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Abstract
To confirm the existence of Majorana zero modes (MZM) and to move towards

realising topological quantum computing, a new approach for fabricating hybrid

semiconductor/superconductor nanowire networks has recently been developed [1].

One component of this approach, the gating, currently impedes experimental

progress.

This work aims to develop new approaches of adding gates to this platform. The

traditional approach of fabricating top-gates after the growth and superconductor

deposition, has many downsides, among which, damage to the network. By

prefabricating bottom gates and growing the network on top, this can be avoided.

Work is done on two alternative approaches. The first is growing gates out of

a degenerately doped semiconductor. This is done with both InP and InGaAs.

For both materials, an undoped, a sulphur doped and a silicon doped variant was

grown. Of these six combinations, the InP:Si gates are confirmed to show metallic

conductivity by fabricating contacts, automatically routed around the other grown

structures using a newly developed tool and measuring the resistance as a function

of temperature down to 10 K in a cryogenic probe station. Leakage between gates

spaced 200 nm apart was measured to become significant at 500 mV, an order of

magnitude below the required voltages for gate operation, making this approach far

from practical applications.

The second approach aims to fabricate tungsten gates, chosen for their thermal

resistance and low thermal strain buildup relative to InP. The fabrication of the

gates themselves has not succeeded yet, due to an overcomplicated fabrication

process. However, the flake growth required to cover these gates has been separately

investigated and it was confirmed to be possible to grow 4 by 3 µm flakes of 50

nm thickness, creating a large enough platform for future network growth usable in

intermediate scale Majorana experiments.

Both of these approaches, especially the latter, benefit from a deeper understanding

of the growth process. To this end, an observed synergetic growth effect where

nanowires in an array grow faster with more neighbours, is analysed and modelled

obtaining good agreement. Finally, first steps were made in the simulation of flake

growth. There is partial agreement with experiments, but refinement is needed

before it can be used for making predictions on new designs.
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1 Introduction
Although traditional computers have seen exponential increases in capability over the past

decades, certain problems, such as those in quantum chemistry, are of a computational

complexity that solving them with classical computers will stay on the horizon for centuries

ahead. The escape of this prospect lies in a paradigm shift, which is to utilise precisely

the complexity that makes quantum mechanical calculations so intractable to represent

and process information. A quantum computer. Just as transistors encoding bits are

the fundamental units of traditional computers, quantum bits or qubits form the building

blocks of these proposed quantum computers. Many hurdles, both in science and in

engineering, still exist to be overcome in realising practical quantum computers, but the

largest and most fundamental of these is noise. That is because noise turns the quantum

into the classical: it will eliminate any advantage that quantum computers are predicted

to have over classical computers. A multitude of qubit designs have been proposed, a few

have even already been realised. The core difference between them being the actual object

or property that hosts the quantum information, or the quantum state. Each of these

hosts have their distinct advantages and disadvantages, be it size, operation frequency

or operating temperature. One class of designs however, has a unique advantage: its

resistance to noise. These designs are based around the hypothetical Majorana bound

states in specially engineered condensed matter systems. These systems take the shape of

nanowires (NWs) and single crystalline networks thereof. In earlier experiments these wires

were grown standing up (out-of-plane), broken off and placed on the control electronics

for the experiments: the bottom gates. Now with the advent of lying (in-plane) nanowire

networks, the bottom gates cannot be fabricated separately anymore, as the nanowires

are epitaxially connected to the surface on which they grew, the substrate. This means

that although the material changes, the crystal structure is continued across the substrate-

nanowire interface. This gives rise to a strong attachment between the substrate and the

nanowire network, making separation impossible. This project aims to create a solution

to this problem, by embedding bottom gates into the substrate prior to in-plane nanowire

growth.

1.1 Background

Majorana fermions, theoretical particles that are their own antiparticles, were a sleeping

idea in high energy physics. This changed when Kitaev started theorising on Majorana

bound states (MBS), with properties very similar to the original Majorana fermions. Not
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only did he prescribe how to engineer a condensed matter system to admit these bound

states [2], but also their tantalising application: noise resistant quantum computing [3].

This lead to a theoretical effort to work out the details and an experimental effort to verify

the ensuing predictions culminating in the first experimental signs of the MBS [4]. However

it turned out that these signatures were far from conclusive leading to an ongoing cycle

of experimental evidence being found, but soon undercut by alternative non-majorana

explanations, leading to new experiments.

These experiments contain a number of key components. Majorana bound states are

predicted to arise in hybrid semiconducting/superconducting nanowires. To carry out

experiments, it is necessary to condition this system using a combination of a magnetic

field applied using an external superconducting magnet and electrostatics, applied using

local gates. The electrostatics are both used to create barriers, define quantum dots and

to control chemical potentials. In these experiments, nanowires or nanowire networks are

traditionally grown out-of-plane, using a gold droplet catalyst. This means they can be

broken off from their growth substrate, without significant damage. Subsequently they

are placed on a pre-fabricated gate/dielectric stack, contacted and measured. The out-

of-plane growth technique limits experiments via its limit on network complexity and the

labour intensive process of manually placing the wires. These restrictions not only impede

current experiments, but also prevent future practical applications.

A new generation of nanowires is grown in-plane via selective area growth (SAG), in which

the network is defined via openings in a mask, exposing the crystalline substrate. In case

of optimal growth conditions, the growth material will grow only in these openings, taking

the shape of the predefined pattern forming a nanowire network. The SAG route has

many advantages, mainly in their limitless network complexity and predefined positions

removing the need for manual placement. One major drawback however is that it is not

possible to separately fabricate the gate/dielectric stack.

1.2 Problem

The epitaxial connection of SAG nanowires to their growth substrate reduces gate

fabrication to two broad options: fabricate the required gates on top of the nanowires

after growth or prefabricate gates that both survive the NW growth conditions and

do not interfere with the growth. Presently, the former is the only option used, e.g.

in [5]. In this work however, the latter option will be explored. This is motivated by

the numerous drawbacks of the top-gate approach: the NW surface topography limits

the gate dimensions, the fabrication can damage the NW or the superconductor and
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the superconductor can shield the superconductor/semiconductor interface, as it lies in-

between the top-gate and the interface. Gates, in this context, imply thin conductive

wires, contacted on one side to enable application of an electrostatic potential. Their

main requirements lie in small dimensions. Additionally, they need to be isolated from each

other and from the NW they act upon. The challenge of creating SAG compatible bottom

gates lies in combining these traditional requirements with two additional demands. The

first is that they need to survive the elevated temperatures, up to 700 oC of the nanowire

growth process. The second and most strenuous is that above the gates, there needs to

be a defect-free, atomically flat surface on which the NW can be grown.

1.3 Goal

Two general approaches are envisioned by which these requirements can be met, identified

by the gate material. The most straightforward approach is to grow, via SAG, degenerately

doped semiconductor wires epitaxially connected to the substrate. These wires will act

as gates. After removing the old mask, a new mask can then be defined, in which an

undoped semi-insulating semiconductor buffer layer can be grown. This layer acts as a

dielectric for the gates and because both the gates and the buffer are grown epitaxially, the

entire substrate-gate-buffer stack can be monocrystalline. In the same mask as the buffer

layer, the NW networks can finally be grown, completing the device. This approach has

possible problems, mainly in the breakdown field of the buffer layer and the possibility of

dopant diffusion over these small distances. This is elaborated on further in Section 2.4.

Another problem, the presence of which can only be verified by actual quantum transport

experiments is the possible charge instabilities inside these gates. If the dopant ionisations

reconfigure, this can lead to jumps in the fields applied to the NW, invalidating ongoing

measurements.

To balance the risks identified in the first approach, a second more ambitious approach was

introduced. Here the gates are formed by tungsten wires oriented in such a way relative to

the crystal structure of the substrate, that it is possible to first grow a buffer first between

the gates and then laterally over the gates, forming a flat flake. This flake then forms the

substrate for NW network growth.

1.4 Outline

This section discussed the motivation, some background information and the goal of this

work. Next, some theoretical background is introduced in Section 2. The used fabrication
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and characterisation techniques, along with the various gate designs and fabrication

processes are discussed in Section 3. The main results of this work are discussed in

Sections 4 and 5 for the doped gate approach and the tungsten gate approach respectively.

Additionally some moddeling and simulation of growth is carried out in Section 6. Finally,

a conclusion is given, along with an outlook into possible future research in Sections 7

and 8.
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2 Theoretical background
This section first gives some background on the essential theory behind this work, then

it elaborates on the ideas motivating this work, introduced in Section 1. This work is

centered around semiconductor crystals, the important aspects of which are first discussed.

This is followed by some details on conductivity, doping and metal-insulator transitions.

Finally, quantum computation, Majorana zero modes and their physical realisation are

discussed.

2.1 Crystals

Central to both the formation and the properties of semiconductors are their crystal

structures. Most generally, a crystal is defined as a periodic structure, in any amount of

dimensions, where bulk semiconductors are three-dimensional crystals. These crystals are

formalised in their unit cell, the element that is repeated, and by their lattice vectors, the

directions and distances in which those repetitions are carried out to form the crystal.

The internal structure of the unit cell, combined with the lattice vectors determine

the symmetries of the crystal. Through their periodicity, crystals possess a discrete

translational invariance. These invariants and symmetries drive many of their electrical,

mechanical and formation properties.

Lattice planes & facets

In reality, crystals are never infinite, as their supposed periodicity might imply, but

finite. This means they are terminated in some way, creating surfaces or interfaces. The

properties of these surfaces depend on their orientation relative to the lattice vectors. This

is commonly characterised by the concept of Miller indices. By defining three integers

(h k l) one defines the reciprocals of the intersection points of a plane with the lattice

vectors, meaning the intersections are at a1/h,a2/k,a3/l [6]. An index of zero implies a

plane parallel to that lattice vector. Lattice planes, through their discretisation into the

unit cells they intersect also possess a periodicity, in the case of facets, this periodicity is

connected to the minimal roughness of the surface.

Just as is the case with liquids, surface energies are a driving force in forming crystal

surfaces. However, contrary to liquids, which are amorphous, crystals obey discrete

rotational symmetries. As the orientation of a crystal surface rotates, there is great
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variation in surface energy [7]. This can intuitively be understood through the number

of dangling bonds on the surface, each one increasing the surface energy. If a surface

is aligned with two lattice vectors, e.g. <100>, the periodicity of the surface in these

two directions is a, meaning it is completely smooth. If, on the other hand, there is a

misalignment with one lattice vector, e.g. <103>, the periodicity in one direction becomes

3a meaning there is a step edge every 3 cells with many additional dangling bonds. The

latter surface has a much higher surface energy than the former and will therefore be

avoided in an equilibrium crystal shape that minimises surface energy. This preference

for certain surface orientations, derived from the discrete rotational symmetry of crystals

gives rise to their characteristic faceted nature.

Zincblende

The crystal structure relevant to this work is zincblende, a binary cubic crystal. It can

be seen as a superposition of two face centered cubic (fcc) lattices, one for each element,

each with an offset relative to each other. An fcc lattice by itself has a cubic unit cell with

atoms at each corner and an additional atom at the center of each face of the cube. The

offset is such that the nearest neighbours of each atom are all of the other type, forming a

regular tetrahedron. Taking one corner of the tetrahedron as the initial points, the other

three corners are positioned at the terminal points of the three respective lattice vectors.

An example of a zincblende crystal is indium phosphide (InP), shown schematically in

Figure 1. Only a few cells are shown in each direction, but physical nanowires are often

hundreds of cells in diameter. In a), an orthographic 3d projection is shown, while b)-d)

show 2d views of the high symmetry planes that are referred to in the rest of this work.

2.2 Crystal growth & epitaxy

The formation of crystals can be approached from two main frameworks. The first being

macroscopically, limited in applicable dimensions by the continuum approximation, driven

by thermodynamics. The second being microscopically, or kinetically, limited in scale by

computational power, with atoms, molecules and their individual interactions as the source

of growth dynamics. As they describe the same system, ultimately, they are equivalent.

However, certain phenomena are much more readily understood from one perspective over

the other. Most phenomena discussed in this work are looked at kinetically.

A key concept in crystal growth is that of crystal structure continuation. In adding

material to a crystal, the new unit cells can have a random orientation relative to the
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Figure 1: Different views of a small InP crystal. In each subfigure, the lattice vectors are depicted
in the bottom left labeled a,b and c, while the crystal directions are marked at the top. a) contains
an orthographic projection of the crystal with tetrahedra drawn around the In cation to aid the
depth perception. In b)-d) crystal planes relevant in this work are shown.

original crystal, forming grains. The other option is that of epitaxial growth, where the

newly grown unit cells are aligned to the crystal structure of the substrate, this forms then

a single crystal. The new material does not necessarily need to be the same as the material

of the original crystal, in which case it is known as heteroepitaxy. The material changes,

but the crystal continues. Epitaxial growth can be classified in three main categories:

Volmer-Weber, Stranski-Krastanov and Frank-van der Merwe. In Volmer-Weber growth,

islands form that grow both laterally and vertically. The lateral growth results in the

eventual merger of islands, but flat surfaces are not readily achieved. Stranski-Krastanov

growth is similar, but before the islands form, first a thin wetting layer is formed. Finally,

Frank-van der Merwe growth, also known as layer-by-layer growth, builds monolayer on

monolayer, through a combination of layer nucleation and extension of existing layers.

This final growth mode is the main mode relevant to this work.

2.3 Conductors & insulators

Similar to those of vacuum in high energy physics, in condensed matter physics, the

symmetries and invariants of crystals have a number of consequences for the behaviour of

excitations in their hosting medium. The discrete translational invariance of crystals gives

rise to the delocalisation of excitations, creating wave-like states that can travel through

the crystal. A finite crystal has a discrete number of possible delocalised excitations and

each has a momentum and an energy. Each valence electron in the unit cell of the crystal

contributes a unique sequence of spin degenerate states, referred to as bands. Transitions

between occupancy of states adhere to the conservations of both momentum and energy.
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This can be mediated by combining internal state changes, i.e. the electronic excitations

and vibrational excitations, and the creation or annihilation of photons. Mapping the

energies and momenta of these states for electron excitations gives rise to the electronic

band structure of the material, from which electrical and optical behaviour can be

derived.

Conductivity

At any point in time, a part of these states will be occupied and a part will be empty. In

an isolated crystal without impurities or defects at absolute zero temperature, all electrons

will occupy the lowest possible state which due to the Pauli exclusion principle will mean

that all states up to a certain energy will be filled. In this simple case, there are half as

many valence electrons as there are bands in the crystal, due to the Kramers degeneracy

theorem.

To carry an electric current, i.e. to have net charge transport, there needs to be a

disbalance in the momenta of the electrons in the crystal. The ability for a crystal to

conduct then, derives from the potential for a energy-barrier-free reallocation of state

occupations from the equilibrium to an occupation with net electron momentum. If

different bands overlap in energy around the edge of state filling, different bands will

be partially filled in the ground state and electric current can be freely conducted.

Insulation

In some cases, a gap can appear in a crystal’s band structure. The origin of this gap can

be explained by insufficient orbital overlap. This gap signifies that in a certain energy

range, no states exist. If this gap lies such in the band structure that the ground state

of the system has all states below the gap filled and above the gap empty, it is referred

to as a bandgap. Moving to a combination of states with net momentum then requires

electrons to jump across this gap, a high energy transition, effectively preventing the

material from conducting at reasonable potential differences. This behaviour lies at the

origin of insulators.

2.4 Doping

Some materials have a bandgap of such a small size that it can be overcome by photons

and thermal excitations. These materials are known as semiconductors. With small

modifications, semiconductors can be tipped into a conductive state. This practice of

substituting a small fraction of the atoms in the crystal with an atom with either one
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valence electron less or one extra is called doping. The case of n-type doping, with one extra

valence electron is discussed, the other case is analogous. At low doping concentrations,

these extra electrons simply add occupied localized states to the band diagram, but the

energy required to excite these electrons into the conduction band is often low enough for

thermal energy to excite a significant portion of dopants at room temperature. This can

result in significant numbers of carriers in the conduction band, enabling conductivity in

the semiconductor. However, upon cooling to the millikelvin temperatures required for

Majorana experiments, the dopants deionize and the material insulates once more. This

behaviour, the decrease of conductivity to zero with temperature going towards absolute

zero, is characteristic of semiconductors. On the contrary, conductors, such as metals, see

an increase in conductivity with decreasing temperature, due to the reduction of phonons

which act as scattering sites.

Metal-Insulator Transitions

At very high doping concentrations, the effective orbitals of the dopants themselves start

to overlap, enabling the delocalisation of the electrons, forming an additional band referred

to as the impurity band. Once the impurity band is formed, the conductivity is no longer

dependent on thermal ionisation and the semiconductor has a nonzero conductivity at 0

K, meaning it underwent a insulator-metal transition [8]. This transition occurs at dopant

densities well below the atomic densities of natural conductors. This is caused a widening

of orbitals connected to the weak binding of the outer valence electron to the impurity

ion. This weak binding is mediated by electrostatic screening of the binding potential by

neighbouring atoms, which is a dielectric effect.

2.5 Quantum computation

Coming back from the theory through which bottom gates can be developed, the final goal

of quantum computation is also relevant to this work. Computational complexity theory

involves itself with the question how much more computation a problem takes to solve

when the size of the problem is increased. Size in this case cannot be uniquely defined but

can range from the number of digits in a multiplication to the number of atoms involved in

the simulation of a chemical reaction. Some problems are thought to only have algorithms

with such an extreme complexity scaling that for technologically important cases such as

drug-biomolecule interactions, classical computers are not predicted to solve them within

the lifetime of the sun.

A quantum computer replaces the sequence of binary states housed in transistors of a
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classical computer with a complex, entangled superposition of two level quantum states.

This is realised by creating a array of two level systems, where the superposition state of

each can be fully controlled and there is a means of letting the elements of the array interact

in an entangling manner. Each element is referred to as a quantum bit or qubit for short.

The array can hold a superposition of all combinations of an equivalent classical array of

bits at once and through entanglement, operations influence the quantum state of the entire

system. Not only is this a natural platform for quantum simulations, but additionally

algorithms have been developed for a wide array of general purpose tasks such as sorting [9]

and prime factorisation [10]. There have been many proposed and some implemented

designs for qubits. All the currently realised designs however, suffer from a decoherence

of their quantum state. This decoherence is caused by interactions between the qubit and

the environment. A large tension in developing qubits resistant to decoherence is that

qubit manipulation and readout is also interaction with the environment. This means

that a qubit completely decoupled from its surroundings, although free from decoherence,

will also not be manipulable or measurable.

2.6 Majorana zero modes

The question what particles exist in the universe is often approached by theorists via

the more general question what particles could exist. Whether an hypothetical particle

actually exists then follows from experimental verification of its predicted measurable

influence on possible experiments. One particle in such an intermediate state of existence

is the Majorana fermion [11]. Derived as real solutions to the massless Dirac equation.

The normal Dirac equation being an equation which describes all fermions, which can

be simplified by assuming fermions of zero mass. The fact that these solutions are real

imply an equality between this particle’s creation operator and its complex conjugate, the

annihilation operator. This, by definition, means that this particle is its own antiparticle

and therefore has zero energy and charge. The question whether this particle exists as

a fundamental particle, possibly a type of neutrino, is, as of yet, unanswered. However,

progress can be made separately on the more general question by engineering a condensed

matter system. This system can be purposefully designed to admit states that satisfy all

properties of Majorana fermions, known as Majorana bound states (MBS). There are a

number of complicating factors at play, some of which are the source of the technological

interest in this topic [12].
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a) b)

Figure 2: Schematic illustration of a Kitaev chain. In a) the trivial state is shown, where all
Majorana states (black circles) γ are bound locally, such that the pairs can be represented as
normal fermion states C (purple). b) shows the nontrivial state. Here, an offset in the pairing
resulted in a spatially separated Majorana pair (red) that can no longer be formulated in terms of
standard fermions.

Kitaev chains

One can rewrite any type of fermionic creation operator C in terms of a pair of operators

that are their own complex conjugate γ, the key Majorana property. This is shown

schematically in Figure 2a. However, in most cases this is meaningless, as although

this redefines all fermions as superpositions of Majorana particles, without a means of

separating the pair, it has no physical consequences. This changed after the introduction

of the Kitaev chain [2]. This is a simplified 1d chain of spinless p-wave superconducting

fermionic states. When looking at these states as pairs of bound Majorana states, two

pairings can be imagined. One where all states are paired to the adjacent state and a

pairing which is offset by one state. This results in a pair between the two outermost

states of both ends of the wire, meaning a separation of Majorana states. This non trivial

configuration is depicted in Figure 2. By analysing the Hamiltonian of this system it

appears that there are not only parameters where this configuration is the ground state of

the system, but even that this fact is not sensitive to these parameters. The combination

of particle-hole symmetry, separation of the states and the absence of states at or near zero

energy in the superconducting gap gives these states a unique resilience to perturbation.

This is referred to as topological protection, because unless the perturbations are so large

that the system changes greatly of nature, similar to the tearing a closed surface, there is

no way for the topological invariant, analogous to the number of holes in a surface, can

change. In this regime, the presence or absence of this Majorana pair can be used as a

qubit basis, with protection against decoherence.

Physical implementation

To create a system with properties analogous the Kitaev chain, the main challenge comes

from the spin. Both the spinless state requirement and the p-wave superconductivity

do not clearly occur in simple materials. By taking a semiconducting nanowire with

strong spin orbit interaction and applying a magnetic field perpendicular to the spin
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orbit field, effectively spinless states can be created around zero k [13]. Interfacing

this wire with a conventional s-wave superconductor can induce superconductivity in the

semiconductor, which though the spin-momentum sorted band structure pairs fermions in

a p-wave manner [14]. Another ingredient is missing, which is a means of changing the

chemical potential of the semiconducting/superconducting island to lie in the middle of

the superconducting gap [15]. This can be achieved by adding a sequence of electrostatic

gates underneath or above the wire.
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3 Methods
Central to this work are the different gate designs and the fabrication processes devised

to fabricate them. First the used fabrication techniques are discussed, followed by the

fabrication processes that pursued to fabricate the gates. Finally, some elaboration is

given on the transport measurement setup.

3.1 Fabrication techniques

The fabrication techniques used in this work can be grouped in a number of categories.

Deposition techniques: spin coating, plasma enhanced chemical vapor deposition

(PeCVD), e-beam evaporation and sputtering. Etching techniques: reactive ion etching

and inductively coupled plasma etching. Cleaning and passivation techniques: Oxygen

plasma treatment, hydrogen fluoride (HF) treatment and phosphoric acid treatment.

Finally there are techniques that have their own category: e-beam lithography (EBL)

for feature definition, metalorganic vapour phase epitaxy (MOVPE, discussed separately)

for III/IV growth and wet chemical liftoff with acetone.

Deposition techniques

The primary determining factor for choosing a deposition technique is the material to

be deposited, as most techniques are only applicable on a small set of materials. Other

important factors to consider are deposition rate, layer uniformity, deposition (an)isotropy

and of course layer quality.

Spin coating. Widely used for depositing layers of photoresist, as it can be used to

deposit thin polymer films very quickly. Polymers that have a good solvent which can

be evaporated without resulting in large amounts of stress are suitable for spin coating.

This technique involves depositing the material, dissolved in a solvent, onto the sample

and spinning the sample around at a high rate. The balancing of centrifugal forces and

surface tension creates a uniform layer on the sample. The thickness of the resulting layer

can be controlled either via the concentration of the material in the solvent or via the

rotation speed of the sample.

Plasma enhanced chemical vapour deposition (PeCVD). Chemical vapour deposition

techniques generally work by introducing different precursor gasses to a reaction chamber.

These gasses then undergo a chemical reaction which forms the target material, which is

then deposited on the sample via sublimation . In some cases the base rate of this reaction

is too low for practical purposes, but can be increased by ionizing the precursors into a
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plasma. In this work, this plasma enhanced process is used to deposit layers of silicon

nitride (SixNy).

E-beam evaporation. Materials that show high vapor pressure when heated can be

deposited via e-beam evaporation. This involves guiding an electron beam in the kilovolt

range onto the source material, which is located in a crucible, all within a vacuum chamber.

The heating of the material results in an increase in vapor pressure, creating a beam of

material. By placing the sample in this beam, a layer can be deposited. Notable about

this process is its extreme anisotropy. As this beam is very directional, a height step on the

sample will result in deposition on the two horizontal surfaces, but negligible deposition on

the vertical sidewall. This makes this process very suitable for lift-off processes, discussed

later in this section.

Sputtering. For materials where achieving high vapor pressures is difficult or cases where

some sidewall coverage is needed, the physical vapour deposition technique sputtering can

be suitable. This process involves ionising and accelerating a non-reactive, often noble, gas

onto a target with the desired material. The physical impact of these ions launches small

bits of target material in random directions. This creates a beam of material, from which

a layer can be accumulated by placing a sample in the beam. The resulting beam intensity

is often so low, that the sample needs to be held close to the target, relative to the target

diameter, to achieve practical deposition rates. This results in an angular distribution

of the incoming material, leading to some degree of deposition isotropy, meaning vertical

sidewalls will accumulate some material, but much less than horizontal surfaces. This

process is used to deposit the tungsten layers presented in this work.

Etching techniques

Etching techniques can be divided into two broad categories: wet etching and dry etching.

Wet etching encompasses all etching processes that involve submerging the sample in

some liquid mixture of reactants, catalysts and solvents. Dry etching involves vacuum

processes, where either reactive gasses, plasmas or energetic ions are introduced, that etch

either reactively or, in the case of ion etching, physically. Dry etching allows for greater

etching directionality, uniformity and reproducibility than wet etching, but generally at

the cost of selectivity.

Reactive ion etching (RIE). Similar to the PeCVD process, reactive gasses are introduced

to a vacuum chamber and a plasma is ignited via a parallel plate capacitor . Among the

dry etching techniques, RIE has some selectivity, controlled by the mixture of reaction

gasses used. Often, oxygen (O2) is added to improve etching properties and/or remove
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carbon contaminants, but this has the additional effect of efficiently removing polymers

such as photoresists. In this work two different RIE processes are employed. The first is

for etching SixNy , using a CHF4 chemistry. The second is for etching tungsten, using SF6

chemistry. Both have a measure of selectivity over the photoresist CSAR, such that fine

features can be defined and successfully etched.

Inductively coupled plasma (ICP) etching. Extremely similar to RIE processes, the

difference being the way of generating the plasma, which is done via RF in ICP etching.

The advantage of this is that higher powers can be reached.

Cleaning and passivation

Samples often contain either contaminants, layers that are no longer necessary or oxides

that challenge forming ohmic contacts. The challenge is to remove these without damaging

the sample or introducing new contaminants. Oxygen plasma Organics can effectively be

removed using an oxygen plasma. This is akin to burning the hydrocarbons. By ionising

the oxygen, the energy barrier for the oxidation reaction is removed, making it a very

effective technique.

Hydrogen fluoride (HF). Silicon oxide and silicon nitride are very resilient in that there

are almost no wet etchants that etch them. Hydrogen fluoride, though not a strong acid,

is effective in removing silicon oxide and to a lesser extent silicon nitride. This etchant is

applied to remove the thick SixNy mask used to define the overlay markers.

Phosphoric acid (H3PO4). Indium phosphite forms a thin native oxide, which is both

problematic for growth and for contacting. Phosphoric acid is an ideal etchant for this

layer. Although many acids etch this native oxide, H3PO4 has the added advantage that

it does not introduce any foreign elements, as using e.g. sulphuric acid would do.

3.2 Characterisation techniques

The most direct way of characterising selective area growth is by examining the resulting

sample topography. As practical structures for quantum transport experiments have

dimensions far below the optical diffraction limit of visible light, optical microscopy is not

possible. Alternatively, scanning electron microscopy is used. Additionally, more precise

measurements of structure thicknesses are taken via atomic force microscopy.

Scanning electron microscopy (SEM)

The origin of the practicality of optical imaging lies in the fact that photons, the particles

forming the image, have a few properties: they can be easily created, detected and
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Figure 3: Details of SEM operation. a) Cross-sectional diagram of a ZEISS Sigma SEM. b)
Diagram illustrating the collection volume from which the detected electrons emerge. Images
adapted from [16, 17]

redirected or focused. Combining this with the reflective/absorptive interaction of most

materials with photons, makes a good mode of imaging. Images similar to optical images

can also be formed using electrons instead of photons, a number of operative details

however, differ greatly.

A diagram depicting the buildup of the ZEISS Sigma SEM used in this work can be seen

in Figure 3a. Forming an image with a SEM can be briefly summarised in the following

steps. First, electrons are extracted from a filament, accelerated and focused to form a

narrow beam. Then, scanning coils redirect this beam such, that the beam ’illuminates’,

sequentially, a grid on the sample. After the exposure of each grid point, a detector, in

this case an in-lens secondary electron (SE) detector, measures the ’brightness’ of this

gridpoint, shading a pixel on the final image. The detected electrons are not simply

reflections, but result from interactions with the material which the incoming electrons

enter, this process is illustrated schematically in 3b. Secondary electrons are used in this

work as they exit the sample the closest to the incoming beam, allowing for the highest

resolving power. The SE intensity is strongly influenced by the exposed surface area

fraction of the collection volume. This has the effect that areas close to downward steps

appear bright. Inversely areas close to upward steps appear dark, as less electrons escape,

a much more familiar imaging feature.

Atomic force microscopy (AFM)

Although SEM can be used to quickly determine lateral dimensions of grown shapes, for

in-plane structures, vertical dimensions are very difficult to measure. This is mainly caused

by the low height of the nanostructures and the fact that tilt, the usual approach for out-of-
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plane wires, creates below 10 nm of feature offset for angles which maintain image quality,

making it hard to resolve. To complement SEM, atomic force microscopy (AFM) is used.

This creates an sub-nm vertical resolution topographic image by scanning a grid on the

sample with a very fine tip. The AFM is operated in tapping mode, which means that the

tip is brought into a resonant vibration, whose frequency is shifted by interactions of the

tip with the sample surface. By adjusting the vertical position of the tip to maintain a

constant tip-surface interaction, the topography of the sample is both followed, preventing

a crash of the tip into the sample, and measured, resulting in a topographic image. The

AFM used to carry out the measurements in this work is a Bruker Dimension Icon.

3.3 Metalorganic vapour-phase epitaxy (MOVPE)

To epitaxially grow high quality III/V semiconductors in a controlled manner, there are

two main alternatives. This first is molecular beam epitaxy, this is conceptually the

simplest and will be discussed briefly before introducing the method used in this work,

MOVPE.

In MBE, a sample is held in a ultra-high vacuum, at a controlled temperature. This is

exposed to one or more elemental beams of the target material or compound. These beams

are mainly generated by heating material in effusion cells, resulting in vapour pressures

forming a beam. The portion of impinging atoms that sticks to the surface can then

diffuse over the surface depending on temperature, surface energies and flux intensities. If

successful, this results in crystals with extremely low contamination and doping. Although

this is a very simple and clean concept, it has a number of limitations. Apart from it being

slow and maintenance heavy due to the high vacuum, making it inapplicable in industrial

settings, the control available over the growth dynamics is rather limited.

An MOVPE reactor is not a vacuum system, but operates at pressures quite close to

ambient. The base condition in which the growth takes place is under a hydrogen flow,

with the sample held rotating, at elevated temperatures. The growth materials cannot be

introduced in elemental form, as they are not gaseous under these conditions and would not

travel far. Instead, they are encapsulated in hydrogen (e.g. phosphine: PH3) or in methyl

groups (e.g. trimethylindium: (CH3)3In), forming precursors. This way the precursors

can be carried by the hydrogen flow to the substrate, where they undergo pyrolysis due to

the elevated temperature of the sample [18]. Just as in MBE, the species can then diffuse

over the surface until they desorb or are incorporated into the crystal. By controlling

the partial pressures and ratios thereof of the component materials, via the flows of their

respective precursors, the growth can be influenced to a large extent.
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3.4 Selective area growth (SAG)

In many cases, MOVPE is used to grow layers, that are possibly etched afterwards to define

shapes. This method is largely unsuitable for advanced quantum applications involving

nanowires. This is due to the fact that NWs have high surface to volume ratios, making

the surface quality influential, and the etching that would be required after layer growth

forms low quality surfaces. Furthermore, many materials cannot be grown in layers, this

can be due to high lattice mismatch with the substrate or due to unwanted facets forming.

Traditionally these problems are avoided via out-of-plane vapour liquid solid (VLS)

growth. Here, a liquid catalyst particle, often gold, catalyses the precursors it adsorbs,

leading to supersaturation. Subsequently the material is deposited on the liquid-solid

interface, forming layers. This lifts the droplet, repeating this cycle and forming a

nanowire. This is shown schematically in Figure 4a, note that the aspect ratios achieved

in reality are much higher. The minimal interface between the substrate and the wire

leads to fast relaxation of strain in the wire. Additionally, the side facets can take a

thermodynamically favourable shape. Most likely for these reasons, NWs grown in this

way currently have the highest mobilities for InSb of all the alternatives [19], but there

are a number of drawbacks. As discussed in Section 2, Majorana experiments will require

increasingly complex networks of nanowires. Although much work on this has been done

within the VLS framework [20], the long term scaling prospects are limited.

selective area growth (SAG) is an alternative technique though which in-plane wires can

be grown. By covering the substrate with a mask and opening the mask in the shape of the

desired wire or network, the substrate is locally exposed. The mask and growth conditions

are chosen such, that no or minimal nucleation takes place on the mask, restricting growth

to the exposed area. With in-plane SAG NWs the interfacial area with the substrate is

still low enough for strain to relax laterally, resulting in high quality nanowires. This

is depicted schematically in Figure 4b. As these NWs will remain on the substrate for

transport experiments, care must be taken in the choice of substrates. For growth of InSb,

InP is used as a substrate. This is motivated mainly by the fact that InP has a large

bandgap and a straddling gap band alignment, resulting insulating behaviour relative to

the InSb NW. The immovability of these networks is, next to a constraint, also a merit.

As it makes the labour intensive process of breaking each network off of the growth sample

and placing it on the transport sample used for VLS devices obsolete.
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a) b)

Figure 4: Schematic comparison of VLS growth and SAG. In a), from left to right, ungrown,
growing and broken off wires are shown in red, with the mask in blue and the substrate in grey.
The catalyst particle is depicted in yellow. This can be compared to SAG shown in b), where no
catalyst is present and the wire axis lies in-plane with the substrate.

3.5 Doped gates

For the NW SAG to be possible, a flat, single crystalline, stripe of InP {111A} surface,

running perpendicularly over the gates is necessary. The simplest way to continue the

crystal structure of the {111A} substrate to this stripe, is by never interrupting it.

The gates however must be conductive to function. By growing degenerately doped

semiconductor NWs via SAG, of a material with the same lattice constant as InP, the

crystal can be continued while also creating conductive wires. When this growth is

successful, a new mask can be defined in the design of the InSb NW network. Just

before the InSb is grown, an undoped InP layer acting as gate dielectric is grown in the

same mask, to isolate the InSb from the gates.

Fabrication

The basic fabrication of the doped gates testing devices is illustrated in Figure 5a. In

step I the initial state of the wafer is shown in a cross-sectional view, with from bottom

to top: an undoped InP {111A} substrate, a 20 nm PeCVD deposited SixNy mask, and

roughly 80 nm of spin coated CSAR positive tone photoresist . This is exposed via EBL

on a RAITH EBPG5150 and developed using AR 600-548 (II ). Subsequently, the resist

pattern is transferred to the mask using a CHF4-based RIE process (III ). Gates can be

grown in the mask openings using MOVPE (IV ) and contacted for testing (V ). This is

the fabrication process used in this work to assess conductivity of the grown wires.

The final envisioned process for fabricating full quantum transport devices is illustrated in

in Figure 5b. The first difference here is that in II, trenches are etched into the substrate.

This is motivated by the issue of mask thickness. In the final structure, the wires need

to be grown selectively, i.e. within the mask. This will however be on top of the buffer

layer, which will need to stick out from the substrate by the sum of the gate height
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Figure 5: Schematic cross-sectional and perspective views of doped gate fabrication and design. In
a), the basic fabrication process, common to SAG growth is shown. I shows a sheet stack of the
substrate, a 20 nm SixNy layer and a 80 nm CSAR resist layer. This is subsequently processed
leading to a simple source drain device shown at step V. In b), the envisioned fabrication of
a double quantum dot device is illustrated. First trenches are etched and the gates are grown
embedded into the substrate (I -III ), then in V a InP buffer layer is grown, with subsequently
the growth of the InSb nanowire in the same mask (VI ) and the fabrication of contacts (VII ). A
render of a three dimensional model of this device is shown in c), while d) shows a color legend,
identifying the materials.

and the required InP dielectric thickness (gate-InSb distance). This means the mask will

need to exceed this combined thickness and the thicker the mask, the lower the minimal

trench width becomes, due the resist thickness required to etch a thicker mask. This

problem is solved by embedding the gates into the substrate, reducing the height of the

stack relative to the substrate surface. A new mask is fabricated and opened as described

earlier in IV and the buffer is grown (V ) with the InSb NW immediately afterwards (VI ).

This process would result in a device as shown in 5c. This shows how the buffer is only

grown underneath the InSb, keeping the gates exposed and how the gates fan out to make

contacting less stringent. Figure 5d identifies the materials corresponding to the colors

used in the rest of the figure. The gate material there is specified to be silicon doped InP,

which is one of the materials studied, but others are also explored.

Dimension considerations

The design of the degenerately doped gates raises two related questions. Firstly, whether

the high amount of doping required for degenerate doping will stay confined enough that

it does not enter the substrate, shorting the gates to each other, or the buffer, shorting

the gates to the NW. Secondly, even if the dopants stay confined, the InP breakdown

field will impose a limit on the gate and buffer dimensions. Dopants that are known to

diffuse profusely, such as zinc, can be excluded from consideration, but the multiple growth

steps the gates need to undergo are such that mobility of more stable dopants cannot be
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excluded from the realm of possibility.

3.6 Tungsten gates

If the degenerately doped gates cannot apply strong enough fields to the NWs before

generating leakage currents, there is little possibility for improvement. As the epitaxial

continuation of the crystal structure is the core of this approach, introducing real dielectrics

such as SixNy or HfO, around the gates is nigh impossible, as they need a substrate to

grow on and form part of the surface on which the buffer is grown. To escape this trap,

first a different approach of creating the growth surface above the gates is developed.

Specifically one that does not rely on the gates themselves being epitaxially connected to

the substrate and to the buffer.

Buffer growth

Growing in between gates is not difficult, as InP grows nicely layer-by-layer on {111A}

oriented substrates. It is in closing the gaps that the gates create where the challenge lies,

this is shown idealised in Figure 6a steps II -III . A possibility for solving this is by taking

advantage of the different surface energies of the possible side facets that the gates, acting

as a SAG mask, enforce on the buffer ”wires” (II ) growing in between them. By rotating

the gates slightly relative to either one of the low energy side facet families {110} and

{112}, high energy side facets are formed while the buffer is growing in between the gates.

As soon as the buffer exceeds the height of the gates, a high lateral growth rate will be

obtained due to the instability of these side facets. A schematic view of the on-axis and

off-axis cases is shown in Figure 6b, before exceeding the mask (top) and after exceeding

it (bottom). The point made here is that one can see these high energy facets as being

’rough’ or having many dangling bonds, making it favourable to add atoms. This growth

bridges the gates, forming a flake. Because both pillars forming the bridge over each gate

have the same crystal orientation, the resulting flake is expected to be single crystalline,

therefore it is then suitable for growth InSb NWs on top of the flake (6b step IV ).

Gate material choice

The gates themselves need to fulfil a number of requirements to make this possible. The

first and foremost is resistance elevated temperatures. They should neither melt nor create

significant vapor pressures during flake growth, annealing and InSb growth, meaning it

should be stable up to 700 ◦C. A second requirement tied to this is thermal expansion.

If there is a large mismatch in thermal expansion coefficients between the gate material
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Figure 6: Overview of the tungsten gate concept. a) shows the flake growth concept that is used
to cover the gates. The masked area is white and the colored points are crystal cells in openings in
the mask, which are colored by their amount of neighbours (shown in legend). Rotating the wires
off axis (right) induces lateral growth via the creation of roughness. In b), the broader concept
is shown, where the gates are insulated and embedded within the substrate, with an additional
mask on top, with a continuous opening over all gates. The flake is then grown and finally a
wires is grown on the flake. Depicted in c) is a comparison of different candidate gate materials
plotted as the bulk melting point versus the relative thermal expansion coefficient to the substrate.
It shows tungsten as being the ideal candidate, with high melting temperature. d) contains a
schematic cross-sectional view of the fabrication process of the insulated tungsten gates, with the
color-material mapping at the bottom.
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and the InP substrate, significant strain can build up, leading to breaks in the gates or

even delamination. In the initial stages of testing, the gates will not be encapsulated by

a dielectric, meaning they are exposed during growth. Therefore it would be preferable if

InP does not grow parasitically on the gate material.

In Figure 6c, a comparison of a wide array of metals is compared on the two primary

requirements, where bulk melting point acts as a proxy for temperature resistance and the

thermal expansion mismatch is shown in a scale relative to InP. Additionally, a few non-

metals are included to give context to the values. With regards to both temperature and

thermal expansion, SixNy is known to work [5]. On the other end, there are unpublished

indications that platinum delaminates under growth circumstances. The sensitivity to

strain is of course also dependent on the adhesion properties of the gate material, but

strains might also be induced on the resulting flake, if no delamination occurs, which is

also undesirable. From Figure 6c, two candidates immediately seem suitable: tungsten and

molybdenum. Of the two, tungsten has been used as a mask material in III/V growth [21,

22], giving the indication that parasitic growth can be avoided, whereas no such work has

been found on molybdenum. Tungsten also has the higher melting point of the two and

was available more readily while carrying out this work, therefore this was chosen as the

gate material.

Fabrication

A gate fabrication process, compatible with, but not requiring encapsulation with a

dielectric, is shown in Figure 6d. A SixNy mask with the gate design is fabricated and

patterned, which is used to etch trenches into the substrate via CF4-based ICP etching.

Before depositing the tungsten, a SixNy layer is deposited, insulating the gates from the

substrate. Then tungsten is sputter-deposited taking advantage of the low directivity of

sputtering, partially-fully closing the trenches depending on their dimensions (I ). After

sputtering, an additional SixNy is deposited via PeCVD, closing the remaining trenches

completely. The cover layer of SixNy and the sheet tungsten layer are then etched away

via an SF6-based RIE process. In this etching, once the bulk SixNy is etched away, it acts

as an mask for the gates while the sheet tungsten layer is etched. The ideal etching process

where the trenches are filled up completely is shown in Supplementary figure S1 found in

Appendix 9, this analysis was done to get some estimate as to what the proportions of

the gates should be.
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3.7 Contact design & fabrication

To test and characterise the conductivity and leakage of any type of gate, there needs to

be a method of electrically connecting the microscopic gates to macroscopic measurement

devices. This is normally done by patterning a design in resist that covers the gates on one

end and fans out into a large pad on the other end. By depositing a metal layer stack in to

this mask and applying lift-off to the mask, lifting the unwanted metal, leads are fabricated

of which the pads can be contacted externally with sufficiently low precision requirements.

This external contacting is done in two main ways, via finger probes or via wire bonding.

With the finger probes the pads are simply touched by a precisely positioned movable

needle, often multiple fingers can be moved in parallel at fixed interdistances, individually

contacting multiple pads at once. A more permanent, but less flexible option is connecting

the pads to PCB connections via arching wires that are fixed to the pads via a process

akin to soldering. In this work the former option is employed, as the number of devices

of interest is large, but the number of measurements to be done on each device is low,

making flexibility a priority.

One of the issues discussed in Section 2 is scalability and connected to that, the ability

reproduce measurements on multiple devices. On SAG growth chips, often tens of

thousands of devices are present, partially to enable many experiments but also because

it is not clear in advance which device dimensions will balance good growth and good

transport properties. This leads to a maze of designs, through which one has to,

traditionally, draw the design of the leads, once the devices to contact are chosen. The

result is that the limiting factor of experiment scale has moved from placing NWs to

drawing contact wires to NWs. To resolve this barrier, a program was devised which

automates this drawing of contacts.

Automatic contact design

The goal of the program developed here is to take as input: the SAG design, the devices of

interest, the intended locations of the contact pads, the number of fingers per probe hand

and the number of probe arms. An example of such a design is shown in Figure 7a.

These inputs are then processed to produce as an output a mask design connecting

the contact pads to each device terminal in such a way that each device can be fully

contacted with the limited number of probe arms, without shorting anything by letting

leads cross. This routing problem is essentially a multi-agent pathfinding problem (see [23]

for an overview), but the additional constraint of non-crossing paths makes traditional

approaches unsuitable. The challenge of designing the contacts is split into two parts,
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the global and the local. The global problem is to find a mapping between each device

terminal and each contact pad that is both contactable by the arms and has a possible

connecting route, ignoring obstacles such as other device, that would not cross the other

routes corresponding to the other mappings. The local problem is to take these ’rough’

routes, and adapt them to avoid the other devices on the design, without making too

sharp corners or running into other leads.

The global problem was solved by defining a virtual potential V analogous to an electric

field in an empty 2d space, defining static positive charges for each set of contact pads

(bundled by the number of fingers on each probe arm), defining static negative charges for

each device to be contacted and letting negative charges placed at each device terminal

move freely through the 2d space to the contact pad charges. This is depicted for an

example design in Figure 7b. The nature of potentials guarantee that the paths never

cross, as it is rotation free (∇ × ∇V = 0). These routes will often not be distributed

properly, meaning some contact pads will receive multiple virtual charges, this is resolved

by deforming the resulting routes towards free contact pads along equipotential lines. The

result is a mapping from terminals to pads, with additionally a ’guide’ for the route to

follow, shown for the previous example in c).

The local problem was solved similarly to how car navigation software generates routes to

a destination. First the design is discretised in 1x1 µm cells, with the cells occupying a

structure marked to be non-traversable, then the morphological skeleton of the remaining

cells is computed leading to a graph supporting all possible routes around all structures,

akin to a road network around buildings, shown in d). A modified A* pathfinding

algorithm that loosely follows the global guide is applied on this graph to find the final

routes, supporting the bundling of leads, i.e. sharing graph edges if there is enough space.

A final result is shown in Figure 7e, with a magnified view overlaid on the growth design

shown in f).

Buffer growth

Contact fabrication

To fabricate the contacts, first an approximately 300 nm tick layer of PMMA (950k, A6)

resist is spin coated (60 s, 3000 RPM) and baked (210 s, 180 ◦C). This is exposed via EBL

and developed for 80 s using a 1:3 MIBK:IPA mixture, stopping the development via an

IPA dip. Just before metal deposition, the sample is dipped in H3PO4 to strip the native

oxide from the wires. The metal stack is deposited via e-beam evaporation. Either a 50

nm titanium (Ti)/50 nm gold (Au) or a 25 nm nickel (Ni)/40 nm germanium (Ge)/50
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Figure 7: Steps in the generation of contact leads. In a), a SAG design containing 9000 individual
structures (purple) is shown, surrounded by contact pads (yellow) bundled in groups of six. b)
visualises the utilisation of the potential V (contour plot, green) to find routes from the structures
to contact (blue) to the contact pads (red). The redistributed routes are shown in c), with the
same coloring. d) depicts the graph along which the structure avoiding routes are calculated, which
is used to generate the final routes shown in e). A magnified example of a section of a generated
route is shown in f), contacting a device with 12 terminals.
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nm Au stack is used. Both are known from literature to form ohmic contacts to n-type

InP [24, 25].

3.8 Transport setup

After contact fabrication, samples are mounted in a 2 armed probe station with 6 fingers

on each arm spaced 100 µm apart. Before measuring, the chamber with the sample

is pumped to vacuum. The probes are placed on the contact pads of interest while

grounded, connected to a Keithly 2636B, after which the grounding is lifted. To eliminate

the influence of contact resistance from the measurement, the four-probe measurement

approach is used. This entails fabricating two contacts on the ends of the wire, the force

contacts, and two additional contacts in between the force contacts, referred to as the sense

contacts. A source-drain current is applied through the force contacts while the voltage

to the sense contacts is adjusted such, that no current flows through them, meaning there

is no voltage difference between the sense contacts and the connected section of the NW.

The difference between the voltages of the sense contacts then gives the voltage difference

in the wire over that segment. As there is no current between the wire and the sense

contacts, both the current in the wire is unaffected and there is no voltage drop in the

contacts, leading to an accurate resistance measurement of only the wire.

For the low temperature measurements, the sample is cooled by pumping liquid helium

(l-He) through the sample holder. This holder also contains a thermometer and a heater,

which are read out and controlled, respectively, by a Lakeshore employing a PID closed

loop controller. For temperature series measurements, the sample is first cooled to a

setpoint of 10 K until the heater stabilises, then measurements are carried out and the

setpoint sequentially increased.
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4 Doped gates
The two materials, InP and InGaAs, combined with the three doping types, undoped,

sulphur doped and silicon doped, create six different configurations. As this number is too

high to thoroughly investigate the growth of all combinations at different doping levels,

the growth for each case is optimised with the highest doping level for which proper

growth is maintained. Based on the achieved growth quality, the wires are contacted and

cooled down, to verify metallic behaviour through degenerate doping. For the undoped

InP growth, a seldom seen growth effect referred to as synergetic growth is observed, this

observation is briefly discussed at the end of the section and the effect is modelled in

Section 6.

4.1 Gate growth

Example gate structures resulting from the optimised growth of all six material-dopant

combinations are shown in a table in Figure 8a, with the material constant within columns

and the dopant constant within rows. These gates are all grown significantly taller than the

height of the mask, as this greatly increases their visibility and magnifies facets, steps and

interruptions, making quality judgements more accurate. First some common observations

relevant to both materials are discussed before going into the particulars of the InP and

InGaAs growth.

Across the two materials, different commonalities were observed regarding the influence of

dopants on the growth. The addition of sulphur doping via hydrogen sulphide (H2S), has

the reverse effect of sharply decreasing the growth rate. This happens to such an extent

that for a wide range of H2S molar fractions, growth is completely absent. This is most

likely the result of a passivation layer, composed of elemental sulphur, forming on top of

the substrate, as exposure of InP to H2S at elevated temperatures is used to intentionally

create such a passivation layer to protect the material against oxidation[26]. Only after

bringing the H2S molar fraction down enough can material be grown.

For both InP and InGaAs, the addition of silicon via Di-tert-butylsilane (DTBSi) increases

the growth rate and decreases the sharpness of the NW facets. This is in line with

expectations based on literature. Silicon adatoms are known to compete with their In

counterparts for the group-III lattice positions [27]. As the growth is In-limited, this

additional material source for the group-III lattice positions can increase the growth rate.

It is unlikely however that this is the only mechanism for the observed effect, because then

it would be noticeable only at alloy level compositions.
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InP

It appears the InP grows in the Frank-van der Merwe mode, based on the fact that

neither partially filled openings, nor height steps within wires are observed for any growth

time. An example silicon doped wire, for comparison can be seen in Figure 8b. This

drastically changes, when the temperature is decreased from 650◦C to 630 ◦C, shown in

Figure 8c. The motivation for decreasing the temperature would be to decrease the possible

diffusion of the dopant into the substrate, both directly and via regrowth of evaporated

material under the mask. The result however is partial filling of the mask with many tall

islands. This growth looks reminiscent of Volmer-Weber growth, but is decisively different.

The difference being that instead of forming many-faceted polyhedron-like structures, the

islands grown are closer to thick flakes that maintain the same facets as the normal wires.

A clearer example of Volmer-Weber growth is seen upon returning to the original growth

temperature, but now increasing the DTBSi molar fraction by 25% to 1.5×10−2. This also

forms multiple islands in only a part of the mask opening, but now with the introduction

of many inclined facets. A possible induction from this change is that the silicon, in its

replacement of indium, has a much stronger influence on stability of the In-rich 111A

top facet than on the other facets, promoting the appearance of the apolar facets. The

mechanism behind this influence remains unclear, but places a clear limit on the doping

level.

InGaAs

The growth of InGaAs had some technical difficulties. To achieve the ideal, InP lattice

matched composition of 53% In and 47% As, the total flows had to be increased

considerably due to a lower limit of the Trimethylarsine (TMAs) flow. This resulted

in high growth rates on the order of 40 nm per minute that could not be reduced without

compromising the growth. Although in the case of the InGaAs gates, similarly as for InP,

no signs of partial mask filling were found, even for shorter growth times, both height steps

and width steps are routinely observed. See also the width variation and contrast lines

perpendicular to the wires in the InGaAs:S and InGaAs:Si structures in Figure 8a. These

features are usually indicative of the wires growing in multiple islands and merging at a late

stage of the growth, but then those islands would be visibly separate for shorter growth

times. If the islands merge at an early stage, before they exceed the mask, the height

difference accumulated between the islands would be proportionally less. One explanation
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material-dopant combinations. Each row represents a dopant and each column represents one of
the gate materials, InP and InGaAs. The effects of moving away from the InP:Si optimum, shown
in b), are shown either by decreasing temperature (c)) or increasing the DTBSi flow (d)). Scale
bars in a) are all 500 nm. In b), c) and d) the scale bar is 1 µm.
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for this behaviour would be the presence of defects in one or both of the islands, forming

an additional defect at the merging plane of the two islands.

4.2 Transport

The low control of the InGaAs growth, combined with their uneven surface and the

potential for defects make it less promising gate candidate. Therefore, the transport

focuses on the InP gates.

Sulphur doped InP

Forming ohmic contacts to the InP:S NWs proved challenging. Two different metal stacks

were attempted, 50 nm titanium (Ti) followed by 50 nm of gold (Au) and a stack consisting

of 25 nm nickel (Ni), 50 nm of germanium (Ge) and 40 nm of Au. Both are successfully

used in literature to form ohmic contacts to n-type InP[24, 25, 28]. This was preceded by

H3PO4 cleaning and succeeded by an optional annealing step at 400 ◦C, for 15-30 seconds.

None of these attempts had any effect on the absence of conductivity at low bias. Note

however, that to achieve a nonzero growth rate the H2S flow had to be reduced to a level

where it no longer formed a passivating layer. A possible consequence of this is that the

doping level achieved is low to an extent that either the contacting is extremely stringent

or even that the wires do not conduct at room temperature. In either case it seems the

doping level is too low for this application and increasing the doping level further will be

challenging, as its limiting factor is difficult to avoid, being the presence of the dopant

itself.

Silicon doped InP

Using a H3PO4 cleaning step, immediately followed by e-beam evaporation of the

same Ni/Ge/Au stack as tried for InP:S, ohmic contacts to a InP:Si sample were

successfully formed. This required no annealing, which is advantageous for possible

future applications involving temperature-sensitive superconductors such as lead or tin.

In Figure 9a, an optical microscopy image of a part of the measured sample is shown,

with 112 automatically routed leads, connecting the probe pads to the wires, visible in

white. By measuring devices with four contacts spaced evenly along the NW, four-probe

measurements, as described in Section 3.8, contact resistance can be eliminated. An IV

trace of a device with a 7.7 µm long channel is shown in Figure 9b, measured via four

probe current bias and using a least squares fit, the resistance is determined as the slope

of the curve. The residuals of this fit can be seen in the inset and appear to contain some
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extremely small nonlinearity. This could come from the edges of the metal-wire interface,

where oxygen can creep in, creating a small parallel channel with a high contact barrier.

To verify the metallic behaviour needed for gate functionality, the sample was cooled down

to 10 K using liquid helium and subsequently heated up in steps to room temperature.

At each temperature, after a stabilisation time, the four-probe devices were measured.

The found temperature dependence of the resistance is shown in Figure 9c. Decreasing

the temperature in a non-metallic semiconductor would result in an increase of the

resistivity towards infinity at 0 K as the impurities progressively deionize for lower thermal

energies. The wire measured here however shows a significant decrease in resistance as the

temperature decreases. This is behaviour characteristic of metals. It appears there are

two regimes, a regime of roughly linear dependence and a somewhat constant regime. This

behaviour can be identified as the gradual elimination of phonon scattering, after which the

residual resistance remains. There does seem to be some milliohm increase in resistance

between 70 K and 10 K, magnified in the inset in Figure 9. This effect can however

not be identified without extending the measurement range below 10 K. Two more such

devices were measured, one having very similar behaviour and one rather different. This

can be seen in Supplementary figure S2. The third device with different behaviour shows

a similar increase in resistance starting from 10 K. Between 200 K and 240 K however,

the resistance drops by almost 60%. This large difference between low temperature and

room temperature resistances was observed across multiple thermal cycles.

To gain insight into the potential for these wires to function as gates, not only the

conductivity, but also the leakage between nearby gates, connected though the undoped

InP substrate was investigated. This was done by growing two parallel wires, contacting

one end of each and measuring the IV characteristics across the substrate. Such a

measurement is shown in Figure 9d, for an 8 µm parallel segment, spaced 200 nm apart.

As can be seen, biases in excess of 500 mV already show significant leakage currents. This

would constrain the gate pitch, the buffer thickness and the applied voltages to an extent

that the gates would have no practical application.

4.3 Synergetic growth

Aside from applying existing knowledge on III/V semiconductor growth for applications,

the more fundamental understanding of the growth process can also be deepened, possibly

enabling future applications. For this reason, when growth behaviour is observed that

counters current understanding, it should be investigated.

One such case can be seen in the AFM height scan of a 4 by 4 array of nanowires, shown
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Figure 9: Transport behaviour of InP:Si. a) shows an optical microscopy image of a part of the
measured sample. The contact pads for the probes are visible in white and the leads to the devices
are visible in black (scale bar 500 µm). In b), an example four probe measurement is shown, with
in the inset, the residuals of the resistance fit to the data. These points are sequentially colored,
such that hysteresis effects would appear as a sharp color discontinuity. c) shows the temperature
dependence of the four probe resistance, with the first 5 points repeated in the inset. d) contains
a gate-gate leakage IV trace.
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in Figure 10. It seems that the NWs at the corners are less tall than those in the interior

of the array. To verify this observation, three additional fields with identical design were

scanned, and each NW’s top facet height was extracted. This gives four heights for each

position in the array, the average of which is plotted in Figure 10b. Here a clearer pattern

emerges. Interestingly, it displays fourfold symmetry, while the distances between the

wires in the horizontal and vertical directions differ significantly. Taking advantage of

this symmetry, the wires are further categorised in the three unique cases of corner, edge

and interior. Plotting the wire heights accordingly leads to Figure 10d, where the three

cases are numbered according to their number of 4-connected neighbours. There is a

considerable degree of randomness in the wire height, however by calculating the 95%

confidence intervals (notches of the boxes) of the median (orange line) and observing that

they do not overlap, it can be confirmed that there is evidence for an effect. This effect

was also observed in 4 by 2, 4 by 3 and to a lesser extent in 4 by 5 arrays of NWs.

When nearby nanowires influence each other during growth, in most cases, an increase

in NW density leads to a decrease in growth rate. This is explained by the fact that

material diffuses over the mask towards the wires and nearby wires compete for the same

material on the mask, limiting supply. In this case of undoped InP however, an increase

in the amount of neighbours increases the growth rate. A peculiar effect only reported

as synergetic nanowire growth for gold catalysed VLS growth [29]. The hypothesis in

literature was that the gold catalyst used in the VLS growth catalyses precursors, which

can then diffuse outward, contributing to the growth of nearby wires. This cannot be

directly applied to explain the effect observed here, as there is no catalyst. Aside from

the exact physical mechanism, it is possible to outline the conditions that must be met

for this effect to occur. For both the competitive and the synergetic growth regimes, the

diffusion length of growth material needs to be large enough that multiple wires have a

common surface or gas volume reachable by both wires, but not so large that all spatial

effects are averaged out. The core difference between the two regimes is the direction of

material flow between the growing wire and the environment. In this case, environment

can both mean the gas phase and the mask surface, but for explanation’s sake, here the

mask surface is taken as an example. In the competitive regime there must be net diffusion

from the mask to the wires, combined with a limited supply of material to the mask. For

diffusion to occur, there must be an adatom occupation difference between the mask and

the wire. This difference could both be driven by consumption on the wire and differences

in adatom association and dissociation rates due to material surface properties. Now for

the synergetic growth, there must be net diffusion from the wires to the mask, such that
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Figure 10: Synergetic growth effect. a) shows an AFM heightmap of a NW array, where the effect
is faintly visible. b) contains a map of the average top facet heights of four identical such arrays
of the same design. c) shows a scatter plot of all measured top facet heights as a function of the
number of neighbours at each array position, with the heights from each array a different color.
Overlaid is a boxplot across the heights of each neighbour count with the median as an orange line
and its 95% confidence interval as box notches.

the mask adatom occupation in the neighbourhoods with more wires increases, decreasing

the occupation difference with the wires and thereby decreasing the material loss of those

wires, relative to wires in low density areas. With minimal changes, this explanation could

be reformulated for the growth material to be precursors, partially catalysed on the wire

surface, or towards gas phase diffusion. The present observations are not extensive enough

to differentiate between these variants.

4.4 Discussion

While progress has been made on the growth of degenerately doped nanowires, their

characterisation is still in its infancy and many questions such as the mobility, exact

carrier density and the behaviour at mK temperatures remain unanswered. It is highly

likely that the growth process and the doping level can be optimised such that metallic

behaviour is reached with a minimal amount of doping and a sharp doping profile. A more

fundamental problem lies in the question whether the ultimate limitations given by the

breakdown field of the substrate and of the buffer layer will ever allow for practical gate

dimensions.
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5 Tungsten gates
The development of the tungsten gate concept is pursued from two sides: fabrication of

the gates and growth of the flakes. With the latter is meant that the tungsten gates

themselves are not necessary to develop and experiment with flake growth, as this can

be done by masking the InP in the same way as would be the case if there were gates

present. The results of both of these approaches are presented, followed by a discussion

on the status and prospects of the approach.

5.1 Tungsten gate fabrication

The fabrication of the tungsten gates suffers from a number of obstacles, preventing their

realisation. The first is the self-shadowing of the tungsten during sputter deposition. This

has the following mechanism. The top edge of the trench has a larger field of view of

the sputtering target than the bottom edge, this causes a gradient in lateral growth rates

along the trench sidewall. The trench closes faster at the top than it does at the bottom

and this decreases the field of view at the bottom even more, magnifying the effect as the

deposition continues. The result is a slowed filling of the trench, the formation of seams and

ultimately, the formation of voids in the trenches. The cross section of a trench with slowed

filling is shown via an SEM micrograph of a cleaved sample in Figure 11a. The reason the

field of view of the target affects the deposition rate in the first place originates from the

broad angular distribution of the tungsten flux. Note that this is fundamentally different

from an chemical deposition techniques in that overhangs will never receive material.

There are cases where this effect is alleviated by low sticking coefficients, meaning atoms

can bounce off sidewalls towards the bottom a trench. Unfortunately, tungsten is found to

have a near-unity sticking coefficient [30]. The smaller trenches seem less affected by this

process. This could be either due to the smaller trenches having more oblique sidewalls or

due to some slight mobility of the tungsten over very small distances. The latter being an

effect which would not be visible in the experiments carried out in literature [31], which

were done at much larger dimensions. Though it should be noted that the smaller trenches

reach the limits of the SEM system used, making accurate assessment of the morphology

difficult. The overhangs that form due to the sputtering also pose an issue for subsequent

SixNy self-aligned mask fabrication. As soon as overhang exists, even a perfectly isotropic

deposition will form voids. Such a void can be seen as a dark spot in Figure 11b. These

voids are a problem as they form in the precise locations where masking is needed to protect

the tungsten gates. The second obstacle is the significant fluctuation in incubation time
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Figure 11: Tungsten gate fabrication. Subfigures a)-c) show cleaved edge side-views of InP samples
with narrow trenches etched into the substrate (a)), these are then covered with 40 (b)) or 60
(c)) nm of tungsten. In d), this is additionally covered with a 40 nm SixNy layer, leading to void
formation seen as dark spots in the trenches. Possibly successful etching of the sheet tungsten
layer is shown in e), with W remaining in the narrow trenches. The sheet etching rates of the SF6

process are shown as a function of etching time, with the colors corresponding to three separate
days. White scale bars are 100 nm, colored lines between different materials act as a guide to the
eye.

and etch rate of the tungsten etching RIE process. As, in the used process, there is only a

small etching difference between separating the gates from the sheet W layer and etching

the gates away as well, this is detrimental the success rate. Figure 11c shows attempts

at calibrating the sheet etching rate at different moments, separated by hours to days.

Figure 11d-e shows etched samples where it appears there is tungsten left in the trenches,

but most likely, the W on the substrate is not etched completely.

5.2 Flake growth over silicon nitride

While the tungsten gates themselves could not yet be successfully fabricated, the most

critical part of this gate design can be developed independently. This part is the growth

of a flake over the gates, creating a surface on which NW networks can then be grown.

Using a SixNy mask design that combines the ’simulated’ presence of tungsten gates and a

surrounding flake mask, the growth of flakes is investigated. The essence of this approach

lies in the fact that for SAG, the mask thickness and the shape of the opening determine

the shape of what is growing. Both InP and InGaAs are used as flake materials. Due

to its lower breakdown field, InGaAs is application-wise not very relevant by itself, it is

interesting however, as it shows flakes can also be grown through heteroepitiaxy.

In Figure 12a-c, the result of growing InP nanowires in successive directions, starting
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from the <110> direction incrementing in steps of 5◦towards the <112> direction (30◦off-

axis from the <110>). It can be seen that for the on-axis case, sharp wires form, for

the 5◦ off-axis case, the wires are still separated, but did grow laterally at an enhanced

rate, forming parallelograms with the geometrically nearest low-index facets. The next

case, 10◦ off-axis, forms a pristine flake, with all side-facets relaxed to a low index facet.

This behaviour is identical when starting in the <112> direction and making 5◦ steps

towards the <110> direction. It should be noted that the low-index side facets only form

for smaller flakes, with relatively low yield, however, the flakes themselves, meaning the

lateral connection between the component nanowires forming an uninterrupted surface, has

high yield across many nanowire dimensions and spacings. With the intended application

of bridging tungsten gates in mind, this is the essential part of the flakes, making these

results promising.

Surface topography

To further check the compatibility of these flakes with subsequent growth, the surface is

inspected using AFM. A representative resulting heightmap can be seen in Figure 12d,

showing a 2.0 by 3.7 µm flake. The color scale is focused around the flake such, that the

mask is black at 0 nm, but the color scale only starts changing from 47 nm above the mask.

The flake itself varies in height between 51 and 55 nm. The surface measurements of these

flakes comprise of two main elements. The first feature emergent from this data is the

presence of terraces with a 0.35± 0.05 nm step height, matching the spacing between InP

{111} planes (0.344 nm) and confirming smoothness of the flake via the fact that at most

3 levels are present within one flake. The second more puzzling feature is a gradual 0.5-1

nm oscillation-like fluctuation of the flake height, perpendicular to the opening direction.

With gradual is meant that the fluctuation does not come in discrete terrace-like steps. In

fact, terrace edges can be seen continuing uninterrupted across these oscillations, implying

either a measuring artefact or a deformation of the lattice itself. The fluctuation is

repeatable across multiple scanning directions. Additionally, tip-induced deformation was

excluded by measuring with different applied forces and confirming no difference between

these scans. Both these facts make a simple measuring artefact unlikely. One source of

lattice deformation could be thermal expansion mismatch. The structures are scanned at

630 ◦C below their growth temperature leading to possible buildup of strain between the

parts of the flake that are directly connected to the substrate and those bridging SixNy .

Which would be due to the stronger contraction of the InP bridges than their SixNy cores.

However, a rough estimate based on bulk thermal expansion coefficients and complete
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strain relaxation, indicates the height difference generated through this mechanism would

be of the order of 0.05 nm, more than one order of magnitude smaller than the measured

variation. There is indication that flakes grown from longer, 4µm, openings lack this

feature, but this is based on a single flake (See Supplementary figure S3), which is also

10% thicker.

The InGaAs flake growth achieved here is very similar, but seems to differ in a number

of places. Important to note is however, that it could not be confirmed whether the

observed differences are due to the material itself or simply due to different effective

growth parameters stemming from differences in species cracking and diffusion behaviour.

A second complicating factor in comparing results is that the InGaAs flakes were grown

much thinner, meaning they are at a different stage of their growth. An SEM micrograph

of an InGaAs flake can be seen in Figure 12e. The most notable difference with the InP

flakes is the presence of triangular, {112} faceted protrusions on the flake surface that

build up a large enough height difference with the rest of the flake to be visible in SEM

top view. This is however a feature most seen in much larger flakes, which were not yet

attempted to be grown for InP.

5.3 Discussion

The tungsten gate concept remains in early stages of development. In attempting to

create a gate fabrication process with the minimum amount of EBL exposures, both with

alignment issues and yield in mind, a process was designed which is extremely dependent

on idealised deposition and etching, and on perfect calibration of all processes. It is now

clear that sacrificing robustness in exchange for a lowered number of processing steps opens

no path towards success.

In its conception, the most challenging and speculative component of this gate design

was seen to be the growth of the flakes, which has succeeded. The tungsten can both

be deposited and dry etched. The ingredients are present, what remains is putting them

together.
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6 Modelling
Both the InP flakes meant to cover the tungsten gates and the observed synergetic effect

are examples of nontrivial growth, the control over, and explanation of which requires a

deeper understanding of the mechanisms at play. Both to verify whether posed hypotheses

are sufficient to explain the order of magnitudes of the observations they aim to explain

and to aid in designing future experiments, a growth model is introduced. This model

functions as a simulation of homoepitaxial selective area growth.

In developing models and simulations, there is always the need to balance simplicity

and accuracy. Intuitively, one could think the model that more accurately matches the

observations is always the better model. However, if that accuracy comes at the price

of adding a large amount of complexity and parameters, it could very well be that this

model only agrees with the current observations and will completely fail on new data. Even

though a simpler model could deviate somewhat from the current observations, a lack of

parameters means it simply cannot be tailored to the data to a large extent, increasing

the odds of generalisation.

The developed model is first introduced, followed by two applications: The simulation

of the flake growth and the evaluation of the of the synergetic growth mechanism

hypothesis.

6.1 Model definition

The mechanism this model is built on is the influence of potential bond count on adatom

nucleation. As the adatoms diffuse over the growth surface, each available lattice site will

act as a potential well with a depth positively correlated with the number of bonds the

adatom could form at that site. The deeper the well, the smaller the probability that

thermal fluctuations are able to displace the adatom. This behaviour is simplified to the

threshold coordination number cT , above which adatoms will nucleate. Below this count,

no nucleation will take place. This is captured by nucleation probability pnuc(~x) at lattice

site ~x,

pnuc(~x) =

1 if c(~x) > cT ,

0 otherwise
, (1)

where c(~x) denotes the coordination number at lattice site ~x. A value for cT can be readily

obtained by observing that the {110} and {112} facets are highly stable, but {113} facets

have a high growth rate. The threshold cT can then be set to the coordination number of a
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nucleation on the stable surface with the highest energy, the {110} surface. Additionally,

based on the fact that the modelled InP growth is carried out in an In-limited regime,

P-sites are assumed to be filled instantly, reducing the growth dynamics to a single-species

problem.

Lattice

Based on the fact that only {111A} facets parallel to the substrate, {110} and {112}

facets at a 90◦angle from the substrate and all higher index orientations between these

latter two are visible in the InP structures under consideration, the lattice definition can

be simplified by taking advantage of this fact.

Two dimensional square lattices can not only be represented efficiently in computer

memory, but there also exist extremely efficient algorithms for manipulating them, e.g. the

fast Fourier transform. For these reasons, the three-dimensional InP zinc-blende crystal is

represented using a simple 2d square lattice. This is however done in a way that conserves

the relevant symmetries and still enables the tracking of the number of bonds adatoms

could form at the lattice sites.

A representation of a InP crystal can be seen in Figure 13a, where crystal cells

are represented as regular tetrahedra, with the indium cation at the center and the

phosphorous anions shared at the corners. In the {111} plane, three distinct layers can

be observed, individually identical but offset from each other. These layers are commonly

labelled a, b and c, here colored red, green and blue, respectively. After layer c, the

pattern repeats with a new layer a, laterally aligned to the previous layer a. This stacking

is shown more clearly in Figure 13b. The tetrahedra can be seen to be connected both

within each layer and between the layers. Now, to move towards an efficient representation

of this structure, the a, b an c layers are shifted into each other such, that all cations lie

in a single plane. This transformation is illustrated in a 2d side-view in Figure 13b,

now showing the regular crystal structure. The result of the transformation is shown

in Figure13c where the tetrahedra have been replaced by spheres at the positions of the

cations and the connectivity via anions, of a single cation is indicated via black and white

arches. This structure can be transformed to a square lattice by choosing a suitable

basis, which is shown in dashed lines. The final simulation lattice is shown in Figure 13d,

with the connectivity of a single site marked by white arrows. To complete the ability

of representing all crystals of interest in a selective growth context, each lattice site is

imbued with a height representing the number of atomic layers present at above this site

and with a material bit, marking whether the site is occupied by the crystal or by the mask.
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Figure 13: Illustration of lattice construction. In a) a perspective view of the zinc-blende crystal is
shown with each cell shaped as a tetrahedron with an In cation in the center and P anions at the
corners, {111} layers are color coded in red green and blue. The same crystal is shown in b), but
now in a {112} viewing plane, showing the alignment of the layers in one axis and the possibility
of shifting the cations from each layer into each other. The result of this shift is shown in c), with
additionally the basis for a square lattice in dashed black lines on the left and the original crystal
connectivity of the cells shown as arches on the right. The a more abstract view of the simulation
lattice is depicted in d), with the lattice connectivity to a single site shown by white arrows.

The amorphous mask in this way is also represented within this same lattice, where sites

(spatially) occupied by the mask do not contribute to the potential bond count driving

the growth. Thus, the mask is assumed to act to block the crystal from growing to certain

positions.

6.2 Adatom occupations

A driving factor in the hypothesis on synergetic growth is the limited supply of indium

and the diffusion of that supply over material boundaries on the sample surface. To

aid in understanding this, the occupation number n is introduced. It is defined as the

average number of adatoms present per lattice site area or equivalently, the probability of

finding an adatom at a single site. When a material in isolation is exposed to the growth

conditions and there is assumed to be no nucleation on the surface, n is expected to reach

an equilibrium characteristic form that material under those growth conditions. Based
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on the precursor partial pressure and cracking efficiencies, there is a certain equivalent

incoming particle flux feq per unit area, that sticks to the surface with probability pstick.

The resulting adatoms will diffuse over the surface for a characteristic time tass before

dissorbing. Assuming an infinite surface with translational invariance, the differential

equation resulting from this system can be solved for the equilibrium occupation number

neq, defined as:

lim
t→∞

n(t) = neq =
feq pstick

feq pstick + 1
tass

, (2)

with t the time since the particle flux was introduced. Both the sticking probability and

the association time can differ between materials, meaning neq is material dependent. Such

a difference will result in a net surface diffusion across the material boundary. Assuming

independent adatoms, they can be described by a random walk. For a surface diffusion

constant Ds, the characteristic length of this random walk will be lD =
√
Ds tass. This

leads for a single adatom to a Gaussian probability distribution centered on the landing site

of finding the adatom at any point on the surface. Therefore, the pre-diffusion equilibrium

occupation numbers can be convolved with a lattice-aware Gaussian filter to calculate the

surface occupation numbers after diffusion. A notable limitation of this approach is that

it assumes a constant diffusion length. In the case of simulating thin, narrow wires, this

length is chosen to correspond to mask diffusion, as the distance the adatoms diffuse over

the wires is negligible. For the flake simulation this limitation is more constrictive, as

during the initial stages of growth, mask diffusion is dominant, while in the later stages

diffusion on the flake becomes important.

Growth loop

Growth is simulated in discretized time. The crystal state at each timestep is calculated

using the following procedure. First, the adatom occupations on the previous crystal

are calculated. Then, for each surface site, the growth probability based on the

coordination number is calculated and multiplied by the obtained adatom occupation

number. Subsequently, a drawing of sites is made based on these probabilities. At these

sites the crystal is updated to reflect the newly occupied sites by setting the surface

material and height.

6.3 Synergetic growth simulations

The observed synergetic growth effect discussed in Section 4.3, where nanowires in the

center of an array have a higher growth rate than those at the edge of the array, is
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hypothesised to be driven by surface diffusion effects. As this is included in the growth

simulation, the simulated growth of an array of identical dimensions as those grown

experimentally should exhibit a similar synergetic effect. A key question aimed to be

answered is whether the current hypothesis not only explains the sign of this neighbour

advantage but also its order of magnitude. Two parameters drive the synergetic effect in

the model, being the ratio between the mask and wire equilibrium occupation numbers

nmask/nwire and the mask surface diffusion length lD. To obtain the maximum synergetic

effect the model can display, the occupation difference between mask and wire should be

maximal, leading to nmask = 1 and nwire = 0 and for the wires to communicate maximally

the diffusion length lD is chosen as 300 nm. Note that while these occupation numbers

are not realistic, it is instructive to explore the behaviour of the model along the limits of

its parameters. This results in simulations with the synergetic effect exceeding that seen

experimentally, an example of which is shown in Figure 14a, with the lattice sites marked

by circles colored by their height and the mask shown in grey.

Next, the full parameter space is explored. This is done by taking a linear sampling of

all relevant diffusion lengths between 1 nm and 1 µm, a sampling of all possible ratios

nmask/nwire and computing the expected magnitude of the synergetic effect formulated as

the neighbour advantage A, defined as,

A =
n4 − n2
nmean

, (3)

with ni the occupation number of a nanowire with i neighbours and nmean the mean wire

occupation number across the array. This definition results in a positive value for A in

a synergetic growth regime and a negative value in the competitive regime. To obtain

a symmetric sampling of all ratios between the equilibrium occupation numbers, nmask

is sampled linearly from 0 to 1 and the corresponding equilibrium wire occupation is

taken to be nwire = 1 − nmask. The resulting 2d phase space is shown using a diverging

colormap, centered at zero A, in Figure 14b. Looking at the leftmost vertical line at

nmask = 0 and nwire = 1, for low diffusion lengths, there is no synergetic effect. This is to

be expected as no adatoms can move between the wires. Then, moving up in the plot, as

the diffusion length increases, the synergetic effect will increase in magnitude, as adatoms

radiating outward from the wires become able to reach other wires, giving neighbours a

growth advantage. Increasing the diffusion length further however, diminishes this metric

of the effect, as once next nearest neighbours also influence each other, the amount of

direct neighbours is of less consequence. In the limit of infinite diffusion length the effect

will disappear completely, as each neighbour will influence each neighbour with equal
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magnitude, stemming from homogeneous occupation numbers. Moving to lower mask

occupations, the effect decreases in size, being zero for nmask = nwire, as there is no

diffusion without concentration differences, and flipping its sign for mask/wire occupation

ratios smaller than one.

The competitive regime visible in the right half of the plot is considerably weaker than

the synergetic regime. This asymmetry meaning that wires losing material to the mask is

a much more efficient process than the reverse has to do with the fact that the mask has

a much larger surface area relative to the wires, making it a more effective material sink.

Physically however, for the competitive regime, material consumption becomes relevant.

This was neglected in this model by assuming independent random walks for the diffusing

adatoms, while in reality an adatom can be consumed by growth when moving over a wire.

For the synergetic regime this is of low importance as the driving factor is adatoms moving

to the mask and desorbing, maintaining the validity of the assumption. Figure 14b includes

a dashed green contour line at the experimental value for the neighbour advantage for used

design, enabling comparison of the simulation to experiment. This shows the model could

not only explain the magnitude of the observed effect for the less physical mask occupation

of zero, but for ratios up to for a mask/wire occupation ratio of 1/4 for a diffusion length of

300 nm. An extension of this is shown in Figure 14c, where diffusion-occupation relation of

multiple experimental designs was extracted from corresponding calculated phase spaces.

Unfortunately, as the only design parameter that was varied between the different designs

was the number of repeated wires in the wire axis direction Nx, no single set of parameters

can be extracted. To illustrate the agreement between experiment and simulation in a less

derived way, the NW heights extracted from grown structures are shown side by side with

a statistical characterisation of the simulated heights for the same design in Figure 14d.

The parameters used here were lD = 300 nm and nmask/nwire = 1/5.

6.4 Flake growth simulations

To design and grow flakes around complex tungsten gate layouts, a good understanding of

the growth of such flakes is necessary. To this end the growth of the flakes was simulated,

taking full advantage of the capabilities of the model. In Figure 15 an overview of simulated

flakes is given. In this overview two parameters are varied to demonstrate the expressivity

of the model. In the horizontal direction, the progress towards a shape with only stable

facets is varied via either the growth time or the size of the structure. In the vertical

direction, the angle of the openings is varied.

As can be seen in c) and f), the stable lateral shapes of grown versus simulated flakes
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a) b)

d)c)

Figure 14: Synergetic growth simulations. A heightmap of a simulated array of nanowires with
maximal synergetic effect is shown in a), with the mask colored grey. The result of a calculation
for the same NW array, varying the ratio between the equilibrium occupation numbers on the mask
and on the wires while independently varying the mask diffusion length is shown in b), with a
dashed contour line at the experimentally found value for the neighbour advantage A. More such
contour lines are shown in c), now with the ratio between the mask’s and the wire’s occupation
numbers on the horizontal axis. In d), a comparison between the experimental wire heights and
the simulated wire heights is shown.

47



match closely. There is however still a difference in the surface profile of the top facet. In

the AFM profile presented in Figure 12d in Section 5, it could be seen that the atomic

terraces are oriented to step down towards the center of the flake. The simulation however,

shows the opposite: the center of the flake is a few atomic planes taller than it is at the

edges. The direction of the steps towards the center of the flake is yet another expression

of synergetic versus competitive growth. If the growth is in the synergetic regime, growth

material will be lost to the mask, meaning the edges will have less material to grow. In

the competitive regime however, there can be two drivers. The first is simply a high

equilibrium occupation number on the mask, leading to diffusion onto the flake, which has

a stronger effect on the edges. Another factor, also discussed in Section 6.3, is consumption

that can drive the occupation number on the flake down. This is not included in the model,

but might be the reason for the fact that these flakes seem to grow in the competitive

regime, while they were grown on the same sample as the synergetic nanowires. This

difference then stems from the fact that the flake, with its large growth area has a much

higher material consumption then the narrow nanowires.

While there is some similarity, the intermediate simulation stages differ significantly from

the growth. The key behaviour the growth shows that is missing from the simulation,

most clearly visible in a) versus its reference, is the collapse of high index facets into

staircase like structures that alternate between stable facets. Although these structures

still contain unstable negative corners, they are of significantly lower energy than the pre-

staircase structure. While the thermodynamic advantage of this is clear, the microscopic

mechanism of the formation of these steps is not.

6.5 Discussion

The synergetic growth model appears be compatible with current observations to a

degree that more experimental work is needed to validate the model further. This gives

confidence in the taken approach and the model will be helpful in designing these follow-

up experiments. The flake simulation, while promising, is still in an earlier stage where

it is not yet advanced enough to reproduce current results. This could be caused by the

assumption that nucleation probabilities follow a step function with the site coordination

number. Another problem could lie in the more basic assumption of nucleation being

driven purely by coordination numbers, as the chemical processes occurring in reality are

much more complex.
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Figure 15: Flake growth simulations. Each of the first three columns a)-b), c)-d) and e)-f) show
the flake growth in a different stage of progression, from initial extension beyond the mask to a
fully stable shape. Varied in the two rows a)-c)-e) and b)-d)-f) is the angle of the mask openings
from which the flakes are formed. The SEM images placed around a)-f) are reference images
with the same design as the simulated image they are next to, with the locations of the openings
indicated in dashed red. All scale bars indicate 1 µm.
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7 Conclusion
To overcome one of the biggest challenges faced by SAG grown quantum devices in

competition with the poorly scalable VLS approach, an attempt was made to implement

a bottom gate design. This design sought to overcome the integration requirements by

letting the entire gate, dielectric and nanowire network be single crystalline and gaining

gate conductivity via doping. To realise this, the growth of both InP and InGaAs gates,

each with either sulphur or silicon doping was realised. For the case of InP:Si, metallic

behaviour was confirmed by fabricating metal contacts and measuring the gate resistance

as a function of temperature, cooled via liquid helium. Leakage measurements between

gates however indicate significant leakage occurs over distances of 200 nm for potential

differences as low as 500 mV. This places restrictions on the gate dimensions and voltages

more severe than the alternative top-gates have.

With the challenges contained in the original approach in mind, a new alternative bottom

gate design was introduced. This would solve the core bottom gate challenges in a split

approach. The problem of the gates needing to survive the harsh growth conditions

is captured by the unique material properties of tungsten: its temperature resilience

and thermal expansion coefficient matching with InP. The challenge of creating a single

crystalline surface above the gates to grow on was proposed to be solved by laterally

growing over the gates, forming flakes, taking advantage of the high growth rates of high-

index facets. Progress has been made on the implementation of this design, but this is

still in early stages. The deposition and dry etching of tungsten was implemented, but

the envisioned fabrication process to fabricate the gates and enclose them with a dielectric

using a single EBL exposure was too sensitive to deposition and etching inaccuracies and

isotropies to be realised. By growing InP flakes using SixNy as a placeholder for future

gates, this concept could be explored nevertheless before the tungsten fabrication was

realised. The flake growth is promising and it was confirmed that the lateral growth

rate is high enough to bridge gates and the resulting surface becoming smooth enough to

function as a NW growth surface.

Synergetic nanowire growth was observed in InP SAG for which a mechanism based on

surface diffusion was proposed. By constructing a simple crystal growth model in which

this hypothesis was encoded, it was verified that this mechanism is capable of producing

effects of comparable magnitude as the experimentally observed effects. This model was

extended to generalise to flake growth so that it can be used to aid in designing future

tungsten gate experiments.
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8 Outlook
Future work is proposed to split into two directions. The first would be simply developing

the tungsten gate concept further. This could start without any dielectric encapsulation,

both to explore the growth and to test the performance of the gates in direct contact

with InP. This would already create a proof-of-concept on which future more complicated

fabrication could be based. The second direction would explore the growth of InP in a

more fundamental manner. Both the flake growth and the synergetic nanowire growth

are phenomena derived from the more microscopic details of the growth and therefore

give a window into this domain. Utilising the many degrees of freedom in the design and

variation of SAG mask openings, experiments can be designed that attempt to disentangle

the many processes involved in growth. This approach would be especially powerful

if combined with further development of the growth model which would both enable

the verification of hypotheses, but also to search, via simulation, for experiments that

would create measurable differences between competing hypotheses, guiding the design

of physical growth experiments. A concrete example would be the further analysis of

the synergetic nanowire growth. Distance variations between nanowires could probe

the adatom mask diffusion length, covering one axis of the phase space in Figure 10b.

The other axis is less readily accessible, but via surface area variations of the nanowires,

consumption could be varied, which might be enough to effectively vary the mask/wire

occupation ratios. If successful, such an experiment could show the transition between

synergetic and competitive regimes.
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9 Supplementary figures
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Supplementary figure S1: Tungsten gate dimension considerations based on ideal isotropic
sputtering and isotropic etching. It shows a substrate (grey) with trench depth d (varied over
collumns) with a tungsten layer with thickness t shown in light shaded orange (varied over rows).
This is then etched equal distance to the layer thickness, resulting in isolated gates (bright orange).
The grid size is 10 nm.
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Supplementary figure S2: Identical measurements as shown in Figure 9c, only for two different
devices.

a) b)

Supplementary figure S3: AFM measurements of two flakes. a) shows the largest InP flake grown
and b) shows the height profile of the flake shown in Figure 12c. Note that the left and right side
facets are present and sharp, but a few nm below the chosen color scale.
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