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Abstract

Molecular beam epitaxy of Group V-based materials with strong spin-orbit coupling

by

Jason Tianming Dong

This dissertation explores the growth and the electronic properties of materials with

strong spin orbit coupling. Thin films of materials with strong spin-orbit coupling are

of interest for their potential applications in spintronics and topological quantum com-

puting. The thin films are grown with molecular beam epitaxy, and their structural

and electronic properties are investigated with scanning tunneling microscopy and low

temperature electron transport.

The first part of this dissertation will investigate the engineering of the mobility and

spin-orbit coupling of high mobility InGaAs quantum wells by digital alloying. The

mobility of InGaAs quantum wells is significantly limited by alloy disorder scattering.

The effect of digital alloying on the mobility of InGaAs quantum wells is investigated, and

digital alloying is found to enable record high electron mobilities for InGaAs quantum

wells. This record high mobility is due to a reduction in the alloy disorder scattering. In

addition, we demonstrate tuning of the spin-orbit coupling in the InGaAs quantum wells

by up to 138 meVÅ by digital alloying. These results demonstrate the ability of digital

alloying to engineer and enhance the properties of ternary quantum wells.

The Fermi-level pinning of various InSb surfaces is studied in the second part of this

dissertation. The observed Fermi-level pinning is consistent with a charge neutrality point

near the valance band maximum. Sb is found to shift the Fermi-level pinning position

towards the conduction band minimum, with the (001) surface becoming under electron

accumulation when sufficient Sb is on the surface. In contrast, the (111)B surface is

viii



found to be strongly pinned, with only minor changes to the Fermi-level pinning upon Sb

deposition. The surface treatment of InSb is found to be important for the Fermi-level

pinning position, which can be exploited to tailor the properties of InSb based devices.

The last part of this dissertation focuses on the formation of strain solitons in epitaxial

bismuth thin films. Synthesizing ultrathin epitaxial bismuth thin films on nonmetallic

substrates has remained a significant challenge. Here, the growth of high quality epi-

taxial bismuth thin films on an InSb (111)B substrate is demonstrated. In these thin

films, the epitaxial strain induced in the bismuth from the substrate is relaxed by strain

soliton formation. Strain solitons are topological defects in van der Waals materials that

can host novel electronic properties, but have only been observed in exfoliated flakes or

freestanding layers on mechanically strained bulk crystals. The first scalable approach

towards the generation of strain solitons by epitaxial growth is demonstrated. Evidence

of edge state localization within the strain solitons is also observed.

ix
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Chapter 1

Introduction

1.1 Confinement and heterostructures

Confinement effects in thin films of materials can cause the position of the electronic

bands within the material shift and modifications to the density of states of the ma-

terial. Confinement effects typically begin to be observed when the thickness of the

material is on the order of a few to tens of nanometers. In semimetals, confinement

can cause semimetallic to semiconductor transitions. In semiconductors, confinement

typically causes the electronic gap to increase as the material becomes smaller. When

different semiconductors are interfaced with each other, there is typically a nonzero con-

duction and valence band discontinuity, or band offset. The band offsets can be used

to create an electrostatic potential for charge carrier confinement. The various band

offsets of selected III-V materials are shown in Fig. 1.1. These band discontinuities

can be used to both inhibit and promote charge carrier motion. By tuning the confine-

ment of a material with and the material thickness and selection of the heterostructure,

these heterostructures can be designed and engineered to create devices such as lasers,

heterojunction bipolar transistors, and high electron mobility transistors [1].
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Introduction Chapter 1

Figure 1.1: Band offset relative to the InSb valence band maximum for GaAs,
Al0.41Ga0.59As, and AlAs. A type I interface is formed between GaAs/AlGaAs, and
a type II interface is formed between AlGaAs/AlAs. Parameters used to generate the
plot taken from [2].

When a material is inserted in between a material with either a positive conduction

band offset (or a negative valance band offset), electrons (or holes) can become confined

into the middle layer or channel. If the middle material is sufficiently thin, a quantum

well (QW) can form. In this quantum well, charge carriers become confined into a two-

dimensional plane, and the normally continuous bands can be quantized into discrete

energy levels. In the case of a material of length (L) with infinite potential barriers

surrounding it, the energy spacing of the energy levels is:

En =
1

m∗ (
nℏπ
L

)2 (1.1)

Where n is the index of the energy value and m∗ is the effective mass of the band. In

semiconductor heterostructures, the confinement due the band offset is finite, and there

2
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Figure 1.2: a) Heterostructure conduction band offsets and probability densities of
a 30 nm GaAs QW with Al0.24GaAl0.76As barriers. b) In plane and out of plane
band dispersion of the quantum well. a) Heterostructure conduction band offsets and
probability densities of a 15 nm GaAs QW with Al0.24GaAl0.76As barriers. b) In plane
and out of plane band dispersion of the quantum well.

is nonzero penetration of the wavefunction into the barrier layers.

The quantum wells can exhibit behavior characteristic of two-dimensional charge

carriers. For example, AlGaAs has a straddling or type I band offset with GaAs (Fig. 1.1),

the band offset between AlGaAs/GaAs causes both holes and electrons to be confined

within the GaAs. The type I band offset the GaAs layer with AlGaAs can cause discrete

quantum wells states to form in both the valence band and the conduction band. The

probability densities of the conduction band subbands and the band structure of a 30

nm GaAs/AlGaAs QW, calculated with an 8 band k · p model described in [2], are

shown in Fig. 1.2a & b. If the quantum well is two-dimensionally confined, there is no

3
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out-of-plane dispersion of the subbands. The strength of the confinement and thus the

energy separation of the discrete energy levels depends on the material’s effective mass,

thickness, and band offset. The strength of confinement and the energy level spacing

can be increased by reducing the effective mass of the channel material, decreasing the

quantum well thickness, or increasing the confining band offsets. The properties of a 15

nm GaAs QW are shown in Fig. 1.2c & d, where it can be observed the subband energy

spacing significantly increases when the thickness of the GaAs layer decreases. The

wavefunctions and energy levels of a quantum well can be modeled with approaches such

as solving the Schröding-Poisson equation self-consistently [3] or with k · p perturbation

theory [2]. In materials with a staggered or type II band offset, only one type of charge

carrier becomes confined. For example, AlAs has a type II band offset with Al1-xGaxAs

(x > 0.20), and AlGaAs can only be used to confined electrons and not holes in AlAs

from the band offsets (Fig. 1.1). Beyond applications such as high electron mobility

transistors, quantum wells can exhibit novel physical phenomenon such as the fraction

quantum Hall effect and be used as a platform to study mesoscopic physics a [4].

1.2 Spin-orbit coupling

Spin-orbit coupling is a relativistic effect where a normally spin degenerate band can

become spin split at zero external magnetic field (Fig. 1.3 a & b). The spin splitting

arises due to electric fields within the material acting as an effective magnetic field and

inducing the zero field spin splitting [5]. Spin-orbit coupling requires broken inversion

symmetry in the material system to occur.

4
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Figure 1.3: a) Schematic parabolic band dispersion of a spin degenerate band. b)
Schematic spin splitting of a parabolic band due to spin-orbit coupling. c) Spin tex-
ture of a single spin non-degenerate Fermi-surface due to linear Rashba spin-orbit
coupling in the [001] direction. d) Spin texture of a a single spin non-degenerate elec-
tron Fermi-surface of a III-V zincblende semiconductor due to Dresselhaus spin-orbit
coupling. Note that the spin texture of the second spin non-degenerate band gener-
ated from spin-orbit coupling is opposite in direction of the schematics shown here.

1.2.1 Rashba and Dresselhaus spin-orbit coupling

In solid state materials, Rashba [6] and Dresselhaus [7] spin-orbit coupling are the

primary mechanisms of spin-orbit coupling. Rashba spin-orbit coupling is due to inversion

asymmetry in the heterostructure. Rashba spin-orbit coupling can be induced due to the

band offset at a heterointerface, semiconductor band bending, or an external electric field

induced with a gate electrode. Rashba spin-orbit coupling can be induced in bulk-like

material systems with a gate electrode or surface band bending. Due to the dependence

of the Rashba spin-orbit coupling on an electric field, the Rashba spin-orbit coupling

can be gate tunable. The tunability of the Rashba spin-orbit coupling enables spin

5



Introduction Chapter 1

manipulation in materials. The effect of the linear Rashba effect on a parabolic electron-

like band dispersion with effective mass m∗ can be defined with the following equation:

E±(k) =
ℏ2k2

2m∗ ± α|k| (1.2)

Where α is the Rashba spin-orbit coupling parameter. The spin texture induced by

the linear Rashba effect is isotropic always perpendicular to the electric field and the

heterostructure and the momentum vector (Fig. 1.3c).

Dresselhaus spin-orbit coupling is due to broken inversion symmetry of the crystal

structure. Noncentrosymmetric crystals such as the zincblende crystal structure of many

of the III-V compounds posses Dresselhaus spin-orbit coupling. However, materials such

as the Group IV semiconductors do not posses Dresselhaus spin-orbit coupling due to the

diamond crystal structure being centrosymmetric. Since Dresselhaus spin-orbit coupling

is dependent on the symmetry of the crystal structure, the spin texture induced by

Dresselhaus spin-orbit coupling varies depending on the crystallographic direction. The

spin texture due to Dresselhaus spin-orbit coupling on the [001] direction of a zincblende

III-V is shown in Fig. 1.3d.

Deconvoluting the contributions to spin splitting between the Dresselhaus spin split-

ting and Rashba spin splitting is typically done from crystallographic orientation depen-

dent measurements of the spin splitting [8–10]. The orientation dependence of Dressel-

haus spin splitting enables measurements of the spin splitting where the Rashba and

Dresselhaus spin splitting along the crystallographic directions where these two effects

are competing with and enhancing each other. In the case of a electrons in III-V semi-

conductor with the inversion symmetry in the heterostructure is broken in the [001]

direction, the direction where the Dresselhaus and Rashba effects are enhancing each

other is the [110] direction, and the direction where the Dresselhaus and Rashba effects

6
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are competing with each other is the [11̄0] direction [11].

1.2.2 Spin-orbit coupling of electrons in zincblende III-V ma-

terials

In zincblende III-V materials, the Dresselhaus spin-orbit coupling typically provides

a significantly smaller contribution to the total spin-orbit coupling than the Rashba spin-

orbit coupling. From orientation dependent measurements of III-V quantum wells, the

Dresselhaus spin splitting is typically 2-10 times smaller than the Rashba spin splitting

[8–10,12]. As a result, the Dresselhaus contribution is often ignored and only the Rashba

spin-orbit coupling is considered in the spin-orbit coupling of the conduction band of

III-V materials.

The Rashba parameter (α) can be separated in to two components, an electric field

dependent component (αFE
) and an interface dependent component (αi):

α = αFE
+ αi (1.3)

From the treatment by Winkler [13] using the k · p method, the αFE
for electrons in

zincblende III-V semiconductors can be treated as:

αFE
= ⟨r6c6c41 FE⟩ (1.4)

Where FE is the electric field. r6c6c41 is often approximated as being independent of the

electric field. With this approximation, the equation becomes:

αFE
= r6c6c41 ⟨FE⟩ (1.5)

7



Introduction Chapter 1

In bulk zincblende semiconductors, r6c6c41 can be approximated as [13]:

r6c6c41 =
ℏ2Ep

6m0

(
1

E2
g

− 1

(Eg +∆so)2
)

Where Eg is the energy gap, ∆so is the energy splitting of the split-off band from the

valence band maximum, and Ep is the Kane energy. From this equation, it is expected

that small band gap semiconductors have significantly larger Rashba parameters at the

same electric field magnitudes, and the difference is ∝ E−2
g .

The k ·p method can be used along with self consistent Schrödinger-Poisson solvers to

calculate the αFE
in a quantum well where the 1st subband is occupied [14,15]. Schäpers

[15] introduced the following formalism:

αFE
=

ℏ2Epẑ

6m0

(⟨Ψ(z)|( 1

(E − Γ7(z)− ϕ(z))2
− 1

(E − Γ8(z)− ϕ(z))2
)ϕ′(z)|Ψ(z)⟩ (1.6)

Where ẑ is the unit vector, Γ7(z) is the position dependence of the split-off band edge,

Γ8(z) is the position dependence of the valance band edge, ϕ is the electrostatic potential,

and |Ψ|2 is the probability density. The energy E is often taken as the conduction band

edge or the Fermi energy. The effect of the electrostatic potential on the α is relatively

small and can often be neglected. If this contribution is neglected, the quantum-confined

Stark effect is neglected, and E is treated as the conduction band edge (Γ6), then an

equivalent r6c6c41 can be defined for a quantum well:

r6c6c41 =
ℏ2Ep

6m0

(⟨Ψ(z)|( 1

(Γ6(z)− Γ7(z))2
− 1

(Γ6(z)− Γ8(z))2
)|Ψ(z)⟩ (1.7)

In practice, r6c6c41 tends to decrease with carrier density and thus E, and the decrease is

∝ E−2 [15]. For quantum wells with more than one subband being occupied, the con-

tribution due to the coupling between the different subbands of the quantum well needs

8
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to be accounted for [16]. In the absence of intersubband coupling, the αFE
coefficient in

quantum wells tends to be lower than that of the bulk, where the nonzero probability

density in the larger band gap barrier material and the increase in the effective band gap

due to confinement results in a lower Rashba coefficient.

The interface Rashba parameter, αi, is the contribution to the Rashba parameter

from heterointerfaces. Schäpers [15] introduced a formalism based on the k · p method

for calculating the Rashba parameter of electrons in III-V heterostructures:

αi =
ℏ2Epẑ

6m0

∑
n

(
∆Γ7

2(E − Γ+
7 − ϕ(zn))2

+
∆Γ7

2(E − Γ−
7 − ϕ(zn))2

− ∆Γ8

2(E − Γ+
8 − ϕ(zn))2

− ∆Γ8

2(E − Γ−
8 − ϕ(zn))2

)|Ψ(zn)|2 (1.8)

Where n is the index for every interface in the heterostructure, ∆Γ7 is the split-

off band offset of at the interface, ∆Γ8 is the valence band offset of at the interface,

and ± is an index for the top and bottom material at the interface. For the interface

Rashba parameter to be nonzero, the interface needs to be asymmetric or an asymmetric

wavefunction is required. This interface term does have some dependence of the electric

field within the heterostructure, through the effect of the electric field on the electrostatic

potential and increased asymmetry of the wavefunction due to the quantum-confined

Stark effect. Larger valance band offsets and smaller band gaps are required in order to

increase the magnitude of the interface Rashba effect. From this treatment for calculating

the Rashba spin-orbit coupling, small band gap materials such as InAs or InSb are

expected to posses strong spin-orbit coupling.
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1.3 Applications of materials with strong spin-orbit

coupling

Thin films of materials with strong spin-orbit coupling have become of interest due

to their potential applications for spintronics and topological quantum computing. As

a result, significant efforts have been made towards improving the material quality and

understanding the spin-orbit coupling within these materials.

1.3.1 Spintronics

Classical computing is primarily done with field effect transistors (FET), which can

exist in two states: an on state and an off state. In a FET, the on state is when electrical

current can pass through the FET, and the off state is when electrical current cannot pass

through the FET. In contrast, the spin FET proposed by Datta and Das [17] operates on

the spin of an electron instead of the resistance of the channel. Spin-FETs are potentially

promising because they offer new functionalities such as nonvolatile information storage

and reconfigurable output characteristics to the transistors [18]. Spin-orbit coupling is

important to spin FETs. Spin polarized bands generated from spin-orbit coupling can be

used as a spin injector and a spin filter. In addition, the tunability of spin-orbit coupling

in solid state materials through the Rashba effect can be exploited to manipulate the

spin in the spin FET.

In a spin FET, a spin current is injected into a semiconductor through a spin in-

jector. The spin injector is often a ferromagnetic contact. This spin current exits the

semiconductor through a spin filter, which is also typically a ferromagnetic contact. In

the spin FET, the top gate induces Rashba spin-orbit coupling into the semiconductor

and generates an effective magnetic field perpendicular to the current direction and the
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Figure 1.4: Schematic Datta and Das spin FET [17] in the a) on state b) and the off state.

direction of the electric field induced by the top gate. If the orientation of the spin in-

jected into the semiconductor is perpendicular to the effective magnetic field generated

by the Rashba effect, the spin will begin to precess around the Rashba field. By tuning

the Rashba spin-orbit coupling and thus the strength of the effective magnetic field, the

spin precession can be controlled with a gate electrode such that the spin precession re-

sults in either a spin that is parallel (on) or a spin that is perpendicular (off) to the spin

filter as (Fig 1.4a & b). While ferromagnetic contacts are typically used as spin injectors

and spin filters, it is possible to utilize spin-orbit coupling in the semiconductor as the

spin injector and filter. All electrical spin injection, manipulation, and detection based

on Rashba spin-orbit coupling has been demonstrated in an InGaAs quantum well [19].

The major limiting factors in spin FETs are the spin polarized electron injection and

extraction efficiencies at the source and drain contacts as well as randomization of the
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spin state in the channel due to scattering [18].

It is desirable that the semiconductor of a spin FET is a high mobility quantum well

of a semiconductor with strong spin-orbit coupling such as InGaAs, InAs, or InSb. It is

also desirable to have ballistic transport across the channel to prevent the randomization

of the spin orientation due to scattering [20] and thereby increase the on/off ratio. As

a consequence, high mobility materials are required to increase the mean free path of

electrons within the material. In addition, the spin precession length becomes shorter

as the spin-orbit coupling increases. Thus, materials with strong spin-orbit coupling

are preferred to reduce the channel length to both enable better scaling and to reduce

the mobility requirements for ballistic transport. Due to these considerations, it is still

of interest to improve the mobilities of quantum wells of InGaAs, InAs, and InSb to

fabricate better spin FETs.

1.3.2 Non-abelian anyons and topological quantum computing

In quantum mechanics, a particle exchange operator (P̂1,2) acting on a wavefunction

comprised of two particles can be defined:

P̂1,2ψ(r1, r2) = ψ(r2, r1) = eiθψ(r1, r2) (1.9)

The system should return to the original state if the particles are exchanged twice:

P̂1,2P̂1,2ψ(r1, r2) = P̂1,2ψ(r2, r1) = e2iθψ(r1, r2) = ψ(r1, r2) (1.10)

For e2iθψ(r1, r2) = ψ(r1, r2) to remain true, e2iθ = 1 and thus θ = nπ, where n is an

integer. The θ can be separated into two cases: a case where n is an even integer, and

a case where n is an odd integer. If the case of a single exchange event is considered
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in the system, cases can be defined as the following: In the case where n is even and

θ = 0, 2π, 4π, ...

P̂1,2ψ(r1, r2) = ψ(r2, r1) = ψ(r1, r2) (1.11)

In the case where n is odd and θ = 1π, 3π, ...

P̂1,2ψ(r1, r2) = ψ(r2, r1) = −ψ(r1, r2) (1.12)

The first case where n is even represents the exchange operation for a boson, and

the second case where n is odd represents the exchange operation for a fermion. The

exchange operator can be used to define a boson and a fermion. In addition, from the

exchange operator, the wavefunctions of a boson are symmetric under exchange and can

occupy the same state. In comparison, the wavefunctions of a fermion is antisymmetric

under exchange and cannot occupy the same state. The property of fermions being

antisymmetric under exchange gives rise to the Pauli exclusion principle. This treatment

of the exchange operator is not exactly correct but is useful for obtaining an intuitive

understanding of particle exchange.

In materials with less than three spatial dimensions, such as a two-dimensional elec-

tron gas or a nanowire, quasiparticles termed anyons can exist. Abelian anyons are

quasiparticles that can have an arbitrary θ after exchange, and thus after the particles

are exchanged twice, the system does not return to the same state and instead the wave-

functions acquires a complex phase of e2iθ. Non-abelian anyons are a type of anyons

where the state of the system changes in addition to the phase change after particle ex-

change. This property of non-abelian anyons can be potentially exploited for topological

quantum computing [21].

Quantum computing is a type of computing that allows for the bit, which are called
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Figure 1.5: Schematic braiding of two pairs of Majorana zero modes, with the vertical
axis being time. Majorana zero modes are created as pairs, and qubit operations
can be performed by braiding or exchanging the Majorana zero modes. After the
operations are performed, the Majorana zero modes can be fused and then readout of
the state can be done after fusion.

qubits in quantum computers, to exist in a superposition of a 0 and 1 state instead of being

either 0 or 1 [22,23]. Quantum computing has potential applications in cryptography as

well as simulation of quantum systems [24]. Currently, there have been demonstrations

of quantum computing with 100s of qubits [25]. However, it has been predicted that

several thousand qubits may be required for a useful quantum computer. Currently

it is a significant scaling challenge to increase the number of qubit within a quantum

computer [26], and a major scaling limitation is the error rates of qubits. Error rates

within the qubit can be compensated for with error correction [27]. However, error

correction increases the number of physical qubits required in the system. Because of

these issues, large quantities of qubits are required for a useful quantum computing and
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scaling the number remains a substantial challenge. Topological quantum computing is

a potentially promising approach towards quantum computing with low error rates and

rapid scaling that uses non-abelian anyons.

One approach towards topological quantum computing is with Majorana zero modes

[28]. Majorana zero modes are quasiparticles that are their own anti-particle and form

in pairs. Majorana zero modes are expected to be non-abelian anyons. In topological

quantum computing with Majorana zero modes, the quantum information with the ex-

change operations of the Majorana zero modes. Logical operations can be performed by

exchanging the Majorana zero modes (Fig 1.5). Due to the Majoran zero modes being

non-abelian anyons, exchange operations change the quantum state of the system. The

exchange operations are called braiding. After the operations are performed, the Majo-

rana zero modes can be fused by bringing them together and annihilating the Majorana

zero modes. Depending on the quantum state of the system, an electron or a hole will be

generated. Readout of the operation is done by detecting the formation of the electron or

the hole. The parity of the superconductor must be preserved in order for the detection

of a single electron or hole being added to the system. Due to the quantum information

being stored in the position of the quasiparticles, the system is only sensitive to noise

that can cause the quasiparticles to exchange. If the quasiparticles are spatially sepa-

rated from each other at sufficient distances, the system should be relatively insensitive

to noise or perturbations due to an accidental exchange event from noise being extremely

unlikely. This approach towards performing quantum computing offers with potentially

low error rates and rapid scaling of qubits [21].

Majorana zero modes are predicted to be hosted within p-wave topological super-

conductors [28, 29]. This type of superconductivity requires an inverted band charac-

ter. The inverted band character can be stabilized with strong spin-orbit coupling (Fig

1.6). Two potential approaches towards realizing a p-wave topological superconduc-
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Figure 1.6: Schematic normal insulator and insulator with an inverted band ordering
due to spin-orbit coupling.

tors are topological insulator/superconductor heterostructures [30, 31] or hybrid super-

conductor/semiconductor heterostructures [32, 33]. In both of these systems, a non-

superconducting material is hybridized with a trivial s-wave superconductor to create

a topological superconductor. In the case of the semiconductor/superconductor het-

erostructures, a magnetic field is also required to drive the system into the topologically

nontrivial regime. To date, experimental evidence of Majorana zero modes has been lack-

ing. Disorder within the material can create signatures similar to the expected properties

of Majorana zero modes [34–36]. As a result, there is no general consensus that Majo-

rana zero modes have been experimentally observed. From current experimental results,

if Majorana zero modes do exist, they likely exist over a very narrow parameter space and
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scaling up these devices would be a significant challenge due to the extreme fine tuning

required to operate the device in the topological superconducting regime [37]. Theoret-

ical work has shown that reducing disorder by improving mobilities and increasing the

spin-orbit coupling of materials is expected to increase the topological superconducting

gap and increasing the parameter space in which the Majorana zero modes can be ob-

served [37]. If the topological gap can be significantly increased, it may be easier to find

conclusive evidence of Majorana zero modes and therefore establish topological quantum

computing with Majorana zero modes as a viable approach towards quantum computing.

As a consequence, improving the mobility and increasing the spin-orbit coupling of the

semiconductors and topological insulators is of interest.

1.4 Overview of this thesis

This dissertations explores the study of the growth and the electronic properties of

epitaxial group V based thin films. Three different material systems will be explored:

high mobility InGaAs quantum wells, InSb, and epitaxial bismuth thin films. In chapter

2, an overview of the methods used in this dissertation will be discussed. Principles of

molecular beam epitaxy, scanning tunneling microscopy, and magnetotransport will be

discussed. Chapter 3 explores the improvement of the mobility of InGaAs quantum wells

by digital alloying. The works focusing on impact of digital alloy has on the charge carrier

scattering in a high mobility quantum well, and how the heterostructures can be designed

to improve the mobility to record breaking numbers. Chapter 4 explores the impact of

digital alloying on the spin-orbit coupling of the InGaAs quantum wells, and how digital

alloying can be used to both increase and decrease the spin-orbit coupling of the InGaAs

quantum wells. Chapter 5 investigates the Fermi-level pinning of InSb surfaces with

scanning tunneling microscopy, and how the pinning position can be modified depending
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on the surface treatment. In chapter 6, the growth and relaxation of heteroepitaxial

bismuth thin films is explored. Finally, the conclusions of this work and the potential

future work are give in chapter 7.
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Methods

2.1 Molecular beam epitaxy

Molecular beam epitaxy (MBE) is a physical vapor deposition technique performed in

ultra-high vacuum (Fig 2.1). In a MBE chamber, elemental source material is thermally

heated until the material provides a sufficiently high vapor pressure of the element for

deposition. In ultra-high vacuum, the mean free path of the elements in the vapor form

is longer than the source to sample distance. As a result, the vapor travels as non-

interacting beams and relies on line of sight to impinge upon the substrate. The beams

can be either atomic beams or molecular beams, depending on if the element evaporates

as a molecule or an atom. Upon impinging on the substrate, the element can interact

with the substrate and any other elements present on the substrate surface to generate

an epitaxial thin film. Typical growth rates of MBE grown thin film range from 10s of

nm to 2 µm per hour.

In MBE, the main control variables are the fluxes of the source material and the

temperature of the substrate. Both the flux of atoms on the surface and the substrate

temperature influence the kinetics of the atoms and the surface chemistry, which in turn
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Figure 2.1: Schematic of a MBE. Beams of source material from thermally heating the
material travel towards the substrate, which is heated. The beams can be prevented
from impinging upon the samples with shutters, which block line of sight of the beams
onto the substrate surface.

influences the growth mode, the crystalline phase, and the crystalline quality of the

epitaxial thin film. MBE grown thin films using high purity source material can have

extremely low unintentional background doping due to the ultra-high vacuum environ-

ment and high source material purity, and also have atomically abrupt interfaces within

the thin film. These properties of MBE grown thin films have enabled record breaking

mobilities of two-dimensional electron gases [38].

In a MBE chamber, there is often in-situ monitoring of the sample surface with

reflection high energy electron diffraction (RHEED). RHEED allows for a qualitative

determination of the surface roughness and crystalline quality. RHEED also allows for

the determination of the growth rate by monitoring the fluctuations of RHEED intensity

due to the interference of the RHEED pattern during layer-by-layer growth. In this

dissertation, the atomic fluxes of the group III cells were determined using RHEED
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Figure 2.2: Band gap and lattice constant of selected III-V binaries and ternaries at
T = 0 K. Parameters used to generate the plot are taken from [2].

oscillations.

MBE growth can be done as homomorphic, pseudomorphic, or metamoprhic [39,40].

In homomorphic growth, the same material is epitaxially grown on itself. Homomorphic

growth is important for creating devices such as PN diodes where the carrier density

varies in the growth direction. Pseudomorphic growth is the growth of coherently strained

materials on a substrate that is comprised of a different material. In order for the growth

to be considered pseudomorphic, the material must remain strained and cannot relax.

Because of this constraint, the total thickness able to be grown by pseudomorphic growth

is limited by the lattice mismatch between the epilayer and the substrate, and thereby

can limit the heterostructure design and possible material combinations. In the III-V

materials, the variation of properties such as the band gap (Fig 2.2) is often accompanied

by significant changes in the lattice constant of the material. If the growth is restricted
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to being homomorphic or pseudomorphic, the thicknesses and the properties of the III-

V thin film can become heavily constrained. It is therefore desirable for the growth of

relaxed materials on a lattice mismatched substrate, also known as metamorphic growth.

In comparison to homomorphic or pseudomorphic growth, metamorphic growth often

requires thicker epilayers to grow a high quality thin film [39]. Since metamorphic growth

is by definition relaxed, dislocation formation necessarily occurs. Misfit dislocations form

to allow the lattice constant of the epilayer to relax. The relaxation by dislocation for-

mation can cause two detrimental effects in the epitaxial thin films: increased roughness

and threading dislocations formation in the thin film. Increased roughness can lower

charge carrier mobilities due to increased interfacial roughness scattering of charge car-

riers. During the relaxation process, a given misfit dislocation typically has a finite line

length and terminates with two threading dislocations. The threading dislocations then

propagate throughout the rest of the epilayer to the surface of the film. The density of

threading dislocations formed in a thin film can be reduced by increasing the misfit dislo-

cation length length, which enables fewer threading dislocations to be formed during the

relaxation process. Threading dislocations can lower the performance of the device by

serving as leakage paths for charge carriers or sites of non-radiative recombination. These

detrimental effects of relaxation can be mitigated by growing the metamorphic thin film

thicker. Thicker growth typically results in smoother thin films [39], and thicker films

allow the threading dislocations to terminate at the sides of the thin film instead of the

surface and enables threading dislocation annihilation through the increased likelihood

of dislocation-dislocation interaction in thicker films, thereby reducing the threading dis-

location density. In addition to thicker growth, the quality of the metamorphic thin film

can be improved by grading the lattice constant from the substrate to the desired lattice

constant and by adding dislocation filtering layers. Slow grading of the lattice constant

is believed to help prevent the formation of threading dislocations [41] and dislocation
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Figure 2.3: Schematic of the Palmstrøm lab group interconnected ultahigh vacuum
growth and characterization facility.

filters such as a strained superlattice, which generate strain fields that can bend thread-

ing dislocations and prevent them from propagating towards the surface and penetrating

the active region of the device [42,43].

The MBE growth done in this dissertation was performed with the Palmstrøm lab

group interconnected ultahigh vacuum growth and characterization facility. A schematic

of the interconnected facility is shown in Fig. 2.3. In this dissertation, III-V MBE

growth was performed in the VG V80H III-V MBE system. Oxide removal with atomic

hydrogen cleaning was done in a bi-directional transfer chamber. The growth of bismuth

thin films was performed in the modfied Gen-II MBE system. Due to the interconnected

nature of this system, in vacuo scanning tunneling microscopy was able to be performed

by transferring a sample into the scanning tunneling microscope while maintaining a

pristine surface.

2.2 Scanning tunneling microscopy and spectroscopy

Scanning tunneling microscopy (STM) is a scanning probe microscopy technique in-

vented by Binning and Rohrer [44], for which they were awarded the 1981 Nobel prize in
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physics. Scanning tunneling microscopy is based on vacuum tunneling between a sharp

tip and a sample. The tunneling current between the tip and the sample is sensitive to

the local density of states. The tip can be raster scanned across the surface of a sample to

obtain information about the topography of the surface. Scanning tunneling microscopy

can directly probe the local density of states of the surface of materials at the atomic

scale.

2.2.1 Vacuum tunneling

Tersoff and Hamann developed a theory of quantum tunneling in a STM based on a

time dependent perturbation theory [45]. Their theory was developed on the tunneling

formalism from Bardeen. The tip and the sample are treated as two independent subsys-

tems, and a tunneling current occurs through the transition of a charge carrier between

the tip and the sample. The tunneling current for between tip and sample states ψt
µ and

ψs
ν with energies Et

µ and Es
ν under an applied bias of V :

I =
4πe

ℏ
∑
µ,ν

f(Et
µ)(1− f(Es

ν))|Mµν |2δ(Et
µ − Es

ν) (2.1)

The Fermi-Dirac distributions f in the equation imply that tunneling occurs from an

occupied state into an unoccupied state. The delta function restricts the tunneling con-

dition to elastic tunneling. Mµν is the matrix element. Assuming the tip and sample

states are on a continuum, the summation can be converted into an integral over the

density of tip and sample states:

I =
4πe

ℏ

∫
dEρs(E + eV )ρt(E)f(E + eV )(1− f(E))|Mµν |2 (2.2)
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Figure 2.4: a) Schematic STM experiment. Schematic tunneling between the tip and
sample at positive b) and negative c) biases.

Tersoff and Hamann then modeled the tip as a spherical potential well. They assumed

that the tip has a spherically symmetric wave function. With these approximations and

assumptions, the matrix element is energy independent. The tunneling current equation

then becomes:

I =
4πe

ℏ
|Mµν |2ρt

∫
dEρs(E + eV )ρt(E)f(E + eV )(1− f(E)) (2.3)

Since tunneling requires the transport of current between the tip and sample, a strict

requirement for STM measurements is the samples must be conductive.

2.2.2 Strain extraction from a STM image

In an STM image, finer features on the surface such as the atoms or the surface

reconstruction are often visible. If these features are periodic, then the strain on the sur-

face can be directly measured with STM by measuring the displacements of the atoms

or the lattice points of the surface reconstruction from the perfect lattice. The geo-

metric phase analysis [46] and the Lawler-Fujita algorithm [47] can both be utilized to

extract the displacement of the lattice points from a perfect lattice. The geometric phase
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Figure 2.5: Schematic two-dimensional strain state.

analysis is typically used to extract strain of high resolution transmission electron mi-

croscopy images, while the Lawler-Fujita algorithm has been typically used to extract

strain from atomic resolution STM images. Hamidian et al. describe the implementa-

tion of the Lawler-Fujita algorithm in detail [48]. Both algorithms utilize inverse fast

Fourier transforms of two reciprocal lattice points to extract atomic displacements and

are mathematically similar to each other. With these algorithms, the spatially varying

in-plane atomic displacements (ux(r), uy(r)) can be extracted. The partial derivatives

of the spatially varying displacements can be taken, obtaining ∂ux(r)
∂x

, ∂ux(r)
∂y

, ∂uy(r)

∂x
, and

∂uy(r)

∂y
. The in-plane strain tensor (Fig. 2.5) can now be determined:

ϵ(r) =

 ∂ux(r)
∂x

∂ux(r)
∂y

+ ∂uy(r)

∂x

∂uy(r)

∂x
+ ∂ux(r)

∂y

∂uy(r)

∂y

 =

ϵxx(r) ϵxy(r)

ϵyx(r) ϵyy(r)

 (2.4)
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Additionally, the rotation tensor can also be determined:

ω(r) =

 0 ∂ux(r)
∂y

− ∂uy(r)

∂x

∂uy(r)

∂x
− ∂ux(r)

∂y
0

 =

 0 ωxy(r)

ωyx(r) 0

 (2.5)

The maps of the ω(r) and ϵ(r) often have artifacts at the edges of the image due to

the inverse Fourier transform process assuming translational symmetry of the image. As

a result, the data at the edges is typically discarded for the analysis and generation of

the ω(r) and ϵ(r) images.

High resolution STM images can often take up to an hour to acquire. Due to this

long acquisition process, artifacts in the measured atomic displacement can occur due to

effects such as thermal drift of the STM tip and piezo creep, resulting in a slow spatially

varying background of atomic displacements. Low temperature measurement can reduce

but not eliminate the effect of these artifacts in the measurement. To remove the effect

of these artifacts, a low order polynomial subtraction is typically applied to either the

displacement vector or the partial derivatives of the displacement vector [49–51]. With

this background subtraction, the local strain state of the surface can be determined with

STM.

2.2.3 Scanning tunneling spectroscopy

The local density of states of a sample can be directly measured using scanning

tunneling spectroscopy (STS). In an STS measurement, the current between the tip and

sample at different voltages is typically measured with constant tip-sample separation.

Differentiating the tunneling current from the equations above and assuming the tip
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density of states can be approximated as energy independent, the dI/dV becomes:

dI

dV
∝ ρt

d

dV

∫
dEρs(E + eV )f(E + eV )(1− f(E)) (2.6)

From the equation above the dI/dV is directly proportional to the local sample density

of states that is broadened by Fermi-Dirac distributions.

While the dI/dV can be obtained by numerically differentiating the tunneling current,

the dI/dV is typically obtained with a lock-in amplifier to improve the signal to noise.

A small sinusoidal dV , with amplitude Vm, is applied to the system, and corresponding

dI response is measured. The energy resolution (∆E) of STS is given by the following

equation [52]:

∆E ≃
√
(3.3kT )2 + (2.5Vm)2 (2.7)

The energy resolution is limited by the lock-in amplifier applied Vm and thermal broad-

ening. STS performed at low temperatures can have sub meV energy resolution.

2.2.4 Tip induced band bending

In performing STS of semiconducting samples, the voltage drop between the tip and

sample is not completely in the vacuum region between the tip and sample, this effect is

called tip induced band bending. There is some voltage drop in the semiconductor. The

voltage drop across the semiconductor bends the bands; the extent of tip induced band

bending depends on the material in question, the carrier concentration of the material,

and the applied voltage. Higher carrier densities within the semiconductor can reduce the

magnitude of the tip induced band bending. Tip induced band bending can causes shifts

in the location of the conduction and valence band edges. It is the reason why band gaps

measured by STS are often larger than the true band gap of the sample. Quantitative

28



Methods Chapter 2

models exist to account for tip induced band bending and recover the true density of

states of the sample [53, 54]. These models are effective mass models, and require the

knowledge of the band structure, carrier concentration, the effective masses, the dielectric

constant, the tip sample separation, the tip sample contact potential difference, and the

tip radius. The last three parameters are not parameters that will be known a priori

and instead are treated as fitting parameters that are adjusted to provide a better fit to

experimental data. The major challenge with utilizing these models is that the sample’s

band structure and electronic properties have to be well understood in order to accurately

model the effect of tip induced band bending and recover the true local density of states.

2.3 Electron transport

2.3.1 Single carrier transport and the Hall effect

With the Drude model, the mobility of a charge carrier can be defined as:

µ =
eτ

m∗ (2.8)

Where µ is the charge carrier mobility, e is the elementary charge, m∗ is the effective

mass, and τ is the scattering time. Charged defects such as impurities and dislocations

can lead to charge carrier scattering and reduce the scattering time. Higher quality

materials tend to have higher charge carrier mobilities. With the mobility now being

defined, the conductivity of the material can be defined with the carrier density (n):

σ = neµ =
ne2τ

m∗ (2.9)

The resistivity of the sample can be defined as ρ = 1/σ. In most experiments, the
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resistance of the sample can be measured by applying a current (I) through the sample

and measure the voltage (V ) drop across the sample. With these two quantities, the

resistance can be defined using Ohm’s law:

R =
V

I
(2.10)

Often the 4 point resistance measurements are used to measure resistance. In a 4 point

resistance measurement, current is sourced through two electrodes, and the voltage drop

across the sample is measured with the other two electrodes. The advantage of the 4

point resistance method is that the contact resistance is not measured in this set up, and

only the sample resistance is measured.

ρ is an intensive quantity that relates to the resistance of a sample. From resistance

measurements, the ρ can be determined. van der Pauw determined a method of measuring

the resistivity from four point resistance measurements on the edges of an arbitrarily

shaped sample [55]. Measurements with the van der Pauw geometry are often convenient

because measurement can be performed without fabrication by soldering on contacts to

the edges of the sample (Fig 2.6 a). Procedures for obtaining Ohmic contacts for van der

Pauw measurements on various III-V semiconductors are described in Appendix D. For

a perfect square sample that is isotropic, the sheet resistance (RS) is:

RS =
πR

ln(2)
(2.11)

For arbitrary shaped samples, a horizontal (RH) and vertical (RV ) resistance can be

defined by averaging the resistance along the two directions. The sheet resistance then
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Figure 2.6: Schematic measurement in the van der Pauw geometry for a sheet resis-
tance measurement a) and b) Hall measurement. c) Schematic measurement of a Hall
bar.

be determined by solving the following equation:

e
−πRH
RS + e

−πRV
RS = 1 (2.12)

The sheet resistance can also be measured with a Hall bar (Fig 2.6 c), where the RS

can be given by the with of the Hall bar (w) and the spacing between the arms of the
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Hall bar (l) from the resistance of the Hall bar:

RS =
Rw

l
(2.13)

The resistivity can now be determined with the following equation:

ρ = RSt (2.14)

Where t is the thickness of the sample. While the above treatment has shown that the

resistivity and the conductivity of a material can be measured with resistance measure-

ment, it is often of interest to quantify the charge carrier mobility. To do so, the carrier

density of the material system has to be measured. The carrier density in a material

system can be measured with the Hall effect.

A magnetic field (B) pointing out of plane of a sample and perpendicular to the

current generates a Lorentz force upon the current. This Lorentz force causes the current

to deflect, and as a result a voltage transverse to the direction of the current travel can

be measured. This voltage is the Hall voltage (VH). In a material system with a single

carrier, the Hall voltage is dependent on the current passing through the sample, and the

sheet carrier density of the sample (ns):

VH =
IB

ens

(2.15)

This equation can be rearranged to the following:

ns =
IB

eVH
=

B

eRH

(2.16)

The equation is also defined in terms of the Hall resistance (RH). The sign of the Hall
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voltage can be used to determine if the carrier type is electron or holes. Larger RH is

indicative of lower carrier densities and the RH should be linear with B. If multiple

carriers are present within the material system, a nonlinear RH dependence on B can

be observed. The Hall resistance can be conveniently measured on a Hall bar or in the

van der Pauw geometry under an applied magnetic field. The ns is the two-dimensional

carrier density, and can be converted to the three dimensional carrier density with the

following:

n =
ns

t
(2.17)

With the resistivity and the carrier density being known, the mobility of the sample can

be determined with the following equation:

µ =
1

ensRS

(2.18)

If the effective mass of the sample is known, the transport lifetime (τt) can now be

determined from the mobility measured using the Hall effect and the zero field resistivity

with the following equation:

τt =
µm∗

e
(2.19)

Calculating the lifetime can be useful for comparison of scattering of charge carriers

between material systems that posses different effective masses.

The above treatment is for the case of the sample being isotropic. If there is anisotropy

in the system, due to either the material or the measurement configuration then the

conductivity and resistivity can be expressed as a tensor. The conductivity and resistivity

can be converted to each other with the following equations:

σxx =
ρxx

ρ2xx + ρ2xy
(2.20)
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Figure 2.7: a) Magnetotransport of a 1 µm thick Si doped GaAs layer at 300 K. b)
Magnetotransport of the same sample at 2 K. Measurements done in the van der Pauw
geometry.

σxy =
ρxy

ρ2xx + ρ2xy
(2.21)

The isotropic ρ is now has now a directional dependence and becomes ρxx, ρyy, and

ρzz. The ρxy can be defined from the Hall measurements:

ρxy = Rxyt (2.22)

For isotropic samples in the van der Pauw or Hall bar measurement geometries, ρxy = 0

at zero magnetic field. In two-dimensional systems, ρxy = Rxy and ρxx = RS. Magneto-

transport in the van der Pauw geometry of a 1 µm thick Si doped GaAs epilayer is shown

in Fig. 2.7a. The Hall resistance is linear, except for some slight non-linear behavior

at B = 0 T. This slight non-linearity is likely due to contact asymmetry from imperfect

soldered contacts on the sample.
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2.3.2 Magnetotransport at high magnetic fields

At low temperatures and high magnetic fields, oscillations in the magnetotransport

can be observed in materials. In the same 1 µm thick Si doped GaAs epilayer, these

oscillations can be observed at T = 2 K (Fig. 2.7b). These oscillations in resistance

are Shubnikov-de Haas (SdH) oscillations. The oscillations are periodic in 1/B. The

oscillations are observed at low temperatures in high mobility samples. When an uniform

magnetic field is applied to a sample, the electrons within the sample form cyclotron

orbits around the magnetic field. The energy of the orbits is quantized to Landau levels,

and peaks and troughs occur in the density of states of the sample due to the Landau

level quantization. As the magnetic field applied on the sample changes, the Landau

level quantization changes and the peaks and troughs of the density of states due to the

Landau levels can pass through the Fermi-level. As the Landau levels pass the Fermi-

level, oscillations in the conductance and thus the resistance occur as the magnetic field is

swept. The Landau levels are broadened due to disorder and thermal broadening, which

is why samples with high mobility and low measurement temperatures are required to

observe SdH oscillations. The landau level are spaced in energy by:

ℏωc =
ℏeB
m∗ (2.23)

The frequency of the oscillation can be used to extract the Fermi-surface of the

sample that is generating the SdH oscillations. Since the oscillations are period in 1/B,

the frequency (f) of the oscillations can be expressed in units of Tesla. The carrier

density for a spin degenerate Fermi-surface without any valley degeneracy is:

n =
2ef

h
(2.24)
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For a spin split Fermi-surface, the carrier density can be expressed as:

n =
ef

h
(2.25)

In two-dimensional electron gases without any parallel conduction, the carrier density

extracted from SdH oscillations is in exact agreement with the carrier density from Hall

measurements.

SdH oscillations can also be used to extract the effective mass and the quantum

lifetime of the sample. The amplitude in resistance of a SdH oscillation is [56,57]:

∆R = 4R0χ(T )e
−π/ωcτq (2.26)

where τq is the quantum lifetime, R0 is the zero-field resistance, wc is the cyclotron

frequency wc = qB/m∗, and χ(T ) is the thermal damping, which is defined as:

χ(T ) = (2π2kT/ℏωc)/sinh(2π
2kT/ℏωc) (2.27)

To extract the effective mass, the temperature dependence of the oscillation amplitude

is measured, and then the decay of the oscillation amplitude is fitted to the χ(T ). The

effective mass of quantum wells is often different than that of the bulk material due to

hybridization of the quantum well with the barrier material. With the thermal damping

now known, the ∆R can be normalized by 4R0 and χ(T ). If the logarithm is taken of

the normalized ∆R, then the following equation can be obtained:

ln(
∆R

4R0χ(T )
) = − πm∗

eBτq
(2.28)

The logarithm of the normalized oscillation amplitude can be plotted for different
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Figure 2.8: Magnetotransport of a GaAs 2D electron gas at 2 K measured in the van
der Pauw geometry. The integer quantum hall effect is visible.

oscillations in 1/B and then be fitted to a line to extract the quantum lifetime. These

plots are often called ”Dingle plots”. The quantum lifetime relates to the broadening of

the Landau levels. The transport lifetime is insensitive to small angle scattering, and is

often significantly larger than the quantum lifetime in quantum wells [57]. Additionally,

the quantum mobility can also be calculated with this quantum lifetime.

At larger magnetic fields, the Landau levels can become spin split due to Zeeman

splitting of the spin degenerate Landau levels. The change in energy due to the Zeeman

effect is:

∆E = gµBB (2.29)

where g is the g factor of the charge carrier. In free electrons, the g factor is 2. In

solid state materials, the g factor can be significantly greater than 2 for small band gap

semiconductors with strong spin-orbit coupling [58]. For these high g factor materials,

the spin splitting of the Landau levels can be observed at lower magnetic field.

At high enough magnetic fields, the Landau levels become completely isolated from
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each other and the integer quantum Hall effect can be observed in two-dimensional sys-

tems [59]. In the integer quantum Hall effect, when the Fermi-level is between Landau

levels, The ρxx and σxx become zero and the bulk of the sample is insulating. In this

state, conduction only occurs through edge state. The Hall resistance becomes quantized

in units of:

ρxy =
h

e2ν
(2.30)

where ν is an integer filling factor. If there is parallel conduction, the ρxx and σxx will

decrease but not become zero. When the Fermi-level is in a Landau level, the bulk

is conducting and the ρxx and σxx are nonzero, and ρxy will no longer be quantized.

The integer quantum Hall effect in a GaAs 2D electron gas is shown in Fig 2.8, where

the integer quantum hall effect and vanishing magneto resistance is observed. Zeeman

splitting of the Landau levels can be observed beginning at B = 2.9 T.
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Enhanced mobility by digital

alloying in InGaAs quantum wells

3.1 Improving mobilities in InGaAs quantum wells

InGaAs quantum wells with high In content (In ≥ 75%) have a smaller electron

effective mass, smaller band gap energy, larger g-factor [58], and larger spin-orbit coupling

[60, 61] compared to GaAs quantum wells. These properties of InGaAs quantum wells

make high electron mobility quantum wells promising materials for topological quantum

computing [32,33] and spintronics [17]. While alloying the GaAs with InAs both enables

the tunability of the properties and enhances certain properties of the quantum wells, it

introduces random alloy disorder in the material. This intrinsic random alloy disorder

leads to alloy disorder scattering of charge carriers and is a limiting factor in high electron

mobility InGaAs quantum wells. The current state of the art mobilities in high In content

InGaAs quantum wells is ∼ 430,000 cm2/V s [62] and alloy disorder scattering is a major

scattering mechanism near the peak mobility [62, 63]. Reducing disorder and improving

the mobilities in InGaAs is especially important in the application of topological quantum
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computing, where it has been experimentally difficult to determine if this material can

be used due to the high disorder in the material system [37]. Reducing the intrinsic

alloy disorder scattering poses a significant challenge towards improving the mobilities of

InGaAs quantum wells.

Digital alloys (DA) are an alternative approach to alloying by growing the material

as a short period superlattice [64] instead of a random alloy. While the properties of

digital alloys often closely resemble that of the random alloys, properties such as the

band gap [64–66] and effective mass [67] can vary significantly. Digital alloys have been

predominately implemented in optoelectronic devices such as low excess noise avalanche

photodetectors [68] and low series resistance distributed Bragg reflectors [69]. There have

been some studies on the transport of heterostructures grown with digital alloys, such

as magnetically doped semiconductor quantum wells [70], parabolic quantum wells [71],

and coupled multiple quantum wells [72, 73]. Digital alloys are potentially promising in

improving the transport mobility of semiconductor alloys. By growing a digital alloy

as an ordered structure comprised of binary semiconductors, which intrinsically do not

posses any alloy disorder, it is expected that there is no alloy disorder scattering within

the material and the transport mobility will increase [74, 75]. However, a systematic

investigation in the effects of digital alloying on the alloy disorder scattering of charge

carrier transport has yet to be performed.

In this work, random and digital alloy InGaAs quantum wells grown metamorphi-

cally on InP substrates are compared. InAs/GaAs and InAs/InGaAs superlattices are

implemented as digital alloy quantum wells. The InAs/InGaAs DA quantum well has an

enhanced mobility of 545,000 cm2/V s, which is the highest reported mobility for high

In content InGaAs quantum wells. The mobility of the InAs/GaAs DA quantum well is

found to be reduced in comparison to the random alloy sample. By analyzing the scat-

tering mechanisms of the different quantum wells, the enhancement of the InAs/InGaAs
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DA mobility is due to a reduction in the alloy disorder scattering and the reduction of

the InAs/GaAs DA mobility due to increased interfacial roughness and background im-

purity incorporation. Our results demonstrate that digital alloying is a promising way

to improve the mobility of III-V semiconductor alloys, however care must be made with

the growth and design of the digital alloys in order to enhance the mobility.

3.2 Experiment

Samples were grown on epi-ready semi-insulating Fe-doped InP (001) wafers (AXT

Inc.) in a VG V80H MBE system. The oxide was desorbed by heating the InP wafers

under an As2 flux until the metal rich transition to a (4× 2) surface reconstruction was

observed by reflection high energy electron diffraction. This transition is used to calibrate

the pyrometer temperature to 515 oC. After oxide desoprtion, 100 nm of a nearly lattice

matched superlattice of 4 nm In0.52Al0.48As/ 1 nm In0.52Ga0.48As was grown at 480 oC.

The substrate was then cooled down to 340 oC, and a step graded buffer layer was grown

from In0.575Al0.425As to In0.825Al0.175As in 50 nm thick steps, where the composition of In

would change 2.5% each step. The buffer layer is then reverse stepped to In0.75Al0.25As

in 50 nm thick steps of 2.5% In composition changes. After the completion of the graded

buffer layer, the substrate is heated to a pyrometer temperature of 470 oC where an

In0.75Al0.25As bottom barrier, a 30 nm In0.81Ga0.19As quantum well, and an In0.75Al0.25As

top barrier are grown.

Mesas for Hall bars were fabricated using wet chemical etching with a mixture of

H2SO4:H2O2:H2O (1:8:120). Following mesa definition, NiGeAu contacts were deposited

and subsequently annealed at 450 oC for 2 minutes to form ohmic contacts to the quantum

well. A 30 nm AlOx gate dielectric was deposited with atomic layer deposition. Finally,

a Ti/Au top gate was deposted on the Hall bar. Fabrication was performed by Y. Gul.
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Figure 3.1: Heterostructure schematic for InAlAs barriers of a) 120 nm thickness and
b) 250 nm thickness. 1D Schrödinger-Poisson of the c) 120 nm thick InAlAs barrier
and d) 250 nm thick InAlAs barrier.

The width of the Hall bar was 80 µm, with an arm spacing of 740 µm. The ratio of the

Hall bar width to the spacing of the arms was 9.25. Magnetotransport measurements

were performed in a Quantum Design Physical Property Measurement System at 2 K

using standard low frequency AC lock-in measurements, with an AC current of 0.5 µA.

The two-dimensional electron gas (2DEG) carrier density was modulated by applying a

voltage to the top gate electrode. Measurements of samples in the van der Pauw geometry

were done with annealed InSn contacts performaed at 2 K with an AC current of 1 µA.
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3.3 Heterostructure design

Unintentionally doped heterostructures [76, 77] and modulation doped heterostruc-

tures [61, 62] have been reported to be in electron accumulation. In the case of uninten-

tionally doped heterostructures, it is believed that point defects in the InAlAs layer serve

as an deep level donors to the InAlAs [76]. Due to the band alignments between the

InAlAs and the InGaAs, the donor energies lie above the conduction band edge of the

InGaAs, and doping occurs by charge transfer from the deep level donors to the quan-

tum well. The density of the deep level donors can be modified by varying the growth

conditions, and the origin of the deep level donors is believed to be an As intersitial

point defect [78]. Both modulation doped and unintentionally doped heterostructures

were investigated as part of this work. The quantum wells grown in this study are found

to be in electron accumulation with unintentional doping. The quantum wells were typi-

cally overdoped, with the second subband being in electron accumulation as grown. The

sheet carrier density of the quantum wells was found to have increased with modulation

doping, with a doping efficiency of approximately 50% for a Si δ layer with a setback

of 60 nm. However, modulation doping was found to be unnecessary, with modulated

doped samples having a 12 % reduction in peak mobility, which is likely due to remote

impurity scattering from the δ layer.

The thickness of the top and bottom In0.75Al0.25As barriers are found to be of signifi-

cant importance. In the InGaAs/InAlAs heterostructures, the unintentional deep donor

levels in the InAlAs serve as the dopant source of the material. If the top and bot-

tom barriers are too thick, then charge transfer from these layers to the InGaAs cannot

occur, and electron accumulation can occur within the top and bottom layers. For quan-

tum wells with top or bottom barrier thicknesses exceeding 200 nm, parallel conduction

was observed in the magnetotransport. This process is modeled with a 1D Schrödinger-
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a)
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Figure 3.2: a) Sample structure schematic, consisting of a 30 nm thick InGaAs quan-
tum well buried 120 nm from the surface. The quantum wells were grown metamor-
phically on InP subsrates. b) Different samples in the study: a random alloy quantum
well, a 17 period InAs/GaAs digital alloy quantum well, and a 4 period InAs/InGaAs
digital alloy quantum well. c) Self consistent Schrödinger-Poisson simulation of the
sample structure. d) Representative AFM micrograph of InAlAs top barrier, cross
hatching typical of metamorphic growth is observed. AFM courtesy of T. A. J. van
Schijndel. Reprinted with permission from [79]. Copyright 2024 by the American
Physical Society.
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Poisson using the methods described in [3], and shown in Fig. 3.1, where the conduction

band edge of the 250 nm InAlAs barriers begins to touch the Fermi-level. To prevent

parallel conduction within the barriers, the barrier thickness is required to be thin enough

to allow charge transfer from the donor states into the InGaAs layer.

The layer schematic for the samples investigated with gated magnetotranpsort in this

work are shown in Fig. 3.2(a). The InGaAs quantum well is grown as either a random

alloy or a digital alloy, shown schematically in Fig. 3.2(b). The 30 nm random alloy

sample serves as a reference point for comparison with the digital alloyed quantum wells.

Two different digital alloy quantum wells with a total thickness of 30 nm are grown: an

InAs/GaAs digital alloy quantum well consisting of 17 periods of 5 monolayers of InAs

and 1 monolayer of GaAs and an InAs/InGaAs digital alloy quantum well consisting of

4 periods of 3.1 nm of InAs and 4.4 nm of In0.69Ga0.31As. For the digital alloy samples,

a 1 second growth interrupt between the layers was included to improve the ordering

at the interfaces. The 1D Schrödinger-Poisson calculations of the heterostructure band

structure are shown in Fig. 3.2(c), showing the accumulation of electrons in the InGaAs

quantum wells in the unintentionally doped heterostructure. The surface morphology of

the InAlAs top barrier is shown in the atomic force micrograph shown in Fig. 3.2(d).

A cross-hatched morphology typical of metamorphic growth is observed, with the rms

roughness of the InAlAs top barrier over a 400 µm2 area typically 1-2 nm.

The GaAs layer thickness in the InAs/GaAs digital alloy could not exceed 1 mono-

layer, growth thicker than 1 monolayer resulted in the relaxation of the GaAs layer. Evi-

dence of this relaxation is seen in the extremely anisotropic resistance of the InAs/GaAs

digital alloy quantum wells. The magnetotresistance anisotropy for a InAs/GaAs dig-

ital alloy with a 2 monolayer thick GaAs layer is shown in Fig. 3.3. The anisotropy

factor between the two directions is 143. This magnetoresistance anisotropy is indica-

tive of relaxation of the quantum well by self assembly into quantum wires [80, 81]. For
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Figure 3.3: Orientation dependent magnetoresistance of a 2 monolayer thick GaAs/9
monolayer thick InAs digital alloy quantum well at 2 K.

InAs/GaAs digital alloys with GaAs period thickness less than 1 monolayer, the resis-

tance anisotropy was not observed. The design of the InAs/GaAs digital alloy quantum

wells is constrained by the critical thickness of the GaAs layer on the virtual InAlAs

substrate, and these results indicate the management of the strain of digital alloys with

extremely different lattice constants is an important design consideration.

3.4 Quantum well band structure

The band structure of the random and digital alloy quantum wells was computed

using the k · p method for heterostructures with the envelope function approximation,

using the methods described in [2]. The first four conduction band subband energies and

their associated probability densities (|ψ|2) for the three different samples are plotted

in Fig. 3.4. The |ψ|2 of the random alloy and the InAs/GaAs DA quantum wells are
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a) b) c)Random InAs/GaAs InAs/InGaAs
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Figure 3.4: Plots of the conduction band edges and the |ψ|2 of the first four conduction
band subbands of the: a) random alloy, b) InAs/GaAs DA, and c) InAs/InGaAs DA
quantum wells calculated with the k · p method. Reprinted with permission from [79].
Copyright 2024 by the American Physical Society.

sinusoidal-like envelop functions over the channel of the quantum well. However, for the

|ψ|2 in the InAs/InGaAs digital alloy, the |ψ|2 are the sinusoidal-like envelope functions

of the quantum well with peaks in the InAs layers and troughs in the InGaAs regions.

Although the InAs/InGaAs digital alloy still has alloy disorder present through the use

of the InGaAs layers, the overall alloy disorder scattering may be reduced by having the

electron preferring to reside in the InAs regions of the digital alloy. The band parameters

of the quantum wells are summarized in Table 3.1, which contains the predicted energy

gap of the quantum wells, the subband spacing between the 1st and 2nd electron subbands,

the 1st subband effective mass (m∗), and the nonparabilicity factor (α). α is defined with:

E(1 + αE) = ℏ2k2
2m∗ , where E is the Fermi energy and k is the Fermi wavevector.

From the k · p calculations, it is expected that subbands form in the digital alloy

Table 3.1: k · p results including band gap energy (Eg), subband spacing (E2 −E1),
1st subband effective mass (m∗), and effective mass nonparabilicity (α). Reprinted
with permission from [79]. Copyright 2024 by the American Physical Society.

Eg E2 − E1 m∗ α
Sample (meV ) (meV ) (me)
Random Alloy 573 25.7 0.0347 1.955
InAs/GaAs DA 566 24.7 0.0334 2.134
InAs/InGaAs DA 551 23.6 0.0345 2.324
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and random alloy quantum wells, with the digital alloy quantum wells having a slightly

smaller subband spacing than the random alloy quantum wells. The predicted effective

masses and nonparabilicity of the quantum wells is not expected to change significantly.

However, it is predicted that the InAs/GaAs DA quantum well to have a slightly smaller

effective mass compared to the InAs/InGaAs DA and the random alloy quantum wells.

The predicted results for the InAs/GaAs DA may be incorrect, as the k · p method can

be less accurate in simulation of monolayer thick heterostructures, which is discussed in

depth in [82].

3.5 Magnetotransport

An optical image of a Hall bar used in this study with the schematic wiring diagram

is shown in Fig. 3.5(a). The Rxx and Rxy from B = 0 T to B = 14 T for the random and

digital alloy quantum wells is shown in Fig. 3.5(b-d), with n2DEG = 3.52× 1011, 2.78×

1011, and 3.60× 1011 cm-2 for the random alloy, InAs/GaAs DA, and InAs/InGaAs DA,

respectively. n2DEG is the sheet electron density extracted from the Hall measurements.

The integer quantum Hall effect is observed along with vanishing magnetoresistance for all

samples. In both of the digital alloy quantum wells, single band transport is observed and

the transport does not resemble the coupled multiple quantum well transport observed

in GaAs/AlAs digital alloy quantum wells [72, 73]. This difference is potentially due to

stronger coupling between the sublattices of the digital alloy compared to the GaAs/AlAs.

Plots of the magnetoresistance at various gate voltages for the different samples are shown

in Fig. 3.6. At lower (more negative) gate voltages, a single set of Shubnikov–de Haas

oscillations is observed in all of the quantum wells. At higher gate voltages, the second

subband becomes occupied and an additional set of oscillations is observed for all of

the samples. These results demonstrate the formation of a high quality two-dimensional
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a) b)
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Figure 3.5: a) Optical image of the Hall bar and schematic sample wiring. 2 K
magnetotransport of the: b) random alloy sample at n2DEG = 3.52 × 1011 cm-2. c)
InAs/GaAs DA sample at n2DEG = 2.78× 1011 cm-2. d) InAs/InGaAs DA sample at
n2DEG = 3.60 × 1011 cm-2. Reprinted with permission from [79]. Copyright 2024 by
the American Physical Society.

49



Enhanced mobility by digital alloying in InGaAs quantum wells Chapter 3

a) b) c)Random InAs/GaAs InAs/InGaAs

Figure 3.6: Rxx at different top-gate voltages and magnetic fields for: a) random alloy,
b) InAs/GaAs DA, and c) InAs/InGaAs DA. Reprinted with permission from [79].
Copyright 2024 by the American Physical Society.

Table 3.2: Sample parameters including the peak mobility, carrier density at the peak
mobility, the effective mass from thermal damping, and the estimated Fermi energy
at the peak mobility. Reprinted with permission from [79]. Copyright 2024 by the
American Physical Society.

µmax n2DEG at µmax m∗ εf at µmax

Sample (103 cm2/Vs) (1011 cm-2) (me) (meV)
Random Alloy 460 3.13 0.030± 0.001 25.0
InAs/GaAs DA 281 2.59 0.030± 0.001 20.7
InAs/InGaAs DA 545 3.37 0.033± 0.002 24.5

electron gas devoid of parallel conduction in the random alloy quantum well and the

digital alloy quantum wells.

From the magnetotransport at various gate voltages, the mobility at different carrier

densities can be determined and are shown in Fig. 3.7 for the different quantum wells.

The random alloy digital alloy quantum well has a peak mobility of 460,000 cm2/Vs at

a n2DEG of 3.13 × 1011 cm-2, the InAs/GaAs DA quantum well has a peak mobility of

281,000 cm2/Vs at a n2DEG of 2.59× 1011 cm-2, and the InAs/InGaAs DA quantum well

has a peak mobility of 545,000 cm2/Vs at a n2DEG of 3.37× 1011 cm-2. The mobility of

the random alloy quantum well is slightly higher than the mobility of 430,000 cm2/Vs

reported in the current state of the art high In content InGaAs quantum wells [62]. The

InAs/InGaAs DA quantum well has a higher peak mobility at a higher carrier density
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InAs/InGaAs

Random

InAs/GaAs

Figure 3.7: The dependence of mobility on sheet carrier density for the three different
samples. Carrier density was varied by modifying the top gate voltage. Reprinted with
permission from [79]. Copyright 2024 by the American Physical Society.

than the random alloy quantum well, while the InAs/GaAs DA samples have a lower

peak mobility at a lower carrier density than the random alloy quantum well. From the

results shown in Fig. 3.6, the decrease in mobility after the peak mobility in all of the

samples is likely due to intersubband scattering.

The electron effective mass is extracted from the thermal damping on the Shub-

nikov–de Haas oscillations (Fig. 3.8). The oscillations are isolated by subtracting a low

order polynomial background from the data. The temperature dependence of the peak

magnitude of the oscillations are fit to equation 2.27 to extract the effective mass for

different oscillations. The effective masses from the different oscillations were averaged

to obtain the effective mass of the quantum well. The effective masses were used to esti-

mate the Fermi energy at the peak mobility and to estimate the subband splitting. These

results are summarized in Table 3.2. All of the samples have smaller effective masses than

the predicted effective masses from the k · p calculations, and in the case of the random

alloy and the InAs/GaAs DA quantum wells, they have smaller effective masses than
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Figure 3.8: Temperature dependence of the SdH oscillations, with the raw magne-
toresistance, the magnetoresistance after background subtraction, and the fit to the
thermal damping of the oscillations for a) the random alloy QW, b) the InAs/GaAs
DA QW, and c) the InAs/InGaAs DA QW. The measurement temperature ranged
from 2 K to 20 K.
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Table 3.3: The transport lifetimes (τt) and quantum lifetimes (τq) of the samples at
the peak mobility as well as the ratio of the two lifetimes and the onset of Shubnikov
de-Haas oscillations (Bon). Reprinted with permission from [79]. Copyright 2024 by
the American Physical Society.

Sample τt (ps) τq (ps) τt/τq Bon (T)
Random Alloy 7.85 0.21 37.4 0.23
InAs/GaAs DA 4.79 0.27 17.7 0.23
InAs/InGaAs DA 10.23 0.31 33.0 0.22

0.0314 me, which is the expected bulk effective mass of InGaAs accounting for strain

effects calculated using k · p [2]. This reduction in effective mass is likely due to electron-

electron correlations, and has been observed before in GaAs quantum wells [83]. The

subband energies estimated from the effective mass and the peak carrier density for the

random and the InAs/InGaAs DA are within ∼ 1 meV of the predicted subband energies,

and the higher carrier density at the peak mobility for the InAs/InGaAs quantum well

is due to the larger effective mass of the InAs/InGaAs sample. However, the InAs/GaAs

DA quantum well subband energy is significantly different than the predicted, and may

be due to the aforementioned potential inaccuracies of the k · p method for monolayer

heterostructures.

With the effective mass of the samples known, the transport (τt) and quantum (τq)

lifetimes of the samples at the peak mobility are given in Table 3.3. The transport

lifetimes were calculated from the following equation: τt =
µm∗

e
. The quantum lifetime

was extracted from the amplitude of the quantum oscillations normalized by the thermal

damping of the oscillations using equation 2.28. The Dingle plots used to extract the

quantum lifetime is shown in Fig. 3.9. Deviations from linear behavior in the Dingle

plots can be observed. These deviations are likely due to inhomogeneities in the quantum

well [56, 57]. The magnetic field onset (Bon) of the SdH oscillations is often correlated

with the quantum lifetime and is provided in the table. The difference in transport

lifetime between the different samples reflects the differences in the mobility, with the
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Figure 3.9: Dingle plots for the a) random alloy, b) InAs/GaAs DA, and c) InAs/InGaAs.
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InAs/InGaAs DA QW having the highest lifetime and the InAs/GaAs DA QW having

the lowest lifetime. All of the samples have similar Bon, which indicates that the quantum

lifetimes are similar. From the extracted quantum lifetimes of the samples, the random

alloy sample has the lowest quantum lifetime, and the two DA samples have higher

lifetimes, with the InAs/InGaAs DA having the highest quantum lifetime. The ratio of

the transport lifetimes to the quantum lifetime is also provided in the table. The transport

lifetime is significantly higher than the quantum lifetime, consistent with the transport

lifetime being insensitive to small angle scattering, while the quantum lifetime is sensitive

to all scattering events, and is generally more sensitive to long range scattering [84]. These

results indicate that digital alloying can improve the quantum lifetime in quantum wells.

3.6 Scattering mechanisms

To understand the differences in the mobility and the scattering mechanisms for the

different samples, the mobilities were modeled using a calculation for the elastic scattering

time of electrons in the two-dimensional electron gas [85]. The calculations accounted

for background impurity scattering [86], interfacial roughness scattering [87, 88], remote

impurity scattering [86], and alloy disorder scattering [89]. Zero temperature was assumed

and intersubband scattering was not considered. The exact details of the calculations

are given in appendix A. The remote impurity scattering was treated as a fixed sheet

charge of 2× 1012 cm-2 at the top surface of the quantum well, which is an overestimate

of the surface state density of InAlAs [90–93]. However, the exact surface state density

of the remote impurities at the surface is found to be not important, as the contribution

of remote impurity scattering from the top surface is found to have negligible effect on

the mobility of the quantum wells due to the depth of the quantum well from the surface.

The parameters for the other scattering mechanism were varied to obtain good agreement
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Table 3.4: Mobility modeling parameters including alloy disorder potential (dV ),
background impurity density (nBI), interface roughness (∆), and correlation length
(Λ). Reprinted with permission from [79]. Copyright 2024 by the American Physical
Society.

dV nBI ∆ Λ
Sample (eV) (cm-3) (Å) (nm)
Random Alloy 0.44 1.5× 1015 6 13
InAs/GaAs DA 0.44 2.4× 1015 21 3
InAs/InGaAs DA 0.38 1.6× 1015 6 13

a) b) c)
2D IR

BI

AD

2D IR

BI
AD

2D

IR

BI

AD

Random InAs/GaAs InAs/InGaAs

Figure 3.10: Experimentally measured mobility and calculated mobility at vari-
ous sheet carrier densities for the: a) random alloy, b) InAs/GaAs DA, and c)
InAs/InGaAs quantum wells. The total mobility and the individual mobilities for
the different scattering mechanisms including: interfacial roughness scattering (IR),
two-dimensional remote impurity scattering (2D), background impurity scattering
(BI), and alloy disorder scattering scattering (AD) are plotted. Reprinted with per-
mission from [79]. Copyright 2024 by the American Physical Society.

with the experimental data, and are given in Table 3.4. The transport lifetimes due to the

different scattering were calculated independently, and the total mobility was computed

using Matthiessen’s rule [94].

The mobilities of the samples at different carrier densities and the calculated mobilities

are shown in Fig. 3.10. The calculated total mobility and the mobility for the different

scattering mechanisms are also shown. There is good agreement between the calculated

mobility and the measured mobility for all of the samples at higher carrier densities

until the peak mobility is reached, where the measured mobility begins to decrease due

to intersubband scattering between the 1st and 2nd subbands, which is not accounted
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for with the mobility calculations. In all of the samples, two distinct regimes can be

observed, alloy disorder scattering dominates at higher carrier densities and background

impurity scattering dominates at lower carrier densities. This behavior is similar to what

has been observed in prior studies of InGaAs quantum wells [62,63].

A higher background impurity density is required to accurately model the mobilities

of the InAs/GaAs (2.4× 1015 cm-3) and the InAs/InGaAs (1.6× 1015 cm-3) digital alloy

quantum wells than the random alloy quantum well (1.5 × 1015 cm-3). The background

impurity densities extracted from the modeling are similar to what has been previously

reported in InGaAs quantum wells [62,63,76]. The InAs/GaAs DA has more interfaces,

with the 17 periods of InAs/GaAs, than the InAs/InGaAs DA, with 4 periods, and has

a higher estimated background impurity density than the InAs/InGaAs DA. This trend

suggests that the higher background impurity density is due to impurity incorporation at

the interfaces of the digital alloy during growth, which has been observed to occur at the

interfaces of superlattices grown by MBE [95,96]. The origin of these additional impurities

could be from the brief growth interrupt during the growth of the digital alloys. From

these results, it is desirable to reduce the number of periods in the superlattice to reduce

the background impurity density and therefore the background impurity scattering for

the growth of high mobility samples.

The interfacial roughness in the random and InAs/InGaAs digital alloy is estimated

from the model to be 6 Å. This value is smaller than the roughness measured by atomic

force microscopy of the InAlAs top barrier, which we attribute due to the InGaAs lay-

ers being smoother than the InAlAs layers at the growth temperature. The interfacial

roughness of the random and InAs/InGaAs DA quantum wells is comparable to prior

studies of the interfacial roughness of InGaAs quantum wells [62]. However, the modeled

interfacial roughness of the InAs/GaAs is significantly higher, with a roughness of 21 Å.

The increased roughness becomes a significant scattering mechanism at higher carrier
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densities in the InAs/GaAs digital alloy. The increased roughness is likely due to the

growth of rougher GaAs islands as the GaAs layer in the InAs/GaAs digital alloy. GaAs

has been reported to grow as islands on InAs layers [97]. These results demonstrate that

the optimal growth temperature of the constituent layers of the digital alloy is an impor-

tant consideration, and can result in rougher growth and enhanced interfacial roughness

scattering.

In order to accurately model the experimental data, the alloy disorder potential in the

random alloy quantum well is estimated to be 0.44 eV . This value is larger than the 0.3

eV reported previously in InGaAs quantum wells [62], but closer to the expected value

of 0.5 eV of InGaAs [98]. We find that the same alloy disorder potential of 0.44 eV is

required to obtain a good agreement to the experimental InAs/GaAs DA mobility curves,

which we propose is due to significant intermixing in the InAs/GaAs layers creating alloy

disorder. In the InAs/InGaAs digital alloy, the alloy disorder potential is estimated to be

0.38 eV from the modeling, this alloy disorder potential is smaller than the alloy disorder

of the random alloy. The reduction in the alloy disorder potential is likely due to the

electrons preferentially residing in the InAs regions of the digital alloy, as seen in the

k · p results in Fig. 3.4c, and as a consequence the electron do not spend as much time

in the regions of the quantum well that posses alloy disorder. The overall increase in

mobility observed in the InAs/InGaAs DA quantum well over the random alloy quantum

well is due to this reduction in alloy disorder scattering. These results as a whole suggest

that digital alloying can be used to reduce alloy disorder scattering in quantum wells and

the importance of the heterostructure design and the interfaces in the mobility of digital

alloy quantum wells.
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Figure 3.11: The dependence of the conductivity on sheet carrier density for the
three different samples.

3.7 Metal-insulator transition in the quantum wells

The measured mobility begins to diverge from the calculated and is lower than what

the calculations would predict at carrier densities lower than ∼ 1 × 1010 cm-2. This

deviation in mobility is due to a metal-insulator transition in the quantum wells [99–101].

The metal-insulator transition can be described as a percolation transition, where at

low carrier densities and thus less screening of disorder, disorder begins to trap the

charge carrier into localized regions. Conduction can now be described as percolation

of charge carriers between these conduction regions. The percolation transition can be

characterized by fitting carrier density dependence of the conductivity near the transition

region to a simple power law:

σxx(n) ∝ (n− nc)
δ (3.1)
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Table 3.5: Fitting parameters to the low carrier density conductivity of the quantum
wells including the percolation density (nc) and power law exponent (δ).

Sample nc (cm
-2) δ

Random Alloy 2.27× 1010 1.73
InAs/GaAs DA 3.18× 1010 1.33
InAs/InGaAs DA 4.03× 1010 1.59

Where nc is the percolation density or the carrier density at which the samples become

insulating. δ is predicted to be 4/3 for two-dimensional systems [102].

The conductivity at different sheet carrier densities as well as the fit to the power law

is shown in Fig. 3.11. The results of the fits are summarized in Table 3.5. The fitted δ

for the random alloy and the InAs/InGaAs DA are not 4/3, which is potentially due to

the measurement temperature of 2 K. The δ has been reported to have a temperature

dependence, and converges towards 4/3 at mK temperatures [103]. An increase in the

nc can be observed for the digital alloyed samples, with the InAs/InGaAs DA sample

having the highest nc. The increase in nc is potentially due to the sublattice of the digital

alloy serving as an additional localization mechanism. At low carrier densities, charge

carriers can also become trapped in the InAs sublattice. The nc of the InAs/GaAs DA is

lower than the nc of the InAs/InGaAs DA, and is potentially due to quantum confinement

increasing the effective conduction band edge of in the InAs sublattice for the InAs/GaAs

DA, reducing the effect of the sublattice carrier trapping.

3.8 Summary

In summary, digital alloys can be used as an alternative to random alloys in semi-

conductor quantum wells and increase the quantum well mobility by reducing the alloy

disorder scattering. The quantum lifetime is also found to increase by digital alloying.

Single subband transport, the integer quantum Hall effect, and the absence of parallel

60



Enhanced mobility by digital alloying in InGaAs quantum wells Chapter 3

conduction are observed in the random and digital alloys. However, increased background

impurity density is observed in the digital alloys, likely due to incorporation of impuri-

ties at the interfaces. The results indicate the digital alloy should be grown with as few

periods as possible to improve the mobility of the digital alloy quantum wells over that

of the random alloy. Additionally, the quality of the interfaces and the growth conditions

are important, otherwise alloy disorder and enhanced interfacial roughness scattering can

be introduced into the digital alloy quantum wells and subsequently reduce the mobility.

Finally, increased localization of charge carriers at low carrier densities was observed in

digital alloyed samples, and the percolation density of the digital alloyed samples in-

creased. These results should be generally applicable to other semiconductor alloys, and

can be used to increase the mobility in other material systems.
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Chapter 4

Spin-orbit coupling in digital alloyed

quantum wells

4.1 Increasing spin-orbit coupling in InGaAs quan-

tum wells

Spin-orbit coupling (SOC) is relativistic effect that can cause normally spin degen-

erate bands to become spin split due to inversion symmetry breaking. InGaAs quan-

tum wells with strong spin-orbit coupling are potentially useful for spintronics [17, 19],

topological quantum computing [32, 33], and as a platform for mesoscopic physics ex-

periments [104, 105]. Increasing the spin-orbit coupling of the quantum well is often

desirable. In spin field effect transistors, a stronger spin orbit coupling enables shorter

channel length and thus allows for better scaling. In the application of topological quan-

tum computing, increasing the spin-orbit coupling is expected to increase the topological

gap of the system. The reported topological gaps are ∼ 10 µeV [37], and the parameter

space the topological gap is reported to exist is extremely narrow, making the scaling of
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Figure 4.1: Schematic band dispersion and Fermi-surface without (left) and with
Rashba spin-orbit coupling (right).

multiple devices challenging. Increasing the spin-orbit coupling is a potential approach

to address these problems.

In III-V quantum wells such as InGaAs, Dresselhaus [7] and Rashba [6] spin-orbit

coupling are both present. The change in the Fermi-surface due to Rashba spin splitting is

shown in Fig 4.1. Dresselhaus spin-orbit coupling arises from the inversion asymmetry of

the crystal structure, while Rashba spin-orbit coupling arises from inversion asymmetry

of the heterostructure due to interfaces and electric fields within the heterostructure.

The Dresselhaus spin splitting is typically significantly smaller than the Rashba spin

splitting in III-V quantum wells [8–10,12]. The spin-orbit coupling in the heterostructures

can be increased with the Rashba effect. By increasing the electric field within the
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quantum well, typically with a gate electrode, the Rashba spin-orbit coupling can be

increased. Increasing the spin-orbit coupling of the system with an external electrical field

can cause detrimental effects in the heterostructure. At larger gate voltages and larger

electric fields, the mobility of the system can decrease due to the quantum confined Stark

effect increasing interfacial roughness scattering [88], and the second subband can become

occupied, which can also reduce mobility due to intersuband scattering [12,106,107]. It is

desirable to increase the spin-orbit coupling of the material system without significantly

reducing the charge carrier mobility of the system to take advantage of the potential

benefits high spin-orbit coupling can offer.

Digital alloying is a potential approach towards increasing the spin-orbit coupling of

the system. Digital alloys (DA) are short period superlattices that can approximate the

properties of random alloys. Increases in the charge carrier mobility by digital alloying

was demonstrated in Chapter 3. Digital alloying can allow for increased asymmetry in

the heterostructure by being able to form asymmetric interfaces at the top and bottom

interface as well as an easy method of compositional grading within the heterostructure

by varying the relative sublattice thicknesses. Due to these properties of digital alloys, it

is anticipated that they may be a promising method to increase the spin-orbit coupling

of the system. To date, negligible changes in the spin-orbit coupling in triangular GaAs

quantum wells have been demonstrated by digital alloying [108], and it has been predicted

that digital alloying can induce modest changes to the Rashba spin-orbit coupling in

triangular InGaAs and InSb quantum wells [109].

In this work, the effect of digital alloying on the spin-orbit coupling in In0.81Ga0.19As

QW grown on InP substrates is investigated. A random alloy QW, a nongraded InAs/GaAs

DA QW, a nongraded InAs/InGaAs DA QW, and a 3% compositionally graded InAs/InGaAs

DA were studied. Significant increases in the Rashba coefficient were observed in the

InAs/GaAs DA sample, while more modest changes were observed in the graded and
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nongraded InAs/InGaAs DA sample. The changes in both of the InAs/InGaAs DA sam-

ples can qualitatively be explained with k ·p theory, while the changes in the InAs/GaAs

DA sample require further investigation. The Rashba coefficient in graded DA sample is

also found to be more responsive to the gate voltage. These results are indicative that

digital alloying is a promising approach towards engineering the spin-orbit coupling in

semiconductor quantum wells.

4.2 Experiment

The samples consisted of a 30 nm In0.81Ga0.19As quantum well with a 120 nm thick

In0.75Al0.25As top barrier grown on a metamophic InAlAs virtual substrate on a semi-

insulating InP (001) wafers with solid source molecular beam epitaxy in a VG V80H

MBE system. The exact details of the growth are given in Chapter 3. The samples

consisted of a random alloy QW, a InAs/GaAs DA QW, a InAs/InGaAs DA QW, and a

3% graded InAs/InGaAs DA QW. The InAs/GaAs consisted of a 17 period superlattice

of 1 monlayer of InAs and 5 monolayers of GaAs. The nongraded InAs/InGaAs DA QW

consisted of a 4 period superlattice of InAs and In0.69Ga0.31As. The 3% compositional

grading was implemented by varying the relative thickness of InAs and InGaAs but

maintaining a total period thickness of 7.5 nm. The exact layer structure is given in Fig.

4.2. In all of the DA QW, the bottom interface of the QW is an InAs/InAlAs, while the

top interface of the QW is an (In)GaAs/InAlAs interface.

Hall bars were fabricated to study the electrical transport properties. The Hall bar

mesa was etched with wet chemical etching using a mixture of H2SO4:H2O2:H2O (1:8:120).

Ohmic contacts to the quantum well were formed with NiGeAu contacts annealed at 450

oC for 2 minutes. To modulated the carrier density in the Hall bar, a 30 nm AlOx

gate dielectric was deposited with atomic layer deposition followed by a Ti/Au top gate
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Figure 4.2: Schematic layer structure consisting of a 30 nm InGaAs quantum well
buried 120 nm from the surface on the left. Layer structure of the different quantum
wells, consisting of a random alloy quantum well, a InAs/GaAs DA quantum well, a
InAs/InGaAs DA quantum well, and a 3% graded InAs/InGaAs DA quantum well.

electrode. Fabrication was performed by Y. Gul. The width of the Hall bar was 80 µm,

with an arm spacing of 740 µm. The ratio of the Hall bar width to the spacing of the

arms was 9.25. The ratio of the Hall bar width to the spacing of the arms was 9.25.

Unless stated otherwise, transport measurements were performed at 2 K. Temperature

dependent measurements were performed with a modulation field, using the experiment

methods described in [61].

4.3 Magnetotransport of a graded InAs/InGaAs DA

quantum well

The predicted band structure with k · p and the magnetotransport of the graded

InAs/InGaAs DA QW is shown in Fig. 4.3. From the probability density of the 11st

electron conduction band subband, the wavefunction of the QW is asymmetric due to the

compositional grading implemented by the digital alloying, there are peaks of probability

density in the InAs regions of the quantum well and troughs in the InGaAs regions.

The magnetotransport of the 3% graded QW shows the integer quantum Hall effect with
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Figure 4.3: a) Band structured of the 3% graded InAs/InGaAs DA QW with the
probability density of the 1st electron subband of the quantum well predicted by
k · p. b) Magnetotransport of the graded InAs/InGaAs DA QW, showing the interger
quantum Hall effect with vansishing magnetoresistance.

vanishing magnetoresistance, indicative of a high qualtiy 2DEG without any parallel

conduction. The onset of SdH osculations occurs at B = 0.22 T. The integer quantum

Hall effect also proves that the DA QW is not a multiple QW. In multiple QWs the

IQE gains additional quantization by the number of multiple QWs [72], the lack of

additional quantization in the DA samples indicates the sample is not a multiple QW.

The magnetotransport of the random alloy QW and the nongraded DA QWs is shown

in Chapter 3.

The mobility at different carrier densities was measured by varying the top gate

electrode. The mobility of the 3% graded is plotted in Fig. 4.4a. The mobilities of the

other samples are plotted for comparison. The mobility of the graded sample is observed

to increase as carrier density increases until it reaches a maximum and then begins to

decrease due to intersubband scattering once the second subband becomes occupied.

The peak mobility of the graded DA QW is 524,000 cm2/Vs at a carrier density of

4.13× 1011 cm-2. The lower mobility of this sample compared to the nongraded DA QW
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Figure 4.4: a) Mobility as a function of carrier denisty for the 3% graded
InAs/InGaAs DA QW, the mobilities of the other samples in this study are plot-
ted for comparison b) Conductivity of the quantum well, showing the metal-insulator
transition at low carrier densities.

in these heterostructures is likely due to increased interfacial roughness scattering due

to the closer proximity of the peak in the probability density to interfaces, which should

increase the effects of interfacial roughness scattering. At low carrier densities the metal-

insulator transition is also observed. This transition is observed by the rapid decrease

in conductivity of the sample at low carrier density (Fig. 4.4b). The percolation density

is extracted from the power law fit to the conductivity, and the percolation density of

3.39×1010 cm-2 is extracted. This percolation density is similar to that of the InAs/GaAs

DA, and is consistent with digital alloying increasing the percolation density.

The effective mass of the 3% graded InAs/InGaAs DA is extracted from fitting the

thermal damping of the SdH oscillations to equation 2.27 (Fig. 4.5a-c). The effective

mass is determined to be 0.032 ± 0.003 m0. The effective mass is comparable to the

effective mass of the rest of the samples. The effective mass can be used to estimate the

subband splitting from the peak in the mobility, and this subband splitting is estimated

to be 30.9 meV. The subband splitting from k · p is expected to be 32.8 meV. The

typical subband splitting for the random and nongraded InAs/InGaAs DA is found to
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Figure 4.5: a) Temperature dependent magnetoresistance of the % graded DA QW
from T = 2 K to T = 20 K. b) Background subtracted temperature dependent mag-
netoresistance. c) Fitting of the temperature dependence of the magnetoreistance
oscillation amplitude for the B = 0.764 T oscillation. d) Dingle plot of the oscillations
to extract the quantum lifetime.
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be ≈ 24 meV. The larger subband splitting for the graded DA is consistent with k · p

theory, and may be due to a different confinement potential in the quantum well from

the compositional grading.

With this effective mass being known, the amplitude of the resistance oscillations can

be normalized to extract the quantum lifetime using equation 2.28. The Dingle plot to

extract the quantum lifetime of the graded DA QW is shown in Fig. 4.5d. The quantum

lifetime is 0.22 ps, with a τt/τq of 43.3. The quantum lifetime of the graded DA sample is

smaller than the nongraded DA samples, and it is similar to the random alloy quantum

well. The increase of the quantum lifetime in DA QW appears to only be in nongraded

QW, and the increased interfacial roughness scattering from grading a DA QW appears

reduce the quantum lifetime.

4.4 Gate control of spin splitting in a quantum well

Due to the high mobility of the material system, a beating pattern in the magnetore-

sistance can be observed at low magnetic fields (Fig. 4.6a). In the Fourier transform of

the oscillations plotted in 1/B, two peaks in the Fourier transform at similar frequencies

can be observed in Fig. 4.6b. Beating patterns in the magnetoresistance can be be due

to SdH oscillations of zero magnetic field spin splitting, magnetointersubband scatter-

ing (MIS) [110, 111], and magnetophonon resonances (MPR) [112, 113]. MIS generates

a frequency in the magnetoresistance that corresponds the difference in frequency (∆f)

between the oscillations of two bands. If there is a band with a carrier density such that

∆f between the two bands is comparable to the frequency between one of the bands, a

beating pattern can be generated due to MIS. The beating patterns generated by MIS and

MPR are relatively insensitive to the measurement temperature. It is expected the beat-

ing patterns generated by spin-orbit coupling to have a strong temperature dependence,
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Figure 4.6: a) Temperature dependent dR/dB of the InAs/GaAs DA QW. Meau-
rements courtesy of I. Villar-Rodreguez. b) FFT of the dR/dB oscillations. At low
temperatures a clear peak splitting due to spin orbit-coupling can be observed, at
higher temperatures the oscillations thermailze and the peak splitting disappears.

since the beating patterns should possess the same temperature dependence as SdH os-

cillations. To rule out MIS and MPR the origin of the beating pattern, the temperature

dependence of the beating pattern was measured (Fig. 4.6). From the temperature de-

pendence, the beating pattern rapidly disappears with temperature, indicating the origin

of this beating pattern is SdH oscillations.

The beating pattern in the low field magnetotransport data is attributed to zero-field

splitting of the Fermi surface due to spin-orbit coupling. In the case of linear Rashba and

Dresselhaus spin-orbit coupling, the splitting energy is parameterized by: ∆so = 2αkf ,

where α is the spin-orbit coupling coefficent and kf is the Fermi wavevector. Both Rashba

and Dresselhaus spin-orbit coupling cause the Fermi surface to split into two spin-split

Fermi surfaces. These spin split Fermi-surfaces do not possess the same surface area and

thus are occupied by different carrier densities. The different carrier densities of the Fermi

surface cause the beating patterns observed in magnetotransport. The dependence of the

71



Spin-orbit coupling in digital alloyed quantum wells Chapter 4

a) b)

VTG = -0.3 V

VTG = -0.15 V

VTG = 0 V

VTG = 0.3 V

VTG = 0.15 V

VTG = -0.3 V

VTG = -0.15 V

VTG = 0 V

VTG = 0.3 V

VTG = 0.15 V

MIS

f0

f-
f+

Figure 4.7: a) Gate voltage dependence of the InAs/GaAs DA QW magnetoresis-
tance. A beatting pattern is obsreved at larger gate voltages. b) FFT of the magne-
toresistance, showing the peak in the FFT spectra spin split into two peaks at larger
gate voltages. A low frequencey MIS peak can be observed once the spin splitting
occurs, corresponding to the frequency difference between the spin split peaks.

beating pattern with the applied gate voltage is shown in Fig. 4.7, where the gate voltage

dependence of the InAs/GaAs DA QW magnetoresistance and the Fourier analysis of

the magnetoresistance is shown. It can be observed that at lower gate voltages, a single

SdH oscillation is observed, corresponding to a single peak in the Fourier transform

spectra (f0). As the gate voltage increases, the frequency of the oscillation increases,

consistent with the carrier density of the quantum well increasing. Eventually, at larger

gate voltages a beating pattern can be observed in the magnetoresistance due to zero-field

spin spliting, and the single peak in the Fourier transform is observed to split into two

peaks (f- & f+). The origin of the onset of spin splitting at larger gate voltages is due to

the Rashba effect. At larger gate voltages, the Rashba spin-orbit coupling increases and

eventually the spin splitting becomes large enough to be observed as a beating pattern in

the magneto resistance and a split peak in the Fourier transform. A low frequency peak

now appears, the low frequency difference peak is a MIS peak due to the intersubband
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scattering between the spin-split peaks. As the gate voltage increases, the spin split

peaks shift to higher frequencies, and the frequency difference between the two spin-split

peaks increases.

The change in frequencies and the splitting of the frequencies at different gate voltages

for all of the different samples is shown in Fig. 4.8. In all of the samples, a single frequency

is initially observed that increases with gate voltage. As the gate voltage increases, the

Rashba spin-orbit coupling increases, and eventual the single frequency spin splits and

an additional low frequency peak appears due to the difference in frequency between

the two spin split bands. The low frequency peak is confirmed to be from MIS, the

frequency of the MIS peak is in good agreement with the difference in frequency of

the two spin split peak. In all of these samples, gate control over the spin splitting is

demonstrated, indicative that the Rashba spin-orbit coupling is the dominant spin-orbit

coupling mechanism in these quantum wells.

4.5 Influence of digital alloying on the spin-orbit cou-

pling

The linear spin-orbit coupling parameter can be extracted from the frequencies of

the spin splitting. For a spin split band, the frequency can be converted into a carrier

density with the following formula n± = ef±/h, where e is the elementary charge and h

is the Planck constant. With these frequencies, the linear spin-orbit coupling parameter

can now be determined [14]:

α =
(n+ − n−)ℏ2

m∗

√
π

2(n+ + n−)− 2(n+ − n−)
(4.1)
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Figure 4.8: Fourier transform spectra frequencies of the a) random alloy QW, b)
InAs/GaAs DA QW, c) InAs/InGaAs DA QW, and d) 3% graded InAs/InGaAs DA
QW. At lower gate voltages a single frequency (f0) is observed. At higher gate voltages,
this frequency increases. Eventually f0 spin splits into two frequencies (f- & f+). A
low frequency peak appears (fMIS) and corresponds to the difference in frequencies
between the two spin split peaks (f+ - f-).
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Figure 4.9: SOC parameter at different carrier densities for the different samples.
The black line is a linear fit of the SOC parameter to the random alloy QW, with
the colored lines offset from the linear fit to the random alloy QW by the predicted
interface Rashba SOC contribution.

The SOC parameter at different carrier densities, with the total carrier density deter-

mined from SdH oscillations, is shown in Fig. 4.9. The SOC parameter increases with

increases to the gate voltage and thus the carrier density. The gate tunability of the

SOC parameter is consistent with a change in the SOC parameter due to electric field

dependent contribution from Rashba SOC. At lower carrier densities, the random alloy

QW SOC parameter is similar what has been previously reported in InGaAs QW [61,62].

The InAs/GaAs DA QW has higher SOC parameter than the random alloy QW, while

both of the InAs/InGaAs DA QW samples have a lower SOC parameter than the random

alloy QW at most carrier densities. At very high carrier densities, the SOC parameter

of the 3% graded InAs/InGaAs DA QW exceeds the random alloy QW.

The Rashba SOC parameter (αR) can be separated into an electric field component
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(αRE
) and an interface component (αRi

).

αR = αRE
+ αRi

(4.2)

The αRi
can be calculated with k · p theory [14, 15], using the equation 1.8. The αRi

exhibits dependence on the electric field within the samples due to the increased asym-

metry of the wavefunction induced by larger electric fields. Both of the nongraded DA

QW have similar slopes to the change of the SOC parameter with carrier density as the

random alloy QW, and their dependence appears to be offset from the dependence of

the SOC parameter with carrier density of the random alloy QW. The InAs/InGaAs DA

QW has a 20 meVÅ smaller SOC parameter, while the InAs/GaAs DA QW has a 138

meVÅ larger SOC parameter. The similar slopes are indicative that the change in the

Rashba SOC due to the electric field from the gate is the same, but the nongraded DA

QW have a different zero electric field αRi
. However, the 3% graded InAs/InGaAs DA

QW appears to have much steeper slope, and the SOC parameter appears to change more

rapidly with changes in carrier density. The steeper slope is likely due to the αRi
having

a stronger electric field dependence from the greater asymmetry in the wavefunction due

to compositional grading.

The linear fit to the random alloy QW SOC parameter was offset by the calculated

difference in αRi
between the DA QW and the random alloy QW, shown in Fig. 4.9. The

αRi
was calculated using equation 1.8. There is good agreement between the measured

SOC parameter of the nongraded InAs/InGaAs DA QW and the fit to the random

alloy QW SOC parameter offset by the zero electric field αRi
, which is indicative that

the difference is due to the interface contribution to Rashba effect. The compositional

grading in the 3% graded InAs/InGaAs DA QW induces a larger change in the predicted

αRi
, and the larger decrease in observed in the SOC parameter of this sample at lower
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carrier densities qualitatively agrees with this prediction. The overall decrease in the

total SOC of the graded and nongraded InAs/InGaAs DA QW can be explained as being

due the direction of the change in Rashba SOC induced from the digital alloying being

opposite to the direction of the Rashba SOC induced from the gate electrode. As a result,

there is a net decrease in the total SOC of the InAs/InGaAs DA QW. If the quantum

well heterostructure were to be inverted, with the bottom interface with the barrier

being InGaAs and the top interface with the barrier being InAs, it is expected that the

directions of the interface and electric field effects to align, and a overall enhancement

of the total spin-orbit coupling to be observed. However, this experiment has yet to

be performed. These results show that the changes in the spin-orbit coupling can be

qualitatively explained by the interface contribution to the Rashba effect. However, both

the direction and the larger magnitude of the change in SOC in the InAs/GaAs DA QW

cannot be explained with k · p theory, and this change likely requires further theoretical

investigation to understand.

4.6 Summary

In summary, digital alloying was demonstrated to significantly modify the SOC of

the quantum wells in InGaAs quantum wells. Gate control of the SOC in the quantum

wells was observed for the random alloy and the digital alloy quantum wells. Changes

up to 138 meVÅ of the SOC parameter were observed, with the largest changes in the

InAs/GaAs DA QW. Nongraded DA QW were observed to have similar changes in SOC

parameter with gate voltage, but are offset from each other. The changes in the nongraded

DA samples can be qualitatively understood as being due to changes in the Rashba

parameter induced from differences at the interfaces. The compositionally graded DA

QW demonstrated stronger gate tunability of the SOC in the quantum well, which is likely
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due to the increased asymmetry of the quantum well from the compositional grading.

Further theoretical investigation is required to quantitatively explain the changes in the

SOC. These results establish digital alloying as an effective method of modifying the SOC

of quantum wells.
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Chapter 5

Fermi-level pinning in InSb surfaces

5.1 Fermi-level pinning in semiconductor surfaces

The breaking of translational symmetry at a surface or interface of a crystal al-

lows evanescent waves to exist within the gap of a semiconductor, generating surface

states [114]. Semiconductor surface states have a strong influence on the properties of

semiconductor devices. At sufficiently high surface state densities, these surface states

can pin the Fermi-level of a semiconductor surface near the charge neutrality level, re-

gardless of the semiconductor’s bulk Fermi-level position and inhibit the control of the

Schottky barrier height of the metal-semiconductor interface [115]. The Fermi-level pin-

ning due to surface states is shown schematically in Fig. 5.1. Additionally, semiconductor

surface states can serve as a source of surface recombination, which can negatively impact

device performance [116].

InSb is a III-V zincblende semiconductor with a small (∼0.2 eV) band gap and a

high (∼80, 000 cm2V-1s-1) room temperature electron mobility [117]. The small band

gap of InSb has enabled the use of InSb for infrared detection [118, 119]. InSb has been

explored as a material for high-speed and low power transistors due to its high electron
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Figure 5.1: a) Schematic nonequilibrium condition of a n-type semiconductor with
a surface that posses a surface state distribution with a charge neutrality level in the
middle of the band gap. b) Equilibrium condition of the surface band bending, with
the surface Fermi-level pinned near the charge neutrality point.

mobility [120–122]. Recently, InSb has attracted interest as a candidate material for

terahertz electronics [123,124], and as a building block for topological quantum computers

due to its strong spin-orbit coupling [125,126]. In the application of topological quantum

compuing, the Fermi-level pinning of InSb is an especially important parameter. In the

proposals for implementing InSb in topological quantum computing, InSb is interfaced

with superconductors to form hybrid semiconductor/superconductor heterostructures.

The Fermi-level pinning is predicted to influence the degree of hybridization between the

two materials and thus the properties of these heterostructures [127]. In addition, the

Fermi-level pinning position is expected to influence the Rashba spin-orbit coupling of

these devices. To better engineer InSb based devices, understanding the surface electronic

properties of InSb is essential. In particular, the electronic properties of the (001), (110),

and (111) surfaces of InSb are of particular importance, these surfaces are the most

commonly utilized surfaces for current and future InSb devices.
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While many of the clean InSb surfaces have been imaged with STM [128–140], there

have been only a few studies on the surface electronic structure of InSb with STS [135,140,

141]. Most STS studies of InSb have been on the cleaved (110) (1x1) surface [135, 141],

which have demonstrated the cleaved surface can be unpinned and devoid of surface states

within the semiconductor band gap. In this work, the electronic structure of InSb (001),

(110), and (111)B wafers prepared by molecular beam epitaxy and atomic hydrogen

cleaned is studied by low temperature STM/S. The findings yield further insights into

the nature of InSb surfaces.

5.2 Experiment

5.2.1 Sample preparation

Unintentionally doped InSb (001), (110), and (111)B wafers (Wafer Technology Ltd.)

were used as the substrates for this study. The InSb wafers had an unintentional n-type

doping of ∼ 1 × 1014 cm-3. After loading into the vacuum chamber, the native oxide of

the InSb wafers was removed with in-situ atomic hydrogen cleaning. To hydrogen clean

the samples, the samples were heated to 380 oC, as measured by a thermocouple near

the sample, and exposed to a chamber pressure of 5 × 10−6 Torr of atomic hydrogen,

as measured by an ion gauge on the chamber. The atomic hydrogen was generated by

flowing hydrogen gas through a leak valve and into a thermal cracker (Dr. Eberl MBE-

Komponenten GmbH), which was operated at a temperature of 1700oC. The temperature

window for correct hydrogen cleaning was found to be narrow for InSb substrates. With

a pressure of 5 × 10−6 Torr of atomic hydrogen, the temperature window for correct

hydrogen cleaning was found to be approximately 20 oC. If the samples were cleaned at

hotter temperatures, excess In would form and metal droplets on the InSb begins to be
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Figure 5.2: a) STM image of InSb (111)B cleaned at low temperatures, brights spots
due to residual surface oxide are visible (IT = 5 pA, VB = 3 V). b) STM image of a
10 nm thick InSb epilayer on a InSb (111)B substrate, step bunching is visible (IT =
5 pA, VB = 3 V).

observed. If the sample is cleaned at cooler temperatures, the surface oxide is not fully

removed, and patches of oxide on the surface can be observed in STM, as seen as the

bright spots on the monolayer terraces in the STM image of the InSb (111)B surface after

hydrogen cleaning in Fig. 5.2a. It is found that upon increasing the pressure of atomic

hydrogen to 5 × 10−5 Torr, the temperature required for removal of the surface oxide

could decrease to below 300 oC. Higher pressure hydrogen cleaning appears to widen

the temperature window for hydrgoen cleanning and enable lower temperature hydrogen

cleaning. The hydrogen cleaning step resulted in the c(8x2), (1x1), and (3x3) surface

reconstructions for the (001), (110), and (111)B surfaces, respectively.

To obtain different surface reconstructions, the samples were transferred in-situ into

a molecular beam epitaxy chamber with a base pressure < 1× 10−10 Torr, where a 20 -

100 nm thick unintentionally doped InSb layer was grown at 360 - 400 oC. Defects such

as step edge pinning was observed in the growth of homoepitaxial InSb thin films on the
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(111)B surface, shown in Fig 5.2b. Defects such as step bunching, hillocks, and rotational

twinning are common during the growth of (111)B III-V surfaces [43,142,143]. To prevent

excessive defect formation in the thin film, the thickness of the thin film on the InSb (111)

B was limited to 20 nm. The final surface reconstruction was determined by annealing

the surface at different Sb overpressures and monitoring the surface reconstruction with

reflection high energy electron diffraction.

5.2.2 STM/S measurements

After surface preparation, the samples were rapidly cooled and then transferred in-

situ into a STM. In-situ scanning tunneling microscopy was performed with an Omicron

Low Temperature STM at 4.6 K or 77 K with a base pressure < 4 × 10−11 Torr. Elec-

trochemically etched tungsten tips or mechanically cut PtIr tips were used for the STM

experiments. The native oxide on the tungsten tips was removed with electron beam

heating. All tips were characterized on gold prior to the STM experiments. Scanning

tunneling spectroscopy was performed at constant tip height. The dI/dV was measured

with a lock-in amplifier, with an AC modulation frequency of ∼ 1 kHz and modulation

voltage of 5-10 mV. To ensure the spectra presented in this study are representative of

the surface electronic properties, the spectra of each surface presented in this study are

the average of at least 50 different individual spectra taken at different spatial positions

on the surface.

Ensuring the STM tip is free of contamints is essential for accurate measurements

of the local density of states of the sample surface from a STS spectra. The I-V curve

of a STS spectra on gold should be linear, with the dI/dV being featureless. During

STM/S measurements the tip can be contaminated with InSb or an insulating surface

contaminant such as an oxide. If this happens, then the measured dI/dV will demon-
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strate features from the contaminant from the tip, typically resulting in features such

as anomalously large energy gaps or unusual peaks in the STS spectra. These effects

can be screen by checking the STM tip with gold. If the STM tip is contaminated, it is

recommended that the tip is dipped into gold to displace or bury the contaminate or the

tip is field emission cleaned. The details of field emission cleaning are give in Appendix

E. It was found that scanning with large positive biases between the tip and the sample

helps prevent the STM tip from picking up InSb or Sb on the tip. All of the STS spectra

shown in this study use a positive bias of either 1.5 - 2 V and a current of ∼ 1 nA to

settle the tip prior to acquiring the STS spectra.

5.3 (001) Surface

A filled states STM topographic image of the (001) centered (8x2) surface is shown

in Fig. 5.3(a). This centered (8x2) surface, or c(8x2) surface reconstruction, is an In

rich surface of the InSb (001) surface [144]. Visible in the STM image are Sb dimers.

Columns composed of two Sb dimers are present. The c(8x2) surface is composed of

pairs of Sb dimers separated by rows of In atoms. The surface reconstruction unit cell

is outlined in blue. A ball and stick model [131] of the c(8x2) surface reconstruction is

shown in Fig. 5.3(b) with the unit cell outlined in blue. The STM images of the c(8x2)

surface are consistent with prior studies of the c(8x2) surface [129–134]. Additionally,

round defects are present in the STM image. These defects are domain boundaries in

the surface reconstruction. The domain boundaries are formed when different domains of

Sb dimer stacking intersect. These domain boundaries are observed at low temperatures

and are discussed at length elsewhere [130].

Fig. 5.3(c) shows a empty states STM topographic image of the (001) asymmetric

(1x3) surface, or a(1x3) surface. The a(1x3) is a Sb-rich InSb(001) surface reconstruction
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[144]. The surface has a ”wormlike” morphology with bright dots on top of the ”worms”.

The ”wormlike” chains are disordered rows of Sb atoms. The bright dots on top of the

chains are likely excess Sb clusters on the surface. This observed surface morphology

is similar to other reports on the InSb a(1x3) surface [129, 132]. It was proposed that

the a(1x3) surface reconstruction is (2x4) surface reconstruction composed of different

polymorphs of the (2x4) surface reconstruction [144]. However, an atomic model of the

a(1x3) surface has yet to be directly confirmed by STM.

The dI/dV spectra, or STS spectra, of the InSb (001) c(8x2) and a(1x3) surfaces

is shown in Fig. 5.3(d). Two a(1x3) surface where prepared with low and high Sb.

The low Sb a(1x3) surface was prepared by supplying enough Sb to change the surface

reconstruction from the c(8x2) to the a(1x3). The high Sb a(1x3) surface was prepared

by supplying additional Sb beyond what was supplied to obtain the a(1x3) surface. The

spectra are vertically offset for clarity. The spectra of the c(8x2) surface reconstruction

is shown in blue. This spectra is devoid of subgap states and the valence band edge is

36±25 meV below the Fermi-level (0V). The conduction band edge is 213±25 meV above

the Fermi-level. The band gap energy is determined by subtracting the valence band edge

energy from the conduction band edge energy. The measured band gap is 249± 35 meV

for the c(8x2) surface, which is in good agreement with the expected low temperature

band gap of 240 meV [146]. The good agreement between the measured band gaps and

the expected band gaps is indicative of no significant tip induced band bending, and

thus the voltage in the STS spectra can be directly interpreted as the energy, eV. All

STS spectra presented in this report have measured band gaps of InSb that are in good

agreement with the low temperature band gap of InSb. The spectra of the low Sb a(1x3)

surface is shown in green, the valence band edge is 74 ± 25 meV below the Fermi-level

and the conduction band edge is 197 ± 25 meV above the Fermi-level. A subgap state

at 126 ± 25 meV is present in the a(1x3) low Sb spectra, this state is potentially from
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Figure 5.3: STM/S of the InSb (001) surface. (a) Filled state STM image of the In
rich c(8x2) surface reconstruction (V = -0.7 V, I = 1 nA). Surface reconstruction unit
cell is outlined with a blue box. The bright spots in the image are Sb dimers, and the
round defects are domain boundaries in the surface reconstruction. (b) top and side
view of the atomic model of the c(8x2) surface reconstruction. Atomic model based
on the model as described in Ref. [131]. The surface reconstruction unit cell of the
atomic model is outlined in blue. (c) Empty state STM image of the Sb rich a(1x3)
surface reconstruction (V = 1.0 V, I = 200 pA). The lines are chains of Sb atoms and
the larger dots on the sample are likely excess Sb. (d) STS spectra of In rich c(8x2)
surface, a(1x3) surface with low Sb, and a(1x3) surface with high Sb. Spectra plotted
on a semi-log scale and vertically offset. Reproduced with permission from [145].
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the excess Sb on the surface. Surface Sb islands are reported to posses states within

the band gap of III-V semiconductors [147]. The spectra of the high Sb a(1x3) surface

is shown in red, the valence band edge is 290 ± 25 meV below the Fermi-level and the

conduction band edge is 63 ± 25 meV below the Fermi-level, indicating the surface is

in electron accumulation. There are no surface states within the band gap of the high

Sb-rich a(1x3) surface. However, relatively large conductance is observed throughout

the gap of a(1x3) high Sb spectra. This high conductance is likely due to the electron

accumulation layer induced at this surface. The induced conductance within the gap of

a semiconductor due to an accumulation layer is discussion at length in elsewhere [148].

Through adding additional Sb on the (001) surface of InSb the Fermi-level shifts towards

the conduction band by 254± 35 meV, relative to the valence band edge. Hence, Sb can

be used to tune the surface Fermi-level position from close to the valence band to the

conduction band.

5.4 (110) Surface

Fig. 5.4(a) shows an empty state STM image of the (110) (1x1) surface. Visible in the

image are the In atoms present on the surface. The In atoms form a rectangular lattice

characteristic of the (1x1) surface reconstruction. The surface unit cell is outlined in blue.

Fig. 5.4(b) is the atomic model of the InSb (1x1) [135], which is a surface comprised of a

rectangular lattice of Sb and In atoms and natively has a 1:1 ratio of Sb:In. Point defects

are also present in the STM image of the (1x1) surface. The observed (1x1) STM images

are consistent with prior studies of the (1x1) surface [135]. The STS spectra of the (1x1)

surface is shown in 5.4(c). The valence band edge is 22± 25 meV below the Fermi-level

and the conduction band edge 249 ± 25 meV above the Fermi-level. Other STS studies

of cleaved InSb (110) (1x1) reveal an unpinned surface [135,141]. The observed pinning
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Figure 5.4: STM/S of the InSb(110) (1x1) surface. (a) Atomic resolution empty state
image of the (1x1) surface reconstructions (V = 1.5 V, I = 1 nA). The In atoms of
the surface reconstruction are imaged. The surface reconstruction unit cell is outlined
in blue. (b) Atomic model of the (1x1) surface reconstruction, the surface unit cell
is outlined in blue. (c) STS spectra of the (1x1) surface reconstruction. Reproduced
with permission from [145].

near the valence band maximum of the (1x1) surface is likely due to a larger number of

step edges and point defects being present in the (110) (1x1) surface prepared by atomic

hydrogen cleaning. Similar defect induced Fermi-level pinning of the (110) (1x1) surface

has been observed before in GaAs [149]. There is a shoulder of states present in the band

gap. These states are potentially due to dopant induced conductance, which results in

states observed throughout the bandgap of the material due to accumulation within the

valence band states, or states due to point defects on the surface. A deeper discussion of

the dopant induced conductance states can be found elsewhere [148].

5.5 (111)B Surface

An empty states STM image of the InSb (111)B (2x2) surface is shown in Fig. 5.5(a).

A higher resolution scan of the surface is shown in Fig. 5.5(b). Visible in the STM

image are the surface trimers and additional spots. The surface reconstruction unit cell

is outlined in blue. The (111)B (2x2) surface is a Sb rich surface of InSb(111)B [150]. An
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Figure 5.5: (a) Empty state STM image of the InSb(111)B (2x2) surface reconstruction
(V = 1.0 V, I = 70 pA). (b) Higher resolution STM image of the (2x2) surface
reconstruction, with the surface reconstruction unit cell outlined in blue (V = 1.0 V,
I = 70 pA). Sb trimers and larger Sb clusters are visible. (c) Atomic model of the
(2x2) surface reconstruction, which is comprised of Sb trimers. Atomic model based
on the model as described in [136]. The unit cell is outlined in blue. (d) Empty state
STM image of the InSb(111)B (3x3) surface reconstruction (V = 1.0 V, I = 400 pA).
Hexamers are visible in this STM image and the surface reconstruction unit cell is
outlined in blue. (e) Atomic model of the (3x3) surface [137], the surface is comprised
of hexamers, which contain a ring of alternating In and Sb atoms. The unit cell is
outlined in blue. (f) STS spectra of the (2x2) and (3x3) surface, spectra are vertically
offset. Reproduced with permission from [145].
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atomic model of the (2x2) surface [136] is shown in 5.5(c). The surface is composed of

Sb trimers which comprise form the main visible features in the STM image. The STM

images are consistent with prior STM studies of the InSb(111)B (2x2) surface [136].

The larger spots visible in the image are likely clusters of excesss Sb on the surface. Fig.

5.5(d) shows an empty state STM image of the InSb (111)B (3x3) surface reconstruction.

Hexamers are visible in the STM image. The surface reconstruction unit cell is outlined

in blue. There are multiply polytypes of the (3x3) surface reconstruction hexamers, with

varying In:Sb ratios and shapes [137]. Based on the surface morphology, the particular

hexamer polytype observed after hydrogen cleaning is determined to be a buckled ring

of alternating Sb and In atoms. This surface nominally has an equal In:Sb ratio. The

atomic model of the surface reconstruction [137] is shown in Fig. 5.5(e), with the unit

cell outlined in blue. The STS spectra of the (3x3) and (2x2) surface reconstructions is

shown in 5.5(f). The spectra are vertically offset for visual clarity, with the red spectra

corresponding to the (2x2) suface and the blue spectra corresponding to the (3x3) surface.

Both spectra show clearly resolvable band edges and a bandgap devoid of subgap states.

The valence band edge of the (2x2) 4 ± 25 meV above the Fermi-level, and the valence

band edge of the (3x3) surface is 64±25 meV above the Fermi-level. The conduction band

edge of the (2x2) is 275 ± 48 meV above the Fermi-level, and (3x3) surface conduction

band edge is 285 ± 25 meV above the Fermi-level. The (3x3) surface is in slight hole

accumulation. There is a small 60±35 meV upwards shift of the Fermi-level towards the

conduction band upon Sb deposition, relative to the valence band edge.

The InSb(111)B (3x1) surface reconstruction is an In rich surface which has been ob-

served in reflection high energy electron diffraction during thin film growth of InSb(111)B

[150]. An empty and filled state image of the same region on (3x1) surface is shown is

Fig. 5.6(a) and (b), respectively. From the empty state image two distinct regions are

present: a region of the previously observered (3x3) surface reconstruction and a region
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Figure 5.6: (a) Empty state STM image of the InSb(111)B (3x1) surface reconstruction
(V = 1.0 V, I = 74 pA). Hexamers are visible on the surface. A region of ordered
Hexamers forming a (3x3) reconstruction and a region of disordered hexamers are
present. (b) Filled state STM image of the same region, individual Sb atoms of the
hexamers are visible (V = -1.0 V, I = 70 pA). (c) STS spectra of the (3x1) surface in
an disordered region. Reproduced with permission from [145].

of disordered hexamers. It is apparent that this (3x1) surface is a mixed reconstruction

surface composed of ordered and disordered hexamers. Sb atoms of the hexamers are

visible in the filled state image of the same region. In this image the three Sb atoms of

the (3x3) hexamer are visible and ordered. In the disordered region, the Sb atoms of

the hexamer are rotated and often missing Sb atoms. To conclude, the (3x1) surface is

a disordered surface comprised of hexamers which are rotated and often contain missing

Sb atoms. This (3x1) surface is also a metastable surface, which will eventually convert

to the (3x3) surface after annealing. The observed (3x1) surface in this study is very

different than a prior study of the (111)B (3x1) surface, which reveals an ordered (3x1)

surface reconstruction [138]. This difference is attributed to a difference in surface prepa-

ration. The ordered (3x1) surface was prepared by cycles of Ar sputtering and electron

beam heating of the sample, and the observed ordered (3x1) is potentially stabilized by

the different thermal processing induced from electron beam heating. The STS spectra

of the disordered region is shown in Fig. 5.6(c). In this spectra, multiple subgap states
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are observed, with the peak energies located at 47±25, 112±25, and 139±25 mV. These

surface states likely originate from the dangling bonds created from the missing atoms

in the hexamers. The valence band and conduction band edges are located at 15 ± 25

and 246± 25 mV above the Fermi-level. For the (3x1) surface, the surface Fermi-level is

pinned at the valence band edge.

The valence band edge energies (Ev), conduction band energies (Ec), and band gaps

(Eg) of all of the measured surfaces are sumarized in Table 5.1. The band bending

profiles of the various surfaces is shown in Fig. 5.7, and the band bending profiles were

computed using the method described by Tan et al. [3]. The Fermi-level of the In rich

and the equal In:Sb surfaces is pinned near the valence band maximum and upwards

band bending occurs at the surface. This observed Fermi-level pinning is consistent with

previous reports of a charge neutrality level near the valence band and acceptor like

surface states [151–154]. Upon deposition of Sb on the (001) and (111)B surface Fermi-

level shifts upwards towards the conduction band. In the (001) a(1x3) high Sb surface,

downward band bending occurs, and the surface is in electron accumulation. We propose

the origin of the upwards shift of the surface Fermi-level upon Sb deposition is electron

doping of the surface from Sb clusters, which are present on the Sb rich surfaces. Sb

clusters can be semimetallic [155], and can potentially serve as an electron donor on the

surface. In comparison to the (001) surface, excess Sb on the (111)B surface does not

appear to shift the surface Fermi-level as significantly. The smaller measured Fermi-level

shift it potentially due to a higher surface state density on the (111)B surface.

5.6 Summary

The electronic structure of clean InSb (001), (110), and (111)B surfaces was studied

with STM/S. We find that the Sb shifts the surface Fermi-level towards the conduction
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Figure 5.7: Calculated surface band bending profiles of the various InSb surfaces. (a)
The profiles for the (001) surfaces. (b) The profile of the (110) (1x1) surface. (c) The
profile of the (111)B (2x2) and (3x3) surface, inset is the surface band bending region
within 20 nm of the surface. (d) The band bending profile of the (111)B (3x1) surface.
Reproduced with permission from [145].
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Table 5.1: Valence band edge energy (Ev), conduction band edge energy (Ec), and
band gap energy (Eg) of the various InSb surfaces. All band edge energies are with
respect to the Fermi-level. Band gap energy is defined as: Eg = Ec − Ev.

Surface Ev (meV) Ec (meV) Eg (meV)
(001) c(8x2) −36± 25 213± 25 249± 35
(001) a(1x3)1 −74± 25 197± 25 271± 35
(001) a(1x3)2 −290± 25 −63± 25 227± 35
(110) (1x1) −22± 25 249± 25 271± 35
(111)B (2x2) 4± 25 275± 48 271± 54
(111)B (3x3) 64± 25 285± 25 221± 35
(111)B (3x1) 15± 25 256± 25 231± 35

band on the (001) surface, and Sb exposure to the surface can shift the surface from

depletion to electron accumulation. In contrast to the (001) surface, excess Sb on the

(111)B surface does not as effectively shift the surface Fermi-level, potentially due to a

higher acceptor surface state density. The surface Fermi-level of the In rich and equal

In:Sb (001), (110), and (111)B surfaces remains close to the valence band maximum,

which is consistent with a charge neutrality level near the valence band maximum. The

(111)B (3x1) surface is determined to be a metastable, disordered (3x3) surface with many

vacancies. Multiple surface states were present within the band gap of the (3x1) surface.

These surface states are attributed to the disorder and the vacancies present in the

surface. These findings yield further insights into the Fermi-level pinning of various InSb

surfaces and demonstration of Fermi-level tuning of (001) and (111)B surfaces devices

via Sb terminated surfaces, thereby enabling further tunability of InSb based devices.
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Chapter 6

Strain solitions in an epitaxial

bismuth thin film

6.1 Epitaxial bismuth thin films

Bismuth a trigonal crystal (R3̄m) comprised of buckled van der Waals like layers

with the normal of the van der Waals like layers oriented in the < 0001 > direction

(Fig. 6.1A & B). The c-axis lattice constant is 11.86 Å, and the a-axis lattice constant

is 4.547 Å [156]. Bulk bismuth is a semimetal with strong spin-orbit coupling, and has

shown evidence of higher order topology [157]. A single van der Waals layer of bismuth

is called a bilayer (BL) of bismuth. Bismuthene is a single bilayer of bismuth. As the

thickness of a bismuth thin film is reduce, it can underogo a semimetal to semiconductor

transition [158]. Bismuthene is predicted to be a QSH insulator. The large spin-orbit

coupling of bismuthene is predicted to result in a relatively large topological gap of 200-

800 meV [159–162]. This large inverted gap has made Bismuthene a promising material

candidate for room temperature QSH devices. The size of the inverted gap is expected to

vary significantly with strain, and it is predicted that both tensile strain and compressive
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Figure 6.1: A) Top view of an individual bilayer (BL) of bismuth, unit cell of bismuth
is outlined. B) Side view of a bismuth BL, with the unit cell outlined. C) Layer
schematic, consisting of an InSb (111)B substrate, a wetting layer (WL), and the
bismuth (0001) thin film. 200 nm x 200 nm STM height images of: D) the bismuth
WL on the InSb surface after deposition of 1 BL of bismuth (IT = 5 pA, VB = 3 V,
vertical range = 7.5 Å), E) a 2 BL thick film, with bismuth islands growing on the
wetting layer (IT = 5 pA, VB = 3 V, vertical range = 16 Å), and F) a 30 BL thick
film, showing a complete film with 1 BL terraces present (IT = 5 pA, VB = 3 V,
vertical range = 15 Å). Reproduced under a creative commons license from [164].

strain can enhance the size of the gap [161,163].

Two-dimensional topological insulators, or quantum spin hall (QSH) insulators, are

bulk insulators that possess Dirac-like gapless helical edge states, which carry two spin-

polarized currents propagating in opposite directions and has quantized conductance of

e2/h per edge state. The QSH state is induced via band inversion, which typically is

generated due to strong spin orbit coupling while preserving time reversal symmetry.

These spin polarized helical edge states of QSH insulators have been proposed as po-

tentially useful for both spintronics and quantum computation. The hallmark of the
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QSH state is the robust quantized conductance, which is observed via electron trans-

port measurements. Only a select number of materials have demonstrated this property,

namely HgTe quantum wells [165], InAs/GaSb bilayers [166], and WTe2 [167]. The rel-

atively small inverted gap (3 - 50 meV) of the materials has resulted in the QSH effect

only being observed at low temperatures. The QSH effect was observed up to 15 K in

HgTe, while in WTe2 it was observed up to 100 K. However, the WTe2 measurement

was observed in exfoliated flakes, which is currently an unscalable process. The typical

inverted gap size of the aforementioned materials ranges from a few to tens of meV. The

inability to observe the QSH effect at room temperature presents a major challenge for

the realization of practical devices based on this effect.

To date, conclusive evidence the QSH state in bismuthene via electron transport

remains lacking. Attempts at Bismuthene growth has been predominately on SiC [159],

Ag [168], Bi2Te3 [169, 170], Si [171], or Ge [172] substrates. Bismuthene growth on SiC

subrates remains a challenge since bismuth can nucleate on various sites on the SiC,

resulting in grains of bismuthene having the same orientation but different registries

growing on the surface. This results in bismuthene thin films which have very high

densities of domain boundaries. The domains size of the bismuthene is approximately 10

nm. The high domain density likely leads to significant scattering and thus have poor

electron transport behavior [173]. Islands of bismuthene have been grown on substrates

such as Ag or Bi2Te3. However, these substrates are electrically conductive and as a

consequence are unsuitable for electron transport measurements to observe the QSH

effect. Attempts at the growth of bismuthene Si and Ge substrates has resulted in thin

films of pseudo-cubic allotropes bismuth and not the trigonal bismuthene [172,174,175].

Once the bismuth thin films are thicker than approximately 6-10 bilayers of bismuth,

this pseudo-cubic like bismuth transforms into the trigonal bismuth. It is proposed

that ultrathin pseudo-cubic allotrope is stable on Si and Ge due to weak substrate-
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film interactions resulting in free standing bismuth nucleating non-epitaxially and the

pseudo-cubic phase being energetically more stable in the few layer regime [174]. So

far, the wafer scale growth of single crystalline bismuthene on semiconductor substrates

remains elusive and therefore conclusive transport evidence of the QSH state has yet to

be performed. The challenge of growing bismuthene motivates the growth of bismuth on

different substrates such as III-V substrates.

6.2 Strain solitons

Strain solitons are topological defects in van der Waals materials that act as quasi-

dislocations to relieve lattice or rotational mismatch [176] instead of relaxation by dis-

location formation observed in non-layered materials. The strain solitons are local re-

gions of the crystal where the atoms have rearranged to relieve elastic strain and the

local symmetry is broken. Novel electronic properties such as local band gap modifi-

cation [177], charge carrier confinement [178], flatbands [179–181], and topological edge

modes [182, 183] have been both predicted and observed to occur within the strain soli-

tons. Strain solitons have been experimentally observed in mechanically strained bulk

crystals [178], exfoliated graphene layers [176, 179, 182–185], hBN multilayers [186], and

twisted transition metal dichalcogenides [177, 187]. However, a wafer scale approach for

the generation of strain solitons has yet to be demonstrated. The lack of a wafer scale

method to generate strain solitons poses a significant challenge for the utilization of the

novel properties of strain solitons in industrial devices. It is therefore desirable for a

wafer scale approach for the formation of strain solitons, such as epitaxial growth, as a

method to both investigate the properties of strain solitons and as a scalable approach

to create functional devices based on strain solitons.
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6.3 Experiment

Bi thin films where grown by MBE on unintentionally doped InSb (111)B (Wafer

Technology Ltd.) substrates. The substrate surface was cleaned with atomic hydrogen

cleaning, see the previous chapter for additional details on the surface preparation, which

resulted in the (3×3) surface reconstruction. Thin films were nucleated at 14 oC followed

by low temperature annealing at 80-120 oC for several hours to improve the film morphol-

ogy. All thickness reported in this study are nominal thickness based on the calibration

of the growth rate from Rutherford backscattering spectrometry.

In-vacuo STM measurements were performed with an Omicron LT STM at 78 K.

Mechanically cut PtIr tips prepared with field emission on Au foil were used for the STM

measurements.

6.4 Strain soliton formation in bismuth thin films

In this study, strain solitons in bismuth are generated with heteroepitaxial growth

of bismuth on InSb (111)B. Thickness reported are the nominal thickness from the cal-

ibrated growth rate. From the bulk lattice constants and the symmetry matching, the

InSb (111)B substrate is expected to apply a 0.8% biaxial tensile strain to the bismuth

thin film. The layer schematic of the material system is shown in Fig. 6.1C, where the

layer structure comprises of the InSb (111)B substrate, a bismuth wetting layer, and the

bismuth thin film. The first bilayer (BL) of bismuth deposited on InSb forms a wetting

layer comprised of atoms arranged in a Sierpiński triangle like pattern [188] (Fig. 6.1D).

Upon subsequent deposition of additional bismuth, islands of (0001) bismuth grow epi-

taxially on the wetting layer (Fig. 6.1E). While ultrathin bismuth thin films have been

observed to grow in the black phosphorous crystal structure [175], the quasi-hexagonal
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Figure 6.2: 50× 50 nm STM images of a) InSb (111)B (3× 3) surface reconstruction
(IT = 5 pA, VB = 3 V). Bright spots in the image are excess Sb chunks on the surface.
b) 0.2 BL of Bi on the InSb (111)B surface (IT = 5 pA, VB = 3 V). c) 1 BL of Bi on
the InSb (111)B surface STM image of the Sierpiński triangle wetting layer (IT = 5
pA, VB = -1 V).

bismuth phase is observed to grow in this study for all thicknesses, which likely forms

due to the interactions with the substrate. The bismuth islands appear to be oriented in

the same direction, which is consistent with the absence of rotational twinning. After ad-

ditional deposition of bismuth, the islands of bismuth coalesce into a complete, epitaxial

single crystal thin film (Fig. 6.1F).

To further understand the formation of the Sierpiński triangle wetting layer, the

growth of subbilayer bismuth thin films was studied. In Fig. 6.2, an empty states STM

image of the InSb (111)B (3 × 3) surface reconstruction is shown, with the hexamers

of the reconstruction visible and brighter spots due to excess Sb clusters visible. After

deposition of 0.2 BL of bismuth on the surface, the bismuth appears to react with the

hexamers, and the reaction product appears to the cause the hexamers to start interacting

with each other, forming disordered loops and chains. Upon deposition of a 1 BL of

bismuth, the bismuth appears to fully react with the surface, creating the wetting layer

comprised of Sierpiński triangle triangles. From these measurements, it is clear that the

wetting layer forms by reacting with the surface of InSb (111)B and does not form on

100



Strain solitions in an epitaxial bismuth thin film Chapter 6

Figure 6.3: A) Schematic of a strain soliton, acting as the domain wall between
commensurate regions of the crystal in the thin film (top layer) on the substrate
(bottom layer). 200 x 200 nm STM height images of B) 2BL thick film, C) 3 BL thick
film, D) 4 BL thick film, E) 5.5 BL thick film, F) 10 BL thick film, and G) 30 BL
thick film (IT = 5 pA, VB = 3 V). Vertical scale range is 16 Å. Reproduced under a
creative commons license from [164].

top of the surface reconstruction.

Strain soliton formation (also termed ripplocations) in the bismuth thin films is due

to relaxation of the epitaxial tensile strain from the InSb substrate. The strain solitons

are local regions of incommensurate bismuth that are relaxed, these solitons separate

commensurate (strained) regions of bismuth (Fig. 6.3A). The relaxation of the bismuth

is visible in the STM height images of the bismuth thin films as local regions of brighter

contrast, the brighter contrast is predominately an out of plane buckling of the thin film
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due to the soliton relaxation, with little electronic state contribution to the contrast. In

the 2 BL thick film (Fig. 6.3B), soliton lines can be observed to start and terminate at

the edges of the bismuth islands. As the bismuth thin film becomes thicker the soliton

morphology can be observed to evolve from predominantly soliton loops in the 3 BL

thick film (Fig. 6.3C), to loops and nodes (Fig. 6.3D), and finally to a soliton network

(Fig. 6.3E & F). The strain solitons propagate through the different bilayer steps of

the bismuth thin film, indicating the strain solitons form at the interface between the

bismuth thin film and the wetting layer and propagate throughout the thin film. Upon

deposition of the 30 BL of bismuth, no evidence of strain solitons can be observed by

STM and the film appears to have completely relaxed (Fig. 6.3G).

6.5 Bending of strain solitons

Analogous to characterization of dislocations, strain solitons can be characterized

with the direction of their displacement vector and the direction of propagation [176].

Tensile strain solitons have a displacement vector perpendicular to the direction of prop-

agation, while shear strain solitons have a displacement vector parallel to the direction

of propagation. Tensile and shear solitons have different directions of propagation in the

crystal. In materials comprised of honeycomb lattices, tensile strain solitons propagate

along the zigzag or < 101̄0 > direction of the crystal while shear solitons propagate along

the armchair or < 112̄0 > direction of the crystal. Under a biaxial tensile strain, it is

expected that a regularly spaced network of tensile strain solitons [189, 190]. However,

irregularly spaced nodes in the soliton networks are observed in the bismuth. Addition-

ally, the bending of the strain solitons is also visible in the STM images for all thickness

in which strain solitons are visible. As a result of this bending, the strain solitons are of

tensile, shear, and mixed type in the bismuth thin film.

102



Strain solitions in an epitaxial bismuth thin film Chapter 6

Figure 6.4: A) Atomic resolution height image of 5.5 BL thick film (IT = 200 pA,
VB = 0.25 V, vertical range = 2.45 Å). B) STM height image of a large angle soliton
bend, with an edge dislocation present (IT = 200 pA, VB = 0.25 V, vertical range =
1.33 Å). From, the burgers circuit the burgers vector is a[011̄0]. C) STM height image
of a small angle (30o) bend, no edge dislocations are present at this bend (IT = 200
pA, VB = 0.25 V, vertical range = 1.12 Å). Reproduced under a creative commons
license from [164].

To gain further insight into the bending mechanism of the strain solitons, we examine

an atomic resolution STM height image of a 5.5 BL thick film where both a large angle

bend and a small angle bend in the strain solitons is observed (Fig. 6.4A). Fig. 6.4B

and 6.4C are enlargement of the large angle and small angle bends to resolve the atoms,

respectively. The large angle bend has a soliton bend angle of 150o with the strain

soliton converting from a tensile strain soliton to a shear strain soliton, and a point of

brighter contrast can be observed at the bend. This point of brighter contrast is an edge

dislocation core. The out of plane edge dislocation has an extra half plane in-plane of the

bismuth thin film. From the Burgers circuit, the Burgers vector is a[011̄0], with a being

the in plane lattice constant of the bismuth crystal. At the small angle bend of 30o, the

strain soliton also converts from a tensile strain soliton to a shear strain soliton. However,

at this small angle bend there is no edge dislocation present. The edge dislocations are

observed at bends of greater than 30o. This correlation between the large angle bending

of solitons and edge dislocations is due to a locally anisotropic strain field favoring the
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bending of a strain soliton and the nucleation of an edge dislocation to minimize energy,

similar to what has been observed before in uniaxially strain MoSe2 [178].

The bending and edge dislocation formation is indicative that there is inhomogeneous

strain relaxation. The inhomogeneous strain is likely induced in the thin films, instead

of the expected homogenous, biaxial tensile strain from heteroepitaxial growth. We

attribute the local inhomogeneous strain due to interactions between the bismuth and

the Sierpiński structure of the wetting layer, observed in Fig. 6.1D, formed from the

deposition of the first bilayer of bismuth. Additionally, the change in strain soliton

morphology from isolated loops to a soliton network, with the strain solitons becoming

predominantly tensile strain solitons as the film thickness increases, is likely due to local

interactions with the wetting layer dominate in the thinner films and induce a locally

inhomogeneous strain which results in the strain soliton morphology to favor bending

and loop formation. However, as the film thickness increases these interactions influence

is lessened and the biaxial strain from the substrate favors the formation of a strain

soliton network of tensile strain solitons. This process implies that the edge dislocations

present within the film will interact and annihilate as the strain solitons convert from

bent strains solitons to tensile strain solitons as the film thickness increases.

6.6 Strain mapping of strain solitons

Having now studied the bending of the strain solitons, the strain state of the strain

solitons in the bismuth thin film is investigated with strain maps from atomic resolution

STM images. Fig. 6.5A shows an atomic resolution height image of a 5.5 BL thick film,

where a soliton node is observed along with a tensile strain soliton and a shear strain

soliton. Fig. 6.5B is an enlargement of the image around the nodes where the atoms of

the bismuth thin film are clearly visible. In the atomic resolution image, only the atoms
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in the top layer of the bismuth bilayer are imaged, generating the observed hexagonal

lattice of atoms. The in-plane strain from the atomic resolution image is determined

from the atomic displacements measured with the Lawler-Fujita algorithm [47], which is

a method of determining atomic displacements similar to geometric phase analysis [46].

The Bragg peaks used for the analysis are circled in the Fourier transform of the atomic

resolution image shown in Fig. 6.5C. The in-plane strain maps of the strain solitons and

node are shown in Fig. 6.5D-F. The x and y directions are defined from the image axes,

Figure 6.5: A) 43.8 x 43.8 nm atomic resolution height image of a soliton node in
a 5.5 BL thick film, both a tensile and a shear strain soliton are present with their
corresponding displacement vectors indicated. (IT = 200 pA, VB = 0.25 V, vertical
range = 2.33 Å). B) Enlargement of the region near the node, atoms are visible. C)
FFT of the atomic resolution image, the Bragg peaks used for the strain analysis are
circled. Strain maps of the image: D) ϵxx, E) ϵxy, and F) ϵyy with the x and y axes are
defined as the image axes. Reproduced under a creative commons license from [164].
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which aligns the x direction closely to the [1̄1̄20]. From the maps it can be observed that

a relaxation of 2.9% ϵxx tensile strain and 1.3% ϵxy shear strain is concentrated at the

node. Additionally, the tensile strain soliton has the expected relaxation in the direction

perpendicular to the direction of propagation, with a maximum relaxation of 1.6% ϵxx.

Finally, it can be observed that within a shear strain soliton there is 1.4% shear strain

present and negligible normal strain present. However, it can also be noted that there

is tensile strain relaxation in the direction parallel to the direction of propagation, ϵyy,

present in the vicinity of the shear soliton. These results confirm the assignment of strain

soliton type based on the direction of soliton propagation. The observed tensile relaxation

is consistently larger than 0.8%, which is the expected tensile strain induced from the

InSb substrate. This larger than expected relaxation is likely due to the reduction of

lattice constant of bismuth in the ultrathin limit [191, 192], resulting in larger strains

being induced in the thin film when it is strained to InSb for ultrathin films. The

relaxation of 1.6% tensile strain is similar to the tensile strain of 1.5% required for the

formation of strain solitons in uniaxially strained MoSe2 [178], the results suggest that

relatively large tensile strains may be required before relaxation by strain solitons can

occur.

6.7 Scanning tunneling spectroscopy of strain soli-

tons

dI/dV spectroscopy of the 5.5 BL thick bismuth thin film on the strain soliton node

is shown Fig. 6.6. The location where the spectra were taken are indicated by the dots

in Fig. 6.6A. Significant changes to the dI/dV spectra occur when the measurement is

performed on the strain soliton node. Similar to what was observed in the 1D topological
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Figure 6.6: A) STM height images of 5.5 BL thick bismuth film (VT = 0.2 V, IB = 500
pA, vertical range = 2.04 Å) and B) STS in middle of region between strain solitons
and on the strain soliton node. C) STS of a 3 BL thick bismuth film on the center
of a terrace and on a strain soliton. Reproduced under a creative commons license
from [164].

edge states in bulk bismuth crystals [193], a small shift in the peak near 0.2 V towards

0V is observed in the strain soliton node. Additionally, a large peak shift occurs near

-0.75 V towards more negative voltages is also observed in the strain soliton node. In the

STS spectroscopy of a 3 BL thick bismuth thin film on a single strain soliton, a positive

shift in energy of the peaks associated with the surface states is observed (Fig. 6.6C).

Further investigations with higher resolution are required to understand the changes

in the electronic states confined in the strain solitons. These results demonstrate that

strain solitons can be used to generate localized electronic states at the wafer scale within

bismuth thin films, which is potentially enabling for scalable future bismuth-based devices

that require edge state conduction.

6.8 Summary

In summary, the formation of strain solitons in a van der Waals-like material with het-

eroepitaxial growth is demonstrated. The epitaxial strain enables the formation of strain

solitons. The bending of strain solitons is observed, with large angle bends accompanied
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by edge dislocations. A change in strain soliton morphology from loops to a network

is observed as the film thickness increases. Normal and shear strain is concentrated in

the nodes of the strain solitons. These results indicate that the wetting layer induces

an inhomogeneous strain state in the bismuth thin film. Changes in the local electronic

states are observed in the strain solitons. Our results demonstrate the importance of

interface interactions on the morphology of the strain solitons and enables the formation

of strain solitons on a wafer-scale, which is an essential step for scalable and functional

devices based on strain solitons. Finally, III-V substrates are a potentially promising

platform for the growth of ultrathin bismuth thin films. However, more closely lattice

matched (111)B substrates such as InAlSb virtual substrates are required to grow epi-

taxial bismuth thin films without relaxation by strain soliton formation, but the growth

of these virtual substrates has yet to be performed.
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Chapter 7

Summary and future work

7.1 Summary

The investigation of the growth and the properties of thin films with strong spin-orbit

coupling grown by molecular beam epitaxy was demonstrated. The properties of the thin

films were investigated with electron transport and scanning tunneling microscopy.

7.1.1 InGaAs quantum wells

In InGaAs quantum wells, improving the mobility was accomplished through a com-

bination of MBE growth and low temperature electron transport. The limiting scattering

mechanisms was investigated through mobility modeling. Alloy disorder scattering was

found to be the mobility limiting mechanism. Digital alloyed quantum wells were in-

vestigated as a potential approach towards reducing alloy disorder scattering within the

quantum well. The mobility of the quantum wells was further enhanced by digital al-

loying. With digital alloying, it is found that high quality quantum wells can be grown

and the alloy disorder in the quantum wells was reduced by digital alloying. A record

breaking low temperature mobility of 545,000 cm2/Vs was obtained by reducing alloy
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disorder scattering through digital alloying. However, it was also found that the mobility

of the quantum wells can be significantly reduced by digital alloying if one of the sub-

layers of the digital alloy has significant roughness. Design considerations of the digital

alloy quantum well for improving the mobility are given.

The spin-orbit coupling of the quantum wells was studied with low field magnetotrans-

port. The spin-orbit coupling was quantified through the analysis of beating patterns due

to zero-field spin splitting. Gate control over the spin-orbit coupling was demonstrated

in the InGaAs quantum wells. Digital alloying was demonstrated to induce significant

changes in the spin-orbit coupling of the quantum well. Digital alloys without compo-

sitional grading are found to exhibit similar gate control to the spin-orbit coupling as

the random alloy quantum well, but have an offset in the spin-orbit coupling due to the

asymmetric interfaces with the barrier layers. Compositional grading by digital alloying

was found to increase the gate tunability of the spin-orbit coupling. This work establishes

digital alloying as a powerful tool for controlling the spin-orbit coupling in ternary III-V

quantum wells.

To understand the effect of digital alloying on the spin-orbit coupling in further

detail, it is recommended that digital alloys with inversion of the interfaces are grown

and orientation dependent measurements of the spin-orbit coupling are performed. The

orientation dependent measurements enable the separation of the Dresselhaus and the

Rashba contributions to the spin-orbit coupling, which will enable deeper theoretical

investigation of the modifications of the spin-orbit coupling due to digital alloying. When

the interfaces are inverted, a flip between increasing and decreasing the total spin-orbit

coupling should be observed. This observation would confirm that the interface Rashba

spin-orbit coupling effect is the origin of the modifications to the spin-orbit coupling in

digital alloys.

The large enhancement of the spin-orbit coupling in the InAs/GaAs digital alloy
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cannot be explained with simple k ·p theory of the heterostructure. A potential explana-

tion of this enhancement is that the heterostructure does not consistent of planar GaAs

layers and instead is comprised of GaAs islands dispersed throughout an InAs matrix.

To investigate this potential mechanism, submonolayer superlattices of InAs/GaAs and

InAs/InGaAs are suggested to be grown be grown, which should form a digital alloy

comprised of submonolayer islands throughout the material.

InGaAs/InAs/InGaAs quantum well trilayers are currently being investigated as one

of the most promising platforms for hosting Majorana zero modes. Efforts should be made

to incorporate digital alloying into the InGaAs layers of the quantum well to both increase

mobility and to increase the spin-orbit coupling of this material system. The mobility

is likely enhanced by grading the InGaAs layers such that the probability density of the

quantum well is skewed towards the bottom interface and away from the top interface,

where scattering from surface states is believed to limit the mobility. Compositional

grading could be used to both shift the probably density towards the bottom interface

and to potentially increase the spin-orbit coupling of the quantum well with the increased

asymmetry. Care needs to be taken of the electric fields within the heterostructure in

order to ensure the spin-orbit coupling is enhanced by the digital alloying instead of the

total spin-orbit coupling reduced due to the digital alloying. By digital alloying, more

conclusive evidence of Majorana zero modes may be possible.

7.1.2 Fermi-level pinning of InSb

Fermi-level pinning of InSb (001), (110), and (111)B surfaces was studied with scan-

ning tunneling microscopy and spectroscopy. In rich surfaces were observed to pin near

the valence band maximum. Excess Sb on the surface is found to shift the Fermi-level

of the surface towards the conduction band. The measurements are consistent with a
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charge neutrality level near the valence band maximum. Electron accumulation on the

(001) surface was demonstrated by controlling the Sb content on the surface. The (111)B

surface was found to be more strongly pinned than the (001) surface. Further studies of

the (111)A Fermi-level pinning are recommended.

The surface preparation dependent Fermi-level pinning of InSb can be potentially

exploited in the case of an epitaxial metal or semimetal deposited on InSb such as α-

Sn. It is recommended that the surface preparation and surface orientation of the InSb

layer be carefully considered and studied to obtain the desired properties of an epitaxial

metallic or semimetallic heterostructures on InSb.

7.1.3 Bismuth ultrathin films

The growth of bismuth ultrathin films on InSb (111)B by MBE was investigated with

scanning tunneling microscopy. Ultrathin films of bismuth are observed to growth with-

out rotational twinning. The bismuth thin films were found to partially relax immediately

on the InSb substrate by strain soliton formation. The strain state of the strain soliton is

characterized from atomic resolution images, and unusual behavior of the strain solitons

such as strain soliton bending is attributed to the inhomogeneous strain was observed in

the strains solitons. These results indicate the importance of the interface interactions on

the morphology of bismuth thin films. This is the first report of strain soliton formation

by heteroepitaxial growth, which is enabling for the scalable generation of strain solitons.

This work indicates III-V substrates are promising platform for the growth of ultrathin

bismuth on semiconducting substrates.

Electronic state localization is observed within the strain solitons. However, the na-

ture of these states is currently unknown. Evidence of topological hinge states have been

observed to be confined within strain soliton nodes. Measurements at lower temperatures,
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such a liquid helium temperatures, with higher resolution are suggested to investigate

the nature of these states. In addition, studying the influence of the direction of propa-

gation of the strain soliton on the electronic states within the solitons will be helpful for

determining the nature of the electronic states present within the strain solitons.

Future work should focus on studying and engineering the wetting layer to influence

the strain soliton behavior. If an ordered wetting layer can be formed, an ordered network

of strain solitons could be generated. Ordered soliton networks could potentially generate

new electronic states within the bismuth. The morphology of the wetting layer is likely

influenced by strong In-Bi interactions. Modifying the quantity of In on the surface could

potentially influence the wetting layer morphology. One approach towards modifying the

interface is to add additional Sb to the surface and study the morphology of the wetting

layer on the InSb (111)B (2×2) surface reconstruction, which is comprised of Sb trimers.

Additionally, InSb (111)A substrates could be investigated, where the (2 × 2) surface

reconstruction is a result of In trimers. Finally, one potential approach towards an

ordered strain soliton network within the bismuth thin film is to grow a few layer thick

Sb layer on the InSb (111)A surface. Sb layers were recently demonstrated to be grown

on the InSb (111)A surface with a Moiré pattern [194], and these Sb layers could serve as

an interlayer to promote the formation of an ordered strain soliton network and potential

Moiré interactions between the Bi and the Sb.

To grow ultrathin bismuth on a semiconducting substrate without strain solitons, a

more closely lattice match substrate to bismuth is required. The growth on III-V (111)B

surfaces is promising, since the bismuth thin films can be stabilized in the ultrathin limit

without twinning in the thin films. InAlSb virtual substrates grown on GaSb (111)B

or InSb (111)B is a potential system that can be lattice matched to the bismuth lattice

constant. By varing the In:Al content of the InAlSb, the tensile strain of -4.6 - 0.8% could

be induced into the bismuth thin film. The bismuth is expected to be lattice matched
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to In0.81Al0.19Sb. However, an InAlSb virtual substrate with less In may be required for

lattice matching due to the bismuth lattice constant potentially reducing in ultrathin

films. To perform transport experiments, which are required to observe the quantum

spin Hall effect, the InAlSb virtual substrate could be grown on GaSb (111)B substrates.

GaSb unintentionally doped substrates can freeze out a low temperatures, eliminating

potential parallel conduction from the substrate, and InAlSb (001) virtual substrates

have been demonstrated to freeze out at low temperatures as well. STM measurements

could be performed with doped InAlSb virtual substrates on doped GaSb wafers.

InAlSb virtual substrates on a (111)B substrate has yet to be reported, and this plat-

form will need to be developed before the growth of bismuth on the InAlSb virtual sub-

strate can begin. Growth on (111)B oriented substrates frequently possess step bunching

and twinning, and step bunching can often be prevented in very narrow growth win-

dows [143]. A thorough investigation of the growth window for optimal InAlSb (111)B

growth will be required. In addition, the rotational twinning is common during the

growth of epilayers on (111)B oriented substrates, and may be prevented through the use

of 2o miscut substrates. Miscut substrates promote step flow growh and prevent island

growth, and island growth is known to cause rotational twinning during the growth on

(111)B oriented substrates [143]. If the density of threading dislocations in the virtual

substrates is too high for the growth of high quality bismuth thin films, strained In-

AlSb/InGaSb superlattices could be implemented to filter the threading dislocations in

the metamorphic InAlSb virtual substrate. With this approach, high quality bismuth

thin films should be able to be grown on electrically insulating substrates, and it can be

determined whether or not bismuth is a quantum spin Hall insulator.
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Appendix A

Mobility modeling

The InGaAs quantum well with InAlAs barriers envelope wave function (ψ(z)) over the

InGaAs thickness L is approximated by:

ψ(z) = (
2

L
)1/2sin(

πz

L
) (A.1)

for 0 ≤ z ≤ L and 0 for all other z. Only the lowest occupied subband is treated. The

mobility is defined as: µ = eτ/m∗, where e is the elementary charge, τ is the scattering

time, and m∗ is the effective mass.

From the treatment by Stern and Howard [85] using the Born approximation, the

scattering time for a scattering mechanism (i) at a given Fermi wavevector (kf ) is defined

as:

ℏ
τi

=
1

2πεf

∫ 2kf

0

dq
q2√

4k2f − q2

⟨|Ui(q)|2⟩
ϵ(q)2

(A.2)

where q is the scattering vector, εf is the Fermi energy computed using a nonparabolic

effective mass, ℏ is the reduced Planck constant, ⟨|Ui(q)|2⟩ is the averaged scattering

potential associated with the particular scattering mechanism, and ϵ(q) is the dielectric
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function from the random phase approximation. The dielectric function is defined as:

ϵ(q) = 1 +
qTF

q
[1−G(q)]FC(q) (A.3)

where qTF is the Thomas-Fermi screening wavenumber qTF = m∗e2/4πϵLℏ2 with the

dielectric constant ϵL, G(q) is the generalized form of the local field correction [195], and

FC(q) is the form factor of the Coulomb interaction of the finite width of the quantum

well, defined as:

FC(q) =

∫ +∞

−∞
dz|ψ(z)|2

∫ +∞

−∞
dz′|ψ(z′)|2exp(−q|z − z′|) (A.4)

The scattering potential for interface roughness is [87] of the form:

⟨|UIR(q)|2⟩ = πF 2
IR∆

2Λ2exp(−(qΛ)2/4) (A.5)

where ∆ is the interfacial roughness, Λ is the correlation length, and FIR is a function

that is modified following the treatment by [88] to include the shift of the ground state

by a electric field E:

FIR = −(
ℏ2π2

m∗L3
+ 96(

2

3π
)6
e2m∗L3E2

ℏ2
) (A.6)

Alloy disorder within the In1− xGaxAs quantum well with an alloy disorder potential

of dV leads to a scattering potential [89] of:

⟨|UAD(q)|2⟩ = x(1− x)dV 2

√
3πa3

16

3L

2
(A.7)

Two-dimensional remote ionized impurities with an charged impurity density of nj
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lead to a scattering potential of the form [86]:

⟨|U2D(q)|2⟩ = (
2πe2

ϵL

1

q
)2njF2D(q, zj)

2 (A.8)

F2D(q, zj) is the form factor accounting for the distance between the charged impurity

layer and the quantum well:

F2D(q, zj) =

∫ +∞

−∞
dz|ψ(z)|2exp(−q|z − zj|) (A.9)

The scattering potential of homogeneously distributed charged background impurities

[86] is:

⟨|UBI(q)|2⟩ = (
2πe2

ϵL

1

q
)2NBLFBI(q) (A.10)

where NB is the background impurity density and FBI(q) is the form factor for back-

ground impurities, defined as:

FBI(q) =
1

L

∫ +∞

−∞
dzjF2D(q, zj)

2 (A.11)

The total scattering time was determined from the individual scattering times and

applying Matthiessen’s rule:

1/τ = 1/τIR + 1/τAD + 1/τ2D + 1/τBI (A.12)

While analytical expressions for calculating some of the individual scattering times

exist, these expression require significant assumptions to be made about the material

system. The scattering times in this work were calculated by numerical integration of

the various expressions in MATLAB.
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MATLAB code of mobility modeling

The following is the MATLAB code used to calculate the mobility of a square quantum

well. Some lines of code are split for readability in this document.

%% Initialization

clear

close all

fclose(’all’);

clc

%% Fundamental Constants

q = 1.602e-19; % Elementary Charge C

h = 6.62607015e-34; % Planck’s Constant J/s

hbar = 1.054571e-34; % Reduced Planck’s Constant Js

Rq = h./q.^2; % Quantum of Resistance

kB = 1.380649e-23; % Boltzmann Constant J/K

m0 = 9.1093837015e-31; % Electron rest mass Kg

ep0 = 8.851878e-12; % Vacuum permttivity F/m

%% Variable Declarations

% Global variables

global a % Lattice constant m 5.98e-10 6.0583

global TBarrier % Top Barrier Thickness m

global L % Quantum well width m
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global el % Dielectric constant

global me % Effective mass kg 0.03 0.0324

global x % Alloy composition

global z2D % 2D sheet impurity spacing

global ni2D % 2D sheet impurity density m^-2

global p % Electric Field polynomial valus, scaled down

%% Material Constants

a = 5.98e-10; % Lattice constant m 5.98e-10 6.0583

TBarrier = 120e-9; % Top Barrier Thickness m

L = 30e-9; % Quantum well width m

el = 14.723*ep0; % relative dielectric constant

x = 0.19; % Alloy composition

z2D = TBarrier + L; % 2D sheet impurity spacing

ni2D = (2e12)*(1e4); % 2D sheet impurity density m^-2

dV = 0.44*q; % Alloy disorder scattering potential J

nw3D = (1.5e15)*(1e6); % 3D impurity density in well m^-3 ()

nb3D = (5e15)*(1e6); % 3D impurity density in barrier m^-3

delta = 6e-10; % Height m

lambda = 13e-9; % Correlation length m

me = 0.0347*m0; % Effective mass kg 0.03 0.0324

alpha = 1.955; % Kane non-parabalicity constant

%% Modeling Mobility Plotting

nvec = logspace(10,12,100)*(1e4);

% Sheet carrier density to integrate over m^-2

fAD = 3/(2*L); % Alloy disorder Form factor

ab = (4*pi*el*hbar^2)./(me.*q.^2); % Effective Bohr radius

astar = (el*hbar^2)./(me.*q.^2); % 2nd Effective Bohr radius

tic

for i = 1:length(nvec)

nf = nvec(i); % Sheet carrier density in the loop

kf = sqrt(2*pi*nf); % Fermi wavevector m^-1
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vf = hbar*kf/me; % Fermi velocisty m/s

Ef = q*(sqrt(1+4*alpha*((hbar*kf).^2)./(q*2*me))-1)/(2*alpha);

% Kane Fermi energy J

E = 0; % Electric field at this carrier density V/m

rs = sqrt(1/(pi*nf*astar.^2)); % RPA Parameter

q0 = 2/(astar*rs^(2/3)); % Normalizated wavevector for the RPA

funAD = @(j) (x.*(1-x).*(dV^2).*((sqrt(3).*pi.*a.^3)./16).*fAD).*(j.^2)

./(sqrt(4.*kf.^2-j.^2).*((1+((formC2(j,L).*2)/(j*ab))

.*(1-G_LFC(j/q0,rs)).*(1))).^2);

tauAD(i) = integral(funAD,0*kf,2*kf,’ArrayValued’,true)/(2*pi*Ef*hbar);

muAD(i) = (1e4)*q./(tauAD(i)*me); % cm^2/Vs

fun2D = @(j) (((q^2)./(2*(el)*j)).^2).*ni2D.*(form2D(j,z2D,L).^2)

.*(j.^2)./(sqrt(4.*kf.^2-j.^2).*((1+((formC2(j,L).*2)/(j*ab))

.*(1-G_LFC(j/q0,rs)).*(1))).^2);

tau2D(i) = integral(fun2D,0*kf,2*kf,’ArrayValued’,true)/(2*pi*Ef*hbar);

mu2D(i) = (1e4)*q./(tau2D(i)*me); % cm^2/Vs

fun3D = @(j) (((q^2)/(2*(el)*j)).^2).*nb3D.*(form3D(j,L,TBarrier))

.*(j.^2)./(sqrt(4.*kf.^2-j.^2).*((1+((formC2(j,L).*2)/(j*ab))

.*(1-G_LFC(j/q0,rs)).*(1))).^2);

tau3D(i) = 2.*integral(fun3D,0*kf,2*kf,’ArrayValued’,true)/(2*pi*Ef*hbar);

mu3D(i) = (1e4)*q./(tau3D(i)*me); % cm^2/Vs

funBI = @(j) (((q^2)/(2*(el)*j)).^2)

.*nw3D.*L.*(formB(j,L)).*(j.^2)./(sqrt(4.*kf.^2-j.^2)

.*((1+((formC2(j,L).*2)/(j*ab)).*(1-G_LFC(j/q0,rs)).*(1))).^2);

tauBI(i) = integral(funBI,0*kf,2*kf,’ArrayValued’,true)/(2*pi*Ef*hbar);

muBI(i) = (1e4)*q./(tauBI(i)*me); % cm^2/Vs

funIR = @(j) pi.*((((hbar.^2)*(pi.^2)/(me*(L.^3)))+96*((2/(3*pi)).^6)

.*((q.^2)*me*(L^3)*(E^2)./(hbar^2))).^2).*((delta*lambda).^2)

.*(exp(-0.25.*(j*lambda).^2)).*(j.^2)

./(sqrt(4.*kf.^2-j.^2).*((1+((formC2(j,L).*2)/(j*ab))

.*(1-G_LFC(j/q0,rs)).*(1))).^2);

tauIR(i) = integral(funIR,0*kf,2*kf,’ArrayValued’,true)/(2*pi*Ef*hbar);

muIR(i) = (1e4)*q./(tauIR(i)*me); % cm^2/Vs

end

%+96*((2/(3*pi)).^6).*((q.^2)*me*(L^3)*(E^2)./(hbar^2));

tauT = tauAD + tau2D + tauBI + tauIR; % + tau3D

muT = (1e4)*q./(tauT*me);
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toc

The above code calls on several functions:

function out = G_LFC(in1,in2)

if in2 <= 1

C12 = 1.135*in2.^(.248);

C22 = 1.687*in2.^(.494);

elseif in2 > 1 && in2 <= 100

C12 = 1.120*in2.^(.216);

C22 = 1.640*in2.^(.530);

elseif in2 > 100

C12 = 1.127*in2.^(.215);

C22 = 1.314*in2.^(.667);

end

out = ((in2).^(2/3)).*(1.402*in1)./sqrt(2.644*C12.^2+(in1.*C22).^2);

end

function out = form2D(in1,in2,in3)

% in1 is q, in2 is zi, in3 is L

fun = @(x) (abs(wavef(x,in3)).^2).*exp(-in1.*abs(x-in2));

% out = integral(fun,-Inf,Inf);

% out = integral(fun,-1e-5,1e-5);

if in2 > in3

out = 8*(pi^2).*(0.5*exp(-in1.*(in2-in3)).*(1-exp(-in1.*in3)))

./(in3.*in1.*(4*pi^2+(in3.^2).*(in1.^2)));

end

if in2 < 0

out = 8*(pi^2).*(0.5*exp(-in1.*(in2)).*(1-exp(-in1.*in3)))

./(in3.*in1.*(4*pi^2+(in3.^2).*(in1.^2)));

end

if in2 >= 0 && in2 <= in3

out = 8*(pi^2).*(1 - 0.5*exp(-in1.*(in2)) - 0.5*exp(-in1.*(in2-in3))

+ ((in1.*in3).^2).*(sin(pi.*in2./in3).^2)./(2*pi.^2))

./(in3.*in1.*(4*pi^2+(in3.^2).*(in1.^2)));

end

end

function out = form3D(in1,in2,in3)
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% for top barrier

% in1 is q, in2 is L, in3 is barrier length

% fun = @(x,y) (abs(wavef(x,in2)).^2).*exp(-in1.*abs(x-y));

% out = integral2(fun,-Inf,Inf,in2,(in3+in2));

switch nargin

case 3

fun = @(x) form2D(in1,x,in2).^2;

out = integral(fun,in2,(in3+in2),’ArrayValued’,true);

% out = ((8*(pi^2).*(0.5.*(1-exp(-in1.*in2)))

./(in2.*in1.*(4*pi^2+(in2.^2)

.*(in1.^2)))).^2)*(exp(-2.*in1.*(in2-in3))./(2*in1));

otherwise

out = ((8*(pi^2).*(0.5.*(1-exp(-in1.*in2)))

./(in2.*in1.*(4*pi^2+(in2.^2).*(in1.^2)))).^2)./(2*in1);

end

end

function out = formB(in1,in2)

% in1 is q, in2 is L

fun = @(x) form2D(in1,x,in2).^2;

out = ((4*pi^2/((4*pi^2+(in1*in2)^2)))^2)

*((4/(in1*in2)^2)*(1-7/(4*in1*in2)

-(exp(-2*in1*in2)/(4*in1*in2))+(2/(in1*in2)+0.5)*(exp(-in1*in2)))

+((1-exp(-in1*in2))/(in1*in2))^2+4*((3*(in1*in2)^2/(32*pi^2))

+1/(2*pi^2)-(1-exp(-in1*in2))

/((in1*in2)*(4*pi^2+(in1*in2)^2))))/(in1*in2);

end

function out = formC2(in1,in2)

out = (3*in2*in1+(8*(pi^2)/(in2*in1))-

(32*pi^4)*(1-exp(-in2*in1))/(((in1*in2)^2)

*(4*pi^2+(in2*in1)^2)))/(4*pi^2+(in2^2)*(in1^2));

end

function out = formD(in1,in2)

% in1 is q, in2 is L

% fun = @(x,y) ((abs(wavef(x,in2)).^2).*exp(-in1.*abs(x-y))).^2;

% out = integral2(fun,-Inf,Inf,-Inf,Inf);

fun = @(x) form2D(in1,x,in2).^2;
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% out = integral(fun,-Inf,Inf,’ArrayValued’,true);

out = integral(fun,-1e-5,1e-5,’ArrayValued’,true);

end

function out = wavef(in1,in2)

% in1 is z, in2 is L

for i = 1:length(in1)

if in1(i) <= in2 && in1(i) >= 0

out(i) = sqrt(2/in2).*sin(pi.*in1(i)./in2);

else

out(i) = 0;

end

end
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MATLAB code of quantum well

band structure calculation

The following is the MATLAB code used for k · p theory of a bulk III-V semiconductor.

The details of the k · p theory are given in [2]. Several lines of codes are split for visual

clarity in this document.

% Notes:

% This function returns 8 band kp band structure near gamma of

% III-V zincblende semiconductors using the parameters described

% by Vurgaftman et al. "Bands and Photons in III-V

% semiconductor Quantum structures"

% (Oxford University Press, 2021)

% This is a bulk calculation that includes for strain effects, does line

% cuts from gamma

%% Initialization

clear

close all

fclose(’all’);

clc

%% Fundamental Constants
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q = 1.602e-19; % Elementary Charge C

hbar = 1.054571e-34; % Reduced Planck’s Constant Js

kB = 1.380649e-23; % Boltzmann Constant J/K

m0 = 9.1093837015e-31; % Electron rest mass Kg

% epp = (1e20)*(hbar^2)/(q*2*m0); %

epp = 3.8132391; % hbar^2/2m0 in units of eV/A^2

%% Specifying input parameters

T = 0; % Temperature in K

X = 0.81; % Alloy fraction

name = ’InGaAs’; % Material name

names = ’InAlAs’; % Substrate material name

Xs = 0.75; % Substrate material alloy fraction

% Get Material Parameters

[alat, eg, vbo, delta, ep, fkane, eff_mass, deform_pot, cel]

= mkpparam(name,T,X);

% Get substrate lattice constant

alatsub = mkpparam(names,T,Xs);

% K vectors to calculate over

nk = 500; % number of k points

akk = 2*pi/(alatsub); % Calculating the basic k vector

kxvec = linspace(0,0.1*akk,nk);

kzvec = linspace(0,0.1*akk,nk);

%% Computing kp parameters

% Calculating relavent parameters for kp calculations

ec = eg + vbo; % Conduction band energy eV

ev = vbo; % Valence band energy eV

ame = eff_mass(1); % electron effective mass

gam1 = eff_mass(2); % luttinger parameters

gam2 = eff_mass(3);

gam3 = eff_mass(4);

ac = deform_pot(1); % ac deformation potential eV

av = deform_pot(2); % av deformation potential eV

bv = deform_pot(3); % bv deformation potential eV

c11 = cel(1); % c11 elastic constant GPa

c12 = cel(2); % c12 elastic constant GPa
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epsx = alatsub/alat -1; % in plane strain

epsz = -2*epsx*c12/c11; % out of plane strain

% converting values for hamiltonian

pcv = sqrt(epp*ep);

mpar = epp*(gam1 - 2.*gam2);

lpar = epp*(gam1 + 4.*gam2 - ep/eg) - mpar;

npar = epp*(6.*gam3 - ep/eg);

opf = -epp*(1./ame-ep*(eg+2.*delta/3.)/(eg*(eg+delta)));

el = av + 2.*bv;

em = av - bv;

%% Solving Hamiltonian

h = zeros(8,8);

Ekx = zeros(8,length(kxvec));

% Solving the Hamiltonian along kz = 0, various kx

for i = 1:length(kxvec)

akz = 0;

akzsq = akz.^2;

aky = 0;

akysq = aky.^2;

akx = kxvec(i);

akxsq = akx.^2;

akgsq = akxsq + akysq + akzsq;

ane = zeros(1,11);

ane(1) = ec - opf*akgsq + ac*(2*epsx + epsz);

ane(2) = ev - delta/3;

ane(3) = delta/3;

ane(4) = lpar;

ane(5) = mpar;

ane(6) = npar;

ane(7) = pcv;

ane(8) = el*epsx;

ane(9) = el*epsz;

ane(10) = em*(epsx + epsz);

ane(11) = em*2*epsx;

% h4 is a 4x4 matrix

h4 = [ane(1), (0.+1.i)*ane(7)*akx,

(0.+1.i)*ane(7)*aky, (0.+1.i)*ane(7)*akz;
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(0.-1.i)*ane(7)*akx,

ane(2)-ane(4)*akx^2-ane(5)*akgsq+ane(8)+ane(10),

-ane(6)*akx*aky,-ane(6)*akx*akz;

(0.-1.i)*ane(7)*aky, -ane(6)*akx*aky,

ane(2)-ane(4)*aky^2-ane(5)*akgsq+ane(8)+ane(10), -ane(6)*aky*akz;

(0.-1.i)*ane(7)*akz, -ane(6)*akx*akz,

-ane(6)*aky*akz, ane(2)-ane(4)*akzsq-ane(5)*akgsq+ane(9)+ane(11)];

h = [h4, zeros(4,4);

zeros(4,4), h4];

hso = [0, 0, 0, 0, 0, 0, 0, 0;

0, 0, (0.-1.i)*ane(3), 0, 0, 0, 0, (1)*ane(3);

0, (0.+1.i)*ane(3), 0, 0, 0, 0, 0, (0.-1.i)*ane(3);

0, 0, 0, 0, 0, -ane(3), (0.+1.i)*ane(3), 0

0, 0, 0, 0, 0, 0, 0, 0;

0, 0, 0,-ane(3), 0, 0, (0.+1.i)*ane(3), 0;

0, 0, 0, (0.-1.i)*ane(3), 0, (0.-1.i)*ane(3), 0, 0;

0, ane(3), (0.+1.i)*ane(3), 0, 0, 0, 0, 0];

h = h + hso;

Ekx(:,i) = eig(h);

end

h = zeros(8,8);

Ekz = zeros(8,length(kzvec));

% Solving the Hamiltonian along kx = 0, various kz

for i = 1:length(kzvec)

akz = kzvec(i);

akzsq = akz.^2;

akzsq = akz.^2;

aky = 0;

akysq = aky.^2;

akx = 0;

akxsq = akx.^2;

akgsq = akxsq + akysq + akzsq;

ane = zeros(1,11);

ane(1) = ec - opf*akgsq + ac*(2*epsx + epsz);

ane(2) = ev - delta/3;

ane(3) = delta/3;

ane(4) = lpar;

ane(5) = mpar;

ane(6) = npar;
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ane(7) = pcv;

ane(8) = el*epsx;

ane(9) = el*epsz;

ane(10) = em*(epsx + epsz);

ane(11) = em*2*epsx;

h4 = [ane(1), (0.+1.i)*ane(7)*akx,

(0.+1.i)*ane(7)*aky, (0.+1.i)*ane(7)*akz;

(0.-1.i)*ane(7)*akx, ane(2)-ane(4)*akx^2-ane(5)

*akgsq+ane(8)+ane(10),

-ane(6)*akx*aky,-ane(6)*akx*akz;

(0.-1.i)*ane(7)*aky, -ane(6)*akx*aky,

ane(2)-ane(4)*aky^2-ane(5)*akgsq+ane(8)+ane(10), -ane(6)*aky*akz;

(0.-1.i)*ane(7)*akz, -ane(6)*akx*akz,

-ane(6)*aky*akz, ane(2)-ane(4)*akzsq-ane(5)*akgsq+ane(9)+ane(11)];

h = [h4, zeros(4,4);

zeros(4,4), h4];

hso = [0, 0, 0, 0, 0, 0, 0, 0;

0, 0, (0.+1.i)*ane(3), 0, 0, 0, 0, (1)*ane(3);

0, (0.-1.i)*ane(3), 0, 0, 0, 0, 0, (0.+1.i)*ane(3);

0, 0, 0, 0, 0, -ane(3), (0.-1.i)*ane(3), 0

0, 0, 0, 0, 0, 0, 0, 0;

0, 0, 0,-ane(3), 0, 0, (0.-1.i)*ane(3), 0;

0, 0, 0, (0.+1.i)*ane(3), 0, (0.+1.i)*ane(3), 0, 0;

0, ane(3), (0.-1.i)*ane(3), 0, 0, 0, 0, 0];

h = h + hso;

Ekz(:,i) = eig(h);

end

%% Fitting the nonparabalicity of the effective mass

EK_Kane = @(p,x) (sqrt(1 + 4*p(2)*(epp*x.^2)/p(1)) - 1)/(2*p(2)) + p(3);

p0 = [ame,1,Ekx(7,1)];

p = lsqcurvefit(EK_Kane,p0,kxvec,Ekx(7,:));

mstar = p(1);

alpha = p(2);

E_off = p(3);

The following is the MATLAB code used for k · p theory of a III-V heterostrucuture.
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% Notes:

% This function returns 8 band kp band structure near gamma of III-V

% zincblende semiconductors heterostructures using the parameters

% described by Vurgaftman et al.

% "Bands and Photons in III-V semiconductor Quantum structures"

% (Oxford University Press, 2021)

% This is a SL/QW calculation that includes for strain effects, does line

% cuts from gamma using the recipricol space method

%% Initialization

clear

close all

fclose(’all’);

clc

%% Fundamental Constants

q = 1.602e-19; % Elementary Charge C

hbar = 1.054571e-34; % Reduced Planck’s Constant Js

kB = 1.380649e-23; % Boltzmann Constant J/K

m0 = 9.1093837015e-31; % Electron rest mass Kg

% epp = (1e20)*(hbar^2)/(q*2*m0); %

epp = 3.8132391; % hbar^2/2m0 in units of eV/A^2

e0 = 8.854188e-12; % Vacuum permittivity F/m

%% Specifying input parameters

% Temperature in K

T = 0;

% Substrate material name

names = ’InAlAs’;

% Substrate material alloy fraction

Xs = 0.75;

% Get substrate lattice constant

alatsub = mkpparam(names,T,Xs);

% Define material vector

% Layer Materials

name = ["InAlAs","InGaAs","InAlAs"];

% Layer thickness in A

d = [300, 300, 300];
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% Layer composition alloy fraction

X = [0.75,0.81,0.75];

% Reciprocal lattice points to calculate

dsl = sum(d); % Total layer thickness in A

ng = round(0.35*dsl/alatsub); % Number of reciprocal lattice points

if ng < 2

ng = 2;

end

% ng = 18;

% K vectors to calculate over

nkx = 100; % number of k points

akk = 2*pi/(alatsub); % Calculating the basic k vector

kxvec = linspace(0,0.05*akk,nkx);

% kxvec = 0;

nkz = 20; % number of k points

kzvec = linspace(0,1*pi/dsl,nkz);

%% Setting up the parameters for creating the hamiltonian

% Creating the empty hamiltonian matrix

nbb = 8;

nb = (2*ng+1)*nbb;

% Usefule parameters for k dot p

ds = cumsum(d) - d/2; % Center point of each layer

nl = length(d);

ec = zeros(1,nl);

ev = zeros(1,nl);

delta = zeros(1,nl);

ep = zeros(1,nl);

ame = zeros(1,nl);

gam1 = zeros(1,nl);

gam2 = zeros(1,nl);

gam3 = zeros(1,nl);

ac = zeros(1,nl);

av = zeros(1,nl);

bv = zeros(1,nl);

c11 = zeros(1,nl);

c12 = zeros(1,nl);

epsx = zeros(1,nl);
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epsz = zeros(1,nl);

% Get Material Parameters

for j = 1:length(d)

[a1, a2, a3, a4, a5, a6, a7, a8, a9] = mkpparam(name(j),T,X(j));

ec(j) = a2 + a3;

ev(j) = a3;

delta(j) = a4;

ep(j) = a5;

ame(j) = a7(1);

gam1(j) = a7(2);

gam2(j) = a7(3);

gam3(j) = a7(4);

ac(j) = a8(1);

av(j) = a8(2);

bv(j) = a8(3);

c11(j) = a9(1);

c12(j) = a9(2);

epsx(j) = alatsub/a1 - 1;

epsz(j) = -2*epsx(j)*c12(j)/c11(j);

end

eg = ec-ev;

% Reciprocal lattice vectors

gm = linspace(-ng,ng,2*ng+1)*2*pi/dsl;

% converting values for hamiltonian

pcv = sqrt(epp*ep);

mpar = epp*(gam1 - 2.*gam2);

lpar = epp*(gam1 + 4.*gam2 - ep./eg) - mpar;

npar = epp*(6.*gam3 - ep./eg);

opf = -epp*(1./ame-ep.*(eg+2.*delta/3.)./(eg.*(eg+delta)));

el = av + 2.*bv;

em = av - bv;

%% Generating and solving the hamiltonian

wx = zeros(nb,length(kxvec));

vx = zeros(nb,nb,length(kxvec));

for k = 1:length(kxvec)

h = zeros(nb,nb);
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for x = 1:length(gm)

for y = 1:length(gm)

gmd = gm(y) - gm(x);

akz = 0;

akzs = akz + 0.5*(gm(x) + gm(y));

akzsq = (akz + gm(x))*(akz + gm(y));

aky = 0;

akysq = aky.^2;

akx = kxvec(k);

akxsq = akx.^2;

akgsq = akxsq + akysq + akzsq;

ane = zeros(1,11);

for z = 1:length(d)

ene = zeros(1,11);

ene(1) = ec(z) - opf(z)*akgsq

+ ac(z).*(2*epsx(z) + epsz(z));

ene(2) = ev(z) - delta(z)/3;

ene(3) = delta(z)/3;

ene(4) = lpar(z);

ene(5) = mpar(z);

ene(6) = npar(z);

ene(7) = pcv(z);

ene(8) = el(z).*epsx(z);

ene(9) = el(z).*epsz(z);

ene(10) = em(z)*(epsx(z) + epsz(z));

ene(11) = em(z).*2.*epsx(z);

if x == y

aa = d(z).*ene./dsl;

else

aa = 2.0*sin(0.5*gmd*d(z)).*ene./(gmd.*dsl);

end

ane = ane + aa*exp(-1i*gmd*ds(z));

end

% h4 is 4x4

h4 = [ane(1), (0.+1.i)*ane(7)*akx,

(0.+1.i)*ane(7)*aky, (0.+1.i)*ane(7)*akzs;

(0.-1.i)*ane(7)*akx,

ane(2)-ane(4)*akx^2-ane(5)*akgsq+ane(8)+ane(10),

-ane(6)*akx*aky,-ane(6)*akx*akzs;

(0.-1.i)*ane(7)*aky, -ane(6)*akx*aky,
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ane(2)-ane(4)*aky^2-ane(5)*akgsq+ane(8)+ane(10),

-ane(6)*aky*akzs;

(0.-1.i)*ane(7)*akzs, -ane(6)*akx*akzs,

-ane(6)*aky*akzs,

ane(2)-ane(4)*akzsq-ane(5)*akgsq+ane(9)+ane(11)];

h8 = [h4, zeros(4,4);

zeros(4,4), h4];

hso = [0, 0, 0, 0, 0, 0, 0, 0;

0, 0, (0.+1.i)*ane(3), 0, 0, 0, 0, (1)*ane(3);

0, (0.-1.i)*ane(3), 0, 0, 0, 0, 0, (0.+1.i)*ane(3);

0, 0, 0, 0, 0, -ane(3), (0.-1.i)*ane(3), 0

0, 0, 0, 0, 0, 0, 0, 0;

0, 0, 0,-ane(3), 0, 0, (0.-1.i)*ane(3), 0;

0, 0, 0, (0.+1.i)*ane(3), 0, (0.+1.i)*ane(3), 0, 0;

0, ane(3), (0.-1.i)*ane(3), 0, 0, 0, 0, 0];

h((8*(x-1)+1):8*(x),(8*(y-1)+1):8*(y)) = h8 + hso;

end

end

[vk,wkm] = eig(h);

wk = diag(wkm);

wx(:,k) = wk;

vx(:,:,k) = vk;

end

wz = zeros(nb,length(kzvec));

vz = zeros(nb,nb,length(kzvec));

for k = 1:length(kzvec)

h = zeros(nb,nb);

for x = 1:length(gm)

for y = 1:length(gm)

gmd = gm(y) - gm(x);

akz = kzvec(k);

akzs = akz + 0.5*(gm(x) + gm(y));

akzsq = (akz + gm(x))*(akz + gm(y));

aky = 0;

akysq = aky.^2;

akx = 0;

133



MATLAB code of quantum well band structure calculation Chapter C

akxsq = akx.^2;

akgsq = akxsq + akysq + akzsq;

ane = zeros(1,11);

for z = 1:length(d)

ene = zeros(1,11);

ene(1) = ec(z) - opf(z)*akgsq +

ac(z).*(2*epsx(z) + epsz(z));

ene(2) = ev(z) - delta(z)/3;

ene(3) = delta(z)/3;

ene(4) = lpar(z);

ene(5) = mpar(z);

ene(6) = npar(z);

ene(7) = pcv(z);

ene(8) = el(z).*epsx(z);

ene(9) = el(z).*epsz(z);

ene(10) = em(z)*(epsx(z) + epsz(z));

ene(11) = em(z).*2.*epsx(z);

if x == y

aa = d(z).*ene./dsl;

else

aa = 2.0*sin(0.5*gmd*d(z)).*ene./(gmd.*dsl);

end

ane = ane + aa*exp(-1i*gmd*ds(z));

end

h4 = [ane(1), (0.+1.i)*ane(7)*akx, (0.+1.i)*ane(7)*aky,

(0.+1.i)*ane(7)*akzs;

(0.-1.i)*ane(7)*akx,

ane(2)-ane(4)*akx^2-ane(5)*akgsq+ane(8)+ane(10),

-ane(6)*akx*aky,-ane(6)*akx*akzs;

(0.-1.i)*ane(7)*aky, -ane(6)*akx*aky,

ane(2)-ane(4)*aky^2-ane(5)*akgsq+ane(8)+ane(10),

-ane(6)*aky*akzs;

(0.-1.i)*ane(7)*akzs, -ane(6)*akx*akzs,

-ane(6)*aky*akzs,

ane(2)-ane(4)*akzsq-ane(5)*akgsq+ane(9)+ane(11)];

h8 = [h4, zeros(4,4);

zeros(4,4), h4];

hso = [0, 0, 0, 0, 0, 0, 0, 0;

0, 0, (0.-1.i)*ane(3), 0, 0, 0, 0, (1)*ane(3);

0, (0.+1.i)*ane(3), 0, 0, 0, 0, 0, (0.-1.i)*ane(3);
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0, 0, 0, 0, 0, -ane(3), (0.+1.i)*ane(3), 0

0, 0, 0, 0, 0, 0, 0, 0;

0, 0, 0,-ane(3), 0, 0, (0.+1.i)*ane(3), 0;

0, 0, 0, (0.-1.i)*ane(3), 0, (0.-1.i)*ane(3), 0, 0;

0, ane(3), (0.+1.i)*ane(3), 0, 0, 0, 0, 0];

h((8*(x-1)+1):8*(x),(8*(y-1)+1):8*(y)) = h8 + hso;

end

end

[vk,wkm] = eig(h);

wk = diag(wkm);

wz(:,k) = wk;

vz(:,:,k) = vk;

end

%% Fitting the nonparabalicity of the effective mass

EK_Kane = @(p,x) (sqrt(1 + 4*p(2)*(epp*x.^2)/p(1)) - 1)/(2*p(2)) + p(3);

p0 = [ame(2),1,ec(2)];

p = lsqcurvefit(EK_Kane,p0,kxvec,wx((12*ng+8),:));

mstar = p(1);

alpha = p(2);

E_off = p(3);

%% Generating wave functions a k = 0

% Creating parameters for the wavefunction

np = 500;

dp = dsl/np/2;

dist = linspace(dp,dsl-dp,np);

dend = cumsum(d);

dstart = dend - d;

ec_dist = zeros(1,np);

ev_dist = zeros(1,np);

% Make Ec, Ev vs position plots

for j = 1:length(dist)

d_temp = dist(j);

for k = 1:length(d)
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if d_temp > dstart(k) && d_temp <= dend(k)

ec_dist(j) = ec(k);

ev_dist(j) = ev(k);

end

end

end

% Set Bands to plot wave functions of,

% currently set to the 1st 4 conduction band subbands

wf_sb_ind = [(12*ng+8),(12*ng+10),(12*ng+12),(12*ng+13)];

% Matrices for wavefunction coefficients

wf_sb_s1 = zeros(nb/8,length(wf_sb_ind));

wf_sb_s2 = zeros(nb/8,length(wf_sb_ind));

wf_sb_px1 = zeros(nb/8,length(wf_sb_ind));

wf_sb_px2 = zeros(nb/8,length(wf_sb_ind));

wf_sb_py1 = zeros(nb/8,length(wf_sb_ind));

wf_sb_py2 = zeros(nb/8,length(wf_sb_ind));

wf_sb_pz1 = zeros(nb/8,length(wf_sb_ind));

wf_sb_pz2 = zeros(nb/8,length(wf_sb_ind));

% Wavefunction of different subbands

wv_sb = zeros(np,length(wf_sb_ind));

wv_sb_s = zeros(np,length(wf_sb_ind));

wv_sb_px = zeros(np,length(wf_sb_ind));

wv_sb_py = zeros(np,length(wf_sb_ind));

wv_sb_pz = zeros(np,length(wf_sb_ind));

% Find fourier coeffiencts for the different orbitals

% and generate the wavefunctions

for j = 1:length(wf_sb_ind)

wf_sb_E(j) = wx(wf_sb_ind(j),1);

for k = 1:(2*ng+1)

wf_sb_s1(k,j) = vx(8*(k-1) + 1,wf_sb_ind(j),1);

wf_sb_s2(k,j) = vx(8*(k-1) + 5,wf_sb_ind(j),1);

wf_sb_px1(k,j) = vx(8*(k-1) + 2,wf_sb_ind(j),1);

wf_sb_px2(k,j) = vx(8*(k-1) + 6,wf_sb_ind(j),1);

wf_sb_py1(k,j) = vx(8*(k-1) + 3,wf_sb_ind(j),1);

wf_sb_py2(k,j) = vx(8*(k-1) + 7,wf_sb_ind(j),1);

wf_sb_pz1(k,j) = vx(8*(k-1) + 4,wf_sb_ind(j),1);

wf_sb_pz2(k,j) = vx(8*(k-1) + 8,wf_sb_ind(j),1);
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wv_sb_s(:,j) = wv_sb_s(:,j)

+ wf_sb_s1(k,j).*exp(1i*gm(k)*dist)’

+ wf_sb_s2(k,j).*exp(1i*gm(k)*dist)’;

wv_sb_px(:,j) = wv_sb_px(:,j)

+ wf_sb_px1(k,j).*exp(1i*gm(k)*dist)’

+ wf_sb_px2(k,j).*exp(1i*gm(k)*dist)’;

wv_sb_py(:,j) = wv_sb_py(:,j)

+ wf_sb_py1(k,j).*exp(1i*gm(k)*dist)’

+ wf_sb_py2(k,j).*exp(1i*gm(k)*dist)’;

wv_sb_pz(:,j) = wv_sb_pz(:,j)

+ wf_sb_pz1(k,j).*exp(1i*gm(k)*dist)’

+ wf_sb_pz2(k,j).*exp(1i*gm(k)*dist)’;

end

wv_sb(:,j) = wv_sb_s(:,j) + wv_sb_px(:,j)

+ wv_sb_py(:,j) + wv_sb_pz(:,j);

end

%% Computing the peak carrier denisty

Esub = wf_sb_E(2) - wf_sb_E(1);

ksub = sqrt((Esub.*(1+alpha.*Esub).*mstar)./(epp)); % A^-1

n2D = ((ksub*1e8).^2)/(2*pi); % cm^-2

These both of this code relies on the following function to obtain material parameters.

% Notes:

% 1 This function returns the material parameters of III-V zincblende

% semiconductors using the parameters described by Vurgaftman et al.

% "Bands and Photons n III-V semiconductor Quantum structures"

% (Oxford University Press, 2021)

% Focus is on returning parameters relavent for k dot p computations

% For more general calculations such as dielectric properties are WIP

% 2 Computes parameters for binaries and ternaries, no functionality for

% quaternaries (WIP), only gives deformation potentials and strain

% potentials for biaxial strain (epitaxial strain)4

% Works best at T = 0

% Currently supported Materials:

% Binaries: GaAs, AlAs, InAs, InP, GaSb, AlSb, InSb

% Ternaries: AlGaAs, InAlAs, InGaAs, AlGaSb, AlInSb, GaInSb, InAsSb,

% AlAsSb
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% Inputs:

% 1 Material Name(String)

% 2 Temperature (K)

% 3 X alloy fraction for 1st material in the alloy e.g. Al in AlGaAs

% Outputs:

% 1 Lattice constant (A)

% 2 Band gap (eV)

% 3 Valence band offset (eV) w.r.t InSb VBO

% 4 Delta/SO splitting (eV)

% 5 Kane Energy (eV)

% 6 F Remote band correction

% 7 Electron effective mass (1/me), luttinger parameters

% 8 Deformation Potentials (eV)

% 9 Elastic Constants (GPa)

%% Actual Function

function [alat, eg, vbo, delta, ep, fkane, eff_mass, deform_pot, cel]

= mkpparam(name,T,X)

if strcmp(name,’GaAs’)

alat = 5.65325 + (3.88e-5)*(T-300);

eg = 1.519 - ((5.41e-4)*T.^2)./(T + 204);

vbo = -0.8;

delta = 0.341;

ep = 25.6;

fkane = -1;

el_mass = 1/(1 + 2*fkane +ep*(eg+2*delta/3)/(eg*(eg+delta)));

eff_mass = [el_mass, 6.98, 2.06, 2.93];

deform_pot = [-7.17, 1.16, -2];

cel = [122.1, 56.6];

elseif strcmp(name,’AlAs’)

alat = 5.66139 + (2.90e-5)*(T-300);

eg = 3.099 - ((8.85e-4)*T.^2)./(T + 530);

vbo = -1.33;

delta = 0.28;

ep = 21.1;

fkane = -0.48;

el_mass = 1/(1 + 2*fkane +ep*(eg+2*delta/3)/(eg*(eg+delta)));

eff_mass = [el_mass, 3.76, 0.82, 1.42];
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deform_pot = [-5.64, 2.47, -2.3];

cel = [125, 53.4];

elseif strcmp(name,’InAs’)

alat = 6.0583 + (2.70e-5)*(T-300);

eg = 0.417 - ((3.07e-4)*T.^2)./(T + 191);

vbo = -0.62;

delta = 0.367;

ep = 19.5;

fkane = -1;

el_mass = 1/(1 + 2*fkane +ep*(eg+2*delta/3)/(eg*(eg+delta)));

eff_mass = [el_mass, 19.7, 8.4, 9.3];

deform_pot = [-5.08, 1, -1.8];

cel = [83.29, 45.26];

elseif strcmp(name,’InP’)

alat = 5.8687 + (2.79e-5)*(T-300);

eg = 1.4236 - ((3.63e-4)*T.^2)./(T + 162);

vbo = -0.94;

delta = 0.108;

ep = 19.8;

fkane = -1;

el_mass = 1/(1 + 2*fkane +ep*(eg+2*delta/3)/(eg*(eg+delta)));

eff_mass = [el_mass, 5.08, 1.6, 2.1];

deform_pot = [-6, 0.6, -2];

cel = [101.1, 56.1];

elseif strcmp(name,’GaSb’)

alat = 6.0959 + (4.72e-5)*(T-300);

eg = 0.812 - ((4.17e-4)*T.^2)./(T + 140);

vbo = -0.03;

delta = 0.76;

ep = 25.8;

fkane = -1;

el_mass = 1/(1 + 2*fkane +ep*(eg+2*delta/3)/(eg*(eg+delta)));

eff_mass = [el_mass, 13.4, 4.7, 6];

deform_pot = [-7.5, 0.8, -2.];

cel = [88.42, 40.26];

elseif strcmp(name,’AlSb’)

alat = 6.1355 + (2.60e-5)*(T-300);

eg = 2.386 - ((4.20e-4)*T.^2)./(T + 140);
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vbo = -0.41;

delta = 0.676;

ep = 18.7;

fkane = -0.56;

el_mass = 1/(1 + 2*fkane +ep*(eg+2*delta/3)/(eg*(eg+delta)));

eff_mass = [el_mass, 5.18, 1.19, 1.97];

deform_pot = [-4.5, 1.4, -1.35];

cel = [87.69, 43.41];

elseif strcmp(name,’InSb’)

alat = 6.4794 + (3.48e-5)*(T-300);

eg = 0.235 - ((3.20e-4)*T.^2)./(T + 170);

vbo = -0.;

delta = 0.81;

ep = 23.3;

fkane = -0.23;

el_mass = 1/(1 + 2*fkane +ep*(eg+2*delta/3)/(eg*(eg+delta)));

eff_mass = [el_mass, 34.8, 15.5, 16.5];

deform_pot = [-6.94, 0.36, -2.];

cel = [68.47, 37.35];

elseif strcmp(name,’AlGaAs’)

alat = (X).*(5.66139 + (2.90e-5)*(T-300))

+ (1-X).*(5.65325 + (3.88e-5)*(T-300));

eg = (X)*(3.099 - ((8.85e-4)*T.^2)./(T + 530))+ (1-X)*(1.519

- ((5.41e-4)*T.^2)./(T + 204)) - X*(1-X)*(-0.127+1.310*X);

vbo = (X)*(-1.33) + (1-X)*(-0.8);

delta = (X)*(0.28) + (1-X)*0.341;

ep = (X)*(21.1) + (1-X)*25.6 - X*(1-X)*3.2;

fkane = (X)*(-0.48) + (1-X)*(-1);

el1 = 0.15;

el2 = 0.0675;

el_mass = X*(el1) + (1-X)*el2;

gam1 = [3.76, 0.82, 1.42];

gam2 = [6.98, 2.06, 2.93];

hh1 = 1/(gam1(1) - 2*gam1(2));

hh2 = 1/(gam2(1) - 2*gam2(2));

hh_mass = (X)*hh1 + (1-X)*hh2;

lh1 = 1/(gam1(1) + 2*gam1(2));

lh2 = 1/(gam2(1) + 2*gam2(2));

lh_mass = el_mass*((1/el1)*(X)*lh1 + (1/el2)*(1-X)*lh2);

gg1 = X*(gam1(3) - gam1(2));
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gg2 = (1-X)*(gam2(3) - gam2(2));

eff_mass = [el_mass,0.5/hh_mass + 0.5/lh_mass,

0.25/lh_mass - 0.25/hh_mass,0.25/lh_mass - 0.25/hh_mass + gg1 + gg2];

deform_pot = (X)*[-5.64, 2.47, -2.3] + (1-X)*[-7.17, 1.16, -2];

cel = (X)*[125, 53.4] + (1-X)*[122.1, 56.6];

elseif strcmp(name,’InGaAs’)

alat = (X).*(6.0583 + (2.7e-5)*(T-300))

+ (1-X).*(5.65325 + (3.88e-5)*(T-300));

eg = (X)*(0.417 - ((3.07e-4)*T.^2)./(T + 191))

+ (1-X)*(1.519 - ((5.41e-4)*T.^2)./(T + 204)) - X*(1-X)*(0.477);

vbo = (X)*(-0.62) + (1-X)*(-0.8) - X*(1-X)*(-0.61);

delta = (X)*(0.367) + (1-X)*0.341 - X*(1-X)*(0.15);

ep = (X)*(19.5) + (1-X)*25.6 - X*(1-X)*-4.2;

fkane = (X)*(-1) + (1-X)*(-1);

el1 = 0.026;

el2 = 0.0675;

el_mass = X*(el1) + (1-X)*el2 - X*(1-X)*0.005;

gam1 = [19.7, 8.4, 9.3];

gam2 = [6.98, 2.06, 2.93];

hh1 = 1/(gam1(1) - 2*gam1(2));

hh2 = 1/(gam2(1) - 2*gam2(2));

hh_mass = (X)*hh1 + (1-X)*hh2 - X*(1-X)*(-0.145);

lh1 = 1/(gam1(1) + 2*gam1(2));

lh2 = 1/(gam2(1) + 2*gam2(2));

lh_mass = el_mass*((1/el1)*(X)*lh1 + (1/el2)*(1-X)*lh2);

gg1 = X*(gam1(3) - gam1(2));

gg2 = (1-X)*(gam2(3) - gam2(2));

eff_mass = [el_mass,0.5/hh_mass + 0.5/lh_mass,

0.25/lh_mass - 0.25/hh_mass,0.25/lh_mass - 0.25/hh_mass + gg1 + gg2];

deform_pot = (X)*[-5.08, 1, -1.8]

+ (1-X)*[-7.17, 1.16, -2] - X*(1-X)*[2.61 0 0];

cel = (X)*[83.29, 45.26] + (1-X)*[122.1, 56.6];

elseif strcmp(name,’InAlAs’)

alat = (X).*(6.0583 + (2.7e-5)*(T-300))

+ (1-X).*(5.66139 + (2.90e-5)*(T-300));

eg = (X)*(0.417 - ((3.07e-4)*T.^2)./(T + 191))

+ (1-X)*(3.099 - ((8.85e-4)*T.^2)./(T + 530)) - X*(1-X)*(0.7);

vbo = (X)*(-0.62) + (1-X)*(-1.33) - X*(1-X)*(-0.824);

delta = (X)*(0.367) + (1-X)*(0.28) - X*(1-X)*(0.15);

ep = (X)*(19.5) + (1-X)*(21.1) + X*(1-X)*-10.2;
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fkane = (X)*(-1) + (1-X)*(-0.48);

el1 = 0.026;

el2 = 0.15;

el_mass = X*(el1) + (1-X)*el2 - X*(1-X)*0.049;

gam1 = [19.7, 8.4, 9.3];

gam2 = [3.76, 0.82, 1.42];

hh1 = 1/(gam1(1) - 2*gam1(2));

hh2 = 1/(gam2(1) - 2*gam2(2));

hh_mass = (X)*hh1 + (1-X)*hh2;

lh1 = 1/(gam1(1) + 2*gam1(2));

lh2 = 1/(gam2(1) + 2*gam2(2));

lh_mass = el_mass*((1/el1)*(X)*lh1 + (1/el2)*(1-X)*lh2);

gg1 = X*(gam1(3) - gam1(2));

gg2 = (1-X)*(gam2(3) - gam2(2));

eff_mass = [el_mass,0.5/hh_mass + 0.5/lh_mass,

0.25/lh_mass - 0.25/hh_mass,0.25/lh_mass - 0.25/hh_mass + gg1 + gg2];

deform_pot = (X)*[-5.08, 1, -1.8]

+ (1-X)*[-5.64, 2.47, -2.3] - X*(1-X)*[-1.4 0 0];

cel = (X)*[83.29, 45.26] + (1-X)*[125, 53.4];

elseif strcmp(name,’AlGaSb’)

alat = (X).*(6.1355 + (2.60e-5)*(T-300))

+ (1-X).*(6.0959 + (4.72e-5)*(T-300));

eg = (X)*(2.386 - ((4.20e-4)*T.^2)./(T + 140))

+ (1-X)*(0.812 - ((4.17e-4)*T.^2)./(T + 140)) - X*(1-X)*(-0.044+1.22*X);

vbo = (X)*(-0.41) + (1-X)*(-0.03);

delta = (X)*(0.676) + (1-X)*0.76 - X*(1-X)*0.3;

ep = (X)*(18.7) + (1-X)*25.8;

fkane = (X)*(-0.56) + (1-X)*(-1);

el1 = 0.14;

el2 = 0.039;

el_mass = X*(el1) + (1-X)*el2 - X*(1-X)*0.083;

gam1 = [5.18, 1.19, 1.97];

gam2 = [13.4, 4.7, 6];

hh1 = 1/(gam1(1) - 2*gam1(2));

hh2 = 1/(gam2(1) - 2*gam2(2));

hh_mass = (X)*hh1 + (1-X)*hh2;

lh1 = 1/(gam1(1) + 2*gam1(2));

lh2 = 1/(gam2(1) + 2*gam2(2));

lh_mass = el_mass*((1/el1)*(X)*lh1 + (1/el2)*(1-X)*lh2);

gg1 = X*(gam1(3) - gam1(2));

gg2 = (1-X)*(gam2(3) - gam2(2));
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eff_mass = [el_mass,0.5/hh_mass + 0.5/lh_mass,

0.25/lh_mass - 0.25/hh_mass,0.25/lh_mass - 0.25/hh_mass + gg1 + gg2];

deform_pot = (X)*[-4.5, 1.4, -1.35] + (1-X)*[-7.5, 0.8, -2.];

cel = (X)*[87.69, 43.41] + (1-X)*[88.42, 40.26];

elseif strcmp(name,’AlInSb’)

alat = (X).*(6.1355 + (2.60e-5)*(T-300))

+ (1-X).*(6.4794 + (3.48e-5)*(T-300));

eg = (X)*(2.386 - ((4.20e-4)*T.^2)./(T + 140))

+ (1-X)*(0.235 - ((3.20e-4)*T.^2)./(T + 170)) - X*(1-X)*(0.43);

vbo = (X)*(-0.41) + (1-X)*(-0.);

delta = (X)*(0.676) + (1-X)*0.81 - X*(1-X)*0.25;

ep = (X)*(18.7) + (1-X)*23.3;

fkane = (X)*(-0.56) + (1-X)*(-0.23);

el1 = 0.14;

el2 = 0.0135;

el_mass = X*(el1) + (1-X)*el2 - X*(1-X)*0.05;

gam1 = [5.18, 1.19, 1.97];

gam2 = [34.8, 15.5, 16.5];

hh1 = 1/(gam1(1) - 2*gam1(2));

hh2 = 1/(gam2(1) - 2*gam2(2));

hh_mass = (X)*hh1 + (1-X)*hh2;

lh1 = 1/(gam1(1) + 2*gam1(2));

lh2 = 1/(gam2(1) + 2*gam2(2));

lh_mass = el_mass*((1/el1)*(X)*lh1 + (1/el2)*(1-X)*lh2);

gg1 = X*(gam1(3) - gam1(2));

gg2 = (1-X)*(gam2(3) - gam2(2));

eff_mass = [el_mass,0.5/hh_mass + 0.5/lh_mass,

0.25/lh_mass - 0.25/hh_mass,0.25/lh_mass - 0.25/hh_mass + gg1 + gg2];

deform_pot = (X)*[-4.5, 1.4, -1.35] + (1-X)*[-6.94, 0.36, -2.];

cel = (X)*[87.69, 43.41] + (1-X)*[68.47, 37.35];

elseif strcmp(name,’GaInSb’)

alat = X*(6.0959 + (4.72e-5)*(T-300))

+ (1-X).*(6.4794 + (3.48e-5)*(T-300));

eg = X*(0.812 - ((4.17e-4)*T.^2)./(T + 140))

+ (1-X)*(0.235 - ((3.20e-4)*T.^2)./(T + 170)) - X*(1-X)*(0.415);

vbo = X*(-0.03) + (1-X)*(0);

delta = X*0.76 + (1-X)*(0.81) - X*(1-X)*0.1;

ep = X*25.8 + (1-X)*(23.3) - X*(1-X)*7.8;

fkane = X*(-1) + (1-X)*(-0.23);

el1 = 0.039;
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el2 = 0.0135;

el_mass = X*(el1) + (1-X)*el2 - X*(1-X)*0.01;

gam1 = [13.4, 4.7, 6];

gam2 = [34.8, 15.5, 16.5];

hh1 = 1/(gam1(1) - 2*gam1(2));

hh2 = 1/(gam2(1) - 2*gam2(2));

hh_mass = (X)*hh1 + (1-X)*hh2;

lh1 = 1/(gam1(1) + 2*gam1(2));

lh2 = 1/(gam2(1) + 2*gam2(2));

lh_mass = el_mass*((1/el1)*(X)*lh1 + (1/el2)*(1-X)*lh2);

gg1 = X*(gam1(3) - gam1(2));

gg2 = (1-X)*(gam2(3) - gam2(2));

eff_mass = [el_mass,0.5/hh_mass + 0.5/lh_mass,

0.25/lh_mass - 0.25/hh_mass,0.25/lh_mass - 0.25/hh_mass + gg1 + gg2];

deform_pot = X*[-7.5, 0.8, -2.] + (1-X)*[-6.94, 0.36, -2.];

cel = X*[88.42, 40.26] + (1-X)*[68.47, 37.35];

% Might be wrong?

elseif strcmp(name,’InGaSb’)

alat = X.*(6.4794 + (3.48e-5)*(T-300))

+ (1-X)*(6.0959 + (4.72e-5)*(T-300));

eg = X*(0.235 - ((3.20e-4)*T.^2)./(T + 170))

+ (1-X)*(0.812 - ((4.17e-4)*T.^2)./(T + 140)) - X*(1-X)*(0.415);

vbo = X*(0) + (1-X)*(-0.03);

delta = X*(0.81) + (1-X)*0.76 - X*(1-X)*0.1;

ep = X*(23.3) + (1-X)*25.8 - X*(1-X)*7.8;

fkane = X*(-0.23) + (1-X)*(-1);

el1 = 0.0135;

el2 = 0.039;

el_mass = X*(el1) + (1-X)*el2 - X*(1-X)*0.01;

gam1 = [34.8, 15.5, 16.5];

gam2 = [13.4, 4.7, 6];

hh1 = 1/(gam1(1) - 2*gam1(2));

hh2 = 1/(gam2(1) - 2*gam2(2));

hh_mass = (X)*hh1 + (1-X)*hh2;

lh1 = 1/(gam1(1) + 2*gam1(2));

lh2 = 1/(gam2(1) + 2*gam2(2));

lh_mass = el_mass*((1/el1)*(X)*lh1 + (1/el2)*(1-X)*lh2);

gg1 = X*(gam1(3) - gam1(2));

gg2 = (1-X)*(gam2(3) - gam2(2));

eff_mass = [el_mass,0.5/hh_mass + 0.5/lh_mass,

0.25/lh_mass - 0.25/hh_mass,0.25/lh_mass - 0.25/hh_mass + gg1 + gg2];
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deform_pot = X*[-6.94, 0.36, -2.] + (1-X)*[-7.5, 0.8, -2.];

cel = X*[68.47, 37.35] + (1-X)*[88.42, 40.26];

elseif strcmp(name,’InAsSb’)

alat = (X).*(6.0583 + (2.70e-5)*(T-300))

+ (1-X).*(6.4794 + (3.48e-5)*(T-300));

eg = (X)*(0.417 - ((3.07e-4)*T.^2)./(T + 191))

+ (1-X)*(0.235 - ((3.20e-4)*T.^2)./(T + 170)) - X*(1-X)*(0.84);

vbo = (X)*(-0.62) + (1-X)*(-0.) - X*(1-X)*-0.02;

delta = (X)*(0.367) + (1-X)*0.81 - X*(1-X)*1.2;

ep = (X)*(19.5) + (1-X)*23.3;

fkane = (X)*(-1) + (1-X)*(-0.23);

el1 = 0.026;

el2 = 0.0135;

el_mass = 1/(1 + 2*fkane +ep*(eg+2*delta/3)/(eg*(eg+delta)));

gam1 = [19.7, 8.4, 9.3];

gam2 = [34.8, 15.5, 16.5];

hh1 = 1/(gam1(1) - 2*gam1(2));

hh2 = 1/(gam2(1) - 2*gam2(2));

hh_mass = (X)*hh1 + (1-X)*hh2;

lh1 = 1/(gam1(1) + 2*gam1(2));

lh2 = 1/(gam2(1) + 2*gam2(2));

lh_mass = el_mass*((1/el1)*(X)*lh1 + (1/el2)*(1-X)*lh2);

gg1 = X*(gam1(3) - gam1(2));

gg2 = (1-X)*(gam2(3) - gam2(2));

eff_mass = [el_mass,0.5/hh_mass + 0.5/lh_mass,

0.25/lh_mass - 0.25/hh_mass,0.25/lh_mass - 0.25/hh_mass + gg1 + gg2];

deform_pot = (X)*[-5.08, 1, -1.8] + (1-X)*[-6.94, 0.36, -2.];

cel = (X)*[83.29, 45.26] + (1-X)*[68.47, 37.35];

elseif strcmp(name,’AlAsSb’)

alat = X*(5.66139 + (2.90e-5)*(T-300))

+ (1-X).*(6.1355 + (2.60e-5)*(T-300));

eg = X*(3.099 - ((8.85e-4)*T.^2)./(T + 530))

+ (1-X)*(2.386 - ((4.20e-4)*T.^2)./(T + 140)) - X*(1-X)*(1.55);

vbo = X*(-1.33) + (1-X)*(-0.41) - X*(1-X)*(-3.41 + 3.59*X);

delta = X*(0.28) + (1-X)*(0.676) - X*(1-X)*(0.15);

ep = X*(21.1) + (1-X)*(18.7);

fkane = X*(-0.48) + (1-X)*(-0.56);

el1 = 0.15;

el2 = 0.14;

145



MATLAB code of quantum well band structure calculation Chapter C

el_mass = X*(el1) + (1-X)*el2 - X*(1-X)*0.081;

gam1 = [3.76, 0.82, 1.42];

gam2 = [5.18, 1.19, 1.97];

hh1 = 1/(gam1(1) - 2*gam1(2));

hh2 = 1/(gam2(1) - 2*gam2(2));

hh_mass = (X)*hh1 + (1-X)*hh2;

lh1 = 1/(gam1(1) + 2*gam1(2));

lh2 = 1/(gam2(1) + 2*gam2(2));

lh_mass = el_mass*((1/el1)*(X)*lh1 + (1/el2)*(1-X)*lh2);

gg1 = X*(gam1(3) - gam1(2));

gg2 = (1-X)*(gam2(3) - gam2(2));

eff_mass = [el_mass,0.5/hh_mass + 0.5/lh_mass,

0.25/lh_mass - 0.25/hh_mass,0.25/lh_mass - 0.25/hh_mass + gg1 + gg2];

deform_pot = X*[-5.64, 2.47, -2.3] + (1-X)*[-4.5, 1.4, -1.35];

cel = X*[125, 53.4] + (1-X)*[87.69, 43.41];

end

end
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Ohmic contact to various III-V

materials

The procedures to obtain Ohmic contacts to cleaved squares of III-V in the van der

Pauw geometry is listed in the table D.1 below. Squares are approximately 5 × 5 mm.

If the contacts were annealed, the contacts were annealed on a hot plate in ambient

conditions. The InSn used is the eutectic alloy composition of InSn (Thermo Fisher

Scientific). Etching the InSn or In with HCl is recommened before use, otherwise oxygen

can incorporate into the soldered contact and inhibit diffusion of the contact metal into

the III-V. It has been found that a contact anneal is not always required for InSb 2DEGs.

Be careful to not contaminate the pure In solder iron with InSn.
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Table D.1: Ohmic contact procedure for various III-V materials for Hall measure-
ments in the van der Pauw geometry.

Material Metal Anneal temperature (oC) Time (min)
nGaAs InSn 375 30 - 60
pGaAs In 375 30 - 60

GaAs/AlGaAs 2DEG InSn 375 60 - 120
Near surface InAs QW on InP InSn N/A N/A

Deep InAs 2DEG on InP InSn 250 15
Deep InAs 2DEG on GaSb InSn 220 20
Deep InGaAs 2DEG on InP InSn 250 15

InSb 2DEG on GaSb InSn 180 20
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Appendix E

Field emission cleaning of a STM tip

Field emission cleaning of a STM tip was found to be an effective technique for eliminating

contaminants and reshaping the apex of the tip. By doing so, the effective lifetime of

a STM tip can be increased. It was found to be particularily effective in eliminating

nonmetallic contaminants at the end of a tip, which is essential for performing STS.

In addition, field emission cleaning is typically more consistent than cleaning a tip via

electron beam bombardment. However, field emission cleaning can only be perofrmed

a finite number of times, each field emision clean will remove material from the end

of the tip. Field emission cleaning cannot be performed in an Omicron LT-STM with a

QPlus preamplifier in the STM. The high currents and voltages required for field emission

cleaning would damage the internal QPlus preamplifier. In the Omicron VT-STM in the

Palmstrøm lab, field emission cleaning can be performed. However, modifications to the

experimental set up are required to perform field emission cleaning.

The Omicron current preamplifier on the VT STM cannot be used for field emission

cleaning and must be removed. Field emission cleaning adapter must be plugged into the

STM where the preamplifier typically sits, this adapter shorts the internal I/V converter

in the STM to prevent damage to it. The adapter is hooked up to an external current
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preamplifer and voltage source. The current preamplifier must be able to measure several

µA of current. The analog output of the current preamplifier is connected to an auxiliary

input in the Nanonis STM control electronics, to enable feedback control of the piezo to

maintain the field emission current. The tunnel voltage can then be applied between the

tip and the sample, and then the feedback loop can be engaged to maintian a constant

field emission current. Typical field emission cleaning parameters are a voltage of 200

V, with a current of 1 µA for 1 minute. Once field emission cleaning is performed, the

adapter can be removed, and the original preamplifier can be connected to the system.
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M. McEwen, A. Megrant, X. Mi, K. Michielsen, M. Mohseni, J. Mutus, O. Naaman,
M. Neeley, C. Neill, M. Y. Niu, E. Ostby, A. Petukhov, J. C. Platt, C. Quintana,
E. G. Rieffel, P. Roushan, N. C. Rubin, D. Sank, K. J. Satzinger, V. Smelyanskiy,
K. J. Sung, M. D. Trevithick, A. Vainsencher, B. Villalonga, T. White, Z. J. Yao,
P. Yeh, A. Zalcman, H. Neven, and J. M. Martinis, Nature 574, 505 (2019).

[26] P. W. Shor, Documenta Mathematica 1, 467 (1998).

[27] P. W. Shor, Fault-tolerant quantum computation, in Proceedings of 37th Confer-
ence on Foundations of Computer Science, pages 56–65, 1996.

152



[28] A. Kitaev, Physics-Uspekhi 44, 131 (2001).

[29] A. Kitaev, Annals of Physics 303, 2 (2003).

[30] L. Fu and C. L. Kane, Physical Review Letters 100, 096407 (2008).

[31] S. Mi, D. I. Pikulin, M. Wimmer, and C. W. J. Beenakker, Physical Review B 87,
241405(R) (2013).

[32] Y. Oreg, G. Refael, and F. von Oppen, Physical Review Letters 105, 177002 (2010).

[33] R. M. Lutchyn, J. D. Sau, and S. Das Sarma, Physical Review Letters 105, 077001
(2010).

[34] S. Das Sarma and H. Pan, Phys. Rev. B 103, 195158 (2021).

[35] S. Das Sarma and H. Pan, Phys. Rev. B 108, 85415 (2023).

[36] S. Das Sarma, J. D. Sau, and T. D. Stanescu, Phys. Rev. B 108, 85416 (2023).

[37] M. Aghaee, A. Akkala, Z. Alam, R. Ali, A. Alcaraz Ramirez, M. Andrzejczuk, A. E.
Antipov, P. Aseev, M. Astafev, B. Bauer, J. Becker, S. Boddapati, F. Boekhout,
J. Bommer, T. Bosma, L. Bourdet, S. Boutin, P. Caroff, L. Casparis, M. Cassidy,
S. Chatoor, A. W. Christensen, N. Clay, W. S. Cole, F. Corsetti, A. Cui, P. Dalam-
piras, A. Dokania, G. de Lange, M. de Moor, J. C. Estrada Saldaña, S. Fallahi,
Z. H. Fathabad, J. Gamble, G. Gardner, D. Govender, F. Griggio, R. Grigoryan,
S. Gronin, J. Gukelberger, E. B. Hansen, S. Heedt, J. Herranz Zamorano, S. Ho,
U. L. Holgaard, H. Ingerslev, L. Johansson, J. Jones, R. Kallaher, F. Karimi,
T. Karzig, E. King, M. E. Kloster, C. Knapp, D. Kocon, J. Koski, P. Kostamo,
P. Krogstrup, M. Kumar, T. Laeven, T. Larsen, K. Li, T. Lindemann, J. Love,
R. Lutchyn, M. H. Madsen, M. Manfra, S. Markussen, E. Martinez, R. McNeil,
E. Memisevic, T. Morgan, A. Mullally, C. Nayak, J. Nielsen, W. H. P. Nielsen,
B. Nijholt, A. Nurmohamed, E. O’Farrell, K. Otani, S. Pauka, K. Petersson, L. Pe-
tit, D. I. Pikulin, F. Preiss, M. Quintero-Perez, M. Rajpalke, K. Rasmussen, D. Raz-
madze, O. Reentila, D. Reilly, R. Rouse, I. Sadovskyy, L. Sainiemi, S. Schreppler,
V. Sidorkin, A. Singh, S. Singh, S. Sinha, P. Sohr, T. c. š. Stankevič, L. Stek,
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55, 045428 (2008).

[161] Z.-q. Huang, F.-c. Chuang, C.-h. Hsu, Y.-t. Liu, H.-r. Chang, H. Lin, and A. Bansil,
Physical Review B 88, 165301 (2013).

[162] T. Zhou, S. Cheng, M. Schleenvoigt, P. Schüffelgen, H. Jiang, Z. Yang, and v. Igor,
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