicated by the electric field, which

I £ AT OOOA x1 B éaée. Wherakha@e cArfer differs from its ballistic path, it
is due to a scattering mechanism which can take the form of anomalous charged
impurities, phonons or defected material. These collisions act against the electrostatic
force that is acceleraing the electrons, and the average time for the velocity of the carrier
to be randomised by these collisions iggiven by f, the transport lifetime, and so
incorporating this scattering term into equation2.21 givesthe forceto be

i AF d; dz%‘) 2.22
This equation always holds, where after the initial acceleration due tihe electric fieldthe
electron will scatter and reach a steady velocity called the drift velocity. This is in fact an
average as the scattering of the electrons will accelerate the carrier in differing,
randomised directions, but in general do not completely change the diraon of flow. The
resulting acceleration is then zero and the mobility can be defined as the ratio of the
magnitude of the velocity to the magnitude of the electric field, giving

Q
! 8 223
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These scattering mechanisms reduce the mobility of the charge carrier and so are
preferably minimised to create high speed devices. The scattering mechanisms are
limitations of the mobility, and so it is often said thatthe mobility of a structure is
OAAAECOI O1T A Ei POOEOU 1 EIi EOAAG 1 O OET OAOEAAA
like structures can therefore be an estimation of the density of defects and anomalies in

the structures. At room temperature however, nobility is generally limited by phonons,

which have a strong temperature dependence, unlike most other scattering mechanisms.

The extent of knowledge that can unlocked from mobility and the associated scattering

mechanisms will be discussed in much greatetetail in chapters 6 & 7.

The above derives the equations for bulk material, however this work is also interested in
the investigation of transport properties in confined structures, in particular
AlGaSh/GaSb heterojunctions. By combining particular mateds, a conducting electron
channel can be created. The creation of these structures requires knowledge of not just

the individual materials but how they combine; this is called band structure engineering.

2.3 Band Structure Engineering

The basis of many quatum mechanical structures is the use of one or more quantum wells
being used to confine electrons or holes. Though this at first seems like an abstract concept
it is rather easily achieved in the world of semiconductors by sandwiching a material with

a narower band gap between two materials with higher band gaps. The lower band gap
material allows the electrons to reside at a lower energy, making this material a preferable
conduction path, with the higher band gap materials being less preferable. Thudpaling

the confinement of the electron. In fact, any system where the electrons are confined in a
direction is a quantum well, and this can be created by a few methods. As a quantum well
has multiple materials it is defined as a heterostructure; where twodifferent

semiconductor materials meet is defined as a heterojunction.

AlGaSb AlGaSb
Conduction Band —l Gash
Eg (aIGasb) I Eg (Gasb)

Valence Band —I I—

Figure 2.10: A diagram indicating how semiconducting materials with
different band gaps can be used to create confinement.
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First, we must find the materials with differing band gaps, in many cases alloying is used

for the barriers where the binary is subtly changedby introducing small fractions of

AT T OEAO 1 AOGAOEAI 8 4EAT OEA AITECTIiT AT O 1T &£ OEA
should considered, firstly undoped, then with doping considerations, and thirdly the

effects of restricting the motion of the electrons Bould be explored. Finally, construction

of such material systems should be addressed. Lattice materials, much like any other

system, can be subject to stresses and strain.

2.3.1 Alloying

The alloying of binary heterostructures introduces a world of variety tolhe properties of

the semiconductors. The binary semiconductor GaSh has a band gap of 0.7 eV and a lattice
constant of @ B . By introducing some aluminium, to replace the group Il atom gallium,

the structure is subtly changed to AlGaxSb and the band gp and lattice constant are
increased, wherex is the fraction of Al. For example, for an Al fraction of 0.2, the bandgap

would increase from 0.73 eV (GaSb) to 0.90 eV. The properties of a tertiary structure such

AO OEEO AOA CEOAT Asdenttll g lhendidetpolatidnbéiwesnBvibA E  E O
binaries, in this case AlSb and GaSh. In some cases, a linear relationship is just a first
approximation and is quite inaccurate and so a bowing parameteb, must be included

where
0 N e) p ®O W 38 2.24

When T this equation reduces to the simple linear caselaving alloys that are lattice
matched to the binary material is advantageous as it does not introduce strain into the
system, which can change properties and disturb the structural integrity of the system;
see section2.3.5 Strain and Latice Mismatch A visual representation of IV binary

materials and the properties of the connectig alloys is given byFigure 2.11.

As the aluminium percentage is increased all of the parameters will steadily shift toward
AISb, meaning we can essénlly choose the energy difference between our quantum well
material and barrier material and be able to fine tune confinement for various

applications.
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Figure 2.11: Band gap against lattice constant for all binary HV

semiconductors indicating the ternary alloy branches between the binary

materials. Materials at similar lattice constants are lattice matched reducing

strain [32].
Below in Figure 2.12, the bandgap difference can be seen between®kixSb and GaSb
as the Al fraction increases. Interestingly there is a crossing point at 0.2 where the low
lying 0 band in GaSb becomes the lowest conduction band minima creating an indirect
band gap. Indirectband gaps are named as there is a change in monh@m between the
conduction band minima and the valence band. There is a further cross over with the X

band at 0.56 Al fraction[33].
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Figure 2.12: Left: Energy band gap between the valence band peak and the
3, L and X points, and how this changes with aluminium fraction from GaSb
to AISb.Right: A graph showing how the band gap difference between GaSb
and AlGaSb changes with aluminium fraction. The amirs represent a
change from a direct band gap at the point, to indirect at L or X

2.3.2 Heterostructure Band Alignment

When creating heterostructures the alignment of conduction bands should be well

understood as different materials align in various ways and therefore there may be
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different confinement for electrons and holes in an individual structure. There are three
classifications of semiconductor alignments, type | (straddling), where one band gap is
completely enclosed within another, type Il (staggered), where the conduction band of
one material lies within the band gap of the other and type Il (broken gap), wheréére

is no overlap of band gaps between the materials, ségure 2.13.

One method of finding the alignment of two materials is by assuming the vacuum level is

uniform across the structure and using the electron affinity?, to align the materials. This

EO 'TAAOCOI T80 OO0 MahdBxEAOA &1 O 1 AGAOEAIT O
WO

and 2.25
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where 3O is the offset in the conduction band andO is the offset in the valence band,
see2.17. Therefore, as semiconductors are not centrally aligned, the band offsets between
the materials for both the conduction and valence bandre required to appropriately
predict the confinement for the structure. Using the above equations) ithe case of this

work AISb/GaSb is considered to be a straddled gap with a conductidiand offset of
0.46 eV and valence band offset of 0.44 eV at 30JK3].

Typel Typell Type Il
EC
I AE,
AE, AE
AE 1 —
AE, v
L, I AE, I
AlSb
AlAs
GaAs GaSb
InP
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x InAs
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Figure 2.13: Top: A schematic diagram that illustrates the three types of
heterojunction alignment, straddling, staggered and broken ga@ottom: A

scaled diagram indicating the types of alignments for a selection of HV
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2.3.3 Confined Band Structures

Though a potential well can be formed when any lower band gap material is placed
between two materials of a higher band gap, quantum effects only occur when the well
width is of the order of the de Broglie wavelength, creating a quantum well. The de Broglie

wavelength is given by

0 )
Th 2.26
ca QY
where hEO 01 AT AEG@®@ cang®OAGa@@ Q EO "1 1 OUI ATT1860
pgpymmgmn | EO + . When the well width is of the order of the de Broglie

wavelength quantum mechanical effects of confinement become significant and thus the
particle confined can no longer be treated classicallyrigure 2.14, shows that for an

increase in effective mass a thinner quantum well is required for quantum effects to occur.
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Figure 2.14: The relationship between the de Broglie wavelength and
effective mass, noting common IV semiconductor compounds.

At this length scale the particles within the well will become confined in that direction, but
have free movement in the other directims, this is called twedimensional (2D)
confinement. Onedimensional (1D) and zeredimensional (OD) confinement are also

possible by further restricting the directions of travel for the particles.

The particles can be modelled by the Schrddinger equatiowhich describes the motion
of a particle in any potential, in this case an electron in a confined conduction band. From
the Schrodinger equation the energy of the electrons in the well and the wasenctions
can be found. The wave function is a descriptioof the quantum state, such that when its
modulus is squared, it gives the probability density of the electron as a function of

position. In one-dimension the Schrodinger equation is given by

Gar ¢ o &h 22
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where ¢ is the wavefunction of the solution, E is the confinement energy andV is the
potential. However, when there is more than one electron, as is the case with
heterostructures, this probability density is used to describe a charge density. The
potential profile would then be describing the conduction band (quantum well) of that

structure.

Energy

Figure 2.15: An example of the wavefunctions offset by their energy in a
finite quantum well.

In Figure 2.15, when considering the ground state wave function, the peak of the
probability density (where most of the electrons reside) is at the centre of the symmetric

well, indicating this is where the najority will be positioned.

In cases where there are free charges (e.g. where structures are doped) the Schrédinger
ANOAOGEI T ETAEOEAOAIT U xEIl 110 AAAOOAOGAT U bC
electrons due to corresponding changes in the band rsicture due to the charge. The
Schrédinger equation then determines the states that exist and thus the corresponding
spatial density of charge. The Poisson equation is then used to evaluate the effect on the
band structure of this distribution of charge. Were there is movement of charge in a
structure such as in modulation doping, where the positive dopant ions are physically
removed from the electrons they provide, there will be band bending. This comes from
the electric field created between different aeas of charge which will then have a
perturbation on the potential well. This band bending can be manipulated in order to
create confinement from a single heterojunction by creating a triangular well. As the
doping is increased, as is the band bending, thican extend as far as to create a

confinement and unwanted states within the dopant plane.
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Figure 2.16: A triangular well created with the band bending from electrons
being physically removed from their dpant ions (positioned at the green
dashed line).

A J

z

2.3.4 Carrier Density in 2D Structures

As the dimensionality of electron movement is reduced to 2D, the 3D density of states no
longer applies. There is a recalculation where an area is evaluated, instead of a volume, in

k-space, resulting in
Q 0O T O O h 2.28

which is independent of energy. As the energy levels in the quantum well are now
guantised the Heaviside function, , should be included, whereE equals 1 whenE O
and 0 otherwise, whereO represents the energy levelscreating a steplike relationship
with energy. This adjustment to a twedimensional density of states carries through to the

carrier concentration, typically expressed inAl |
¢ 0O Q 0MQoQ® 2.29

At T=0 K the upper bound of the integral is equal t® allowing the carrier density to be

easily calculated, and rearranged to give an equation for the Fermi ener@yfas

& 8 2.30

When related to equation2.1 this gives a simple relation for the Fermi wave vectoiQ

where Q ¢“¢ . It is seen that by this relationthat for a 2D carrier density of
T pmt A ,Q m8uwTd. When this isrelated to Figure 2.4, it is observed this

carrier density would result in significant non-parabolic effects.
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2.3.5 Strain and Lat tice Mismatch

When physically creating heterostructures from growing one crystal lattice on top of
another, strain from lattice constant mismatch must be considered. When two different
materials are grown, the second material (epilayer) attempts to mainia the material
lattice separation of the first material (substrate or lower epilayer), this produces strain
in the lattice. It must be noted that the atomic volume must remain constant and so for a
strained epilayer, if the lattice constant is smaller ithe interface plane, it will be larger in
the growth direction [34]. Once the second material reaches a particular thickness, the
critical thickness, the latticeseparation of the epilayer returns (relaxes) to its natural state
by creating defects (misfits)as seen inFigure 2.17. This relaxation causes defects in the
structure and therefore changes the conductive properties of the lattice. Thus, the critical
thickness is something that $ crucial to know when designing heterostructures in order
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Figure 2.17: A figure showing how differing lattice constants in strained
and relaxed states can form defects.

There are a number of structural defects that are created in growth, in general for this
work we consider only two of them 60° dislocations and 90° dislocations. The 90° (edge)
dislocations are created through a missing bond and are parallel to the interface of the
two materials. By breaking a bond, the 90° dislocation relieves strain in the system but
does not affect furthe up in the sample seeFigure 2.17 right, 60° dislocation not shown.

This is due to it being energetically favourable to relieve sain through the breaking of a
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bond rather than a consistent mismatch throughout the interface. The edge dislocation
can be thought of as a series of missing bon¢#0° dislocations) where the space above it
creates a regular lattice and the space below it creates a different regular latticEhese
dislocations can be preferable as the meased part of a given sample tends to be above
these strained interfaces. Far more detrirantal to the measured part of the sample is the
60° dislocation. These dislocations thread through the sample at 60° from the interface,
moving upwards towards the measured layers of the sample. These dislocations can be
linked where amisfit or edge dislocation A T A @b tBréugh the entire sample but instead
OO0O0T OPbxAOAOS6 Eibédre remchihg the el of theAs@riple ledyds
suggested, the dislocations along the growth directioare problematic if they are formed

through the measurement sjaice of the samplg36].

O4 EA teaditig) flisibEationsare formed on the gp P plane from the energy stored in
strained atoms, these dislocations are more problematic as they effect the measurement
OPAAA EECEAO [ OEA OOOOAOOO0OAOG

The lattice mismatch,f, can be alculated by equation 2.31, where @ equals the lattice
spacing of the substrate, or the underlying epilayer, an@ represents the second material

[38]

.
PL Ws, 2.31

CwWw o
AlSb/GaSh interfaces only have a lattice mismatch of 0.7% which reduces to 0.13% for
I'Tg'Ag3 &R A 3vhich is the barrierwell interface used in this work This work uses a
GaAs substrate, where the GaSh/GaAs interface hatatiice mismatch of 7.8%. This is

very high and produces a large number of defecf{88].

To avoid the threading dislocations king carried through the sample into the active
region of the sample, interfacial misfit (IMF) array formation can be used. This is a method
of reducing the defects created, by carefully controlling growth to generate a regular array
of misfit dislocations in an individual layer at the interface It has been suggested in the
literature for many years that it is expected that when a threading dislocation from the
substrate hits an interface, if the epilayer is strained, the threading dislocation would just
continue as the structure of both the substrate and the epilayer are the same. However, if
the epilayer is relaxed,it would be expected toterminate at the interface as above the
interface (above the first monolayer of epilayer) the atom positions are detenined purely

by the epilayer atomic bonding creating a pseudesubstrate of the epilayer Whenf is high

A ¢$ TAOxT OE 1T &£ AOOAUO x1 OI' A AA AogiB9AAN
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Asthe atoms aretetrahedrally bonded, the surface of the crystal during growth forms one
atomic species layer tlen another. To form an IMF, GaAs is grown and then the As is
dissociated from the surface, leaving a gallium layer. The sample is then held in a Sb rich
environment allowing for a single atomic layer transition from GaAs/GaSkhVithin the
interface there will still be periodic misfits or dangling bonds, however they are in the
plane of the interface and so do not carry through the sample. There are still 60°
dislocations in the sample that carry through, but these are greatly reduced in quantity
[40-42]. In the ' A F AA 'h@erostructures with an IMF, the GaShwill be relaxed,
meaning the lattice is not strained and has an unperturbed lattice constant, with very few
vertical defects. Without an IMF the dislocation density of GaSb/GaAs structures are of the
orderof p A, while Huanget al. reported the same structure (with an IMF) produces

a defect density ofp TAl [1, 42]. With this method GaSb can be freely grown for

microns on GaAs without concern of significant defect generation due to strain.

As this work studies heterostructures the mismatch and strain between the barrier
(AlGaSb) and binary material (GaSb) should be considered with particular note of the

critical thickness to ensure the designed structures do not go beyond this.

Models of lattice dislocations areoften hinged on the use of Burgers vectordy. These
vectors represent the extent and direction of a distortion caused by a dislocation in the
lattice and are found by drawing a loop around the distortion to evaluate it, the full
explanation of these are outside the scope of this thesis, however asstltaunderstanding is

helpful for critical thickness models.

There are two models that can be used to calculate the critical thickness, one is the
Matthews and Blakeslee moddB9] and the other is the Peoplend Bean model[43]; both
were calculated for heterostructures designed in this work. The Matthews and Blakeslee
model determines the critical thickness by focusing on the balance of forces between the
tension in the threading dislocations with the force of the misfit strain causeddm non-
matching lattice constants. Eventually through continued growth, it is energetically
favourable to release the strain through a production of a misfit at the interface and a

propagating dislocation through the material.

The Matthews and Blakesleenodel for critical thickness is given by the equatior2.32 and

assumes a number of threading dislocations already exist in the grown materid@, 39].

o p ’A'I'qiii" y
¢t Qp ' AT_O

Q 2.32

P
T

ed o
o]
0

34



where "Q is the critical thickness,"Qs the natural misfit, b is the magnitude of the Burgers
vectorand’ EO 01 EOOT 160 OAOET xEEAE EO ANOAI
strain in a structure. The angles and _ (both =60J for GaSb) are defined as the angle
between the dislocation line and its Burgers vector, and the angle between the slip
direction and the direction in the film plane. The factor of ¥ given at the beginning of the
equation is to adjust for a single heterojunction. Whereas the derivation by Matthews and
Blakeslee was for a multlayered system where the strain is shared betweenllaayers,

this factor changes to a half when a quantum well is considerg¢d9].

People and Bean, however, do not assume a starting number of threading dislocations and
calculate the critical thickness through assunmg misfit dislocation creation occurs only
through energy balancing of strain and defect creatiof#3]. They argued that the previous
Matthews and Blakeslee model was not suitable for the small mismatch percentage
( 0.5%) in GeSh.4/Si structures and adjusting it accordinglyto better predict the critical
thickness, they proposed the critical thickness is given by

P @ P
P polig ®o Q

I T h 2.33

e

where @ ® is the lattice constant of the epilayer. They further compare their experimental
results to both their adjusted theory and the Matthews and Blakeslee theory and conclude
that Matthews and Blakeslee underestimate the critical thickness with any mismatch
below 1.4 %[43]. All o the misfit percentages in this work are below 1.4 % and so should
follow the People and Bean model, howeverh¢ critical thickness for GaSb/AISb, with a
mismatch of 0.65 % was calculated and compared to the range reported in Dugh al.
[44], this range being (10.617.0) nm. The Matthews and Blakeslee model resulted in
17.4nm, a far closer estimatéhan People and Bean, which resulted in a critical thickness
of 360 nm.

The Matthews and Blakeslee model was used as it was the closest to the experital
value, despite the misfit percentage being quite close to the applicable mismatch range
quoted in People and Bean. The critical thickness calculated for a 20 % aluminium
concentration was 120.4 nm and so the AfGa sSb barrier will not exceed thisvalue as it

is within the limits of both models.

These equations were solved graphicallyasshown in Figure 2.18, where ay=xline is

plotted to extract a cross over point with the RH®f equations2.32 or 2.33. In this caséQ
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is set to x and where these lines cross is equivalent to the critical thickness given by
equations2.32 or 2.33.
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Figure 2.18: Left: A plot showing the graphical solution of the Matthews
and Blakeslee mode[39] fora!l ' A g3 AGaSb heterojunction, the black
line shows the y=x line and the cyan line signifies the critical thickness
calculation, where in equation2.32 "Q on the RHS is set to equal. Right:
The critical thickness for! 1 * A 3 Against the alloy fractionx. The cyan
line represents the Matthews and Blakeslee model highlighting the value

used in this work for a 0.2 aluminium alloy fraction. The People and Bean
model is shown in pink[43].

The desire to grow below the critical thickness is to reduce the accumulated strain and
any related defects. However, defects can form in many ways, some completely unrelated

to strain and dependent purely on the growth kinetics. Such defects are promineimGaShb
and are discussed at length in the next chapter.
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- Colin Humphreys

Chapter 3

Growth, Material Quality & GaSbDefects

All material in this work was grown by molecular beam epitaxy (MBE), and although MBE
is a very wellestablished growth method, good GaSb growth for the purpose of electrical
devices is still relatively unknown. Optoelectronic systems, where research based GaSh

is predominantly focused, is a welstudied area in Lancaster University Physics
department. These samples however do not require exact and detailed understanding of
doping compared to samples produced for electrical transport studies, and so findr

investigations of basic GaSb growth were necessary for this work.

In this chapter, first, the physical principles behind growth of crystals via MBE, and the
complications of such will be discussed, with particular note of the native GaSb defects. A
literature review of many of the various studies performed into GaSb native defects, which
are the source of many complications for creating high mobility structures in GaSb, will
also be discussed. Following this, the practical implementation of relating owth
parameters, such as temperatures, times and valve positions, to more intuitively physical
parameters, such as growth rates, layer thicknesses and V/III ratios will be illustrated.
With the aid of these sections the results of growth studies into the ative defect
concentration as a function of these physical parameters, as well as the possible doping

levels achievable, are presented.

3.1 Principles of Epitaxial Growth and Defect Formation

Epitaxial growth is the process by which many semiconductor cryats are grown.
Ordered arrays of atoms are deposited on top of each other, one single atomic layer

(monolayer) at a time. The atomic layers deposit such that the deposited crystal assumes
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the crystal structure of the underlying material or substrate. Thi€an be achieved through
many methods such as mtal organic vapor deposition(MOVPE) or liquid phase epitaxy
(LPE), with each method having its own advantages. Of these, molecular beam epitaxy
(MBE) is the most precise due tgroviding the more control of the interfaces between
materials [45, 46].

3.1.1 The Basics of Growth Kin etics

Epitaxial growth such as MBE, involves many chemical and physical processes but can

easily be outlined.Quite simply, a substrate is placed into a high vacuum growth chamber

and heated The desired growth materials, such as gallium and antimony, arbeatedin

cells (Knudsen cells)to evaporation temperatures. Once suitably heated, the shutters to

the cells are opened and a flux of particles is obtained on the surface of the substrate.

Though growth materials such as gallium evaporate as moleculesefe are in general also
OAOAAEAAG O DOiI AGAA ETAEOEAOGAI AOGI T O 10 AE

kinetics of the surface are discussed, atomic deposition is considered.

The atoms arrive and deposit onto the hot surface where various processes occur,
including adsorption or incorporation of the beam atoms tahe substrate, and migration
or desorption ofthe adsorbedatoms. The surface itself can be describesa series of sites,
which canreact differently with the non-bonded atoms on the surface. fese sites include

layer step edgesand vacancies

Deposition
Adsorption Q
Desorption ) y .

e 55
‘ {/)(f?g

y
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-

Figure 3.1: Schematic diagram of the surface processes that occur during
epitaxial growth.

Severalparameters such as the temperature of the substrate or flux atoms, and flux of
deposing materials must be taken into consideration during growth, but here we will

outline the importance of the sticking ratio (or sticking coefficient).The stickingratio can
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simply defined as the raticof OOEA 1 01 AAO 1T £ AOI 1 O AAEAOET ¢ Ol
T 01 AARO T &£ AOI i[5, 4X00EOET ¢ OEAOAG

The atoms in the beam have an energy distribution upon arriving at the surface, which is
dependent on the temperature of the Knudsen cell where the material originateth order

to fully incorporate into the crystal, an atom must first adhere (physically bond) to the
surface through Van der Waals forces (physisorption), before incorporating (chemically
bonding) to the surface (chemisorption). Once physically bonded, if ¢#ne are no
appropriate sites available, the atom will migrate across the surface until a site is found.
The atoms with the highest energy will simply desorb from the surface (having overcome

the Van de Walls forces), thus reducing the sticking coefficient.

The conversion of these atoms from being physisorbed to chemisorbed depends on the
chemisorption sticking coefficient which is species, substrate orientation and atomic
spatial distribution dependent. Mathematically, it is proportional to the probability of
having vacant sites in the appropriate state, which is a function of the monolayer coverage
of the surface. The physisorption however, is not dependent on the local environment, but

the more global substrate temperatur¢45].

In general, group Il atoms havea high sticking coefficient close to unity, where almost
every atom arriving at the surface sticks. Group V atoms however have a lower sticking
coefficient, only sticking if it is energetically favourable due to group the Il elements
creating appropriate sites. As such, the group Il element controls how fast the lattice is
grown and beam fluxes of group V elements may be much greater than group Il fluxes in
order to achieve an appropriate stoichiometric growth, where there is a regular array of

alternating group lll and V atom§48].

There are few ways (modes) in which atomic layers can form during epitaxy, monolayer
formation (Frank-van der Merwe), nucleated island formation(Volmer-Weber) and
monolayerthen nucleatedformation (Stranski-Krastanov). Inthe caseof the GaSb growth
performed in this work, the depositing atomsare weakly bonded to each other compared
to the substrate. Therefore they form monolayer islands which grow andpsead to form

a complete monolayer, i.e. Frankan der Merwe growth mode[38, 45, 49].

3.1.2 Antisite and Vacancy Formation

All crystal defects can act as sttering mechanisms for any charge carrier, impairing the
mobility. The rate of this scattering of the charge carrier will be greater if the defect is

charged. The aim of this work, in short, is to reduce the scattering of the charge carriers

39



and increasethe mobility, through improved material growth quality and reduction of
defects.Point defects form from nonstochiometric growth of a lattice, with native point
defects named as they consist only of the atoms expected in the crystal (i.e. they do not
contain any atoms of a foreign species). Antisites form where the constituent atoms are
positioned in the opposing site, for example a gallium antisite (Gg and anantimony
antisite (Shsy consist of a gallium atom in an antimony site and antimony atom in a
gallium site respectively. The misplaced atom is noted, with the subscript indicating the
site. Similarly, an absence ofin atom is a vacancy, such agd There are also cases where
interstitials occur (atoms between sites), but for GaSb these are not sificant [11]. A
schematic diagramof the formation of the native defects present in GaSb is shown in

Figure 3.2, including the formation of the antisites (Gap, Shss) and the vacancies (¥, Vsb).
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Figure 3.2: A schematic diagram ofa selectionof the native defectsthat
could becreated ina GaSHattice, showing each atom (Sb in blue and Ga in
green) with its associatedouter electronic bonding. Donated free electrons
are shown in orange with unfilled orbitals (holes) shown in yellow.
Clockwise from the top left are a gallium vacancye, an antimony vacancy,
Vsb, a gallium antisite, Gas,, and anantimony antisite, Slza

Impurity defects occur through the addition of other elements via unwanted ams in the
MBE chamber (primarily excess carbon). This contribution is again small due to the
relatively clean nature of the MBE chamber, and for GaSb, the native defects are the

biggest contribution by a significant margin

The Gbbs free energy of the gstem is given by the enthalpy and entropy of the system

andthe system as a whole works toward th&ibbs free energy being minimised &sthis
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is energetically favourable). The enthalpy termis dependet on both the defect type
(antisite or vacancy), and he species (gallium or antimony)and is apositive factor
linearly dependent on the concentration of defectsi.e. a higher enthalpy acts to increase
the Gibbs free energyThe entropy of the system is a measure of the randomness created
by introducing any defect into the system and is dependent on thetio of the number of
defectsto the total number of atoms The entropy term is only weaklydependent on the
speciesand is anegative factor in the Gibbs free energyi.e. a higher entropy minimises
the Gilbs free energy The combination of these factors ensures that there willways be
defectspresentin any given material systemhowever the concentration of these can vary
widely [50].

The Gbbs free energy isminimised when the concentration of the defects is large enough
that the enthalpy required to create the defects is comparable to the entropy created.
Above this concentrationtoo much energy is required to creat@any more defects. Due to

the enthalpy term being the main species dependent factor, when investigating the
primary defects of a material system, the formation enthalpy for each defect is the primary

term compared50, 51].

It should be noted that the concentration of the native defects is also dependent on the
temperature and presure of the beam flux, as well as the entropy and enthalpy
(formation enthalpy). A lower formation enthalpy for a defect implies a lower level of
energy required to create that defect and therefore a higher concentration of said defect.
Shown below are theformation enthalpy energies for GaSb calculated by Van Vetchen
al. It should be noted that3'O is amongst the lowest of all formation enthalpies
calculated by Van Vetchan, who investigated a host of -M and IFVI semiconductor

material systems[52] [51].

Table 3.1: The formation enthalpies of the common defects found in GaSb given in (52].

Material 30 30 30 30

GaShb 0.08 0.32 2.03 2.56

It is clearly shown in theabovetable that Gaydefects in particular are easily formed and
will therefore be found in significant concentrations. To properly understand the

significance ofthe low values found in GaSh should be noted that in GaAswO
WO @ W 6and 5O WO ¢® A& 6 all significantly higher than the GaSb

counterparts.
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This large difference in formation enthalpy energies gives rise to a large difference in the
number of each defect observed, where the formation of these defects can be understood
by the nature of emh of the constituent atoms.3 A8 O | | xcoe@icehtictedtds C
antimony vacancies which are energetically unfavourable (as seen Trable 3.1). These

vacancies undergo the more energetically favourable aetion[53-55]

'A 6 O'A 6 . 3.1
These defects can contribute significantly to electrical conduction and can in fact be the
main electrical contributionto aOAT EAT T AOAOT 060 AAOOEAloveAT T AAT
reaction occurs the donor type defect6 converts to two acceptingtype defects[54].
However, once the defect is formed it must also be ionised to have dratrical effect, and
therefore if the ionisation energy of the defect is large then it might not significantly

contribute electrically. This is the case for both of the vacancy defects in GEEH.

The states of the' A antisite, however, lie close to the valence band edgeWith low
formation enthalpy and doubly-ionising nature, the' A is the controlling electronic
contribution of any grown, undoped (unintentionally doped), GaSkcrystal. The resulting

p-type concentrations are commonhas largeasl p mA  [7, 56-58].

The origin of the many defect species in GaSb have only recently becoreown in the
semiconductor community, despite the high concentrations of dfects in GaSb being
common knowledge amonghose performing MBE growth In 1964 Baxteret al.proposed
that a defect of doubly accepting nature was present in GaSh, with a shallow ionisation
energy of 30meV [59]. 15 years later Allegre and Averous attributed a observed PL
transition to a residual acceptor and identified this as a dGa, complex [60]. In 1985
Lewandowski et al. investigated single crystal GaSb, determining that the defect
responsible for the p-type conduction must be an antisite, but it was not clearly defined
whether that antisite was part of a complex or nof58]. They suggested that the antisite
was similar to that found in GaAs and originated from an antimony vacancy following the
reaction stated inequation 3.1. In 1999 interest was growingto understand the origin and
formation of these defects and in particular, how to reduce them throughthe use of
growth trials . Thedetails ofhow these growth trials, and those implemented ithis work,
were performed will be explained in full in section 3.2.4, howeve at this time, the full

explanation of the defectsemained relatively unknown.

In 2001, Ling et al.usedpositron annihilation spectroscopy specifically to investigate the
defects n GaSH61]. This method targets vacancy defects, howevawith knowledge of

the defect formation, further information can be inferred from the results. At this time
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there were very limited works using this method on GaSbThere was alsdittle effort to

tie in the defectsobserved in this work with those observed fromgrowth results that had
been stated previously. Linget al.stated that the \&adefect can baemoved viaanneaing
while the hole mncentration remains unchanged, attributing the unintentional hole
concentration solely to the Ga, defect A year later, Hakalaet al.theoretically studied all
the native defects and their formation enthaljes, including complexed defects (multiple
atoms forming a defect) and independent defects They concluded the low formation
energy required to create Gg, as well as the lowonisation energy,provesthat this is the
origin of residual acceptorobserved56].Hakalaet al.further showed that the GaSb defect
concentration was orders of magnitude greater that the & concentration across most
growth conditions. Further to these calculations, in recent years research groups have
looked experimentally into the formation enthalpies and all ionisation energies of defects
under varying growth conditions [6-8, 62]. However, so far there hae been limited
attempts to correlate experimental and theoretical results. This is mainly due to a
disconnect between the condions idealised on the surface in a theoretical simulation and
the practical conditions used to create that surface. Clearly defects are inevitable, and in
the case of GaSb they are also in large quantities as many research groups have

demonstrated.

A further defect that needs to be considered in this work is the tellurium complex. It has
been reported that small concentrations of tellurium, whilst typically a dopant, may
actually increase thep-type background. This has been observed in GaSb grown in this
work, as shown in sectior3.3.6[9]. The unusual behaviour has been reported to be due to
a Te complex that forms with the Gaantisite, creating a triply accepting defectWhen Te
does not find such a site, it acts as a usual donbrespite reports of thisunusual behaviour
little work has been undertaken to fully describe this defect and the behaviour seen since
the original proposal of the Te complex fronDutta et al.[9]. This is another incentive to
optimize the reduction in antisite defects as even an attempt to compensate (neatise)
out the unintentional p-type doping will require a significant concentration of tellurium
atoms, some of which will be complexed, causing an increased acceptor concentration.
This undesirably high level of dopant and defects (point charges), draséily increases the

scattering of any charge carrier, leading to a reduced electrical mobility.
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3.2 Parameters and Procedures of Molecular Beam

Epitaxy
Growth of semiconductor materials requires good knowledge of both growth kinetics and
the safe operation ofthe machines used for growth, such as molecular beam epitaxy
(MBE) machine. Understanding of material growth is truly the building block upon which
many semiconductor devices are created, and as such it is a diverse and deep topic, much
of which is outside the scope of this PhD. This section will outline the procedures
necessary to undertake this work including the preparation of samples, the creation of

recipes and the use of the MBE machine.

All samples in this work were grown by myself usingLancaster51 EOAOOEDUSE O 6 +
GENxplor MBE system. Training and supervision wereinitially performed by Dr. Andy
Marshall before | undertook sole responsibility for my use of the MBE machine anthe

creation of recipes.

3.2.1 The MBE Machine

The relevant components for ccnmon use of the MBE machine are shown in the annotated

diagram below, with special detail given to the growth chamber.

Heater Gate Valve Buffer
Chamber
Substrate Trz:rs;fe r
holder |
— A '}
RHEED ¢
o1 N .
Electron RHEED Prehparat’)ﬂon
Gun S Sceen Chamber
Main \-.. - cell shutt <— Gate Valve
e utter
Shutter ; 4 load
< =~—=Knudsen O Lock

| | Cells —
I

Growth Chamber

Figure 3.3: Schematic of theMBE machine, noting each chamber and with
detailed annotation of the growth chamber.

In the order of loading a sample into the growth chamber: firstly, the load lock is used to

move samples in and out of the MBE machine. The load lock is separatechlyate valve

01 DpOi OAAO OEA DPOADAOAOGEIT AEAI ARO &EOT1 ATl
controlled by two pumps and a controlled flow of gaseous nitrogen. The preparation

chamber stores the samples until they are ready to be moved out of the machioeare

ready to be grown on. The outgas or buffer chamber allows for a thermal cycle which

removes contaminants before growth, venting off the particles. A transfer arm is us¢o

move the samples around the machine.
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The growth chamber is separated fronthe rest of the MBE machine by a gate valve which
is kept closed as much as possible to maintaen ultra-high vacuum of pmt 4 1 Olbe
substrate holder (which rotates during growth) is placed centrdly in the chamber with
the substrate heater directly alwve the sample (thetemperature is measured by a
thermocouple). The Knudsen cells are positioned under the substratand arewhere each
element used during epitaxial growth is housed Each Knudsen cell haa shutter and a
valve for control of the flux,and the temperatures of these cells are elevated before
growth, creating the gaseous form required for MBE. There is alsaorain shutter between
the substrate and all the Knudsen cells to further protect the substrattfom undesired

elements contacting the suface, and to aid in the formation of sharp interfaces

The MBE machine contains a reflection higenergy-electron diffraction (RHEED) gun and
detector, used to monitor the surface during growth. This method of monitoring involves
directing a beam of eletrons at the surface of the sample at a shallow anglé5]. The
resulting diffraction pattern is used as an estimation of the construction of the grid like
surface of the lattice. If the surface is amorphous due to oxide, the RHEED pattern is diffuse
which no dear features. When the oxide is being removed a spotted pattern starts to form
from a rough surface, this can also be the case with Volm®@reber growth as well as
Stranski-Krastanov growth or poor-quality growth. A streaky lined pattern appears from
good quality crystalline growth[38]. The intensity of the RHEED pattern awafrom the
central line can be monitored to track the coverage of the monolayer being deposited, with
each peak in intensity representing a smooth complete layer. Each material has a distinct
RHEED pattern, related to the surface growth of the crystal steture from the incoming

atomic species.

Figure 3.4: Left: Pictures of RHEED patterns before deoxidisation where
only a few bright spots are observedRight: RHEED pattern observed once
growth has begun, showing the three bright primary lines and two
secondary lines between each of them (a 3.
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There tends tobe 3 primary bright lines (two equidistant from the central line) and

between each of these lines are a number of fainter secondary lines. In the case where
OEAOA EO p OAATTAAOU 1 BhAKET ODAAD AAOGROIx ER@AAK
callekA A 6 81 7gtohihg GaAs alternating 2 and 4 patterns can be seenwith this

AAT TAAADAIORIOTBOT x ET @ pattdrB danbA seéhi.e. no secondary

lines, followed by 2 secondary lines).

3.2.2 Parameters of Molecular Beam Epitaxy Growth

There are many practical factors to obtaining good quality crystal growth, the cell
temperature, the substrate temperature, the valve position and the time each layer is
growing, are the fundamental parameters required for any growth. From these, m®

ET OO KiGeicOA ¢OT x OE DAOAT AGAOO AAT AA £ O1 An

thickness and doping concentration (where appropriate). A good understanding of both

O\
(@]}
p>2

are required as the latter set of parameters are independent of the specifdBE machine,
but the practical parameters are subject to differences such as the remaining volume of a

material in a cell etc.

The rate of the growth of any IHV material is controlled by the temperature of the group
Il element and therefore the flux otthat element, where this is due to the group Il having
a consistently higher sticking coefficient than the group V element. The group Il flux is
controlled by setting the temperature, whereas the group V element isgated to a specific
growth temperature and the flux is controlled by the valve positioh The growth rate used
as a standard throughout this workis 1 monolayer per second- ,70, as is common in
MBE grown IlI-V material, where this is often also used as a maximum growth ratErom
the growth rate and the length otime that the shutter is open, a thickness in monolayers
can be obtained, which is converted t¢ | by simple multiplication of the monolayer
thickness (half the lattice constan ). The correlation between temperéure and growth
rate is obtained through empirical measurement. It should be ated here that there are
many calibrations carried out for growth rate, however, to calibrate for all possible
materials to grow would be very time consuming. Therefore equation3.2 is used as a
conversion from the actual growthrate ascalibrated for gallium on GaAdo the gallium

growth rate for GaSb, such that

2 Each parameter is compared with calibrations that are routinely carried out at Lancaster
University.

3 Group lll elements are only not controlled in this fashion as there would be significant
accumulation on the valves.
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where 2;  is the growth rate for gallium on GaSpwhere a full explanation of this
formula is given in appendixA. Smilarly, 2; « is the growth rate for gallium on GaAs and
the lattice constants are given byA ~ and A . This equation can also be easily
modified to convert the growth rates between any two binary crystals that share an

element.

It would be intuitive to think that the V/III ratio (the ratio of the number of group V atoms
arriving at the surface compared tahe group Il atoms) should equal one, given that there
is ideally an equal distribution incorporated into the crystal at the surface. However, as
mentioned previously, each element has a distinct sticking coefficient which governs the
number of incoming atoms that stay adhered to the surface, with this value very
dependent on the temperature of the substrate. It is therefore not simply a case of finding
the right V/III ratio for the specific material being grown, but this must also be determined
at each gven substrate temperature. This also raises the possibility that there may be
defects that only form under certain conditions, or defects that increase in concentration
under certain conditions. It is for this reason that a range of growth parameters redne
investigation to be certain of finding the optimal conditions (a growth trial). When
growing IlI-V materials, group V atoms tend to have lower sticking coefficients, and so the
standard V/III ratio used in growth is more often between 1 and5 for substances such as
GaAs and GagdB4, 63-65]. It is also standard practice to maintain a flux of group V on the
surface even when not actively growing. If the substrate is heated above a material
dependent growth temperaturet the flux prevents desorption from the surface and hence

a Garich top layer.

In the case of alloys, such as AlGaSb the calculation of the growdke should be split
proportionally with the alloy fraction of the elements. For example, if a growth rate of 1
ML/s is desired for a sample with an aluminium percentage of 20 % (i.e. AGasSh), to
achieve this would require setting the temperature toachieve a rate of 0.2 ML/s for

aluminium and 0.8 ML/s for gallium.

Doping flux is purely dependent on the rate of deposition and not the crystal material.
However, factors such as the incorporation of the dopant, and the activation of that dopant
in the crystal, must also be considered. Both of these values vary between dopant and

crystal materials, creating a large discrepancy between the concentration measured at the

4For GaSb an Sb flux is maintaideabove a substrate temperatureof 424 JC.
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same dopant temperature and the same rate for different material systems. Due to a low
ionisation level, tellurium doping levels the n-type dopant for the MBE machine used, are

calibrated on InSb.

Once each of the kinetiparameters have been converted to practical parameters, they
are input into the MBE machine recipe prograntMolly 2000) which performs the recipe
automatically. Though thecrux of growth is described above, there are also many niche
details required, including ensuring the cells have sufficient time to reach their set
temperature, and knowing which materials have a hotter de base or cell tip (both
temperatures have to be set during growth). Although switching between actual and set
temperatures rarely happens, the actual temperature is required for comparing work or
for switching size and material of substrate. This is caltated by the transition
temperatures and deoxidisation temperature. These details are not difficult to account for,
but they are numerous. As part of this work, to assist in accurate completion of growth

recipes a piece of software was created using pythdo produce recipes.

3.2.3 Growth and Preparation Procedures

A semtinsulating GaAs substrate wafer is taken out of thpackage and cleaved to the
appropriate size (often a quarter of the wafen. It is then placed between two metal plates
in a wafer holder, andto secure it in place, a ring the size of the inseif the holder is
squeezed into position and pushed downThe ring applies force on the perimeter keeping
the plates from shifting ensuring the wafer is held in place. The wafer holder is then tilted
to ensure that the wafer does not move. During growth the wafer is spun, and if it is not
secure in the wafer holetr, it can shift in the holder resulting in noruniform growth. On
occasion the plates can bow from frequent use and thermal distortion which will increase

the likelihood of the wafer moving during growth.

Once secured, the wafer holder is put into the viar stack (which holds up to 3 wafer
holders) with this placed into the load lock of the MBE machiné’he load lock isthen
evacuatedusing a backing pump and a vacuum pumip lower the pressure,and the
wafers outgassed, which further reduces the pressurén the load lock. The outgassing
process bakes and cools the whole stack for approximately 20 mins temove any

contaminants from the surface. Once the wafers are sufficiently clean and the load lock

5 At each step in the procedures the wafer and wafer carriers are handled with tweezers and with
minimal contact time to ensure minimal contaminants on the surface of the wafer.
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pressure is reduced to that of the prp chamber, the wafer stackis moved into the prep

chamber and then the load lock is once again sealed off.

The wafer holder is then placed into the internal outgas wich subjects the sample to
another thermal cycle and the particleghat desorb from the surface are ventd off. Once
the pressure is low enough, the wafer holder is movetthrough the prep chamber into the
growth chamber ready for growthé. The wafer stand position should be set tax before
putting the wafer in for the wafer to be held correctly in placeThe growth chamber is
then shut and the wafer set to turn, usually at apeed of 10 rpm. All windows to the growth
chamber should also be shut and the substrate heater that controlthe substrate

temperature, lowered.

It is important during preparation to ensure all the cells that are being used in the growth
are sufficiently heated by the time they are used in the recipe to ensure the correct flux is

being obtained.

The initial step of any growth is to deoxidise the surface, on a GaAs substrate this happens
at v Y Jr#nd can be observed usinBHEEDONce the oxide has been removealthin layer

of the substrate material is grown, where in the case @aAs when thisbegins to grow
the pattern switches to an alternating pattern of 2 4. If the pattern is diffuse at all or is
not easily distinguishable, this indicates an uneven surface and therefore not a good
starting point for growth. The deoxidisation procedure is well known for GaAs, and as
such is the start of the recipe. However, when using another substeamaterial, it is
important to follow this procedure manually. This is achieved by increasing temperature

in steps until a clear RHEED pattern is observed.

Once the substrate is prepared, the structures are grown using a recipe which
automatically changes the cell temperatures and valve positions. Once the structure is
grown the sample is removed through the load lock, then the sample is generally cleaved
and measured. In the case of transport measurement, this is achieved using the van der

Pauw method arml the Hall effect to determine the carrier density and mobility.

3.2.4 Van der Pauw Method

When calibrating the dopant concentration achieved for a given Knudsen Te cell

temperature, it is standard procedure tausethe van der Pauw method to check the carrier

6 The valve between the prep chambreand the growth chamber is kept closed at all times except
when moving a sample in or out, this is to maintain vacuum quality and cleanliness in the growth
chamber.
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density and thus the doping concentration. This method can also be used to extract the
mobility. Utilising the Hall effect describedin chapter 2, thesamplescan bemeasured
using avan der Pauw geometry to deternme the resistivity. This method allows for a
quick determination of the transport properties as only simple procedures are necessary.
Indium solder is dotted on each corner of samples of 1 &where two of these contacts
pass current and the other two meaure voltage. The biggest advantage of the van der
Pauw measurement method is that it can be implemented on almost any size of sample
(for an arbitrary shape). However, for the van der Pauw method to be accurate, a set of
rules must be followed. The contais must be on the edges of the sample and sufficiently
small [23, 66]. The sample must also be continuous between cauts (no holes in the

samples) and of uniform thickness.

The van der Pauw method of determining the sample properties involves electrically
measuring the resistance of the sample in multiple configurations and is based on the ratio

of change in resistancéetween them.

A B

: o/

Figure 3.5: A schematic diagram showing different configurations used
when measuring electrical resistance in a van der Pauw geometry, where
arrows indicate the current being set andsoltage measured is shown by dot
ended lines.

For example, inFigure 3.5, there are 4 longitudinal resistances (i.€Y | & ; and
their reverse current counterparts) that can be measured, whereising this notation the
first two subscript letters indicate the direction of current flow, and the second two

indicate the voltage difference being measured.

Using the van der Pauw equationgguation 3.3), the longitudinal resistivity of the sample
can be calculated by averaginthe resistance alongwo orthogonal sides (i.e. theside and
top edge). Generally, each orientation is repeatedly measured and averaged before the
combinations of orientations are aveaged. The resistivity is then given by

., “ oY j Y g

T 1 C @ 3.3
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where t represents the thickness of thesample and™Qis a function of the ratio of
Y n XY i orthe inverse (whichever is greater). ThisQfunction gives a percentage
correction factor to account forgeometry of the sample, which could be due to the sample
not being perfectly squarg66]. When extracting transport propertiessuch as the mobity

(* ™), it is important to include the correction factor so as to not overestimate the
mobility. A plot of how this "Qfactor varies as a function of theesistance ratio is shown in
Figure 3.6.
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Figure 3.6: How the correction factor "Qvaries with the ratio of the two
longitudinal resistances’Y  TY | .

The "Qfactor must satisfy the following equation
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where more details are given in ref{66]. It is generally accepted that even though th&
factor can be used for all ratios, that once a ratio is above 3, the sampéss too distorted
a geometry. There may also be an issue with the bonding and the sample should be re

bonded and remeasured [23].

The resistance associated with the Hall voltages then measured where each
configuration is measured with no magnetic field, andhen with a set magnetic field, in
this case @& v T8t p T. To find the carrier density, equation3.5 is used,where the
necessary transverse resistance (the average df ; and'Y j )is measured such that
. Wi 60 W 0 m
Y i oF 8 35
h

Using the transport equations for bulk materials given in chapter 2, these electrical

=y

measurements can be used to determine the carrier density and mobility. Though the van
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der Pauw method is an easy to use method, it is not without fault. The disadvantagef
the method include the fact that there is no redundancy amongst contacts, with all 4
contacts required to achieve the measurement. If a single contact fails or is unreliable, this
method will fail. Similarly, this method is sensitive to the size andgsition of the contacts,
errors for such problems are outlined in ref[66]. The measurements of all orientations

can also be time consuming23].

The room temperature set up for this measurement included a Keithley 2400
sourcemeter, a Keithley 2700 multimeter and a electromagnet. The sampleswere
bonded to achip board created for this set upand the fieldwasroutinely checked using a

gaussmeter.

3.3 Measurement of Defects and Doping in Bulk GaSb

The work of this thesis ultimately aims to measure the transport properties of
n-11 5" A g3 AsaSh structures. In terms of growth, this is a seemingly simple structure,
particularly in the case of a heterojunction. Complications become apparent though due
to the high concentration of native defects created during growth of GaSb. These defects
are present irrespective of growth method, or the substrate (i.e. they are not the result of
strain). However, as has been evidenced in the literature as described preusly, the
concentration of the defects can be changed (though not eliminated) through varying the

specific growth conditions.

A heavily defected material would of course have a large amount of scattering which
would result in undesirably low mobility devices. However, these defects are algetype
xEEAE AAOOAO &£OOOEAO AT i Pl EAAOEIT O8 4EEO
as although no external doping has been included, the carrier concentrations achieved are
comparable tothose of typicaly doped samples. This unintentional doping complicates
the confinement in a single heterojunction as this confinement is solely reliant on the
doping in the top cap (see section 2.3.3). Thietended n-type doping originating from the

Te atoms must now ovecome a highp-type background to ensure anmn-type device.
Doping of the confined region should ensure-type conduction is achieved, however this
is not desirable as the dopant atoms in close proximity to the charge carriers would
increase scattering andower the mobility further. This concept is explored more fully in
chapter 6, however for now it is clear that the reduction of defects would make
confinement simpler, and would reduce the scattering. The reduction in scattering would

therefore increase tte mobility in the final devices.
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3.3.1 Aims

There have been many studies into theffects on carrier density of thenative defectsin
undoped GaSb and how to reduce thedensity through improved growth. However, a
commonly acceptedstandard growth condition is not yet widely accepted, with wide
variations used in the literature. It is clear from the theory given in section 3.1 that
complete removal of defects, particularlythe gallium antisite defect (Gay) is highly
unlikely due to the small energy required for creation. However, some adjtable growth
conditions may kinetically promote this reaction, detrimentally increasing the defect

concentration.

This growth study aims to reduce the unintentionalp-type carrier concentration in GaSb
and as a result, obtain higher mobility (better quality) samples through variation of
growth conditions. The carrier concentration of the undoped GaSb will be used as a
measure of the conentration of defects. Prior to this study, the standard growth
conditions used in Lancaster Physics Department were a V/III ratio of 2.2 and a growth
temperature ("Y) of 505J #esulting in ahigh unintentional p-type carrier concentration
ofw pm A and corresponding mobility of 350A 76 Cat 300 K. These conditions
stem from growth trials from the works of Huang et al. [42] to produce high quality
interfacial misfit arrays (IMFs) between GaAs and GaSb. The aim of the gtbvstudy
performed in this work was to find the best growth condition of bulk GaSb to minimise
the p-type defects, allowing the production of high quality! | 3' A g3 AsaSh 2DEG
structures. Simultaneously it is desired to achieve an increase in mobility,itl this used
to quantify material quality. Whilst an improved growth condition minimising the number
of defects should correspondingly increase the mobility, this will be examined through

this study.

3.3.2 Reducing Defects Through Growth: A literature review

There have been frequent reports of differing GaSb growth studies, however, a
guantitative review of growth conditions is difficult due to the inherent nature of growth.
Parameters such as beam equivalent pressure rafiavhich are often reported, are not
transferable to different MBE machines due to their dependence on the geometry of the
Knudsen cells with respect to the substrate. The growth temperature is more transferable,
provided sufficient information is given to deduce the actual temperature from th set
temperature reported (e.g. transition temperatures and deoxidisation temperatures).

Even given similar growth systems, different research groups often compensate for the

7 A ratio of the flux pressure for each beam rather than the growth rate ratio stated itis work.
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large lattice mismatch between GaAs and GaSb (7.8 %) in different ways. Thisnuditely

leads to measurements of slightly varied structures and as such, the conditions in each

OO0OAU AOAT 80 Al xAuO AEOAAOI U Ai i PAOAAI A CEOAT

Nevertheless, a qualitative review of the many seemingly conflictinggwth methods used

to reduce defects is given below.

In 1986 Leeet al.[8] produced seeral undoped GaSb samples by MBE, varying both V/III
ratio and temperature. They initially stated there was no simple correlation between the
growth conditions and the electrical results (carrier density and mobility). However, the
minimum V/III ratio requ ired at each growth temperature to obtain a shiny reflective
surface (i.e. reasonable quality growth) was deduced. From this it wasiggested thata
minimum Sb flux is required for improved transport properties, but there was no
preferable growth temperature. Though the 77 K results were shown, only 300 K results
were compared numerically, and this was stated to be due tigmificant carrier freeze out.
It has since been suggested that at increased V/II ratio8A aggregates causing vacant
Sb sites and thus Ga accepting defects, confirming A A6 O A A6\ §.AtGolld be
noted here that, from converting the set temperature to actual temperaturelLeeet al.

investigated the higher temperature, high V/IlI ratio, range of parameters.

A decade laterBosacchiet al.[7]studied a range of growth parameters presentingthe
hole concentration as a function of growth temperature”Y and3A 7' Aeam equivalent
pressure ratio (BEPR). For each BERPIRere was a dipin carrier concentration at a growth
temperature of 450 °Cwhilst a BEPR of 8 the highest that theyreported) consistently
gave lowera carrier concentration (defect density) as compaed to reduced BEPR ratios.
This particularly low defect concentration was at a level ofp p m A at 77 K.
However, Bosacchiet al. also stated that the mobility at 77 K bared little correlation to
carrier concentration or growth conditions. The explanaibn given that the samples were
very clean and of high quality, with phonons therefore still dominating at this

temperature.

4EAU Agpbpi AET AA OEAEO 17V x1 AKAKNA e dBkciafich O
properties of Sh. As temperature increases, $ts more easily dissociated in order to be
incorporated into the lattice. The production of a Sb rich environment(higher V/III)
would result in a lower concentration of Ga, defects. Howeveras temperature increases

the re-evaporation of Sb from the surfae of the sample also increasegreating an

antimony vacancy Vs, which would result in a higher concentration of Ga defects.
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At this point there are conflicting results stating that both a higherBosacchiet al.) and a
lower V/III ratio ( Lee et al) are required for improved transport properties in GaSh.
4ET OCE "1 OAAAEEGO EIT OECEO ET O OEA 1 Ol OEDPI A

begins to unravel the complexities of defect creation.

Four years later Xieet al[6] conducted a $milar study with the use of Sh and Sh. A
mixture of the individual atom and diatomic molecule of Sb can be created from asSb
source, where a cracker is used to heat the molecules to a high enough temperature that
Shy breaks down to smaller moleculesThe higher the temperature the more the molecule
is broken down (ie the higher the sb 1 ratiQ, Xieetal. reported that a cracker temperature
above 95QICallows for a mole fraction of Sh of greater than 90%.The motive behind the
use of adifferent species of Sb was that Sthas low surface mobility and the molecules
cluster together creating Sb vacancy defects, and in turn, antisite defects. With the
improved surface mobility of Sh, they hoped to reduce these defects. Though the results
were comparable to that of3A , they also point out that to minimise the defects there is a
balance of requiring sufficient antimony on the surface to fill sites, whilst not having an
excess such that the Sb agglomerates. This growth window was improved whesing Sh
but not significantly. However, they do not tie this trend to any particular growth
conditions or parameters. They found a decreasing mobility with growth temperature,
with a minimum carrier concentration at a growth temperature of 440 °C. Theglso stated
that they did not see agglomerations with increases in V/llI ratio (at 550 °C), nor did they
observe any change in transport properties when varying the V/III ratio. This was
attributed to the increased surface mobility of Sh and provided that the antimony flux
was high enough, the vacant sites would be filled and the transport properties would be

unaffected.

Xie et al. discussed Shflux whilst also discussing Bosacchét al. and Leeet al. and the
contradicting results they provide. This disagreement of &igher (Bosacchiet al.) and a
lower V/ ratio ( Leeet al)) is again explained with a balance of the Sb flux. As thes8bx
increases, this promotes the clumping of Sb, leading tanwhilst a lower flux may not
produce enough Sb to create an ideal lattice, however through the use of,Sthe

aggregation is not as likely, opening up the growth window.

The inherent issues for growth are that the method of creating an Sb rich environmeint
the growth chamber does not necessarily result in an Sb rich environment in the growth
kinetics when incorporating into the lattice. This confusion can lead to seemingly

contradictory results. Thus, an effort to bring together knowledge of growth kinets,
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defect formation and MBE methodology is required to paint a full picture of the relation

between growth conditions and transport properties.

3.3.3 Experimental Procedure

All structures were grown using molecular beam epitaxy (MBE) on serimsulting GaAs
substrates with an IMF layer between the GaSh/GaAs junction tminimise threading
dislocations. This is achieved by first growing a thin GaAs layer and then desorbing the As.
Following this, an Sb rich environment is created and GaSb grown, creating a distin
interface between the two materials In the samples studied here(GaSb was grown to a
thickness of 22t [ at a rate of 1IML/s, with the growth temperature ranging from 415J #
to 505J #above and belowthis temperature rangesamples were found to be miy) and
V/III flux ratios of 1.3, 1.6 and 2.2All samples were grown in the same growth run to
ensure consistency between samples of the nevaried parameters A thickness of Z; 1 |
was chosen as this is representative of the fute heterostructures. Whilst using thicker
buffers can reduce threading dislocations in the measurement space, this is of diminishing
returns. The growth temperatures given in this work are the actual temperature, rather
than the set temperature. Each sanip waschecked by RHEED during growth to ensure a
good surface morphology after the IMHayer, where a 3 1 pattern can be clearly see
from uniform growth of GaSb. The samples were also investigateth an optical
microscope upon completion of growth to inpect for any snake like defects from uneven

IMF, whichcan be seen irFigure 3.7 below.

After growth, the samples were cleaned, cleaved and measured ngithe van der Pauw
method (3.2.4) to extract a carrier density and mobility, with each resistance

measurement repeated 4 times and averaged.

GaAs. .

Figure 3.7: Snake like defects that can occur from an uneven IMF. The
defects are dislocations visible on the surface that originate at the junction
between the GaAs and GaSb layetseft: Optical microscopy image bthe
surface of the sampleRight: Beam exitx-section AFM showing the distinct

layers of GaAs and GaSbh wherestclearly seen that the dislocation starts at
the junction (measured by Dr Alex Robson).
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3.3.4 Measured Defect Reduction Through Improved Growth

The growth study mainly focused on the growth temperature however there was also a
brief investigation into V/Ill ratio. There was some attempt to work within the ranges of
the above literature in order to resolve the lack of agreement between therA.table of the
full range of growth conditions used in this study igjiven in Table 3.2.

Table 3.2: A table showing the growth condition variations used in the growth study. Where
multiple V/III ratios are given, these correspond to multiple growths. The highest and lowest

OAi PAOAOOOA ET OEA OAAT A OAOGOI OAA ET T EIEU CcOIl xOE
A0 IA V/III Ratio
380 1.3
410 1.3
450 1.3
475 1.3,1.6,2.2
505 1.3,1.6,2.2
520 1.3

The electrical properties such as the carrier density and the mobility of each sample were
then determined. The mobility was taken as a material qualitfactor as he mobility is

directly correlated with the defect concentration.
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Figure 3.8: A graph of measured transport properties for carrier density
and hole mobility for undoped GaSb grown under varying growth
conditions, indicating the improvement of mobility with a decrease of
carrier density. The error bars on this graph are from the spead of the
repeated measurements.
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As these samples are undopedhe p-type carrier density primarily originates from the
native defectsin the GaSband as suchs taken as a measure of defect concentratiorit
should be made clear, however, that the caer concentration is a measure of the net
resulting chargecarriers and as such can be a function of both accepting and domtafects

in varying quantities.

As Figure 3.8 shows, there are a wide range of carrier densities and corresponding
mobilities possible, with a number of samples showing a low carrier density and high
mobility. Specifically, the sample tahe far right of this graph has the highest mobility

measured (high crystal quality) whilst also having a significantly reduced carrier density,

with valuesofy v pm A and* 1ol 160

Analysing theseresults further to examine trends with spedfic growth conditions (i.e.
with temperature and with V/IlI ratio), the carrier density and mobility are shown again

in Figure 3.9 as a function of theevariables.
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Figure 3.9: Graphs showing the measured carried density and mobility at
300K of undoped GaSb againgrowth temperatures with different symbols

indicating different /11l ratios, V/11I=1.3 (2 ), 1.6 ©) and 2.2 ( )&8he light

grey shaded regions indicag the limit of growth temperatures observed in
this study to give milky vs shiny growth at a V/III ratio of 1.3.
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It is clearly seen that a reduction in growth temperature yields a reduction in carrier
density, whilst at the highest temperature, there is significant difference in the carrier
density achieved with the various V/IlI ratios. The mobility however seera to peak at a
particular (lower) growth temperature Tt X I# . Therefore, there is not one continuous
discernible trend as reported in the literature [6, 7], but there appears to be instead an
optimal growth condition with no significant dip in carrier concentration at a particular

temperature, as observed by Xiet al.and Bosechi et al.

From this growth study, the optimal growth condition is to grow at 475 J #ubstrate
temperature at a V/II ratio of 1.3, which obtains a low carrier density ofu p 11 A
and the highest mobility of 4654 76 O

It canalso beseen inFigure 3.9 that at the highest growth temperature v 1T #a higher
V/IlI ratio is preferable with a lower carrier density from defects and higher mobility. At
475JC however, the lowest V/II ratio is preferable. Again, these seem like contradizty
statements, much like the contradiction of Bossachet al. and Lee et al. At decreasing
temperatures, the lowestV/Ill ratio results in a smaller carrier density but also a bwer
mobility. These seemingly different situations can be understood when considering the

growth kinetics and the defects that form.

When considering the creation of defects, the growth kinetics and associated properties
should beconsidered with respect to the atoms, as well as the environment created in the

growth chamber.

The temperature of the Sb Knudsen cell flux is kept constant (530fas the flux rate, and
correspondingly the V/III ratio, are calibrated at this temperature. However it is the
difference in the temperatures of the substrate and the Sb atoms arriving at the surface
that determines the physisorption sticking coefficient which lead to antisite defects(see
section3.1.2). Itis known that sticking coefficients change with growth temperature, but
the full nature of this relationship for Sb in GaSlis not well reported in the literature.
However, for tertiary materials such as GAsSb, it has been shown that the sticking
coefficient decreases linearly with an increase in growth temperatur¢67]. Kinetically,
this can beexplained by considering that at high temperature, Sb is more likely to re

evaporate from the surfacg6], creating a lower sticking coefficient.

Similarly, for any given temperature, the sttking coefficient may also vary with the V/IlI
ratio. As such, a low V/IIl ratio could produce an insufficient Sb flux, causing defects, whilst

a high V/III ratio may also result in agglomerations, producingdefects. In this way, a
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middle V/lII ratio is op timal [6] [7, 8]. Further, it could then be suggested from the results
presented inFigure 3.9 that this optimal V/III ratio changes with temperature due to the

varying sticking coefficient.

Figure 3.10 aidsin the understanding ofthe description given above of howhe growth of
GaSbvaries with temperature, where this figure schematicallyillustrates the variation of

optimal V/IlI ratios across growth temperature.
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Figure 3.10: Top: A schematic diagram of the variation of sticking
coefficient with growth temperature. Bottom: A schematic diagram
indicating the V/III ratios at which the Sb flux is too low and therefore
causesdefects (blue), optimal (green) and is too high and therefore causes
defects (orange).2 is a constant V/III ratio across temperature.

Figure 3.10 shows how the sticking coefficient varies as a function of temperature, and
how for a given V/III ratio, this ratio can be too low, optimal, or too high dependigon the
growth temperature. Varying the V/Ill ratios much beyond these limits will result in milky
growth. Itis clear from the diagram that a given V/Ill ratio R;, can cross each of the growth
conditions indicated as the growth temperature is varied. At the lowest temperaturd;

this ratio is too high despite it being too low aflsand optimal atT..

An explanation of these trends with regards to the movement of @ming atoms on the
growing surface can be understood by considering the temperature dependence of the
sticking coefficient. At hotter temperatures, the sticking coefficient is low and the Sb
atoms have energy to migrate on the surface to find the approgie sites. Once the initial
Vsp have been overcome (i.e. the vacancies filled), any increase in V/III ratio may show
little correlation to the transport properties as excess Sb will not stickThis relates to the

generaly acceptedrule of growing with a high V/Ill ratio when growing GaSh
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This is a possible explanation for the trends observedn Figure 3.9 at a growth

temperature of 505J #where the tenperature is sufficiently high that even at the higher
V/Ill ratios, Sb agglomerations do not formAs the flux ratio is reduced however, this leads
to the creation of 6 , and therefore' A and 6 , leading to increased defect

concentrations and a lower nobility.

Moving towards the 475J #rowth temperature, it is believed that the sticking coefficient

is higher, with a comparably lower V/III giving a lower defectconcentration and higher
mobility. Increasng the Sb flux at this temperature could result in Sb agglomerations and
further 6 defects resulting in' A defects. As the temperature is lowere again (below
460 J Hit is possible that the antimony sticking coefficient is sufficiently high that Sk
defects are produced. These are donor defects which would compensate the accepting
defects, leading to a lower measureg-type carrier density, yet a lower mobility, as seen

in Figure 3.9.

The exactdependencies of these relationshipsith temperature (and hence the gradients
of the lines inFigure 3.10) are notknown. In fact, it is not even known if the relationship
is linear across temperature, however, it can be stated that, once an optimal V/III ratio is
found to reduce the defect concentration at a particular growth temperature (i.e. sufficient
to fill vacant sites but not so much as to agglomerate), this optimal V/III ratio has a
proportional relationship with growth temperature. Whether there is an optimal growth
temperature would need further investigation as this would require knowledge of a

specific babnce of defects formed at each temperature.

Whilst it would obviously be beneficial to determine these relationships more accurately
and therefore to determine an optimal temperaturedependent V/III ratio, this would
require significant time and effort, and as such is beyond the scope of this work. For this
work, the requirement was to achieve an improvement over the current standard, with

this achieved.

Alternatively, works by Ichimura et al.[68] and Hakalaet al.[56] provide an insight into
theoretical simulation of defects with changing growth conditions, but this theretical

field currently does not have much correlation with measured experimental data.

3.3.5 Temperature Dependence of Antisite Defects

To further understand the nature of the these defects the temperature dependeigs of a
select few samples were measured.Ese measurements agairexploited the van der

Pauw method,along with a helium cryostat to achieve cold temperature results, with
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extended magneticfield dependencemeasurements covering a field range of T&®4.
Complete details of the measurement apparat are given in chapter 7 where a more
detailed and extensive investigation is performed into the temperature and field
dependence of reduced dimensionality (2Dh-type samples. Thesamples measurecere
were all grown with a V/III ratio of 1.3 andwith growth temperatures of 450JC ,475JCor
v td #In the abovesection it is seen that there is alecrease in carrier density with

growth temperature and a peak in mobility at’yY 1 x d #
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Figure 3.11: A graph showing the measured carried density andobility
across growth temperature with lines for different measurement
temperatures, 290 K, 80 K, S0 K.

It can beseen fromFigure 3.11 that the trends observed at room temperature are also
seen as measurement temperature is reducedreduction in growth temperature results
in a measuredreduction in carrier density,and a peak in mobility ata growth temperature
of“Y 1 x b #The mobility peaks at a temperature ofu uK for all growth temperatures,

with peak mobilities of 4950 A 76 ©6590 A 76 Cand 4080 A 76 Clor growth
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temperatures of 450J #475J #nd 505J #espectively. Above this temperature the
mobility is limited by scattering from phonons, whilst below this temperature itis likely
limited by background impurity scattering [9]. The robustness of this trend with
temperature reinforces the argument that there are some compensating defects in the

lower growth temperature samples.

As these defects can be treated as a dopant, an activation energy can be dedunéilly,
this can be treated rather simply by plotting the high temperature regime (above 50 K) on
an Arrhenius plot. On this plot thewaxis isp 1 ¥ Kand the waxis is the natural log of
carrier density. The gradient ofthe resultant plot thengives an activation energy. To avoid

confusion the samples willhenceforth be named after their growth temperature.
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Figure 3.12: Left: A plot of the measured carrier density against
temperature with data points and guides for the eyeRight: An Arrhenius
plot of the measured carrier density which can be used to extract an
activation energy.

All three samples show a steady decrease in carrier concentration with temperature until
approximately 100 K where the gradient changes to a sharp decrease in concentration.
The Arrhenius plot highlights the similarity of the gradients of 505 and 475 at high

temperature (>150 K) but the gradients of these samples diverge as the temperature

decreases.

The gradient can be found for temperatures between 50 K and 300 K, with the activation
energiesof each samplaiven inTable3.3. The error given is the standard deviationstd)

from the covariance of thefit. However, it is apparent hat although this linear fit is
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reasonable for the high growthtemperature sample (505), this becomes less reasonable
for the two lower growth temperature samples. The temperature range wathus split into
three regimes, where the 450 J #ample shows a significant change igradient, and the
activation energies recalalated. Table 3.3 shows the activation for all three samples when
various temperature ranges areconsidered

Table 3.3: Activation energies(O) for GaSb samples grown with different growth temperatures
using different temperature regimes. The error given ishe stdfrom the variance ofthe fit.

o i "HA A T A A T A i "HR
LRGN g g g " g
450 13.7 0.6 52 1.1 11.8 04 27.8 ™
475 131 04 40 0.2 12.4 0.6 196 04
505 16,5 0.2 - 165 04 200 04

In the high temperature region (>150 K) it is seen that samples 475 and 505 have very
similar activation energies. This would indicate the same defects providing thp-type
carriers, with sample 450 then containing a defect with a deeper ionisation level.
However, once the lower temperature region is consideredijetween50 K and 150K), the
activation energy of sample 505 changes slightly, with the other two samples changing
more significantly. In this temperature region samples 450 and 475 now have comparle
activation energies indicating a similar defectln the lower temperature limit (<50 K) the
sample 505 could not be analysed and both 450 and 4 #gaingave comparable results

with energies of 5.2 meV and 4.0 meV respectively.

The smaller change in atvation energy of sample 505 across temperature indicates a
dominating contribution from a single defect, with perhaps a smaller contribution from
other defects or a single defect with multiple ionisation levels. At high temperature this
dominating contribution is also seen in sample 475 but then as the temperature decreases
below 150 K a different dominating effect occurs with a different activation energy which
is similar to sample 450. Sample 450 does not have a suitable straighrte fit in any region

below 150 K suggesting multiple process competing throughout the temperature range.

To more accurately determine the nature of carrier activation of these samples, a least
squares fit of multiple defects wasimplemented. This model usedhe dopant activaion
(equation 2.14) for a single ionisation state dopant, and the equivalent for a dopant which

considers multiple ionisation levels (equation 2.15) incombination to fit the data. Both
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accepting, and donor defects wex investigated with a twolevel ionisation defect assumed

to be the Gapantisite. The degeneracy factors were assumed to be 2 for donors anéo#

acceptors (as explained previously) The concentration of the dopants and thenergy

levels were free fitting parameters.

A reasonable fit was ackeved to sample 505 above 50 K for g-type defect with two

activation levels, with energy levels of 25.7 meV and 72.6 me¥A better fit to the data at

lower temperatures was achieved when this defect was considered gombination with

another acceptingdefect with an activation energyof 29.8 meV, lowever, it could be

argued that this better fit is simply due to the increased number of filng parameters.

Other combinations of defects were modelled however unphysical parameters were

required to obtain a fit. The error from the fit was no more than 1@ & ‘Q dn each case

for all energies stated here.
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Figure 3.13: Afit of the measured carrier density from sample 505 with the
data shown as points £ ) and two separate fits shown with the fit
parameters given on the plot. One defect with two ionisation levels is shown

in red (using equation 2.15, and two defects, one with two ionisation leves,
and one with one ionisation level, is shown in dashed bladkising equation

2.14).

Following the same procedure a good fit tosample 475 was obtained for a doubly

accepting dopant with activation energies of 25.3meV and 72.4 meYy which are

AT i PAOAAT A Ol
ATiT AETAOGETT O

OAIl P1 A v nu &Dwitly satple 5D5Acther AT A
i £ AAEAAOO OANOEOAA O PEUOEAAI

appropriately match the trend below 100 K. Finally a fit to sample 450 across the

temperature range (50-300) K could not be achievedwith reasonable parametersfor

65

X G

i



combinations of up to 3 defects and thus, no particular defect can be confirmed as a

majority contrib ution.

The similarity of the activation energies of samples 505 and 47%ith a doubly ionisable
acceptor, suggests that the main contribuion for both these sampleds in factfrom Gasp
antisite defects.Where each sample hasariation in the concentraion as expectedrom
the results discussed in sectior3.3.4. Further, the activation energy of thefirst level
achieved from the fitting performed here,is comparable with the literature values for the
first level of this defect which are 23-31 meV[7, 9, 69] However, the secondaryenergy
level found to be B-81 meV inthis work deviates from the literature (94 meV)[7, 9] when
it is freely fit. The higher-level value given in the literature was determined from PL
measurements and was used & set parameter when fitting the transport measurements
to determine the lower activation energyin both works. To investigate the significance of
this difference, the secondctivation level in the fitting performed here was subsequently
fixed at an energy of 94meV.With the fit now adjusting just the other activation levels,

the other activation levelsincreased by only a maximum of 07 meV in all cases.

The low growth temperature sample (450) however may have many competing
contributions to the carrier concertration and thus cannot be fit sufficiently with the
current model. This reinforces the argument suggested abo¥emm the room temperature
measurements where growth temperaturesbelow 450 K (ata V/1ll ratio of 1.3) introduce
defects other than the wellknown Gas, antisite. Though this statement andthe nature of
these defectsor even the number of different typescannot be confirmed without further
study. It is also understood that there are likely many temperature dependent processes
occurring in all samples, and as suchthis is far from a full picture of the unintentional

dopantsin GaSb.

It could also be considered that the GaAs substrate with an IMF, as used in this work, has
a contribution to the electrical effects. To investigate this, the measured mobility across
temperature was plotted alongside the mobility measured from a GaSb sampl grown

from a melt (Figure 3.14, data taken from ref[9]).

The sample measured by Dutteet al. used the vertical Bridgmantechnique from a
stoichiometric melt. As such, their sample contained no GaAs substrate, and can be used
to examine the effect of this substree and the MBE growth quality. It can be seen that
these two measured mobilities are very comparable and thus it is confirmed that the IMF
has little negative consequence on the mobility across temperaturAn alternative sample

measured by Duttaet al, gown from a gallium rich melt, had a peak mobilityat ~7000
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A 76 Ocomparable to the MBE grown samples measured here when grown at higher
growth temperatures. This further proves the hypothesisthat the Sb stickng coefficient

decreases ahigher growth temperatures.
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Figure 3.14: A graph of mobility against temperature for two
unintentionally doped GaSb samples. Squares indicate the measured
mobility for an MBE grown sample created in this work which is grown on
a GaAs seminsulting substrate followed by an IMF. The dashed line shows
the mobility measured byDutta et al.[9] for a sample grown from a melt.

Though a full description of the nature of the defects across growth temperature is far
from complete, it can certainly be said that the sample grown at 475 #vith a V/III ratio

of 1.3 gives the highest mobility across temperature and a low hole concenti@n. These
growth conditions will be used for the growth of heterostructures described further in
the subsequent chapters With further understanding of reduction of the p-type defects

the challenges of doping GaSb can now be explored.

3.3.6 Doping Considerations for n-GaSb

The n-type doping in GaSb was investigated, and in this work the dopant of choice is
tellurium. However, doping GaSb proves a more complicated task compared to other
materials; this is not just dueto the inherent accepting concentration. Tie investigation

of this bulk n-type doping may allow some further understanding to be used in the 2D
structures. The doping nthese! | g' A g3 A5aSb structures is mainly used for doping the
top barrier of 114" Ag3 Abut could also be used to compensat the acceptor
concentration. Though this is not ideal in the quantum wells where the electrons are
conducting, though it may benecessary to achieve the appropriate confinement. This will

be explored thoroughly in chapter 6.
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Generally, there are two mainfactors that contribute to achieving a given doping
concentration, ionisation and incorporation. The ionisation energy for a dopant is the
amount of energy an electron requires to enter the conduction band (for a donor) or holes
to enter the valence bandfor an acceptor), where the shallower (closer to the band) this
level is, the more easily the carriers will enter the band. A larger (deeper) ionisation
energy will likely mean that not all electrons (or holes) will be activated at room
temperature and assuch, there will be a significant drop in carriers at a relatively high
temperature. This ionisation energy is unique to the dopant species and the material it is

introduced into.

The incorporation is the number of atoms that will bond permanently into tle lattice. The
higher the incorporation, the easier it is to achieve a given doping level practically,
however the incorporation can saturate, introducing a limitation on how high a material
can be doped. However, in our case the inherent acceptors in Ga@h also first have to

be compensated (neutralised), before the electrons from Te can then be used as the main
carrier concentration. This is further complicated by reports of an accepting Te complex
with the Gaspantisite [70].

A series of bulkn-type GaSb samples were prepared as in secti8rB.3to provide a doping
calibration, where these samples were investigated with increasing Te Knudsen cell
temperature. Tellurium doped n-InSb samples are used to calibrate the doping
concentration for materials grown in the MBE machine. Tellurium is a particularly shallow
dopant in InSb allowing the assumption that the dopant is 100 % ionised at room
temperature and thus indicative of the total dopant concentration deposited71]. The
InSb sampes were consistently grown atpt i 7E @nd were measured using the same
method as the GaSb samples. An empirical formula relating the measured resultant carrier
density to the Te cell temperature can be formed from this datalVhen doping in a
different material, this carrier concentration is taken as a representative of the expected
doping, thoughthere will, of course, be a minor correction for growth ratewherethe InSb
calibration samples were grown at a constant % | 7E @rowth rate, whilst the GaShb
samples were grown at 1.097 | 7E QLML/s). This increased rate allows less Te atoms to
incorporate as the bulk material is growing faster. This difference in rate purely stems
from the difference in the size of monolayers between the two crystals and the cagrgion

of the growth rate units.
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Figure 3.15: A graph showing the measured carrie density at 300 K of
doped GaSb at varying Te cell temperatureproducing both p and n-type
carriers (points). The solid black line indicates the fitted line to calibration
samples grown on InSb. The dashed line is an adjustment of the calibration
line for growth rate in GaSb. The pink dashed line is a fit to the GaSb samples
using equation3.6 (see the text for further details). Theundoped samples
are shown for context.

Figure 3.15 shows the measured carrier density with the increasing tellurium cell
temperature, x EAOA EO AAT AA OAAT OEAO OEA OEI I A A
satisfactory to describe the measwrd carrier density in GaSb Here positive numbers
represent p-type carriers and negative numbers represenn-type carriers. The solid line
represents the carrier concentration measured in Tadoped InSb, used as the calibration,
which can be approximated athe dopant atom concentraton due to the low ionisation
energy. Comparing to GaSb, as shown above, undoped GaSb is naturally accepting.
However, when the Te cell temperature is increased to an appropriate low doping
concentration for InSb ¢ p & B p m A , an increasedacceptor concentration is
found. The Knudsen cell temperature must be further increasedntil approximately
238J #efore GaSb switches tan electronconcentrationofa p m A .The measured
doping line at this temperature is gproximately a tenth of whatwould be expected from

the InSb calibration. Even once the samples becometype a high Te cell temperature is
required to be able to sufficiently dope GaSb. This can be attributed in part to the
ionisation energy difference for Te in both materialsln InSb the Te ionisation level is very
shallow (<0.7 meV)[71]. In GaSb, thactivation is reported to be theoretically as high as

~3 meV [72], however, these values are too small to be significant across most
temperatures as 3 meV is equivalent tola, T at a temperatureof ~35 K. The incorporation

is assumed to not vary significantly.
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The initial increase of acceptor concentration with a small Te flux is attributed to the Te
complex which has been reported previously, thouglscarcely. Duttaet al. investigated
this unusual effect by low doping GaS}9], where these samples were stijp-type and were
investigated through photoluminescence (PL) and transport measurements. The results
of thesemeasurements concluded that a small Te flux produced a Te complex with the
Gasp antisite defect creating a triply ionisable acceptor, producing an even greater
accepting concentration. In theory, once all the antisites have been complexed with Te, for
a further increase in Te, these acceptors become neutralised by the separate Te dopant
atoms and finally the material becomes-type.

It is a very simple model to suggest that all initial Te atoms become complexed and all
subsequent Te atoms become donors.rAore accurate picture is that as Te is incorporated
into the crystal, a proportion will complex with the antisites if there are any within a
migration length of the Te atom. However, many will not complex and will act as the
donors they are intended to beTherefore, determining the exact number of accepting

defects in ann-type material becomes difficult.

To convert from a carrier concentration in InSbg ~ , to a carrier concentration in GaSb,
3 , at a particular cell temperature, further care hasto be taken. Analysing the
difference between the two materials yields

3 GE W, 3.6
where the parameters ¢ and @ are fitting parameters with values of 0.39 and
13 p 1 A respectively. A fit of equation 3.6 to the data isseenin Figure 3.15. These
values are determined from comparison between the InSb and GaSb basadibration
samples. It should be noted that, as above, both the carrier densities are negativenbers
in this equation. The gradient value¢y can be attributed to any difference in incorporation
or activation of Te in GaSbh compared to InSb, and also in the proportion of Te complexes
created. Thewoffset value,&) here can be considered as aoffset which is attributed to
the acceptorsin the GaSb samples (both native and Te complex). Thus, it is theorised that

n-type GaSb hasupto3. p m A holes in any given sample.

This number seems rather large, however, a sanity check can be comptkt&he number

of native acceptor ions (with 2 levels)) ,can be assumed to be
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where 1] is the measured hole density in the undoped GaSb samples aidand 0
represent the proportion of each energy level ionised in the defect in the undoped samples

at room temperature.

If all the acceptors in am-doped sample are ionised, the number ofdies due to the native
defects (assuming no Te complexes) will be double the number of acceptorsi(3 giving,

in comparison to the measured undoped carrier density,

: 0 m —h
n q 50 3.8
Here 0 and 0 still represent the proportion of carriers for each energy level that is
ionised in the undoped sample. Similarly, if all the holes in the sample originate from the
Te complexes, the hole concentration will equal

on .

- —h
56 3.9

n (of0]
as there are now 3 energy leveldt can reasonably be assumed that due to their respective
ionisation levels, that the shallower level is all ionised in the undoped samplé (=1), and
that 0 will fall within the range 0 and 1.More specifically, out of the total number of holes,

there will be a combination of some holes originating from Te complexed with the

antisites, and some from antisites themselves. This is seen more clearly here,

n 1/ @ p on : 3.10
A or]" wn i 3.11
p U p 0

where b is a factor representing the percentage of holes originating from the Te complex
defect (0 to 1). This model puts) within the limitsof i andory , wherewand( range
from O to 1. The undoped samples result in a hole concentratiomf o8t p 11

x8t pm A, puttingf) intherangeof o8t pm ¢8& pm A .Asour offset
is p& pm m& A it falls within the higher end of this range. This is a very
simplistic model; however, it justifies the magnitude of the hole concentration found in-
type GaSb.

It should also be mentioned that the concentrations of these defects are dependent on the
growth conditions used. This is of no surprise, given that the concentration of antisite
defects that the Te complexes to changes with growth conditions also. This Te acceptor is
said to lie nearer to the valence band than the lowest level of the native aptor [9]. It
becomes quickly apparent that the part tellurium plays in doping GaSb is not simple or

well understood in combination with the defects of GaSb.

71



The aim in this work isto use doping to create appropriate confinement for the charge
carriers,and as suclwe need to not only beable toaccurately dope the samplgbut ensure
that the dopants behaviour acros temperatures produces the desired band structureTo
aid our understanding of what can be expected-GaSh samples were measured across
temperature. The carrier concentration across a full measurement temperature rangef
(3-300) Kwasinvestigated and compared for both a doped and undoped sample with the
same growth conditions Sample 475 was chosen as the undoped sample, with a doped
counterpart grown with a Te cell temperature of 250] #resulting in a room temperature

electron carrier concentration of1.5 p A

As tellurium is a relatively shallow dopant in GaSb, the measured carrier concentration
across temperature could be expected to remain constant until a very low temperature
where there will be a decrease. Alternatively, if the ionisation level is deepergtavation

behaviours similar to those seen in thep-type defects above could be expected.

Interestingly, in n-GaSb neither of these effects are observed.
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Figure 3.16: A graph showing the measured carrier density relationship
with measurement temperature. , indicating different activation behaviour
for both p and n-type bulk GaSb.

Unlike most measured carrier densities in semiconductors observed against temperature,
n-type GaSb increases with a decreasing temperature. It can be seen here that at room
temperature the carrier density is measured to bep® p m A, whereas at 3 K the

carrier density has increased tp& p 11 A

It is tempting to assume that because thp-type carrier density in the undoped sample is

decreasing, this would occur in then-type sample. Then, as tha-type contribution is
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expected to be unchanging, thep-type contribution decreasing would create the
appearance of an increasingn-type concentration with decreasing temperature.
However, this is not possible in am-type semiconductor as all (or nearly all) of the

acceptors are ionised.

Consider the band diagranshownin Figure 3.17. The valence band is full of states which
are used for bonding. When electron§ill these states, they become stationary (i.e. do not
conduct). Unfilled states represent htes which are then free to move. The probability of
a state being filled is of course given by the Ferndiistribution. An acceptor however is
put into the system as an atom or ion with an empty state, this is an unionised acceptor.
To create a hole, an et#gron from the valence band has to fill the empty state fahe
acceptor, occupying the empty stateThus, an ionised acceptor gives a hole, as expected.
The Fermi level in am-type semiconductor is close to the conduction band and thus there
is a high prdbability of the acceptor states being ionised. This is true across the full
temperature range and as such, an explanation for the apparent increase in carrier density

with decreasing temperature is still required.

Unfilled Donor States

Unfilled Acceptor States

Energy

Free holes

Electrons in states h « (1 — F(E))

A J

f(E)

Figure 3.17: A schematic diagram indicating the electron states in a
standard band diagram. Where the black line represents the Fermi
distribution and the blue shaded regions indicate the filled electron states.

This unusual observation has been reported before by Sagat al. [10] and is said to
behave in a similar way to germanium. The apparently increasing carrier concentration
with decreasing temperature s seen from a change in distribution of electrons fronthe
low-lying L band tothe 3 band (in Ge). Sagaet al. gave an equation for a Hall coefficient

from which the carrier density can be extracted, for a multband sample,
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It is seen here that there are a mix of carrier densities and mobilities from the-band, £

and‘ ,andL band¢ and‘ , when the Hall coefficient is measured (in GaSb). Theband
has a high effective mass and thus a low mobility by comparison to tlseband. If it is
assumed thatthe sample has a single carrier, the Hall coefficieit , is assumed to equal
pfe (By <etting the total carrier concentration (the sum of¢ and ¢ ) to be constant
across temperature, and simply investigating the ratio of electrons in the bands, the above
observed trend can be seenFigure 3.18 shows the carrier concentration (assumed to be
from a single carrier), against the ratioof the number of electrons that are in the tband
to the3-band¢ 7¢ . When this ratio is decreased (amlogous to temperature decreasing
as thes-band is at a lower energy) there is a decrease M . The decrease ifY leads to
an apparent increase in carrier density when it is assumed single carri€Fhis figure was

produced using Sagaet al.§ @lue ofd v [10].
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Figure 3.18: The apparent carrier density calculated from the Hall
coefficient against he ratio of electrons in the kband to the 3-band, which
is analogous to temperature. Each line is for a set total carrier density with
blue being a lower concentration and red being highewhere equation 3.12
was used for this calculation

Sagaret al investigated the band separation by measuring the Hall coefficient as a
function of varying pressure and temperature. Changing the pressure changes the energy
levels of thes and, bands at differing rates relative to the valence band, and as such the
bands move together in energy as the pressure is increased. By measuring the Hall

coefficients against pressure, a separation of 80 meV was found between the bands.
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However, this separation seems large to have such a significant effect on the carrier
density, despite the increased effective mass in the L band giving an increased density of
states. A relativity large proportion of the electrons would have to be in the-band at
room temperature to observe such a significant change. This was not further invesditgd;
however, it is by no means a complete model and this should be considered in further

work.

3.4 Conclusions

This chapter gave an overview of the physical creation and characterisation of samples
via MBE, discussing the physical practicalities of MBE gmth and electrical measurement.
The associated growth kinetics, which are integral to the creation of defects were also
discussed, where these defects are prominent in GaSb growth and are responsible for an
unavoidably high ptype background. The presencef these defects increase scattering

and thus the concentration should be minimised.

A growth study of unintentionally doped GaSb was completed to obtain a reduced hole
concentration (and therefore reduced defects) and an increased mobility (used as a
material quality factor). The growth temperature range considered was (386%20) J# as
these were the bounds for growth temperature to obtain a shiny (as opposed to milky)
surface for a V/III ratio of 1.3. A limited range of V/III ratios were also experimentdy
tested for growth temperatures of 505J# and 475 J#. All samples consisted of 2.pi of
GaSb grown on a serinsulating GaAs substrate with an IMF layer to create a relaxed
GaSb epilayer. This growth method was found to give a very comparable mobility melt
grown GaSbh.lt was found that reducing the growth temperature reduced the hole
concentration, however, this did not necessarily correspond to a significant increase in
mobility. The optimal growth parameters were found to be a growth temperature of
475 J# and a V/IlI ratio of 1.3. The trends in carrier density and mobility against growth
temperature were explained by consideration of the formation of defects, with the highest
growth temperature resulting in a high concentration of anitsite defectsand the lower
temperatures also having an increased concentration of defects, but of both accepting and
donor nature. The optimal growth condition was found to be in a sweet spot where there
are a reduced number of antisite defects but no other species @défect are created. The
creation of different defects across substrate temperature was determined to be primarily
due to the sticking coefficient of Sb and how this decreases with temperature. Lew
temperature transport measurements confirmed the trend is ontinued across a full
temperature range (3-300) K. Activation analysis with a simple defect fitting model

further supported this theory, however the lowest growth temperature measurements
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indicated the presence of many defects that would require a more ogplex model to

correctly identify the differing defect species.

Donor doped GaSb was also investigated across a range of Te cell temperatures and across
a range of measurement temperatures. It was found that a low flux of Te resulted in an
increased accefor concentration consistent with a tellurium-antisite complex, creating a
triply ionisable accepting defect. Once the Te flux was increased, the donor atoms began
neutralising the acceptors, and then when further increased, the sample becaméype. A
conversion from an InSb doping calibration to GaSb was found. From which it was
extrapolated that there are possibly up top®& p 1 A minority hole carriers in a
given n-type GaSb samplewhere these originate from the Te complexes and GaSb native

defects

The temperature dependence of ann-type GaSb carrier concentration was also
investigated giving an unusual trend of an increasing carrier density with decreasing
temperature. This has been attributed to distribution of electrons in the lowying L-band.
As the mobility in the L-band is much lower than in thes-band, and by nature of the
measurement of the carrier density and mobility being entwined, the Hall coefficient
decreases with temperature. When this Hall coefficient is assumed to be singkarier, the
resulting carrier density appears to increase with decreasing temperaturddowever, the
separation of thes and L band is stated to bep 1t A &nd thus it is unusual to expect a
significant proportion of electrons in the L band, though this igequired in order to

observe this significant difference.

With the information acquired from this chapter, confined structures can be grown.
However, to measure these samples via Hall bar devices they must first be fabricated using

standard techniques. Tiese techniques will be explored in the next chapter.
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Chapter 4

Fabrication of Semiconductor Devices

Whether it is on a production scale or a research scale, device fabrication is the bridge
between the creation of quantum structures and the ability to integrate those structures
into a circuit and measure the phenomena occurring within the structure. Onagrown a
wafer is cleaved it is brought into the cleanroom for cleaning and device fabrication. All
(ATl AAOO DPOAOAT OAA ET OEEO xI OE xAOA bDOT AA
Technology Centre which consists of class 1000 and class 100 cleanroomla#ss of
cleanroom is defined in American standard 5295 by the maximum number of particles
that areT® [ or larger in a cubic foot of air[16] . Fabrication of these devices include
UV photolithography, to define the shape of the contactand mesathermal evaporation,

to deposit the contactsand etching to electrically isolate each Hall bar. The design of the
Hall bar geometry and therefore lithography mask was an-ad non-gated geometry.
Each of these steps of the processing will be described in detail and finally, a summary will

be given, stating exact parameters and processing flow used in this work.

4.1 Fabrication Overview

The monitoring of device creation is essential to see the progreskrough fabrication. At

each fabrication step the samples were inspected through an optical microscope and

records kept. Monitoring is an opportunity for further understanding of features created

on the devices and how to improve device quality. Often, tHaer details of processing,

such as correct storage or handling, are left undescribed but can greatly improve device

NOAT EOU8 )1 CAT AOAi h OEA ¢cOi xI OOOZAAA OEI O
handled by the edges to prevent any contamination. Egily, tweezers should always be

cleaned between uses. The full fabrication procedure is showelow in Figure 4.1.
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e 4

1. The sample is cleaved and 2. Bi-layer positive resist is
cleaned. deposited and baked to harden.

3.UV light is shone through a mask 4. Thermally evaporated metal is
to make the exposed resist soluble. deposited on to the sample.

It is then developed, leaving the

desired pattern in the resist.

= 4 %

5. The resistand any excess gold on 6. A single layer of positive resistis
top is removed leaving a contacting deposited and baked to harden.
pattern.

7

7.Step 3 is repeated with an 8. The sample is placed in acid
alternative mask pattern designed where the material is etched to
to create the Hall bar shape. the substrate for isolation.

e

9. Finally the resist is removed and
the sample is then cleaved to a
suitable size for the chip carrier.

Figure 4.1: A diagram indicating each of the processing steps involved in
the creation of a Hall bar, with the final image (RHS), showing a microscope
image of the processed Hall bars.
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Once the samples were grown, they were cleaved into an approprisseze (~1 A ) and
were cleaned thoroughly. Initial cleaningwas carried out by the ultrasonic bath for 5
minutes on a low power in a beaker of acetone, followed by a rinse of acetone upon
completion to rid the surface of any unwanted particles. This process was then repeated
with isopropyl alcohol (IPA)andthe samplewas then driedwith gaseous. .TheHall bar

contact pattern was defined using optical lithography.

This process was perfomed using a bilayer resist consisting of MicroChem LORA lift-

off resist, Shipley Microposit S1813, a purpose made quartaask and a SUSS MicroTec
MJB4 mask aligner. Following lithography, metal contacts were deposited using a
Moorfield Minilab thermal evaporator. After lift-off of the residual metal and removal of
excess resist, the second lithography step was performed. In this case, only an individual
layer of positive resist (S1813) was used to define the Hall bar shape, before etching to

isolate eachdevice using hydrofluoric acid.

4.2 Optical Lithography

Optical lithography, or photolithography, is the method by which a pattern is definedThis
defined pattern can then be usedn device fabricationto define contacts when coupled
with metal deposition or a mesa when coupled with etching. This is a basic but essential
processing step to know and understandas it is the prelude to most other processing

methods.

A sample must undergo a dehydration bake df minute at 100 J #after having had any
contact with solvent such as cleaningrhis is to improve resist adhesior{73] . The cleaned
and dehydrated samplewas placed onto the spinner, on top of an appropriately sized
chuck, where the chuck is slightly smallerftan the samplé. Aphotosensitive resistwas
deposited by pipette on to the surface, avoiding bubble formation. The sample wasen
spun to obtain a uniform thickness of resist of approximatelypti . The acceleration,
speed and time of the spirare varied depending on the desired thicknessf resist and the
sample size and geometryThe uniformity and thickness of resist are heavily dependent
on the rotational speed as the centrifugal force pushes the majority of the resist across the
sample and off the ede, thinning theremaining resist. The duration of the spirrequired

to create a uniform thicknessis dependent on the size of the samplevhilst acceleration

8 The size of chuck ensures maximum vacuum between the sample and thgpinner.
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assists in creating a uniform covering, particularly with rough surfaces,saadditional

torque allows the resist to overcome large feature§/3, 74].

The spin coating parameters are also dependé on the resist used, where a series of
optimal parameters can be found in therelevant data shees. However, it is often
necessary to adjust these slightly. Often having a high acceleration ensures the uniformity
of the resist, but may also result in saple damage if the strength of the vacuum holding
the sample to the spinner is lower than required. The spin speed is optimal above a certain
value and increasing the speed further makes little difference to the thickness of resist. In
the case of a samplaith poor vacuum (most likely from a rough back or small size), it is
necessary to explore the spin recipe parameters to minimise the force on the sample

without compromising the resist thickness or uniformity.

Due to the grid grooves on thespinner that are intended to improve vacuum, the LOR3A
can often deposit on the back of the sample when spun. Therefore, before spinning the
S1813, the back of the sample must be cleaned using remowaerd a cleanroom swab

otherwise the vacuum between thesample and the spinner may become compromised

The sample coated with resist was then sofbaked on a hot plate to harden the resist,
using a thermocouple to ensure the correct temperature is reachédOnce cooled to room
temperature the resist coating was exposed to UV light through a purposmade mask.
Depending on whether the resist is positive or negative tone, it will become more or less
soluble in developer respectively. Generally positive tone resist was used in this work. It

is important when expasing to UV light to have a good contact between the mask and the
sample; as such the edge bead, created by excess resist at the edge of the sample must be

removed as an intermediate step before device lithographiy5] .

An edge bead is the thicker layer of resist that is present on tiperimeter of a sample due

to the centrifugal force moving resist away from the centregbut the surface tension of the

resist stopping the excess resisfrom being removed from the sample. If the speed of the
spinner is increased, the edge bead thickness decreased but this must be balanced with
having too thin a layer at the centre of the sampldf the edge bead is not removed a
blurred and slightly misshaped lithography pattern is produced, or an uneven resolution
in pattern from one side of the sampldo the other if the sample to mask distance varies.
On particularly small devices the resolution of the mask must be considered, which will

either be defined during the mask creation process, or more importantly during usage by

©
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the separationbetween themask and the sample. The resolution defined by a contacting

gap isgiven by equation4.1 [76],

D0Y Q Q_ 4.1
where MFSis the minimum feature sizepossible for a given gafbetween the resist and
the mask,"QHere d is the resist height, and_ is the wavelength of the light (in this case
365 nm). For the samples presented here, tgFSis 8 t | when the gap is assumedat
be zero. This is more than suitable for the Hall bar device features which have a minimum
feature size ofu®t | . The minimum feature sizes present on the mask are the exposure
test line patterns, with each line width equalling 2 | , therefore the gap nust be kept
below 10t I in order to achieve a weldefined exposure testAs there is contact between
the resist on the sample and the mask, after frequent usage the mask may have some resist
deposited onto it, this is easily cleaned using acetone and thehied using a circular
motion high pressure nitrogen gas. To check the contact between the mask and sample,
the microscope may be used, if both the mask and the sample are in focus simultaneously,

then they are suitably in contact.

Once the sample and resist have been exposed for an appropriate amount of time, the
sample is then developed. Exposure test patterngre placed on all samplesfor
examination under a microscope[76]. Varying resuls of these exposure tests are shown

in Figure 4.2, where over and under exposure cause the same result on an exposure test
as over and under developmentespectively. Finally, the developer is quenched with a
stream of deionised (DI) water. The final s#p of this is very important as residual
developer will continue to develop on the surface. The lithography recipe should be

checked at the beginning of eacprocessing run (seeTable4.1).

Correct Under Over Bad
exposure exposure exposure Contacting

Figure 4.2: A figure showing the various results of exposure test, the correct
or intended exposure test, under exposure (or under development), over
exposure (or ove development) and bad contacting.
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The full lithography recipe is stated belowin Table 4.1 for both contact and mesa
patterning, the parameters of which were finetuned through various trials. There are
many non-optimal results which can be obtained when fabricating devices.

Table 4.1: The standard lithography recipe used in this work for both contacts and mesa masks,
where the acceleration is the initial acceleration until the speed is reached.

Contacts

Spin Recipe: Bake Recipe:
Resist 4 EI @ Acceleration ODFO Speed OBi Temperature J # Time | ET
LOR3A 7 500 500 180 5

45 4000 3000
S1813 30 4000 6000 115 3
Mask pattern Exposure duration O Develop duration O
Edge bead 3.0 80
Hall bar contact 24 80

Mesa

Spin Recipe: Bake Recipe:
Resist 4 Ei @ Acceleration ODFO Speed OBi Temperature J # Time | ET
S1813 30 4000 6000 115 3
Mask pattern Exposure duration O Develop duration O
Edge bead 3.0 80
Hall bar mesa 24 80

The contacting recipeshown in Table4.1 includesan initial layer of LOR3A used tocreate
an undercut as this resist develops faster than S1813. This undercudailift-off of residual
metal deposited on the resist andesults in amore stable and welldefined structure for
the contacts. If just S1813 were used, theontact may produce an unsible overhang when

the resist was removed (sed-igure 4.3).
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Figure 4.3: A diagram indicating the inproved formation of a contact after
lift off with the use of a bilayer resist.

The result of good optical lithography is a wetdefined pattern across the sample. This is
most easily investigated in the smallest features, such as the exposure tests and alignment
marks. The alignment marks are designed toreate micron level precisionwhen placing

a pattern on top of already déined features,such as aligning the mesa mask to the already
defined contactg§77]. If the lithography is unsatisfactory for any reason it can easily be
repeated after thorough cleaning, provided no further steps have been taken (such as
thermal evaporation). Cleaning of S1813 on top of LOR3A involves bathing the sample in
acetone, then developer and findy deionised (DI) water before drying, ensuring to always
inspect the surface before starting further processing. The option of cleaning is only
preferable for cleanroom tests or if there is a limited amount of material available as

complete removal of resist can be challenging.

4.3 Thermal E vaporation

Thermal evaporation is astandard process used for depositing contacten semiconductor
devices.The sample is first prepared for evaporation by further removing any resist in the
exposed area by using the plasa asher, where any residual resist is removed and
pumped. The sample is then etched to remove any oxide, where this is achieved with a

mixture of ( #{ / pdp for 35 s before being quenched with water. After preparation,
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the sample is placed directly irthe evaporation chamber, minimising the time exposed to
air. The metal for evaporation is placed within aungstenwire basket in a chambebelow
the sample, which istaped to a plate, with a shutter between them. The chamber is shut
and pumped to a high scuumat apressure of approximatelyp p ™ | " At@create a
clean environment for evaporation. For depositionof the metal, a current is passed
through the wire basket until the metal is hot enough to evaporateand once a steady
current is achieved the fwutter is opened until the desired thickness ofmaterial is
deposited. The appropriate current depends on the density of the material. Tis@utter is
then closed, and the current is reducef¥8]. Very low evaporation rates can beecorded
purely by the heat of the chamber and so only steadieposition rates above 1B¥Oshould
be considered reliable. This is often a consideration with palladium which requires a high
current for evaporation. The process is repeated until the desired contactayer
combination is obtained. It is often important to allow cooling time between evaporations
of different materials to prevent over heating of the resist where this would distort
features made in the lihography phase andpotentially over bake the resist preventing
easy lift off[73].

Another possible - Gold plate
sensor position . g //
Sensor
position
I A—— Shutter
Connector holding
the basketin place
Tungsten and connecting to
Basket "C%“,? 1B i a power supply

Figure 4.4: A schematic diagram ofa thermal evaporator indicating the
relevant components for metal evaporation as well as the sensor position.

The evaporation rate and thickness are calculated given the metal parameters (such as
density) and tooling in a program which is fed sensor information. The metal parameters
are dandard values known for most metals and can be found in many databases. The
tooling factor, however, is particular to the individual machine and material and was
calibrated for each material in this study. Separate tungsten baskets were used for all

metals except gold where an alumina coated basket was used, with each basket having
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been burnt in before usé0. The evaporation of gold was completed at a high rate for a brief

time to prevent significant heating of the resist and sample.

The tooling factor isa parameter that isusually determined by the distance between
sensorand the sample but can also take into account many other factor$he sensor is
made up of a quartz crystal between electrodes. An AC voltage is applied across the
electrodes and the cystal oscillates, the frequency will then change when material is
deposited onto the crystal, thus allowing a measurement of thickness. This correction
factor adjusts for the thickness of material deposited on the sample rather than the sensor.
In order to accurately measure this parameter aseries of 100nm depositions must be
made and measured using a surface profilefhe tooling parameter may be obtained using

equation4.2, where”Y s the resultant tooling percentage;Y is the original tooling

percentage,Q is the measured contact height andQ is the target contact
height.
vy vy Q 8
T 4.2

In the case of indium, a slightly altezd approach was taken as deposited pure indium is
malleable and will be scribed by the surface profiling needle, obscuring amgsults.

Consequently, 20 nm of previously calibrated gold was depaosited on top of the indium.

Three trials were performed for each material, in each case resulting in a tooling

percentage of p ¢ t¢ b forindiumand wm o b for palladium.

Once the metal wa deposited, the samples were removed from the evaporator and placed

in acetone for 5 minutes to remove the excess unwanted metal. The majority of the excess
gold and resist were seen as flakes in the beaker. To remove any remaining excess gold, a
pipette was put in the beaker and squeezed releasing bubbles, encouraging further
removal. The sample was then taken and placeddeveloper for 60s and finally quenched

with DI water and blow-dried with nitrogen.

The contacting recipe used forn-type GaShin this work was Pd/In/Pd/Au with
thicknesses 0f5/40/5/ 100 nm, following the work of Robinsonet al.[79]. Gold is often
OOAA AO Al ODPDPAO IeAdiylkidist ahdidiert iAactiois withimdn@1 6 O

chemicals, it is also ductile and easy to bond {80] [16, 73].

wO" OOTEI¢C ET6 EO A POI AROO xEAOA A AAOGEAO EO EAA
material in it before being used for evaporation. This essentially burns off any unwanted debris on
the surface of the basket.
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Annealingis a process by which contacts are heated tmprove the contacting quality by
inter-diffusing the metal with the semiconductorallowing for further adhesion and in
certain cases, lightly doping the surface of the semiconduct¢®80]. The intermixing of
metals can be controlled using multilayer contacts by the varyingf thicknesses ofeach
layer, as well as by controllingannealing times and temperatures. A more thoough
description of the contact deposition and the effects of annealing will be given in the next

chapter.

4.4 Etching

Etching in this work was mainly usedor electrical isolation of devices Hydrofluoric acid
(HF) was used with a HF:blD,:H,O:GHs O (1:10:67:300) recipe which had an etch rate of
pti M E.TThe use of HF acid wabmited to specially trained users due to theassociated
dangers of this acid and as such was in general carried out by Dr Ad@maig and was only
observed by myself. The samples were eacheckedusingthe surface profilerto monitor
etch depth with the main concernduring etching not to completely separate tre legs of

the contacts from the body of theHall bar.

Initially, the citric acid (# ( / ) was mixed by adding70 g of citric acid powder to 70 ml
of DI water, thoroughly stirring the mixture until the powder is completely dissolved HF
in the form of buffer oxide etch (BOE) was used where HF is 20 % of the BOE. All
equipment that is in contact with HF must be plastic as HF will dissolve glass, and in
general the acid should always be added tihe water or to the more dilute solution to

avoid excess heating.

Amixture of( #d / o / pdpdy could also be used to etch GaSkvhilethis may be a

safer option, itprovides an unreliable etch rate and creates rough surfaces.

Finally, the Hall bars are cleaned of resist and cleaved. The cleaving was done by hand
using a scribing pen and a magnifying glassith the aid of the metal guidelines which

were placed on the perimeter of each chip, shown on thaask inFigure 4.6.

4.5 Bonding

The Hall bar samples were packaged and bonded to a standard 28 contact chip carrier
shown in Figure 45. This wasachieved by dotting conducting silver pait to the base of

the chip carrier and carefully placing the sample on top. To bond fine gold wires to the
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sample once the paint is set, equal weights of epoxy part A and epoxy part B were mixed
on a glass slide to produce a viscous liquid. Fine gold wiveas held in place on top of a
Hall bar contact pad and epoxy was applied tattach the end of thewire to the contact.
This was repeated for all contacts. The wireg/ere then shaped to reach the chip carrier
pads and the gold wire pressed into the padreating a mechanical bond. The epoxy or

silver paint wasthen used to seal this bond.

A similar method was also used for any samples measured using themn der Pauw method
that were measured in the cryostat. The cleaned wafer was first dotted in each corner
using indium solder and a fine tipped soldering iron. Gold wire was then placed over the
solder which is then reheated, submerging the wire. There are only four contacts in the
van der Pauw formation and all need to be functioningo to allow for some redindancy,

two gold wires were bonded to each indium dot.

In the case of the bulk studywan der Pauw samples that were only studied at room
temperature, achip board was usedinstead of achip carrier, and indium solder was used

on both the sample and théoard.

Figure 4.5: A picture showing the chip carrier for a Hall bar used in the
temperature dependent set up, shown taid the bonding description.

4.6 Mask Creation

The Hall bar maskused for photolithography was designed in KLayout and the patterns
defined in chromium on a plate made of quart#81]. The mask is split into four sections,

with two contacting mask patterns and two mesa mask patters

The contacting maskconsists of the contact pad definitions for the various size Hall bars,
TLM patterns for contact resistance measurements and guidelines defining the perimeter
of each chip. The size of the chips were defined by the chip carrierscahad to be

comfortably undervi [ in either direction. The chip carriers also have 28 contact pads
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and so each chip was designed to contain three devices (so 24 contacts). Finally, the
alignment marks were subtly changed depending on which pattern wouldebdefined first

to allow for easier alignment in the subsequent photolithography step.

HB6! Alignment & Exposure
I DD . DD = N = e l—_"—]_— Marks _ ‘g —+-i=
E @ o g LM Sl
| nEE Oo_0O o @ Pattern B
5 o e £
‘mEmE an"
- = — B
M| Bl =
B @ @@
BEEE -

IE
=
= e
i = mEm
1 H M "aaa"
| I:Il:ll]50

Ir | I - 1L

Figure 4.6: Contact and mesa mask unit cell design. The cell has three chips,
each with three Hall bars surrounded by gold guidelines. The total repeated
pattern has an area ob | | 8The Hall bars and certain other features have
been annotated for reference in this workin black.

The mesa mask defines all the semiconductor area to be isolated, where anything not
protected by the mask will be etched to the insulating substrate. Aféatures on the mask
must allow for an etching buffer, where for example if ati vti square shapeis
desired, tut an isolation etch ofp { depth is required, the square on the mask must be

madexti xtl .

Several Hall bar designs were created, consist of various sizes, aspect ratios and
directions, in order to investigate distinctions in carrier properties with respect to
geometrical factors. The full list of designs is giveim Table 4.2. Contactpads were made
suitably large on all devices to allow for bonding.

Table 4.2: Dimensions of all Hall bar designs created on the Hall bar mask, labelleddaving the

mask shownin Figure 4.6. The smallest aspect ratio is defined as the aspect ratio between
neighbouring contacts.

Length 1 1 Width (1) Orientation Smallest Aspect Ratio
HB1 0.50 25 Horizontal 5.2
HB2 0.50 50 Horizontal 2.7
HB3 3.00 50 Horizontal 15.2
HB4 1.50 50 Horizontal 7.7
HB5 0.75 50 Horizontal 3.9
HB6 0.75 50 Vertical 3.9
HB7 1.50 25 L-shape 5.0
HB8 0.50 25 Vertical 2.7
HB9 0.50 50 Vertical 5.2
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4.7 Summary

Each sample to be processed wagitially cleaved to an appropriate size and then cleaned
using acetone and IPA. The sample at each step was investigated optically to monitor the
progress of the fabrication. The samples were first spin coated with d@yer resist, each
layer is spun andbaked, then the edges were exposed for removal of the edge bead. The
sample was then developed and again exposed in the Hall bar mask contact pattern and
then again developed. Once the lithography was deemed suitable, the sample was
prepared for thermal evaporation. The sample was exposed to an oxygen plasma to
further remove any resist and then the sample was etched using HCI and0Ho remove
any oxide. The sample was placed in the thermal evaporator and the contacting metal was
deposited. The sample washen removed from the evaporator, where it was then placed

in a beaker of acetone for lift off. The resist was removed and just the desired pattern
remains. The sample is again spin coated, this time with a single layer resist where the
resist is then bakel. The sample edges are exposed and developed to again remove edge
bead and then is exposed in the mesa mask pattern and developed. Finally, the sample
was etched to the substrate and cleaned before being removed from the clean room and

bonded for measurenent.
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Chapter 5

Characterising Metal -Semiconductor
Interfaces

Fundamentally, metatsemiconductor interfaces govern the integration of any
semiconductor structure into a circuit where t is then electrically measured. This is not
only of significance for electrical measurement but for the application of electrical, optical
and excitonic devices (e.g. LEDs, lasers and more). Metallisation recipes tend to be
classified as either Schottkyywhere there is a barrier between the metalsemiconductor
junction, or ohmic where there is not; each of which have their uses. Schottky contacts can
be used if there is a need for applying a voltage but no current, whereas ohmic contacts
allow current to pass. Currently inn-GaSb (and its alloys) the metallisation recipes are

indeterminate and there appears to be no standard for ohmic contacts.

In this chapter the theory behind contacting is discussed and a literature review of the
current status will be gven. Following this, a description of the metallisation study
performed on n-!'1 ' A g3 As given, where the aim was to produce a low resistance
(ideally ohmic) interface, which could be used in this work to accurately determine the

transport properties.

5.1 Contacting Theory

For many devices, ideally, the current would flow freelyhrough the contactas if through
a resistor, with the current directly proportional to the constant contact resistance of
an ohmic contact. ASchottky barrier, however, behawes much like a diode, only allowing
free current flow in one direction [82]. The differences between these two very different

behaviours are commonly describedy the Schottky model and ar&lue to the interface of
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the metal and the semiconductor, and the energy interactiorisetween them. On the metal
side of the interface the important parameter is the work functionn ,which is the energy
required to completely free an electron from the metal to free spacgsl]. For the
semiconductor side of the interface, the electroraffinity, ? , the energy difference

between the conduction band and free space, is considergr].

As the metal and semionductor are brought together, the Fermi level of the
semiconductor is aligned tothe Fermi level of the metal This occurs due to electron
exchange between the two materials, where the metal electron energy levels are
seemingly unchanged due to the highoncentration of electrons. In the semiconductor,

the width affected bythis transfer of charge becomes a depletion regi¢&3] .

Vacuum Level

b I X g

1 .

E,

Ohmic Contact: Schottky Contact:
Pm < Xs bm > Xs
—————————————— g

_____ E. $en $ ~ _____E.
E¢ E¢ Ecommmmmmenl E¢
o E o E

Figure 5.1: A figure showing a separate metal and semiconductor, then the
band structure alignment after the joining of these two materials when
n ? and whenn ?8

In the case where the electron work function is larger than the electron affinity, the
electrons in the semiconductor will flow into the metal creating a negatively charged
metal and a positive charge in the semiconductor. The barrier height between the Fermi
level of the semiconductor and the top of theonduction band %. is a Schottky barrier

and can be describedy equation5.1, giving
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When practically measuring across a Schottky barrier, a forward bias acts to reduce the
barrier of the Schottky contact whereas a reverse bias acts to increase[&4]. In the
opposing case where the work function is small, the oppdsioccurs, with a negative band
bending, seeFigure 5.1, where this forms an ohmic contact, llowing electrons to flow

freely in both directions across the interfacg85].

Thoughthis Schottky model very simply describes the formation of a Schottky barrier, it
is not always accurate at predicting the barrier heights that are experimentally measured
[51, 80]. Instead the Bardeen model and the unified defect model should be considered
for more accurate predictions[16, 51]. The unified defect model states that the heat of
joining a metal to asemiconductor breaks bonds ad creates native point defects at the
surface of the semiconductof86] . The electronic states associated with these native point
defects pin the Fermi level at the surface, making the Schottky barrier height independent
of the choice of metal. The Bardeen model is then used to predict the pinnirand states

that surfacestates of a semiconductor will pin the Fermi level @O /3, creating a barrier

height of n ¢O¥o, texts such as@ OO EAAA OOAOAO AIi A AAOOEA

semiconductor systendsA 1 Anicr@electronic material® discuss the finer details ofthe
Bardeen and unified defect model§s1, 87].1n general, covalerily bonded semiconductors
such as GaSb and GaAs have high electronic surface state concentrations argthottky
barrier heights are quite invariant to the work function of the metal. More ionically
bonded semiconductors, however, have a lower electronistate concentration and so

there is (theoretically) no Fermi level pinning and the Schottky model is usg@4] .

This, however, indicates that for any covalently bonded semicomdtor, a Schottky barrier

is inevitable. With this Bardeen model, GaSb would be expected to have a barrier height
of ~0.48 eV at room temperature. There are a few methods of reducing the effect of this
high barrier, such as by reducing the barrier heightencouraging thermionic emission
(conduction over the top of the barrier), or thinning of the barrier, encouraging quantum
tunnelling (through the barrier). The experimental barrier height of any interface will in
reality also depend on a number of externdiactors including the oxide on the surface of
the semiconductor[88] [51].

Considering the effect of temperature on the barrier height, the Fermi level pinning will
occur for all temperature, implying that as the energy gap changes with temperature (see
equation 2.6, in section2.1.2), the barrier height will also change. To make an estimation
of the resistance change expected for this temperature dependence would involve making

assumptions based on the typef current flowing through the barrier, and even if purely
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thermionic current is assumed, there is a complicated temperature relationship. This
relationship also does not include other temperature depeneht components such as the
energy gap and the effective mass. The depth of this analysisig of the scope of this PhD
but would be of interest to alln-GaSb devices. Though a good ohmic contact and associated
properties would be preferable, this study aims to merely produce a metallisation recipe

that produces measurable transport devices dbw temperatures.

Initially t he contacting recipe used fomn-type GaSbcontacts fabricated in this work
consisted of Pd/In/Pd/Au , 5/40/ 6/100 nm as deposited(not annealed), where Pd is
deposited first, following the work of Robinsonet al. [79]. The Hall bar contats of this
recipe fabricated for transport measurements proved insufficient and unmeasurable at
low temeprature, with these contactdound to be of high resistance with a noftonsistent
[-V trace. Transmission line testsdescribed in section5.3, were carried out, and when
tested against tenperature, the contacts became highly resistive, limiting further
measurements below 150 K. This temperature is insufficient forhe measurements
required to extract the transport properties of the bulk GaSb and GaSb/AlGaShb structures
as described in Chapter 7. Thus, an investigation into various metallisation recipes and
the underlying theory was carried out. Several different metdl EOAQOET 1 8 0 x AOA

with and without annealing, the results of which are explained in sectioB.4.

5.2 A Review of Contacting Materials for n-GaSb

There have been vast numbers of works investigating the ohmic properties of contacts on
n-type GaSb, with reports often stating nomeliable or rectifying contact behaviour, with
few yielding reliable, low resistance ohmic contacts. Many of the recentlgported ohmic
contacting recipes involve multilayer contacts with the inclusion of impractical metals
such as platinuni!. Platinum is often used as a buffer or blocking layer between gold and
the sample, required as gold can form reaction layers between0Q@-850 nm into the
semiconductor depending on annealing conditions, which can lead to an unstable device
[89]. Indium can be used taeduce the barrier height by creating an InGaSb layer which
has a lower band gapthan pure GSh It has been reported by Yangt al. that layers such

as these can extend to 108m or moreinto the sample[90].

11The hoiling point of platinum is approximately 3825 J #nd the melting point of tungsten, which
is used as the metal crucible for evaporation, i8422 J #Therefore, the tungsten basket will likely
melt before the platinum evaporates. Even with the reduced prasire in the evaporator this is a
fine line.
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Dopant can be used to thin the barrier, and often the same dopant that was ds@a the
growth stage would be used79]. Tellurium dopant was wsed by Villemainet al, and has
previously shown some success in contactinfp1]. Villemain et al. investigated Te/Au
recipes with varying thicknesses, using secondariopn mass spectrometry (SMS)
measurements to evaluate the intermixing with annealing time and temperature. They
illustrated that, after an initial anneal of 350J #or 1 hour, the tellurium had diffused into
the sample. After a further anneal of 450 #or 2 s,interface alloyingwas achieved with
significant Ga and Sb measured in the contact at the interface. It was this alloying that they

believe lead to low contact resistances.

Subekti et al. reported ohmic contacts achieved for contact metal mixtures of AuGe and
AuNiGe, as wélas AuNiGe/Au (i.e. with a subsequent layer of Au depositefh2]. These
were ohmic provided that the annealing temperature was above 150C, and the specific
contact resistance had a minimum at an annealing temperature of ~308C for the first
contact and 200JC for the final two contacts. In this workSubektiet al. alsoanalysed the
specific contact resistances to extract the Schottky baer height. This analysis resulted

in a barrier height of ~0.49 eV for the as deposited recipe, which is the expected barrier
height for GaSb using the Bardeen model. They suggest that the exchange between
germanium and gallium is the key to the rapid deease in specific contact resistance with
annealing temperature, but do not suggest a reason why further annealing then increases

the specific contact resistance.

Khvostikov et al. [88] also investigated recipes containing gold and nickel, all of which
were tried for two doping concentrations T pmt A andp pm A, andwitha

variety of annealing profiles. For both doping concentrations, the specific contact
resistanceimproved with increased annealing temperature from 230 to 300J#. Further,

the higher doping concentraton gave a lower specific contact resistance at each annealing
temperature, however the difference in resistance between the two doping levels
diverged at higher annealing temperatures (i.e. the higher doped sample improved more
from 2703# O BOOJ# than the lower doped sample). The lowest specific contact resistance

was achieved for high doping and Au/Ni/Au at 300#.

Yanget al.[93] investigated acontact combination of indium and tellurium with a recipe
of Pd/Te/Pd/In/Au, which attempted to simultaneously lower the barrier by creating
InGaShusing Teto n-dope the surfaceand using the AuGa interaction tocreate Ga sites

for Te to dope within the surface. Despite this complicated recipe, simpler recipes with
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fewer metals also gave comparable results, as discussed below. Huf@w] and Vogd [95]

also tried similar multilayer recipes but includeda platinum blocking layer.

Robinson et al. [79] investigated a variety of palladiumbased recipes, with increasing
complexity and was the initial recipe trialled in this work for contacts for the
measurement of transport properties o-AlGaSbh/GaSh heterostructuregHowever, of the
many recipes attempted byRobinson anly the many layered recipes resultedn deposited
ohmic contact and of these, lie preferred contacting recipe (lowest contact resistance)
was found to bePd/In/Pd/Pt/Au (4/40.3/5.7/50/100 nm) . For this recipeannealingwas
found to greatly improve the resistance with the palladium believed to act as a blocking
layer, partially limitin g the amount of indium diffusing through the contact Robinsonet
ad O 1T OECEIT Al taifeddpBEtDuin lakdr tO prevént ah Au/GaSb reactionayer,
however when recreated for our study,due to limitations of the evaporator andthe

impracticality of depositing platinum, this layer was removed

When considering the variation between contact resistances obtained in this work, and
those reported in the literature, some of the variation my be due to the literaturevalues,

in general, reported for contacts to n-type GaSb with carrier concentratiols as high as

p pm A .The samples studied here are not as severely doped at the surface and so

may not yield the same numerical result.

5.3 Determining Contact Resistance

Many parameters can be very easily determined from seemingly simple electrical
measurements, such as the contact resistance, the sheet resistance and the transfer length,
with the measurement of these valuesunlocking a large wealth of information. The

following sectionsdiscuss these parameters anthe methodsusedto determine them.

Whenever the resistance of a semiconductor sampl& |, is measured througha 2-

probe measurementthe resistancemeasured isgiven bythe equation

Y ¢cY 2h 52
where Y is the contact resistance(simplified here to encompass the resistance of the
metal as well as the metatontact interface)and’Y is the resistance of the semiconductor.
When a resistane is measured under different conditions(e.g. as a function of
temperature), it is important to determine whether the changes in resistanceneasured

are due tothe semiconductor or to the contact. The resistance of the semiconductm® a
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function of the sheet resistancelY , and the aspect ratio of the current pathseeFigure
5.2, where Sis the separationlength between the contacts and w is the width of the
current carrying path (often the width of the contacts]96]. This ratio determines the
number of Gquares in the semiconductor being measuredwith the semiconductor

resistance then given by

Y Y o'o_8 5.3
The specific contact resistance; is a parameterused for comparing the quality of
contacting materials [97]. The standard method for determining specific contact
resistance is through transmission line measurements (TLMs). A set of equally sized
identical contacts inthis casev 111 p ol , are spaced at wying separations from
each other, with the resistancemeasured between eachpair of contacts,and plotted
against the separation,S. A simple combination ofequations 5.2 and 5.3 results in the
straight line seen inFigure 5.2, where at they-intercept, the separdion is zero, giving
twice the contact resistancg98, 99].
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Figure 5.2: A demonstration of transmission line measurement geometry

and the graphical analysis that can be conducted.

The specific contact resistancg hcan then befound by extrapolating to thecintercept

to find the transfer or transmission length,0 , and usingequation 5.4, giving

" 0Yw 8 54
Current will mainly flow through the shortest path (to the closest edge of the contact),

however there will be some current paths flowing further through the semiconductor
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before entering the contact. This current distance relationship follows an exponeiati
drop off, where the decay constant is the reciprocal transfer length. Alternatively, the
transfer length is also often defined as the average length a carrier will move underneath

the contact before flowing up into the contacf96].

Another way of measuring the specific contact resistance is by comparison to g#bbe
measurement where a 4-probe measurement can be consideredto be a direct
measurement of the sheet resistance. Thus, lmpmparing to equation5.2, the contact

resistance can be found, where the contacts are considered identical.

5.4 Characterization of Metal Contacts on n-GaShb

Using the TLM method explained above, various metallisation recipes farGaSbh were
characterised. However, it became apparent that the assyation of the contacts all having
ohmic behaviour was not always the case. This resulted in a-evaluation of the objectives
for this study, where these are outlined in the following section, after which the results

and analysis will be discussed.

5.4.1 Aims for Contact Resistance

The measurements required to study the transport properties oh-AlGaSh/GaSh devices
require a constant current supplied between two contacts, and voltage measured through
two others. Therefore, there are two applications for the conts created, and as these
are 4-point measurements, in theory it is irrelevant whether these are ohmic or Schottky,

provided they are low enough resistance that the measurement can be achieved.

Initial measurements of Hall devices yielded unsuccessful reks which were deduced to
be limited by the contact resistance. Though measurable (but still high resistance) at room
temperature, the total resistance measured drastically increased as the temperature

decreased, and below 150 K the samples were unmeasbte, with resistances of the

I OARAO T &£ pnnn Em6O8 4EA OAI A xAZEAQerrA® OOAAA

method with indium dotting, confirming that a lack of carriers was not the cause of the
high resistances observed. Though this method allowed the measurement of these
samples, In dotting is impractical on the scale of the Hall bars. The samples eeiso
inspected to ensure the devices were not over etched, and that there was a clear current
path for the current contacts, and the legs to the voltage contacts were also still intact. It
is believed that due to the high resistance of the contacts, tlsenall constant current was

unable to be maintained at lower temperatures.
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The AC set up uses a logk amplifier which sets a voltagely  and is put in series with a
large resistor,’Y (typically p- m), so that the majority of the voltage drop is aross this
resistor, such that the current through the sample is assumed to be 7Y . This
assumption can no longer be made once the sample and contacts make up a significant
fraction of the large resistor. The size of the large resistor in serieould be increased to

ensure this assumption is correct, however, the current path is still of question.

Rc

I |
Ll Re Rs Rec

Re Re
Figure 5.3: A schematic diagram of the resistances involved in measuring

a Hall bar for thedetermination of transport properties. The ideal current
path is shown in green.

The input impedance of the lockkT | AAOOOET ¢ OEA O11 OACA EO pi
resistance of the sample and contacts (and variation between contacts) is of a sigrafit

fraction of the impedance, the current could be split across this path. Therefore, the
assumption that there is negligible current flowing through the voltmeter, a standard

assumption in electrical measurement, is no longer necessarily true. Even ifhéggher

impedance voltmeter is used such as a Keithley Nanovoltmeter, the current paths at such

high resistance are unpredictable. If a Keithley were to be used, the advantage of the high
signakto-noise ratios given by an AC lockh amplifier would be lost, increasing the

uncertainty in an already sensitive measurement.

The objective of this study is to enable measurement of devices, though a low specific
contact resistance is preferable, it is not necessary. As such any recipe which yields a low

enoughreOEOOAT AA AO 11 x OAI PAOAOOOA O1 1 AET OAET

5.4.2 Recipes Tested
A few recipes were trialled to find a suitable ohmic contact for use with confined
n-AlGaSh/GaSh systems to bmeasured at low temperaturesgiven as stated &@ove the

initial test was unsuccessful with a recipe of Pd/In/Pd/Au as deposited

Four recipes were investigated, each annealed and as deposited, andeach case the
processing procedure was the samé&Jsing the same Hall bar mask, TLM pad designs were

produced through lithography following the process stepgyiven in section4.2, where the
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TLM pads were eachu 111 p o rm with increasing spacingsof 5t1 , 10ti , 20t 1 ,
30t and 50t .All samples wereprocessed in the same processing ruand on the same
wafer. The samples were then placed in BlasmaEtch Asher with aroxygen plasma for

1 min to rid the surface of any emaining resist, in preparation for the contacts The
samples were then etched using a reipe of ( #J{ / (1:1) for 45 s to remove the oxide
from the surface quenched with water, and placed into the evaporator immediately
(within a few mins), preventing further oxide forming. Each metallisation was carried out
using the same evaporator with a base pressure vfp p 1 4 | QUpon completion of
the recipe, lift off was achieved in all cases easily, following the procedure as described in
section4.2. Each recipe was tested as depositemto MBE growndoped n-AlGaSb of 21 ,
where the sample chuck for evaporation of the metds not at all heated Annealing was
achieved using a Allwin AW610 Rapid Thermal Annealer, where samples were placeth

the centre of aheatedchamber and oncehe heating cycle wasomplete, left to cool in situ

in nitrogen gas. Between each sample the chamber was left to cool to ensure a full heat
cycle for each sample. The annealing times and temperatures were set as an automatic
profile and were also measured in real time; there was noignificant deviation seen
between the two during any of the processesA full table of the recipes trialledis given

below.

Table 5.1: A table showing the contact recipes tested and their associated annealing recipes.

Materials Thicknesses Ann_ealing Annealing ’
(nm) Time Temperature ( JA
In 400 10s 290
In/Au 100/ 100 10s 290
Au/Ni/Au 10/ 50/ 200 2 min 300
Pd/In/Pd/Au 4/ 41/ 6/ 100 10 min 300

A pure indium recipe was used for testing initial growth material using the van der Pauw
method using indium solder. These yielded low resistance contacts and the samples were
measurable at low temperatures, however this was not feasible on the small scalieHall
bar devices. The pure indium metallisation recipe was an attempted recreation of that
process, where the annealing temperature is the temperature of the soldering iron. In/Au
was a recreation of the In recipe but including a layer of Au to give aasier surface to
bond to as the indium was visibly rough on the surface after I#bff. Au/Ni/Au and

Pd/In/Pd/Au were trialled following recipes given in the literature by Khvostikovet al.
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[88] and Robinsonet al.[79] respectively. Khvostikov et al. was chosen as they displayed

successful results for multiple doping concentrations.

Eachsample was measured using a-probe probe-station with a 2450 Keithley source
meter. The probe station also has the capability of being cooled to 77 K using liquid
nitrogen, with the sample placed in a vacuunshambercapable of reaching a pressure of
xp pTm 41 CGPobes were placed on each TLM pad paivith an applied voltageswept
between ¢ 6 with the current measured. After initial testingat room temperature the
samples were cooled to 77 K and the temperature was stabilised. The samples wererthe
measured and heated using the chuck, with measurements across temperature only
performed when the set temperature had stabilised. Each TLM pad pair was measured 3

times by re-probing the contacts.

In all cases annealing reduced the resistance of the cawts for each recipe by more than
an order of magnitude, thoughin all cases the 4V traces are clearly norohmic to varying
degrees.Figure 5.4 shows anexample of each of the-V traces at room temperature, and
how they varied from as deposited to annealed; the reader should note the change in scale
of the w axis on eachgraph, particularly from the as deposited recipes (left) to the
annealed equivalent(right) . An average trace was picked for each case though in some

cases therewas variation in the characteristics and resistancedetween TLM pad pairs.

The resistance was taken for each recipe for each TLM pad pair for comparison, where
this was determined from the higher voltage range where the Schottky contactme in
forward bias mode, andwhere the electrons are freely flowing and the barrier has been
overcome. The resistance was taken to be the reciprocal gradient in this region. When
linear fitting, a fitting parameter called the coefficient of determination o2 can be used
as an estimationof the linear fit. 2 it is a value between 0 and 1 that is a ratio of the
controlled (predicted) variation of your data over the total variation of your data. A value
of 2 p8rindicates that all the variation iny is predicted by the fit. The2 value in this
case gives an gtimation of how ohmic the contacts behave once the barrier is overcome,

and, in most cases, th2 value is close to 1.0 in the annealed case.

The In and In/Au recipes, once annealed, created quite well defined back to back Schottky
contact I-V traces, wkereas Au/Ni/Au recipe trace is not clearly either ohmic or Schottky.
The Pd/In/Pd/Au trace, though not perfectly ohmic, appears to be a more easily overcome
Schottky barrier. The unusual Au/Ni/Au trace may be due to an uneven diffusion of Ni and
Au, creating a combination of ohmic and Schottky contacts in parallel and series, with

varying resistances and current densities, creating an undefined\ trace. All the as
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deposited metallisation recipes created unideal Schottky pairs of significant resistance in
comparison to the annealed recipes, so they will be dropped from this study from this
point. The reader should note that they were still measured and continued to be of high

resistance, and as such, the results will not be presented here.

L} n L] L] L} n n n L] L] n L] L] L} l
40 | In As Deposited - : [ In Annealed ‘.-' i
< 20F - z 2F -
= 0 E 1k .
£ =
s °T . g of ]
5 S 1p J
20 -
3] o L -
-40 Ryn= 24.3 k0, R? = 1.00 1 3 Ry= 02k, R2=1.00 ]
L '] '] L L '] '] L *4 : '] L L '] L L L L :
-2.0-1.5-1.0-0.50.0 05 1.0 1.5 2.0 25 -20-15-1.0-05 0.0 05 1.0 15 20 25
Voltage (V) Voltage (V)
L} n L] L] L} n n ' l-O - n L] L L] L] L] L} - -
50 | In/Au As Deposited S In/Au Annealed {
— ~ 05k LI
5 o < K
Ei}; 10 E
+ -
EJ oF i UC) oor /————J m
5 =
S -10f - S sk & .
20 Rp,= 38.4 k02, R? = 0.99 s Rp,= 0.4 kQ, R? = 0.99
1 1 1 1 L 1 1 1 -10F _«, 1 1 1 1 1 1 -
-2.0-1.5-1.0-0.50.0 05 1.0 1.5 2.0 25 -20-15-1.0-05 0.0 05 1.0 15 2.0
Voltage (V) Voltage (V)
40 —rr T 3F—T—T— T T 3
30 b Au/Ni/Au As Deposited P o | AUNI/AU Annealed .
20k - - 1k -
= <<
I w0} L E of .
@ ok - @ -1k -
E-10f - c -2} g
Y 20k - © 3t -
-30FF R,,= 23.5 ko, R = 0.99 ™ —a Rp= 0.3k, R2=0.99
—40 1 1 1 L 1 1 1 1 1 1 L 1 1 1 L 1
-2.0-1.5-1.0-0.50.0 05 1.0 15 2.0 25 -2.0-1.5-1.0-0.5 0.0 0.5 1.0 1.5 2.0 25
Voltage (V) Voltage (V)
60 L L) L] L] L] L] L] L] 1 § - L] L] L] L) L] L] L]
Pd/In/Pd/Au As Deposited 4 Pd/In/PdfAu Annealed
40 | - 2k -
= 208 - =
=
= of . £ of <
c =
g —20p - g -k A
3 -2} - e
—60 - -4 -
. I Rp=13.0 k0, R = 0.99 | Ry,= 0.3 k&2, R* = 0.99
r L L L L L L L L '] '] '] L '] '] 1 1
-2.0-15-1.0-050.0 05 1.0 15 2.0 25 -20-15-1.0-05 00 05 1.0 1.5 20 25
Voltage (V) Voltage (V)

Figure 5.4: Example }V characteristics for each metal recipe investigated
shown at 300K. Black points indicate the measured points from a current
voltage sweep and the red line indicates the fitine used to extract a

resistance (see the text for further details).
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This work shows that it is not merely the diffusion of indium that creates a low resistance
contact. The palladium blocking layer allowing only a certain amount of indium to diffuse
must be key to this process. The drastic difference in the contact resistance depending on
the amount of indium diffused into the semiconductor may in part be due to indium
diffusing under the contact, lowering the conduction band edge locally, but obvioysl
giving no change in any region where there is no contact. This would therefore create a
junction between these semiconducting regions which may also create a barrier,
particularly if a significant proportion of In has been diffused. As an example of the
AEEEAOAT AA AEAEAZAOOET ¢ ET AEOI Id&wi(egiatioh 223)Ahe | A U
difference in band gap between GaSb and (e.g.) eyéng' A g3 As 60meVat 300K. This

is more than 2kT and would create a significant barrier between the regions under the
contact and the rest of the device.

5.4.3 Ohmicity

As seen above, the contacts produced are non ohmic, but to varying degrees. If a contact
were ohmic, the resistance would be invariant across voltage. As a test of the ohmicity of
the contacts, the resistance was determined using a few methods, and the similarity of the

resistances should shed light on how ohmic or neanhmic the contact is.

1 0 L L L | n L} n L] L} . o
Ry = 437 © I
05 s o
g Rrper= 82 kQ ..."'
£ 0.0} i e -
g il
‘3 Rpe= 101 kO
—05f o
—10f . -
'] I '] 'l '] 'l 'l
-20 -15 -10 -05 00 05 1.0 1.5 2.0
Voltage (V)

Figure 5.5: A graph of voltage against current for a Schottky contact
indicating the significant variation in resistance when it is taken from
differing regions of the traces, whereas in a perfectly ohmic case all
resistances are equal.

The first method as shown above is the high voltage method, measuring only once the
Schottky barrier was overcome, where this method will give more similar values when
comparing to the literature. However, in the measurement set up used in this work, a

constant current of p{! is maintained and thus, given the norohmic nature of the
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contacts, taking the resistance from high voltage range is not satisfactory for the objective
in this study. The two other methods of determining the resistance are taking the

resistance at a currentopt! , and taking the local resistance around O (i.e. the resistance
in a low current range on the order of ¢ ).

Table 5.2: A table showing resistance calculated over different rages for each contacting recipe

to 2 significant figures, and theatio'Y  TY , to 1 decimalplace.All values taken at 300 K.
High voltage

Contact range :_;)r\l/\g/]gurrentlA Point =|"ET i1

Types Reszst;mce Resistance ( ) Resistance ( ) ;I Ei Hi A
In 240 9300 9300 38.8
In/Au 440 82000* 100000 203.5
Au/Ni/Au 300 6300 6500 215
Pd/In/Pd/Au 260 530 520 2.0

* The trace even on this small range was not linear.

Unsurprisingly the low current resistance and the point resistance are similar and are
both of higher resistance than the high voltage range resistance. The ratio of the high

resistance range and the point resistance indicates the extent of the nammic behaviour.

Indium in the high voltage range gave the lowest resistance however the high voltage
resistance is not representative of the desired measurement set up. In/Au, given that it
created a weltdefined Schottky, predictably is the least ohmic and eveon the small scale
of ¢ 1 had alow2 value of 0.96 From Table 5.2 it can be seen that the recipe of
Pd/In/Pd/Au, for this trace, gave a more ohmiccontact and was the lowest resistance in

the region used for measurement.

5.4.4 Determination of Contact Resistance

The resistance measured from a current voltage sweep is the total resistance of the sample
and contacts, though as stated above, a TLM pattern can be used to determinecibretact
resistance. However, this assumes the metabmiconductor interface is ohmicwhich is

clearly not the case.

The low current resistance was measured for each TLM pair and plotted against

separation (Figure 5.6), with a straight-line fit used to extractthe specific contact
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resistance. However,it became evident that where contacts are nowhmic, the
resistances measured were inconsistent and as such the TLM extracted values become

unphysical.
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Figure 5.6: Transmission line measurements for each annealed recipe using
the low current region of each trace. The black crosses indicate the
measured points, the red dots indicate the average of each spacer and the
orange line is a linear fit. Each graph is annotate with the contact
resistance, taken from half thew intercept of the fit line, and the halved

average of all the points-'Y .

Though trends and values could be extracted they are with little confidence as there is not
a clear trend in the data points for either the TLM resistance taken from the low current
region or those taken from the high voltage region, where these producechphysical
results. For example, the TLM for In suggests a higher resistance for a smaller region of
semiconductor and the transfer length cannot be extracted from this, and thus a specific
contact resistance cannot be found. Despite this, indium gives thmost consistent
resistance with all padpairs falling within ~ ¢& Emof the average. This consistency could
be due to the simplicity of the recipe, with only one layer being deposited there will
naturally be less opportunity for variation of the contactgproduced.Au/Ni/Au has a linear
trend as expected from a TLM, however this is not feasible as a TLM as the highest two
resistance points could reasonably share a contact pad with a particularly high resistance

(seeFigure 5.6).

The reason for these unphysical TLMs may be due to variation in the contacts that have
been created or high resistance reaction layers. The set up currently can be thought of as

two TLM pads, which in this case are two Schottky contacts, in series with a resistor (the
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semiconductor) where the resistance willincrease with spacer. An increasing spacé€or
series resistance)would likely not be sufficient to significantly affect the votage at which
the barrier is overcome. However, if uneven diffusion has created regions of parallel
conduction this may change the characteristics dhe trace (seeFigure 5.7). The theory
used to extract the contact resistances from TLMs also assuntkat all TLM pads(for each

recipe) are exactly equal in resistancewhich may not be the case.

R In Series R In Parallel

Current
Current

Voltage Voltage
Figure 5.7: A plot indicating how a current voltage measurement would
change when two Schottky contacts are placed in series (left) and in parallel
(right) with varying size resistors, the changing darkness of red signifiethe
increased magnitude of the resistor with the black line indicating no resistor
in series.

For a Schottky pair with a resistor in series, as the magnitude of the resistance increases,
the contribution to the resistanceof each Schottkywill diminish and so the trace will look
more ohmic in nature, asshown by Figure 5.7 left. For a Schottky pair in parallel with a
resistor, as the resistor increases in resistance the Schottky becomes the preferred
current path and so the 1V trace has Schottky characteristics, but with a slightly altered
trace, as shown byFigure 5.7 right.

By comparing the curvature of thebelow traces toFigure 5.7, it could be speculated that
the dominating factor in the In recipe is a resistoin series with a varying resistance. In
the case & Pd/In/Pd/Au, the trace shows characteristics of resistors in parallel, where

this could be due to Au spiking or uneven diffusion of indium through the Pd layer.
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Figure 5.8: A series of traces forln (left) and Pd/In/Pd/Au (right) for
varying spacers (represented by varying colours), giving an indication that
the indium recipe characteristic is governed by an in series varying
resistance, and Pd/In/Pd/Au by an in parallel resistance.
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Again,taking the resistance at a low current range is more representative of the physical
Hall measurement, but for TLMs this low resistance gives seemingly nqgoysical results

where the high contact resistance also means a sheet resistance cannot be determined

Usually the contact resistance is found by extracting the half the intercept of the TLM (as
there are 2 contacts in any given measurement). However, for the traces observed here,
these would be extracted based on questionable results. Instead, as a congumn between

different contacting recipes. the average resistance of all points will be taken and halved

as an estimation of the contact resistance, as the total resistance is dominated by the
contact. This isshown by-"Yifp Figure 5.6. This will of course be an ovegestimation and

not an actual measure of contact resistance, hawer, it is sufficient for this work given

each recipe is being compared lig for like.

In the case of Pd/In/Pd/Au a particularly flat TLMcan beseen §igure 5.6), mainly due to
bimodal data points with a combination of high redstance and low resistance contact
resistances at each spacer. Upon further investigation it was found that the low contact
resistances are also more ohmic in nature, where using tte fitting parameter, this can

be seenin Figure 5.9. Thesefigures amplify that though lower contact resistances are
possible, the contacts for this recipe are not consistent. The inconsistency could be due to
a number of factors such as the véation of material thicknesses in the deposited layers,

and the variation in diffusion upon annealing of the multiple layers.
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Figure 5.9: Left: The resistance of annealed Pd/In/Pd/Au TLM pairs against
spacer indicating the bimodal resistances. All contact pairs with a high
resistance are indicated by red crosses, whilghose with lower resistance
are indicated by black crossesRight: 2 against spacer indicating the
ohmicity of each trace. These two pls together indicate there are two types
of contacts created, relatively low resistance ohmic contacts, and high
resistance Schottky contacts.

Analysing the low resistance (ohmic region) results in a halved average resistance, of

600 m, whereas the high resistance region results infzalved averageesistance of 4.8 kj}

106



Table 5.3: A table showing the extracted TLMontactresistances and the halved average
resistances for eachmetallisation recipe at 300 K, given inkEm

qgg:gt Extracted Rc g‘Yr
In 6.4 5.6
In/Au 30.1 91.1
AU/Ni/Au 1.3 2.7
Pd/In/Pd/Au 2.3 2.0

Comparing all therecipes in Table 5.3 Pd/In/Pd/Au and Au/Ni/Au show the most
promise at 300K, and so these contacts were then measured using the same procedures

at low temperature.

5.4.5 Resistance Variation with Temperature

Previous measurements on Hall bar devices showed a drastic increase in resistance with
a decrease in temperature, and a low temperature resistance should be investigated to
ensure any contact recipe maintain their masurability. Following a metallisation study,
successful recipes have been found for 300 K and will now be further investigated across
temperature. Resistance variation with temperature of contacts could in part be due to
the changing barrier height with the band gap, following the Bardeen modefnd is most
likely due to thermionic emission changes with temperature. Investigating the origin of

the temperature dependence of each recipe is out of the scope of this thesis.
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Figure 5.10: Contact resistance against temperature for each contacting
recipe (all annealed) down to 77 K, where two recipes were highly resistive
below 150 K, and two remained of reasonable resistance down to K7
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At room temperature the pure indium deposited was of comparable resistance to the
lower resistance recipes. However, once the temperature decreased, as is the case with all
the asdeposited recipes, the contact resistance drastically increased and showeal tnend.
In/Au was also measured but the resistance at low temperature was tdarge to show in
Figure 5.10. The Pd/In/Pd/Au resistance appears to be relatvely invariant in
temperature and sufficiently small enough in contact resistance to be suitable for
measurement, whilst Au/Ni/Au also appears to be suitable. The Pd/In/Pd/Au annealed
recipe was used throughout the rest of this work as it gave the lowesgsistance at low
temperature and appeared the most temperature invariant. This recipe was subsequently
successfully used in the transport measurements ofi-AlGaSb/GaSh Hall bars at low

temperature (3 K).

5.5 Conclusions

Investigations into the contacting maerial used were carried out due to significantly high
resistance and difficulty in measurement of devices at low temperatures. From the recipes
considered in this work obtaining a low resistance contact without annealing was
unachievable,however annealing in each case improved the resistance by over an order
of magnitude. Four contacting recipes were investigated throughVV measurement of
TLMs, all of which produced norohmic contacts to varying degrees. In the case of/ku,

a well-defined Schottky conaict was created, pure indium produced a less distinct
Sdottky contact and Au/Ni/Au produced an undefined norohmic contact. Pd/In/Pd/Au
was inconsistent and produced some contacts which were low resistance and
approximately ohmic, and some which were highesistance and Schottky like. Due to the
variation across contacts and the questionable ohmicity of contacts, the ohmic behaviour
was further defined by investigating the resistance at different regions of theV trace.
The resistances were then comparedvhere, in a perfect ohmic case, they would be
invariant. The2 fitting parameter was also used with a linear fit to give another qualifier
of ohmicity. The low current region was used as the main comparison between contacts
as this is the region that wold be used in transport measurements. Pd/In/Pd/Au gave
the most ohmic contact and the lowest resistance at the current required for transport
measurements. There was, however, more variation with this contact than the other
contacting recipes; the low resstancecontacts were of ~600mresistance with the higher
resistance contacts being 4.8k The variation of this recipe may be due to the sensitivity
of the contact resistance to the thickness of the Pd blocking layesr to gold spiking into

the semiconductor. Using TLMs tcextract the contact resistance was determined to give
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unphysical results and thus the overestimation of averaging the total resistance
measured and halving it (due to a pair of contacts being used in any measurement) was
implemented. Both Au/Ni/Au and Pd/In/Pd/Au remained low resistance to 77 K, and the
latter was selected as the contacting recipe as it had the lowest resistance, was the least

temperature variant, and achieved the most ohmic contacts.
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-Albert Einstein

Chapter 6

Designing Heterostructures Through
Simulation

Prior to growth and measurement of !l g' Ag3 AsaSb heterstructures
(heterojunctions and square quantum wells), various suctures were simulated to
investigate thdr band structuresand ther transport properties. SchrédingerPoisson and
transport model simulations were completed in orderto predict the optimal structure for

high quality transport devices

In the case of aheterojunction, the electrons are confined in a triangular well. The
triangular well is created from the movement of electrons from the dopant atoms (usually
situated in the barrier material), to the lower band gap material. Thus, the confinement of
electrons is dependent on the donor concentration, a complicated topic in GaSb based
systems. The initial step is to simulate the confinementof a given structure. This
investigation will yield whether there is a sufficient doping concentration to create a
guantum well (in heterojunctions). Alternatively, it is possible to over dope, resulting in a
multiband structure, or parallel conduction where there is conduction in the doped
region. The native defects in GaSb must also be considered to ashgé an accurate

representation of the band structure.

Once a band structure has been simulated and confinement is achieved, a transport model
is used to investigate the scattering mechanisms and resultant mobility. The scattering
mechanisms considered inaide phonon scattering, interface roughness scattering, and
ionised impurity scattering, including from the native defects. The predicted mobility
obtained for various structures is then compared, with the structures corresponding to

the best mobilities growvn and fabricated into devices to be measured.
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The simulations in this work were calculated using a simulation software called nextnano

[100]. This software is seslAAOAOEAAA AO OOI £AOxAOA £l O OEA C

optoelectronic semiconductor nanodeviceg100]. The simulations are completed by
interacting with nextnanomat (the interface), where a coded input template is required,
examples of which are found in the tutorials on the nextnano welite. The input supplies
the software with the relevant parameters and commands from which it can calculate a
variety of physical processes requested. The output is given in the form of text files.
Though the calculations and code are hidden, a wealth ofammation on how the software
works can be found on the website and in the literature published by nextnano. Their-in
AOCETI O PAOAI AOAO AAOAAAOA EO OOAA xEAOA A
and this database is also available to any usdt is important to understand the physics
behind the calculations and which parameters are required for each calculation. The main
calculations used for this work and performed in nextnano are briefly outlined in this

chapter.

This chapter will start with an overview of the flow of calculations occurring in nextnano.
Following this, a detailed summary of the theory and numerical implementation of a
Schrodinger-Poisson solver is given. The resulting band structures that have been
simulated will then be discussed before moving onto the transport model. The theory of
the transport model is then outlined, followed by the resulting mobility calculations for

each structure.

6.1 Input and Calculation Flow in nextnano

The investigation of the band structure usinga seltconsistent SchrédingerPoisson
solver, and the mobility using a transport model, are the main calculations considered in
this work. The operation of these are explained in detail in the following sections.
However, alongside these calculations a nuber of other physical calculations are also
taking place. For example, the ionisation energy is an input parameter which can then be

used to contribute to the band structure calculation.

When calculating a structure in nextnano, initially the semiconductostructure is created

in the form of a point by point mesh of parameters. These include material composition
and doping concentration as a function of deptil hough the thickness of each sample was
set to2 tl , the step size varied over the course of theample. The step size sets the

resolution of the calculation, and thus the step size is larger in the regions where there
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was minimal change in the samplespeeding up the calculationThe active regions of the
sample were set toa highlyresolved step siz of 0.1 nm while500 nm into the sample the

step sizewas changed to5 nm.

With the structure defined as a mesh, thgéemperature dependent parameters are
calculated at the initial set temperature stated in the input file and thus an initial band
structure is formed. The change in the conduction band with temperature is calculated as
described bythe Varshini equation2.6. The doping concentrations are calculated from the
activation energyand input into the selfconsistent Schodinger-Poisson (S.P.) solver. The
band structure for the whole sample is then iteravely calculated until a solution has
converged. In this case convergence is defined where the change in the solution of the

Schrddinger equation from one iteration to the next is minimal.

The results of the S.P. solver include treh, and 8 conduction bandsacross depth(though
only the 3 band is generally considered)and the light and heavy hole valance bands. Along
with the band structures are solutions to the Schidinger equation for the given band
structures, which include the wave functions, and thir associated energy levels. In these
simulations the Fermi level is set to 0 eV, where all energies are changed with reference
to this. From the energy states calculated, with aid of the Fermi distribution and the 2D

density of states,a carrier concentration is also calculated.

The carrier concentration is fed into the transport model where it is used to calculate the
Fermi wave vector, ‘Q8The Fermi wave vector is a factor required for the calculation of
certain scattering mechanisms such as ioniseihpurities and interface roughness The
carrier concentration can also be manually setHHowever, there are other parameters of
the structure which are compulsory for the calculations inthe transport model which
include the spacer and the quantum well widh. These parameters must be manually set

in the input file.

In the case of a triangular well, thigjuantum well width is not well defined. Following an
S.P. solver tutorial for AIGaAs/GaAs given in nextnano, where a heterojunction with a
triangular well i s formed, the well was initially approximated to be 25 nm. The value was
then adjusted to a more accurate value upon inspection of the conduction band, where the
width of the triangular well was determined by the position where the gradient of the
confining band structure becomes sufficiently flat. Whilst there is uncertainty in this
width, the width is only used in the acoustic phonon scattering mechanism in nextnano,

and as such is only significant at higher temperatures.
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This section covered a brief oveaall view of the calculations in nextnano, whilst the
following section gives a detailed introduction to the theory and numerical

implementation of the Schibdinger-Poisson solver.

6.2 Schrodinger -Poisson Modelling Theory

In this section, for clarity, theexample of a square quantum well with modulation doping
will be used to describe how a band structure evolves through a Schréding@oisson
calculation. It will be assumed for simplicity that this square quantum well has one
confined energy state.

The Schiodinger equationis used to describe the quantum state of particle throughout
space. In a quantummechanically confined system, such as a quantum well, the solution
for a single electron is found to be a wavieinction (eigenvector),/ fand a confined eergy
(eigenvalue),O. The modulus of the wave function, when squared and normalised, results
in a probability density for the position of that electron[101]. However, when there is
more than one electron, as isthe case with most semiconductor structures this
probability density can be used to describe a spatial charge density. The quantum well is
defined by the potential,w & , which is a profile of the conduction band edge of that
structure as a function of the depth of the structure,@. The Schrodinger equation is then
given by

o 1 , " : —
cdzﬁr ¢ wal a Or ah 6.1
where @ ° is the effective massAs there is a higher charge density (a higherumber of

electrons) at the peak of the probability density, this region is negatively charged with

respect to the edges of the wave function, resulting in a neimiform electric field[102-

104]. In the case where the structure is modulation doped, the dopant electrons will reside

in the well, whereas the positive atoms will still be in the dopant plane. his local

imbalance in charge neutrality also results in an electric field. The potential associated

with these electric fields causes a change in the quantum structure. The perturbation to

OEA bi OAT OEAT AAT AA OI1 OAA OOEIT ¢ 01T EOOITBHO

"o 1 G oh 6.2
where E is the electric field, w represents the potential, R is the material dependent

dielectric constant and” is the chargedensity distribution [105]. From the inclusion of

electric fields due to the charge distributionthe band will bend.
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Once the new structure is calculated, the original wave function is no longer accurate as
OEA OEADPA 1T £ OEA bi OAT OEAI xAl 1 dskbesBed] CAAS
again." T OE 3 AEOEAET CAO6O0 AT A 0T EOCOIT860 ANOAOEI
converge upon a wave function and band structure that satisfy both equations to a desired

accuracy[106].

._J//\g__ :
Figure 6.1: A schematic dagram indicating the changes that occur during a
SchrddingerPoisson calculationLeft: A simple well with its associated first

wave function, the dashed line indicating a dopant planédiddle: 0 T EOOT T 6 O
equation solution for a simple well with a dopant fane.Right: The resulting
Schradinger solution of the changed welhnd the shifted wave function

The conduction band is solved numerically bystimating a confinement energy for the
state in the quantum well and solving the Schrddinger equation to find the electron
distribution for a given potential profile (a heterojunction or quantum well). This is done
until the estimate is refined and is within a given threshold, where the solution has

iteratively converged on this @ndition [106].

6213 AEOEAETI CAOG O %wNOAOEIT AT A . O AOl
3AEOEAET CA @dhbesdvisdnanieEchllly using a combination of the shooting

method and the NewtorrRaphson methodIn order to implement the shooting method an

iterative version of the Schrdodinger equation must be obtained. To approximate the

solution for derivatives in SChkAET CA0O8 O ANOAOEIT T OEA Z£ET EOA AE
shown below,

AQ Q¢ 1 a Q¢ 1 &

: : h
7o 7 G 6.3
AQ Q¢ ¢ & ¢Qux Qa (1,3 6.4
A 7 '

where "Qa his any function, dis a variable of the function'Qandi dis, in theory, the
infinitesimal change inz, but in practice the step size of the mesfi07]. Bysubstituting
the finite difference method into the Schrédinger equation and rearranging to find

[ & 1 @ equation 6.5 can befound, where

r Z

o
TETd -1 ahd O or & & a8 65
In the above equation,f & | off & and[ & | dare different points of the wave

function in the mesh and can be relabelled and] respectivey. With the generic
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starting boundary conditions thatf Ttandr p the shooting method predicts] by
using equation 6.5. The potential,® & , represents the conduction band profile and this
equation assumes an initial guess of the confinement energy. The shooting method is
continued along the structureto obtain the full wave function across alla [106]. The
numerical values of thewave function at each point arethen normalised once the
wavefunction across theentire structure is found. If the solution has not converged (has
an exponential tail) it is not a suitable solution for confinement and thus a different

confinement energy is trialled until the wavefunction is confined.

$ Tolerance

Figure 6.2: A schematic diagram indicating the condition in which a trial
wave functionis accepted as solution.

The wave function solution is defined as havingeached confinement when thdast point

of the wave function isequal toTt, or in practiceF0 within a set tolerance. An approximate
guess of the confined energy is trialled and is made significantly more accurate with each
iteration by the Newton-Raphsonmethod [106]

"QO . 6.6
Q0

where "QO is a value in the wave function profile calculated by the shooting methaat

0O 0

an energyQ, and "0 s the notation for the differential of "QO with respect to 'O. Once
a more accurate eigenenergy is calculate08], it is substituted into equation 6.5 to
calculate the wave functionandif the last valueof the wave functionis not approximately
zero to a given accuracy, the process is repeated. If the last value of the wave function is

approximately zero, then a confinedstate has been found.

Al
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The numerical implementation of PEOOT 1 6 0 ANOAOET 1 AAE

equation for ease of calculation, starting with the charge density.

The charge density at each point, & his calculated, taking into account both thelopant
ions and electrons distributed at each point The electrons are distributed by the
probability density function (taken from the wave function)calculated by the Schrodinger

solver described above Though the summation over the entire structure would be zero
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due to charge neutrality, at each point théocal charge density will be different.The charge
density is given by

, 0 AOr ar a Qa1 6.7
where g is the charge of the carrier§ ds the step sizeQ & is the volume density of the
dopant,/ @, is thewave functionand N is the number of carriers perunit area, which can
be defined by dopant concentrationAs gquantum wells are assumed to be infinite planes

in this calculation,the 3D charge density can be thought of as an areal charge density

with a width of | &

o1 Z

o(z)

L
YA 0z

Figure 6.3: Left: The charge distribution in the form of a
histogamh xEAOA : 8 EO OEA RigPAE ET C
diagram illustrating the electric field strength from an infinite

sheet of charge

Each charge density block of width dcan be considered to be a sheet of charge with an
associated electric fieldstrength E. The electric field strength for a single block is constant
for all distances from that block. The summation of the contributiorirom each sheet at
eachdepth away from toz (U)§results in a total electricfield strength at each pointz,

. S 6.8
CRO Ql a h

Fa
where Eis the electric field strength,ris the permittivity and the sign function equals p

if & GGis positive, pif & 00is negative and 0 ifa &b The sign function is used to

express the vector nature of the electric field strengtf106].

From this result the additional potential (in addition to the potential given by the band
structure) due to theelectron distribution is easily foundvia Poisson® equation, wherein
1 dimension
L 6.9
w qQ FAa8
To make this calculation seHconstant with the Schrédinger solution, the calculation®f

AT OE 3AEOEAET CAOG O AdreAteratell Brilhbth theé ScikddiGgarOET T O
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solution and Poisson solution have converged ta settolerance. At this point the wave
function and confinement energy arghen solutions of the Schrédingerequation, with the

associated charge density a solution of thRoissonequation.

6.3 Simulated Confinement in GaSb Heterostructures

The initial outline for the structures simulated is given in Figure 6.4, a simple
heterojunction with slab modulation doping in the! 1 g A g3 Aop cap which will form a
triangular well at the GaSb junction. The structure design is limited partially by strain
where a Matthews and Blakeslee model calculated for this structure (see secti@rB.5)

resulted in a top cap that can noéxceed 120 nm.

Aly,GaggSb (doped) '
I Spacer Aly,GaggSb
GaSb 2DEG

GaSb
Buffer
(un/doped)

GaAs substrate

Figure 6.4: Theinitial ! 1 3' A 33 AGaSbheterojunction structure proposed
to achieve electron confinement, noting the doped and undoped
(unintentionally doped) regions.

The other variables that were investigated with the Schidinger-Poisson solver include
the spacer thickness, which is theindoped region between the GaShb layer and where the
doping starts in the top cap, and the concentration of donors, required to obtain good

confinement.

The structures investigated in this chapter were all calculated with the same set of
material dependent parameters, a numbebof which are given inTable 6.1. The majority

of band parametersare taken fromVurgaftman[13] unless stated otherwise.

117



Table 6.1: A table indicating the paameters used in the . solver calculations for! I g' Ag3 A
/GaSh structures.In the table| and! represent the material parameters for a change in band gap
with temperature, andr represents the relative permittivity.

Input Parameter Value
| Ag+ 42 pm
I+ 140
a” i 0.039
R R 15.69[27]

Bowing parameter
R P 0.2
'1g" A3 AAG

6.3.1 The Effect of Defects on Heterostructure Design

The growth study completed in chapter 3 investigated a range of growth conditions, and
thus the resultant accepbr defect concentration achieved in unintentionally doped
samples. This study showed that the defealensity will likely fall within the range of
o8t pm A g8t pm A ,andas suchthe structuresin this chapter have been
simulated with an average defect concentration obgt p m A unless otherwise
specified. It is worth noting, however, thatthe change in defect concentration from one
side of this range to the other may impact the band structure simulated. This is due to
differing electron distributions, and thus the confinement of electrons, particularly in the
heterojunctions. As such, theffect of this variation was considered and simulated, where

an example of the effects of increased defects can be seen below

Figure 6.5 shows an example of the variation of the band structure across the defect range
expected from the growth study, with only the defect concentration varied. Ifigure 6.5,
the heterojunction is n-type doped either side of the well with a concentration of
p p1m A | leaving the junction undoped with a spacer either side. The quantum well
is a similar structure with doping either side of the well, and the wélundoped, with a

guantum well width of 25 nm.
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Figure 6.5: The same structures simulated with low and high defect
concentration (blue and purple lines respectively).Left: A heterojunction
with doping in the top and bottom barriers with an undoped well, where the
RHS batrrier is reduced due to dopingRight: A quartum well with n-type
doping of concentrationp p m A in the top and bottom barriers and
an undoped well. Both structures have spacers either side of the well.

The obvious statement is that the increase in acceptor defects creates a structure that
appears less dopedThe Fermi level (0 eV) is further into the forbidden gap towards the
valence band for the increased defect concentratioand the triangular well is seen to be
unoccupied when a large number of defects are presenthis of course stems fron the
Fermi distribution where the Fermi level in this case is 0 eV. When thetio of O

'O ¥Q"Yequals 1, the probability of occupation from the Fermi distribution is QO

@, yand if the ratio increases to 2 therilQO 1@ ¢ This shift is appoximately the same
for the heterojunctions and the quantum wells, however the quantum wells are essentially

immune to any differences in confinement made by the defect concentration changes.

6.3.2 Doping the Barrier of a Triangular Well

In a heterojunction, the confinement of the 2D electron gas (2DEG) comes from the
movement of charge introduced from the donors in the barrier moving into the lower

band-gap material. This movement introduces band bending (as described in section

6.2.2). The doping concentration needs to be carefully chosen, however, as over doping in

the barrier can lower the local (AlGaSb) conduction band edge below the Fermi level,

leading to occupied statesvith wave functions in the dopant plane. The presence of these

states gives rise to parallel conduction in a region with a large number of scattering

centres, reducing the mobility of the carriers. Conversely, undeh | PET ¢ x1 1860 AOA

triangular well and thus confinement .g. Figure 6.5 left), as there is not enough charge
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movement to the well to create the necessary band bending and perhaps not enough
dopant to allow n-type conduction. Therefore, a fine balance of doping concentration is
required, and hence the need for the detailed simulations performed in the following
sections. For GaSbh/AlIGaSh heterostructures this is complicated by the defect acceptor

states.

To investigate any structure assumptionsgnust be made In this section we will assume
that all structures have an accepting defect concentration af p 1w A across the
entire structure. It is also assumed that thiss equal in the! | 3' A g3 &nd GaSb layers.
Previously analysed transportresults for MBE grownbulk ! | 3' A g3 And GaSb epilayers

confirm that the defect concentration does not change with this frition of aluminium.

Initially, the aim is to produce confinement by avoiding doping the quantum well, leaving
the well unintentionally doped with the native defects in GaSbh. Dopants in the quantum
well would act as scattering centres, where this increasan scattering centres would
reduce the mobility. In the initial simulations, only the barrier was doped, and the doping
concentration was in therangep pm o pm A . The upper limit originates
from the saturation of Te in GaSb, where an increase in Tlax during growth does not
lead to an increase in incorporated dopant in the structure. An example of the resultant
band structures and associated wave function$or a typical structure with a spacer
equalling 30 nm areshown in Figure 6.6 for under- and overdoped samples, produced

using the nextnano SchrddingeiPoisson solver.
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Figure 6.6: Band diagramsfor a! | 3' A 33 AGaSb structuresdoped only in
the top capwith the Fermi level (dashed) set at 0eV.The doped region is
shaded grey.Left: Doping is too low, resulting in a sample that ip-type.
Right: Doping is too high, where doping the top cap results in wave
functions and occupied states in the barrier.
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The band structures for the full range of doping consideredshowed lower doping
concentrations below 1 p 1t A resulted in the Fermi level lying deep in the
forbidden gap, as seenin Figure 6.6 left. However, once the doping concentration has
increasedenoughfor the Fermi level to lie in the conduction bangthe ground-state wave
functions are positioned in the barrier.Once the caduction band is comparable to the
Fermi level, the wavefunctions will reside wherever in the structure the lowest minimam

of the conduction band edge is. This will not necessarily be at the junction and the
wavefunctions will follow the band edge mininum. This change in the structureis of
course due to the alignment of the Fermi levels of thetype andn-type regions. Even in a
highly doped case, the addition of donors in the barrier just aided in a local shift in the
conduction band of the doped region (a Fermi level is set to 0 eV). The conduction band
in the quantum well region is then energetically higher and thus electrons will not move

to the intended confinement region.

Therefore, no concentration of doping will result in the desired confinement prfile for
this particular structure when there is just doping in the barrier material. This is true

across all temperatures.

Areduced spacer may increase the chances of obtainingcanfined regionand thus this
was the next investigation Reducing the spaer is slightly more complicated as this will
also affect the transport properties. A small spacer results in more ionisenpurity

scattering from the dopant and therefore reduces the mobility. However, for now this

consequencewill be neglected

The bard structure simulations performed above were repeated for spacers in a range of
(5 30) nm in 5 nm steps. Reducing thespacer further made little difference to the
position of the wave function across dopingrange except for at the highest doping
concentration and a low spacer of :im. With these conditions, at low temperaturethe
wave function lies in the well, however, as the temperature increasesthe peak position

deviates to the barrier.

Therefore, to practically achieve this structure, thedoping concentration would have to
be exact and in the limit of what is practically achievable. If this doping concentration was
achieved, the small spacer would cause concerns for undesirably high retadonised

impurity scattering, which is discussed in the transport section.
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Doping the! 1 ' A g3 Aarrier alone thus is an impractical and very limited design due
to the inherent p-type nature of GaSbhA table summarising the variable ranges and resugt

of this section isshown in Table6.2.

Having calculated the full range of doping concentrations practically available using MBE
for the barrier, and for a range of spacers, only one set of conditions gave a confinement
possibility. This one set of conditions would likely result in a low mobility. Therefore, a
new structure is proposed where the bottom buffer of GaSb is also doped.

Table 6.2: A table indicatingthe summarised SchrédingefPoisson results from the confinement
study foran! | g' A 33 AGaSb heterojunction with a doped barrier and an undoped buffer,

where each structure has a bdaround acceptor concentration ot p 1t A due to native
defects

Set Parameters Variables Concluding Result
Spacer 30 nm Dopant P8 p T Fermi level in the ga
p p o pmn A gap
18 pm . .
Spacer 30 nm Dopant - States in the barrier
o8t pmt A
Dopant p1t A Spacer v ¢gulli Same as 30 nm spacer
Dopant o pm A Spacer v ¢gulli O in the well at 5 nm
Dopant o p mA 'O moves to the doped
Temp o omniK .
Spacer 5nnm bal’l’ler @ 10K

The doping concentration in the buffer is only required to be high enough to overcome the
p-type defects. A greater increase may encourage states to reside in the bulk. There is now
a conflict. Having a large concentration of Te atoms in the quantum welbwld drastically
reduce the mobility but having an undoped buffer does not result in a GaSb 2DEG.
Tellurium atoms are also known to drag during growth of other material systemsuch as
InSb. Therefore, another spacer is required between the junction whethe 2DEG will lie,
and the doped GaSb buffer region. Though there have beeo investigations into
tellurium dragging in GaSb, other works have investigated this effect in Ingt09] . During
growth, a percentage of the tellurium does not initially incorporate into the structure but
instead sits on top of the uppermost atomic layer and gradually incorporates over the

coming layers. This occurs even after the Knudsen cell vallias been closed.

Works by Orret al][109] show from SIMS measurementthat 25 nm after the intended Te

deposition where the shutter has been closed, there is still Te, altagh the concentration
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has dropped to a small fraction of the original concentration. This decrease is exponential,
therefore in this work we will consider a spacer of above 50 nm from the
I'l ' A g3 A5aShb junction to the doped GaSb region. The concern heis that the Te
concentration may drop, but if there is still a small number in the well then Te complexes

may be created, again reducing the mobility.

6.3.3 Doping the GaSb Buffer in the Triangular Well

The structure now includes a doped buffer region which Wl have its own spacer (leaving
the well undoped), and doping concentration that can be varied. For the sake of ease, the
spacers will initially be fixed at 20 nm in the! | ' A g3 Aarrier and 50 nm in the GaSh
buffer. This will however be modelled as a instant shut off of dopant unlike the reality

where an exponential tail would be obtained.
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Figure 6.7: Band diagransfor an! I ' A 33 AGaSb structure at 3 Kwith
doped buffer and barrier regions. Outlined are the highest and lowest
conduction band edge energies for the doping range investigated, shaded to
indicate the variation of results between them. Similarlythe ground state
wave functionsfor each structure with the highest and lowestdoping are
outlined. The dashed grey line at 0 eV indicates the Fermi level.

The doping ranges investigatedvere from p pmm o p 1 A inthe top barrier
and v pm v pm A in the buffer, with both symmetrical and asymmetrical
doping being investigatedHowever, onlyarangeofp pmm p pmn A  inthetop
barrier and a concentration ofu p m A in the buffer produced wavefunctions

confined in thewell.
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A number of doping concentrations investigated resulted in the ground state wave
functions in the desired positions (confined in the well) at low temperatures, unlike in the
structures shown inFigure 6.6. InFigure 6.7 it can be seen that & E O | hBstappeared in
the conduction band where the undoped (unintentionallydoped) region is located. This is
due to the Fermi level alignment of thg and n regions and helps define the triangular well
shape for the lowest doping concentration for théuffer. The second energyevel O in all
cases was manyQ T above the Fermi level and thus would not be expected to be occupied,
resulting in single carrier conduction as anticipated.However, as the temperature is
increased thewave function peak insteadchanges to reside in the bulk GaSb or in the

barrier.
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Figure 6.8: Simulation results of the peakwave function position (depth
into the heterojunction) against temperature Only a few elect doping
concentrations are displayedfor clarity. The dark blue lines inicate where
the doping is equal in the barrier andouffer and the purple indicates where
the barrier doping is greater than the buffer. The grey line shows the
separation of the barrier and the well and thus approximately where the
2DEG should reside.

Figure 6.8 shows thatalthough someof the wave functions started in the 2DEG at 3 K, at
high temperature, if the doping concentrationis unequal, somewha unsurprisingly, the

energy levels would lie where the higher doping concentration resides (in the barrier). If
the doping concentrations were equal the states would instead lie in the bulk at high

temperature.
4EA OEOIi b6 OEADPA A OA bdrak sednUlikeGtivduld Greateib@tdr A
confinement, though the triangular well can become sharp and therefore too narrow at

higher temperature. The reduced width of the triangular well pushes the energy state

upwards past the point of confinement and tha the state is lost to the bulk.
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If the top spacer is increased, the well becomes tdtat and shallow at low temperature
thus there are noconfined states in the low doping case. With increased dopingvith
increased spacey a similar result asFigure 6.8 above is found where the states are
confined, however, they move to bulk at ~ 100 K. For a spacer of 10 rabove the wellthe
same again is foundand & expected, a thinner spacer results in a loweconfinement
energy level.As this structure does not result in confined states across temperature, a
doped well was simulated to consider all structural options.

6.3.4 Doping the Triangular Quantum Well

The final option to create confinement in heterojunctions is to dope the well, where this
will mean a lower mobility due to Te atoms in close proximity to the charge carriers. This
will also result in a less weltdefined triangular quantum well but will certainly result in
n-type conduction. The same simulations were repeated as above with the whole
structure doped. The barrier was doped with a range ofoncentrations of p p T

o pm A and the GaSb was doped with a range of concentrations of p Tt

p p1n A  with both equal and unequal doping being investigatedlow temperature

resulted in all structures giving confinement in the correct position at the junction

As above,heerAOCU 1 AOAT O xAOA AAIT T x OEA &AOIE 1 AOAI
of the undoped region was lost.As temperature is increased the majority of the wave

functions stayed in the GaSh. Only the structures with the highest doping concentrations

in the barrier compared to the GaSb resulted in states in the barrier. However, unequal

doping did result in wave functions straying to the bulk with temperature.
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Figure 6.9: The groundstate wave functions aganst temerpature for
symetrically doped heterojuctions with a doped well. These figures show
the broadening of the wave function with higher doping levels. The junction
is located at a depth of 120 nmLeft: Symmetric doping ofp prt A
Right: Symmetric doping ofp prt A
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The structures which resulted wavefunctions straying to the bulk were all neglected for
the rest of the study and only equal doping concentrations are shown belotill, whilst
for many structures the wave functions were confined, this confinement was nainiform
across temperature, with some wave functions morsharply defined than others. Figure
6.9 shows the variation of thewave functionsacross tempeature for two examples, one

of lower doping p p 1t A and one of high dopingp p A

It can be seen that for equal but lower doping concentrationsp p 1A the state
stays confined against temperature. Whereas for higher doping concentrations, tigh
the state is confined (the wave functionis still defined and the peak is close to the
junction), the wave functionspreads Thus, there is higher chance of conduction for a wide
portion of the GaSb layerThis changing shape of thavave function can also have a
complicating effect on the resultant mobility[36], where, for example, a shift in carriers
away from the interface will potentially reduceany scattering from interface roughness.
This will also simultaneously change the parameters required to be input into the
transport model at each temperature, increasing the complexity of the modelled and

measured mobilities.

It can be seen here thaprovided that doping concentration is low enough, the state will
remain sharply defined (well localised). There is now a feasible design option where the
whole structure is doped with equal doping throughout. This is once again attributed to
the shape of the well. In théhigh doping case, the native defects will have little effect and
as there is no undoped region aiding the confinement shape, so the triangular well is
shallow. As the temperature increases the well gets shallower and the wave function

broadens.

Seeminglythe doping of the entire GaSb epilayer opens up some possible structures to be
grown. When the entire GaSb layer is doped including the well, the structures give better
confinement. Though at high doping concentrations, the Te in the well will contributeot
scattering, lowering the mobility, and so low doping is preferable. It is clear that obtaining

a well-confined heterojunction is difficult, particularly across a full range of temperatures,
though low temperature simulations show thatfor many of the stuuctures, obtaining a
measurable device should be feasible. Consequently, the investigation was expanded to

include square quantum well structures, where the barriers either side are doped.
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6.3.5 Square Quantum Well Design Investigation

A range of heterojunctionstructures were simulated but only a few obtained confinement
of the wave function across a full temperature range. The square quantum well will
guarantee confinement, yet, this structure has two barrier interfaces. The barrier
interfaces can result in laver mobility due to interface roughness, which will be discussed
further in section6.4.3 The square quantum wells studied in this section consist of a GaSh
well between two layers ofl 1 3' Ag3 A

The square quantum wells were again investigated using S.P. modelling as above. The
GaSb well is undoped, with the spacers above and below the well equalling 20 nm and
50 nm respectively. The second spacer is greater to prent Te dragging into the well.
Doping was investigated with the quantum well width investigated initially set at 25 nm,
the doping concentration range was p pm p pT1m A . The simulations
resulted in, unsurprisingly, the ground state wave function bieg confined to the well
across the full temperature range, for most structures simulatedlhe band structure in
Figure 6.10 shows how the bands bend to be energetically low towards the bullRHS)of

the structure. The band structures are shown for the doping rangep p T

p pm A .Thelow-lyingbandinthen-type!l ' A g3 Aegion is aligned at a similar
energy to the sates in the well. This is due to the undoped region around the well being

inherently p-type, and again the Fermi level of this region aligning with thie-type regions.
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Figure 6.10: Left: The band structure for an !l g' Ag3 AsaSb 25 nm
guantum well with either side doped in the doping range p p T

p pm A  withspacers of 20 nm and 50 nm either side of the well. The
shaded grey area indicating the region below the Fermi leveRight: Afocus
on the quantum well showing the ground state energy (light blue dashed)
the second energy state (purple dashed) and theband (pink solid).

For the majority of the doping range this design was successful with the quantum well

easily solving the isue of confinement that was brought about with the heterojunctions.
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However, these structures resulted in a different issue, the second wave functiolm
Figure 6.10 it can be seen that at low temperature there are multiple states below the
Fermi level in which conduction can take place, not technically creating a 2DEG (which
would only have one electronic state). Though this is not preferable, a reduati in doping

to somewhere belowv p 1 A would result in a hon-conducting or p-type sample,
particularly if there is a slight increase in defect concentration. These states are however
at an energy below the -band, where this is preferable as accessiblstates in the, band
can cause interband scattering between the bands. Also, the effective mass in tHend

is much larger than the effective mass in the band and so the mobility would be heavily
reduced for the carriers in that band. The second statbeing below both the, -band and

the Fermi level is consistent across doping levels.

The first and second wave functions are well separated, with the second energy state only
contributing 18.4 % of the carrier density for the higher doped case and 5.9 %rfthe
lower doped case. As the temperature increases, the second energy state resides in the
bulk.

Alternatively, the well width could be varied.Narrowing the well would push the second
state further up though a narrow well could also introduce a significant increase in
scattering due to the potential interface roughness.The simulations for quantum well
structures with the doping ranges above were repeated for a number of quantum well
sizes p t o 1l i. When this was investigated, thesimulations showed thatin the
guantum wells the stateswere below the Fermi level with a10 nm well, where the
separation in energy levels had increased as expected, however the second level resided
in the bulk. The secondvave functions werelost to the bulk at higher temperaturesas is

the case for the larger well widths

Though the quantum wells solve the confinement issue, they are likely to be two carrier,

therefore each design option yields its own advantages and disadvantages.

6.3.6 Schrodinger -Poisson Summary

From the structures investigated, it became clear that a 2DEG confinement is hard to

achieve through a single heterojunction structure. Confinement appears unachievable

xEOE EOOO OEA AAOOEAO AAET ¢ AT bABigyfot@Eb £01 1 (
was explored p pm o pmn A . The simulations showed that there were

structures with energy states low enough to be below the Fermi level, however, these

resided in the barrier. This effect was due to the aligning of the Fermi level tife p-type

and n-type regions. Thus, doping of the buffer was also investigated.
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The doping range in the bufferwasp pm v pm A, whilst the well was left
undoped to avoid unnecessary scattering of the electrons with the dopant atoms. This
design resulted in confinement of the ground state wave function at low temperatures. As
the temperature increased pas60 K the first energy level was lost to the buffer in all cases,
and so the structure would have bulk conduction (in equally doped structures)
Alternatively, the first energy level was confined to the barrier (in unequally doped
structures). There were many structures which gave single, confinedwave function as
desired inthe low temperature region but a confined state across temperatures would be

preferable, thus doping the well was also investigated.

Doping the triangular well opened up many options for confinement provide the doping
was symmetric. At higher dopingranges ¢ p 1 A the wave function spread as
temperature increased. An increased doping concentration is again a disadvantage for
scattering as there is a larger concentration of scattering centres. This stiure design,
though unpreferable for transport due to the increased scattering from Te ions being

present in the well, gavanany confined structures and thus is a design option for growth.

As confinement was inherently difficult using the heterojunction @sign, a square
guantum well was investigated. The square quantum well structures gave confinement

for the ground statewave function across temperature for symmetric doping.

Table 6.3: Atable summarising the design options to be investigated using the transport model.

Doping B
Type Doping profile concentration Spacer i i
Heterojunction Al doged P U -
symmetrically
Heterojunction Barrier and buffer - 25 50
(low T) doped symmetrically PP '
Barriers doped
Quantum Well symmetrically P X 25, 50

At low temperature secondary energy states were also present in all cases below the
Fermi level, and thus they are not single carrier. As temperature was increased the
secondary wave functions resided in the bulk as thel g' A g3 Aarrier has a lowlying
conduction band edge. Reducing the well size did not significantly change the results of
the Schrodinger-Poisson simulation, and would lower the mobility due to interface

roughness scattering, discussed furthein section6.4.3
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Both the heterojunction and the gjuare quantum well structures have their advantages
and disadvantages so are worth exploring further. In the low temperature region of
interest then the heterojunction with an undoped well but doped buffer, should give a high
mobility device. These structues will be further investigated using the transport model

in the next section.

6.4 Transport Model Theory

Movement of charge carriers due to an electric field is modelled through a transport
model. This transport model assumes a charge carrier will move in straight line
(ballistically) until something deflects that movement in a different direction (a scattering
mechanism). Desired movement of an electron in any structure is from one side of a
sample or device to another to give rise to conduction. In thersictures studied here the

transport or conduction occurs through a GaSb quantum well.

There are various scattering mechanisms, some of which are heavily dependent on the
sample structure and others that are primarily dependent on the material. The folloing
sections explore the theory of transport modelling and how structural differences affect
each scattering mechanism. Finally, the transport simulations of the structures examined

in the previous section are discussed.

Eachscattering mechanism has a s¢tering rate 1/ zwhich can be converted to a mobility
t using[110]

QT

— 8
PE 6.10

Here,erepresents the magnitude of the charge of the charge carriep® p m # and

& ° is the effective mass. The individual scattering rates of each scattering mechanism can
OEAT AA AT T AET AA AU - AQ0L AP0 die & total gchtterihdy A N OA ¢
rate (pfT ), where

TL TES 6.11
In the model described here and implemented in nextnanothere are five prominent
scattering mechanisms considered optical phonons, acoustic phonons, charged
background impurities (including the unintentional native defectswhich were discussed
earlier), remote ionized impurities (including the intentional dopants) and nterface

roughness. Interface roughnesscattering isthe scattering from nonruniform growth of
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the interface and can besignificant in thin quantum well structures. It has,however, been
suggested byseveral groups that this effect is not significant forthe single interface
heterojunctions [111, 112]. Sattering may also occurdue to the lowlying , -band, where
high energy electronsmay exchange betweerthe bands,giving an associatedchange of
momentum. S.P. simulations show this is unlikely, however, shis form of scattering has
not been considered It is assumed that there is only one energy level and thatresides

in the well.

6.4.1 Impurity Scattering

Charged impurities aregenerally the main limitation of mobility at low temperatures for
many semiconductor structures[113-116]. Althoughthe background charged and remote
ionized impurity scattering rates can be vastly different, theyboth stem from the same
principles. Impurity scattering is not directly temperature dependent but does contain
temperature dependent marameters that contribute to the scattering rate. On average, a
conducting electron will travel for a certain length of time unscattered the quantum
lifetime), before then beng deflectedby a charged ionAfter this Coulomb interactionthe
momentum of the electron will change However, due to corservation of energy, the
magnitude of the wave vector before thecattering event,’Q must equal the magnitude of
the wave vector after the eventQ 1), and it is only the direction of the wawe vector that

is changed through a scattering angle. This is shownschematically inFigure 6.11.

conservation of AT AOCU &£ 0 A OAAOOAOEIT ¢ AOAT O
[36].Right: The scatter due to a charged plane of dopant ions.

&AOIEGO '1T1AAT OO1 A Al 11T »tranSittod frol Aam Aital AOCET 1
momentum state to a final state This is dependent on the perturbatiorin the potential of

the crystal that the electron moves through this perturbation is given by the potential

energy of the ion. This can also be thought af the probability that for a given scattering

event, a particular momentum will be exchanged. However, ¢hdescription aboveis just

a scattering rate due to a single electron and a single impurity, a more general form

suitable for a wholesystem must beconsidered21, 117].

To determine the scattering rate for a whole system, first consider that there are many

possible final states (many differences in momentum due to a collision). The scattering
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rate will then be given by the integralof the individual scattering rates for each electron
wave vector, k. The large number of impurities canthen be considered by simply
multiplying the single impurity scattering rate by the impurity concentration per area
€ , assuming thescattering from each impurity is independent A weighting with
angle is alsdncluded as a shallow angle scattering would have much less of a perturbation
effect on the transport of electronsthan backscatter. The general case for impurity

scattering pt is therefore [36]

>

s 6.12

Here w 1 is the matrix element, a function of thepotential energy perturbation, g is the
wave vector associated with the change in momentumiue to the scattering event, defied
AG QOEJTc ,and™Q is the Fermi wave vector definedasQ ¢ ¢* 28

Remote impurity scattering for doping can be described as the scattering brought about
by ions that are introduced into the system hrough modulation doping. The matrix
element for this case is the unscreened Coulomb potential for the plane of ions, scaled by

the ThomasFermi dielectric function, where it is assumed that the 2DEGisofa x EAOE8 !

form factor is then used to accountdr the shapeof the wave functiongiven by — [36].

This form factor is required as a triangular shaped well is strictly too rigid a structure and
this accounts for the band bending and broadness of the wave functiorin8arly, a form
factor "O is needed to modify the Thomad-ermi dielectric function, resulting in a matrix

element of:

Q AoDPRss p .

W h
n c- - A 0 n_ 6.13
n
and scattering rate,
P, a” Q A @ DAL ® n An ;
T SEICHSE R 0f oA T 6.14
p c'Q
where,
on P ¢ @ 5 @ 5 @ g
n W 5N o n 5 n 6.15
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Here,bis the Fang Howard parameter whichs defined by material parameterssuch that

z

W — [118]. The distance from the dopant plane to the 2DEG is given loy

and the relative permittivity is given by - and the ThomasFermi screening wave vector
is given by} . A more rigorous mathematical derivation is provided in (e.g.) REB6] pp
353-358.

The mathematical transition to the background impurity scattering (a 3D distribution of
impurities including impurities in the 2DEG) is small. The samexpressioncan be used by
treating the structure as an infinite number of layers with constant¢  throughout the

structure (and soby integrating over d), the scattering rae,p¥t ,is given by

. . &
€ A $R0 ¢ A % SAQ Th 6.16
P, & ©Q p LA I 6.17
1— cu o) 'T'Q CT T rr] rr] —r,]
P cQ

6.4.2 Phonon Scattering

A phonon is a quantised lattice vibration, which causes a displacement of the atoms within

the lattice and can be thought of as a wave or a colliding particle much like a photon.

At OK in an ideal crystal, there is no thermal kinetic energy within the gstal lattice and
so the atoms are (theoretically) not displaced from equilibrium. As the temperature and
kinetic energyincreasesthe masses that make up the lattice are displacethis vibration
has a quantised energy in units of5 . As thephonons movethe ionic cores, magnetic and
electric fields are induced which scatter the electron$119]. Alternatively, due to their
guantised nature, a phonon can be thought of as antiale with a momentum of k, where
kEO OEA PET 1110680 xpAdddh cabidedvth € 8lecitas ddxchange its
momentum [120-122].

There are two types of phonon considered here, the acoustic phonon and the optical
phonon, where both are temperature dependent. Both reduce the mobility significantly at

higher temperatures.
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The vibration from an optical phonon causes the neighbouring charged masses to move
out of phase producing an electric field that deflects the travelling electron, this occurs in

all ll1-V semiconductors[36].

The optical phonon scattering rate (p#t ) is determined by equation 6.18 and is

dependent on thenumber of phonons0 1  according to

P ch ™ Q0] 8
T 9 Y 2 6.18

In equation 6.18, - - -

BoseEinstein statistics can be used to find the number of phonons at a parti@ar
temperature (as phonons do not obey the Pauli Exclusion Principle they can be

mathematically treated asbosons[36]), giving the numberas

5 ApB - :
1 o~ P 6.19
where b is the frequency of the phonon andQ is the Boltzmann constant.

Though this is the scattering rate used by nextnano, asiggested by Priceet al. [123],
another scattering rate has been used in other works (e.f86, 109]) which has a quantum
well width, 0, dependence, as suggested by Ridleyal.[124]. Thisscattering rate is given
in equation 6.20, such that

P Q1 071 a‘

. T 8 6.20

The differences between the two resultant scattering rates are discussed latier section

6.5.1, whilst the full differencesin the derivation are discussed in ref125].

Analogousto a sound wave, the longitudinal acoustic phonon compresses and expands
the lattice structure, with neighbouring lattice atoms moving coherently [36]. The
deformation of the lattice structure can led to a small energy shift of the local band edge.
The deformation potential, fj, is a function of the crystal characteristics describing this
lattice dilation [126] and associated energyhange. Theacoustic scattering rate is then
found with equation 6.21 [109], such that

P oa’f TQ"Yﬁ

T ¢co” L 6.21
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where” is the density of the lattice and) is the longitudinal soundvelocity in the crystal
[110].

6.4.3 Interface Roughness

In transport modelling, the quantum well in a heterostructure isgenerally approximated
to an infinite square well. The lower potential is physically described as a layeof material
with a lower lying conduction band (and often a lowerband gap andwith a width 0. The
energy levels in the well are then given b¥D , wherethe ground state energy is given by

€ p,such that

€“ 0
ch’o
These heterostructures are grown using MBE, layer upon layer, and although this growth

6.22

process is accurate, it is difficult to create a perfectly flat and smooth layer and thus an
atomically flat quantum well [127, 128]. Thus, the variation in the quantum well width
will affect the trajectory of the electron[129, 130], as thewavefunction will firstly shift its
peak position, and secondly the energy state the electron is atFigure 6.12 shows the
variation in the ground state energy against well width. This, of course, is a simple inverse

square relationshipas seen above.
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Figure 6.12: Left: The variation in the ground state energy for a quantum
well with a subtraction of 3 monolayers (orange dashed) from a well width
of 15 nm (red dashed) and the same variation for a 30 nm well width (light
and dark blue dashedRight: A schematic diagram shwing an extreme case
of how the well width can vary across a structure with a line indicating the
approximate midpoint of the well and thus likely the wave function peak.

However, Figure 6.12 highlights the significant change in ground state energy at lower
well widths for only a few monolayers of variation. At a width of 30 nm the change in

energy for a 3 monolayer variation is 1.4 meV, whilst at avidth of 15 nm, the
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corresponding change in energy is much larger at 12.6 meV. Each variatioihwell width
causes the ground state energy to change withperturbation of , which can beusedto

find the scattering rate for interface roughness, whereis given by

W 3 »38 6.23
a“o

In the equation above,3 P) is the interface roughness function describing the probability
that the roughness,z, has the same value at different distances from a given point (see
Figure 6.13).

Av -

Figure 6.13: A diagram that describes the different parameters of interface
roughness,LEO OEA O1 OCET AOO A@gOAT Oh 3 EO O
3 ) the probability function [110].

The vector r is a two-dimensional position vector in the &, y) plane [131]. As the
magnitude ofr increasesthe probability of the roughness being the same decreasesuch
that

i
3> 3‘A®DD—h 6.24

where L represents the roughness extentThe scattering rate for the interface roughness

is then described byequation 6.25, with a particularly strong dependence on well width
(0 ), giving

“ 930 10 1 AR
¢ i 6.25
p cQ

This strong well width dependence is the reason why, in general, thin well widths were

avoided in the Schédinger-Poisson simulations.

6.5 Simulation of GaSb Heterostructure Transport
Properties

Each of the scattering mechanisms above are calculated in nextnano across temperature,
with the total mobility also calculated. There are many parameters used in the transport
model; the material dependent parameters are stated inTable 6.4, indicating the

reference for the value.Other parameters used vary with the structure and so will be
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stated where relevant.The native defects were assumed to have @type density of 5

pm A forall of the structures.

Table 6.4: A table to indicate the parameters used for the transport modelncluding the

referenceeach valuewas acquired from.

Scatterin Input
ng Value Reference
Mechanism Parameter
Optical phonon,
Remotelonised ) 157 S.M. Sze and K. N
P ' : et al.[27]
Background
impurities
: Basinskiet al.
Optical phonon 29 29.8meV [132]
- 14.5- Patrini et al. [133]
Acoustic phonon " 5.614 p mkg/i Dutta et al. [9]
V] 3.24 p mm/s Dutta et al. [9]
] 9eV Adachiet al.[134]

It is seen here that the dielectric constant is present in multiple scattering mechanisms.
Scattering from phononstends to be dominant at room temperature whereas the other
scattering mechanisms are dominant at lower temerature. The dielectric constant is
present in both phonon { © - and impurity scattering t 5 © - , thus,itis
prominent across temperature.Having a large dielectric constant as is the case in GaSb,
makes thematerial preferable to others for high mobility devices. This assumption is a
simplification of the many factors at play required to create high mobility devices. Other
factors must be considered such as background impurity concentration. This factor in

particular is significant in the case 6GaSh.

The interface roughness parameters, the rms average roughnessand the roughness
extent L, are not known for these samples. As such, the interface roughness scattering
mechanism will be used as a fitting parameter to match the measureldtato the modelled
mobility in the subsequent chapterThe rms average roughness would be expected to be
no more than a few monolayers for MBE grown samples. The roughness extent is harder
to estimate though tends not to be more than a fewanometres [135].For now,
parameters will be assumed to be the on the higher end of a reasonable rangesof
p®1 | (~ 5 monolayers) andL = 5 nm, & to not overestimate the predicted mobility

[135]. The interface roughnessscattering rate is approximately proportional to 30
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however the harsher dependency is on the well width§ ) which will have a greater
effect. This is logical as 4 monolayers of change has a greater proportional change on the

width of smaller well, and also causes a greater change in the energy states of that well.

6.5.1 Structural Variations in the Transport Model

The structures simulated by the S.P. solver showed that there are multiple design options
that can lead to 2DEGs in GaSb. There are many stwial parameters considered in the
transport model, with each potentially changing the resulting mobility. Therefore,
changes in mobility due to a change in the overall structure makes it hard to determine
which structural change is the most significant. Bcussions of the effect of changing
structural parameters are given below, highlighting the complexities of the relationships
which result in the total mobility. The effect of variations in the well width, the spacer and

the carrier density are discussed.

The well width is present in the acoustic phonon scattering rate, in the Ridley model for
the optical phonon[124], and in the interface roughness, and thus is prominent across
temperature. The mobility in a quantum well as a function of well width ranging from 10
nm to 30 nm with both barriers doped has been simulated, with the resultshown in
Figure 6.14. For this simulation, a doping concentrationop p 1 A on either side of
the well was assumed, with a spacesf 20 nm above thewell and 50 nm below the well.
The defect concentration was assumed to be p m A and the carrier density was
setto beqp pm A , as predicted by the S.P. modellingThe interface roughness

parameters3 and 0 were set at 1.5 nm and 5 nm respectively.

For each scattering mechanism, the corresponding mobility is addedhversely to
determine the total mobility. As such,the largest contribution will come from the
scattering mechanism with the lowest mobility (largest scattering rate). This is

considered the limiting scattering rate.

It can beseenfrom Figure 6.14, that the acousticphonon mobility increases with well
width . At room temperature this increaseis from 7.0 p A 76 Go20 pnA 76 O

for an increase in well wdth from 10 nm to 30 nm respectively.
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Figure 6.14: Left: The mobility for each well width dependent scattering
rate against well width at 300 K for a GaSb quantum well. The green dashed
line indicates the optical phonon scattering rate used by Ridlegt al. [124]
and the green stid line is the optical phonon as calculated by nextnano.
Right: A graph showing the mobility due to the interface roughness
variation with the roughness parametersat a well width of 20 nm. The
colours represent the mobility and the scale is shown on theolour bar. The
solid lines show contours of constant mobility and the dashed lines are lines

of constanta0.

Below 20 nm, the acoustic phonon scattering is thieast significant of the scattering rates
(it is not the limiting factor) and the lowest cantribution to the total mobility when only

these mechanisms are consideredAbove 20 nm, it fdls below the interface roughness
scattering rate but still considerably higher than the optical phonon. The optical phonon
scattering rate given by Ridleyet al. has the inverserelationship with well width and as

such changefrom55 p A 76 Go2 p A T6 @s the well width increases. It is
observed that at a well width of 18 nm the nextnanooptical phonon scattering rate (Price

et al[123]) and the Ridley et al. solutions match.

The interface roughness drastically changes across well width. Below a well width of
16.5nm it becomes thelimiting scattering rate, whereas above a well width of 24 nm it

becomes an order of magnitude higher than the optical phonon.

As temperature decreases the phonon scattering rate will reduce. Of these scattering
mechanisms, the interface roughness will&the dominant scattering mechanism at lower
temperatures. Therefore, when designing a sample structure, this scattering rate should
be as low as possible to achieve the largest (low temperature) mobility possible. As such,

in the case of interface roughass scattering, e larger the well the better However, in
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terms of solutions to the Schiddinger equation, asthe well width gets larger there is a
decrease in energyat which eachstate lies, and the spacing between states decreases,
allowing for scattering to occur between statesThis is a careful balance that needs to be
considered, especially as thevell width has a greater effect on the interface roughness
than the rms roughness and roughnessxtent. For a quantum well of 20 nm, to achieve a
mobility contribution of the interface roughness ofu p m A 76 Gt would require a
rms roughness of 8 or more monolayer¢2.5 nm), as seen irFigure 6.14 Right. Whereas
the same contribution can be achieved by a reduction in well width of 2 nm, as seen in
Figure 6.14 left.

In the case of varying the spacer, it would be expected that an increase of the spacer would
reduce the scattering of the charge carriers by simply moving the remote ionised
impurities further away from the well. This would reduce the electric field which perturbs

the electron® path. However, a more realistic picture would require the carrier
concentration in the well to also be varied as a result of the change in thepacer. This
knock-on effect would then in turn changeQ and thus both the impurity scattering rate
and the interface roughness scattering rate. Thus, a variation in spacer cannot be
considered independently. The same can be said for the defect concentration, which
would not only change thebackground impurity scattering but the carrier density and
again Q. To account for this, seltonsistency with the Schédinger-Poisson simulations

must be considered

6.5.2 Transport Properties of Simulated Al 0.Ga sShb/GaShbh

Structures
In this section, the dove transport model is implemented for the structuressimulated
through S.P. modellingin section 6.3 that showed viable confinement. The predicted
mobilities are then compared. These structures consisted of a limited range of
heterojunction designs achieving confinement across temperature. The heterojunction
structure design doped both above and below the well (but with an undoped well)
resulted in unconfined wavefunctions above a temperature of ~8(K z 120 K, however
this is dependent on the doping concentration. Consequently, the transpemodel-
predicted behaviour in this temperature range should not be considered representative
of what would be physically observel. From this point onwards this structure will be
OAEAOOAA O AOAIOBRA O&EOEH PBBAA 1T OEAO EAOAOI EC
OEOI OCET 6O OEA OOOOAOCOOAxARAETC CODERACGIA 80T 4k
structure resulted in the wavefunction being confined across temperature, however this

is expected to produce significant scattering which is discussed further in this section.
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The transport model for the undoped wellheterojunctions is shown inFigure 6.15 with
varying doping concentrations Thesestructures consist of two doped regions andwo
spacers(one above and one below the welland thus two distinct contributions to the
remote ionised impurity scattering rate. These structures are also assumed to contain a
concentration of background impurities associated with the native acceptor defects. The
predicted mobility results are produced across temperature with the effect of the
movement of the wavefunction to bulk neglected (the structure is always considered 2D
in the transport model). The graph is shaded, however, to indicate the likely temperature
range where the states would reside in the bulk, and so where the results should be

interpreted with caution.

Often, when a transport model is implemented to characterise the observed mobility
trends in a sample, the corresponding measured carrier density is used. As the transport
modelling performed here is being used as a predictivenethod to aid in the choice of
which structure designs to grow and fabricate, the carrier density output from low
temperature S.P simulations is used instead, as the low temperature regime is of greatest
interest. The low temperature regime is where the mbility will be largest, and the

structures will be confined (not necessarily true at temperatures above 100 K).

The level of the doping concentrationrange considered in these structures (p

pm A v pm A |, equalinthe buffer and barrier)will have a couple of effects
on the mobility. It will not only directly impact the scattering from the remote ionised
impurities via the impurity density, but will also affect the carrier density. This will
indirectly impact the other, norn-phonon, scatteing rates (i.e. the background impurity
scattering rate and the interface roughness scattering considered for the quantum wells).
Specifically, the remote ionised impurity scattering rate is directly proportional to the
doping concentration, but the scatteing rate is also proportional to the carrier density via
the relationship pjt © pjQ, where Q is proportional to the carrier density.
Combining these relationships, the mobility was shown byHayne et al. [115] to be
proportional to ¢ 870, where¢ is the carrier dersity and0 is the density of dopants.
Quialitatively, this can be understood by condiering that as the doping concentration is
increased, the remote ionised impurity scattering would also be expected to increase.
However, as the doping level is increased, the screening from the carrier density increase
will have a reducing effect on the sattering, where this has a stronger relationship. This
would imply that a large doping concentration would be preferable. However, the doping
concentration does not simply equal the carrier concentration. As the doping

concentration is increased, the caiier concentration will increase, but some carriers may
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be lost to the surface and thus they are not necessarily increasing at the same ratas is
also an oversimplificationwhich assumes the band structure profile does not change with
doping concentration, which is not the case. #was seen in the S.P. simulation resulis

section 6.3, an increase in doping concentration in certain structures can lead to states

lying outside of the confined region.

A doping concentration range was investigated selfonsistently with the Schroédinger
Poisson carrier density to produceFigure 6.15 left, where the variation showshow the
increased carrier density changes each scattering mechanism. An independent study of
remote ionised impurity scattering was also completed. This indicats how an increase in
doping concentration will affect the remote ionised impurity scattering mobility if the

carrier density is set. This is shown inFigure 6.15 right.
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[ Remote Impurities

Mability cm? /Vs
Mobility (cm? /Vs)
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1 11 1111l 1 1 11 11111
10! 10?2 10t 102
Temperature (K)

Temperature K

Aly->GagsSbh undoped 20 nm

GaSb undoped 80 nm

GaSb doped 2 um

Figure 6.15: Left: A standard transport model for a undoped heterojunction
indicating how changing the doping concentration in the rangep
pmtA to5 pmn A affects each scattering rateand the associated
mobility, directly and indirectly (through carrier density and Q). Each
scattering mechanism is labelled, and regions are shaded to signify the
change with doping concentration.The RHS is shaded to indate the
temperature at which the S.P. solver showed that the states deviated to the
bulk. Right: A transport model isolating the effect ofa change in theemote
ionised impurity density using only the remote ionised impurity scattering
rate, investigating the effect on the total mobility with carrier density and
well width fixed. Bottom: A schematic of the structure simulated.
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The figure above shows a typical transport model. Here it can be seen that the phonon
scattering contribution to the total mobility is significant at higher temperatures (above
~ 50K). In the case of theundoped well, the background impurity scatteringfor a
background charge density ofu p 1T A is by far the limiting scattering rate up to
150 K. This value of background impurity density level is reasonable, though as the growth
study performed in Chapter 3shows, it could be an overestimation. fiis overestimation
would likely be slight, and even a reasonable lower limit estimate of defects results in a
background-scattering-limited structure. This is as well as significant contributionthe
defect concentration makeghrough the variation of the band structure itself as seen in

section6.3.1

Figure 6.15 right shows that the decrease in theloping concentration from5 p A |

to 1 pmAIl (neglecting any associated change in carrier density)esults in a
decrease inremote ionised impurity scattering, as expected. This reduction in scattering
has an associatedincrease in mobility from 65 p Al 76 @ 189 pmAiT6 O
However, as this $ not the limiting scattering rate, the total mobility is only changedy
17 %. Similarly, if the carrier density chang associated with the change in aping

concentration is also considered, theverall mobility changes byonly 9 %.

The next design considration from the S.P. simulations was the doped heterojunction
structure. This structure drastically improved confinement across temperature, however
this requires doping the well with a concentration ofx p p 1 A . As can beseen in
Figure 6.15 above, the mobility is limited by the background impurities at the
xu pm A level of the native accptor concentration, with the higher dopant
concentration o p p 11 A here only reducing the mobility further. As the doping

is no longer remote, the 3D doping concentration will be implemented in the same way as

background impurity concentration. This will be in addition tothe native defects.

Figure 6.16 shows a comparison of the doped well and undopeslell heterojunctions with
doping concentrations ofu p 1t A . The undoped well structure has scattering
contributions from the remote ionised impurities and the background impurity
concentration resulting in amobility of 9.7 p mA 76 @tlow temperatures. The doped
well structure is again ionised impurity limited across temperature, where this is
unsurprising with such a significant increase irthe 3Dimpurity concentration. The total

mobility at low temperature for the dopedwell structureis 7.2 p mA 76 O
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Figure 6.16: Left: The calculated mobilities for a heterojunction with a
doped (solid line) and undoped (dashed) well with doping concentration
v pm A 8he grey shaded region at high temperature is to signify the
region where theundoped well may have bulk states (i.e. not confined to the
well). Right: The transport model for the full range of doping considered (1

pmmAil to5 p mAT )forauniformly doped structure indicating the
significance of the ionised impurity scatterirg. The range of calculated
mobilities for the equivalent undoped well structures is shown in grey.
Bottom: A schematic diagram of the structure simulated where the doped
region varies as described above.

Comparing the predicted mobilities at a doping levelod p m A maybe somewnhat
of an extreme comparison as this is a significant doping level at the higher end of the range
considered, and therefore a high impurity concentration tdie in the well. The full doping

range for the doped triangular well is shown inFigure 6.16 right.

This figure shows the calculated mobility for the doping range ofl p mAIl to5

p A for the dopedwell structures, as well asthe undopedwell total mobility for
the same rangelt can be seen for all ranges of dopinghe doped well structure is
approximately an order of magnitude lower in mobility at low temperature as compared
to the undoped well The decrease in mobility towards room temperature is shallower in
the doped well structures due to the phonons having a reduced contribution to the total

mobility as compaed to the previous heterojunction design.
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Whilst the doped well ensures confinement, this also introduces a significant change in
mobility compared to the undoped well. Thus, square quantum well structures were also

investigated to give confinement whils still enabling remote doping.

The square quantum wells examined previouslyvere designed with an undoped well of
width 25 nm. Thespacersabove and below the wellare 20 nm and 50 nmrespectively,
the latter chosen to prevent Te dragging into the wellluring growth. An extendeddoping
rangeof1 p mAIl to7 pmAIl was considered in theS.P. simulationswith all
doping levelsresulting in confined structures and, therefore, only the extremes of the
doping range will be considered here. Interface roughness scattering will also be included
in these calculations with the parameters p®1 [ (~ 5 monolayers) andL =5 nmused

as the upper of the reasonable range considered previously.

10°

Al,,Gay,zSb Doped 120 nm

Aly,GaygSb  undoped 20 nm

GaSb undoped 25nm

Al,,GayzSb undoped 50nm

Aly,GaggSb Doped 2 um

Mobility (cm? /Vs)

10" 10°
Temperature (K)

Figure 6.17: Left: A standard transport model indicating how changing the
doping concentrationintherangel p mAl to7 p mA| affectsthe
mobility of a square quantum well Regions are shaded to signify the change
with doping concentration. The mobility due to scattering from remote
ionised impurities is not visible on this scaleRight: A schematic diagram of
the structure that was simulated where the doped region varies as
described above.

Itis seen fromFigure 6.17 that the backgroundimpurities are again the limiting scattering
mechanism at low temperature. The mobility due to scattering from remote ionised
impurities is not visible on this scale. Thids due to the increase of the carrier density by
an order of magnitude compared to the triangular well case, leading to a large increase in

screening through the Fermi wavevector. This increase in carrier density may be due to
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the dopant in both barriers supplying the well with electrons. In the heterojunction case,

electrons are only being supplied from one barrier.

A similar effect is seen in théackground-impurity -scattering-related mobility , which has
increased from the heterojunction casedy a factorof 3 in Figure 6.17. This is the same
factor as for the mobility due to the remote ionised impurities. The inclusion of interface
roughness decreases th low temperature total mobility further by a factor of ~0.6 as
compared to the ionised impurities alone. However, despite this decrease due to the
interface roughness, the total mobility is still improved as compared to the heterojunction

structures, as & seen below.
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Figure 6.18: The total mobility for each structure design with the full
doping range shown

The doped triangular well is seen here as the lowest mobility option. Though, from the
SchrédingerPoisson simulations, it was shown that this doping structure was necessary
for a single heterojunction to be confined across temperature. Therefore, if thétructure

is to be investigated, the lowest doped option is preferable.

The undoped triangular well shows little variation in the total mobility across the doping
range considered. This structure is almost an order of magnitude higher mobility than its
doped counterpart, however, the band structure simulations show a potential for the

wave functions to be lost to the bulk.

The square well eliminates this problem, whilst also achieving a higher mobility at low

temperature as compared to the heterojunctionsThe primary concern with this structure
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however is the potential two-carrier nature and the associated potential intersubband

scattering that can occur, which was not considered in the transport model.

6.6 Conclusion

Various designs of GaShb/AbGasSb heterostructures were investigated using a
SchrédingerPoisson solver in order to determine the confinement in the structures. It
was found that heterojunctions could not simply be doped in the barrier. This is due to the
alignment of the Fermi level of then-type region and the unintentionally doped region,
meaning the states would reside in the barrier not at the junction, or the Fermi level would
be in the band gap. Heterojunctions were further investigated with the buffer doped to
compensate out thep-type background. A spacer was left to prevent Te dragging into the
well causing significant scattering. This design with an intentionally undoped region
forming the triangular well resulted in confinement at low temperatures but the confined

states strayed nto the buffer or into the barrier as temperature increased.

A fully doped structure was also investigated, with this resulting in confinement, however
the Te atoms present in the well will cause significant scattering and thus lower mobility.
This was stown in the transport model with this structure having a consistently lower
mobility than the undoped well structure. Due to the difficulty of achieving confinement
in single heterojunctions, square quantum wells were also investigated. These structures
eliminated the difficulty of achieving confinement, though introduced a new issue in the

form of two confined states in the well.

Once the structures were confirmed to have confinement, a variations in these structures
were further examined using the descriled transport model. The transport model
revealed that the square quantum wells resulted in the highest mobility of all the
structures investigated. The doped well heterojunction resulted in the lowest mobility in
all cases. The difference in mobility foriie square well and the heterojunction with an
undoped triangular well is due to the increase in carrier density in the square well for
comparable doping levels. This increase in carrier density increases the screening from
the remote ionised impurity scattering and the background impurity scattering. This
model does not consider intersubband scattering where this could reduce the mobility

further.

As a result of these simulations, it was decided to grow and measure a selection of these
designs as these structures have many differences, with both advantages and
disadvantages. Further allowing the simulations to be verified by measurement. A

summary of the structures that were physically realised is shown in the figure below.

147



Doped Triangular Quantum Well Undoped Triangular Quantum Well

GaSb undoped 80 nm

GaSb doped 2.2 ym
GaSb doped 2.2 ym

Square Quantum Well

GaSb undoped 25nm

Figure 6.19: The final structures to be grown and measured informed by
the simulations performed in the chapter
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Chapter 7

Measurement of GaSb Transport
Properties

The transport properties (mobility and carrier density) of various semiconducting
materials have been of great interest for decade$he fundamental understanding of how

to achieve high mobility devices stems from the Hall effect, where resistivity is measured
against magnetic field. The mobility can then be further analysed using a transport model,
giving understanding of the limiting scadtering mechanisms, and allowing for
improvements to be made in the structure to produce higher mobility devices. The
determination of the mobility and the carrier density is generally performed through
relatively low field 6 -field measurements. In the hih field regime, though the set up does
not change, different physical processes occur in the sample. This chapter will give an
overview of the theory and implementation of both the lowfield and high field regime in

which the! I g' A 43 ASaSb samples wee measured.

Confined! I g' A g3 A5aSh structures that have been simulated in the previous chapter,
Chapter § and have been grown using the optimal growth condition§’yY Tt x d &
67) ) ) p®) found in Chapter 3 The structures were then fabricated into Hall bars
following the procedure describedin Chapter 4 using the optimal metallisation recipe
found in Chapter 50f Pd/In/Pd/Au, 5/40/6/100 nm, which was then annealed for 10 min
at 300J #The experimental procedure fothe characterisation of the transport properties
of thesestructures will be stated here. The longitudinal and transverse resistances as a
function of temperature and magnetic field will be presented, and a twoarrier fit
extracting the transport properties of the majority carrier will be displayed. The resultant
mobility of which will be analysed by the transport model. The transport model will aid

describing the predominant scattering mechanisms within these structures. This will
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outline any unforeseenfactors that would require further thought and analysis in order

to optimize these structures for any potential future repeat growths or measurements.

7.1 Measurement Theory of Transport Properties

The theory behind the measurement and analysis methods used to determine a carrier
density and mobility for these samples will be outlined in this chapter. From exploitation
of the Hall effect, the carrier density and the mobility of charge carriers can beund. This

is achieved by measuring the resistance of a sample in particular orientations with respect
to the 6-field and current direction. However, this measurement will merely reveal the
total transport properties across the sample with little indicaion of how many kinds of
carriers there are. The profile of the resistances against magnetic field can indicate
whether the sample is single or multicarrier. Therefore, a twocarrier fit is performed in
order to extract relevant transport property information for each carrier species. The
details of both the single carrier and multicarrier analysismethods are outlined below,
with a brief description of how the carriers then behave at high enough fields that the

simple (non-quantised) Hall effect is ndonger suitable.

7.1.1 Measuring 2D Transport Properties

The Hall effect was used to measure the transport properties dfi g3' A g3 AGaSb
structures where, unlike the cases described in previous chapters, the sheet carrier
density, ¢ his 2D (measuredin A ) with a 2D resistivity. Therefore, an adjustment is

made to the equations that relate the measured values to the transport properties.

The Hall voltage,® hproduced from the charge separation across the samplejow
becomes
o 2
a 7.1
with "Orepresenting the set current through the sample, and representing a magnetic
field perpendicular to the current [136]. The carrier mobility, * , can be extracted from a
measurement of the Hall voltage and a longitudinal voltage) , or associated resistivity

, and is given by

5O 8 792
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It is also useful to note that for all confined structures, a Hatlar geometry was usedThe
resistivity in this caseis found from the resistance measured and adjusted by the aspect
ratio L/W. W is the width of the Hall bar andL is the distance betweerthe two contacts
that are used to measure the longitudinal voltge,giving
©Y T8 73
0

The 2D resistivity is measured imf . The Hall bars werenon-gated, 8pad geometry Hall
bars[137]. A variety of sizes were created, though the Hall bars measured in this chapter

all had had an aspect ratio ob@a

By combining equation7.2 and 7.3, it can easily be seen that the conductivity, and so the

resistivity is given by

o £ Q8 74
However, this is a simplification and there can be complications with this measurement
when considering0 -fields, as technically, the conductivity wherg, " is given by the
tensor
G ” ” 8 7.5

” ”

Here it is seen that the total conductivity is dependent on the conductivity in each
direction, where the subscripts w wand o windicate longitudinal and transverse

respectively. Therefore, the resistivity in each direction is given by

o =8 76

Thus, if there are geometrial offsets in the voltage contacts, inaccuracies can occur in
measurement. The Hall bastructure is designed symmetrically, with the intention of not

having to address this issue in measuremeii28, 138]}[139].

When the sheet carrier density and the mobility are extracted with the equations above,

it is assumed that the samples are single carriechowever this is not always the case.

7.1.2 Multi -Carrier Fitting of Conduction

For a number of reasons many samples can be mudarrier. In this case, any sample with
carriers that have different mobilities to each other appear as multicarrier. Different
mobilities can originate from a variety of reasons, it may be due to having afférent
effective mass (e.g. from travelling in the dband or in the doped! | g' A g3 Aegion) or

different energy (e.g. from travelling in the second subband).
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An indication of a multicarrier sample is a curving of the expected linear resistivity agash
field relationship in both the longitudinal and transverse case. To accurately determine

the transport properties of each of these carriers a twaarrier fit is employed.

The carrier densities and mobilities of the two carriers are now entwined in the

resistivities measured,and thus equations7.7 and 7.8 are more applicable:

p o
! ————— Al A
€ Q € Q 7.7
., £ 0 £ 0 5 8 7.8
Qe ! g

In these equationst is the carrier density of carrierQwhere’Q pi @, and' represents
the mobility [140]. It should be noted that these equations are a low field approximation
Within the low field regime, it is seen that where the conductivity contribution{ €& Q°
from one carrier is much greater than the other, both resistivities are dominated by that
carrier. It should also be pointed out that’ is invariant to the magnetic field, and’

has a linear relationship.As high fields are approached these equations would no longer

be suitable.Instead the resistivities are given by

€ Q e Q
o I .
" _ ‘p' p"" FAT A
£ 0 £ 0 EQ 6 £0Q6 7.9
p 6 p 06 p O0° p O
£Q £ Q0
0 o .
" b p‘ — —0 8 7.10
£ 0 £Q £EQ O £€'Q 0O )
p 6° p O p 6 p O

A full derivation is givenin ref [140].

Figure 7.1 shows an example of how each resistivity would varyfor a set mobility and
carrier density, with a corresponding second carrierof a lower conductivity. It can be
determined that when there are two carriers, there is a field dependence in the
longitudinal resistance that will make the resistivity stray at high fields. The linear
dependence of he transverse resistivity with field also becomes curvedConversely from
above, if a resistivity is measured and assumed single carrier, the high mobility carrier

will be underestimated in mobility.

When these nonlinear trends are seen, leassquares fitting can be usedto apply
equations 7.9 and 7.10. These equations can be simultaneously fitted to match the

longitudinal and transverse resistivities as a function ofB-field, determining a carrier
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density and mobility for each carrier type The figurebelow shows how the longitudinal
resistance becomes more curved as the lower mobility carrier increases in mobility (it is
assumed here that the carrier densities werequal). The second graph shows how the

transverse resistivity becomes nonlinear with a two-carrier sample.

rd
/ — Single Carrier
,/ ) —  Two Carrier P
7/
L
7 s,
] 7 s 7’ =
= s ” 1S
< s - <
/s 7 -~
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P - -
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Figure 7.1: The behaviour of each resistivity { and” ) when a sample
has a single carrier of mobility' and carrier density ¢ (red solid), and
when the sample has two carriers with equal density and the second carrier
has a lower mobility (green dashes)Left: longitudinal resistivity against
magnetic field. Right: transverse resistivity against magnetic field.

7.1.3 Carrier Dynamics at High field

The simple Hall effect gives an accurate description of a charged carriers behaviour at low
magnetic fields. As the field strength increases the charge carriers patightens until
eventually the circular path is small enough that a carrier can maintain a circular
trajectory with a frequency] , the cyclotronfrequency, seerigure 7.2. Thisis of course

just the classical picture.

I >

n=2

\ 1 IAEZﬁw
N/

Figure 7.2: Adiagram indicating the physical effects that occur at high fields
depicted both classically and quantum mechanically.
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Each circular orbit, quantum mechanically, can be thought of as a physical position where
a series of states exist in a parabolic potdial [141]. Much Ike a parabolic quantum well,
there are quantised states within this potential, and the states are equally separated by an
energy 91 [141, 142]. These are called Landau levelsThe cyclotron frequency is

dependent on the magnetic field and is given simply by{143]

-8 711

This cyclotron frequency is also present in the standard Hadiffect, however the radius of

OEA 1T OAEO EO 1 AOCA AT A OI A &O01I1 1OAEO EOI G

adjacent Landau levels meaning many quantum mechanical effects present and higher
fields are not discernible at lower fields. It is the pesence of these Landau levels, or more
specifically, the filling of these Landau levels, that causes some unusual behaviour in the

conduction of electrons, and thus the resistivity, as a function of magnetic field.

These Landau levels, due to scattering thhe samples, are not distinct levels, but instead
have a broadness in energy. The separation between Landau levels is increased iéith
field according to 7.11 and once the separation is comparable to the broadness of the
levels, characteristic effects in resistance can be observed. The broadness of the levels is
related to the quantum lifetime,T , where these effects become observablejatt | p,
thus materials with reduced scattering produce oscillations at lower magnetic fields
[144] .1t is important to note that the quantum lifetime,T , is not the same as the scattering
lifetime (the transport lifetime). The quantum lifetime is the time between any scattering
event and thus is equally sensitive to long range scattering and shendnge scattering
[145]. Thus, if long range scattering is dominant (remote ionised impurity scattering),
these lifetimes can be quite different, with the resultant quantum lifetime being
significantly smaller [28]. The broadness parameter can be calculated by

0)0)}

a

where 6 is the magnetic field value at the onset of observable oscillatiofis16]. The

3

z 7.12

precise definition of the field value at which the oscillations beane observable is open to

interpretation.

The density of these states changes as the field increaséere the magnetic field is low,
the separation of the Landau levels is small and so the states are still continuoAs. the
Landau levels move through tle Fermi level, the electrons will behave differently in terms

of conduction.
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Figure 7.3: A diagram indicating the physical effects that occur at high fields
which result in an oscillating resistance tracethere these oscillations are
periodic in 1/B.

Quialitatively, and to a first approximation, where the Fermi level is at a peak, therear
energy states available above it. Therefore, an electron can scatter from one state to
another, and thus, the resistivity is high. Where the Fermi level is between Landau levels,
there are no states available immediately above it, and thus, the electrode not scatter
and resistivity is low [28]. A more full and thorough explanation would require treatment

of localised and extended states though this does not alter the results presented here.

The longitudinal resistivity is seen to oscillate with increasing magnetic field (periodic in
1/B) and the transverse resistivity shows quantised plateaus with increasing magnetic
field. These phenomena are called the Shubnikale Haas effect (SdH) and thianteger
guantum Hall effect (IQHE)However, in the case where there are two carriers conducting
in parallel, a significant background is observed in the oscillating and the IQHE
becomes less distinct and thus unobservabl@4, 147].

The Shubnikovde Haas effect is caused by the oscillation in the density of states at the
Fermi energy. This phenomenon is ften used to study confined systems and is not
present in 3D systems, thus is a confirmation of a confined systdii¥8]. The oscillatory
behaviour can be used to determine the carriedensity in the 2DEG which, when coupled
with temperature dependence, can be used to determine affective mass and a quantum
lifetime. The carrier density,£ ,can be determined by

. q9) 2
3 5 7.13
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where the peak frequencyd (the frequency of SdH oscillations ii/B), can befound from
a Fourier transform of an ideal single carrier samm. It can also be found from a fan
diagram plotting the landau level index against thanagnetic field associated with the

maxima and minima of the oscillation§24].

When observing” , using the dampening of the peak amplitude with temperature, a
guantum lifetime can be extracted usind149]

3Y o —
v 1..Q 8 714
Here, ...is the thermal dampening factor and is given by... 6TOE 6 Eand 6
¢* Q"W9 ,3Yis the amplitude of the resistance oscillation andY is the zerofield

resistance. The quantum lifetimef can thus be extracted using this equation.

A Dingle pbt can be created where the dingle parametef) , is plotted againsipf6, where
the gradient is then dependent on the quantum lifetimg149]. The Dingle parameter is
given by
0O ﬂ T... 8 715
Y

The gradient of this Dingle plot is thergiven by“ & * ¥QF . Performing a similar analysis,
the effective mass can also be extracted fromplot of the thermal dampening factor,., as
a function of T. As ...is only dependent on fundamental constants and the cyclotron
frequency, and as the cyclotron frequency isapendent on effective mass, the thermal

dampening can be fitted to extract ari °.

7.2 Equipment and Set Up for Magnetotransport

The electricalequipment used to measure longitudinal and transverse resistansén this
work is shown in Figure 7.4. This circuit, coupled with a helium cryostat and a
superconducting magnet allowed the measurement of transport prgerties and

magnetoresistance up to a field of A T and downto a temperature of ~3 K.

To pass a current through the device, a loMirequency alternating voltage was supplied by
a Stanford Research 830 lockn amplifier across a large resistor f - ) in series with the
device. The large resistor in series allows the current to be calculated with the assumption

that the resistor is the dominating resistance in the circuit. This lockn amplifier was also
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used to measure one orientation of voltage, with a send lock-in amplifier measuring the

other required voltage.

SR830 Lock-In Amplifier

-

!

fl )
Figure 7.4: A schematic diagram othe set up for a Hall measuremenbn a
Hall bar using two lock-in amplifiers. The left lock-in amplifier supplies a
low frequency oscillating voltage across a large resistoR to generate a
current, and measures the longitudinal voltage. The right lockh measures

the transverse voltage.

All the equipment was connected to awitch box which allowed for simple multidevice
and multi-configuration measurement. All the equipment was controlled by purpose
made LabView programs allowing, for example, measurement of the longitudinal and Hall
resistances with a magnetic sweep at mgntemperature steps, remotely. The set up in its
entirety was assembled by Dr. Leonid Ponomarenko, who alspeated the programs to

control the measurements.

The sample is placed at the centre of the field created by a superconducting magimen
Oxford Instruments helium bath cryostat allowing for a temperature measurement range
of (3-400) K, and a magnetic field up to 15 T. The extraction of the transport properties
(mobility and carrier concentration) only requires a low field sweep (up to ~1T), with

each sample being measured down to K.

The samples were attached to a chip carrier with 28onnections. Hall bardeviceswere
electrically bonded to the chip carrier using silverepoxy, applied with a fine pointed
toothpick, and fine gold wire. On the @ntact pad of the chip carrier the gold was pressed
to the contact pad to produce a mechanical bond, before then being sealed with silve

paint.

The chipcarrier fits into a socket on the end of a purposenade insert and is surrounded
by a cup which is vauum sealed and protects the sample frordirect exposure tohelium.

The insert is pumped down to approximatelyp p 1 | A ApDor to insertion into the
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cryostat. Once inside the cryostat, the sample is connected to the switch box in

preparation for measurenent.

The cryostat consists of the sample space, surrounded by a helium bath, which is itself
surrounded by a nitrogen bath. In order to regulate temperature in the sample space, a
needle valve is opened allowing the flow of helium, whilst the sample spatsepumped to
encourage this flow of helium passing over the sample, cooling it. There is also a heater
and thermometer in this chamber connected to a Mercury integrated temperature
controller (iTC) used to increase the temperature and maintain set tempetares. Initially,

it is important to cool the sample space by openinthe pump valveand then the needle
valve, and balancing the flow of helium so as not waste helium which the heater would
then have to compensate for. Once a good flow is obtained andamsistent temperature

is obtained, the cryostat is ready for a measurement sweep across temperature. In order
to obtain a steady temperature in the sample space, ample time is left between the steady
reading of the iTC and the start of a measurement. Theperconducting magnet was in
general used for low field measurements, however, it is also capable of reaching fields up
to 15 T. The magnet icontrolled by a Mercury integrated power supply {(PS) which
powers the leads connectedto the magnet, andalso the switch heaterwhich allows a

change in current path to create a steady magnetic field in persistent mode

7.3 Transport Measurements of Al 02Gay.sSb/GaShbh
Heterostructures

The transport properties of three types of AJ:Ga.sSb/GaSb heterostructures were
investigated, one quantum well structure and two heterojunctions. The two
heterojunction structures consisted of one with the confined region (the interface) doped,

AT A OEA T OEAO xEAOA OEA AT 1T £ZE1 AA OACEIT xAO |
will of course have an uncompensated, higlp-type background due to the high
concentration of native defects in GaSb. This is also the case with the square quantum well
structure. The specific structural details of the these are given in @pter 6. Hallbars with

an 8pad geometry were created for each sample.

The longitudinal and Hall resistances were measured againBtfield, with a set current of
¢t!.Inthe low field measurement regime, the field was swepd 1@ 4, and in the high
field regime, the magnetic field was taken up t@ 8t4. The temperaturerange for the
measurements was(3-300) K. The results for these measurementsre analysed and

discussed in this section.
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7.3.1 Magnetic Field Dependence of Resistance

The longitudinal resistance,Y , and the transverse or Hall resistance,Y , against
magnetic field were inspected and analysed for each sample at each temperature.
Equations7.9 and 7.10 were then usedalong with a leastsquares fitting routine to extract

transport properties (mobility and carrier density) for 2 carrier types.

7.3.1.1 Multi -Carrier Extraction for a Square Quantum Well

Figure 7.5 shows the resistivities from a square quantum well sample against field at
multiple temperatures. From the longitudinal resistance the structure canbe determined

to be multi-carrier at low temperature. For a single carrier structure, it would be expected
that this graph would give an unchanging resistance acros®-field (to a first
approximation). This is neglecting other possible magnetic field dependent effects such as
localisation or (potentially) more significant effects such as geometric magnetoresistance,
though in these samples, this is expected to be minimal due to the aspect rateiry larger
than 3 in all caseg137].
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Figure 7.5: The longitudinal and transverse resistivities measured against
magnetic field for a square quantum well structure.

" is more sensitive to the contributions from multiple carriers than” , and thus the
effect isoften harder to observe but still presentin’ . However, in this case, mulcarrier

characteristics are seen in both resistivities.

The two-carrier model gives an accurate fit to the data, confirming that this structure is
multicarrier. This procedure was carried out for all structures measured and the transport
properties of the carrier of interest were found (typically for the highe$ mobility carrier)

and compared against the other structuresShown below ae the two-carrier fits for a
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selection of temperatures with a reduced number of points, from which you can see the

accuracy of the fits.
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Figure 7.6: The measured longitudinal and transverse resistivities for a
square quantum well (open circles), and a fit to the data using the two
carrier fit equations given in the previous section (lines). For clarity only a
small selection oftemperatures are shown, with a reduced number of points
for each temperature.

The extracted carrier densities in all cases were significantly higher thaamticipated when
compared to the previous S.P. simulations which showed carrier densities up to thoot
above@ p 1 Al . The lowest carrier concentration extracted from the twecarrier

fitting equalled 7.4 p 1t A for the square quantum well sample.
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Figure 7.7: The mobility and carrier density for a square quantum well
structure where a single carrier is assumed (dots) and where a two carrier
fit was carried out (diamonds and squares). The high mobility carrier
(squares) was assumed to be the carrier in the ground state of the QW (the
2DEG).
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The extracted transport properties for each carrieffor the quantum well structure, as well
as those that would be extracted if it wer@assumed single carrierare shown inFigure 7.7.
Though two carriers are extracted, the main interest here is in extracting the high mobility
2DEG carrier transport properties, which is presumed to be the highest mobility carrier

of the structure.

It is seen that the lower carrier density carrier (square symbols) is relatively invariant
with temperature below 200 K, having a carrier density off p m A  at 5K. The
mobility of this carrier is increased from the assumed single carrier case, risirtg a value
of 9030A 76 @t v +, significantly higher than the second carrier mobility This relative
invariance of the carrier density with temperature, as well as the plateauing of the
mobility, is characteristic of transport properties observed in twadimensional systems.
A summary of the carrier densities and mobilities extracted from two carrier fitting of the
guantum well and heterojunction samples is given ifable 6.1 at the end of the following

section.

The origin of the second carrier is unknown, however, such a reduced mobility could be
speculated to be eitherL-band electrons or electrons in the dopant plane (or both), as
these would have both aheavier effective mass @0 ux ) and a higher total scattering
rate. The S.P. simulations suggested that acarrier structure was likely in the quantum

well case, though this was expected to be a second shénd in the well.

The filling of each state inthe quantum well (in both the 3 and the L bands) can be
approximately determined by considering the energies athe states (using6.22) andthe
density of states gquation 2.28). In combination, these give the location and number of
states, and at K, as the Fermi function is a step functigrthe occupancy of states (i.e. the
carrier density) can bedetermined. Figure 7.8 showsthe first 3 sub-bands in thes band
in blue, and the first 5 inthe L band in purple (the L bad is not shown but assumed to be

offset from the gamma band edge b80 meV).
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Figure 7.8: Schematic diagrams showing the increase in carrier density

with energy level.Left: A GaSb/AlGaSb quantum well with calculated energy
levels using an infinite square well approximation. Blue lines indicate levels
in the 3-band with purple lines indicating levels inthe L-band. The dashed

black line indicates the Fermi level which was calculated from the measured
carrier density. Right: The density of states (top) and carrier density

(bottom) against energy with faint lines indicating the energy of the states.
The carier density in the first state just before the onset of occupancy in

the second state, and at the calculated Fermi level, are labelled.

Alongside the energy states and the quantum well, the density of states is shown, showing
the initial small increase in states due to the love band effective mass, followed by the
rapid increase due to the increased L band effective mass. At the leveltjbglow the
second subband in the well, an approximate carrier density og® p m A would be
expected, in excellent agreement with the twearrier fitting for the high mobility, low
carrier density sample. To calculate the Fermi energy and so the ogancy level at the
extracted density of 1.2 p 1 cm2, O would be at 91 meV, implying the first 23
subbands and 4 L subbands are occupie@ihedetermination of O is drawn from a simple
approximation as it assumes the carrier density from thsingle carrier case, and therefore
cannot be usel to draw quantitative conclusions, but it shows how the carrier properties
cannot be assumed simple in these samples. This neglects any carrier density contribution
from the doped region or the bulk, thoughs at least indicative of the complex nature of
the filling of energy levels observed, and an indication as to the complexity of 2 carrier

fitting.

7.3.1.2 Multi -Carrier Extraction for Triangular Wells
The two carrier fitting equations were also used for the tw heterojunctions, with the

results for the doped heterojunctionshown in Figure 7.9 below. It is seen here thafor this
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structure the transverse resistvity is linear at low temperature. The longitudinal

resistivity shows a curvature at all temperatures.
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Figure 7.9: The longitudinal and transverse resistivities measured against
magnetic field for a dgped heterojunction structure.

As with the square quantum well, he doped triangular well resulted in a carrier with a
characteristic mobility of a confined structure The second carrier hadthe mobility
resembling the characteristic of an ionised impurity limited bulk structure with a
decreasing mobility at low and high temperature The carrier with the highest mobility

was assumed to be in the 2DEG for continuing analysis.
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Figure 7.10: The mobility and carrier density for a doped heterojunction

structure where a single carrier is assumed (dots) and where a two carrier
fit was carried out (diamonds and squares). The high mobility carrier
(squares) was assumed to be the carrier in the gumd state of the QW (the
2DEG).
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As the electron wavefunctions in a heterojunction are less wetlonfined, there could be a
change in confinement of the wavefunction where the wavefunction moves to the buffer
(bulk). From the simulations in theprevious chapter it was shown that this is likely in the
higher temperature case for undoped heterojunctions, though this is unexpected in the
fully doped structure. The 2d carrier could alternatively be a 2d sub-band carrier or

carriers in the barrier, as well as potential carriers in the bulk.

The same procedure was performed to extract a carrier density and mobility for the
undoped well sample It was found that, as opposed to the doped well heterojunction, the
properties of the second carrierdetermined from the fit of the undoped triangular well
were unphysical and unstable across temperature, despite a godid to the data. It is
indicated this is due to the sampléeing primarily dominated by a single carriet where
other factors could be affectinghe two-carrier fitting. Though fitting the resistivities in
this manner is an useful tool, there are always assumptions that must be made in order to
create a model. One in this case, is that the transport properties are independent of
magnetic field. The model is also limited by the assumptions of the inputs, specifically the
number of carriers andapproximate mobility and carrier density for each carrier must be
given. From these inputs, a least squares fit method is used to fit the data, where, as sthow
by Guiet al.for a HgCdTesample[139], the results can be norunique, giving a goodit to

the data for 2 or even 4 carrier species, thus results have to carefully interpreted.

For this work, the simple caseof a dominating single carrier is assumedWith this single
carrier assumption, the doped and undoped heterojunctions were of vergomparable
mobility and carrier density, and although the undoped triangular well is of slightly higher
mobility as would be expected(t 1t Al 6 @t 5 K rather thano v TAri 76 ) the small
difference is surprising. The doped triangular well is expecteddtbe subject to significant
scattering due to the tellurium atoms residing in the well and sthe small difference may
be due to the tellurium dragging through the well in undoped case. Due to the similarity
of the extracted mobilities and carrier densities, and due to the unstable nature of the fit
to the undoped well, for the purpose of the next section (transport modelling)
comparisons will only be made between the quantum well and the doped heterojunction,

though the results should also extend to the woped heterojunction.

A table summarising the transport results from this section is shown below.
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Table 7.1: A table indicating thelow temperature transport properties for each structure
measured inthis work, the carrier shown below is the high mobility carrier in all cases.

Carrier Density Mobility
Structure .
(") (7 )
Squar\?vgl?antum x® p PR
Doped Triangular
Quantum Well o8 pT cuvmnmn
Undoped Triangular & pT S -

Quantum Well

The quantum well structure at low temperature has a carrier density ogg& p ™ A

and a mobility of w 1t dAri 6 OWhereas the doped heterojunction is assumed to be
dominated by a single carrier and has a significantly higher carrier density of
o8& pm A ,and mobility ofo v TAM 76 OThe larger carrier density for the undoped
guantum well is unexplained, howevethis may be related to a different shape of the well.
The triangular quantum wells will have multiple occupied states, much like the square
guantum well, including states in the L band, however, these are likely to be bulk states
for the heterojunctions. The doped heterojunction has a shallower well than the undoped
case, as shown in the S.P. results in the simulatiachapter, and thus a different
distribution of states, all of which leads to a complex situation that would require further

theoretical and experimental analysis to unravel further.

7.3.2 Transport Properties of GaSb Heterostructures

The transport model was implemented as described in Chapter 6, however the carrier
density measured at low temperature was input as a set parameter. Using the same,
expected, parameters asbefore, Figure 7.11 left was obtained for the 25 nm square
guantum well sample, though this nedel required someadjustments to obtdn afit to the
measured data asseen inFigure 7.11 right. The expected parameters used tproduce
Figure 7.11 left, included a remote ionised impurity concentration ofo p 1w A,
representative of the intended doping concentration, a background caentration of 7
pmt A (higher end of the range) representative of the expected native defect
concentration from the growth study, and interface roughness parameters af p®&1 |

and L=5nm
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Figure 7.11: The transport model for a 25 nm square quantum well
structure where each line is labelled and the total mobility (black) is
expected to align with the data which is shown for comparison (crosses).
Left: The transport model using expected parametersRight: Thetransport
model where the parameters have been adjusted to ensure a fit to the low
temperature data.

There are many unknown parameters in the transport model that could be varied to fit
the structure. It should be noted that intersubband scattering has not been included in
this model, however, and is likely to have an effect due to the large carrier detys Despite
this, determining the range of reasonable scattering rates required to match the data for
the scattering rates considered gives a reasonable upper range on the parameters
involved in the calculations (e.g. background impurity scattering concération). As this
mobility is expected to be background impurity limited at low temperature the simplest
solution to fit the data is to vary just the background impurity concentration. This would
have to be increased to a concentration ob® p 1w A to match the measured
mobility, with this shown in Figure 7.11 right. This concentration is higher than would be
expected for an undoped well, even with large number of accepting native defects which
are all ionised. However, to reduce this number slightly tw8t p m A whilst
maintaining an accurate fit to the mobility, requires significant changes in all the other
parameters, such as increasing the rerroughness to 3.8 nmseeTable 7.2. One possibility
could be the tellurium from the doped region below the well dragging into the well.
Though there was a spacer implemented to prevent this, the value of background impurity
concentration is comparable to the concentration of slab doping in the barrier. fore

accurate representation would be a remote ionised concentration that decays through the

OOPAAAOGOR AlTTxETC A 11T xA0O AOO AT i PAOAAT A AA

the well.
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