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Abstract

Selective-area-grown (also referred to as ‘templated’) semiconductor nanostructures have gen-
erated considerable research interest in recent years as potential vehicles for the investigation of
fundamental quantum phenomena as well as towards scalable networks for deployment in future
quantum computers. Such structures made from III-V semiconductors, which can play host to
effects such as strong spin-orbit interaction and Fermi-level pinning of the conduction band at
the interface, are of interest due to the fast spin precession as well as being potential vehicles for
realization of non-trivial topological states of matter.

This nascent technology has relied on the bridging of growth techniques, nano-fabrication,
low-temperature electronic transport studies, and compositional analysis during its development.
The required expertise involved has resulted in fruitful collaborations between a number of re-
search groups in different institutions, which has enabled steady progress. Devices have been
fabricated on quasi-1D nanostructures comprised of InGaAs nanowires grown atop defect-free
GaAs nanomembranes, first with bulk-doping of Si+ donors in the InGaAs wires in order to
demonstrate a proof-of-principle for the system.

Later, devices utilizing modulation doping strategies in order to reduce impurity scattering -
while still providing the necessary additional carriers for transport - have been realized, measured,
and analysed. Devices with branched geometries have been produced and quantum intereference
effects have been observed across the junctions. Important transport parameters such as mean
free paths, coherence lengths and spin-orbit lengths have been extracted in order to characterize
the structures and motivate the next steps along the evolution of the systems. Novel fabrication
techniques have been developed and employed in order to investigate and control various aspects
of the structures, including carrier density and electric fields across the wires.
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2 Introduction

2.1 On the Nature of the Endeavor

Written evidence of the exploration of knowlege dates back thousands of years, and one could

reasonably assume that the pursuit thereof predates the enscription by many times this. The

ancient Greeks are, perhaps, best known for formalizing this pursuit. Progenitors of western

thought, they laid a foundation for the nature of knowledge. It was the Greeks who came up

with the term ϕιλoσoϕία (philosophy), meaning ‘love of knowledge or wisdom.’ Plato, one of

the most renowned Greeks, presented an allegory of the cave [1]. In this cave, people were

chained in such a way that they could only look straight ahead to a wall onto which a fire cast

shadows. These shadows they studied, developing sophisticated theories and explanations. It

was suggested that, if one of the people was freed from the chains and lead out of the cave and

into daylight, at first he would be blinded, his eyes unable to take in all the light. Only slowly

might his vision adjust to ascertain a much deeper reality around him. In fact, if, after exposure

to the light, he were later lead back into the cave, he would first find it difficult to articulate the

shadows once again. Plato was actually a nickname he used, derived from the adjective πλατύς,

meaning ‘broad’. It is considered by some to refer to his chest and broad shoulders, since he was

also an accomplished wrestler [2], indicating that he spent his time not only in theory, but also

in practice. And so it is that theory must be subjected to the proving ground of experimental

verification.

There are fundamental requisites for success in the investigation of novel, complex endeavors.

As the parameter space grows, one is increasingly reliant on the ability to humble oneself. Ex-

pertise in a network of technical aspects must be gathered and synthesized, after which one must

continually move forward with incomplete knowledge. With a flicker of curiosity, one ventures

deep into the caverns of the unknown, patiently illuminating the mostly vacant chambers with

the hope of discovering some long hidden treasure. There are phantasms, which dance enticingly

when the light happens to land with the appropriate angle and intensity, only to vanish when

the torch is sufficiently bright. Aspects of the structure are vast and it is by no means always

immediately obvious which are relevant. Pitfalls are abundant, where one may be led down a

winding, faintly glowing, narrow passage, only to discover it was fool’s gold at the end. Some of

the explorers emerge finally with little to nothing other than worn-out instruments. Some resur-
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face with what appears to be treasure, yet later is found to be a mirage [3][5]. Lucky are those

who stumble upon uncharted territory with great riches and have the correct tools to excavate

and then extract the gems. The majority toil away for a few years, can contribute to a map

of the space to variable degree and depart the catacombs with a modest portion of the fortune.

Those who truly profit from the whole endeavor tend to be the ones who recognize that the

proper wealth accrued is the wisdom of the process, the discarding of the ego, and the careful

balance between patience to detail and knowing when to move on. Science can be recognized as

a modern branch of philosophy constrained under a particular method.

In his Tao Te Ching [6], Lao Tzu claimed that it was the empty space inside the cup that

gave it value. This can be interpreted to mean that it is constraint that provides the framework

for meaning. A four-year scientific investigation is, both, incomprehensibly long and incompre-

hensibly short. A doctoral study begins with a sophisticated plan involving many moving parts,

assumptions, and aspirations. It was Moltke the Elder, who said “No plan of operations extends

with certainty beyond the first encounter with the enemy’s main strength”, and Mike Tyson,

who paraphrased this wisdom with elegance suitable for nanofabrication, saying “Everyone’s got

a plan until they get hit”. Machines break down, tweezers fail at crucial moments, chemicals are

contaminated, pumps lose reliability, wire bonders smash holes into samples, and pandemics oc-

cur. Despite all this, concrete progress is made. Techniques are developed, samples are created,

measurements are carried out, data analysis is executed, discussions take place, knowledge is

gained, and results are shared with the world. Of equal importance to these advancements, one

learns a tremendous amount about oneself, forms relationships with unique individuals, collab-

orates with groups of people from around the world, and suffers all the while through personal

growth.

2.2 Thesis Outline

The focus of this thesis is primarily the work done in low-temperature quantum transport exper-

iments in order to electrically characterize the key transport properties of devices fabricated on

novel nanostructures. Thus, after some motivational aspects, it will begin with an introduction

to the physics of (quasi-) one-dimensional (1D) structures. Second, there will be a brief dive

into the growth techniques required for the systems investigated. Third, there is a deeper dive

into the relevant quantum interference effects. This is followed by a section on the fabrication
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techniques developed for these novel structures. After these introductory sections, there are two

chapters representing the published works over the course of this doctorate. Then, an outlook

and summary, including work-in-progress on a dual-gated architecture and preliminary findings

on such a device is presented. Throughout, a few light-hearted remarks are added into footnotes

to provide additional levity to the work.

3 Reflections on Motivation

When it comes to motivation for scientific research, the first natural question is why? The question

itself makes an assumption that doesn’t always hold up, that assumption being that there is a

single, straightforward answer to the query. One aspect of research that is often neglected is

that, whatever one thinks their research is at the start, isn’t actually what it turns out to be in

the end. Although there are different degrees of acceptance of this point, it is an important one,

as science is the method for investigation and discernment, not simply the attempt to achieve

whatever it is that one thinks one wants. Karl Popper made a profound point that has remained

valid through the years. He said that there are only two types of theories: Those which are known

to not be true, and those which have not yet been demonstrated to be false [247]. The essence

of this statement lies in an asymmetry in knowledge, which is sometimes called ‘The Problem

of Induction’ or ‘The Black Swan Problem’. Logically, no number of positive confirmations of

a theory can completely confirm it, while a single (confirmed) counterexample is sufficient to

disprove it. This is not to make light of the ambitions of any particular project, but rather to

highlight the beauty in the fact that the curiosity in and investigation into the unknown, by its

very nature, needs to accept resultant data for what it is. The great Richard Feynman put it

succinctly when he said “The first principle is that you must not fool yourself... and you are the

easiest person to fool” [20].

With this in mind, there are many ideas and aspirations that motivate the development of

novel semiconducting nanostructures. Perhaps the first topic that comes to mind for most is the

lofty prospect of quantum computation. This concept has often been credited to Feynman back

in 1982, [21] though had originally been presented in one form by Paul Benioff in 1980 [22]. Al-

gorithms quickly followed, suggesting great utility in the concept [44][45][46][52]. Essentially, the

idea is to leverage the properties of quantum systems, such as superposition and entanglement,

in order to perform calculations. The enticing prospect of quantum computing is its predicted

15



ability to perform certain types of calculations much faster than the conventional (classical) com-

puter [23]. Some of the applications forseen for a quantum computer are factorization of large

integers [24][35], finding a specific item from a list of n items (so-called search problems) [25],

simulation of quantum systems [26], machine learning [27], and helping with drug design [28][29].

With myriad reasons for the development of quantum computation, the next question becomes

how [80]? If we consider for a moment that a classical computer is built upon an architecture

of bits - essentially a transistor that can be in the on or off state (allowing for current to flow or

not) mapping to a 0 or a 1 - then a quantum version of a computer could be made up of qubits,

i.e. quantum bits. With qubits, the standard idea is to leverage a two-level system comprised of

the states |1〉 and |0〉 (assumed to be eigenstates of the Pauli operator σz separated by an energy

∆ from a continuum of states) which can, both, oscillate in a controlled manner between them

as well as exist in a superposition of the two.

Figure 1: Spectrum of a physical qubit system with two accessible degenerate states, a gap ∆, and an unreachable
continuum of higher energy states [48].

It is arguable whether or not the current quantum computers that exist are useful for practical

matters, as they do not yet have large numbers of qubits, though concrete progress has been con-

tinually made [30][31][32][33][34]. There are many ways to create a two-level system and people

argue over the merits of each of them. Nitrogen vacancy centers [36], trapped ions [37][38], super-

conducting circuits [39][40][41][42], spins in quantum dots [43][47], and (predicted) topological

quasi-particles [48][49][50][51] each could serve as qubits and are active areas of interest.

Speed, reliability and scalability trade-offs exist amongst the various avenues for creating

and controlling such a two-level system. Qubits rely on the coherence of the quantum state and

there are three main timescales which need to be considered when assessing a qubit’s viability.

First, the relaxation time T1 describes the transition from the excited state |1〉 to the ground

state |0〉 due to interactions with the immediate environment. Second, the decoherence time
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T2 accounts for the decay of quantum mechanical superpositions and transitions of the sort

|1〉+ |0〉 → {|1〉 , |0〉}. Third, one has the dephasing time T ∗2 , which comes from the fact that it

is typically required to measure over an ensemble, rather than a single system alone. T ∗2 tends

to decay faster than T2 due to small deviations in oscillation frequencies from measurement to

measurement that lead to destructive interference. In practice, T1 tends to be much greater than

T2, thus decoherence is frequently the important parameter in a system when considering its

viability [43].

It has been predicted that topological qubits would have particularly long coherence times

and low-dimensional semiconducting structures with strong spin-orbit interaction under certain

conditions could realize them [248]. On this topic, more to come. Suffice to say, the potential for

novel nanostructures like those investigated over the course of this work to be stepping stones

to topological qubits in the future is one major motivating factor. Adding to the promise of

developing a system that might serve as a future building block for such a topological qubit

is the scalability of this system. Any technology, in order for actual adoption, needs some

reasonable form of scaling. A perfectly obvious point that can sometimes be neglected is that

many processes and systems investigated in experimental science have no hope of scaling given

current technological limitations.

This is not to say that there isn’t merit in investigating non-scalable systems. On the contrary,

one can learn a great deal from prototype systems in order to later implement them in similar

- but more scalable - ways. On top of the remarkable ability humans have to adapt and swap

implementation in such a way, many prototype systems also serve to answer questions about

fundamental physical phenomena. The templated nature of the system we have been developing

would eventually be able to be mass produced, which is a clear advantage over systems which can

only serve as prototypes. Additionally, the process of creating these templated structures is free

of gold catalysts, and could thus be more easily integrated into conventional silicon production

lines, which is also attractive from the perspective of scalability and adoption.

As already mentioned, curiosity in a novel system is an important additional motivation. The

growth technique employed in this work enables an enormous amount of possibilities for inves-

tigating theory and, potentially, discovering new physical phenomena. The prospect of building

and exploring on-demand systems with different geometries and material stacks is enticing.
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4 On Dimension

The concept of dimensionality is something that depends on perspective. Benoit Mandelbrot

provided the world with, arguably, the most impressive investigation of dimension [7]. An object

such as a common straw can serve as an example. From far enough away and with a particular

resolution, it will appear as a zero-dimensional point. Zoom in a bit, and one has what looks

like a one-dimensional line. Zooming in further, one notices that the structure seems three

dimensional. Now, depending on the angle, approaching the object closer might make it appear

as a 2D annulus. Coming even closer, the topography of the material will become clear and one

would conclude again that it was, indeed, a 3D object. Zooming in even further to an atomic

scale, one would then be confronted by the fact that this object was actually made up of atoms,

appearing as a disjoint configuration of 1D points. It is with this in mind that we can conclude

that the concept of dimension needs a fixed frame of reference to have meaning.

4.1 Energy Scales

In quantum transport we often talk about dimension in terms of energy scales where conduction

or the signals of particular physics can occur. Our systems are investigated primarily under

low temperatures. ‘Low’ means at liquid helium temperatures, i.e. around 4 K and below.

One can easily calculate what is energetically forbidden via the relationship between energy and

temperature. Using the Boltzmann constant, kB = 8.617 × 10−5 eVK−1, one can plug in the

current temperature in degrees Kelvin to receive the energy in units of eV. Usefully, one has

87 µeV for 1 K. This serves as a straight-forward method for determining the physics that can

be studied under particular temperatures. Many phenomena with energies below the system’s

thermal energy will tend to remain hidden. Systems which are adequately decoupled from their

environment, such as a well-isolated double quantum dot, in contrast, can still showcase physics

with smaller energy signatures than the temperature of the surrounding thermal bath. In order

to measure electronic phenomena of extremely low energy scales in nanostructures, an enormous

effort has been employed, resulting in measurements of record lows in electron temperatures in

recent years [16][17][18].

A 3D ‘bulk’ conductor has no confinement on the charges, which can maneuver in any direc-

tion of the sample. For our purposes, this tends to be the least captivating case. Things begin

to become more interesting with confinement. What is meant by ‘confinement’ is really that, in
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order for charge carriers to travel in a particular dimension (our confinement), it would need an

energy at a scale not reachable in the system under the experimental conditions. This sort of

confinement, where propagation in one dimension is energetically forbidden, results in what are

called two-dimensional electron gases aka 2DEGs (for the sake of this thesis, we will limit our

scope to electrons, though the arguments generally also hold in the case of holes being the charge

carriers). These can be imagined as conducting sheets, typically found at or near an interface

between two materials. The dispersion relation for 2DEGs can be expressed as

E2D(k) = E0,z +
~2

2m
(k2x + k2y), (1)

where E0,z is a constant offset energy expressing the confinement in the z-plane and ~ = 5.482

× 10−16 eVs the reduced Planck constant.

If the system under investigation is confined in an additional dimension, we speak of a one-

dimensional conductor. This can be accomplished by creating a narrow channel in a 2DEG or

via a nanowire. In this case, our dispersion relation yields

E1D(k) = E0,x + E0,z +
~2k2y
2m

, (2)

for propagation along the y-axis.

In the event that a system has confinement in all three spatial directions, we speak of a

zero-dimensional system aka a quantum dot. In the field of quantum transport this is frequently

accomplished by using carefully placed capacitors (‘gates’) above a 2DEG or a nanowire to

electrostatically confine the conducting electrons into a tiny space, hence the term dot. Here, we

are left with discreet energy levels, which can be expressed accordingly as

E0D = En,x + En,z + En,y = En, (3)

where n represents the discrete energy states of the system.
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4.2 Length Scales

Augmenting the concept of dimensional confinement through energy scales, we have some im-

portant length scales that enable further contextual refinement. First, we have the mean free

path le, which is the average distance a carrier travels before experiencing a scattering event.

The mean free path is also sometimes called the elastic scattering length. The size of le in a

particular system will play a significant role in determining the phenomena present and measur-

able. Also of relevance is the phase coherence length lϕ, which is the average length a carrier

travels before undergoing enough scattering events which transfer energy such that the quantum

mechanical phase is randomized. lϕ is also called the inelastic scattering length. As long as

energy is not exchanged during a scattering event, the phase coherence is conserved, which can

manifest in a variety of phenomena. Importantly, in the systems studied here, lϕ tends to be

much longer than le, meaning there can be many elastic scattering events before an inelastic

scattering. The spin-orbit length lso is another important parameter in semiconductor systems

hosting spin-orbit interaction. lso is the typical length an electron travels before its spin begins

to significantly precess, often defined to be 1 radian. It is inversely proportional to the spin-orbit

energy of the system Eso, such that a shorter lso corresponds to a stronger spin-orbit interac-

tion. The interplay between lϕ and lso will be discussed in more depth in a section dedicated to

spin-orbit interaction.

When considering a narrow conducting channel, such as a nanowire, so-called semiclassical

approaches can typically be made. The Drude conductivity is a well-known semiclassical result

[19]. It takes the quantum mechanical Fermi-Dirac statistics into account, while assuming the

dynamics of the conduction electrons around the Fermi level remain classical. Despite the re-

markable utility of this theory in many cases, at low temperatures corrections are needed which

take le, lϕ, and lso into account, which we will see later. A system is considered diffusive when

le is much smaller than the width and length of the conducting channel.

Figure 2: Schematic of a diffusive conducting channel of width W , with le �W and lϕ .W . Asterisks denote
scattering events. Graphic adapted from [8].
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If, however, the mean free path of the system increases to larger than the width of the

channel, though still remaining shorter than the length of the channel, one arrives at a so-called

quasi-ballistic regime. Further elaboration on the quasi-ballistic regime will follow.

Figure 3: Schematic of a quasi-ballistic conducting channel of width W and length L, with L > le > W .
Asterisks denote scattering events. Graphic adapted from [8].

With a mean free path larger than, both, the width and the length of the channel, one

arrives in the ballistic regime. The ballistic regime is required to see purely quantum behavior

such as quantized conduction. In many ways, systems in the ballistic regime play host to the

most interesting and beautiful physics in the field of quantum transport. In the development of

many systems, achieving this regime is a major milestone and highly challenging from a materials

science as well as a fabrication standpoint.

Figure 4: Schematic of a ballistic conducting channel of width W and length L, with le(l) � W,L. Graphic
adapted from [8].

The systems investigated over the course of this doctorate fall into the category that has

been coined ‘quasi-one-dimensional’. The use of ‘quasi’ in this case suggests that the systems are

not 1D (ballistic) in the sense that was previously mentioned. When we say quasi-1D, we mean

systems in which the coherence length is larger than the width across the conducting channel,

while the mean free path remains shorter than the channel length. One further criterion is that

the Fermi wavelength, λF = ~
m∗vF

(where m∗ is the effective mass of the charge carriers and

vF is the Fermi velocity), remains much smaller than the channel width W . This results in

diffusive systems, where there are many modes contributing to transport that scatter repeatedly

along their paths between the source and drain of a sample. Despite the repeated scattering,

the system can maintain a phase coherence over larger lengths under certain conditions. When
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le �W , one falls into that which is often called the ‘dirty metal’ regime. This label is sometimes

dropped in favor of using the perhaps-less-precise ‘diffusive’ regime to avoid a potentially negative

connotation1.

Figure 5: Schematic of a quasi-1D channel in the dirty limit of width W , with le � W and lϕ > W . Asterisks
denote scattering events. Graphic adapted from [9].

One can differentiate yet further to the case where le is comparable to the width of the

channel and lϕ � W . This is a particular case of the quasi-ballistic regime, sometimes also

called the ‘clean’ limit when dealing with quantum interference effects. This scenario requires,

additionally, considerations about the type of scattering that the charge carriers undergo on the

boundaries of the channel.

Figure 6: Schematic of a quasi-1D channel in the clean limit of width W , with le ∼ W and lϕ > W . Asterisks
denote scattering events. Graphic adapted from [9].

The relevant quantum interference effects will be discussed in greater length in their own

section.

4.3 Topology

Here, with an understanding of what we mean with dimension, we will return to the lofty

idea of topological quantum computation. First, however, we need to define topology in our

context. Essentially, the topology of a system can be thought of as what global properties it will

maintain when it undergoes smooth, local deformations. A donut, or any torus, when undergoing
1The term ‘dirty’ could be embraced, however, as appropriate for the roll-your-sleeves-up work ethic necessary

in the fabrication of these systems, and as a nod to the merit and virtue of accomplishing the grimy tasks in life
that must be done. You tend to find what you most need to know where you least want to look.
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sufficiently smooth, local deformity, can be molded into the form of a mug, and vice versa2. The

topology remains conserved as long as it remains a genus one manifold; in common parlance, a

structure with a single hole.

Figure 7: A mug smoothly deformed into the shape of a donut, illustrating their topological equivalence [249].

If quantum information could be encoded into the topological properties of a system, then

the system would theoretically be highly robust against the serious problem of decoherence.

Typically, decoherence is driven by small, local perturbations such as stray magnetic fields and

electrostatic noise from nearby metallic gates. If the information was embedded in a topological

state of matter, then only phenomena with energies larger than the topological gap could pose

problems. Therefore, a topological qubit - a qubit where the degenerate ground state was depen-

dent on the topology of the quantum mechanical system that it was embedded in - is desirable

as this could offer a physical protection of the degeneracy. These aim to employ anyons, exotic

quasiparticles which generalize the well-known statistics of fermions and bosons (hence anyon).

The interesting property of an anyon for these purposes is that the global wavefunction should

acquire an arbitrary phase factor (as opposed to the restriction of bosons and fermions to be-

ing 0 and π, respectively) upon exchange of two or more of them, which is known as braiding

[49]. This can be repesented in the form of a unitary matrix. Exchanges of these particles are

non-Abelian, meaning that the order of exchange plays a role in determining the phase factor.

Unlike operations with numbers, which are Abelian (or commutative), exchanges of anyons are

akin to matrix multiplication, which is not generally Abelian. Another way one might think of

this is that exchanges with these quasiparticles are path dependent.

Such quasiparticles could only exist in lower-dimensional systems. This has to do with the

ability to smoothly deform a path of two identical particles. In three dimensions, one could

always deform on path around the other without issue. This suggests that only bosons and

fermions are able to exist as point particles, and exchanging them yields the well-known +1 and
2The author, a donut aficionado, finds topology extra exciting due to the near-certainty of allusions to donuts

in all discussions and presentations surrounding it.
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-1 phases. The wave functions are, therefore, required to satisfy

|Ψ3D(λ1)〉 = |Ψ3D(λ2)〉 = |Ψ3D(0)〉 , (4)

where Ψ represents the wave functions and λi represent the paths for each particle. This also

necessarily gives, upon circling another particle twice, |Ψ3D(λ1)〉 = R2
3D |Ψ3D(0)〉, which, since

the circular path can be contracted to a point, also yields R2
3D = 1. This recovers the bosonic

and fermionic statistics where R3D = ±1

By dropping down to two dimensions, one can already see that this is not possible and

this hints at the different topology in the exchange of particles in three versus two (or fewer)

dimensions.

Figure 8: Exchange of two particles in 3D versus 2D [51]. In 3D the path of λ2 can be smoothly lifted over that
of λ1 and contracted to a point, while in 2D, this evolution no longer remains a possibility.

Thus, in two dimensions, the initial state of the wave function isn’t necessarily equivalent to

the final state

|Ψ2D(λ2)〉 6= |Ψ2D(λ1)〉 = |Ψ2D(0)〉 , (5)

which results in squaring the exchange operator not needing to equal 1. This allows for the

representation in a more general case as a complex phase or unitary matrix. Additionally, this

implies that the order of the exhanges do matter, as the former strict requirement of R2D =

R−12D no longer holds. The remaining constraints on particle exchanges are derived from the

mathematical braid group, from which the term ‘braiding’ received its moniker.

One major advantage of anyonic quantum computation would be a reduction in the quantum

error correction architecture, which is the algorithmic means through which errors in quantum

computation are treated [50]. A topologically-based quantum computer would be treating error

correction, essentially, at the hardware level, providing strong resilience against perturbations
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and control errors and, at the same time, making some complex quantum error correction schemes

superfluous [51]. Alexei Kitaev was the first to realize that some quantum error surface codes

could be considered akin to spin-lattice models, where the elementary excitations were anyons.

The manipulation of these anyons would, then, be able to encode quantum states into the

global properties of the system, rendering the local paths irrelevant. Topologically equivalent

paths could then act as the same quantum gate. This insight is responsible for nudging a

considerable portion of condensed matter research - material science, device engineering, and the

accompanying theory - towards the investigation into anyonic particles in real systems.

Arguably the most sought-after anyon in the field of quantum transport is the Majorana

fermion, often referred to as Majorana zero modes (MZM), or, simply, a Majorana. Such quasi-

particles should be massless, chargeless, spinless, and should annihilate upon interaction with

each other. They should always come in pairs, so each one corresponds in some sense to half

of a fermion. It has been predicted that a p-wave superconductor with broken time-reversal

symmetry should result in vortices, which could bind Majorana zero modes[252]. Some evidence

for the existence of p-wave superconductors has been found in iron-based superconductors [253].

A method for synthesizing such a state was also proposed by Kitaev, where one leverages a 1D

semiconductor with strong spin-orbit interaction, coupled to an s-wave superconductor in the

presence of a magnetic field [255][270][271]. This proposal is helpful because we have ample evi-

dence that all of these ingredients do exist. At the time of this writing, however, no topological

qubit has been realized and no experiment has unambiguously demonstrated the existence of an

anyon such as a Majorana fermion. Signatures of such particles have been measured [250][254],

though considerable controversy exists around this subject [3][4][5][251].

In order to unambiguously demonstrate that the signatures are, indeed, what they are some-

times claimed to be, they must first be able to be braided. Without this, signatures consistent

with Majoranas can arise from other, non-topological phenomena, such as disorder in the wire,

Andreev bound states, or the Kondo effect [257]. We also can not rule out other currently

unknown effects. Being as the recipe that Kitaev outlined requires 1D channels, when this is

coupled to the fact that a Majorana should annihilate upon interaction with another one, it

poses an additional challenge. Thus, in order for the possibility to braid, one needs a wire in a

networked geometry, such as a X-, T-, or Y-shaped structure. In such a geometry, it could be

possible to shuttle around two Majoranas using a sophisticated array of gates, without the two
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interacting.

Figure 9: Schematic of a platform for braiding operations. Using the aforementioned technique for controlling
and driving the MFs, one would have a platform for testing non-Abelian statistics. a-d: process to move γ1 first
down, enabling the movement of γ2 across without annihilation, and then γ1 back up and to the right, where γ1,2
represent Majoranas [256].

Here, many gates would be employed to create, destroy and move the Majoranas around the

device by tuning regions of the wire network into and out of the topological regime. This admit-

tedly far-fetched idea adds additional emphasis to the ability to create networked architectures

in selectively grown nanostructures and there has been a great deal of work done in researching

various network architectures along these lines [258][259][260].

5 Growth

One of the motivations for this project is the development of novel nanostructures, created

(‘grown’) inside the highly pristine environment of a molecular beam epitaxy chamber (MBE),

which will be explained in detail in a following paragraph. For long-term viability of a process,

a key element is scalability. A further desirable property is the ability to engineer the geometry

of the structure. The two aspects of templating and scalability are central to the motivation for

work carried out in this thesis. These have served as driving forces in the development of these

promising new structures created with epitaxial growth.

Now, one might ask what is meant by epitaxial growth. Epitaxy has Greek roots: επi,
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meaning ‘on top’, and ταξης, meaning ‘ordered arrangement’. So, epitaxial growth is the careful

placement of ordered atomic layers on top of a substrate or crystal. This layer-by-layer placement

is the reason that people in the field typically call it ‘growth’. Once atoms arrive at the surface of

the sample, there are a number of processes which can occur. Adsorption occurs when the atoms

reach the surface and attach themselves. Once on the surface, the atoms will typically be mobile

and can diffuse around by an average distance and time determined by the conditions specific

to the growth. The thermodynamics and kinetics regulating this diffusion will then determine

the likelihood that an atom will add to step-like edge growth or form into a cluster. The desired

processes for a particular growth will vary depending on what sort of structure is intended.

Figure 10: Schematic of epitaxial growth. (a-f) adsorption, diffusion, step-edge growth, atomic terraces, nucle-
ation of clusters, desorption respectively. Graphic taken from [12].

An MBE is probably the most pristine environment that exists. It consists of a main chamber,

which is under extremely high vacuum (∼1 × 10−10 Torr), in which the temperature can -

depending on the particular machine design - be set between -30 and 1850 ◦C [10][11]. This

main chamber is where the growth takes place. In order to get the sample into the growth

chamber, it is first placed into a load locked section of less high vacuum. After this, it is brought

into a separate de-gassing chamber, where it is heated for between two and four hours, depending

on the type of substrate, for the purpose of removing any contaminants that might be lying on

the surface of the wafer. After degassing, it is then brought into the main chamber. Attached to

the main chamber are a number of ultra-pure material sources. In the case of the work carried

out in this thesis, the relevant materials are Galium (Ga), Arsenic (As), Indium (In) and Silicon

(Si). The source materials are heated to temperatures where they undergo phase transitions

to gas and can be released in a carefully controlled manner. The flux of the material released

in this manner is modulated by the temperature that the particular source is heated to, with

higher temperatures achieving a larger flux. The extremely high vacuum conditions of the growth
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chamber result in the atoms of the material traveling in ballistic paths to the rotating sample,

facillitating maximally uniform growth. Cooling cells line the walls of the growth chamber to

prevent the rest of the MBE from heating up significantly during the growth processes. A beam

flux monitor attached to a mechanical arm exists for the purpose of calibrating the material

flux rates at various temperatures. This calibration is done typically every 3-4 months. An

additional calibration tool, the reflectance high-energy electron diffraction (RHEED), which is

more cumbersome and at the same time more accurate, is carried out once per year. This

directly measures the monolayer growth rate by firing electrons towards the sample at a small

angle which are collected on a phosphorescent screen on the opposite side of the chamber, allowing

for visualisation.

Figure 11: Schematic of a typical MBE growth chamber. Graphic taken from [13].

In order to achieve the novel structures which are investigated in this thesis, the epitaxial

growth process must be carefully controlled. Since the work carried out over the course of this

doctorate is focused on the electronic properties of the finished product, a very deep dive into

the highly complex field of growth dynamics is outside the scope of this thesis. Still, a number

of considerations ought to be expanded upon in order to provide a high-level understanding of

the difficulties facing modern material scientists.

In epitaxial growth, which is a crystallization process, it is the thermodynamics of the incident

adsorbing atoms onto the crystal that determine the specifics of the growth. The evolution of the

growth is driven by minimizing the Gibbs free energy of the system. When the energy is able to

be minimized, the system is said to be in thermodynamic equillibrium. In other words, the key is

that the atoms will assemble into a particular solid structure when this is energetically favorable.
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When the incident atoms are the same as the substrate, it is called homoepitaxy, which tends

to be a simpler case. If, however, the incident atoms are of different species compared the the

substrate, one speaks of heteroepitaxy, which can be considerably more challenging. One major

reason for the additional difficulty in heteroepitaxy is the difference in the crystal lattice constant

- the spacing between the atoms in the ideal crystal - in the different materials. The larger the

lattice constant mismatch of different materials, the more strain imposed on the interface between

them, and the more likely it becomes for defects to manifest.

Another consideration when approaching epitaxial growth is whether the desired structure

is two- or three-dimensional. Moving from two to three dimensions increases the complexity of

the problem significantly. The growth becomes a collection of dynamic, competing processes in

three dimensions. The first important difference is the incident angle on each facet of the three-

dimensional structure. The angle will determine the atomic flux impinging on the structure.

In addition to this, now the mobility of the diffusion of adatoms between different facets must

be taken into account. This will depend on the chemical potential variation between each facet

as well as the facet-dependent lifetime of adatoms, those atoms adsorbed to the surface. This

facet-dependent adatom lifetime is, effectively, the growth rate of each side of a structure. All of

this is determined empirically, which can create a staggeringly large parameter space.

In most cases, there will be ranges in parameter space which yield the desired structures.

However, the lives of growers have still more obstacles. Once a reasonably accurate parameter

space range is discovered, one must contend with defects. The first driver of defects, lattice

mismatch ε, has already been briefly mentioned. This is quantified as

ε =
ad − as
as

, (6)

where ad is the deposited material lattice constance and as is the substrate lattice constant. A

larger ε results in more difficulty growing one material onto another without defects. In order to

get an idea of the lattice mismatch between various materials, the following map is of use:
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Figure 12: Lattice constants vs. band gaps of various semiconductor materials. Graphic taken from [14].

Lattice mismatches result in elastic and plastic deformations. Elastic deformations, on the

one hand, occur when the material strains across the first few layers at the interface, gradually

relaxing to the bulk spacing between atoms in the crystal lattice. This is typically the pre-

ferred interfacial deformation. Plastic deformations, on the other hand, result in a defect at the

interface, often as a skipped atom.

The other main issue with regards to defects in MBE growth are so-called polarity mis-

matches. These occur, of course, exclusively in polar materials, such as III-V semiconductors

used in our structures. In order to understand polarity mismatches, first we need to consider

that in the case of a crystal of a III-V material, either the group III (type A) or the group V

(type B) material will be on top. If there is a layer of growth merging from more than one site

and these two sites have opposite polarities, there is a polarity mismatch, and an anti-phase

boundary (APB) defect is created. The formation of APB defects can be significantly mitigated

if the nanostructure is grown from a single nucleus.

Although in any real system there will always be defects, minimizing these is crucial in order

to be able to fabricate devices which host the most interesting and exciting phenomena. In the

field of quantum transport, where one can imagine electron carriers traversing a channel in a

semiconductor material, each defect will act as a potential scattering center. The more scattering

centers, the more chaotic the trajectories of the electrons become and the more diffusive their

behavior turns. So, in order to investigate some of the purely quantum behaviors that electrons
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can manifest, it is necessary to engineer the growth of nanostructures with as few defects as

possible.

Not only is the creation of nanostructures with minimal defects highly desirable, the scala-

bility is important for anything that could serve as a building block for useful technology. The

ubiquity of semiconductors in the life of modern man requires no great introduction. According

to the Semiconductor Industry Association [15], global semiconductor sales are currently around

500 billion USD per year and are projected to continue growing. Any nanostructure that would

be integrated into an industrial scale must, therefore, be reproducible and scalable. This suggests

that there is considerable interest in developing systems with scalable properties. The structures

investigated and developed over the course of this thesis try to leverage this demand for scala-

bility. Two later chapters, showcasing the published results, go into great depth on many of the

technical details present in our system. Here, an additional brief explanation is given, in order

to tie the previous ideas together.

The creation of the structures we have worked with begins with a GaAs wafer. The wafer is

cleaned and tungsten alignment markers are initially placed to enable easier device fabrication.

A SiO2 mask is deposited on the surface. After this, an e-beam resist is spun, followed by

lithography of a pattern executed on a wafer scale. Importantly, the design can be tailored to

suit the needs of the device (with a few restrictions), and this can be easily changed as necessary.

The pattern defines a network and array of channels. An etching procedure is then done to

selectively remove the SiO2 mask in the desired locations (the templated channels). Following

this, some more cleaning is carried out, as the wafer is prepared to be placed into the MBE

chamber. Below is a schematic of the process preparing the wafer for the membrane growth:

Figure 13: Six-step process to prepare the GaAs wafer for membrane growth. 1.) Cleaning and deposition of W
alignment markers 2.) Deposition of SiO2 mask 3.) Spinning of e-beam resist 4.) e-beam lithography 5.) Etching
to selectively remove the SiO2 6.) O2 plasma stripping to remove resist traces.

The growth process is then initiated after degassing in the MBE and achieving the proper
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vacuum conditions. The GaAs wafer acts as the nucleus for the growth of defect-free GaAs

nanomembranes. As mentioned previously, the fact that a GaAs substrate serves as the nucleus

for GaAs nanostructures results in considerably fewer APB defects.

Figure 14: Schematic of a pre-patterned growth mask in the MBE growing GaAs nanomembranes [163].

After the membranes are grown, with the wafer still inside, the MBE conditions are changed

to facillitate the growth of In(Ga)As nanowires on top of the GaAs membranes. The lattice

mismatch between GaAs and In(Ga)As results in a strain, which drives growth of the In(Ga)As

preferentially on the top of the membranes rather than on their side facets or on the SiO2 mask.

Figure 15: Schematic of a cross-section of an InGaAs nanowire grown on top of a GaAs nanomembrane [163].

Depending on the requirements, Si donor atoms can be integrated into the process during

the nanowire or nanomembrane growth [108][163]. The different dopant strategies are explored

in more detail in Chapter 8 and 9. In principle, the concept is flexible and multiple pathways for

further evolution exist. Notably, there is the prospect of growing a second GaAs (or Al2O3) layer

on top of the nanowire as an additional insulating barrier, followed by a second In(Ga)As wire
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directly above the first. This could result in networks of parallel nanowires in close proximity,

which could then serve as a platform to investigate exotic phenomena related to 1D-1D tunneling

behavior [261][262][263][88][89].

Figure 16: Schematic of a cross-section of a stacked pair of In(Ga)As nanowires, separated by a thin insulating
layer of GaAs or Al2O3 grown on top of a GaAs nanomembrane.

6 Quantum Interference Effects

6.1 Scattering Basics

In order to understand quantum interference effects in diffusive systems, particularly in the

systems investigated over the course of this work, a number of things must be considered. Central

to this is the sort of scattering that the conduction electrons undergo. Additionally, the coherence

length, lϕ, plays an imporant role. For the time being, spin-orbit interaction will be neglected in

order to build up the concepts and only later will the role this plays be introduced.

Another manner, in which the phase coherence of the carriers can be considered, is through

the phase coherence time, also called the inelastic scattering time τϕ. Taking the quantum

mechanical nature of our carriers into account, all possible paths through the system are realized

via partial waves. We can consider the probability P (r, r′, t) of a particle to move from point r

to r′ in time t, which is the absolute value squared of the sum of probability amplitudes Ai [124]:

P (r, r′, t) =

∣∣∣∣∣∑
i

Ai

∣∣∣∣∣
2

=
∑
i

|Ai|2 +
∑
i=6=j

AiA
∗
j . (7)

The first part of right side of this equation is the classical diffusion probability, while the second
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part accounts for quantum interference. Since in diffusive systems there are many scattering

events occuring as the particles move in random walks through the channel, some of the paths

will loop back around on themselves. One way to conceptualize this is to consider electrons

moving on a slightly downhill trajectory from the source to the drain electrodes (i.e. the general

direction of diffusion). Scattering centers are randomly distributed across this channel. Inside

time τϕ, when an electron scatters off of one of these, its momentum is randomized, while its

energy - and, thus, phase - remains conserved. The looped trajectories are those where r = r′

and they remain correlated inside of τϕ (i.e. A+ = A− = A).

Of all possible paths taken inside τϕ, we need to pay especially close attention to those which

arrive back at a point they have already visited. It will be seen that these paths, in particular,

will account for quantum mechanical corrections to classical Drude conduction. Identical states

occuring at the same location is forbidden generally by the Pauli principle. Therefore, as long as

spin degeneracy is not broken somehow, a path and it’s time-reversed partner are also forbidden.

So, looped paths and their time-reversals result in increased back scattering. In other words,

these paths constructively self-interfere and the result is an increasing resistance, or conversely,

decreasing conduction. This coherent backscattering is what is called weak localization [95]3.

Here, we have

∣∣A+ +A−
∣∣2 = 4 |A|2 , (8)

which is twice the classical result. This is one case where there are macroscopically observable

consequences of the quantum mechanical superposition principle. Now, only paths which can

maintain their phase coherence across such loops can contribute to the coherent backscattering,

so the area of these enclosed loops will be bounded above by an order of ∼ l2ϕ. This takes

the assumption that the motion between scattering events is ballistic and that the scattering

events themselves are elastic in nature, meaning that they conserve energy and only randomize

momenta. The approximate length between these scattering events is the mean free path, le.

This can also be understood in terms of the elastic scattering time τe. Each scattering event will
3In weak localization, it is almost as if the carrier, upon traversing a loop and ending up where it began, has

a déjà vu moment, resulting in a minor identity crisis. In this regard, Wolfgang Pauli may be considered as the
first psychoanalyst specializing in spin 1

2
particles. Carriers undergoing identity crises, it might be said, tend to

contribute less to conduction.
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occur with probability dt
dτe

in the small time dt.

Figure 17: A carrier’s path and its time reversal in a loop resulting in coherent backscattering. Grey stars
indicate scattering events. Red and blue arrows are the time reversed paths. The enclosed loop has an area less
than ∼ l2ϕ

We note here that there is a more mathematically rigorous method for calculating the weak-

localization correction to the conductance using the equilibrium Green’s function theory, which

allows for the treatment of dephasing and magnetic fields quantitatively. The mathematics of

this are beyond the scope of this thesis, though we want to introduce two terms here from this

formalism. The main corrections that come out of this can be expressed with two types of

Feynman diagrams, namely diffusons and cooperons [269]. Diffusons, on the one hand, modify

the diffusion constant, taking into account the angular dependence of scattering. Cooperons, on

the other hand, account for the weak localization corrections themselves.

For the moment we will restrict our discussion to electron motion in a plane, such as in a

2DEG or a one-dimensional channel. Here, it is also worthwhile to briefly consider the nature

of possible scatterings which determine τϕ. There are two main contributors; that of electron-

electron interactions, which have large energy transfers, and Nyquist scatterings, which contain

small energy tranfers. The electron-electron contribution to dephasing rate can be written as

[127]

τ−1ϕ,e−e =
π

4

(kBT )2

~EF
ln

(
EF
kBT

)
, (9)

for kBT � EF . There is an intuitive argument for τϕ,e−e ∝ T 2. Only electrons which are kBT

distance around the Fermi surface will contribute to transport. Then, an electron will scatter

from one occupied state to an unoccupied state, thus a contribution propotional to (kBT )2.
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Nyquist scattering causes phase breaking as a result of multiple quasi-elastic electron-electron

scatterings and is expected to play a smaller role as the mean free path of particles grows larger.

It is proportional to the dimension d of the sample as τ−1ϕ,N ∝ T 2/(4−d) [128] and in a disordered

2DEG is given by [129]

τ−1ϕ,N =
kBT

2π~
λF
le

ln

(
πle
λF

)
. (10)

At the end of the day, we are mostly concerned with the total scattering rate, which will be

determined by the sum of these, τ−1ϕ ≈ τ−1ϕ,N + τ−1ϕ,e−e [130][131]. Keeping in mind that we are

doing measurements at low temperatures, we expect the dephasing rate to be mainly determined

by the T 2 dependence of τ−1ϕ,e−e

Since the coherent backscattering occurs as a result of the time-reversed paths being identical,

one can explore what happens when this time-reversal symmetry is broken. Experimentally, this

is typically accomplished via the use of a magnetic field. The application of a magnetic field

results in the well-known cyclotron motion, which acts to destroy this weak localization effect.

With the magnetic field Bz applied perpendicular to the plane of electronic motion, the phase

coherence will be lost after the magnetic dephasing time τB ∼ ~
eBzD

, with D = 1
dvF le being the

diffusion constant in d dimensions. From the inverse proportionality of τB and Bz, we observe

that a larger magnetic field causes this dephasing to occur quicker. This can be thought of as a

shrinking of the area inside of which the trajectories can contribute to coherent backscattering in

lock-step with increasing magnetic field. On the time scale τB, the flux BzDτB ≈ ~
e is enclosed,

corresponding to a phase difference of order 1 between a path and its time reversal.

6.2 Dirty and Clean Regimes

Ultimately, τB depends on three lengths relative to each other: the magnetic length, lm =
√

~
eB ,

W , and le (considering the case where lϕ > W ). As briefly mentioned previously, in the so-

called dirty regime with le � W � lm, the boundaries play a minimal role in the physics,

only restricting diffusive motion in their respective directions. Therefore, one can modify this

enclosed flux to BzW
√
DτB,dirty, where τB,dirty = l4m

DW 2 = 3~2
(eBzW )2D

[95][97]. The enclosed flux

on a given timescale is reduced due to the lateral compression of the backscattered trajectories.

Here, the quantum mechanical phase difference between scatters (where carriers travel a distance

∼ le � lϕ) is much smaller than 1, resulting in the total phase shift φ(t) having a Gaussian
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distribution. This becomes clear if one considers the average of the phase factor over all closed

classical trajectories, implying

〈eiφ(t)〉 = exp[−1

2
〈φ2(t)〉]. (11)

When le begins to grow larger relative to the width W of the conducting channel, the bound-

ary scatterings begin to become meaningful. Boundary scattering can be considered specular or

diffusive. The type of which modifies τB by particular constants Ci, where i depends on the type

of scattering, the applied magnetic field range, as well as whether the sample is in a thin film or

narrow channel geometry. Up through the late 1980s, these were calculated from first principles

and a few basic assumptions [95][125][126]. In reality, some systems likely have a combination of

diffuse and specular scattering at the boundaries (such as the structures studied in this thesis),

so, taking the exact value of any of these constants at face value in a particular analysis is best

treated with caution. Fortunately enough, the constants don’t tend to differ on their order of

magnitude, so the results of using the theory for extracting values for lϕ and lso are not markedly

affected and the differences in the constants often fall roughly within the uncertainty of the fits4.

When considering all of the mechanisms that go into the weak localization formalism in a forth-

coming section, it becomes clear why these constants play a minor role in parameter extraction

in the measured data. When le is large enough for boundary scattering to matter, the potential

for flux cancellation occurs, reducing the total amount of backscattered paths.

Figure 18: A closed electron path via boundary scattering resulting in flux cancellation when the two areas
enclosed are exactly equal.

Samples where le &W are often referred to as ‘pure metals’, despite the fact that it is often

semiconductors which are subjected to this treatment contemporarily. These can be broken down
4Here, the author would like to take the opportunity to express his sympathy with those who rigorously derived

the constants, acts that were far from trivial.
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into two regimes, depending on the magnetic field applied. For the first, pure metal in a weak

field, one has le � W , lm �
√
Wle. In this case, one gets τB,clean,weak = C1l4m

W 3vF
[95]. Under

this condition, the maximum phase increment between two scatters is still much less than 1, so

the Gaussian approximation holds. The second regime, pure metal in a strong field, one still

has le � W but now lm �
√
Wle. This yields τB,clean,strong = C2τel2m

W 2 . Here, phase changes

of order unity can occur between collisions, which means that the Gaussian approximation no

longer holds. For our purposes, it is sufficient to understand that a long derivation to calculate

the average phase factor has been carried out and the result is valid. For a complete derivation

see Appendix B in Beenakker and van Houten [95].

One might also point out that in real samples, the channel width W will typically have small

spatial variations δ. Fortunately, these can be neglected in the weak field regime completely, as

they will be approximately ( δ
W )2, thus, truly small perturbations. In the strong field regime,

however, there is a larger correction, ( δ
W )2Wle

l2m
, meaning the fluctuations can only be neglected

when lm =
√

~
eB > W [95].

6.3 Universal Conductance Fluctuations

Another important phenomenon occuring in low-dimensional systems exhibiting quantum mechi-

cal behavior is that of UCF (universal conductance fluctuations)). These are sample-specific,

repeatable deviations in conductance as a function of various system parameters. One can think

of the particular impurity distribution of a many-mode conductor resulting in long-range cor-

relations, which are superimposed onto the measured conductance. These result in a variance

in conduction, often denoted by δG. They are usually not classically relevant (where we define

‘classical’ as lϕ < le), as δG will be smaller than the average conductance 〈G〉 by a factor of√
le
L [124]. Since lϕ is very small at high temperatures, UCF show up only at lower tempera-

tures where the coherence length will be reduced less by phonons. The assumption underlying

this is that the conducting channel can be broken down into L
le
� 1 independently fluctuating

segments, where quantum mechanical correlations manage to persist much longer than le. When

lϕ ∼ L, there will be significant sample-to-sample fluctuations. This was initially fleshed out by

a number of theorists, finding that δG ≈ e2

h at zero temperature [132][133][134] (thus, assuming

lϕ to be infinite). This can be understood with a relatively simple argument. If we begin with
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the well-known Drude conductivity for a single spin and valley,

G =
W

L

e2

h

kF le
2

=
e2πle
2hL

N, (12)

where N = kFW
π is the number of transverse modes occupied at EF in a conductor of width W .

Current goes from the source (S) to the drain (D) electrodes and crosses a disordered region where

only elastic scattering takes place. The two reservoirs are assumed to be in thermal equilibrium

and to completely randomize the phase of the carriers via inelastic scattering. Thus, there is no

phase coherence between the modes as they arrive at the disordered region.

Figure 19: Schematic of a conducting channel with carriers traveling from source (S) to drain (D) traversing a
disordered region. α represents incoming channels and β channels either backscattered or transmitted. Graphic
taken from [124].

Each mode is a quantum channel and when L � le, each will have on average the same

transmission probability πle
2L . If we take a look at the Landauer formula [135],

G =
e2

h

N∑
α,β=1

|tαβ|2, (13)

the ensemble averaged probability will be independent of α and β, requiring 〈|tαβ|2〉 = πle
2NL .

Then, the magnitude of the conductance fluctuations will be determined by its variance Var(G)

≡ 〈(G− 〈G〉)2〉. This is, in general, difficult because different pairs of outgoing channels can not

be ignored. A particular sequence of scattering events could be (and likely is) shared by many

different channels due to the sample-specific impurity distribution. Reflectance probability |rαβ|2,

however, can reasonably be assumed to be uncorrelated as long as reflection is dominated by a

small amount of scattering events. In this case, utilizing the fact that the sum of all modes

is simply those reflected plus those making it through, we can instead write
∑N

α,β=1 |tαβ|2 =

N −
∑N

α,β=1 |rαβ|2, and we end up with Var(G) ≈ ( e
2

h )2, yielding a root-mean-square in the
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conductance fluctuations δG =
√

Var(G) = e2

h .

Here, one can be forgiven for pointing out that one is never measuring an actual sample at

0 K in temperature. This is important, because the assumption of lϕ =
√
Dτϕ being infinite

is no longer valid, thus, the magnitude of δG is reduced by the thermal averaging manifest

in a finite thermal length lT =
√

hD
kBT

. For regimes where lϕ � lT , the thermal averaging

effects can be neglected. In the intermediate regimes it becomes of interest to compare τϕ to

h
kBT

. The interference effects due to weak localization and UCF differ from one another in

this regard. Weak localization only depends on temperature through τϕ(T ) and does not suffer

from this thermal averaging. This is a result of differences between diffusons and cooperons.

Diffusons consist of paths with many different lengths that get averaged, which will smear with

temperature. Cooperons, however, are paths which return to their point of origin, so the forward

and backward paths necessarily have the same length and will not thermally smear. One further

fact of note is that UCF should have a cut-off field Bcut, where the cyclotron orbit rc = m∗v
eB

becomes smaller than le and W [136]. At applied magnetic fields larger than Bcut one would

expect to no longer see this effect. It is at this point where we can notice that there should be a

relationship between UCF, the coherence length, and the thermal length of a particular system.

We will return to this consideration soon.

Experimentally, UCF can be studied by means of changing system parameters such as EF and

B sufficiently [132], or by modulating the confinement potential via the use of electrostatic gates.

A large enough change in one of these is equivalent to changing the impurity distribution of the

system. This essentially means that one can use experimental knobs such as an applied magnetic

field, an increased source-drain bias, or electrostatic gating to measure different members of

the ensemble inside the same sample. The conduction G(EF + ∆EF ) and/or G(B + ∆B) is

uncorrelated with G(EF ) and/or G(B) if ∆EF /∆B are larger than a correlation energy Ec or

field Bc. The correlation energy can be defined as Ec ≈ ~π2D
L2 , which roughly corresponds to

the inverse time it takes for a particle to diffuse across the sample in the direction of current

[134]. The correlation energy and field can be obtained experimentally through the use of an

autocorrelation function, which is a measure for the correlation between points in an ordered list.

It is often written (in the case of the correlation field) F (∆B) = 〈δG(B+ ∆B)δG(B)〉. Here the

brackets indicate taking an ensemble average. In our case, it will be a correlation measure, for

example, of δG(Bi) with δG(Bi+1), δG(Bi+2),..., δG(Bi+n), where δG(B) is the conduction at a
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particular value of magnetic field after subtracting a background. One defines the correlation of

δG(Bi) with itself as 1 and expects to see the correlation move towards 0 (meaning completely

uncorrelated) after sufficiently many steps. One then defines Bc via the magnetic field value

when taking the full-width at half-maximum, F (Bc) = 1
2(F (0)).

With the knowledge that one can obtain a correlation field Bc in a particular sample, we

return to the relationship between UCF and the coherence length. At a given temperature, the

coherence length can be related to the correlation field as [138][139]

lϕ =
Φ0

BcW
γ =

h

eBcW
γ, (14)

where γ is a constant that depends on the regime studied. γ ≈ 0.95 in the dirty metal regime

and, for cases where le > W , is modified slightly to γ = 0.95 le
W . It is worth pointing out here that

this was originally derived for a 1D channel geometry and may lose some accuracy in nanowires

where there is three-dimensional diffusive motion. In practice, however, the coherence length

obtained in such a manner has agreed well with those obtained from other means [139][140][141].

Here, we have a method for directly determining lϕ, though it may potentially be limited by

the channel length, so it will tend to give a lower bound. If one has access to Bc at different

temperatures, it is also possible to use this result to calculate the theoretically expected values

for the root-mean-square of the conductance fluctuations δGrms [138]:

δGrms = K
e2

h

(
lϕ
L

)3/2
[

1 +
9

2π

(
lϕ
lT

)2
]−1/2

, (15)

where K is a constant depending on a number of system parameters that can be extracted

empirically from fits to data. Determination of δG is important because UCF can and do mask

the signals of other quantum interference effects such as weak localization and antilocalization.

The correlation between conductance fluctuations should vanish when a change in EF exceeds

Ec. This can be accomplished, for example, by electrostatic gating or applying a source-drain

voltage. When lϕ < L, Ec can by determined via the relationship [134]:

Ec ≈
~D
l2ϕ
. (16)
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With this determined one can then average the data over a larger window[139][274] and then

subtract this as a background. Over a large enough averaging window this should suppress the

conductance fluctuations, leaving the signatures of weak (anti)localization in tact.

It has been theoretically predicted that the coherence length of electrons traveling in a quasi-

1D channel should follow lϕ ∝ T−1/3 [142], as long as the assumption holds that quasi-elastic

scatterings with small energy transfers dominate. This follows directly from the relationship

lϕ =
√
Dτϕ, with τϕ ∝ T−2/3. There are, however, some experiments in nanowires which have

demonstrated deviations from this temperature dependence, as well as a saturation of lϕ below a

threshold of ∼1 K [123][139][143]. Another knob that one has experimental access to is often the

application of a gate voltage Vg in order to tune the density of the carriers in a nanowire. It has

been predicted that the coherence length should change linearly with the applied gate voltage

due to a decrease in electron-electron scattering rate with increasing Fermi energy [144], and this

has also been experimentally demonstrated [139].

6.4 Weak Localization Formalism

The devices studied in this thesis are considered quasi-1D. When the mean free path of a sample

is sufficiently small (i.e. in the dirty metal regime), the weak localization correction ∆G(B) to

the conductance can be well expressed using the formalism for a 1D channel geometry according

to the Al’tsuler-Aronov theory [137][111]:

∆G(B) =
−2e2

π~
D

L

∫ ∞
0

dtC(t)e−t/τϕe−t/τB , (17)

where C(t) is the return probability for an electron in time t. Here, we see that the exponential

terms with the dephasing times τϕ and τB set thresholds for the degree that ∆G will be decreased

due to the constructive interference of weak localization. They assume that electron momenta

are randomized elastically by disorder/impurities in the sample. This formalism is a means

to account for the fact that the quantum return probability to a given starting point after a

particular time t differs from the classical return probability because of quantum interference.

From this it follows that the quantum correction to the classical conduction will be a time integral

over the quantum mechanical return probability C(t) [145]. The various dephasing times τi can
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also be generally expressed in terms of lengths li via the expression li =
√
Dτi. This previous

integral can be solved and yields

∆G(B) =
−e2

π~

√
D

L

(
1

τϕ
+

1

τB

)−1/2
. (18)

In situations where the mean free path becomes comparable or larger than the width of the

channel, the aforementioned flux cancellation due to boundary scattering must be taken into

account as well. This is, essentially, a reduction in the effective area of the wire. If one takes

this as well as short time correlations into account, one instead has [95]

∆G(B) =
−e2

π~

√
D

L

[(
1

τϕ
+

1

τB

)−1/2
−
(

1

τϕ
+

1

τe
+

1

τB

)−1/2]
. (19)

Here, we note that the model converges to the previous Al’tshuler-Aronov model for the case

where τϕ � τe.

6.5 Spin-Orbit Interaction

It is at this point that we will consider how spin-orbit interaction can fit into the picture we are

building. First, it is best to establish what spin-orbit interaction is, after which we can explore

how it might play a role in quantum intereference effects. Spin-orbit interaction, generally

speaking, is a relativistic effect where the spin degree of freedom in a particle couples to its

orbital motion inside a changing potential environment. It is an effective magnetic field Bso that

an electron experiences. It can be expressed through a Lorentz transformation of the electric

field of an atomic nucleus into the rest frame of the electron (when v � c):

Bso = − 1

c2
v×E, (20)

where c is the speed of light. If one uses a quantum mechanical description with more rigor, the

Dirac equation can be expanded to order
(
v
c

)2 [149]:

Hso =
~

4m2
0c

2
σ · p× (∆V0) , (21)
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where m0 is the bare electron mass, σ is the Pauli spin vector, p is the momentum, and V0 corre-

sponds to the Coulomb potential of the atomic nucleus. Of note is the fact that the momentum

of a particle with spin (such as a spin-12 electron) couples to the changing potential environment.

Keeping this in mind, we see that applying an electric field to a system should modulate Bso

that an electron experiences. Being as we are not primarily concerned with atomic physics, we

want to ask what this means for solid-state systems. When considering the bulk in such systems,

the dominant contribution to the spin-orbit term comes from the electron’s motion in the bare

Coulomb potential in the innermost region of the atomic nuclei[146].

It has been found that broken symmetry contributes significantly to spin-orbit interaction in

semiconductors, specifically bulk inversion asymmetry (Dresselhaus [148] type) and structural

inversion asymmetry (Rashba [147] type), both of which are present in semiconductors with zinc

blende crystal structure.

Figure 20: Schematic of a zinc blende crystal structure. Notably, there is no inversion center. Image use under
creative commons license.

Such symmetry breakings influence the well-known Kramer’s theorem. Leaving spin-orbit

interaction aside for a moment, Kramer’s theorem states that particles with half-integer spin

that obey time reversal symmetry will have a degenerate energy level. If we consider the simple

case of a parabolic dispersion relation, that means E↓(k) = E↑(k).
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Figure 21: Parabolic dispersion relation of a spin-degenerate conduction band.

Now, returning to cases with spin-orbit interaction, if we consider systems with one of these

symmetry breakings, one no longer has this degeneracy between spin up and spin down. Kramer’s

theorem still holds, however, and time reversal symmetry remains, so one has E↓(k) = E↑(−k).

This splits the degenerate parabola in the previous graph and yields the following dispersion

relation:

Figure 22: Parabolic dispersion relation of a (Rashba/Dresselhaus) spin-orbit split conduction band. kso is the
spin-orbit momentum and Eso is the spin-orbit energy.

Here, we see that the two spin states have different energy. Essentially, our spin-degenerate

parabola splits into two shifted parabolas. Additionally, we see that at zero momentum we

have an energy which is associated with the total spin-orbit interaction that the carriers in the

conduction band experience. The stronger the spin-orbit interaction present in a system, the

more the parabolas will shift and the higher the energy at which they cross will be.

Rashba spin-orbit interaction is the dominant type present in the systems investigated in

this thesis. Thus, we will leave Dresselhaus aside for the most part, while pointing out that

there have been theoretical investigations into the potential for Dresselhaus to make a significant
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contribution, if the radius of our nanowires becomes sufficiently small [150]. The structural inver-

sion asymmetry leading to Rashba-type spin-orbit interaction manifests in nanostructures due

to electric fields built into the structure. These are often due to gradients in the bandgap at the

interface between materials, surface effects, or the presence of ionized dopants. In homogenous

InAs and InN nanostructures, the Fermi level of the conduction band is pinned at the surface,

which results in the carriers experiencing a large electric field, thus strong Rashba spin-orbit

interaction [141][139][151][140][143]. InxGa1−xAs structures with x ≥ 0.8 have also been shown

to exhibit this same pinning effect.

Assuming an isotropic k, the energy associated with the Rashba effect in our systems can be

approximated as Eso = αkF , where α = α0 + αmatE is the Rashba parameter. Further, α0 is a

sample specific offset due to things such as dopant distribution and geometry, αmat is a material

specific constant, and E an external electric field that might be applied to the system. As an

electron travels ballistically (between scattering, for example), it is the strength of the spin-orbit

interaction which governs the speed with which its spin precesses. Stronger α corresponds to

faster spin precession.

Coming back to the external electric field, it is this that could allow for manipulation of the

spin-orbit interaction in a system [153][154][155]. This α parameter ties into another parameter

we have previously mentioned, the spin-orbit length lso and the two can be related as lso = ~
2m∗α .

Thus, we see that stronger spin-orbit interaction in a system corresponds to smaller lso. This is

also sometimes called the spin precession length, because it can be thought of as the length a

carrier travels on average before the spin has rotated by 1 radian.

6.6 Weak Anti-Localization

Now, equipped with the knowledge that spin-orbit interaction in a system acts as an effective

magnetic field on the carriers, we can investigate what occurs to the weak localization phe-

nomenon that we discussed earlier in the presence of strong spin-orbit interaction. Since we

understand that a magnetic field destroys the constructive interference that otherwise yields in-

creased back-scattering, it is natural to expect that the presence of an inherent magnetic field

Bso should limit this constructive backscattering. In fact, if the spin degeneracy is broken, the

Pauli principle doesn’t play a role, and one can expect that most of the back-scattering due to

constructive interference should vanish.
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Figure 23: Schematic of a looped path where spin degeneracy has been broken. Paths and their time-reversed
partners no longer have the same state, so no constructive interference will take place, resulting in fewer backscat-
terings.

One can imagine the electrons undergoing repeated disorder-induced scatterings, which ran-

domize their momenta. The spin-orbit interaction then results in a randomization of the spin,

which is known as D’yakanov-Perel spin relaxation [156] and is schematically represented below.

Figure 24: Schematic of an electron path along repeated scatterings, randomizing the spin.

As the electrons move from one scattering center to another, the spins precess around k.

To be precise, Rashba spin-orbit interaction causes spin precession perpendicular to k, while

Dresselhaus induces it counterclockwise as one moves in k-space [272][273]. This is taking the

linear Dresselhaus spin-orbit interaction into account and neglecting the cubic contribution.
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Figure 25: Spin precession with respect to k for Rashba (a) and (linear) Dresselhaus (b). Graphic taken from
[273].

Therefore, the randomization of the momenta of carriers undergoing repeated scatterings

also serves to randomize their spin. This actually reduces the return probability, which mani-

fests as an increase in conduction at B = 0. This increase in conduction at B = 0 is called

weak anti-localization. It can be thought of as destructive interference as opposed to the con-

structive interference of weak localization. The application of a magnetic field then acts to

remove this destructive interference and typically results in a decrease in conduction just outside

of B = 0. Eventually, in systems with medium strength spin-orbit interaction, with a larger

applied magnetic field the conductance tends to grow again and settle at the classical Drude

conductance (ignoring UCF). It is as if a small increase in conduction at B = 0 is embedded in

a larger scale weak localization behavior.

There is a simple picture, first presented by Gerd Bergmann [275], to arrive at the increase in

conduction due to spin-orbit interaction in diffusive systems. One begins with the acknowledge-

ment that it has been demonstrated that spin-12 particles must rotate by 4π in order to transfer

the spin function into itself [276]. Rotation by 2π will reverse the sign of the spin state. If we

consider the initial spin state, s, of a conducting electron undergoing multiple scatterings, the

resultant final spin state, s′, is s′ = Rs, with R a rotation operator. Then, the time-reversed

partner of s′, s′′, can be represented by s′′ = R−1s, where R−1 has the same scatterings as R

but in opposite order. This is represented schematically in the diagram below.
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Figure 26: Spin precession of state s undergoing multiple scatters and ending up in state s′ or s′′ for its
time-reversed path. Graphic taken from [275].

In the case of strong spin-orbit interaction on the one hand, s′ has lost its knowledge of its

original spin orientation, with its resultant orientation statistical. On the other hand, s′′ should

have experienced exactly the opposite rotation in its orientation. When the relative orientation

between s′ and s′′ is 2π, the amplitudes will be destructive.

We can go a bit deeper than the simplified picture and additionally consider that our carriers

are going to be broken into spin singlets (|0, 0〉 = 1√
2
(↑↓ − ↓↑) with spin S = 0) and triplets

(|1, 1〉 = ↑↑; |1, 0〉 = 1√
2
(↑↓ + ↓↑); |1,−1〉 = ↓↓ with spin S = 1). These four states and their

respective eigenvalues are responsible for the quantum corrections in a system hosting spin-orbit

interaction. The antisymmetric nature of the singlet state upon the exchange of an incident and

scattered spin generates a minus sign, which results in a positive contribution to conduction. It is

this positive contribution that yields the antilocalization behavior. Meanwhile, the triplet states

are symmetric under such exchanges, which contribute negatively to conduction. It is these that

make up the weak localization behavior [277][278]. Strong spin-orbit interaction should specif-

ically suppress the triplet contribution to Cooperon and diffuson channels, thus should reduce

the variance in conduction by a factor of four (going from four interfering channels to, effectively,

one) [145] when there is no external magnetic field applied. The randomization of the spins and

the resultant spin relaxation due to the D’yakanov-Perel mechanism suppresses interference of

time-reversed paths in triplet configurations, leaving the singlet interference unchanged.
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6.7 Weak Anti-Localization Formalism

At this point we can consider the addition of spin-orbit effects on the formalism for ∆G(B). It

was in the 1980s that the influence of spin-orbit interaction on weak localization was studied in

2DEG systems [157][159][160][161][162]. If we fast forward to 1992, Kurdak et al. expanded upon

the Al’tshuler-Aronov theory to include spin-orbit interaction in the case of narrow channels in

2DEGs[158]. This narrow channel geometry assumes diffusive Brownian motion in a plane, with

no possible motion out of the plane. They included an additional term to the integral over the

return probabilities that accounts for spin precession in a system:

∆G(B) =
−2e2

π~
D

L

∫ ∞
0

dtC(t)e−t/τϕ
[

1

2

(
3e−4t/3τso − 1

)
e−t/τB

]
, (22)

assuming an isotopic τso. The 1
2 comes from the convention that all expressions refer to one

spin degree of freedom. Here, two interesting features have been added to the integral. First,

the −1 represents the spin singlet state. The remaining term, 3e−4t/τso , accounts for the spin

triplet states. In the event of strong spin-orbit interaction, i.e. if τso is very small, one receives a

factor of −1
2 , which yields the increased conduction in weak anti-localization due to the spin-orbit

interaction in the system. The above equation can be solved and one is left with

∆G(B) =
−2e2

√
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[
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( 1
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3τso
+
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2
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1
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)−1/2
− 3

2

( 1
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+

4
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+

1

τe
+

1
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)−1/2
+

1

2

( 1

τϕ
+

1

τe
+

1

τB

)−1/2]
. (23)

These days, most experimentalists are expressing this quantum mechanical correction to the

classical conduction in terms of the associated length scales, li, instead of the time scales τi. One

reason is that the mean free path, le, and coherence length, lϕ, can often be obtained by other

measurements on the system. This results in the following:
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∆G = − e2

hL

[
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1
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−
(

1
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4
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+
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)−1/2
+

(
1

l2ϕ
+

1
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+

1
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)−1/2]
. (24)

In order to give a visual picture of the transition from weak localization into weak antilo-

calization, the following simulation has been carried out using typical (fixed) parameters for L,

W , lϕ, le, while varying lso. The fixed values are taken to correspond approximately to those

obtained in the work presented in chapter 9.

Figure 27: Simulation of transition from weak localization to weak anti-localization with changing lso. Here, L
= 500 nm, W = 80 nm, le = 20 nm, and lϕ = 150 nm are kept fixed.

With a larger lso - i.e. smaller spin-orbit interaction - we see a pronounced decrease in

conduction, a characteristic of weak localization. As lso decreases in size, corresponding to

increased spin-orbit interaction, we see the onset of a local maximum in G. This is eventually

followed by a pronounced increase and a global maximum.
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7 Nanofabrication

Nanofabrication on these novel structures has a few additional challenges when compared with

more conventional nanowire device preparation. Detailed fabrication recipes can be found in

a later section; this section will serve to qualitatively explain the non-standard processes that

needed to be employed for engineering devices. After the growth of the samples is carried out

by the material scientists that we collaborate with, triangular chips with three samples each

arrive at our institution. The fabrication of the samples themselves have a few particularities

compared to standard device fabrication methods. The first thing of note is that the GaAs [111]

substrates have a three-fold crystal symmetry. This is in some ways a benefit (see Chapter 9)

we exploit, though in others an additional obstacle. One aspect of this symmetry results in the

wafers cleaving into triangular, rather than squared directions. This is, in principle, not a major

issue when handling the chips with tweezers, though it does increase the likelihood that a sample

may slip out from the grip. Careful efforts are taken to mitigate this and, over time, one becomes

adept in quickly picking up and moving the samples in and out of time-sensitive processes.

The structures have a large aspect ratio. Typically, the nanomembranes grow to around 300

nm, on top of which the nanowires grow roughly 50 nm higher. This results in a handful of

aspects that require particular attention. E-beam lithography requires a much higher resist than

typically applied in nanowire fabrication (& 500 nm), since the resist needs to be larger than

the height of the structures for lithography and, later, liftoff. After lithography, development,

and surface passivation, metallization also needs to be treated carefully. The high aspect ratio

makes it such that planar evaporation of metal fails to adequately cover the side walls of the

membranes. As a result, we employ a dual-angle approach to metal deposition. First, the sample

is tilted at an angle of ∼ 20◦ in one direction with respect to the nanomembranes and the metal

is deposited. Second, without breaking the vacuum, the sample is tilted ∼ 20◦ in the opposite

direction, whereupon the second metal layer is deposited to ensure continual coverage up and

down both sides. In order to be absolutely certain that there are no breaks in the metallization,

a thin third planar (untilted) layer can also be deposited.
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Figure 28: Cross-sectional schematic of two-step angle evaporation process to ensure full side wall coverage.
Left: first layer deposited with membranes tilted at ∼ 20◦ in one direction. Right: second layer deposited with
a tilt of ∼ 20◦ in the opposite direction. Black is the nanomembrane, red is the In(Ga)As nanowire, gold is the
metal.

In contrast to conventionally-grown nanowires, which can be deposited onto a doped substrate

with an insulating layer above that can act as a global back gate, the selective-area grown

structures studied here cannot currently be grown from a doped substrate without the entire

chip conducting. Therefore, in order to electrostatically control the electron density in the wires,

top gate architectures needed to be developed. In order to do this, an insulating dielectric layer

had to be applied to the samples first. This is done using an in-house atomic layer deposition

(ALD) machine. HfO2 has been used as the dielectric for all the devices investigated in this work.

One reason is that HfO2 is a high-k dielectric, which should result in a strong gate capacitances

without leakage. Additionally, it was known to be the cleanest material using our in-house ALD

machine. Therefore, it was determined that it was the best available candidate. HfO2 is an

extremely durable material and is difficult to etch, with no standard labratory etchant selective

to it. As a result of this, the HfO2 needed to be selectively deposited to cover the contacted

nanostructures, without covering the areas of the chip where contact pads were placed. It was

found that it was impossible to wire-bond onto the pads if the HfO2 was deposited above them.

Therefore, an ALD window scheme needed to be developed that enabled the selective deposition.

This was done using a tall (∼ 1 µm) two-layer resist stack (see Fabrication Recipe chapter for

exact details), followed by e-beam lithography to open up a window where the structures requiring

the insulating dielectric sat. Then, the ALD process with HfO2 was carried out; the tall resist

stack allowed for a reproducible liftoff process, leaving the HfO2 only where it was desired.
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Figure 29: Cross-sectional schematic of selective ALD deposition process onto contacted wires. a) ∼ 1 µm resist
stack. b) e-beam lithography to open up the selective window. c) ALD of HfO2. d) Lift-off process leaving HfO2

selectively covering contacted nanowires. Black are the nanomembranes, red is the In(Ga)As nanowires, gold are
the metal contacts, teal is the e-beam resist stack, grey is the HfO2 dielectric.

After the HfO2 window is deposited, top gates can be patterned with e-beam lithography.

The metallization is then carried out in a similar dual-angle evaporation step. This results in

top gates, which wrap around the sides and top of the nanowires. The result of this wrap-around

top gate is that we are able to tune the carrier density in the nanowires without applying a

significant electric field across the wire itself [163]. This is expounded upon in more detail in the

Outlook and Summary chapter.

Figure 30: Cross-sectional schematic of wrap-around top gate. Black are the nanomembranes, red is the
In(Ga)As nanowires, orange is the top gate, and grey is the HfO2 dielectric.
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As mentioned in the previous chapter, if one would like to influence Rashba spin-orbit inter-

action, it is necessary to apply and control an electric field across the wire. For this purpose, a

split-gate prototype architecture was designed and implemented. Such a split-gate should allow

for the modulation of the carrier density as well as the electric field applied across the wire

independently. In order to create devices like this a more complex fabrication process where the

large aspect ratio of the structures was leveraged. The start of the split-gate fabrication process

is carried out in the same manner as the wrap-around gate devices. Contacts are lithographically

defined and a dual-angle metallization is done. At that point, selective deposition of HfO2 is

done using the process outlined above. Next, another round of e-beam lithography is carried

out to define the placement of the first gate layer. Next, when the devices are placed into the

metal evaporator, metallization is done, this time from one angle only. This utilizes the angle

combined with the height of the nanostructure to shield the opposite side of the nanowire from

metal deposition.

Figure 31: Cross-sectional schematic of first gate in split-gate architecture. Black are the nanomembranes, red
is the In(Ga)As nanowires, gold are the metal contacts, orange is the gate, and grey is the HfO2 dielectric.

After this first top gate layer is deposited, another HfO2 layer is applied selectively using the

same process outlined above. Then, the second top gate is lithographically defined, whereupon
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the second gate is placed by doing the tilted metallization, this time at the other angle only.

Figure 32: Cross-sectional schematic of second gate in split-gate architecture. Black are the nanomembranes,
red is the In(Ga)As nanowires, gold is the metal contact, orange are the gates, and grey is the HfO2 dielectric.

At the end of this process, we are left with two gates that can enable the tuning of carrier

density and electric field across the nanowire independently. It should be noted that the gates

are applied across the entirety of the wire, including where the contacts are placed. It was found

that the leakage current from the gates to the contacts was negligible when the HfO2 layers were

& 16 nm. Below, is a schematic without the contact layer in order to illustrate the concept of

tuning density and electric field in the wire independently.

56



Figure 33: Cross-sectional schematic of finished split-gate architecture. Black are the nanomembranes, red is the
In(Ga)As nanowires, orange are the gates, grey is the HfO2 dielectric, and blue arrows represent the application
of an electric field.

In demonstrating that these novel nanostructures can be fabricated into a fin field-effect

transistor (FinFET) device architecture is another aspect that speaks to the viability of future

scalable systems. FinFETs are the industry standard for semiconductor chip design, driving the

great majority of all electronic devices currently on the market [164][165][166][167].
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8.1 System Introduction

In the past few years, much progress has been made toward fabricating and scaling up qubit den-

sity to build universal quantum computing systems that could potentially outperform classical

computers by quantum schemes [47][81][82][83][84]. The ideal qubit should combine long coher-

ence times, fast qubit manipulation, and small size, while maintaining scalability to many-qubit

systems. Long coherence times are fundamentally challenging to achieve in various qubit systems

due to the presence of numerous forms of environmental noise, requiring operating temperatures

in the range of a hundred millikelvin [85][86]. A system, which has been proposed to be much

more robust against such perturbations, is the topological qubit [87]. This type of qubit, for

example, composed of MFs or MPFs [88][89], would have the inherent property of being topolog-

ically protected and would, thus, exhibit exceptionally long coherence times. Signatures of MF

states have been observed experimentally in, among other systems, III-V semiconductor NWs

in close proximity to an s-wave superconductor [90][91], while a few other groups have reported

anomalous MF signatures in similar systems [92][93][94]. In general, these studies have focused

on using III-V materials, such as InAs and InSb, due to their high spin-orbit coupling strength

and g factor [95]. Current efforts are focused on performing the first manipulations of MFs to fur-

ther verify theoretical predictions, for which low-disorder, connected 1D branches are required.

Gold-free and defect-free NW branches made of a high purity, high spin-orbit III-V material

would be an ideal platform for manipulating MFs. Excellent progress has been made toward

this goal with reports on the growth of monocrystalline gold-assisted InSb NW branches, which

display a weak antilocalization due to the large spin-orbit interaction of the material, as well as

a hard superconducting gap. Scalability is another important aspect of any future computation

system, and on this front, the Riel group has recently demonstrated patternable ballistic InAs

NW crosses through template-assisted growth on silicon [96].

Despite recent progress, a few challenges still exist with current methods to produce branched

structures. The fabrication of NW networks and intersections has been explored for many

years for classical computing by overlapping individual wires [97][98][99]. For MF applica-

tions, the stringent requirement of maintaining coherent transport across the intersection means

that, currently, the most popular NW cross structures rely on the intersection of two gold-

catalyzed NWs grown along two different <111> B directions, leading to an interface-free junc-

tion [100][101][102][103][104]. After growth, free-standing crosses are obtained, which then need
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to be transferred onto a separate substrate for further device fabrication, limiting the ultimate

scalability. A scalable scheme would instead enable the NW growth and intersections to be

realized directly on the final device substrate. At the same time, for future device integration,

the use of gold seeds poses a problem for compatibility with CMOS technologies [105]. Here, we

demonstrate a new approach to grow gold-free branched In(Ga)As NWs at the wafer scale by

using GaAs NMs as templates.

Defect-free GaAs NMs of exceptional quality constitute the ideal templates for further In(Ga)As

NW growth [106][107]. Such structures have been successfully grown by, both, metal-organic

chemical vapor deposition (MOCVD) and molecular beam epitaxy (MBE) using a gold-free se-

lective area approach [80]. The NMs are patternable at the wafer scale and can, additionally, be

fabricated in the form of Y-shaped structures by growing along the three <11-2> directions on

GaAs (111) B substrates. When the growth of these GaAs NMs is followed by InAs, the InAs

accumulates at the top of the NMs, forming In(Ga)As NWs along the NM vertex, as depicted

schematically below.

Figure 34: Schematic of an GaAs NM (blue), atop which an InAs NW is formed (red) [81].

By varying the deposition times and growth conditions, the size and composition of the NWs

can be changed. The growth progression, which initiates as InGaAs and then evolves to pure

InAs for longer growth times, is shown below.
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Figure 35: Schematic of the growth of a NW of first InGaAs at the interface, which transitions into pure InAs
as it grows further from the GaAs NM [81].

Combining the concepts of patterning NMs into Y-branches and performing In(Ga)As NW

growth on top of GaAs NMs, Y-shaped In(Ga)As NW junctions can be obtained, as seen below.

Our approach thereby enables the growth of gold-free branched NWs at the wafer scale.

Figure 36: Left : A 30◦ tilted scanning electron microscope (SEM) image of a branched NM/NW structure, taken
with an energy-selective back-scattered electron detector for z-contrast. The image is false-colored for visibility
and annotated with relevant substrate directions. Right : SEM image of branched NW structures grown in a
regular array [81].

Here, as the first step toward building MF devices based on this approach, we demonstrate

the growth of low-defect linear Al(Ga)As NWs based on GaAs NMs. Magnetotransport measure-

ments on an array of nanowires (depicted below) demonstrate weak localization in the diffusive

regime, suggesting quasi-1D quantum transport. This makes such NWs ideal candidates for

future quantum computing schemes.
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Figure 37: Model of an array of contacted linear NM/NW structures used in magnetotransport measurements
[81].

8.2 Nanomembranes as a Platform

Membranes with top ridges parallel to the substrate were grown, as described previously [51].

The InAs NWs were then grown for 200 s at an As4 flux of 8 × 10−6 Torr, an In rate of 0.2 Å/s

and a substrate temperature of 540 ◦C. This optimized substrate temperature yielded continuous

InAs growth on top of the NMs. A Si dopant flux of 1013 atoms/cm2/s was also introduced to

increase the conductivity of the NWs.

The NW morphology, composition, and structural quality were extensively characterized

by correlated analysis using various electron microscopy techniques. These included electron

energy loss spectroscopy (EELS) and atomic-resolution aberration-corrected annular dark field

scanning transmission electron microscopy (ADF - STEM). The results were then coupled with

geometrical phase analysis (GPA) to give strain information [82][83], which, in turn, was fed into

a semi-empirical model to understand the formation of the NWs from a theoretical standpoint.

Analysis of focused ion-beam (FIB) lamellas prepared perpendicular to the NW axis by ADF-

STEM and correlated EELS show that 50 nm diameter InAs NWs form on the 250 nm tall GaAs

NMs. The InAs material preferentially accumulates along the top ridge of the GaAs NM, forming

the NW, which is primarily InAs with a 20 nm thick intermixed InGaAs region at its base. This

InGaAs region likely occurs due to strain-mediated intermixing with the GaAs NM below, as has

been observed in InAs quantum dots on GaAs [84]. It is important to note that we observe no In

signal from the NMs; the faint signal seen in the EELS map is believed to be created during the

FIB cutting by a combination of redeposition of the TiOx protective layer and surface diffusion

of the highly mobile In adatoms.
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Figure 38: a− c : EELS maps with elemental contrast of a NM/NW cross section. Note that the overlap of the
In EELS signal with the Ti signal from the TiOx capping layer has caused an anomalous background of In within
the NM, which is not physical [81].

Looking instead at the NW facets, as seen below, the resulting InAs NW structures are

terminated by two (110) facets on the sides and have a single flat (111) top facet. The appearance

of this (111) facet, instead of the two {113} facets as in the GaAs NMs, can be explained by the

higher As4 flux used in the InAs NW growth [85][86].

Figure 39: Atomic model showing faceting of the NM/NW heterostructure [81].

No defects were observed when viewing this transverse lamella in atomic-resolution ADF-

STEM mode. As strain along the NW axis was predicted to be more difficult to relax than in

the transverse direction, a second FIB lamella was prepared parallel to the axis of the NW and

also imaged using atomic-resolution ADF-STEM. Here, a few misfit dislocations were observed

near the InAs/GaAs interface, with an estimated density of approximately 100/µm (see Sup-

plementary Information section). This constitutes a 40 % reduction in dislocation density with
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respect to the equivalent 2D growth of InAs on GaAs and at least three times improvement with

respect to the twin density typically observed in self-catalyzed InAs NWs [88][89][90].

Turning now to explaining the morphology of the structures, an analytical model shows that

the surface and strain energy minimization play the most important role in driving the NW to

adopt the observed shape (see Supplementary Information section). By taking advantage of the

atomic resolution offered by ADF-STEM images, GPA was performed on the initial FIB lamella

cut perpendicular to the NW axis. Looking specifically at the (111) plane spacing, a substantial

2-3 % residual compressive strain is observed within the NW, with the corresponding line scan

given in the figure below.

Figure 40: e : GPA map of the InAs NW region. f : Line scan along arrow in e [81].

Using this strain value, a semiquantitative model was developed to describe the NW for-

mation energy, taking into account the InAs/GaAs surface energies and the InAs elastic strain

energy. The total energy of the system was then minimized with respect to the NW aspect ra-

tio. Interestingly, the experimentally observed aspect ratio coincides with that of the theoretical

minimum energy shape, suggesting that the NW shape is simply driven by energy minimization

(for more detail see Supplementary Information section).

8.3 Electrical Transport in the Mesoscopic Regime

To bring the NWs into the 1D electrical transport regime, they were downscaled to 20 nm

diameters by narrowing the GaAs NMs by using smaller SiO2 openings and shorter growth times

for less lateral growth. The resulting NWs were smaller, both, laterally and vertically, resulting in

intermixed InGaAs NWs, as depicted for small diameter NWs in the growth progression diagram

in Figure 17. These results were confirmed by performing atom probe tomography (APT), which

additionally yielded information about the Si dopant distribution.
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The APT analysis confirmed the presence of an InGaAs NW, while also uncovering signs

of dopant rejection during crystal growth, causing an accumulation of Si atoms at the NW

surface. A typical APT map of the of the In mole fraction and the Si dopant distribution and

a quantitative composition profile of the NW surface was extracted in the proximity histogram

(proxigram) shown below.

Figure 41: g : APT map of scaled-down NWs used in electrical measurements showing In concentration (lower
map) and accumulation of Si dopant atoms (black dots) at the surface of the NW with In isoconcentration lines
as a guide to the eye (upper map). Note that, since the NWs were capped with GaAs for APT analysis, the
measured In concentration can be considered as a lower bound for the uncapped structures. h : Proxigram line
scan along the dashed arrow in panel g showing Si accumulation on the NW top facet and In concentration within
the NW[81].

In this sample, the NW group III mole fractions are 17 % In and 83 % Ga. (Additional maps

in Supplementary Information section) Analysis of different InGaAs samples by APT tomography

under similar conditions shows a slight tendency toward preferential In evaporation. In addition,

a GaAs capping layer was deposited on the PT sample after the NW growth, which may have

enhanced the Ga intermixing [91]. For these reasons, we consider the In mole fraction in this

NW as a lower bound. Although a Si flux was present during InAs NW growth, the Si atoms are

not homogeneously distributed throughout the NW. The Si atoms instead appear to accumulate

preferentially at the (111) growth interface, resulting in a quasi-remotely doped structure.

The electrical properties of the NWs were explored through multi-contact resistance mea-

surements on an array of NWs, for which an example device is shown below.
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Figure 42: False-colored SEM image of four InAs/GaAs NW/NMs contacted in parallel [81].

An array of 34 NWs, comparable to those on which APT was performed, was used for

these tests as a way to obtain the average response for many devices. Standard four-point

measurements were then carried out at room temperature before moving to low-temperature

magnetoconductance transport experiments.

Room-temperature transmission line measurements, shown below, gave linearly scaling and

repeatable resistances, suggesting that a good-quality contact was achieved. A control sample

without InAs NWs shows an increase of resistance by five orders of magnitude, directly proving

that the observed conduction occurs due to the InAs deposition. Device behavior remained linear

and ohmic down to 4.2 K, albeit with an increased contact resistance.

Figure 43: Transmission line measurement to extract contact resistance and resistivity (per NW) at 4.2 and 300
K, in comparison to NMs without the InAs deposition step [81].

Magnetoconductance measurements at 1.5 K revealed a zero-field minimum of conductance

consistent with weak localization (WL) behavior. The conductance of the devices was measured

under constant bias, while the magnetic field was applied perpendicular to the substrate and was
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swept from -8 to 8 T. This analysis indicated conduction in the quasi-1D transport regime and

elucidates important quantum figures of merit, such as coherence length lϕ, mean free path le,

and spin-orbit length lso.

Figure 44: Average different conductance per NW as a function of magnetic field perpendicular to the NWs for
a range of bias voltages measured at 1.5 K for a 1.25 µm long NW segment. The traces for biases above 0 mV
are offset for clarity [81].

A coherence length lϕ of 130 nm and a lower bound on the spin-orbit length lso were obtained

by fitting the experimental data. The system was assumed to be in the diffusive regime with

the electron mean free path le � W , with W being the width of the conducting channel,

estimated from the APT results to be about 20 nm. In this regime, le is thus constrained to be

a few nanometers due to the large amount of dopant and surface scattering. A simple quasi-1D

model for the quantum corrections to the conductivity in the diffusive limit (see Methods) gives

an excellent agreement with the data and yields lϕ 130 ± 4 nm near zero bias, as shown in

the solid traces in the figure above. In the absence of weak anti-localization and adding spin-

orbit coupling to the model (see Supplementary Information section), a lower bound for lso of

280 nm is estimated. Some small variations in the conductance at large magnetic fields are

noticable, presumably signatures of conductance fluctuations, which are strongly suppressed due

to averaging from the parallel NW arrangement as well as the relatively short coherence length.

These initial results show that the electron confinement at the top of NWs grown on NMs

is sufficient to produce quasi-1D conduction. These NWs could, therefore, be viable hosts for

Majorana bound states, provided that two main potential obstacles are addressed. First, a NW

made of higher spin-orbit material, such as pure or nearly pure InAs or InSb, will be required; i.e.,
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intermixing should be reduced or eliminated. This will be apparent by the observation of weak

anti-localization instead of weak localization. Second, impurity, interface, and alloy scattering

need to be reduced, such that le transitions from the diffusive to the ballistic transport regime.

8.4 Conclusion and Outlook

The fast-growing field of quantum computing and the promise of robust, topologically protected

qubits with III-V NWs drives the pursuit of scalable approaches to branched NW networks. We

have described a path forward, using GaAs NMs as templates for the In(Ga)As NW growth. By

exploiting strain in the highly mismatched InAs/GaAs system, continuous, low-defect NWs were

formed. We have further observed weak localization, demonstrating that such NWs can provide

sufficient confinement to achieve quasi-1D conduction. Our gold-free wafer-scale approach to

branched NWs serves as a platform for future investigations into 1D transport and quantum

computation with III-V NW networks with many exciting possibilities. From the MBE growth

perspective, using GaSb NMs already described by other groups to grow InSb NWs would be

interesting due to the higher g-factor of InSb [40][92]. Alternatively, suitable plastic strain

relaxation, for example, by interfacial misfit array formation [93] may enable GaAs NMs to be

viable templates for InSb NW growth. At the same time, the growth of new kinds of structures

with additional functionalities is another avenue to explore, including, for example, research

into parafermion devices by stacking multiple NWs on top of each other [34]. The wealth of

intriguing new possibilities and approaches offered by template-assisted III-V NW growth makes

this method an important step toward realizing a scalable quantum computing scheme based on

NW topological qubits.

8.5 Methods

8.5.1 Substrate Preparation

Undoped GaAs (111) B substrates were prepared by first depositing 25 nm of SiO2 by the plasma

enhanced chemical vapor deposition (PECVD). This was followed by e-beam lithography, using

ZEP resist and low-temperature development to achieve low line edge roughness [94]. Subsequent

dry etching with fluorine chemistry was used to etch the SiO2 down to the GaAs surface, and a

final wet etch in a dilute buffered HF solution helped remove any remaining oxide. This yielded

openings varying from 30 to 100 nm in width and 10-20 µm in length, depending on the e-beam
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pattern.

8.5.2 Growth

The nanostructures were grown in a DCA D600 Gen II solid-source MBE. The optimal growth

of the GaAs/InAs NM/NW heterostructures was found to be at a temperature of 630 ◦C/540

◦C (as measured by the pyrometer), As flux of 4 × 10−6/8 × 10−6 Torr and Ga/In deposition

rates of 1.0/0.2 Å/s, respectively. The NMs were typically grown for 30 min (180 nm nominal

2D thickness), while the InAs NWs were grown for 200s (4 nm nominal 2D thickness).

8.5.3 (S)TEM

The cross sections of the NMs were prepared by FIB milling normal to the substrate surface and

investigated by ADF-STEM in a probe corrected FEI Titan 60-300 keV microscope operated

at 300 keV. The elemental maps were obtained by using an EELS coupled to a Tecnai F20

microscope.

8.5.4 Contacting

Conctacts were patterned by e-beam lithography followed by dual-angle evaporation of 14/80

nm of Cr/Au for good side-wall coverage. Before metallization, an O2 plasma clean and a 6 min

ammonium polysulfide etch at 40 ◦C were used to ensure a clean, oxide-free contact [87].

8.5.5 Quantum Transport Model

The conductance of the NW is described as

∆G = −2e2

hL

(
1

l2ϕ
+

1

l2B

)−1/2
, (25)

where L is the spacing between the contacts and lB is the magnetic dephasing length given

by lB =
√
DτB, with D as the diffusion constant (D1D = vF le for 1D diffusion). In this limit,

the magnetic dephasing time τB is given by τB = 3l4m/W
2D, where lm =

√
~/eB is the magnetic

length [95][96][97].
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8.5.6 GaAs Capping

After the growth of the NW/NM heterostructures, a 30 nm GaAs cap was deposited in situ by

MBE at 400 ◦C. In the middle of this GaAs cap, the In shutter was opened for 10 s, making a few-

monolayer insertion of In0.16Ga0.84As, indicating the midpoint of the GaAs cap. The NW/NM

heterostructures were then coated with a 110 nm GaAs layer [98] using ion-beam sputtering at

9 kV and 7.5 mA for 1 h. The capping layer protected the sample from damage caused by the

ion beam during FIB.

8.5.7 APT

A standard lift-out method [98][99] was performed in a FEI Helios dual-beam FIB microscope

with a micromanipulator and the as-prepared wedge-shaped samples were welded onto Si micro-

posts. Finally, the needle-shaped APT specimens were obtained by ion-beam annular milling.

APT was performed with a local-electrode atom-probe (LEAP) 4000X Si tomograph (Cameca,

Madison, WI) at a sample temperature of 40 K and a background pressure of 3×10−11 Torr. An

ultraviolet focused laser with a wavelength of 355 nm was used to evaporate the sample atoms

into ions, at a pulse rate of 250 kHz and detection rate of 0.7 %. The pulse energy was gradually

changed from 1.2 pJ to 0.8 pJ during the evaporation process. The data was recontructed using

IVAS 3.8.1 to provide a 3D composition profile. SEM images of the nanotips taken in the FIB

were used to guide the choices of the reconstruction parameters.

8.6 Supporting Information

8.6.1 Growth Details

The InAs NWs were grown by MBE on top of defect-free GaAs NMs. The growth of the NMs

was performed according to an approach published previously, using selective area epitaxy [51].

Following the growth of the GaAs NMs at 630 ◦C, the substrate temperature was decreased to

540 ◦C and InAs was overgrown on top of the GaAs NMs. During the InAs growth, an arsenic

flux of 8 × 10−6 Torr was used along with an indium rate of 0.2 Å/s. This was typically grown

for 200 s, yielding a nominal depositied InAs thickness of 4 nm.
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8.6.2 Temperature Dependence of InAs

As a first step during the growth optimization, two temperature series were performed. Some

representative SEM images from these series are shown below. Here, we see that at low temper-

atures the InAs grows as clusters on the sides/edges of the membrane rather than as a single

coherent wire. This side growth is possibly due to the fact that at low temperatures the adatoms

have shorter diffusion lengths and, thus, are not able to find the optimal (lowest energy) posi-

tions, i.e. on the vertex. As the temperature is increased, the InAs islands begin to merge and

a coherent nanowire begins to form above 530 ◦C.

Figure 45: Temperature Dependence on InAs Growth Top-view SEM images showing temperature depen-
dence of InAs growth on top of GaAs NMs. False-colored to show InAs islands as confirmed by energy-dispersive
spectroscopy (EDS) measurements [102].

In a second series, on a substrate with NM pitches of 1500 µm, the growth temperature was

increased further to observe the limit of the NW growth. At temperatures above about 550 ◦C,

the InAs no longer grows on the NMs. The optimal growth temperature for achieving continuous

coherent InAs NWs has, therefore, been found to be in the range of 540-550 ◦C.

8.6.3 Width/Pitch Dependence of InAs

The influence of the GaAs NM geometry on the nanowire growth was also explored on a single

substrate grown at 530 ◦C. This comparison is shown below. From this analysis, we see that
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thinner membranes stabilize the nanowire, making it more uniform. Increasing the pitch also

improves the uniformity of the InAs NWs, though this is likely due to the fact that the NMs are

thinner at larger pitches. NMs at larger pitches, due to less efficient arsenic capture, grow more

slowly in, both, height and width. The optimal NM geometry is, therefore, achieved at large

pitches (>1 µm) with mask openings as thin as possible, in order to achieve very thin GaAs

NMs. For sufficiently thin NMs, the InAs covers the whole top surface of the GaAs NM and

grows as a single NW with uniform thickness.

Figure 46: Geometry Dependence on InAs Growth Top-view SEM image comparison of InAs NW coverage
of the GaAs NMs for various pitches and widths of the openings in the SiO2 mask. The InAs/GaAs has been
false-colored for visibility [102].

8.6.4 Raman Spectroscopy

Raman spectroscopy was performed on an InAs/GaAs device, in order to measure strain. This

was performed using 488 nm laser excitation at a power of 200 µW and 1 µm spot size. A

representative spectrum is shown below, where five main peaks can be distinguished and are

summarized in the table that follows.
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Figure 47: Raman Spectrum of InAs NW on GaAs NM [102]

Figure 48: Table of expected and measured Raman peaks [100][101][102]

Here, the expected SO phono peak was calculated assuming a cylindrical InAs nanowire with

a diameter of 30 nm [101]. From the table, it can be seen that most peaks are measured within

about 4 cm−1 of the expected frequency. However, the InAs LO peak shows a significant shift

of 7 cm−1 due to strain [103]. Additionally, the shape of the LO phonon peak is broader than

the expected Lorentzian fit, which we take as evidence of inhomogeneous broadening due to

inhomogeneous strain that is also seen in finite differences simulations below.

8.6.5 Strain Simulations

The strain and electrical properties of the InAs nanowires were simulated using nextnano3

(v1.9.2), a Schrödinger-Poisson-current finite differences solver [104]. The simulation was set up

allowing for relaxation of the structure into the air spaces around the NW/NM. An unstrained

GaAs substrate was imposed on the system at the base of the simulation.
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The resulting strain tensor maps are shown below. It can be seen that the strain in the InAs

nanowire is about 2-3 % on average. This agrees well with what was seen in HR-STEM GPA

and Raman spectroscopy.

Note that, while the actual GaAs NMs are hundreds of nanometers tall, the simulations used

a 50 nm tall NM to reduce the computational expense. This approximation is justified because,

as seen in the simulations, below about 30 nm from the top of the NM, there is nearly no strain

remaining in the GaAs NM.

Figure 49: Simulations of strain tensor in x and y directions [102]

8.6.6 Growth Model

We provide a model to explain the preferential accumulation of InAs on the top ridge of the NM.

Consider the NM/NW geometry shown below in the cross-sectional view perpendicular to the

NM:
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Figure 50: NW model geometry System geometry showing the geometrical parameters used in modelling the
free energy of forming the InAs NW [102].

We assume that the InAs NW facets are composed of vertical, horizontal, and inclined facets

of the (011), (111), and (113) families, respectively, and that the inclined NW facets are replaced

by the horizontal facets at the crossing point of the initial NM facets with the inclined NW facets,

as suggested by Figure 21 in the section Nanomembranes as a Platform. From geometrical

considerations, we have a = h cot 2θ and b = l − h cot θ, with θ as the taper angle of the NM,

hence

b+ a = l − h(cot θ − cot 2θ). (26)

The (131) facet of the InAs of width b+ a and surface energy γ(131)InAs replaces the initial facet

of the GaAs NM of width l and surface energy γ(131)GaAs. Additionally, the NW formation creates

the InAs-GaAs interface of width l and interfacial energy γ(131)InAs−GaAs. We also create the vertical

facet of height h/ sin θ having the surface energy γ(011)InAs, and the horizontal facet of width c and

surface energy γ(111)InAs. From geometrical considerations,

c = h
sin θ

sin 2θ
. (27)

Summarizing all these surface energy terms and using cot 2θ = (1/2)(cot θ − tan θ) and

sin 2θ = 2 sin θ cos θ in (8) and (9), respectively, the surface energy change per length 2d (where
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d is the length of the initial NM) equals

∆Fsurf =

[
γ
(131)
InAs−GaAs + γ

(131)
InAs − γ

(131)
GaAs

]
l +

[
γ
(011)
InAs

sin θ
− 1

2
γ
(131)
InAs(tan θ + cot θ) +

γ
(111)
InAs

2 cos θ

]
h. (28)

Grouping the brackets into C1 and C2, we can write

F = C1l + C2h. (29)

Clearly, the C1 term gives the surface energy change in the (131) direction and is positive in

the non-wetting and negative in the wetting cases, respectively. The C2 term should always be

positive and is associated with the InAs facets in contact with vapor.

The surface area of half the NW cross-section s equals the area of the parallelogram lh minus

the area of the upper triangle ∆s. The latter is given by h2/(8 sin θ cos θ). Therefore,

s = lh− h2

8 sin θ cos θ
, (30)

where the second term is less than 10 % of the first one in our geometry and can be neglected

in the first approximation.

To account for the effect of strain relaxation, we use the simplest formula [105][106][107]

∆Gelastic = λε2V
1

1 + αh/l
, (31)

showing that the elastic energy (for the reduced strain ε due to dislocations) rapidly decreases

(α � 1) with increasing the aspect ration h/l with respect to the 2D film of the same volume

V . Using V ≈ 2dlh and dividing it by the facet length 2d, we arrive at the equation expressing

the free energy of forming the InAs NW of width l and height h on top of the GaAs NM

∆F (l, h) = C1l + C2h+
C3lh

1 + αh/l
. (32)

This free energy is defined per unit length of the structure. The C1 term gives the surface en-

ergy change upon covering the GaAs (131) facets with InAs and is proportional to the NW width

l. The C2 term (C2 > 0) stands for the surface energy of all other InAs facets and is proportional

to the NW height h. The last term gives the elastic energy of the InAs NW, proportional to the
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NW cross-sectional area s ≈ lh, with C3 being the elastic energy per unit volume for the reduced

mismatch [105], and α describing the stress relaxation with the aspect ratio h/l [105][106][107].

In fact, the NW cross-sectional area s equals lh− εh2 due to the development of the horizontal

(111) InAs top facet seen in Figure 21 in the section Nanomembranes as a Platform, but

the εh2 term is typically less than 10 % and we omit it to simplify the analysis. We also assume

that the term associated with the dislocation energy is roughly the same for any aspect ratio,

which should be valid for large enough volumes of deposited InAs, with the NW heights already

well above the critical thickness for forming misfit dislocations (˜1.2 nm) [106].

Figure 51: Change in free energy of formation with aspect ratio Graphs of the df/dh versus aspect ratio
obtained in the non-wetting (A > 0) and wetting (A < 0) cases from equation (9). The zero point at h/l ≈ 0.6
corresponds to the minimum free energy of forming the NW, because its derivative is negative for smaller and
positive for larger aspect ratios. The real curve is expected to be the one in the wetting case, where the system
surpasses an energetic barrier at a small x as in the Stranski-Krastanow growth. The value of v = 140 corresponds
to the parameters of InAs with the reduced mismatch ε = 0.03. The inset shows the geometry, the approximation
s ≈ lh used in the calculations neglects the truncation of the full parallelogram in the top part of the NW [102].

To access the preferred shape of InAs on top of GaAs, we minimize equation (14) at a fixed

s = lh, corresponding to a fixed volume of deoposited InAs [108]. Introducing f = ∆F/b, the

result is given by

df

dh
= 1− A

x
− vs1/2

(1 + αx)2
, (33)

with A = C1/C2 as the normalized surface energy change in the (131) plane, v = 2αC3s
1/2/b

as the strain-induced factor that increases with the amount of deposited InAs, and x = l/h as

the aspect ratio of the NW. The preferred aspect ratio is now defined by the stable zero point of

df/dh, corresponding to the minimum free energy.
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Figure 33 shows two possible cases with the preferred x ≈ 0.6, as observed in Figure 21

in the section Nanomembranes as a Platform. We believe, however, that our GaAs/InAs

system is initially wetting, that is, the surface energy favors 2D growth of InAs on GaAs, while

3D structures emerge only after the formation of a continuous wetting layer, as in the Stranski-

Krastanow growth [107]. Therefore, the system is described by the solid line in Figure 33. In this

case, reaching a high aspect ratio on the order of 0.6, which is necessary to form the NWs on top

of the NMs, can only be due to strain relaxation and requires a high value of the strain-induced

v factor of about 140. The c coefficient equals λε2, with λ = 1.22 × 1011 J/m3 as the elastic

modulus of InAs and ε as the reduced lattice mismatch. With the experimentally ε = 0.03, this

yields v = 140 at α = 15 for a plausible value of C2 = 0.091 J/m2 [106].

8.6.7 TEM Compositional Line Scan

Looking at the EELS maps in more detail, a compositional map and line scan are shown in the

figures below.

Figure 52: Detailed compositional maps Compositional map of InAs NM on GaAs NM for In, Ga, and As
separately [102].

Figure 53: EELS line scans Compositional line scan from the GaAs NM into the InAs NW, showing relative
concentrations of Ga, In, and As [102].
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From the line scan, we first notice that the amount of indium in the GaAs region and gallium

in the InAs region never goes below ˜10 %. This is suspicious and is likely an artifact of the

EELS measurement, possibly caused by indium/gallium adatom migration induced by the 200

keV electron beam. An additional contributor to the indium signal could be the titanium in the

TiO2 capping layer. The two elements are difficult to differentiate, as the titanium L2,3 edges

overlap with the indium M4,5 edges.

The scan also shows a region between about 40 nm and 60 nm where gallium is present in the

InAs NW. APT measurements have ruled out Ga cation diffusion during the FIB preparation

process. Due to the 100 ◦ difference in growth temperature between the GaAs and InAs and the

necessary cool-down period between the two growths, we do not expect any free gallium adatoms

on the surface to contribute to the formation of this InGaAs region. Rather, it is likely that

stress drives diffusion of some gallium atoms from the NM into the InAs NW during NW growth

to accomodate the high lattice mismatch. This observation suggests such strain might be used

to overcome the miscibility gap that is present in unstrained InxGa(1−x)As below about 800 K

[109][110].

8.6.8 InAs Crystal Quality

The crystal quality of the InAs NWs were further assessed by TEM imaging from the side of a

GaAs/InAs NM/NW structure. Figure 36 a provides an example atomic resolution ADF-STEM

analysis from a roughly 70 × 70 nm2 region near the base of the InAs NW. Geometrical phase

analysis (GPA) of (-1-1-1) dilatation (see Figure 36 b) reveals the presence of a double twin that

appears to originate at the InAs/GaAs interface and propagates through the InAs layer.

The GPA structural map of the (-1-11) planes in Figure 36 c allows us to identify misfit

dislocations, highlighted in red. Figure 36 d applies a rotation filter that further highlights these

misfit dislocations. The appearance of misfit dislocations in the axial direction, along the NW,

is expected because the strain can not be as easily relaxed compared with the radial case. This

is believed to be the reason that no misfit dislocations were observed in the transversal atomic

resolution ADF-STEM cross sections. On the other hand, in the longitudinal cross-section, one

can count seven misfit dislocations in this roughly 70 nm-long region. Using this value as an

initial guess, we estimate that this structure has on the order of 100 misfit dislocations per

micrometer.
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Figure 54: TEM defect analysis (a) Atomic resolution ADF-STEM image taken from a <0-11> zone axis at
the base of the InAs NW on a GaAs NM showing two twins originating at the heterojunction and propagating
into the InAs NW. (b) GPA analysis of image in (a) looking at dilation of (-1-1-1) planes. Here, the twin is
clearly visible and the color contrast enables us to distinguish the InAs from the GaAs region. (c) Structural
map of (-1-11) planes in image (a) allowing us to see the presence of misfit dislocations, highlighted in red. (d)
Rotation filter of (-1-11) planes from image (a), allowing us to more accurately distinguish misfit dislocations
[102].

8.6.9 Magnetotransport Model

The conductivity dependence on magnetic field was fit with the following weak localization model

for the quantum correction to the classical conductivity in the quasi 1D diffusive limit [95][111]

∆G = −2e2

hL

(
1

l2ϕ
+

1

l2B

)−1/2
, (34)

where L is the length of the wire between contacts, lϕ the phase coherence length, and lB

the magnetic dephasing length. lB relates to the magnetic relaxation time τB as

lB =
√
DτB, (35)

with D = vF le for 1D wires. In our system, in the diffusive limit where le �W , with W the
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conducting channel width, and W � lϕ (quasi-1D transport), τB is given as [95][96][97][112]

τB =
3l4m
W 2D

, (36)

where lm =
√
~/eB. This regime constrains le to maximally a few nanometers, which is in

good agreement with the expected spacing between dopants. We estimate from a 3D doping

concentration of 1027 per cubic meter a 1D concentration of 109 per meter, thus roughly one

dopant per nanometer. The fits for the data yielded the values shown in the following table for

lϕ in this limit.

Bias [mV] lϕ [nm] ± [nm]

0 134 4

5 97 2

10 84 2

15 73 2

20 66 2

The accuracy of the fits for lϕ in this diffusive limit need to be taken with a degree of caution.

When spin-orbit length, lso, and mean free path, le, are included into the formalism, one has

[113]

∆G = − e2

hL

[
3

(
1

l2ϕ
+

4

3l2so
+

1

l2B

)−1/2
−
(

1

l2ϕ
+

1

l2B

)−1/2
− 3

(
1

l2ϕ
+

4

3l2so
+

1

l2e
+

1

l2B

)−1/2
+

(
1

l2ϕ
+

1

l2e
+

1

l2B

)−1/2]
. (37)

The data was fit for a range of values for lso, which result in slightly varying lϕ between 130

and 160 nm, that fall off quickly with addition of voltage bias. When lso → inf, the diffusive

limit is recovered, as expected. The spin-orbit strength extracted from these fits is somewhat

weak, corresponding to larger spin-orbit lengths than otherwise known from InAs [114][115].

This is likely due to a combination of the gallium content in the wires and motional narrowing

in the diffusive limit, with a mean free path on the order of nanometers. The complete lack of

weak-antilocalization in the data is consistent with very weak spin-orbit interaction, thus, a large

lso. A 2D conductance map, from which the above tabled data comes, is displayed below, which

81



shows the dependence of conductivity on, both, magnetic field and applied DC bias.

Figure 55: Conductivity map as a function of magnetic field and bias voltage Color scaling is differential
conductance in units of e2/h. The decrease in conductance around zero magnetic field is clearly manifested [102].
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9.1 Abstract

Selective-area epitaxy provides a path toward high crystal quality, scalable, complex nanowire

networks. These high-quality networks could be used in topological quantum computing as

well as in ultrafast photodetection schemes. Control of the carrier density and mean free path

in these devices is key for all of these applications. Factors that affect the mean free path

includescattering by surfaces, donors, defects, and impurities. Here, we demonstratehow to

reduce donor scattering in InGaAs nanowire networks by adopting a remote-doping strategy.

Low-temperature magnetotransport measurements indicate weak anti-localization - a signature

of strong spin-orbit interaction - across a nanowire Y-junction. This work serves as a blueprint for

achieving remotely doped, ultraclean, and scalable nanowire networks for quantum technologies.
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9.2 Introduction

In the last two decades, semiconductor nanowires (NWs) [168] have opened multiple new perspec-

tives in a wide variety of applications including photovoltaics [169][170][171][172][173], photode-

tectors [174][175][176][177], lasers [178][179][180][181][182], single-photon emitters [183][184], pho-

toelectrochemistry [185], nanoscale electronics [186], and research into topological quantum com-

puting [187][188][189][190][191]. While most NW fabrication approaches result in free-standing

structures, selective-area epitaxy (SAE) has recently been revived for the fabrication of hori-

zontal NW assemblies that can be directly contacted on a wafer [192][193]. SAE has thus been

used to obtain lateral III-V NWs, with high NW crystal quality and with scalability unmatched

by any other bottom-up NW growth method. The ability of SAE NWs to be grown into NW

networks [194], and the relative ease with which they can be further processed directly on the

original substrate, makes them extremely attractive for use in experiments exploring topological

quantum transport physics [195][196][197][198][199].

It has generally been reported that surface scattering in NWs reduces carrier mean free paths

which, by extension, also reduces carrier mobility with respect to their bulk conterparts. This

is especially pertinent in InAs NWs, where the surface Fermi level pinning results in most of

the conduction occurring at the surface [198]. Room-temperature electrically measured mo-

bilities for undoped, vertically grown InAs NWs thus fall in the range of ∼20-3000 cm2/(Vs)

[199][200][201][202][203]. Noncontact measurement techniques such as THz pump-probe spec-

troscopy report slightly higher mobilities of ∼4000-6000 cm2/(Vs) due to the smaller length scale

of the assessement and a possible selection bias (higher mobility sections contributing more to

the signal) [203][204][205]. Still, mobilities remain significantly lower than the reported values

for thin films of around 30,000 cm2/(Vs) [206]. InGaAs nanowires with In:Ga ratios around 50%,

on the other hand, have been reported with somewhat lower mobilities ranging from ∼500 to

1500 cm2/(Vs) [207][208].

Over the years, modulation doping has proven to be a staple technique to many applica-

tions employing high-performance semiconductor heterostructures. This technique allows for

the creations of two-dimensional electron gases (2DEGs) with high carrier concentration com-

bined with extremely high mobilities. From groundbreaking scientific discoveries such as the

integer and fractional quantum Hall effects [209][210][211], and enabling novel concepts such as

topological qubits [212][213][214][215], to high-power applications using high electron mobility
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transistors (HEMTs) [216][217], a wide range of fields have benefited and are continuing to ben-

efit from remotely doped 2DEG heterstructure schemes. With current knowledge and modern

epitaxy techniques, state-of-the-art 2DEG devices can achieve mobilities regularly exceeding 107

cm2/(Vs) [218][219]. Similarly to bulk, direct doping of NWs reduces carrier mobilities due to

ionized dopant scattering. To circument this carrier scattering mechanism, vertically grown free-

standing GaAs NWs with a remote-doping design exhibit both high carrier densities and high

mobility [220][221][222][223].

In this work, we demonstrate the growth of quasi-1D InGaAs NW heterostructures hosting

coherent transport by combining remote doping with SAE. The InGaAs NWs are obtained on

a GaAs nanomembrane (NM) buffer in which the doping is located. The band alignment natu-

rally results in the localization of electrons in the region with higher indium content (and lower

bandgap). Improved electrical transport is demonstrated by low-temperature field-effect and

magneto-transport measurements across InGaAs NW Y-branches, demonstrating high-quality

NW junctions. This research thus lays the groundwork for future exploitation of remote-doping

schemes in scalable NW networks, including materials beyond InGaAs.

9.3 Growth

Remotely doped InGaAs NWs were grown on top of GaAs NM buffers using a SAE approach, as

depicted in Figure 1a A GaAs (111)B substrate was covered by the SiO2 mask to achieve high

growth selectivity. The SiO2 mask was then patterned with stripes along the three equivalent

〈112〉 directions on the substrate using e-beam lithography and reactive ion etching. The resist

was stripped with an O2 plasma, and the substrate was etched in a dilute buffered HF solution

before being loaded into the molecular beam epitaxy (MBE) cluster for growth to ensure an

ultraclean surface.
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Figure 56: Figure 1. (a) Illustration of the SAE growth process. (b) Diagram showing the desired doping
profile for remotely doped InGaAs NWs on GaAs NMs. (c) Tilted SEM image of an array of NWs after MBE
growth. (d) Close-up tilted SEM image of a Y-junction showing uniform coalescence of InGaAs NWs. (e-h)
Elemental maps of In concentration taken with STEM EDS on NW cross sections showing the dependence of
growth conditions on NW composition.

Figure 1b corresponds to the general scheme of the structures in this work. Silicon dopants

are introduced at a distance from the InGaAs channel. We expect carriers to localize into the

lower-bandgap NW region. As a result, the NWs benefit from an increased carrier concentration

thanks to the extrinsic dopants, while ionized impurity scattering is limited due to the physical

separation between the doped and transport regions.

Figure1c shows a representative scanning electron microscopy (SEM) image of the remotely

doped NW structures. We recognize a high degree of uniformity in both the buffer NMs and

the NWs. Similarly, as show in Figure 1d, Y-branched structures result from the merging of

NWs growing in three equivalent directions [192]. These branched structures exhibit a high

degree of NW uniformity, which is further confirmed by X-ray fluorescence (XRF) measurements

performed at the ID16B beamline of the European Synchrotron Radiation Facility (ESRF) shown

in the Supporting information.

In-Ga intermixing is commonly observed at the interface between InAs and GaAs [224].
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This is also the case for InAs grown on GaAs buffer NMs. In a previous study, we demonstrated

InGaAs NWs with a relatively low In content [192]. Increasing the In content is key to enhancing

spin-orbit interaction (SOI). In this context, we explored different growth conditions to increase

the In concentration. In particular, we varied temperature along with In and As4 fluxes. We

present four representative samples iwth a variation in the In deposition rate and As4 beam

equivalent pressure (BEP). The composition was analyzed by performing elemental maps by

scanning transmission electron microscopy (STEM) energy dispersive X-ray spectroscopy (EDS)

on prepared cross sections. The resulting In concentration maps are shown in Figure 1e-h. Here,

the atomic concentration of In is calculated as CIn/(CIn + CGa + CAs) with the maximum

possible concentration being 50% for pure InAs. In Figure 1e, we see that an In rate of 0.1 Å/s

and V/III ratio of 150 yields a self-terminating growth and a flat (111) top facet with an In

concentration of ∼10% at the two upper corners of the structure. Decreasing the V/III ratio

to 110, as shown in Figure 1f, results in a more pointed structure that does not self-terminate.

This results in a larger amount of material being deposited and a maximum In concentration

of ∼20%. Doubling the In deposition rate to 0.2 Å/s (while halving the growth time to keep

the total deposited volume constant) gives a similarly shaped structure; however, now the peak

In concentration is ∼25%, as shown in Figure 1g. Finally, Figure 1h shows the result of also

increasing the V/III ratio to 150 with an In deposition rate of 0.2 Å/s. We observe a structure

very similar to Figure 1f with a pointed shape and a maximum In concentration of 20%.

We, therefore, observe that a higher In flux yields an increaesd In concentration in the NW,

up to about 25%. On the other hand, at low In rates, In concentrations of only 10% or less

are observed. The InAs growth temperatures are relatively low for solid-phase diffusion which

is typically only observed above 750 ◦C [225][226][227]. The In-Ga intermixing could instead be

mediated by surface adatom diffusion during growth. This is a thermodynamically driven effect

which, consequently, can be suppressed at higher deposition rates where the system approaches

a kinetic regime [228].

Also, the V/III ratio is known to affect the atomic surface reconstruction which in turn

affects facet-dependent growth rates and the resulting shape [229][230]. In Figure 1e, at high

V/III ratios and low growth rates, InGaAs grows to form a flat (111)B top facet, after which NW

growth stops. This suggests that desorption of In species from this flat top facet is higher than

the incoming flux. However, if the In rate is increased, as in Figure 1h, then NW growth is re-
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established which can be explained by the fact that the increased incoming flux becomes greater

than the desorbing flux, thus continuing NW growth. Similarly, if the V/III ratio is cecreased,

as in Figure 1f, a similar effect is achieved. This, therefore, suggests that, at the higher V/III

ratio, the abundance of As atoms plays a role in inhibiting growth on the (111)B top facet. Thus,

higher In rates and lower V/III ratios should be pursued to reduce Ga intermixing in the NW.

This result is at least partially supported by recent reports on (100) GaAs substrates where very

low V/III ratios are used to grow pure InAs NWs on top of GaAs(Sb) buffers [193].

The highest In concentration was about 25% absolute, corresponding to In0.5Ga0.5As. This

sample was obtained with a high In flux and lower V/III ratio. These conditions were kept for

the rest of the structures presented in this study.

9.4 Atom-Probe Tomography

As the silicon dopant concentration was well below the detection limits of STEM EDS, atom

probe tomography (APT) was used as a technique to image the three-dimensional distribution

of the dopants in the structure.

APT was used to analyze the distribution of the dopants in the nanowire heterostructures,

as shown in Figure 2 [192][231]. Samples were prepared by lift-out and annular milling using a

focused ion beam to isolate the nanowire region for analysis [232][233]. Details of the specimen

preparation and the APT analysis conditions can be found in the Experimental Section. Figure 2a

shows the APT reconstruction of the region indicated by the dashed white line in the schematic.

Silicon dopants were mostly detected on the GaAs top facet, as shown in Figure S8. The analysis

here focuses on the subregion indicated in the dashed black line. To accurately measure the Si

dopant distribution despite this artifact, a proximity histogram [234] was generated, as show in

Figure 2b on either side of a 16% In mole fraction isosurface. The Si concentration peaks below

the NM-NW interface, as expected from the doping scheme. APT analysis of two additional

heterostructures (see the Supporting Information) found a similar distribution of Si concentrated

at the NM-NW boundary. Moving 5-10 nm away from the interface, Si was not detected above

the noise level (see Figure S8). The upper bounds on the Si concentration in the upper and

lower regions away from the interface are 2 × 1018 and 7 × 1018 cm−3, respectively, as indicated

by dashed lines in Figure 2b. These measurements demonstrate that Si was incorporated at a

distance from the InGaAs transport channel, validating the remote doping from the compositional
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mapping point of view.

Figure 57: Figure 2. (a) APT reconstruction of an InGaAs NW on a GaAs NM. The white dashed line in the
schematic indicates the region analyzed by APT. Ga and In atoms are shown in green and red, respectively. As
atoms are omitted for clarity. The NM-NW boundary is rendered with an isoconcentration surface of 5% In mole
fraction. (b) Proximity histogram across the NM-NW interface showing the Si dopant distribution. Gray dashed
lines show the upper bounds on Si concentration in regions away from the interface, where Si counts were not
above the noise level. The isoconcentration surface of 16% In mole fraction is at 0 nm as a reference.

9.5 Magnetotransport

NW structures were electrically contacted for four-point measurements on all three arms of

the Y-junctions (see the Experimental Section). A top gate was fabricated by first covering the

junction with a 40 nm thick HfO2 gate oxide by atomic layer deposition (ALD) followed by metal

evaporation. An SEM image of an electrical device illustrating the overall design is displayed

in Figure 3a. A false-colored cross-sectional focused ion beam (FIB) STEM image is displayed
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in Figure 3b with the identification of the different layers of the device. It is important to note

that the metallic contact layers are continuous through the whole high-aspect-ratio structure, as

a result of the dual-angle evaporation.

Figure 58: Figure 3. (a) False-colored SEM image of a fabricated electrical device showing three pairs of
contacts to enable four-point measurements and a global top gate. (b) False-colored cross-sectional STEM high-
angle annular dark-field (HAADF) image showing the layers in a fabricated electrical device. (c) Differential
conductance as a function of top gate voltage Vg, from which the field-effect mobility µ = ∼480 ± 50 cm2/(Vs),
the conduction threshold Vth = -1.9 ± 0.2 V, and the contact resistance Rs = 12.2 ± 0.6 kΩ were extracted. (d)
Differential conductance plot (color scale) as a function of magnetic field perpendicular to the substrate and top
gate voltage with Vg,AC = 200 mV (peak-to-peak) oscillation added. (e) Magnetoconductance cuts (black) with
fits (red) as labeled, exhibiting clear WAL. The WAL model is valid between the dashed vertical lines, which also
denote the fitting range (solid red). Theory curves are extended to the full B-range (dashed red). Over the full
gate range, average values of lϕ = 100 ± 20 nm and lso = 80 ± 20 nm, where the mean free path le = 20 nm
was held fixed here. (f) Finite element simulation in nextnano of remotely doped structure obtained from APT
measurements showing an electron distribution in the InGaAs NW which is spatially separated from the n-type
silicon dopants and disordered GaAs/InGaAs interface. Inset: band structure cut along x = 0 nm with electron
concentration overlaid in red.

The samples were then cooled down and electrically characterized at cryogenic temperature.
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The conductance as a function of top gate voltage Vg is shown in Figure 3c in units of e2/h,

giving very similar results over all pairs of arms of the Y-junctions. From this measurement, the

field-effect mobility is extracted using [235]

G(Vg) =

(
Rs +

L2

µC(Vg − Vth)

)−1
(38)

with L = 600 nm being the length of the channel, ε0 = 8.854 × 1012 F/m, εHfO2 = 6.5,

[193] and C the gate capacitance. The contact resistance Rs, the conductance threshold voltage

Vth, and the mobility µ are the fit parameters. The gate capacitance was estimated numerically

using a finite element simulation in COMSOL, though similar values were calculated analytically

using coaxial cable or parallel plate capacitor models. The contribution of the GaAs NM to the

electrical transport is negligible, as already previously demonstrated [192].

We extract a field-effect mobility µ of ∼480 ± 50 cm2/(Vs). At zero gate voltage, this

corresponds to a mean free path le of ∼300 ± 30 nm in the 1D limit and ∼20 ± 5 nm in the 3D

limit. The associated Fermi wavelengths λF are smaller than the effective width of the nanowire,

suggesting that a 3D approach is appropriate. Given a rather high carrier density from the

capacitance models, the conductance of ∼1 e2/h corresponds to partial transmission of many

transverse quantum modes, corresponding to a multimode conductor. This mean free path le

represents a significant improvement over previous work [192], where le was found to be limited

by ionized dopant scattering on an ∼nm length scale.

Reported electron mobility values in free-standing InGaAs NWs at room temperature range

between 500 and 1500 cm2/(Vs), for similar In content [207][208]. We associate this difference,

in part, to the reduced diameter and the presence of strong surface and boudnary scattering at

both the top surface and disordered GaAs/InGaAs interface. In addition, the presence of alloy

scattering due to disorder, as evidenced by the STEM EDS investigations, is also likely to play

a role in limiting mobility in this ternary system [236]. While our result is on the low end of this

spectrum, we stress that our wires, grown by a SAE approach, enable scalability not achievable

via standard growth techniques.

The magnetoconductance of the devices was then probed. Figure 3d and e displays the con-

ductance as a function of the applied magnetic field B. Again, the results are independent of

which Y-junction arms are used. The enhanced conductance at zero field indicates the presence

of weak anti-localization (WAL), a hallmark signature of the SOI. WAL is the result of the ac-
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cumulating spin precessions around momentum-dependent effective magnetic fields arising from

spin-orbit coupling in the Dyakonov-Perel mechanism [237]. In the quasiclassical, clean limit

[238][239][240][241]

∆G = − e2

hL

[
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l2ϕ
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(39)

for a multimode quasi-1D wire, where the phase coherence length lϕ is exceeding the wire

width W and le � W . Here, e is the electron charge, h is the Planck constant, lso is the spin-

orbit length, and lB is the magnetic dephasing length, which in the clean limit le � W is given

by

l2B =
C1lel

4
m

W 3
+
C2l

2
e l

2
m

W 2
(40)

where lm =
√

~/eB is the magnetic length and C1,2 are constants dependent on the type of

boundary scattering [238]. Here, similar values were obtained in using both specular and diffusive

boundary scattering. The coherence length, lϕ, is a measure for how far an electron will travel

on average before having its phase randomized due to inelastic scattering events. The spin-orbit

length, lso, is the typical length for the spin to precess appreciably and is, thus, a key measure

for the strength of the SOI, with a shorter lso corresponding to stronger spin-orbit coupling. We

mention here that our extracted mean free path falls outside the clear validity of either of the

clean (le � W ) or diffusive (le � W ) limits. Thus, we have done the fits in both regimes (see

the Supporting Information for details), giving very good agreement with the experiment. We

obtain values of lϕ ∼ 100 nm and lso ∼ 80 nm using both the clean and diffusive limits. For the

clean regime fits, le = 20 nm was held fixed in order to extract lφ and lso unambiguously. The

presence of WAL indicating strong SOI in the system is also a clear advance over previous results

[192], in addition to the longer mean free path. Also, the coherence and spin-orbit parameters

extracted here are very similar to other studies [193][194][213].

Both Dresselhaus and Rashba SOIs are key resources for topological quantum computation

and spin qubits. Dresselhaus SOI, on the one hand, is due to a lack of crystal inversion symmetry.
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NWs particularly those with low symmetry and/or large aspect ratio cross sections, can have a

strong Dresselhaus SOI, as recently predicted [242]. Rashba SOI, on the other hand, is due to

a breaking of structural inversion symmetry, often appearing at an interface or surface. Both

types of SOI may be gate-controlled, i.e., by changing the electric field (Rashba) [243][244][245]

or by gate-tuning the wave function asymmetry (Dresselhaus) [193][242]. Given the width of

the present NWs, the estimated Dresselhaus contribution is negligible. We have measured the

gate voltage dependence of the magnetoconductance. The resulting plot is show in Figure 3d.

Universal conductance fluctuations and charge switchers can often obscure the results of the

magnetoconductance. In order to mitigate this, we coupled an AC-oscillation to the top gate

[244]. Using the model from eq 2 over the full gate voltage range, lϕ and lso are found to

be essentially independent of gate voltage (see Figures S5 and S6). This can be attributed to

the wrap-around geometry of the gate, effectively shielding the NW from applied electric fields,

while still allowing one to gate-tune the density (see Figure 3b). Thus, the WAL observed here

is presumably due to the Rashba effect arising from built-in electic fields in the structure, such

as gradients in the bandgap, presence of ionized dopants, or surface effects. In the Supporting

Information, we give more details and a full analysis of the data with and without the AC

oscillation.

9.6 Conclusion

We have demonstrated that remote doping of InGaAs NW networks grown by SAE is a promising

approach to improving their quantum transport properties. Remote doping has enabled signifi-

cant improvement of the key transport parameters such as the mean free path and SOI strength

over previous bulk-doped NWs [192]. Together with increased In content lowering the band gap,

the Y-junctions exhibit WAL, indicating strong SOI, which is a necessary ingredient for future

applications in topological quantum computation. These measurements further serve as proof of

the quality of the crystal across NW Y-junctions, and this work opens up new perpsectives into

using this approach in networked quantum computing schemes.

9.7 Experimental Section

Growth. MBE growth was performed in a DCA P600 solid-source MBE chamber. Twenty-

five nm of SiO2 was deposited on GaAs (111)B substrates by plasma-enhanced chemical vapor
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deposition (PEVCD). These were patterned by e-beam lithography using 35 nm of ZEP resist

and etching in an SPTS APS dielectric etching tool employing SF6 and CHF3 chemistry. After

resist stripping in an O2 plasma, the samples were etched for 10 s in a highly dilute buffered

HF solution to remove ∼5 nm of SiO2 everywhere and smoothen the mask. Samples were then

loaded and annealed at 400 ◦C for 2 h in a degassing chamber followed by 630 ◦C for 30 min

in the growth chamber immediately before growth. The GaAs buffer NMs were grown at a

temperature of 630 ◦C at an equivalent 2D GaAs growth rate of 1 Å/s with an arsenic BEP of 4

× 10−6 Torr. They were grown to an equivalent 2D thickness of 100 nm, resulting in structures

with a height of ∼300 nm. Toward the end of the buffer growth, Si dopants were introduced

for a short duration via a Si sublimation cell at a rate of 1013 cm−2s−1 to achieve the desired

doping profile, nominally 2 nm below the surface of the NM. After GaAs growth, the substrate

temperature was decreased to 540 ◦C, while the As BEP was increased to 8 × 10−6 Torr for InAs

deposition. The In flux corresponded to an InAs equivalent growth rate of 0.1 Å/s. The In flux

was closed after the 2D equivalent grown thickness of 60 nm of InAs, and the sample was then

cooled down under As flux.

STEM. Cross sections of the samples were prepared first in a FEI Nova 600 Nanolab dual-

beam SEM/FIB tool before being loaded into a FEI Tecnai Osiris microscope operating at 200

keV in STEMmode. Elemental contrast was obtained by EDS thanks to four cryo-cooled Super-X

silicon drift detectors (SDDs).

APT. To protect the sample from damage during FIB milling, the sample was coated with

120 nm of Ni using ion-beam sputtering at 9 kV and 7 mA. Then, a further protective Pt capping

layer was deposited by ion beam induced deposition prior to lift-out using a FEI Helios dual-beam

focued ion beam. Wedge-shaped lift-outs were welded onto Si microposts, and annular milling

was used to isolate the region of interest within a needle-shaped tip with a diameter of 20-60

nm. APT analysis was perfored using a local-electrode atom-probe (LEAP) 5000 XS (CAMECA,

Madison, WI) with a 355 nm wavelength laser under the following conditions: 250 kHz pulse rate

30 K background temperature, 2.5 × 10−11 Torr background pressure, and 0.4% target detection

rate. An intial pulse energy of 3 pJ was used to evaporate through the surface oxides; pulses

of 0.65-0.74 pJ were used in the region analyzed. APT data were reconstructed using IVAS

3.8.5 software. The tip profile method was applied, in which SEM images of the nanotips before

analysis were used to determine the reconstructed radius as a function of analyzed depth.
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Contacts and Electrical Measurements. The devices were cleaned with standard sol-

vents, and the contacts were patterned with e-beam lithography, followed by an O2 plasma

cleaning. Before metallization, the samples were then exposed to an ammonium polysulfide

(NH4Sx) solution for 150 s to remove the native oxide [245]. Contacts were deposited by dual-

angle evaporation of 14/50 nm of Cr/Au to achieve suitable sidewall coverage. Next, 40 nm of

HfO2 was deposited by ALD followed by another round of e-beam lithography and metallization

to pattern the top gates. Finally, the sample was bonded into a chip carrier and measured us-

ing standard lock-in techniques in a variable temperature insert cryostat. Similar results were

reproduced on another sample from the same wafer.

9.8 Supporting Information

9.8.1 1D Finite Element Simulations of Remote-Doping

1D finite element simulations were performed using the nextnano software package [246] to simu-

late the band structure and carrier concentration of remotely-doped template-assisted nanowire

(NW) structures. A simulation of a GaAs nanomembrane (NM) with either a pure InAs NW or

intermixed In0.5Ga0.5As NW on top was performed, as shown in Figure S1

Figure 59: Figure S1: Finite element simulations showing the conduction band (red) and electron concentra-
tions (grey) in undoped InAs (a) and In0.5Ga0.5As (b) NWs.

Here, Fermi level pinning in the conduction band was assumed for the InAs NW, resulting in

a large electron concentration near the surface of the NW. The Fermi level pinning was simulated

by implementing a donor surface charge density of 2.5 × 1012 cm−2. In contrast, the InGaAs

NW has no free electrons in the conduction band due to the lack of surface states which pin the

Fermi level in the conduction band.
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A 10 nm-thick modulation-doped layer was then inserted into the structure 20 nm below the

InGaAs NW. A dopant concentration of 1019 cm−3 was assumed. The result of this simulation

is given in Figure S2.

Figure 60: Figure S2: Finite element simulation of a modulation-doped In0.5Ga0.5As NW showing the conduc-
tion band (red) and electron concentrations (gray). We see a maximum in the electron concentration now that
appears in the InGaAs NW that appears due to the modulation-doped structure.

The addition of the remote doping layer does have an impact on the overall electron concen-

tration in the NW. We now get a small peak in the electron density of 4 × 1016 cm−3. This basic

1D simulation was sufficient as a proof of concept, however, a more in-depth study was then

performed using the NW structure as determined by scanning transmission electron microscopy

(STEM) energy dispersive x-ray spectroscopy (EDS) investigations combined with atom probe

tomography (APT), as described in the main text.

9.8.2 X-ray Fluorescence Mapping

To get a better understanding of the uniformity of the NWs, especifically in the Y-junction de-

vices, x-ray fluorescence (XRF) mapping was performed at the European Synchrotron Radiation

Facility (ESRF) by Jaime Segura-Ruiz. Figure S3 gives an example of two measurements per-

formed on InGaAs Y-branch structure. We can see In Kα signal is relatively uniform across

the junction for Figure S3a. However, in the opposite orientation shown in Figure S3b, both

the scanning electron microscopy (SEM) image and the In Kα signal show a large degree of

non-uniformity across the junction.
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Figure 61: Figure S3: SEM images (left) combined with XRF maps of the In Kα signal (right) of InGaAs
Y-branch structures in both the favourable intersection orientation (a) and unfavourable orientation (b).

The measurements were performed at the ID16B beamline at the ESRF with a beam size of

52 nm × 56 nm and beam energy of 29.8 keV.

9.8.3 Magnetoconductance Modeling

Here, we present the results from fitting the data with the clean limit as well as the diffusive

limit. For clean limit, le was fixed at 20 nm to extract lϕ and lso. The diffusive limit is valid

when le �W . In this limit, the quantum correction to the classical conduction is given by

∆G =
e2
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[
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where here lB is

l2B =
3~2

e2W 2B2
. (42)

Given that the mean free path of ∼20 nm in the 3D regime is most appropriate, and our

expected conducting channel’s width is around this value, neither of the clean or the diffusive

limits are exactly valid. The diffusive limit ignores boundary scattering completely, while the

clean limit may over-emphasize this effect. Fits in the clean limit employing both specular as

well as diffusive boundary scattering were conducted, giving very similar values for both. Next,

we compare the diffusive fits to the clean fits, showing representative traces from both regimes

below. From this plot, while both formulae give decent fits, we see that the clean regime fits the

data slightly better than the diffusive regime, as evidenced by a smaller χ2 in the fit (0.0025 vs

0.0081).

Figure 62: Figure S4: Comparison of magnetoconductance data fitting in the diffusive and clean limits. In
the diffusive limit lϕ = 74 nm and lso = 55 nm, while in the clean limit lϕ = 94 nm and lso = 70 nm. Here we
can see that the clean limit provides a much better fit to the experimental data.

9.8.4 Additional Magnetoconductance Measurements

The conduction of the device was also probed at 4 K and 1.9 K as a function of magnetic field

and top gate voltage with and without the use of an AC oscillation coupled to the gate. First,
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we present the values for lϕ and lso extracted using Equation (2) on the dataset in Figure 3 (d)

of the main text (with AC coupling) in Figure S5. le was initially extracted as a fit parameter to

Equation (1) of the main text and found to be 20 ± 5 nm in the 3D limit. We then kept it fixed

at 20 nm for the fits over the whole dataset. This was done to increase the reliability of the fits,

as three free parameters are highly sensitive to starting conditions. Here, we find no significant

change of lso and lϕ as a function of Vg. Across the entire dataset lϕ has an average of 100 nm

with a standard deviation of 10 nm and lso 80 nm with standard deviation 5 nm.

Figure 63: Figure S5: Plot of extracted values for lϕ and lso from Figure 3 (d) of the main text. Data taken
at 1.9 K.

In Figure S6, we present the results from unmodulated datasets daten at different temper-

atures on a different junction configuration compared to the previous data. The unmodulated

data has a larger variance, but the overall trend of the values for lϕ and lso remains the same.

The agreement across multiple junction configurations is suggestive of a relatively homogeneous

growth quality. The points are averages of traces taken at each particular value of gate voltage,

which were carried out to mitigate switchers in some of the magnetoconductance data, attributed

to the presence of trapped charges in the HfO2 dielectic layer.

100



Figure 64: Figure S6: Plot of extracted values for lϕ and lso at 4 K and 1.9 K (Figures (a) and (b) respectively)
against gate voltage.

The analysis of the data, including the fitting, was carried out uniformly across the entirety

of the data. It should be noted, however, that the weak anti-localization (WAL) formalism itself

takes a uniform channel geometry into account, which is not the case across the junction. This

introduces an additional uncertainty to the values of the extracted parameters (lϕ, lso) through

this formalism.

9.8.5 Description of Analysed Samples

Figure S7 depicts the main growth chip used for the APT and electrical analysis presented in

this work. The growth chip consisted of a 1.1 nm triangle with three identical patterned regions

labeled A, B and C. These regions were then used for various experiments. Region A was capped

with HfO2 for electrical experiments, however, high resistances obscured any interesting transport

properties. Instead, they were then processed for structural characterization for STEM and APT

analysis. However, due to the HfO2 not being a favourable capping layer for APT, Region C

was exclusively dedicated to APT analysis. It was therefore capped by amorphous GaAs before

performing APT on it.
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Figure 65: Figure S7: Diagram with descriptions of how the samples were processed for the structural and
electrical analysis presented in this work.

9.8.6 APT Analysis of Multiple NWs from the Same Growth Chip

APT analysis was carried out on three NWs from the same growth chip. Figure 2 shows analysis

of the first nanowire, and Figure S8 shows mass spectra from isolated regions of this sample.

Analysis of two additional nanowires is shown in Figure S9 and Figure S10. All samples exhibit a

very similar Si distribution, i.e., the Si sopants are concentrated near the InGaAs/GaAs interface.

The peak at m/z = 14 was found to be a reliable measurew of the presence of Si dopants; m/z = 14

was detected near the interaface of each nanowire analyzed, but was not detected in measurable

concentrations elsewhere. In contrast, the hit rate of m/z = 28 was observed to increase in

noisier regions at the beginning and end of the APT run, even in the absence of m/z = 14,

which likely indicates overlap with other species such as CO. For the sample in Figure 2, m/z

= 28 was closely correlated with m/z = 14 in the region within 5-10 nm of the interface, so

hits from both regions were included in Figure 2d. In Figure S9 and Figure S10, the species are

plotted separately, with m/z = 14 in grey and m/z = 28 in light blue. The grey dashed line

indicates the detection limit of Si++ and Si+ in these samples. Hits at m/z = 14.5, 15, 29 and

30, which include counts from 29Si++, 30Si++, 29Si+, and 30Si+, respectively, were not included

102



in the analysis on concentration due to potential overlap with unidentified species. To correct for

this systematic undecounting, concentrations based on 28Si counts were multiplied by a factor of

1.084, which amounts to assuming a natural isotope abundance in the Si source.

Figure 66: Figure S8: Mass spectra from different regions of the sample shown in Figure 2. (a) Schematic and
corresponding APT reconstruction of the sample marked with the regions: (I) above the InGaAs/GaAs interface
on the top; (II) around the top facet; (III) below the top facet. (b), (c), (d) Mass spectra near 14Si++ and 28Si++

in regions I, II, III respectively.
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Figure 67: Figure S9: (a) APT reconstruction of a second sample. The black dashed line shows the region
analyzed in the proxigram and mass spectra. (b) The proximity histogram of the sample moving from GaAs NM
towards InGaAs NW. The distributions of Si++ and Si+ are shown in grey and light blue bars, respectively. The
dashed grey line shows the detection limit of Si, which is sensitive to the total number of counts. (c), (d) Mass
spectra around 14Si++ and 28Si++, respectively, for the region indicated by the black box in panel (a).

Figure 68: Figure S10: (a) APT reconstruction of a third sample. The black dashed line shows the region
analyzed in the proxigram and mass spectra. (b) The proximity histogram of the sample moving from GaAs NM
towards InGaAs NW. The distributions of Si++ and Si+ are shown in grey and light blue bars, respectively. The
dashed grey line shows the detection limit of Si, which is sensitive to the total number of counts. (c), (d) Mass
spectra around 14Si++ and 28Si++, respectively, for the region indicated by the black box in panel (a).
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10 Outlook and Summary

10.1 Controlling Rashba Spin-Orbit Interaction: Principle Idea

Initial devices with the split-gate architecture depicted in schematics in the Nanofabrication

chapter have been fabricated and preliminary measurements have been carried out on samples

with modulation doping similar to those in the Remote Doping of Scalable Nanowire Branches

chapter. The aim for these devices is to investigate the controllability of the Rashba spin-orbit

interaction via the independent tuning of the carrier density in and electric field across the

wires. Before displaying and discussing some of the preliminary results, we will first go through

the principle. We know that the energy associated with Rashba spin-orbit interaction can be

approximated (assuming isotropy) as [146]

ER = αkF , (43)

where α = α0 + αmat ~Eg is the so-called Rashba parameter. α0 is a sample specific offset,

αmat is a material specific constant, and ~Eg is the applied electric field across the wire due to

the gates. We can approximate ~Eg as [153]

~Eg =
1

2

(Vg1
dg1
− Vg2
dg2

)
, (44)

where Vi are the applied gate voltages and di are their distances from the wire. Another

ingredient is the spin-orbit length, which can be expressed in terms of α as [240]

lso =
~

2m∗α
. (45)

This is relevant for our magnetoconductance measurements, as we will potentially have access

to lso via the weak (anti-)localization corrections to the conduction [240][139][163]:

∆G = − e2

hL

[
3

(
1

l2ϕ
+

4

3l2so
+

1

l2B

)−1/2
−
(

1

l2ϕ
+

1

l2B

)−1/2
− 3

(
1

l2ϕ
+

4

3l2so
+

1

l2e
+

1

l2B

)−1/2
+

(
1

l2ϕ
+

1

l2e
+

1

l2B

)−1/2]
(46)

So, by tuning the gate voltage applied to the two gates while keeping the carrier density fixed,
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we expect the electrons to experience a changing electric field, which should act to modulate α,

which will manifest in a change in lso. The change in lso would then surface in the changing

shape of the weak (anti-)localization curves. This line of reasoning is valid if lϕ and le remain

constant under different electric fields across the conducting channel.

10.2 Controlling Rashba Spin-Orbit Interaction: Device Architecture

The devices were fabricated with a four-point setup to bypass the large contact resistances that

InxGa1−xAs wires with x . 0.5 typically host. The length between the middle contacts, thus

the channel being measured, was lithographically defined to be 500 nm.

Figure 69: Top view schematic of a split-gate device. S: source, D: drain, Va,b: voltage probes, G1,2 gates.
Grey represents HfO2 dielectric, red is the nanowire under investigation, orange is contacts and voltage probes,
yellow-green is the gates. The blue dashed line represents the linecut through which a FIB cut was made and
subsequently imaged via TEM.

The previous schematic represents a typical device architecture for nanowire with a split-gate.

Such a device was subjected to a FIB (focused ion beam) cut of a lamella, which was then imaged

using HAADF (high-angle annular dark-field) in a TEM (transmission electron microscope) to

demonstrate the cross-section of a real device. The cross section was taken across the blue dashed

line in the previous image.
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Figure 70: False-colored TEM image using HAADF of a cross section from a fabricated split-gate device. Dark
grey represents the nanomembrane, orange the InGaAs nanowire, blue the HfO2, and green the Ti/Pd contacts
and gates. Image courtesy of Didem Dede.

Taking a look at the TEM image, a couple of things come to mind. First, the total gate stack

is rather high. The FIB cut that was taken happened to be through the contact, so this does

not show what the result is between the contacts in the conducting channel. From this image, it

appears that the second top gate layer might not be able to influence the wire as much as would

be desired. The measured data (see next section) indicates, however, that it was sufficient to

apply a voltage to the wire. Second, the side-wall coverage of the contact itself is very sparse.

In future fabrication runs this could be improved upon by depositing more metal during the tilt

and less from directly above. Third, the general stack itself can likely be reduced, which would

ensure that each gate was, indeed, properly located to the sides of the device. This could be

done by decreasing the thickness of the HfO2 dialectric layers as well as by depositing less metal

on each gate layer. With these points in mind, it should still be seen as an indicator that the

design itself is viable, and that with some minor changes we should hope for more success.

10.3 Controlling Rashba Spin-Orbit Interaction: Preliminary Measurements

and Discussion

With a clear understanding of the device architecture, we can now move onto some preliminary

measurements. After fabrication, the sample was inserted into a dilution refrigerator equipped

with a magnet. Below is a map of conduction as a function of the voltage applied by the two

side gates.
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Figure 71: Two dimensional plot of conductance (color scale) G in units of 2e2/h as a function of the two side
gates g1 and g2. Measurement taken at 100 mK. Four-point measurement using standard lockin techniques with
an excitation voltage of 30 µV and no DC bias offset.

Here, we see that the response of the device to the gates is nearly symmetric in its contours

going from the top left to the bottom right. What we also notice are oscillations in the conduction

going perpendicular to these contours. This was not expected and is not fully understood.

Additionally, the wire does not pinch off in the range of the applied voltages. More thoughts on

this follow later.

Next, we probed a contour of constant density as a function of magnetic field Bz. This was

done by setting the total applied gate voltage, which we call ε = g1 + g2, equal to zero but

changing the contributions from each individual gate. This should keep the density constant

across the wire, while changing the electric field it experiences.
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Figure 72: Two dimensional plot of conductance (color scale) G in units of 2e2/h as a function of parameterized
electric field across the wire ε = 0 = g1 + g2 and magnetic field Bz. Measurement taken at 370 mK.

Taking horizontal line cuts from this plot, we get magentoconductance responses at different

values for the electric field across the wire.

Figure 73: Line cuts from the previous color plot at different electric fields. Measurement taken at 370 mK.

There are a number of things that we need to consider when looking at these line cuts. First,

we appear to have the presence of UCF superimposed on our conductance traces. These obscure

the exact value of our conductance. Second, if we look at the area around Bz = 0 T, we see
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a consistent evolution from a deep weak localization behavior (strong reduction in conductance

at G(Bz = 0), dark blue) up to, perhaps, the onset of weak anti-locazlization (increase in

conductance at G(Bz = 0), light blue). If this interpretation is correct, that would suggest that

the application of the electric field was tuning the Rashba parameter. Then, given this and given

that the fluctuations were due to UCF, we would need to subtract the background conduction

that the fluctuations were superimposed upon in order to quantify the magnitude of the effect.

Measurements have been carried out with qualitatively similar results up to ε = ±1 V. Offsets

greater than this yielded inconsistent results, which suggests that changing the chemical potential

(by changing carrier density) past a certain point somehow introduces significant noise on the

system. This is not fully understood at the moment, but one possible explanation could be that

the wave function of the carriers sits in a different location. Another possibility is that changes

to the gate voltages variably activate charge traps in the oxide layers, resulting in unpredictable

behavior. More devices are needed to assess these problems.

Another point is that the wires could not be pinched off completely, even with the application

of very large voltages (< -80 V!) on the gates. For comparison, the wires in Chapter 9 pinched

off at around -2 V. This may be due to additional roughness at the interface between the GaAs

nanomembranes and the InGaAs nanowires [122]. Furthermore, it was discovered after the

measurements that the growth that these particular devices were fabricated from deviated in

material composition from that in Chapter 9. Below is a representative EDX (energy-dispersive

X-ray) analysis of a nanowire cross-section from the same chip.
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Figure 74: EDX analysis of representative nanowire cross-section. a-c: Ga, As, and In distributions respectively.
d: combined result of the three with arrow indicating direction of atomic fraction percent. d: atomic fraction
indicating In content ∼ 10 percent. Images courtesy of Didem Dede.

Compared with the results of the nanowire composition in Chapter 9, we notice a significant

decrease in In content, which was unexpected. Upon looking into it, it was found that while the

growth recipe was the same, the In container in the MBE was nearly empty, and the resultant

In flux was lower than expected. Without being able to pinch the wires off, we have no way to

access the mobility in the wires, thus can not indepently fix le. Without this, we can not extract

quantitative values for lso, even if we were able to extract lϕ from the UCF.

Therefore, while we see signs that the device architecture may be working as intended, more

devices are necessary to confirm that we are, indeed, modulating the spin-orbit interaction across

the wires. Devices where we can pinch off to get access to the mean free path could then be

quantitatively analyzed and a thorough investigation of lso as a function of density and electric

field can be carried out. As of this writing, devices are being grown and will be investigated in

the near future.

10.4 Additional Outlook and Summary

As alluded to earlier, there is a wealth of interesting physics that can be explored in selectively

grown nanowire systems of sufficient crystalline purity. In addition to controlling the Rashba

spin-orbit interaction, with improvements in growth and fabrication techniques, one could expect

to investigate quantized (ballistic) transport [206], quantum dots [264][265][266], spin qubits
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[267], coupling of superconductors [195], and, perhaps, 1D-1D tunneling spectroscopy of stacked

nanowires [261][262][263]. The interface between the nanowire and the nanomembrane likely

needs to be sharper and host of fewer defects for these. Overall defect density throughout the

wires themselves is also necessary in order to move past diffusive transport and towards ballistic

behavior. Encapsulation of the nanowires with a dielectric or a high-bandgap semiconductor,

such as GaAs could serve to, both, increase the surface quality as well as provide a thin barrier for

a future superconductor deposited on top. It has been predicted theoretically that without a thin

insulating barrier between the semiconductor nanowire and the superconductor, the transverse

subbands of the wire shift in energy significantly compared to the chemical potential of the wire

itself, making the realization of a topological state in such a system [268]. For many of these future

prospects, we must move away from using dopants, which should be possible with sufficiently

high indium content in the wires, as the Fermi level should be pinned in the conduction band at

the surface for homogenous, high indium content wires [152].

In summary, multiple, novel semiconducting nanostructures have been realized, measured

and analyzed. First, InGaAs nanowires with bulk Si+ dopants selectively grown on top of GaAs

nanomembranes served as a first proof-of-principle. Fabrication techniques to contact these

high aspect ratio structures were developed. These first wires had small mean free paths and low

indium content, which displayed no discernible spin-orbit interaction in the magnetoconductance

measurements. Weak localization behavior was observed and a lower bound for the spin-orbit

length could be extracted.

Next, some aspects of the growth of the wires were adapted, resulting in higher indium

content wires. At this point, additionally, we moved from a bulk doping to a modulation doping

strategy in order to reduce the scattering due to the presence of Si+ ions inside the conducting

channels. Simultaneously, a fabrication procedure to selectively deposit HfO2 was envisioned,

tested, and executed to allow for the depositing of electrostatic top gates on the devices. This

allowed tuning of the carrier density in the wires and, thus, the independent extraction of a

longer mean free path compared with the bulk doping approach. Magnetotransport across the

nanowire Y-junctions was probed in these devices yielding clear signals of weak antilocalization,

showcasing strong spin-orbit interaction in the wires.

Later, a more advanced fabrication process with multiple ALD and gate layers was developed

in order to create initial devices with a split-gate architecture. This allows the independent tuning
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of the carrier density and the electric field across the wires, and can serve as a system for the

manipulation and control of Rashba spin-orbit interaction in the future.
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11 Fabrication Recipes

11.1 Devices from Template-Assisted Scalable Nanowire Networks

11.1.1 Phase 1: PMMA

• Spinning of 400 nm PMMA 5 %

– Cleaning/preparation of sample

∗ Remove sample from silicon wafer: 200 ◦C on hot plate to dislodge As paste (if

applicable)

∗ 1 min. in acetone (ACE) at 20 % sonication

∗ 4 further min. in ACE

∗ 1 min. IPA

∗ Blow drying

∗ Heat 5 min. at 120 °C

∗ Blow drying

– Spinning

∗ 2000 rpm

∗ Step size: 4

∗ 40 sec

– Bake 5 min at 180 °C

– Blow dry

– Apply gold nanoparticles to corners for e-beam focusing

– Take photos to ensure an even coating and measure distance to gold particles

11.1.2 Phase 2: E-beam Lithography for contacts and Development

• Preparation with gold particle placement

• GDS files prepared for membrane arrays as needed

• e-beam lithography

– 20 kV
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– dose of 200 µC / cm2 for the 2 mm write field

– dose of 200 µC / cm2 for the 400 µm write field

• Development

– (MIBK + IPA) : MEK with ratio of 100:1.3

– 90 sec. in developer at 4 ◦C (should do this at -15 ◦C for very fine gate structures

for optimal development [116], in which case it should only be developed for 30 sec.)

– 30 sec. in IPA

– Blow drying

11.1.3 Phase 3: Reactive Ion Etching

• O2 plasma to remove PMMA residues

– 16% O2

– 5e−5 mbar

– 30 W

– 30 sec.

– 250 mTorr

• Etches about 25 nm PMMA

• This should be done after development on every lithography step

11.1.4 Phase 4: Ammonium Polysulfide (NH4Sx) Etching + Ti/Au (or Ti/Pd)

Evaporation

• Before etch preparation of Sharon: removal of plate and placement of sticky tape aligned

properly with respect to the nanomembranes (for side wall coverage during angle evapora-

tion) with mark for quick transition into vacuum

• NH4Sx etching solution with DI water

– Solvent heated to 40 °C (DI water). Give this 20 min. to stabilize

– Mix NH4Sx magnetically for a few minutes ahead of time
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– Use syringe with filter to optimally clean the solution before mixing with the DI water

– Etch time of 6 min

– Etch time can be varied and could be investigated as an etch series for comparison

– The purity of the InAs will play a role, once it is clear that the samples are mostly

of the same composition, this should be more thoroughly investigated to optimize

contacts

– Insertion into Sharon in vacuum state inside of 5 minutes (ideally inside of 2-3)

• Sharon evaporation

– 4 nm Ti evaporation at +/- 23°each as well as 2 nm planar

– 40 nm Au evaporation at +/- 23°each as well as 10 nm planar

11.1.5 Alternative Phase 4a: Argon Milling Etch + Ti/Pd Evaporation

• This is a method that has not been used in over a year. The process takes much longer

than using Sharon and has not yielded noticably better results. It could be investigated

for potential optimization and comparison to the NH4Sx method in the future

• Chip placed into Bestec with membranes properly aligned parallel to screw axis

• Ar milling

– Base Pressure: 7 · 10−6 mbar

– Ar Flow: Needle valve adjusted to give steady process pressure

– Process Pressure: 5 · 10−5 mbar

– Plasma Power (Magnetron): Adjust voltage so that output current is at 20 mA

– Extraction Voltage: -0.6 kV

– Anode Voltage: 1 kV

– Exposure Time: 2 - 3.5 min.

• Evaporation:

– E-gun evaporation of Ti (2 x 7 nm)

– thermal evaporation of Pd (2 x 60 nm)

116



– Notes:

∗ Correct "filter" on reader must be selected for each material

∗ +/- 25°for both process as normal, but on this machine it is very difficult to

modulate this parameter as well as one can with Sharon

∗ For angle evaporation of Pd:

· z at 125

· +25°:

y at 00.42

x at 97.26

· -25°:

y at 99.735

x at 98.075

∗ 82.5 min. per 30 nm evaporation

11.1.6 Phase 5: Metal Lift-off

• ACE at 50 °C for 2 h

• Use plastic pipette for turbulence to blow off metal

• Sonication at 20 % for 30 sec. (40 % also appears to work without damaging the membrane

quality, but this should be avoided whenever possible.)

• Use pipette again

• IPA flush for 1 min.

• Blow dry

• Photos

11.2 Devices from Remote Doping of Scalable Nanowire Branches

11.2.1 Phase 1: PMMA

• Spinning of 400 nm PMMA 5 %

– Cleaning/preparation of sample
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∗ Remove sample from silicon wafer: 200 ◦C on hot plate to dislodge As paste (if

applicable)

∗ 1 min. in acetone (ACE) at 20 % sonication

∗ 4 further min. in ACE

∗ 1 min. IPA

∗ Blow drying

∗ Heat 5 min. at 120 °C

∗ Blow drying

– Spinning

∗ 2000 rpm

∗ Step size: 4

∗ 40 sec

– Bake 5 min at 180 °C

– Blow dry

– Apply gold nanoparticles to corners for e-beam focusing

– Take photos to ensure an even coating and measure distance to gold particles

11.2.2 Phase 2: E-beam Lithography for contacts and Development

• Preparation with gold particle placement

• GDS files prepared for membrane arrays as needed

• e-beam lithography

– 20 kV

– dose of 200 µC / cm2 for the 2 mm write field

– dose of 200 µC / cm2 for the 400 µm write field

• Development

– (MIBK + IPA) : MEK with ratio of 100:1.3

– 90 sec. in developer at 4 ◦C (should do this at -15 ◦C for very fine gate structures

for optimal development [116], in which case it should only be developed for 30 sec.)
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– 30 sec. in IPA

– Blow drying

11.2.3 Phase 3: Reactive Ion Etching

• O2 plasma to remove PMMA residues

– 16% O2

– 5e−5 mbar

– 30 W

– 30 sec.

– 250 mTorr

• Etches about 25 nm PMMA

• This should be done after development on every lithography step

11.2.4 Phase 4: Ammonium Polysulfide (NH4Sx) Etching + Ti/Au (or Ti/Pd)

Evaporation

• Before etch preparation of Sharon: removal of plate and placement of sticky tape aligned

properly with respect to the nanomembranes (for side wall coverage during angle evapora-

tion) with mark for quick transition into vacuum

• NH4Sx etching solution with DI water

– Solvent heated to 40 °C (DI water). Give this 20 min. to stabilize

– Mix NH4Sx magnetically for a few minutes ahead of time

– Use syringe with filter to optimally clean the solution before mixing with the DI water

– Etch time of 2.5 min

– Etch time can be varied and could be investigated as an etch series for comparison

– The purity of the InAs will play a role, once it is clear that the samples are mostly

of the same composition, this should be more thoroughly investigated to optimize

contacts

– Insertion into Sharon in vacuum state inside of 5 minutes (ideally inside of 2-3)
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• Sharon evaporation

– 4 nm Ti evaporation at +/- 23°each as well as 2 nm planar

– 40 nm Au evaporation at +/- 23°each as well as 10 nm planar

11.2.5 Phase 5: Metal Lift-off

• ACE at 50 °C for 2 h

• Use plastic pipette for turbulence to blow off metal

• Sonication at 20 % for 30 sec. (40 % also appears to work without damaging the membrane

quality, but this should be avoided whenever possible.)

• Use pipette again

• IPA flush for 1 min.

• Blow dry

• Photos

11.2.6 Phase 6: ALD window of HfO2

• Make sure to take photos before ALD process for comparison

• Spining of bi-layer resist

– PMMA/MMA 33% 617.08

∗ 6000 rpm

∗ Step size: 4

∗ 40 sec

∗ bake 5 min at 180 °C

∗ yields roughly 600 nm

– PMMA 679.03

∗ 3500 rpm

∗ Step size: 4

∗ 40 sec
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∗ bake 5 min at 180 °C

∗ yields roughly 200 nm

• e-beam lithography on window

– 10 kV

– Dose 140 µC/cm2

– It’s an overdose on purpose, just need to open up the area and resolution is not

relevant

– Develop the same as with contacts

• Load the recipe for deposition of HfO2

• set the desired number of layers

– 10 layers correspond to ∼1.6 nm of oxide

– 40 nm of HfO2 was used on the majority of samples. This was leak tight even for

gates that were overlapping contacts

– An oxide thickness series could be carried out to find the optimal thickness. It is likely

that thinner oxides will also be leak tight

• In the future, it could be investigated whether or not an NH4Sx step before deposition of

the oxide layer affects the quality of the membranes

11.2.7 Phase 7: Spinning PMMA, Lithography, and Metallization of Wrap-Around

Gates

• Follow same procedure with PMMA and SEM lithography as with contacts

• For the evaporation of wrap-around top gates 10 × 10/40 × 40 nm of Ti/Au was used

• For thinner gating schemes such as finger gates, this may require thinning and/or opti-

mization

• For liftoff, follow same procedure as with contacts
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11.3 Devices with Split-Gate Architecture

11.3.1 Phase 1: PMMA

• Spinning of 400 nm PMMA 5 %

– Cleaning/preparation of sample

∗ Remove sample from silicon wafer: 200 ◦C on hot plate to dislodge As paste (if

applicable)

∗ 1 min. in acetone (ACE) at 20 % sonication

∗ 4 further min. in ACE

∗ 1 min. IPA

∗ Blow drying

∗ Heat 5 min. at 120 °C

∗ Blow drying

– Spinning

∗ 2000 rpm

∗ Step size: 4

∗ 40 sec

– Bake 5 min at 180 °C

– Blow dry

– Apply gold nanoparticles to corners for e-beam focusing

– Take photos to ensure an even coating and measure distance to gold particles

11.3.2 Phase 2: E-beam Lithography for contacts and Development

• Preparation with gold particle placement

• GDS files prepared for membrane arrays as needed

• e-beam lithography

– 20 kV

– dose of 200 µC / cm2 for the 2 mm write field
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– dose of 200 µC / cm2 for the 400 µm write field

• Development

– (MIBK + IPA) : MEK with ratio of 100:1.3

– 90 sec. in developer at 4 ◦C (should do this at -15 ◦C for very fine gate structures

for optimal development [116], in which case it should only be developed for 30 sec.)

– 30 sec. in IPA

– Blow drying

11.3.3 Phase 3: Reactive Ion Etching

• O2 plasma to remove PMMA residues

– 16% O2

– 5e−5 mbar

– 30 W

– 30 sec.

– 250 mTorr

• Etches about 25 nm PMMA

• This should be done after development on every lithography step

11.3.4 Phase 4: Ammonium Polysulfide (NH4Sx) Etching + Ti/Au (or Ti/Pd)

Evaporation

• Before etch preparation of Sharon: removal of plate and placement of sticky tape aligned

properly with respect to the nanomembranes (for side wall coverage during angle evapora-

tion) with mark for quick transition into vacuum

• NH4Sx etching solution with DI water

– Solvent heated to 40 °C (DI water). Give this 20 min. to stabilize

– Mix NH4Sx magnetically for a few minutes ahead of time

– Use syringe with filter to optimally clean the solution before mixing with the DI water
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– Etch time of 2.5 min

– Etch time can be varied and could be investigated as an etch series for comparison

– The purity of the InAs will play a role, once it is clear that the samples are mostly

of the same composition, this should be more thoroughly investigated to optimize

contacts

– Insertion into Sharon in vacuum state inside of 5 minutes (ideally inside of 2-3)

• Sharon evaporation

– 4 nm Ti evaporation at +/- 23°each as well as 2 nm planar

– 40 nm Au evaporation at +/- 23°each as well as 10 nm planar

11.3.5 Phase 5: Metal Lift-off

• ACE at 50 °C for 2 h

• Use plastic pipette for turbulence to blow off metal

• Sonication at 20 % for 30 sec. (40 % also appears to work without damaging the membrane

quality, but this should be avoided whenever possible.)

• Use pipette again

• IPA flush for 1 min.

• Blow dry

• Photos

11.3.6 Phase 6: ALD window of HfO2

• Make sure to take photos before ALD process for comparison

• Spining of bi-layer resist

– PMMA/MMA 33% 617.08

∗ 6000 rpm

∗ Step size: 4
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∗ 40 sec

∗ bake 5 min at 180 °C

∗ yields roughly 600 nm

– PMMA 679.03

∗ 3500 rpm

∗ Step size: 4

∗ 40 sec

∗ bake 5 min at 180 °C

∗ yields roughly 200 nm

• e-beam lithography on window

– 10 kV

– Dose 140 µC/cm2

– It’s an overdose on purpose, just need to open up the area and resolution is not

relevant

– Develop the same as with contacts

• Load the recipe for deposition of HfO2

• set the desired number of layers

– 10 layers correspond to ∼1.6 nm of oxide

– 40 nm of HfO2 was used on the majority of samples. This was leak tight even for

gates that were overlapping contacts

– An oxide thickness series could be carried out to find the optimal thickness. It is likely

that thinner oxides will also be leak tight

• In the future, it could be investigated whether or not an NH4Sx step before deposition of

the oxide layer affects the quality of the membranes

11.3.7 Phase 8: Spinning PMMA and Lithography of First Split Gate

• Follow same procedure with PMMA and SEM lithography as with contacts
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• For the evaporation of first split gate layer tilt sample 23°to one side with respect to the

nanomembranes

• Evaporation of 7/53 nm of Ti/Pd (Au also possible)

• For liftoff, follow same procedure as with contacts

11.3.8 Phase 9: Second ALD Window of HfO2

• Make sure to take photos before ALD process for comparison

• Spining of bi-layer resist

– PMMA/MMA 33% 617.08

∗ 6000 rpm

∗ Step size: 4

∗ 40 sec

∗ bake 5 min at 180 °C

∗ yields roughly 600 nm

– PMMA 679.03

∗ 3500 rpm

∗ Step size: 4

∗ 40 sec

∗ bake 5 min at 180 °C

∗ yields roughly 200 nm

• e-beam lithography on window

– 10 kV

– Dose 140 µC/cm2

– It’s an overdose on purpose, just need to open up the area and resolution is not

relevant

– Develop the same as with contacts

• Load the recipe for deposition of HfO2
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• set the desired number of layers

– 10 layers correspond to ∼1.6 nm of oxide

– 40 nm of HfO2 was used on the majority of samples. This was leak tight even for

gates that were overlapping contacts

– An oxide thickness series could be carried out to find the optimal thickness. It is likely

that thinner oxides will also be leak tight

• In the future, it could be investigated whether or not an NH4Sx step before deposition of

the oxide layer affects the quality of the membranes

11.3.9 Phase 10: Spinning PMMA and Lithography of Second Split Gate

• Follow same procedure with PMMA and SEM lithography as with contacts

• For the evaporation of first split gate layer tilt sample 23°to other side with respect to the

nanomembranes

• Evaporation of 7/53 nm of Ti/Pd (Au also possible)

• For liftoff, follow same procedure as with contacts

11.4 Glueing into Chip Carrier and Gold Bonding

• Chip carrier cleaned for 5 min. in ACE at 100 % sonication

• 1 min. IPA flush

• Blow dry

• Ag paste used to glue sample into carrier (Shake bottle very well)

• Leave to dry for 30 min. before bonding

• Offer ritual sacrifice to the gods (small animals are usually - but not always - sufficient)

• Au bonding
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