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1 Introduction 

1.1 Moore’s Law and Beyond 

We live in the Age of Information, which according to Collins Dictionary1 is a time when large 

amounts of information are widely available to many people, largely through computer 

technology. Electronic devices are intertwining with almost all aspects of our daily lives and 

rapidly re-shaping our reality. From today’s perspective it is difficult to imagine that a mere 

70 years ago a computer weighed 4500 kg and was big enough to fill a room. On the other 

hand, it must have taken a real visionary, back in 1965, to forecast the rapid pace at which 

the semiconductor industry has grown to be the $336 billion industry it is today.2 

In 1965 George Moore predicted that the number of transistors (computer’s electronic 

switches from which the chip’s logic circuits are constructed, allowing it to process 

information) that can fit on a silicon chip will double every two years as technology 

advances.3 The so-called “Moore’s law” held true for the last 50 years, with each generation 

of chips bringing more computational power at a lower cost. Today, with state-of-the-art 

transistors being just 14 nanometers wide, Moore’s law is approaching the fundamental 

physical limits. As chips are getting smaller, the insulating films are starting to be too thin to 

prevent short circuits. Plus, the amount of heat generated by the electrical currents flowing 

through the miniature transistors is sufficient to cause meltdown if not removed properly. 

Indeed, in predicting the main obstacles to improving modern electronics, the 2013 edition 

of the International Technology Roadmap for Semiconductors (ITRS) highlights the power 

management as the primary issue.4 

Ongoing research efforts - i.e. high-κ dielectric materials, integration of high mobility 

materials (III-V semiconductors, Ge, carbon nanotubes) with silicon, low-power transistors 

operating on new principles like tunneling or spin, 3D device architecture (stacking multiple 

layers of transistors)4 - might result in one or two generations of even smaller transistors 

before Moore “hits the wall”. Beyond Moore’s law, further improvements in performance 

will require a fundamentally different approach, such as quantum computing. 
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1.2 Quantum Computing 

A quantum computer is a computer which uses the principles of quantum physics to achieve 

computational power beyond what is attainable by a conventional computer.5–7 In a 

conventional computer, every transistor on a chip can be switched either off to signify a |0> 

or on for a |1>. In a quantum computer, |0>s and |1>s are represented by the two states of 

quantum mechanical systems, for example by the two quantized energy levels of an atom or 

the spin-up and spin-down states of an electron. These two-level quantum-mechanical 

systems are called quantum bits, or qubits. The fundamental difference between a classical 

bit and a qubit lies in the fact that a qubit can enter a quantum state known as superposition, 

which effectively represents |0> and |1> at the same time. In addition, the qubits can 

become entangled, meaning that any operation affecting one instantly changes the state of 

another, no matter how far apart they are. When the two objects are entangled, the joint 

system can explore a larger space of states than the two individual objects. As more objects 

are added to such a system, the space of entangled states grows exponentially. These 

quantum mechanical properties of superposition and entanglement would allow a quantum 

computer to explore a huge number of possible computational pathways in parallel. 

The biggest obstacle to quantum computers becoming reality is controlling and removing 

quantum decoherence induced by the qubit environment.6,8 In the process of decoherence, 

qubits become entangled with the environment which results in the collapse of the state of 

the quantum computer. Quantum states are fragile – they interact strongly with particles 

and fields surrounding them, meaning that a quantum mechanical system can remain in a 

coherent superposition of states only for a short time.9  

An alternative approach, topological quantum computing,10–13 eliminates the 

aforementioned issue by making the system immune to decoherence. The idea is to prepare 

quantum bits non-locally, such that they are topologically protected against errors caused by 

local interactions with the environment. However, most physical systems have only local 

degrees of freedom that are sensitive to local perturbations. Material systems with 

topological degrees of freedom are uncommon in the real world. 
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1.3 Majorana Quasiparticles as Topological Quantum Bits 

The concept of particles and antiparticles was introduced by Paul Dirac in 1930.14 The 

positive-energy solutions of his relativistic wave equation for spin-1/2 particles describe 

electrons, and the negative-energy solutions correspond to the particles with the same mass 

and spin, but opposite charge: the positrons. The existence of the positron, the electron’s 

antiparticle, was experimentally confirmed by Carl D. Anderson in 1932.15 Dirac’s fermions 

are described by complex wave functions; the wave function of the positron (the antiparticle) 

being the complex conjugate of the wave function of the electron (the particle). In 1937 

Ettore Majorana considered a special case of the Dirac equation whose solutions excluded 

imaginary numbers, allowing for the existence of an entirely new class of fermions – 

Majorana fermions (MFs).16 Since taking the complex conjugate of a real wave function 

leaves the real wave function unchanged, it follows that MFs are particles, which are their 

own antiparticles. Up to date, no traces of MFs existing as elementary particles have been 

found. 

Nevertheless, MFs have been theoretically predicted to arise as quasiparticles in carefully 

engineered solid-state systems.17,18 The importance of Majorana quasiparticles in condensed 

matter systems stems from their exotic non-Abelian exchange statistics.19 All known bosons 

and fermions obey the following principle: when two indistinguishable particles exchange 

their positions, the ground state of the system remains unchanged. Majorana quasiparticles, 

on the other hand, are so-called non-Abelian anyons: when two Majorana quasiparticles 

exchange positions, the system may transition from one quantum ground state to another 

distinct ground state. This unique exchange behavior could be used to encode information. 

The idea to store quantum information in Majorana quasiparticles originates from Alexei 

Kitaev.20 He thought of spatially separating two Majorana quasiparticles to form a quantum 

bit in which the information is not stored at one single site, but encoded in the two distant 

Majorana quasiparticles. Theoretically, because the quantum information is stored in two 

Majorana quasiparticles, which are spatially separated by a superconducting gap, the qubit 

would be protected against local perturbations, resulting in very long coherence times. This 

is what is often referred to as topological protection. 
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Figure 1.1| Signatures of Majorana fermions in hybrid superconductor-semiconductor nanowire devices.21 (a) 
Scanning electron microscope image of an InSb nanowire device with a normal (yellow) and a superconducting 
contact (red). The superconducting contact only covers half of the wire to avoid the complete screening of the 
underlying gates. In this way, the back gates can be used to change the Fermi energy in the section of the nanowire 
covered by a superconductor. (b) A simplified scheme of a device (top) with an illustration of the energy states 
(bottom). The red rectangle indicates the tunnel barrier separating the normal part of the nanowire (left) from the 
wire section with the induced superconducting gap, Δ. An external voltage applied between the normal and the 
superconducting contact drops across the tunnel barrier. In this setup, the differential conductance dI/dV at voltage 
V and current I is proportional to the density of states at energy E=eV. The Majorana fermion, being a localized state 
at zero energy, can be detected as a zero-bias peak in the tunneling spectroscopy measurement. (c) dI/dV versus V 
at 70 mK taken at different B fields (from 0 to 490 mT in 10 mT steps, traces are offset for clarity). Arrows at ±250 
μeV indicate the coherence peaks of the induced superconducting gap. When a magnetic field B between ~100 and 
~400 mT is applied along the nanowire axis, a peak at V=0 is observed. The peak has an amplitude up to ~0.05*2e2/h 
and is clearly discernible from the background conductance. 

The pursuit for Majorana quasiparticles in solid-state gained momentum after Lutchyn et 

al.22 and Oreg et al.23 outlined a beautifully simple recipe for engineering a nanowire device 

that should accommodate pairs of Majoranas. If a semiconducting nanowire with a strong 

spin-orbit interaction is coupled to a superconductor and placed in a strong enough magnetic 

field, Majorana quasiparticles are predicted to emerge at the ends of the hybrid 

superconductor-semiconducting nanowire system. In the density of states, localized 

Majorana quasiparticles appear as a single state in the middle of the proximity-induced 
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superconducting gap in the nanowire. Soon after the recipe has been put forward, the first 

signatures of Majorana quasiparticles have indeed been detected as zero-bias peaks in the 

tunneling spectroscopy measurements of a hybrid superconductor-semiconducting InSb 

nanowire device.21 Eventually, several other groups reported zero-bias peaks in hybrid 

superconductor-semiconducting nanowire devices.24–27  

1.4 InSb Nanowires: Key-Components of Majorana Devices 

The one-dimensional semiconductor, the nanowire, is a central part of a Majorana detecting 

device and is therefore subject to rigorous material requirements. InSb nanowires are one of 

the most promising one dimensional material systems in which to study Majorana 

quasiparticles.28 

The strong spin-orbit interaction and large Landé g-factor of InSb29–31 ensure that the 

generation of Majorana quasiparticles happens at the lower values of the applied magnetic 

field. This is important because proximity-induced superconductivity needs to be maintained 

within the nanowire in the presence of a magnetic field. In addition, Schottky barriers at the 

metal/nanowire junction are small in InSb nanowires, which makes them relatively easy to 

contact with superconductors and, thus, induce superconductivity in the nanowire.32 

It is important for the nanowire material to be extremely clean as any disorder in the material 

has the potential of inducing scattering and potential fluctuations which might create 

unwanted pairs of Majorana quasiparticles. InSb nanowires crystallize in the pristine zinc-

blende crystal structure, free of any structural defects. The high-quality and low-disorder of 

the InSb NWs are confirmed by their high electron mobility33 as well as routine observations 

of quantized conductance at 0 magnetic field.34 Finally, high aspect ratio nanowires are highly 

desirable as longer wires offer better topological protection, and thinner wires induce 

stronger confinement.35  

To firmly prove that Majorana quasiparticles can be used as topological qubits, it is necessary 

to perform logical operations with them, i.e. braid them, and demonstrate that they indeed 

obey non-Abelian statistics. This cannot be done in a single-nanowire device. The exchange 

process needs to be done adiabatically (i.e. quasiparticles need to be exchanged without 

being brought in close proximity) to ensure the system stays in the degenerate ground state 
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manifold. Moreover, Majorana quasiparticles are each other’s antiparticles: when brought 

together they will annihilate. The minimal circuit for the demonstration of non-Abelian 

Majorana statistics consists of a T- shaped nanowire structure.36,37 Hence, the next 

generation of Majorana experiments asks for more complex nanowire structures – high 

quality, single-crystalline, planar and branched nanowire architectures in which Majorana 

quasiparticles can be braided without the danger of bringing them in close proximity. 

1.5 Outline of the Thesis 

This thesis presents a material scientists’ effort to fabricate complex InSb nanowire 

architectures that meet the strict requirements for use in the next generation of Majorana 

experiments. Further down the road, the structures presented in this thesis might serve as 

hardware of a future topological quantum computer based on Majorana fermions. The 

remainder of this thesis is structured as follows: 

Chapter 2 starts with the description of the two most common epitaxial methods of 

materials’ synthesis - metal-organic vapor phase epitaxy and molecular beam epitaxy – and 

then narrows down to nanowire epitaxy. Finally, the crystal structure of III-V semiconductor 

nanowires is explained. 

Chapter 3 outlines the structural (scanning and transmission electron microscopy) and 

electronical (field-effect mobility measurements and Hall measurements) methods used to 

characterize the InSb nanowire structures. 

Chapter 4 describes the four-step process we have developed to synthesize crossed and T-

shaped InSb nanowires. High-resolution transmission electron microscopy analysis confirms 

that single-crystalline junctions can be achieved by this method if two wires merge under an 

angle of 109.5°. High electron mobility and the ability to induce supercurrent are preserved 

in InSb nanocrosses. 

In Chapter 5 we eliminate the main bottleneck of the 4-step-crosses-synthesis: by employing 

substrate crystallography we force all the wires to meet under the optimal angle for single-

crystal formation (109.5°). The method described in this chapter is generic and can be used 

to synthesize single-crystalline nanowire networks of group III-V, II-VI and IV materials, as 

long as they grow along a <111> direction and crystalize in the zinc-blende structure. 



 
____________________________________________________________________________________________ 

7 

In Chapter 6, we report recent developments on structural and electronic properties of 

merged InSb nanowires. We perform aberration-corrected HAADF-STEM analysis of an InSb 

nanobridge and confirm the high quality of the interface between the two merged InSb 

nanowires. In addition, we report the quantized conductance through an InSb nanocross for 

the first time. 

In Chapter 7, we propose a material-oriented approach to engineer a sharp and narrow 

tunnel barrier by synthesizing a thin axial segment of GaxIn1-xSb within an InSb nanowire. By 

varying the precursor molar fraction and the growth time, we accurately control the 

composition and the length of the barriers. We assess the structural and chemical properties, 

as well as strain in barriers, by means of high-resolution TEM (HRTEM), X-ray energy 

dispersive spectroscopy (XEDS) and geometrical phase analysis (GPA). The height of the built-

in tunnel barrier is extracted from transport measurements. 
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2 Crystal Growth 

 

This chapter starts by describing the two most common epitaxial methods of crystal growth 

- metal-organic vapor phase epitaxy and molecular beam epitaxy – and then focuses on 

nanowire epitaxy, detailing the Au-catalyzed Vapor-Liquid-Solid process employed for 

nanowire growth throughout this thesis. Finally, the close-packed cubic and hexagonal 

crystal structures, as well as the most commonly occurring crystal defects relevant for the 

nanowires presented in this work, are explained. 

__________________________________________________________________________ 
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2.1 Epitaxy 

The word epitaxy derives from the Greek prefix epi meaning “upon” or “over” and taxis 

meaning “arrangement” or “order.” It refers to the process of growing a crystal of a particular 

orientation on top of another crystal, where the orientation is determined by the underlying 

crystal. The atoms in an epitaxial layer have a particular registry relative to the underlying 

crystal. The process results in the formation of crystalline thin films that may be of the same 

or different chemical composition and structure as the substrate and may be composed of 

only one or, through repeated depositions, many distinct layers. In homoepitaxy the growth 

layers are made up of the same material as the substrate, while in heteroepitaxy the growth 

layers are of a material different from the substrate. There are many experimental 

approaches to induce epitaxial growth, out of which Metal-Organic Vapor Phase Epitaxy 

(MOVPE) and Molecular Beam Epitaxy (MBE) are most commonly employed processes for 

epitaxial layer growth.  

2.1.1 Metal-Organic Vapor Phase Epitaxy (MOVPE) 

The MOVPE (Metal-Organic Vapor Phase Epitaxy) process was developed in the 1960s by 

Manasevit,38–40 who first demonstrated its use for the epitaxy of Ga-V compounds. Since 

then, the process has been adapted to nearly every semiconductor material of interest. 

Complex MOVPE systems allow for the growth of high purity semiconductor materials with 

very abrupt interfaces. It is possible to design MOVPE reactors that are capable of handling 

multiple wafers in one run, while maintaining excellent uniformity. Moreover, MOVPE shows 

higher growth rates and less down time compared to MBE. This scalability makes MOVPE 

important for commercial production, as well as laboratory research. 
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Figure 2.1| Schematic diagram of an MOVPE system. 

MOVPE is carried out in a reactor of the type shown schematically in Figure 2.1. Source 

chemicals are transported to the reactor by a carrier gas, where they react heterogeneously 

at the surface of a heated single-crystalline substrate. The growth of thin layers of compound 

semiconducting materials proceeds by the co-pyrolysis of various combinations of 

organometallic compounds, i.e. metal alkyls, and hydrides of non-metal species.41 In the case 

of III-V compounds, a general overall reaction is given by 

 (2.1) 

where M is a metal, X a non-metal species and R = CH3, C2H5 …  

The growth of semiconductor alloys by MOVPE is accomplished by mixing the vapors of the 

different alloy constituents in the appropriate vapor phase ratio to form the desired 

composition. A general equation for a ternary alloy is given by 

 (2.2) 

where M, M’ are metals, X a non-metal specie and R = CH3, C2H5 ,…  

A common example of this reactions is found in the growth of InP and InxGa1-xP: 

 (2.3) 

 (2.4) 
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The basic mechanism driving reactions (2.1)-(2.4) is a pyrolysis reaction in which the 

individual constituents decompose to form the desired nonvolatile deposited layer and 

volatile reaction products. Of course, the process is not that simple and is complicated by a 

number of considerations. These include the possibility of intermediate reactions as the 

source molecules fragment stepwise, e.g.  

 (2.5) 

, temperature-dependent decomposition of the specific molecules, the possibility of 

catalyzed decomposition at the different surfaces present (quartz, semiconductor, graphite 

susceptor), the relative nonvolatility of some reaction products, especially carbon and carbon 

containing compounds, and possible interactions with intentional or unintentional 

impurities. 

The synthesis of the MOVPE precursors is an extremely challenging task due to the rigorous 

demands that these chemicals need to satisfy. The precursor molecule should pyrolyze at 

the temperatures desired for MOVPE growth, but it should not be unstable. Otherwise it will 

decompose during purification and/or storage at room temperature. Also, the precursor 

material should be easily purified to remove unintentional dopants. The precursor 

combination used for the MOVPE growth should not produce high levels of carbon 

contamination from decomposition of the ligands. Ideally, source molecules would have very 

low toxicity. Unfortunately, this is not always the case. Arsine and phosphine are very 

dangerous because of their extreme toxicity combined with their high vapor pressures. 

Liquid, organometallic sources are approximately 100x less hazardous due to their lower 

vapor pressures, resulting in slower dispersal into the atmosphere. 
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PRECURSOR MELTING 

POINT, °C 

BOILING 

POINT, °C 

VAPOR PRESSURE 

a, Torr       b, Torr·K 

p, Torr / T, 

°C 

DECOMPOSITION,% 

/ T, °C 

TMAl 15.4 127 8.224 2134.83 8.67/20 N.A. 

TEAl -52.5 186 10.784 3625 0.02/20 N.A. 

TMGa -15.8 55.8 8.07 1703 181.01/20 10/400;100/460 

TEGa -82.5 143 9.172 2532 3.39/20 10/280;100/400 

TMIn 88 135.8 10.520 3014 1.71/20 10/280;100/350 

TMSb -87.6 80.6 7.7068 1697 82.22/20 10/450;100/650 

PH3  -87.8    10/700;100/950 

AsH3  -62.5    10/500;100/680 

Table 2.1| Properties of group III and group V MOVPE precursors used in this thesis.41 Vapor pressure is calculated 
according to the formula: log(p[Torr])=a-b/T[K]. The final column lists the temperatures at which the precursor is 
10% (onset of decomposition) and 100% decomposed. 

Liquid sources are transported to the reactor by a carrier gas, usually H2, which is flowed 

through a stainless steel bubbler. The source vapor is carried along with the carrier gas flow, 

such that the gas exiting the bubbler is a saturated mixture of the source vapor dissolved in 

the carrier gas. The absolute flow of source vapor ΦS is governed by Dalton’s Law of partial 

pressures, and can be metered by controlling three parameters: (1) the flow of carrier gas 

ΦH2, (2) the total pressure in the bubbler (PTOT), and (3) the temperature (T), since it 

determines the vapor pressure PS of the source:42 

 
(2.6) 

The vapor pressures of liquid sources are usually fit by the expression 

 (2.7) 

Where PS is the vapor pressure over the liquid (in Torr), T is the absolute temperature, and a 

and b are empirical constants. The melting points, boiling points and vapor pressure 

parameters a and b, as well as the temperature at which the commonly used MOVPE 

precursors are 10% and 100% decomposed are given in Table 2.1. As a general rule, the vapor 

pressures are highest for the lightest molecules. The pyrolysis temperature is generally 

directly related to the M-R (metal-radical) bond strength, but may also be related to the 

pyrolysis mechanism. The M-R bond strength decreases with an increase in the number of 
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carbons bonded to the central carbon, i.e. the one forming a bond to the M atom. In general, 

the temperature at which homolytic fission of the M-R bond occurs decreases in the order 

M-methyl, M-ethyl, M-iso-propyl, M-tertiary-butyl, etc. The M-H bond is generally stronger 

than the M-C bond. That is why the hydrides, AsH3 and PH3, are rather thermally stable, 

decomposing at temperatures higher than most organometallics (see Table 2.1). Note that 

the values for the decomposition of precursors given in Table 2.1 are values for homogenous 

pyrolysis, i.e. pyrolysis that happens entirely in the gas phase. However, all vapor-phase 

epitaxial growth processes, including MOVPE, involve the interaction of the vapor with the 

surface of the solid phase. Heterogeneous pyrolysis, i.e. pyrolysis at the solid surface, is a 

dramatically more efficient process than the pyrolysis in the gas phase: for example, in the 

presence of an InP surface the pyrolysis of phosphine occurs at ~350 °C lower temperature.41 

MOVPE growth process is further complicated by various homogeneous and heterogeneous 

reactions of group-III and group-V molecules, many of which are not completely understood. 

For example, adding TMIn has a dramatic influence on the pyrolysis of PH3 – the pyrolysis 

temperature of PH3 decreases by ~ 150 °C in the presence of TMIn. Vice versa also holds, the 

pyrolysis temperature of TMIn decreases by ~ 50 °C in the presence of PH3.41  

All of these complex reactions happen in the reaction chamber. The Aixtron MOVPE 

machines come with two basic reaction chamber geometries: a vertical reactor chamber with 

Close Coupled Showerhead and a horizontal reactor chamber. Both designs are cold-wall 

systems, both contain a relatively small diameter inlet into some form of a transition region 

and both make use of a heated graphite susceptor. The chamber itself can be quartz, 

stainless steel or quartz-lined stainless steel. 
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Figure 2.2| Two commonly used MOVPE reactor designs. (a) Vertical reactor chamber with Close Coupled 
Showerhead. (b) Aixtron 200 horizontal reactor chamber. 

In the vertical reaction chamber with Close Coupled Showerhead, the process gases are 

introduced into the reactor from the top, over the entire coating surface, via the water-

cooled showerhead surface. Accordingly, the distance between the showerhead and the 

substrates is very small. The gas inlet is designed in such a manner that the group III and 

group V gases are separated by means of many small tubes until entering the reactor. The 

gases are introduced into the reactor through separate openings in the showerhead to 

achieve an even distribution of process gases. The substrates lie on a rotating susceptor 

heated by a resistance heater. Separate heating zones enable the temperature profile to be 

adjusted in such a manner that the susceptor always has a uniform temperature over its 

entire surface. In the horizontal reaction chamber, the process gases enter from a small inlet 

to the left and expand to approximately laminar flow across the heated susceptor. Uniformity 

is improved by incorporating a rotating disk within a susceptor. Epitaxial reactors may 

operate at atmospheric or reduced (~100 mbar) pressure. Low-pressure operation reduces 

the surface coverage of adsorbed species, increasing their mobility and allowing high quality 

growth at reduced temperatures (50 to 100 °C lower than for atmospheric growth). 

The effluent gases that are carried via the exhaust line to the charcoal gas scrubber system 

are a mixture of hydrogen and/or nitrogen, unreacted precursor vapors and volatile by-
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products. These effluent materials are in general still toxic and flammable and need to be 

converted into non-toxic stable compounds before being released to the atmosphere and/or 

drain. 

2.1.2 Molecular-Beam Epitaxy (MBE) 

Molecular beam epitaxy (MBE) is a refined form of vacuum evaporation in which directed 

atomic and molecular beams impinge on a heated substrate under ultra-high vacuum (UHV) 

conditions. The characteristic feature of the MBE technique is line-of-sight impingement. 

This means that the evaporated source atoms must have mean free paths greater than the 

source-to-substrate distance, which is typically 5-30 cm. Typical value of the mean free path 

for an evaporated particle (atom or molecule) is about 103 cm at a pressure of 10-5 Torr.43 

Hence, the molecular beam condition that the mean free path of the particles should be 

larger than the geometrical size of the chamber is easily fulfilled if the total pressure does 

not exceed 10-5 Torr. However, the low growth rates typical for conventional MBE techniques 

(about 1 monolayer/s) coupled with the obvious requirement that the density of 

contaminants incorporated into the growth layer remains as low as possible lead to much 

stricter condition on the base pressure. If the grown films are to have no more than 10-5 (10 

ppm) contaminants, then the base pressure should be no more than 10-10 Torr.43,44 

Achievement of the necessary ultrahigh vacuum requires the use of a stainless steel chamber 

with metal gaskets. The system must be load-locked, so that it is opened to the atmosphere 

only for maintenance. Any exposure of the chamber to air must be followed by a long bake-

out to remove adsorbed contaminants. During growth, the chamber walls must be cooled to 

cryogenic temperatures by means of a liquid nitrogen shroud, in order to further reduce 

evaporation from this large surface area. The advantage of the UHV environment is that it 

allows for a number of in situ characterization techniques based on electron or ion beams, 

such as reflection high-energy electron diffraction (RHEED). These provide the crystal grower 

with immediate feedback, and improved control of the growth process. For example, since 

different crystalline phases of the same material have different RHEED patterns, monitoring 

the RHEED pattern during growth allows for in-situ analysis of the nanowire crystal structure.  
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Figure 2.3| Schematic diagram of an MBE system. 

An MBE reactor involves a number of source cells arranged radially in front of a heated 

substrate holder, as shown in Figure 2.3. The source cells supply all atoms necessary for the 

growth and doping of the required semiconductor layers. The simplest source cells are 

thermal evaporators, called effusion cells or Knudsen cells. High-purity elemental sources are 

used, and one cell is needed for each element. Typically, the effusion cells are made of 

pyrolytic boron nitride with tantalum heat shields. The source temperatures are maintained 

precisely (±0.1°C) to control the flux of evaporating atoms. Due to the inability to rapidly 

ramp up or down the cell temperature, the source flux is turned on and off very abruptly by 

shutters. This allows for atomic layer abruptness of the grown epilayers. 

The flux of atoms from such an effusion cell may be calculated using the kinetic theory of 

gases.45 From this treatment it can be shown that the evaporation rate from a surface area 

Ae is given by 

 
(2.8) 
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where P is the equilibrium vapor pressure of the source at the effusion cell temperature T 

and m is the mass of the evaporant. In terms of the molecular weight of the species, M, the 

effusion rate is 

 
(2.9) 

Where NA is Avogadro’s number (6.022x1023 mole-1). Simplifying, 

 
(2.10) 

where P is the pressure in Torr. Because the equilibrium vapor pressure P varies exponentially 

with temperature, the effusion cell temperature must be controlled to within ±0.1°C in order 

to keep the effusion rate within a ±0.1% tolerance. 

The flux of evaporant arriving at the substrate surface can be calculated from the evaporation 

rate at the effusion cell by 

 
(2.11) 

Where l is the distance from the effusion cell to the substrate and θ is the angle between the 

beam axis and the normal to the substrate. 

Usually the evaporation crucibles have a 1 cm2 evaporation surface and are located 5 to 20 

cm from the substrate. Typical source pressures are 10-3 to 10-2 Torr, resulting in the delivery 

of 1015 to 1016 molecules cm-2s-1. This corresponds to a growth rate on the order of one 

monolayer per second, assuming a unity sticking coefficient for the impinging atoms.44 

  



 
____________________________________________________________________________________________ 

19 

 

 MOVPE MBE 

Advantages 

higher growth rates faster source switching 

shorter system downtime 

lower T growth: ability to grow 

thermodynamically forbidden 

materials 

easy cleaning and exchanging of 

liner and susceptor 
UHV 

high purity 

in-situ 

characterization 

possibility to handle multiple 

wafers per run 
lower material cost per wafer 

Disadvantages 

higher safety risk longer maintenance periods 

complex 

precursors 

higher growth T 

inability to grow phosphides 

due to high flammability of 

elemental phosphorous 

carbon 

contamination 

high toxicity 

highly complicated chemical 

processes: large parameter 

space 

frequent shutdowns needed to 

replenish source materials 

Table 2.2| A comparison of MOVPE and MBE growth techniques. 

2.2 Nanowire Epitaxy: Au-Catalyzed VLS Growth 

Out of many approaches to nanowire growth, i.e. metal-catalyst-assisted vapor–liquid–solid 

(VLS) growth46–48, self-catalyzed vapor-liquid-solid (VLS) growth49–51, vapor-solid-solid (VSS) 

growth52,53 , solution-liquid-solid (SLS) growth54,55 and selective area growth56–58, the metal-
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catalyst-assisted VLS growth is the most widely used due to its simplicity and versatility. 

Moreover, the metal-catalyst-assisted VLS mechanism seems to be the most successful in 

generating III-V nanowires with single crystalline structures.59–62 This mechanism has first 

been put forward by Wagner and Ellis who reported the growth of silicon whiskers catalyzed 

by gold (Au) particles.63 Gold is the most commonly used catalyst material,63–65 because it is 

inert to the homogeneous and heterogeneous reactions which occur during growth.  

 

 

Figure 2.4| The VLS growth mechanism. Au nanoparticles are deposited on a substrate, inserted into the reaction 
chamber and heated up to the growth temperature. As the growth temperature is higher than the eutectic 
temperature of the Au-III-V system, the Au liquefies and alloys with the substrate. Due to the continuous supply of 
precursor material from the gas phase, the particle saturates and eventually reaches supersaturation. If the 
supersaturation is sufficient, crystal nucleation starts at the droplet-substrate interface. The wire grows layer-by-
layer, lifting the catalyst particle away from the substrate.  

The first step in the Au-catalyzed VLS growth (Figure 2.4) is the position – and diameter - 

controlled deposition of Au nanoparticles on the substrate. This is important because the 

position and diameter of the VLS-grown-nanowires are determined by the position and 

diameter of the catalyst particle. It is important to notice that the size of the metal particle 

is affected by both the initial size and the alloy composition during growth.66 The diameter 

and position control of nanowires presented in this thesis has been achieved by means of 

electron beam lithography, as explained in chapter 5.  
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Good interaction between the metal particle and the underlying substrate is crucial for 

epitaxial growth. To ensure this, a thermal anneal step at a temperature higher than the 

growth temperature is commonly used prior to growth. Moreover, the anneal step helps 

remove the surface oxides and polymer residues which positively influences the surface 

diffusion kinetics of the precursor molecules.67 During the heat up the gold particle liquefies 

and alloys with the substrate material as well as with the precursors from the gas phase and 

acts as a local sink for the precursor material (Figure 2.4). In addition, the liquid metal particle 

largely enhances the cracking efficiency of semiconductor precursors.68,69 Hence, the 

nanowire growth is a catalytic process which occurs at temperatures lower than the normal 

bulk growth temperatures. 

By continuous supply of precursors from the gas phase, the particle saturates and eventually 

reaches supersaturation. When sufficient supersaturation is reached, crystal nucleation 

starts at the triple phase line.70 The nanowire grows layer by layer, lifting the metal particle 

away from the substrate. The supersaturation is maintained by continuous flow of precursors 

into the liquid particle. During growth there is a dynamic equilibrium between materials 

supply from the gas phase, transport through the droplet, and crystal growth at the droplet 

- nanowire interface.71 

Material supplied for nanowire growth can follow different pathways (Figure 2.5).65 For 

example, the precursors can travel through the gas phase (1) and directly impinge onto the 

vapor-liquid interface (2) at which they are decomposed. The group-III and group-V species 

then alloy with the liquid particle and diffuse towards the liquid-solid interface (3), where 

they are incorporated in the growing nanowire crystal (4). Alternatively, precursors can land 

on the substrate (5) and (partially) decompose. In this case, growth species will diffuse over 

the substrate and nanowire sidewalls (6) towards the catalyst surface. As a result, growth 

units can be incorporated (i) at the substrate, resulting in thin film growth (8); (ii) at the 

nanowire sidewall (7), resulting in tapered nanowires; or (iii) they can diffuse via nanowire 

sidewall to the catalyst droplet at which they are incorporated in the growing nanowire (4). 

VLS and sidewall growth are competitive processes. As mentioned previously, VLS growth is 

a catalytic process which happens at lower temperatures than the sidewall growth. The 

sidewall growth is more pronounced at higher temperatures, resulting in tapered nanowires. 
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Figure 2.5| Schematic of the mass transport during the nanowire growth process. Route 1-4 contributes to the VLS 
growth which allows for the vertical nanowire growth. Route 5-7 is responsible for lateral growth, which results in 
tapered nanowires. Numbers indicated in the figure correspond to the following processes: (1) mass transport 
through the gas phase, (2) dissociation reaction at the catalyst surface, (3) diffusion through the catalyst, (4) 
incorporation of growth species at the liquid-solid interface, (5) adsorption of the precursors at the substrate, (6) 
surface diffusion, (7) incorporation of the growth species at the nanowire sidewalls, (8) thin film growth on the 
substrate. 

VLS mechanism can be used to synthesize group IV,72–74 III-V59,62,75–77 and II-VI78–80 

semiconductors. During growth the composition of the gas phase can be changed, inducing 

a change in material along the axis of the nanowire.81 Radial heterojunctions can be formed 

if the reaction temperature is increased to suppress the VLS growth and enhance deposition 

of material on the sidewalls of the nanowire.82 Axial83–85 and radial86 impurity doping for both 

n-type and p-type materials can be realized by adding a suitable precursor. Moreover, 

nanowires allow for stacking of highly lattice-mismatched materials as the induced strain can 

be coherently accommodated through lateral relaxation. For the same reason, nanowires 

can be epitaxially grown on highly dissimilar substrate materials without the formation of 

strain-induced defects (i.e. III–V nanowires on Si substrates)87, which is a feature impossible 

to achieve in planar geometry. 
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2.3 Hexagonal and Cubic Close-Packed Crystal Structure 

2.3.1 Close-Packing of Spheres 

The structure of many crystals can conveniently be described in terms of an ordered packing 

of spheres, representing spherical atoms or ions. Although there are an infinite number of 

ways of packing spheres, the two main arrangements, called cubic and hexagonal close 

packing, are sufficient to describe the crystal structure of all the III-V semiconductors. In bulk, 

all III-V semiconductors, except the nitrides*, crystallize in the cubic close packed (zinc-

blende) crystal structure. However, when grown as nanowires, these materials can adopt the 

hexagonal close packed (wurtzite) structure.59,61,70,88 

 

Figure 2.6| Hexagonal and cubic close-packed structures. (a) In a single layer of close-packed spheres, each sphere 
is surrounded by six others in a hexagonal arrangement. (b) Placing an atom at a B position prohibits placing an atom 
at any of the adjacent C positions and results in all the atoms in the second layer occupying the B positions. (c) 
Placing the atoms in the third layer over the atoms at A positions in the first layer gives the hexagonal close-packed 
structure. Placing the third-layer atoms over the C positions gives the cubic close-packed structure. (d) An exploded 
view, a side view, and a top view of the hcp structure. The simple hexagonal unit cell is outlined in the side and top 
views. (e) An exploded view, a side view, and a rotated view of the ccp structure. The rotated view emphasizes the 
fcc nature of the unit cell (outlined). The line that connects the atoms in the first and fourth layers of the ccp 
structure is the body diagonal of the cube. 

                                                                 

 

* Bulk III-N semiconductors are known to crystallize in the hexagonal close packed (wurtzite) 
crystal structure. 
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A single layer of close-packed spheres, denoted as A-layer, is shown in Figure 2.6a. Each 

sphere is surrounded by six others in the same plane to produce a hexagonal arrangement. 

If we place a second layer of atoms on top of the A-layer, we would expect the atoms of the 

new layer to nestle in the hollows in the first layer: above any set of seven spheres there are 

six voids which are also arranged as a hexagon. In principle, all six sites are the same, and any 

one of them could be occupied by an atom in the next layer. Actually, however, these six 

sites can be divided into two sets, labeled B and C in Figure 2.6a. Sites B and C differ because 

as soon as we place a sphere at a B position, we can no longer place a sphere in any of the 

three C positions adjacent to A and vice versa. If we place the second layer of spheres at the 

B positions in Figure 2.6a, we obtain the two-layered structure shown in Figure 2.6b. There 

are now two alternatives for placing the first atom of the third layer: we can place it directly 

over one of the atoms in the first layer (an A position) or at one of the C positions, 

corresponding to the positions that we did not use for the atoms in the first or second layers 

(Figure 2.6c). If we choose the first arrangement and repeat the pattern in succeeding layers, 

the positions of the atoms alternate from layer to layer in the pattern ABABAB…, resulting in 

a hexagonal close-packed (hcp) structure (Figure 2.6d). If we choose the second arrangement 

and repeat the pattern indefinitely, the positions of the atoms alternate as ABCABC…, giving 

a cubic close-packed (ccp) structure (Figure 2.6e). Because the ccp structure contains 

hexagonally packed layers, it does not look particularly cubic. As shown in Figure 2.6e, 

however, a simple 45°-rotation of the structure helps us to notice the spheres are arranged 

in a face-centered cubic (fcc) lattice. The hcp and ccp structures differ only in the way their 

layers are stacked. Both structures have an overall packing efficiency of 74%, and in both 

each atom has 12 nearest neighbors (6 in the same plane plus 3 in each of the planes 

immediately above and below). 

The atoms in the lattice do not fill space completely. Free space, referred to as interstices or 

interstitial sites, remains between the atoms. There are two types of interstitial sites in close-

packed lattices, namely octahedral and tetrahedral interstitial sites (Figure 2.7). These terms 

denote the geometrical arrangement of the atoms enclosing an interstitial site. The 

octahedral interstitial sites in the FCC lattice are located in the center of the cube and in the 

center of the edges, i.e. at positions (1/2,0,0), (0,1/2,0), (0,0,1/2), (1/2,1/2,1/2). Hence, there 
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are four octahedral sites per unit cell. The tetrahedral interstitial sites are located at ¼ along 

the space diagonal away from the corners, i.e. at positions (3/4,1/4,1/4), (1/4,3/4,1/4), 

(1/4,1/4,3/4), (3/4,3/4,3/4), (1/4,1/4,1/4), (3/4,3/4,1/4), (1/4,3/4,3/4), (3/4,1/4,3/4). There 

are eight tetrahedral interstitial sites per unit FCC cell. 

 

Figure 2.7| Octahedral and tetrahedral interstitial sites in face-centered cubic (FCC) and hexagonal close-packed 
(HCP) crystal lattices. White circles represent atom positions, black circles interstitial sites. 

In the HCP unit cell, there are two octahedral interstitials, at positions (2/3,1/3,1/4), 

(2/3,1/3,3/4), and four tetrahedral interstitials at positions (1/3,2/3,1/8), (0,0,5/8), (0,0,3/8), 

(1/3,2/3,7/8). Because of the similar packing of the FCC and HCP lattice the volume fraction 

and the size of the interstitial sites is the same in the FCC and HCP lattices. 

2.3.2 Zinc-Blende Crystal Structure 

Zinc-blende structure consists of an FCC lattice of cations in which every other tetrahedral 

site is occupied by an anion, giving a total of 4 cations and 4 anions per unit cell (1:1 

cation:anion ratio). The zinc blende structure results in a coordination number of 4 for each 

cation and a tetrahedral arrangement of the 4 anions around each cation. Zinc-blende 
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structure is its own antitype – replacing cations with anions leaves the structure unchanged. 

If all of the atoms are replaced with carbon, the diamond lattice is formed. 

 

Figure 2.8| Zinc-blende crystal structure. Cations (yellow) are arranged in an FFC lattice, anions (grey) are occupying 
one half of the tetrahedral interstitial sites. 

2.3.3 Wurtzite Crystal Structure 

The wurtzite structure is a hexagonal close packed array of anions, with half the tetrahedral 

interstices filled by cations. Every anion is surrounded by four cations and has tetrahedral 

coordination geometry. Likewise, every cation is tetrahedrally coordinated by four anions. 

 

Figure 2.9| Wurtzite crystal structure. Anions (grey) are arranged in an HCP lattice, cations (yellow) are occupying 
one half of the tetrahedral interstitial sites. 

2.4 Planar Defects in Nanowires 

The close packing of atoms may depart from the ABCABC… (ZB) or ABABAB… (WZ) sequences, 

giving rise to two common types of planar defects in nanowires: stacking faults and twin 

boundaries.  
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2.4.1 Stacking Faults 

Stacking fault is a local interruption in the regular stacking sequence which does not destroy 

the close packing and the long-range symmetry.89 For example …ABC·AC·ABC… shows the 

mistake “AC” within an otherwise perfect zinc-blende sequence. The stacking sequence 

continues in the same …ABCABC… fashion before and after the occurrence of a stacking fault. 

2.4.2 Twinning 

Twinning is a very common occurrence in cubic close packed crystals. When a crystal is 

composed of parts that are oriented with respect to one another according to some 

symmetry operation that is not present in the lattice itself, the crystal is said to be twinned.90  

 

 

Figure 2.10| A rotational ortho twin in a zinc blende nanowire.91 (a) An atomic model of a zinc blende nanowire 
growing in a <111> direction, viewed along the <110> direction. Note that the close packed layers are following the 
ABCABC… stacking sequence. Imagine we cut this crystal in half, as indicated by the dashed line. If we rotate the 
upper crystal grain by 180° around the growth direction of the nanowire, as indicated in (b), and then weld the two 
crystal grains together, we will get the resultant structure shown in (c). The layer B (shown in red) is called the twin 
plane or the twin boundary. 
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Owing to the polarity of the zinc blende structure two types of twin planes can form, the so-

called ortho and para twins.92 The rotational ortho twin (Figure 2.10) is formed by a 180° 

rotation of the crystal lattice around the <111> axis, i.e. the growth axis of the nanowire. 

Note that the ortho twin has III-V bonding over the twin plane. Therefore, the polarity of the 

nanowire remains unchanged after the ortho twin. The symmetry operation that leads to a 

para twin is a mirror plane perpendicular to the <111> axis. The para twin implies a polarity 

change across the twin boundary (the bonding over the twin plane is of the III-III or V-V type). 

Ortho twins are frequently reported defects in III-V nanowires.93–96 On the contrary, no para 

twins have been reported in III-V nanowires up to now.91,94,97,98  

The presence of stacking faults and twin planes has a significant influence on electron 

transport through nanowires.99,100 Stacking faults and twins break the symmetry and act as 

scattering centers for electrons and holes. Stacking faults and twin planes may also affect 

phonon scattering. This, in combination with the roughness induced by alternating {111} 

nanofacetting in twinning superlattices93 might lead to increased phonon scattering and 

could thus be interesting for thermoelectric applications.101 
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3 Characterization Methods 

 

The first part of this chapter describes structural characterization methods: scanning 

electron microscopy – a tool routinely used to characterize the yield, uniformity and surface 

morphology of the nanowires – and transmission electron microscopy - a more elaborate 

technique used to determine the crystal structure and the chemical composition of the 

nanowires. The second part of this chapter describes the electronic characterization 

techniques employed to check the performance of the nanowire-based devices: the low-

temperature field-effect mobility measurements and the Hall effect measurements. 

__________________________________________________________________________ 
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3.1 Structural Characterization 

3.1.1 Scanning Electron Microscopy 

A scanning electron microscope (SEM) is an indispensable tool for nanowire growers who 

often use it multiple times per day to check the yield, uniformity and surface morphology of 

the nanowires. Modern state-of-the-art SEMs with field-emission guns are able to obtain 

images in the magnification range from 10x to 300 000x and to resolve structures as small as 

1.5 nm. 

 

Figure 3.1| (a) Zeiss Sigma scanning electron microscope (SEM). (b) Schematic cross section of the SEM Zeiss Gemini 
optical column.102 

The scanning electron microscope (SEM) operates on the same basic principles as the light 

microscope but uses electrons instead of light. Since electrons have much smaller 

wavelength than light (electrons accelerated with a voltage of 10kV have a wavelength of 12 

pm), SEMs can achieve a resolution a few hundred times better than light microscopes. The 

SEM produces images of a sample by scanning it with a focused beam of electrons (Figure 

3.1). The electron beam is created by an electron gun. The gun is a tungsten filament which 

is either heated until it emits electrons (thermionic gun) or subjected to a very strong electric 

field which extracts electrons from the tip (field emission gun, FEG). The FEG has a great 



 
____________________________________________________________________________________________ 

31 

advantage of producing an electron beam that is smaller in diameter and highly coherent. 

This is why FEGs achieve better resolution and higher signal-to-noise ratio than the 

thermionic guns. 

When the electron beam impinges on the specimen, it interacts with the specimen to a depth 

of approximately 1 μm and generates many types of signal, i.e. Auger electrons, 

backscattered electrons, secondary electrons, characteristic X-rays and 

cathodoluminescence. The two signals most often used to produce SEM images are 

secondary electrons (SE) and backscattered electrons (BSE). Secondary electrons are low-

energy (<50 eV) electrons that are ejected from the k-shell of the specimen atoms by inelastic 

scattering with the primary beam electrons. Secondary electrons are used to map the surface 

of the sample, because they are generated at or near the primary beam’s impact point, near 

the upper region of the interaction volume. Backscattered electrons are high energy 

electrons (>50 eV) originating in the electron beam, that are back-scattered out of the 

specimen interaction volume by elastic scattering. Generally, these electrons have 

undergone numerous elastic scattering events to accumulate enough deviation from the 

incident beam path to return to the surface. Since heavy elements backscatter electrons 

more strongly than light elements, and therefore appear brighter in the image, backscattered 

electrons are used to detect contrast between areas with different chemical compositions. 

The scanned image is formed point by point. The deflection system sweeps the beam across 

the specimen covering the area progressively, one line at a time. Contrast in an image arises 

when the signal collected from the beam-specimen interaction varies from one location to 

another. Each pixel of computer video memory is synchronized with the position of the beam 

on the specimen and the resulting image is therefore a distribution map of the intensity of 

the signal being emitted from the scanned area of the specimen. 

3.1.2 Transmission Electron Microscopy 

A transmission electron microscope (TEM) can be divided into three components, as shown 

in Figure 3.2: the illumination system, the image formation system and the projection 

system.103 The illumination system includes the electron gun and the condenser lenses. Its 

role is to take the electrons from the source and transfer them to the specimen. The objective 
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lens and the specimen holder/stage system form the central part of the TEM: the image 

formation system. This is where all the beam – specimen interactions take place. The 

objective lens takes the electrons emerging from the exit surface of the specimen, disperses 

them to create a diffraction pattern in the back-focal plane and recombines them to form an 

image in the image plane (see inset Figure 3.2). The projection system uses several lenses to 

magnify the image or the diffraction pattern produced by the objective lens and to focus 

these either on the viewing screen or on the computer display via a CCD detector. 

 

Figure 3.2| Transmission electron microscope (TEM) has three essential parts: the illumination system, the image 
formation system and the projection system. The illumination system contains the electron gun and the condensor 
lenses which accelerate the electrons towards the specimen. The image formation system is the heart of the 
microscope – this is where all the beam – specimen interactions take place. The beam of transmitted electrons is 
dispersed into a diffraction pattern in the back focal plane of the objective lens and recombined into an image in 
the image plane of the same lens (see red square for the ray diagram). Finally, the image (or the diffraction pattern) 
formed by the objective lens is further magnified and projected on the viewing screen or on the computer display 
via a CCD detector. 

The TEM has two principal modes of operation: parallel beam and convergent beam. The 

former is used primarily for TEM imaging, high-resolution TEM (HRTEM) imaging and 

selective area diffraction (SAD), while the latter is used mainly for scanning (STEM) imaging, 

analysis via X-ray (XEDS) and electron (EELS) spectrometry and convergent-beam electron 
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diffraction (CBED). The two basic imaging operations in the TEM are bright-field and dark-

field imaging. Bright-field images are formed by the direct beam of electrons. On the 

contrary, dark-field images are created by the scattered electrons. This selection can be done 

by inserting an aperture in the back focal plane of the objective lens so that either the direct 

electrons or some of the scattered electrons can pass through. 

As the electron beam passes through and interacts with the specimen, it can change both its 

amplitude and its phase. This gives rise to image contrast.103,104 More specifically, if the 

electron wave changes its amplitude as it traverses the specimen, amplitude contrast is 

formed. If, on the other hand, the phase of the electron wave is changed, the phase contrast 

arises. There are two main types of amplitude contrast: mass-thickness contrast and 

diffraction contrast. Mass-thickness contrast arises from incoherent elastic scattering 

(Rutherford scattering) of electrons which strongly depends on the Z-number and the 

thickness of the specimen. Thicker or higher-Z areas of the specimen will scatter more 

electrons than thinner or lower-Z areas and therefore appear darker in the bright-field 

images (and lighter in the dark-field images). Diffraction contrast arises from Bragg 

scattering. It is therefore related to the degree of diffraction occurring in the sample, where 

an amorphous area will scatter less than a crystalline area and therefore appear brighter (in 

bright-field images). Phase contrast forms the base of HRTEM images. It appears whenever 

more than one beam contributes to the image and the interference occurs. In general, the 

higher the number of beams collected, the higher the resolution of the image. HRTEM images 

are challenging to interpret because the recorded image is not a direct representation of the 

specimen’s crystallographic structure. The relationship between the electron exit wave 

function and the final image is a highly nonlinear one and is a function of the aberrations of 

the microscope.103 

Apart from the parallel beam HRTEM imaging, high resolution imaging can also be achieved 

in the convergent beam STEM mode.104 The working principle of STEM is illustrated in Figure 

3.3a. Instead of forming a broad parallel beam on the sample, the illumination system forms 

a small and convergent probe which is then scanned across the specimen in a raster. The 

signal at each pixel is formed by the electrons falling on the STEM detector in use: the bright 

field (BF) detector which collects the direct beam, the annular dark field (ADF) detector which 
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collects both the Bragg diffracted and scattered electrons or the high-angle annular dark field 

(HAADF) detector which collects the electrons incoherently scattered to very high angles, 

minimizing the Bragg effects. Since the HAADF detector does not collect the Bragg scattered 

electrons, the image contrast depends on Z-number only. Therefore, by using HAADF-STEM 

mode, it is possible to form atomic resolution images where the contrast is directly related 

to the atomic number (Z-contrast imaging). 

 

 

Figure 3.3| Scanning and Analytical TEM.104 (a) In the STEM mode, the electron beam is converged into a probe and 
scanned over the specimen in a raster. The signal is formed from electrons falling on one of the STEM detectors: 
either the bright field (BF), the annular dark field (ADF) or the high-angle annular dark field (HAADF) detector. The 
HAADF detector collects only the electrons which have been incoherently scattered to very high angles. As such 
scattering events depend strongly on the Z-number of the specimen, the HAADF-STEM mode results in atomic 
resolution Z-contrast imaging. (b) When a microscope is operated in the STEM mode, we can make use of the 
characteristic X-rays generated when the beam hits the specimen to identify and quantify the element from which 
they originated. This is done by X-ray energy-dispersive spectrometry (XEDS). 

When the microscope is operated in the STEM mode, X-ray energy dispersive spectrometry 

(XEDS) can be performed at every pixel of the digital STEM image. Such spectrum images can 

be combined into maps showing the distribution of each element in the specimen and its 

relationship to the features in the electron image. The basic principle behind X-ray 

spectrometry is shown in Figure 3.3b. If an incoming fast electron has enough energy, it can 

kick out one of the inner-shell electrons of an atom in the sample. The empty position can 

now be occupied by one of the electrons from an outer shell. The transfer of the electron 

from the outer to the inner shell will result in the emission of a photon. The energy of this 
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photon is characteristic of the atom in question and can be used to identify the elements 

contained in the sample. The number of characteristic photons emitted can be used to 

quantify the elements in the sample. The minimum detectable fraction of an element by 

XEDS is around 0.5-1 atom%. 

 

Figure 3.4|Transmission Electron Microscopy – Different modes of operation. (a) Low-magnification, bright-field 
TEM image of an InSb nanowire containing a thin GaxIn1-xSb segment. (b) HRTEM image of a region indicated by red 
rectangle in (a). White dashed lines serve as a guide to the eye. Since Ga is a lighter atom than In, the GaInSb segment 
(within white dashed lines) appears brighter in contrast than the InSb nanowire. (c) HAADF-STEM image of an InSb 
nanowire. In dark field, heavier elements (Au droplet on top of the nanowire) appear brighter in contrast than the 
lighter elements (InSb nanowire). (d) Atomic resolution HAADF-STEM image of an InSb nanowire. Individual In-Sb 
dumbbells can be resolved. (e) HAADF-STEM image of an InSb nanowire segment with a thin GaxIn1-xSb barrier. When 
TEM is operated in the STEM (convergent beam) mode, analytical methods such as XEDS can be used. (f) XEDS line 
scan taken along the direction indicated by red arrow in (e). From the intensity profile we can determine the 
chemical composition (Ga0.15In0.85Sb) and the thickness (20nm) of the GaxIn1-xSb segment. 
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3.2 Electronical Characterization 

3.2.1 Mobility 

Mobility is a fingerprint of disorder in the system: the cleaner the material, the higher its 

mobility. Evaluation of carrier mobility in the nanowires indicates their potential as building-

blocks of Majorana devices. If Majorana bound states are to be used as robust, topologically 

protected quantum bits, the disorder in the nanowires has to be minimized. Disorder reduces 

(or even closes) the topological gap,105 leaving Majoranas unprotected. This leads to a simple 

rule: The lower the disorder, the better the topological protection. 

Mobility, μ, is the proportionality factor between an applied electric field, E, and the resulting 

drift velocity, vd: 

 (3.1) 

Eq. 3.1 can be used to derive a relation between electrical conductivity, σ, and mobility of a 

material: 

 (3.2) 

where n is the electron density and e is the electron charge. The relation between the 

mobility and the mean scattering time, τ, is given by 

 (3.3) 

with m* being the effective electron mass.  

Mobility of semiconducting materials is limited by various sources of scattering, such as 

ionized impurity scattering, phonon scattering, surface scattering, defect scattering… 

According to the Matthiessen rule, various scattering mechanisms altogether determine the 

net mobility through106 

 
(3.4) 

Here μ represents the net mobility which results from distinct scattering mechanisms each 

giving rise to a separate mobility μn. In other words, the most dominant scattering 

contribution limits and determines the net mobility. Therefore the mobility can be improved 

by identifying the limiting mechanism and subsequently reducing or eliminating it. 
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To extract mobility of nanowire devices, field effect transistors (FET) are made: mobility is 

determined from measurements of the conductance as a function of the back-gate voltage, 

as explained in the next section. 

3.2.2 Field Effect Mobility 

Field effect transport measurements are the most common and experimentally most feasible 

method to extract charge carrier mobility of semiconductor nanowire devices. Here, one 

measures the current flowing through the nanowire channel contacted by two electrodes as 

a function of the gate voltage with fixed voltage bias. The conductance of the channel is 

described by the linear region of the accumulation regime of a field effect transistor (FET).107  

The general expression for the drain current equals the total charge in the channel divided 

by the time the carriers need to flow from the source to the drain: 

 
(3.5) 

where we assume constant drift velocity, vd, of the carriers traversing the channel of length 

L. If we plug in eq. (3.1), we get: 

 
(3.6) 

The constant drift velocity implies a constant electric field which then equals the drain-source 

voltage divided by the channel length. This leads to the following expression: 

 
(3.7) 

In a field effect transistor, the charge density, Q, in the active channel is proportional with 

the applied gate voltage, VG, the proportionality constant being the gate-oxide capacitance, 

C. Plus, the charge density is zero at and below the threshold voltage, VT:107 

 (3.8) 

If we insert (3.8) into (3.7), we get the expression for the current, I, in the linear model: 

 
(3.9) 

The linear model is only valid if the source-drain voltage is much smaller than the gate voltage 

minus the threshold voltage. This ensures that the velocity, the electric field and the charge 

density is indeed constant between the source and the drain. 
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The conductance is defined as the drain current variation with a source-drain voltage 

variation while the gate voltage is kept constant:107 

 
(3.10) 

 

where Vg is gate voltage, μ is mobility, C is capacitance, L is channel length, and VT is threshold 

voltage. If the capacitance and the channel length are known, the field effect mobility can be 

determined from the transconductance gm=dG/dVG.. 

 

 

Figure 3.5| Low-temperature InSb nanowire FET measurements.33 (a) Electrical diagram of the InSb nanowire FET. 
The FET is modelled as a nanowire channel with a resistance controlled by a nearby gate, RNW(Vg) = GNW−1(Vg), in 
series with fixed interface resistances, RS. b) Scanning electron micrograph of a representative InSb nanowire FET. 
Nanowire diameter is  100 nm. The nanowire is deposited onto a Si substrate covered with 285 nm dry thermal 
SiO2.and contacted with Ti/Au (5/145 nm) contacts. Devices with contact spacing of 1, 1.5, 2 or 2.5 μm have been 
fabricated. Scale bar is 1 μm. c) Conductance G, as a function of back gate voltage Vg (black curve). Source-drain bias 
is set to 10 mV. Field effect mobility is extracted from a fit to the conductance (red curve) using eq. 3.11, resulting 
in reproducible average mobility of 2,5 x 104 cm2V-1s-1. Measurements are performed at a temperature of 4.2 K. 
Inset: Gate-nanowire capacitance C, as a function of source-drain contact spacing L. Capacitance is extracted from 
a finite element model of the device geometry. Contacts are included in the simulated device geometry and lead to 
a non-linear C(L) at small contact spacing. 

To extract mobility by the commonly applied peak transconductance method means 

extracting it from a small gate voltage range where the transconductance has its maximum 

value. This gate voltage range is typically close to the threshold voltage where the mobility is 

expected to be the highest. To prevent the overshoot of the mobility value, a more accurate 

fit method for extracting the mobility of the InSb nanowire FETs has been developed in 

collaboration with Quantum transport group at Delft University of Technology.33 In contrast 
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to the peak transconductance method, the fit method we have developed considers the 

transconductance in a wide gate voltage range by fitting a large section of G(Vg), as shown in 

Figure 3.5.  

Due to the absence of a surface accumulation layer in InSb nanowires, an interface resistance 

of a few kilo ohms will remain after ohmic contacts have been made.31 Such interface 

resistances are known to reduce the transconductance, resulting in an underestimation of 

the intrinsic mobility.108,109 We model the interface resistances by a resistor RS with a fixed 

value (no gate voltage dependence), connected in series to the nanowire channel (Figure 

3.5a). The device conductance is then given by: 

 
(3.11) 

 

This equation allows for extraction of field effect mobility using a fit to the measured G(VG). 

Here, the product of mobility and capacitance μC, interface resistance RS and threshold 

voltage VT are the free fit parameters. We restrict the fitting range to G(VG)-1 ≤ 100 kΩ. 

The mobility can be obtained from μC upon determining the capacitance. As a result, for a 

measured G(VG) curve, extracted mobility is inversely proportional to the capacitance value 

used. The capacitance for different channel lengths is calculated from a finite element model 

of the device, taking into account that quantum confinement reduces the classical 

capacitance by ~20%.110,111 

A systematic study33 of InSb nanowire FET mobilities resulted in reproducible average 

mobilities of 2.5×104 cm2V−1s−1. While this value represents an average over many devices, 

the extracted mobility from a single measurement may exceed 3.5×104 cm2V−1s−1. 

The main drawback of this method is the uncertainty in the calculated capacitance value 

which directly affects the extracted mobility. Nanowires suffer from this drawback as their 

small dimensions do not allow a straightforward experimental extraction of capacitance. 

3.2.3 Hall Effect 

As mentioned in the previous section, a conductance measurement can only give the product 

of the mobility and the gate – oxide capacitance. To measure each parameter directly, we 

need to make use of the Hall effect.107 The Hall effect measurements on single nanowires are 



3. Characterization Methods 
____________________________________________________________________________________________ 

40 

challenging due to the small nanowire dimensions – they require ultra-high e-beam precision 

to define transverse Hall terminals.112,113 Crossed InSb nanowires, however, allow for an easy 

experimental extraction of the electron density from the Hall effect measurements.114  

The Hall effect was discovered in 1897 when Edwin Hall found that a magnetic field applied 

to a (semi)conductor perpendicular to the current flow direction produces an electric field 

perpendicular to the magnetic field and the current.115 Let us consider an n-type 

semiconductor in which the current I is flowing in the x – direction and magnetic field B is 

applied in the z – direction, as indicated in Figure 3.6. 

 

Figure 3.6| Schematic illustration of the Hall effect in an n-type semiconductor. 

The Lorentz force, FL, exerts an average force on the electrons: 

 (3.12) 

This results in an accumulation of electrons on one side of the sample, which in turn gives 

rise to an electric field, EH. In the steady state, after the charge separation has built up, the 

Lorentz force due to the magnetic field is balanced by a transverse electric Hall field: 

 
(3.13) 

The minus sign comes from the negative charge carriers (electrons). 

The Hall coefficient, RH, is defined as the ratio: 
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(3.14) 

If we rewrite the Hall field as EH=VH/d, the Hall slope, mH=ΔVH/ ΔB, can be written as: 

 
(3.15) 

where A is the cross-section of the transport channel and d the distance over which the Hall 

field arises. Hall slope is extracted from the measurements (Figure 3.7). The sign of the Hall 

slope tells us the type of the carriers present: negative slope indicates n-type conduction and 

positive slope is a sign of a p-type semiconductor. Once the Hall slope has been measured, 

the carrier density, n, can then be extracted: 

 
(3.16) 

In order to apply eq. 3.16 to an InSb nanocross system, two simplifications to the device 

geometry are made: 

 It is assumed that current, I, flows with uniform current density, J, through the wire. 

This wire has a diameter, d, and circular cross section, A=(π/4)d2.  

 The transverse electric field, EH, and the resulting Hall voltage, VH, arise over a 

distance d.  

Equation 3.16 then becomes: 

 
(3.17) 

 

It follows that the gate-nanowire capacitance, C(F), can be extracted from measurements of 

electron density using expression (3.8) and Q = neLA: 

 
(3.18) 

 

Capacitance of a wire section therefore increases with channel length and diameter, which 

are obtained from an SEM image of the device. Once the capacitance is determined from the 

Hall measurements, it is plugged-in eq. 3.11 from which the field effect mobility is then 

unambiguously evaluated, as explained in more detail in Chapter 4. 
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Figure 3.7| Hall effect in an InSb nanocross device.114 (a) Scanning electron microscope image of a nanocross device. 
A current bias is applied through A-C while voltage is measured between contacts B-D. (b) Hall voltages, VH=VB-VD, 
obtained by application of 10 nA AC current, I, through C-A at magnetic field, B, at several gate voltages, Vg. 
Measured traces have an offset of ~3 μV at B=0 T, likely a longitudinal voltage, that has been subtracted. Trace at 
Vg=12 V is an average of 3 traces; all other traces are obtained in a single measurement. Right axis: Hall resistance, 
VH/I. (c) From the Hall slope, dVH/dB, (left axis) the electron density, n, (right axis) as a function of gate voltage is 
extracted. A linear fit of n(Vg) (blue line) gives dn/dVg=6.5·1015 cm-3.V-1 and therefore capacitance C=51 aF for 
channel B-D. 
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4 Formation and Electronic Properties of InSb 

Nanocrosses 

 

Here, we report on the synthesis and the electrical characterization of crossed InSb 

nanowires. The InSb wires grow horizontally on flexible vertical stems, thereby allowing 

nearby wires to meet and merge. In this way near-planar single-crystalline nanocrosses are 

created, which can be measured by four electrical contacts. Our transport measurements 

show that the favourable properties of the InSb nanowire devices, a high carrier mobility and 

the ability to induce superconductivity, are preserved in the nanocross devices. Our crossed 

nanowires thus represent a promising system for the exchange of Majorana fermions. 

__________________________________________________________________________ 
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4.1 Introduction 

Majorana fermions (MFs)16 can arise as pairs of quasi-particles located at the ends of a 

semiconductor nanowire in contact with a superconductor.21,24–27 Interestingly, the quantum 

properties of MFs are expected to be protected by topology, becoming insensitive to 

perturbations, which could make them robust quantum bits.10,20,116 Logical operations can be 

performed by exchanging the positions of two MFs, i.e. by braiding, exploiting their non-

abelian exchange statistics.117 Signatures of MFs have recently been detected in a one-

dimensional semiconductor nanowire with strong spin-orbit interactions in contact with a 

superconductor21,24,25 following recent proposals.22,23 The currently available single nanowire 

devices are, however, not adequate for demonstrating braiding, since MFs annihilate when 

they come in close proximity. Recent theories have proposed nanowire junctions to make 

braiding possible36,37,118 by temporary storing one MF in an auxiliary leg of a T-junction while 

moving the other particle across or by using a flux-controlled interaction between MFs in a 

double T-junction. 

Braiding of MFs imposes three strong requirements on the semiconductor materials. First, in 

order to generate MFs the material should exhibit a strong spin-orbit coupling. Second, the 

branched wires must form a planar structure to enable electronic device fabrication by 

standard lithography. Finally, the branched structures should be of high crystalline quality, 

since for MFs it is important to have nearly ballistic transport and defects in the wires and at 

the interface will induce unwanted MFs. Despite continuous progress in the control and the 

understanding of nanowire growth,70,93,119 there are only a few studies focussing on 3D 

branched nanowire networks.120–127 Here, we discuss a new approach to grow InSb T- and X-

shaped nanostructures from strong spin-orbit semiconductor indium antimonide, using the 

Vapor-Liquid-Solid (VLS) mechanism63 and Au as catalyst. We show that all requirements set 

above are satisfied in our structures. The crosses grow as single-crystals of high mobility, 

comparable to single InSb nanowires.35 
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4.2 InSb Nanowire Growth 

The one-dimensional semiconductor – the nanowire – is a central part of a Majorana device21 

and, as such, subject to rigorous material requirements. Not only does it need to be 

extremely clean and free of any crystal defects, it must show superior transport properties 

as well.28 

We grow high-aspect ratio InSb nanowires by Vapor-Liquid-Solid (VLS) mechanism63 in a 

Metal-Organic Vapor Phase Epitaxy (MOVPE) Reactor.  

 

Figure 4.1| Optimized InSb nanowire growth.35 (a) Low magnification image of a 25x25 nanowire array with a yield 
of over 95% grown using optimized parameters for 50 nm droplets: pitch = 500 nm and V/III = 26.4 Scale bar 
corresponds to 1 μm. (b) High magnification image of a single nanowire. Color indicates the stacking of materials: 
InP (blue), InAs (yellow) and InSb (red). The arrow shows the zone in which the InAs stem evaporates. Scale bar 
corresponds to 200 nm. 

Electron beam lithography is used to define ordered arrays of Au islands on (111)B InP 

substrates and after gold deposition and lift-off the resulting droplets have a cylindrical shape 

with diameters ranging from 25 to 100 nm and a height of 6 nm. Arrays of 25x25 droplets 

with pitches ranging from 200 nm to 2 μm are fabricated. Prior to the loading into the MOVPE 

reactor a piranha etch is performed to remove resist residues.67 Before growth, the samples 

are annealed at 660 °C for 10 min under phosphine flow to form a Au-In alloy. This substrate 

preparation ensures well-controlled local reaction conditions and accurate statistics for 
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determining the growth mechanisms. We use InP-InAs nanowires as stems for the growth of 

InSb. The InP is used to facilitate uniform nucleation and the InAs is used to reduce the lattice 

mismatch with InSb. The substrate temperature is set to 420 °C during the InP and InAs stem 

growth leading to a mixed crystalline structure for InP and to a pure zinc-blende for InAs. The 

InSb nanowire growth is optimized for various Au droplet diameters and pitches (droplet-to-

droplet distances).35 Figure 4.1 shows a square array (Au droplet diameter 50 nm, pitch 500 

nm) of InSb nanowires grown  at 470°C for 20 min using trimethylindium (TMIn) and 

trimethylantimony (TMSb) with V/III ratio of 26.4. 

Figure 4.2 shows a HAADF-STEM study of a representative InSb nanowire. The nanowire 

crystallizes in the pure zinc-blende phase, without any defects. InSb nanowires grow in a 

<111>B direction (they are Sb – polar) and are terminated with 6 atomically flat {110} side 

facets. Note how, unlike the III-As and III-P nanowires, InSb nanowires are not tapered. We 

explain this by the “catalytic effect”: since TMSb decomposes preferentially at the Au droplet 

surface, the growth mainly takes place just below the Au catalyst particle. 

 

Figure 4.2| HAADF-STEM study of an InSb nanowire. The analyzed InSb NW is imaged in the [110] zone axis to show 
pristine ZB structure. The nanowire grows along the [-111] direction, being Sb-polarized. Images courtesy of Maria 
de la Mata and Jordi Arbiol, Catalan Institute of Nanoscience and Nanotechnology (ICN2), CSIC and The Barcelona 
Institute of Science and Technology, Barcelona, Spain 
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4.3 From Wires to Crosses: A Four-Step Process 

As mentioned in section 4.1., it is impossible to perform logical operations with MFs in single 

nanowires – as MFs are each other’s antiparticles, they annihilate when in close proximity. 

Synthesis of branched InSb nanowires is therefore crucial - it unlocks the next generation of 

Majorana experiments. Here, we describe the process we developed for the formation of 

InSb nanocrosses. The procedure includes 4 steps, which are presented schematically in 

Figure 4.3, accompanied by corresponding scanning electron microscopy (SEM) images. 

 

Figure 4.3| Synthesis of InSb nanowire crosses: A 4-step process. (a) A 30° tilted Scanning Electron Microscopy (SEM) 
image of the InP-InAs nanowires used as stems for the InSb nanowire growth. (b) InP-InAs stems after the annealing 
step: due to the uptake of indium, the Au-In droplets grow in size and slip onto one of the side-facets of the 
underlying InAs nanowires.(c) Once the InSb growth is started, InSb nanowires grow parallel to the substrate surface. 
(d) If the density of the nanowires is high enough, the nearby InSb nanowires meet and merge, forming an InSb 
nanocross. All scale bars 200 nm. In the insets, the InP, InAs and InSb segments are respectively in blue, orange and 
red; the Au-In droplet is in yellow. 

The first step is the fabrication of uniform InP-InAs stems (Figure 4.3a) according to the 

method described in Reference.35 In step 2, the structure is thermally annealed at 470°C 

without any precursor present in the reactor chamber, resulting in partial evaporation of the 

InAs nanowire and an indium enrichment in the Au-In droplet. Since the particle volume 
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increases and the InAs nanowire diameter decreases, the droplet falls to one of the three 

{112} InAs side facets (Figure 4.3b). It is then possible to start the growth of InSb nanowires 

in a horizontal direction, parallel to the substrate (Figure 4.3c), using the optimal growth 

conditions developed in Reference35 for high mobility wires.21,31 If the optimal diameter and 

density of Au colloids is used, InSb nanowires, growing from different stems, can meet and 

merge into nanostructures having a T or X shape (Figure 4.3d). 

4.4 How Do Wires Merge? 

 

Figure 4.4| Merging process of two InSb nanowires. (a) Symmetrical (2θ-ω) XRD measurement on an as grown 
sample. (b) and (c) respectively side-view and top-view scheme of the InSb nanowires grown horizontally. The 3 
angles defining the InSb growth direction are ψ, φ and γ. ψ corresponds to the angle between the vertical stem and 
the growth direction of the InSb nanowire, φ is the in-plane angle of the InSb nanowire with respect to the <1-10> 
direction of the InP(111)B substrate, and γ is the rotation angle of the InSb nanowire around its long axis taking the 
alignment of the (220) InSb planes with the substrate surface as a reference. (d) High resolution SEM image of an 
InP/InAs stem bended during the merging process. (e) Statistics about the Δφ angle between two crossing InSb 
nanowires (f) Example of a branched structure: the two InSb nanowires should have a slight difference in altitude in 
order to merge into a nanocross. For all images, the scale bar is 200 nm. 
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The merging of the wires will now be discussed in more detail. To describe the nanowire 

intersection, three angles are defined as reported in Figure 4.4b,c. ψ corresponds to the 

angle between the vertical stem and the growth direction of the InSb nanowire, φ is the in-

plane angle of the InSb nanowire, and γ is the rotation angle of the InSb nanowire around its 

long axis. Interestingly, these different angles are not random, which will be shown below.  

SEM side-view inspection of the samples shows that ψ is close to 90°, implying that the 

tapering of the InAs nanowires is minimal. To investigate the exact crystalline orientation of 

the InSb wires X-ray diffraction measurements were performed in a symmetric 2θ-ω 

configuration. Figure 4.4a shows a diffraction spectrum of the same sample, where the (111) 

peaks of InP, InAs and InSb originate from the stems and a thin layer on the substrate. 

Importantly, a fourth peak also appears around the InSb (220) Bragg angle (39.3°). The 

intensity is rather weak, due to the small volume of material, but is still detectable with a 

standard set up and the 2θ full width at half maximum is ~0.4°. This peak originates from 

InSb nanowires having one of their {110} side facets parallel to the substrate surface. The 

fact that no other sets of InSb lattice planes perpendicular to the <111> growth direction 

(e.g. (422)) show up in the XRD pattern proves that ψ and γ are fixed to 90° and 0°, 

respectively (see Appendix, section 4.9.1). Since stems and substrate have no horizontal 

<111> crystalline directions, it follows that the InSb nanowires have no epitaxial relation with 

the InP-InAs stems, and the stems only serve as a mechanical support. 

In order to investigate φ, we measured the merging angle (Δφ) of T- and X- shaped 

nanostructures (Figure 4.4e,f). For this study more than 100 merged InSb nanowires have 

been transferred onto a SiO2 substrate and imaged from the top to provide a perpendicular 

projection. The results are shown in the histogram in Figure 4.4e: the most probable merging 

angle is Δφ ~60°. This maximum can be explained by the triangular cross-sectional shape of 

the InAs segment (see Appendix, section 4.9.2). 

During the final step of the process, the wires can merge and form a planar, branched 

nanowire structure; in this case either T- or X- shaped. The formation of a T- or an X- structure 

depends on the level of alignment of two InSb nanowires in the vertical direction (Figure 

4.4f). When the wires are slightly misaligned in altitude a cross is formed. During the axial 

growth, the wire also grows in the radial direction. The decomposed material can then either 
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lead to axial, but also to radial growth, soldering the two wires together. The vertical distance 

between two approaching wires can be reduced due to the flexibility of the InAs stems as 

shown in Figure 4.4d. In that case, the InAs stem will bend during the merging process. For 

most crosses the InAs stems are slightly bent which is important for obtaining a high yield of 

crosses. More importantly, these flexible stems also allow small corrections of Δφ in order to 

form single crystalline crosses. This phenomenon, already observed for nanoparticles in 

solution128, tends to align the crystalline orientations of both nanowires and can correct small 

misalignments (<2°). When the two wires are perfectly aligned in altitude, T-shapes are 

formed. In this particular case the droplet of one wire touches the second one exactly in the 

middle of the nanowire. The catalyst particle will bounce and either move along one of the 

side facets or get stuck by wetting a re-entrant corner. As a consequence a T-shaped 

structure is formed (Figure 4.5). From this point, the growth can continue by filling the space 

in between the two branches of a T-shaped structure. This results in a 2-dimensional 

nanowing structure (Figure 4.5). 

 

Figure 4.5| T-shaped structures and nanowings. High Angle Annular Dark-Field (HAADF- STEM) images of various T-
shaped structures. When the two InSb nanowires are perfectly aligned in height the gold droplet cannot cross the 
second wire and will stay close to the intersection as indicated by arrows. From this point, the growth can continue 
by filling the space in between the two branches of a T-shaped structure. This results in a 2-dimensional nanowing. 
Scale bars correspond to 500 nm. 
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4.5 The Crystalline Quality 

4.5.1 Single Crystalline Nanocrosses: Δφ=70.5° 

 

Figure 4.6| Crystal structure of a single-crystalline nanocross. (a) Low resolution TEM image of a single crystalline 
InSb nanocross. (b) and (c) HRTEM images just below the droplet for both branches. Scale bars 5 nm. (d) and (e) FFT 
pattern corresponding respectively to (b) and (c). The crystalline directions are perfectly superposed proving 
nanocross in (a) is a single crystal. (f), (g), (h) and (i) HRTEM images of each corner of the nanocross and the 
corresponding FFT pattern showing a single crystalline orientation. Scale bars 5nm. 

The crystalline quality of InSb nanocrosses is studied by High Resolution Transmission 

Electron Microscopy (HRTEM) for crosses with different joining angles. When the crossing 

angle between two InSb NWs, which grow along a <111>B direction, is Δφ=70.5° (Figure 

4.6a), the crystalline directions of both branches are aligned and a single crystalline structure 

can be formed. (Depending on the polarity orientation of the two wires, also a twinned 

junction can be obtained). HRTEM images of a single crystalline cross, obtained just below 

the droplets of each branch are shown in Figure 4.6b,c. The related fast Fourier transforms 

(FFT) are presented in Figure 4.6d,e. The perfect match of the FFT patterns proves that the 
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cross in Figure 4.6a is a single crystal paving the way to advanced electronic transport 

devices.  

4.5.2 A Single Grain Boundary at the Junction: Δφ≠70.5° 

 

Figure 4.7| The most frequent case: Crystal structure of a cross with Δφ = 60°. (a) Low resolution TEM image of a 
cross with a merging angle of Δφ = 60°. (b),(c) HRTEM images taken just below the droplet for both branches. Scale 
bars 10 nm. (d),(e) FFT patterns corresponding to (b),(c), respectively. The FFT patterns corresponding to different 
branches show different crystalline orientations of the two branches of the cross. The fact that both branches are 
on a <110> zone axis at zero-tilt for this cross, and similar crosses that were inspected by HRTEM illustrates that γ is 
indeed 0° for both branches and ψ = 90°, i.e. that the tapering of the InAs stems is minimal in these cases. (f)-(i) 
HRTEM images of each corner of the nanocross. A Moiré pattern can be observed. In this case a grain boundary is 
formed between the 2 wires. Scale bars 5 nm. 

If the merging angle is Δφ≠70.5°, the merging process occurs for two nanowires having 

different crystalline orientations, only sharing horizontally oriented (110) planes at the same 

altitude. In this case, a Moiré fringe pattern characteristic of the interference of two different 

crystalline directions appears in the HR-TEM images (Figure 4.7). Interestingly, the crystalline 

orientation of each branch is the same before and after the junction and the only defect of 

the structure is the grain boundary at the junction. 
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4.6 Transport Measurements 

We next investigated the electrical transport properties through merged nanowires. A 

nanocross was contacted (see Appendix, section 4.9.3) and the electron density was 

controlled with a global back gate. The two-point resistance can be modulated by the gate 

potential between 7-15 kΩ and pinch-off for all contact pairs (Figure 4.8a). The linear IV-

sweeps obtained for all contact combinations (Figure 4.8b,c) indicate ohmic contacts and the 

absence of localization in the nanocross. This shows that the interface at the intersection of 

the two wires is sufficiently transparent to allow transport from wire to wire without a 

tunnelling barrier. 

 

Figure 4.8| Transport through a nanocross. All data taken at a temperature of 4.2 K. (a) Conductance, G=I/VSD, of all 
6 contact pairs as function of gate voltage, Vg. VSD is the voltage bias across the device, I is current. VSD is for all traces 
between 10 mV (near pinch-off) and 5 mV (at Vg=30 V). Right axis: Resistance R = 1/G. Inset: SEM image (50° tilted) 
of the measured nanocross. Δφ, the angle between nanocross legs, is 45°. (b) and (c) Bias voltage sweeps of contact 
pairs A-C (A-D) at several gate voltages Vg. For (b), from light blue to black, Vg =9.8, 10.5, 11.1, 12, 15, 22.5 V and for 
(c), from light blue to black, Vg = 9.8, 10.2, 10.7, 11.7, 15, 22.5 V. 
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To assess the carrier mobility in the nanocross we extracted the electron density from Hall 

measurements. The standard method in electrical characterization of nanowires is the 

extraction of field-effect mobility from gate traces. This method however has the drawback 

that it requires accurate knowledge of the capacitance between gate and nanowire, which is 

often lacking. Merged nanowires allow us to experimentally extract the nanowire 

capacitance from measurements of carrier density as function of back gate voltage. It should 

be noted that approximations made to the nanocross device geometry and transport regime 

limit the accuracy of our mobility estimate (section 3.2.3). 

 

Figure 4.9| Nanocross Hall measurements. (a) Hall voltages, VH=VB-VD, obtained by application of 10 nA AC current, 
I, through C-A at magnetic field, B, at several gate voltages, Vg. Measured traces have an offset of ~3 μV at B=0 T, 
likely a longitudinal voltage, that has been subtracted. Trace at Vg=12 V is an average of 3 traces; all other traces are 
obtained in a single measurement. Right axis: Hall resistance, VH/I. (b) From the Hall slope, dVH/dB, (left axis) the 
electron density, n, (right axis) as a function of gate voltage is extracted. A linear fit of n(Vg) (blue line) gives 
dn/dVg=6.5·1015 cm-3V-1 and therefore capacitance C=51 aF for channel B-D.This capacitance is used in a fit to gate 
trace B-D (see inset) and yields a mobility of 8000 cm2/Vs. 
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From Hall measurements on a nanocross, we obtain gate-tunable Hall resistances of ~1kΩ at 

B≈3T (Figure 4.9a). The electron density n, extracted from the Hall slope dVH/dVB, increases 

linearly with gate voltage (Figure 4.9b) from ~5·1016 cm-3 to ~2·1017 cm-3. Gate-nanocross 

capacitances of ~50 aF are derived from a linear fit of n(Vg). We then extracted the field-

effect mobility from a fit to the gate traces of Figure 4.8a (see inset of Figure 4.9b for channel 

B-D) and found mobilities of ~6500 to ~9000 cm2/Vs. The same analysis for a second 

nanocross device (see Appendix, section 4.9.4) yielded mobilities of ~6700 to ~10000 cm2/Vs. 

These high mobilities reflect the high structural quality of our InSb nanocrosses. Moreover, 

these mobilities indicate that the favourable transport properties of InSb nanowires are 

preserved in complex nanowire structures. Nanocross sections with and without grain 

boundary show similar mobility. In addition, gate traces of nanocrosses and T junctions with 

various crossing angles Δφ between 40° and 70° are comparable. Accordingly, the mobility is 

probably limited by factors other than the grain boundary, such as scattering at the surface 

or at impurities. 

4.7 Induced Superconductivity in a Nanocross 

Since superconductivity is a key ingredient for creation of MFs, it is essential to induce 

supercurrent in nanocrosses. Superconducting leads have therefore been deposited at each 

end of a nanocross (Figure 4.10a). Contact pairs of the device have a normal state 

conductance at large positive gate voltage between 1.1 and 3.5 G0 (G0=2e2/h). The V(I) 

characteristic of all measured contact pairs exhibits a supercurrent branch indicating 

proximity induced superconductivity.129,130 Switching to a resistive state occurs when the 

current bias exceeds the critical current Ic (Figure 4.10b). Ic is gate-tunable (Figure 4.10c) and 

increases with the nanocross normal state conductance. By comparing different contact 

pairs, we find that Ic depends on the contact separation and varies between ~4.6 nA (section 

A-C, separation 620 nm) and ~0.25 nA (C-D, separation 1.5 μm). Critical current within a 

single nanowire (section A-C) and through the nanocross junction (B-C) are comparable. 

Moreover, the supercurrents through these nanocross sections are similar to that through 

an InSb nanowire Josephson junction contacted with the same superconductor and with 

similar contact separation.114 



4. Formation And Electronic Properties Of InSb Nanocrosses 
____________________________________________________________________________________________ 

56 

 

Figure 4.10| Gate-tunable supercurrent through a nanocross. Data taken at 20 mK. Instrumental resistance has been 
subtracted. (a) Top view SEM image of the device. In order to decrease the junction diameter, the nanocross was 
in-situ HCl etched prior to the device fabrication.131 The scale bar corresponds to 0.5 μm. Contact spacings are 440 
nm (section A-B), 620 nm (A-C and B-C), 1300 nm (A-D and B-C) and 1480 nm (C-D). Contact material is NbTiN/Al 
(50/70 nm). (b) V(I) characteristics for current bias, I, between contacts A-C (global back gate voltage Vg=14.8 V, 
blue) and B-C (Vg=14.4 V, black).The asymmetry in the V(I) trace, indicating hysteresis, is due to environmental 
shunting132 or self-heating of the device.133The kinks in the dissipative branches (indicated with an asterisk) are likely 
Fiske steps.134,135 Both features are commonly observed in underdamped Josephson junction. Inset: V(I) 
characteristic for section C-D (Vg=13.5 V). (c) Color plot: differential resistance, dV/dI, as a function of I and Vg 
between B-C. The black region (dV/dI=0) indicates supercurrent through the nanocross. Superimposed with the 
same horizontal and vertical scale is the critical current for B-C (white), A-B (green) and A-C (blue).  

4.8 Conclusions 

There are a few remaining challenges for these structures. The first is to increase the mobility 

in order to obtain ballistic transport between all contacts. The mobility may be enhanced by 

passivating the wire with a shell of a wide band gap material. InSb has a large lattice constant 

and most ternary AlInSb or InGaSb compounds would be suitable as a shell material. Second 

is to improve the yield of single crystalline crossed wires. With the current approach 

approximately 8% of the nanocrosses have an optimal merging angle. One option to improve 

this is the use of (001) oriented substrates.126 Wires growing along two <111>B directions 

will meet and if their epitaxial relation with the substrate is maintained, they will form a single 

crystalline structure. Finally the supercurrent induced in the nanowire could be improved by 

optimizing the superconductor-semiconductor interface.  
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4.9 Appendix 

4.9.1 X-ray Diffraction (XRD) Measurements 

Figure 4.4a shows (111) InSb, (111) InAs and (111) InP peaks. These peaks can be attributed 

to InP and InAs nanowires and thin film growth on InP substrate. The fourth peak, InSb (220), 

is used as a proof that the horizontal InSb nanowires have fixed values of angles ψ and γ, i.e. 

90° and 0°, respectively.  In order to be able to unambiguously draw this conclusion, we need 

the following evidence: 

I. No additional peaks from the other compounds (InAs and InP). The InSb (220) peak 

should be originating from the horizontal nanowires only. Poly-crystalline, defective 

growth of a bulk layer on the substrate could also yield additional weak peaks. In 

this case, additional peaks from InAs and InP are likely to be present also. Figure 

4.11 shows 2θ scans of the angular ranges in which the (220) peaks of the three 

compounds are predicted to occur. Clearly, no (220) peaks are present for InAs and 

InP within the detection limits.  

 

Figure 4.11| 2θ scans around the positions of the (220) peaks of the three compounds, acquired with an integration 
time of 0.5 sec per 0.005 degree. 
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Figure 4.12| 2θ scans around the positions of the InSb (hkl) peaks that appear strongest in a powder spectrum. 



 
____________________________________________________________________________________________ 

59 

II. No contribution from poly-crystalline InSb: Figure 4.4a shows two InSb peaks: (111) 

and (220). Hypothetically, the latter peak could be assigned to a small fraction of 

non-epitaxial InSb, due to e.g. multiple twinning of islands on the surface. In that 

case, more InSb peaks should be present in the XRD spectrum. Figure 4.12 displays 

2-theta scans around the positions of those (hkl) peaks of InSb, that appear 

strongest in a powder spectrum. The fact that none of these peaks appear above 

noise-level, although ratio of intensities in a powder pattern is 796 : 490 : 133 : 266 

for (220) : (311) : (400) : (422) respectively, indicates that no “powder” contribution 

is present. 

III. No rotational freedom of the horizontal InSb nanowires: In case that all horizontally 

growing nanowires have full freedom of rotational angle γ, all directions 

perpendicular to 111 (i.e., both 220 and 422) would show up in the XRD spectrum. 

The fact that the (422) peak is absent (Figure 4.12), while a significant (220) peak is 

present (Figure 4.11), proves that γ=0°. It should be mentioned that the angular 

spread at this position is unknown; because of the weakness of the (220) peak, no 

rocking curves were acquired. 

4.9.2 The Most Probable Merging Angle Δφ. 

As shown in Figure 4.13a, InAs stems have a triangular cross-section. During the anneal step, 

the Au-In droplet will slip on one of the 3 {112} InAs side facets and InSb nanowire growth 

will continue in the direction perpendicular to that facet. This will result in the Δφ ~60° 

merging angle. However, we observe that, due to evaporation during the annealing step, 

InAs nanowires can change the cross-section from a triangle to a hexagon. The Au-In droplet, 

enlarged as it uptakes indium, can now cover more than one side facet (Figure 4.13b,c). The 

InSb nanowires can: (i) grow in the direction perpendicular to one of the 6 side facets, which 

results in 6 <112> preferential directions for φ and a maximum Δφ ~60°, or (ii) grow along 

the diagonal of the hexagon, which results in 6 <110> growth directions and a maximum Δφ 

~60°, or (iii) a cross can be formed by one wire growing perpendicular to the side facet and 

the other one along the diagonal of their respective InAs stems. This will result in other local 

maxima Δφ ~ 30° and 90° (Figure 4.13d, Figure 4.4e). 
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Figure 4.13| The cross-sectional shape of InAs nanowires determines the most probable merging angle Δφ. (a) The 
most probable case: Δφ = 60°. Top view SEM image of the InP-InAs stems. The zinc-blende InAs nanowires have a 
triangular cross section with two possible permutations of this triangular shape, given by the symmetry of the zinc-
blende crystals. The nanowire arrays are aligned with the [1-10] crystalline direction of the InP (111)B substrate. 
During the annealing step, the gold-indium droplet will fall onto one of the 3 side-facets, leading preferentially to 
the growth of crosses merged under a 60° angle. The possible growth directions of the InSb nanowires are indicated 
by blue arrows. (b)-(d) The other local maxima: Δφ = 30°and Δφ = 90°. Top-view SEM images of the “big” droplets 
after the annealing step: reconstruction of the nanowire surface occurs and changes the InAs cross-sectional shape 
from triangular to hexagonal. The enlarged Au-In droplets can cover more than one side facet. The InSb growth can 
follow the direction perpendicular to the facet (b) or the direction along the diagonal of the hexagon (c). When two 
nanowires growing along these different directions merge, Δφ can be 30° or 90°, as shown in (d). 

4.9.3 Device Fabrication 

Nanocrosses are deposited on a p-doped Si chip covered by 285 nm SiO2. The contact area is 

defined by electron beam lithography. For devices with normal metal contacts (section 4.6), 

an ammonium sulfide passivation of the contact area is performed prior to contact 

deposition (25/250 nm of Ti/Au). Measurements are performed at a temperature of 4 K with 

the magnetic field oriented perpendicular to the nanocross. For devices with 

superconducting contacts (section 4.7), an in-situ Ar-etch was performed to remove the 

native oxide on the nanowire, after which NbTiN/Al (50/70 nm) was deposited. 
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4.9.4 Mobility Analysis Device II 

 

Figure 4.14| (a) Conductance, G=I/VSD , as a function of gate voltage Vg . Right axis: resistance R=1/G. VSD is between 
10 mV (near pinch-off) and and 8 mV (near Vg=9 V). (b) Hall voltage, VH, as a function of perpendicular magnetic 
field, B, for three back gate voltages, Vg. A current bias of 10 nA is applied from C to A, Hall voltage is measured 
between B and D. Right axis: Hall resistance, VH/I. 

 

Figure 4.15| (a) Hall slope, dVH/dB, (left axis) and the resulting electron density, n, (right axis) as a function of the 
back gate voltage, Vg. A linear fit gives dn/dVg=(1.4±0.2)·1016 cm-3/V. Channel capacitances are 28-49 aF. (b) Field 
effect mobility fits (red curves) to pinch-off traces A-C, B-C and A-B. Traces B-C and A-B are displaced horizontally. 
Mobility is 6700, 9500 and 10000 cm2/Vs, contact resistance is 5.4 kΩ, 4.6 kΩ and 5.8 kΩ, respectively. 

Device II allows comparison of mobilities of transport channels with and without a grain 

boundary. Since the two constituent nanowires have to be slightly misaligned in altitude for 

a nancross to form, a nanocross is a quasi-planar structure. In device II, channel B-D is on top 

of channel A-C. This results in wire section D being slightly suspended. This is why section D 

is not considered here, as its mobility cannot be obtained with the same accuracy as other 
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sections. While increased scattering at the grain boundary would result in a lower mobility 

for channels B-C and A-B compared to channel A-C, the mobilities of channels B-C and A-B 

are actually higher than that of A-C. This suggest that the grain boundary does not have a 

major influence on mobility. 
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5 Rationally Designed Single-Crystalline Nanowire 

Networks 

 

We closed the previous chapter by identifying the main challenge for the growth of crossed 

InSb nanowires: improving the yield of the single-crystalline nanocrosses. Here, we 

demonstrate how the substrate crystallography can be used to ensure that 100% of the 

nanowires meet under the optimal angle for formation of single-crystalline structures. The 

method developed is generic and can be employed to synthesize interconnected nanowire 

architectures of group III-V, II-VI and IV materials. InSb is our material of choice due to its 

superior transport properties, which make InSb nanowire networks a promising platform for 

the future random access memories based on Majorana fermions. 

__________________________________________________________________________ 

 

 

 

 

 

 

 

MMaterial Synthesis: Diana Car, Sébastien R. Plissard, Jia Wang, Erik P. A. M. Bakkers; Eindhoven 

University of Technology 

Transmission Electron Microscopy: Marcel A. Verheijen; Eindhoven University of Technology 

and Philips Innovation Services Eindhoven  

 

This chapter has been published in Advanced Materials 26, 4875–4879 (2014). 

doi:10.1002/adma.201400924 

  



5. Rationally Designed Single-Crystalline Nanowire Networks 
____________________________________________________________________________________________

64 

5.1 Introduction 

Rational bottom-up assembly of nanowire networks may be a way to successfully continue 

the miniaturization, which is the main driving force behind the semiconductor industry. So 

far, the fabrication of branched nanowire structures is based on processes, which are limiting 

the control over crystalline quality, position of the junction and overall morphology.80,122 

Here we report a rational bottom-up epitaxial fabrication of planar nanowire architectures. 

Bottom-up growth of nanowires is the preferred route as it provides complex contact 

schemes, such as gates underneath and superconducting contacts on top of the structure, 

which cannot be easily achieved by top-down methods. Furthermore, nanowire growth 

grants a great degree of freedom in combining materials with different lattice parameters 

and doping profiles,136,137 allowing for configurations impossible to realize in thin film 

geometry.  

Achieving a single crystalline nanowire junction is nevertheless a challenging task.35,138 

Defects are undesirable as they might induce carrier scattering and therefore reduce the 

transport properties.100,125 We use the substrate crystallography to ensure the nanowires 

meet under the optimal angle for formation of single-crystalline structures. Moreover, by 

exact control of the position of the catalyst in two directions we can tune the type, as well as 

the number, of wire-to-wire junctions.  

Our method is generic and can be employed to synthesize interconnected nanowire 

architectures of group III-V, II-VI and IV materials as long as they grow along a <111> 

direction. InSb is our material of choice due to its superior transport properties139,140 which 

make it a promising platform for the future random access memories based on Majorana 

fermions (MFs).16,21,24,25 The challenge ahead is to design and fabricate new quantum devices, 

which would allow for braiding of MFs – an operation, which should bring us one step closer 

to topological quantum computing with these quasiparticles. The simplest circuit necessary 

to demonstrate the braiding of Majorana fermions consists of five superconducting islands 

connected by a 2-junction nanowire structure and enclosed in a transmission line 

resonator.36 To fully exploit computational power of Majoranas, i.e. to allow for multiple 

independent braiding operations, complex nanowire systems with more than two junctions 

are demanded.37 It is of great importance to develop a novel method of material synthesis, 
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which would enable the controlled fabrication of planar interconnected nanowire 

architectures. 

5.2 InSb Nanowires on (001) InP Substrate 

Nanowires have been grown by Au-catalyzed Vapor-Liquid-Solid process in an Aixtron Metal 

Organic Vapor Phase Epitaxy (MOVPE) machine. In order to control the nanowire position, 

arrays of gold islands are patterned on (001) InP substrates by electron beam lithography 

(EBL). InP nanowires grown on InP (001) substrates are used as stems for InSb nanowire 

growth to facilitate the nucleation of InSb wires, which is difficult on flat surfaces.141,142 We 

use an InP substrate because P from the substrate cannot easily be incorporated into InSb 

due to the large miscibility gap in the ternary,143,144 in contrast to As when an InAs substrate 

is used. Hence, a vertical <001> InP segment is first grown (Figure 5.1a)145 at a temperature 

of 440 °C for 9 min using tri-methyl-indium (TMI) and phosphine (PH3) as precursors with 

reactor pressure of 50 mbar and precursor molar fractions Xi (TMI) = 2.42 x 10-5 and Xi (PH3) 

= 7.44 x 10-3. To increase the yield of vertical wires growing in the <001> direction the Au 

droplet shape and composition was optimized prior to wire growth:145 when the system 

reached the temperature of 440 °C under PH3 pressure, we simultaneously switched PH3 off 

and TMI on for 15 s. After the <001> InP nanowires are grown, we change the growth 

direction of the InP nanowires into a <111>B direction by changing the contact angle of the 

catalyst droplet.146 This is done by switching TMI off for 2 min while keeping PH3 on. When 

we re-start the growth by switching TMI on again, nanowires grow in the <111>B direction 

(Figure 5.1b). InP <111>B segments are grown using the same temperature and precursor 

flows as the <001> InP wires. InSb nanowires are grown on top of the kinked InP stems (Figure 

5.1c) at 495 °C for 20 min, using tri-methyl-indium (TMI) and tri-methyl-antimony (TMSb) 

with precursor molar fractions Xi(TMI)= 1.1 x 10-5 and Xi(TMSb)= 3.4 x 10-3.  
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Figure 5.1| InSb nanowires grown on an (001) InP substrate. (a) <001> InP nanowires grown on an (001) InP 
substrate. (b) A kinked <111>B InP segment on top of the vertical <001> InP nanowire. (c) High aspect ratio <111>B 
InSb nanowires grown on kinked InP stems in (b). (d) A scheme indicating four <111> directions pointing upwards 
from (001) substrate. InSb nanowires only grow in <111>B directions. (e) Two InSb nanowires growing at an angle 
of 109.5° with respect to each other. For images (a), (b) and (c) the scale bar is 200 nm. For image (e) the scale bar 
is 1 μm.  For all SEM images the viewing angle is 30°. 

As already reported,88,126,147 (001) substrates are ideal candidates for the growth of complex 

structures since two <111>B directions are available. To be more precise, on an (001) III-V 

substrate there are 4 {111} planes having a normal vector with an upward-pointing vertical 

component, two of which correspond to {111}A and two to {111}B planes. As several studies 

have shown that InP and InSb nanowires normally grow in a <111>B direction,148 we can 

conclude that there are only two growth directions available on an (001) III-V substrate 

(Figure 5.1d). Hence, 50% of the InSb wires will grow in the [11-1]B and 50% in the [-1-1-1]B 

direction.146 Since the InSb wires are epitaxially connected to the substrate they will meet 

under an angle of 109.5° (Figure 5.1e), which is precisely the angle between two <111>B 

directions in a zinc-blende monocrystal. This, plus the fact that InSb wires crystallize in the 

defect-free zinc-blende crystal structure, is why our approach is expected to result in a high 

yield of single-crystalline junctions. 
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5.3 Position- and Direction- Controlled Growth 

We first discuss the situation in which the catalyst particles are exactly aligned along the [-1-

10] crystalline direction of the substrate (Figure 5.2a). When two InSb nanowires, growing 

towards each other (respectively in the [-1-1-1]B and the [11-1]B directions) meet, they 

touch tip-to-tip. The two gold droplets coalesce into a bigger one and a nanowire “bridge” is 

formed (Figure 5.2b,c).126 Although this is an interesting approach to double the length of 

the InSb wires while maintaining the relatively small diameter, we are interested in multi-

branched wires. In order to assist formation of crossing events, arrays with a misalignment 

in the y-direction were designed (Figure 5.2d). In this case, two InSb nanowires, growing 

towards each other from two mutually misaligned droplets, do not merge into a “bridge” 

structure. Instead, they grow in close proximity and finally merge due to radial nanowire 

growth forming a nanocross (Figure 5.2e,f). 

 

Figure 5.2| Position – and direction – controlled growth of InSb nanowire networks. (a) Scheme of a gold droplet 
array defined by EBL. Δx denotes the pitch between the two neighboring droplets. (b) Top-view SEM image of two 
merged nanowires. A single gold droplet on top of the nanowire-bridge structure can be easily seen. (c) 30° tilted 
SEM image of the complete bridge structure (kinked InP stems + merged InSb nanowires) with growth directions 
indicated by arrows. (d) Introducing the misaligned EBL array of gold catalysts to favor crossed nanowire structures. 
Δx denotes the pitch and Δy the offset between the two neighboring droplets. The pattern was designed such that 
Δx = 1.5 μm and Δy = 150 nm. (e) Top-view SEM image showing an InSb crossed junction. (f) 30° tilted SEM image 
of the crossed structure. All scale bars correspond to 200 nm. 

5.4 The Crystalline Quality 

The crystalline structure of the junctions is investigated by transmission electron microscopy 

(TEM). Figure 5.3a shows a bright field TEM image of a crossed junction formed by two wires 
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meeting under an optimal angle of 109.5°. The high resolution TEM images taken just below 

the droplets (Figure 5.3b,d) of two merged nanowires and the corresponding Fast-Fourier 

Transforms (FFT) (Figure 5.3c,e) show that the crystalline directions of both legs are identical. 

This structure is therefore a single crystal. 

 

Figure 5.3| Transmission Electron Microscopy (TEM) study of a single-crystalline junction. (a) Bright Field TEM image 
of a single-crystalline junction. (b) and (d) are HR-TEM images taken just below the droplets of each leg. Scale bars 
correspond to 5 nm. (c) and (e) are the corresponding FFT patterns. The crystalline directions in (c) and (e) are 
perfectly superposed, which proves the single-crystallinity of the junction. 

Nevertheless, the HR-TEM image of another junction (see Appendix, section 5.7.1) shows a 

Moiré interference pattern, which is a signature of two differently oriented crystals. The 

corresponding FFT pattern reveals a twinning diffraction pattern, with a 36.5° angle between 

the <200> directions of the two nanowires. This structure is not a single crystal, and there is 

a grain boundary at the junction.  

The formation of the grain boundary can be explained assuming the presence of the 

rotational twin boundaries in the <111>B InP segment. (The vertical <001> InP segment is 

defect-free, see Appendix (section 5.7.2) and Ref.145 ). After an odd number of rotational 

twins is formed in the <111>B InP nanowire, the top of the <111>B InP nanowire and the 

(001) InP substrate are twin-related. On the contrary, if there is an even number of rotational 

twins in the <111>B InP segment, its orientation is again identical to that of the substrate. 

Thus, if an even number of rotational twins is present in both the [11-1]B and [-1-1-1]B InP 

stem, the resulting crystalline orientations at the end of the two InP segments are identical. 
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The same applies for InSb nanowires growing on top of them, and the resulting crossed 

junction is in that case single-crystalline. 

 

Figure 5.4| Table and atomic model summarizing the four possible crossing scenarios. In 25% of the cases, the 
nanostructure is expected to be single crystalline. The orientation of InSb nanowires depends on the number (even 
or odd) of rotational twins in the underlying InP segments. The blue (green) line serves as a guide to the eye: it 
indicates the InSb zinc blende crystalline structure as viewed along the two different <110> directions. Atomic model 
courtesy of Sonia Conesa-Boj. 
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It is important to notice that the orientation of a [11-1]B InP segment after an odd number 

of twins is not the same as the orientation of the [-1-1-1]B InP segment after an odd number 

of twins, since the rotations occur around different axes. In this case, a grain boundary is 

formed at the junction between the two InSb nanowires. The FFT pattern of such a twinned-

twin junction will show a 36.5° angle between the two <200> directions, as shown in 

Appendix, section 5.7.1. Finally, an InSb nanocross can be formed from two InSb nanowires, 

one growing from an InP stem with an even number of twins, and one from an InP stem with 

an odd number of twins. The FFT diffraction pattern of such a twinned junction will show a 

109.5° angle between the two <200> directions. Taking into account all the possible 

crystalline orientations of InP nanowires, and the fact that there is a 50 % chance for an even 

and odd number of twin boundaries in an InP segment, we are left with four possible options: 

even-even, odd-odd, and even-odd/odd-even (Figure 5.4); each of which has a 25% 

probability. 

It can happen that, in addition to rotational twins, insertions of wurtzite phase are present in 

the InP <111>B segments. At every wurtzite to zinc blende transition, the nanowire again has 

a 50:50 % chance of growing into one of the two zinc-blende <110> orientations (labelled as 

ZB#1 and ZB#2 in Figure 5.5). Hence, the 4 crossing scenarios and the corresponding 

probabilities remain unchanged. 

It is important to note that twinning does not imply the formation of polarity inversion 

domains in most of the semiconductor materials.98 If no anti-phase boundaries are formed 

at the junction, the polarity is preserved and the merging process assures clean interfaces 

with no charging effects. 

We emphasize that this approach can be used for zinc blende nanowires on corresponding 

substrates. On the contrary, for wurtzite nanowires the optimum angle cannot be provided 

by the zinc blende substrate. Crystalline branched nanostructures have been synthesized in 

the wurtzite structure in a solution, without epitaxial connection to a substrate. However, 

mobilities in solution grown nanowires are usually much lower.149 
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Figure 5.5| Atomic model of a wurtzite to zinc-blende transition in a <111>B InP segment. After every wurtzite 
segment, the zinc blende InP <111>B segment can adopt one of the two <110> orientations (labelled as ZB#1 and 
ZB#2) with equal probability. Atomic model courtesy of Sonia Conesa-Boj. 

5.5 Nanowire Networks 

A significant advantage of our method is the possibility of controlled fabrication of planar 

multiple wire structures. Important to mention is that the type of structure, which is 

predominantly formed, can be tuned by the catalyst spacing and offset. Figure 5.6a illustrates 

what we denote as a π-structure, as its shape resembles the one of the Greek letter π. It is 

formed out of 3 wires, 2 of which are growing from mutually aligned catalyst particles and 

are therefore forming a nanowire-bridge structure, while the 3rd nanowire is misaligned with 

respect to the other two and is crossing one of the two legs of a bridge. Figure 5.6b shows a 

slightly different π – structure, consisting of 3 wires and 2 crossed junctions. An example of 

a single-crystalline π - junction is shown in the Figure 5.7, showing that this approach is 

suitable for fabricating key components of future Majorana random access memories.  
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Figure 5.6| Nanowire networks. (a) 30° tilted SEM image of the nanowire π – structure. Two nanowires growing 
from mutually aligned droplets merge into a bridge. A third nanowire growing from a misaligned droplet forms a 
crossed junction with one leg of the bridge. (b) 30° tilted SEM image of the nanowire π – structure consisting of 
three nanowires and two crossed junctions. (c) 30° tilted SEM image of a 4-nanowire architecture: two nanowire 
bridges connected by one crossed junction. (d) 30° tilted SEM image of the nanowire loop formed out of four 
interconnected InSb nanowires, two of which are growing in the [11-1]B and the other two in the [-1-1-1]B direction.  
(e) 30° tilted SEM image of the 6 - nanowire network: 4 nanowires connected in a closed loop whose one leg is 
forming a π-structure with the other 2 nanowires. (f) 30° tilted SEM image of a 7-nanowire network. All scale bars 1 
μm. 

4 nanowires can be merged in a way depicted in Figure 5.6c - two nano-bridges connected 

by one crossed junction – or they can form a closed nanowire loop as shown in Figure 5.6d. 

Bottom up synthesis of closed nanowire loops is an entirely novel concept. A nanowire loop 

is formed out of four interconnected InSb nanowires, two of which are growing in the [11-

1]B and the other two in [-1-1-1]B direction. In order to synthesize such complex structures 

one needs to be able to grow high yield <001> InP nanowires, exactly control the <001> to 

<111>B InP kinking event and be able to grow high aspect ratio InSb nanowires which should 

be at least 2.5 μm long in order to promote a double crossing event, necessary for the loop 

formation. Key concept here is again the misalignment of the gold droplets in an array, which 

allows us to grow crossed nanowire structures instead of nanowire-bridges. Our InSb 

nanowire loops are a promising material system, not only as building blocks of future 

Majorana random access memories, but also for exciting new physics experiments on 
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coherent transport through the nanostructures from which the phase coherence length of 

electrons in InSb nanowires may be extracted.  

Figure 5.6e illustrates a 6-wire structure: a closed 4 - nanowire loop whose one leg is forming 

a π-structure with the remaining 2 nanowires. A network formed out of 7 interconnected 

wires is shown in Figure 5.6f. Improvements in the length, as well as in the yield of InSb 

nanowires on (001) substrate, would allow for controllable growth of even larger InSb 

nanowire networks. Furthermore, the method presented is general, such that it can be 

applied to assemble complex nanowire structures of other group III-V, II-VI and IV 

semiconductor materials and even hetero materials. We note here that the yield of single 

crystalline structures is (¼)^n, where n is the number of junctions in the structure. 

 

Figure 5.7| Single-crystalline InSb π – structure. (a) Bright field TEM image of a single – crystalline nanowire – π. One 
leg of a structure is broken off during the transfer to the TEM grid. Another InSb nanowire is partially covering one 
junction of the π. (b) High resolution TEM image taken at a junction (indicated by red square in (a)). Scale bar 5nm. 
(c), (d) and (e) are HRTEM images taken in the regions right under the gold droplets of the three nanowires forming 
a π. All scale bars 5 nm. (f), (g) and (h) are FFTs corresponding to (c), (d) and (e), respectively. All three FFTs are a 
perfect match indicating that three merged nanowires share the same crystalline orientation and the resulting π 
structure is a single crystal. 

5.6 Conclusions 

To summarize, we demonstrate an unprecedented level of control in growth of complex InSb 

nanowire structures. We report, for the first time, planar, crystalline nanowire structures 

formed out of more than two nanowires – nanowire π-structures, closed nanowire loops and 

nanowire networks. The perfect control of the droplet positioning, i.e. the offset between 

the neighboring gold droplets in an array, allows us to favor crossed junctions over “bridge”-
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junctions and, in such a way, increase the yield of advantageous structures. We note that 

with this method the yield of single crystalline junctions has been increased significantly 

compared with our previously reported approach (from 8% to 25%).114 One possible way to 

further increase the yield of single-crystalline nanostructures is to use defect-free InP 

nanowires as stems for InSb nanowire growth. In this manner we might be able to increase 

the yield of perfectly single-crystalline structures from 25% to 100%. For this the growth of 

defect-free zinc-blende <111>B InP wires has to be developed, which has not been reported 

so far. This might be done by optimizing the growth temperature and the precursor V to III 

ratio in the gas phase.61 An alternative route is to directly grow InSb nanowires on the vertical 

<001> InP nanowires, which are defect-free (see Appendix, section 5.7.2). It is, however, 

difficult to nucleate InSb wires on top of these stems because during the cool down of the 

<001> InP nanowires a defect-free zinc-blende <111>B segment is formed.146 The low surface 

energy of the AuInSb droplet on top of the kinked <111>B segment causes the wetting of the 

InP nanowire sidewalls, which may prevent InSb nanowires from nucleating. 
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5.7 Appendix 

5.7.1 An InSb Nanocross with a Twinned-Twin Junction 

 

Figure 5.8| InSb nanocross with a twinned-twin junction, corresponding to the “odd-odd” case in Figure 5.4. (a) 
Bright field TEM image of a nanocross with an optimal meeting angle of 109.5°. (b) High resolution TEM image taken 
at a junction (indicated by red square in (a)). Moiré pattern can be seen. Scale bar 5 nm. (c) and (e) are FFTs of two 
nanowires forming a cross. It can be seen that the crystalline orientation of the two nanowires is not the same. (d) 
FFT corresponding to HRTEM image in (b). There is a twinned-twin relation between crystallographic orientations 
of the two nanowires, the angle between the two <200> directions being 36.5°. 

5.7.2 Planar Defects in <111>B InP Segment 

 

Figure 5.9| Bright field TEM image of a full nanowire structure (kinked InP stem + InSb nanowire). From the image 
we can see that the <001> InP segment and <111>B InSb nanowire are defect free, while the InP <111>B segment 
contains a significant amount of planar defects. Scale bar corresponds to 200 nm. 
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6 Quality-Check: Atomic Resolution S/TEM and 

Quantum Transport on Merged InSb Nanowires 

 

In this chapter, we report the structural and electronic properties of InSb nanowire networks. 

We start by describing a deterministic transfer method which we employ to non-

destructively transfer the structures from the as-grown samples to TEM-grids and silicon 

chips. Next, we perform aberration-corrected HAADF-STEM analysis of an InSb nanobridge 

and confirm the high quality of the interface between the two merged InSb nanowires. 

Finally, we report the quantized conductance through an InSb nanocross for the first time. 

Quasi-ballistic transport across the junction, together with the strong spin-orbit interactions 

and the ability to induce supercurrent, establishes merged InSb nanowires as the prime 

material platform for braiding of Majorana quasiparticles. 

__________________________________________________________________________ 
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6.1 Introduction 

At the time when the InSb nanowire networks presented in the previous chapter were 

synthesized, their structural and electronic characterization was impeded by the difficulties 

in the transfer of the nanowire structures from as-grown samples to TEM-grids and silicon 

chips. The transfer method commonly employed for nanowire transfer, i.e. mechanical 

swiping of the as-grown samples, resulted in poor yield of transferred structures. More 

importantly, this method, which worked nicely for single nanowires, turned out to be too 

destructive for merged nanowires: damage of the structures during transfer was a common 

occurrence. The structural and electronical characterization of InSb nanowire architectures 

presented in this chapter was enabled by the development of the deterministic transfer of 

merged InSb nanowires, which is described in section 6.2. 

Recently the TEM facilities at our department have been equipped with a new, aberration-

corrected S/TEM. This allows for atomic-resolution HAADF-STEM study of InSb nanowire 

junctions. The first results of this analysis are presented in section 6.3. The investigated 

nanobridge is formed out of two twin-related InSb nanowires (corresponding to the most 

probable, “even-odd” case anticipated in Chapter 5). Aberration-corrected STEM image 

reveals a clean, atomically-sharp twin boundary at the junction. 

Finally, in section 6.4, quantized conductance in an InSb nanocross is reported for the first 

time. This provides direct evidence that InSb nanowire junctions are transparent enough to 

support quasi-ballistic electron transport. Together with the intrinsically strong spin-orbit 

interaction in InSb nanowires which is experimentally well established30,150 and the ability to 

induce supercurrent in an InSb nanocross reported in Chapter 4, quasi-ballistic transport 

through an InSb nanocross reported here establishes merged InSb nanowires as the prime 

material platform for braiding of Majorana quasiparticles. 

6.2 Deterministic Transfer of Merged InSb Nanowires 

The great advantage of working with nanowire samples is the easy, non-invasive sample 

preparation for TEM. Due to their high aspect ratio, nanowires can be transferred to a 

carbon-coated copper grid (TEM-grid) or a silicon chip by gently swiping the grid over the as-
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grown nanowire sample. Since nanowires tend to break off at the base, the damage to the 

crystalline structure of the nanowires due to the transfer process is minimal. 

In sharp contrast to the sample preparation of the more conventional semiconductor 

nanowires, the transfer of InSb nanowire networks to TEM-grids and silicon substrates is not 

a simple process. Firstly, InSb nanowire networks are grown from EBL-defined square arrays 

of Au droplets. This means that the yield of the nanowires on the sample is relatively low 

compared to the nanowires grown from randomly dispersed Au colloids or from Au droplets 

defined by nanoimprint lithography. Also, InSb nanowires are grown at an angle of ~35° to 

the InP (001) substrate, which makes it more difficult to swipe them off the sample compared 

to the commonly grown vertical wires on (111)B substrates. Finally, merged InSb nanowires 

– InSb nanocrosses, nanobridges, π-structures – are more susceptible to damage during the 

transfer process. 

 

Figure 6.1| Deterministic transfer of merged InSb nanowires. (a) An SEM image of an as-grown InSb nanowire π-
structure. (b) Using a tungsten-tip, controlled by a nanomanipulator, to pick-up the InSb nanowire π-structure from 
the substrate. (c) An InSb π-structure lifted from the substrate by a tungsten-tip. The π-structure sticks to the tip 
due to the van der Waals forces. (d) An InSb π-structure being deterministically deposited on a TEM-grid. Due to the 
larger contact area to the TEM grid than to the tungsten-tip, the nanowire will stick better to the TEM-grid and, 
hence, be deposited. All SEM images are taken at a 30°-tilt. Scale bars correspond to 1 μm.
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The aforementioned issue is solved by using a deterministic approach to nanowire 

transfer.151 By integrating a nanomanipulator into the SEM chamber, we are able to pick-up 

InSb nanostructures one by one and deposit them on the desired substrate (TEM-grids and 

silicon chips) with sub-micrometer precision (Figure 6.1). Not only is this method less invasive 

to individual structures, but it also has the advantage of leaving most of the as-grown sample 

intact. Thus, nanostructures from a single growth chip can be effectively harvested for 

several years. This is in sharp contrast with the swiping-transfer method. After a few swipes, 

the sample is completely depleted of wires. The development of the nanomanipulator 

transfer of merged InSb nanowires enabled the atomic resolution HAADF-STEM analysis 

described in Section 6.3, as well as the transport measurements of Section 6.4. 

6.3 HAADF-STEM Study of the Most Probable Case: A Twin Boundary at 

the Junction 

In order to examine the junctions in more detail, we focus on planar InSb nanowire 

structures, such as nanobridges and T-junctions, which are thinner at the intersection and 

therefore more accessible to TEM. The thickness of the InSb nanobridges and T-junctions is 

comparable to the InSb nanowire diameter, i.e. ~100 nm. On the other hand, InSb 

nanocrosses are formed out of two nanowires, each nanowire being ~100 nm in diameter, 

welded together by radial growth. Hence, crossed junctions are ~200 nm thick - 

approximately twice as thick as the planar junctions – and thus less electron transparent. 

A low-magnification, dark-field TEM image of an InSb nanobridge is shown in Figure 6.2a. The 

two InSb nanowires which merged into a nanobridge are denoted as NW-1 and NW-2. Figure 

6.2b shows a HRTEM image of a junction. Two Au-droplets can be seen at the junction. This 

indicates that, during the merging process, the two nanowires didn’t touch tip-to-tip (i.e. 

droplet-to-droplet). This would result in two Au droplets coalescing into a single, bigger Au 

droplet on top of the nanobridge (as explained in section 5.3). Instead, NW-1 hit the side-

facet of NW-2 and, as a result, the Au-droplet originating from NW-1 lingers at the junction. 

The Au-droplet which was catalyzing the growth of NW-2 sits on top of the nanobridge. 

Figure 6.2c shows a HRTEM image of a junction, taken just underneath the Au-droplet sitting 
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on top of the nanobridge. A clean, atomically-sharp interface between the two nanowires 

can be clearly seen. 

 

Figure 6.2| InSb nanobridge with a twin-boundary at the junction. (a) Low magnification, dark-field TEM image of 
an InSb nanobridge. The white arrows are pointing along the growth directions of the two constituent nanowires, 
which are labelled as NW-1 and NW-2. (b) A high-resolution TEM image of the elbow. The white arrows point along 
the growth directions of the two InSb nanowires (NW-1 and NW-2). The interface between NW-1 and NW-2 is 
indicated by a yellow dashed arrow. (c) A zoom-in at the junction reveals atomically sharp interface. The image is 
taken in the [-101] zone axis of NW-1, which corresponds to the [110] zone axis of NW-2. Both nanowires are single 
crystals of zinc blende. The only structural defect in the nanobridge is the twin boundary at the junction. (d) The 
Fast Fourier Transform (FFT), calculated from the region indicated by a red square in (c), shows two sets of diffraction 
spots which arise from the two merged nanowires. Spots a, b and c correspond to the (1-11), (111) (0-20) sets of 
planes belonging to NW-1, respectively. Spots a’, b’ and c’ correspond to the (1-11), (-111) and (002) sets of planes 
of NW-2, respectively. The overlapping diffraction spots A and B correspond to the (121) set of planes of NW-1 and 
(-112) set of planes of the NW-2, respectively. The interface between NW-1 and NW-2, indicated by a common point 
a/a’ (corresponding to the common (1-11) set of planes), serves as a twin boundary.  
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To investigate the crystallographic orientation relationship between NW-1 and NW-2, a Fast 

Fourier Transform (FFT) of the region indicated by a red square in Figure 6.2c is calculated. 

The resulting FFT pattern is shown in Figure 6.2d. The spots indicated in white correspond to 

the crystallographic directions of NW-1, while the spots indicated in yellow belong to NW-2. 

Spots a, b and c correspond to the (1-11), (111) (0-20) sets of planes belonging to NW-1, 

respectively. Prior to merging, NW-1 was growing towards NW-2 along the Sb-polar [1-11] 

direction. Spots a’, b’ and c’ correspond to the (1-11), (-111) and (002) sets of planes of NW-

2, respectively. Prior to merging, NW-2 was growing towards NW-1 along the Sb-polar [-111] 

direction. The FFT analysis indicates that NW-1 and NW-2 are twin related. The interface 

between the NW-1 and the NW-2, indicated by a common point a/a’ (corresponding to the 

common (1-11) set of planes), serves as the twin boundary. This corresponds to the most-

probable case (“even-odd”) anticipated in Chapter 5. 

Next, we examine the same junction using the aberration corrected HAADF-STEM mode. 

Figure 6.3a shows the HAADF-STEM image of the junction (taken at the same area which is 

shown in Figure 6.2c, just underneath the Au-droplet originating from NW-2). The Sb-polar 

(-111) crystal planes of NW-2 and the In-polar (111) crystal planes of NW-1 are indicated by 

black lines. Note that, while (-111) planes correspond to the growth planes of NW-2, the 

(111) planes are not the growth planes of NW-1. Prior to merging, NW-1 was growing 

towards NW-2 along the Sb-polar [1-11] direction, perpendicular to the twin boundary. The 

atomically-sharp interface between NW-1 and NW-2 is indicated by a yellow dashed arrow.  

Figure 6.3b shows a high resolution HAADF-STEM image taken at the interface between the 

NW-1 and the Au-droplet. The red square indicates the region at which the atomic resolution 

HAADF-STEM image shown in Figure 6.3c is taken. The intensity profile across an individual 

In-Sb dumbbell pair (Figure 6.3d) confirms that the (1-11) planes are indeed Sb-polar. 

To summarize, the atomic resolution HAADF-STEM investigation of an InSb nanobridge 

formed out of two twin-related InSb nanowires (corresponding to the most probable, “even-

odd” case presented in Chapter 5) reveals a clean, atomically sharp interface at the junction. 

The quality of electron transport through merged InSb nanowires is discussed in the following 

section. 
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Figure 6.3| Atomic resolution HAADF-STEM study of an InSb nanobridge with a twin-boundary at the junction (a) 
High magnification, aberration corrected HAADF-STEM of a junction between the two InSb nanowires forming a 
nanobridge. The atomically sharp interface between the two nanowires is indicated by a yellow dashed arrow. (b) 
An atomic resolution HAADF-STEM image of the interface between NW-1 and the Au seed sitting on top of the 
nanobridge (originating from NW-2). The two sets of {111} planes are indicated by white lines. Prior to merging, 
NW-1 was growing towards NW-2 along the [1-11] direction. (c) Atomic resolution, aberration corrected HAADF-
STEM of a region indicated by a red square in (b).Individual In-Sb dumbbell pairs can be clearly seen. (d) The intensity 
profile across an In-Sb dumbbell pair, taken along the direction of the white arrow in (c), shows that the (1-11) set 
of planes (corresponding to the growth direction of NW-1) is Sb-polar.  

6.4 Quantized Conductance in an InSb Nanocross 

Braiding of MZMs in InSb nanowire networks would be largely facilitated by highly-

transparent nanowire junctions which support quasi-ballistic electron transport.152 A 

hallmark of ballistic transport are plateaus in conductance measurements, i.e. quantized 

conductance. Due to its one-dimensional geometry, a nanowire strongly confines electrons 

along its radial direction, leading to the quantized transverse momentum and energy levels. 

These discrete transverse energy levels, combined with longitudinal degrees of freedom, 

result in formation of one-dimensional subbands. The conductance G is calculated by 

integrating the product of the density of states (proportional to dk/dE) and the carrier 
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velocity (proportional to dE/dk), which cancel each other out, resulting in a simple 

expression: G=(2e2/h)*T,107,153 where T is the transmission coefficient. Assuming a perfect 

transmission (T=1), each spin-degenerate subband contributes a conductance of 

G0=2e2/h.154,155 

Transmission coefficient lower than unity (i.e. non-ballistic transport), can be caused by 

various sources of disorder, such as scattering at impurities and imperfections in the crystal 

lattice or at the surface, as well as scattering at the interface between the semiconductor 

and metal contacts. This is particularly true for nanowires: due to their large surface-to-

volume ratio, there is a high chance of electrons being scattered back to the reservoir from 

which they originated.31 Application of a perpendicular magnetic field facilitates the 

observation of quantized conductance plateaus by suppressing the backscattering.31 Despite 

the aforementioned difficulties, routine observation of quantized conductance in an InSb 

nanowire at 0 magnetic field was reported recently.34 This observation was enabled by a 

robust fabrication recipe for metal contacts: a gentle wet etching process was developed to 

eliminate disorder at the contact interface.152 This provides direct evidence that, in the 

previous work,31 quantized conductance plateaus at 0 T were obscured mainly by the 

disorder at metal-semiconductor interface. In conclusion, InSb nanowires are a clean system 

with a low-level of disorder in which electron transport is quasi-ballistic. Ballistic transport 

across a nanowire junction, however, has not been reported up to date. Achieving ballistic 

transport in branched nanowires is challenging for two reasons: (1) for electrons to travel 

from source to drain across a junction, electron trajectory needs to be bended and (2) the 

interface between merged nanowires might induce additional scattering. 

Here, for the first time, we demonstrate quantized conductance in an InSb nanocross.  

6.4.1 Transport Measurements Device I 

A nanocross is transferred deterministically, by a micromanipulator, to a p++-doped Si chip 

covered by 285 nm SiO2 (Figure 6.4a,b). The p++-doped Si acts as a global back gate. Electron 

density in the nanowire is controlled by applying a voltage to the back gate.The contact area 

is defined by electron beam lithography. Prior to contact deposition (10/210 nm of Cr/Au), 

the surface oxide of the nanowires is removed using sulfur passivation followed by a short in 
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situ He-ion mill. A detailed description of the fabrication steps can be found in Appendix 

(section 6.6.2). The samples are cooled down to a temperature of 300mK in a Helium-3 

cryostat. Magnetic field is applied in the direction perpendicular to the substrate. All data 

shown are corrected by subtracting of 5.5 kΩ for filter resistances and wiring of the cryostat, 

and 3-4 kΩ for the measurement set-up. It should be noted that no contact resistance 

(resistance of the metallic contacts and the metal-nanowire interface) is subtracted. 

 

Figure 6.4| InSb nanocross device. (a) A cross-sectional schematic drawing and (b) a false-colored, 30°-tilted SEM 
image of an InSb nanocross (yellow) on a p++ - doped Si/SiO2 substrate (grey). The p++ - doped Si acts as a global back 
gate. The nanocross is contacted with Cr/Au contacts (purple). (c) Pinch-off I-V traces for all 6 contact pairs of the 
device showing conductance (G = ISD/VSD) as a function of the back-gate voltage (Vgate) at source-drain bias voltage 
VSD = 10 mV. Measurements are performed at 0.3 K and at 0 magnetic field. 

We first characterize the transport channels of the InSb nanocross-device by sweeping the 

global back-gate voltage Vgate across the sample at fixed source-drain bias voltage VSD = 10 

mV (Figure 6.4c). Conductance G = ISD/VSD is extracted by measuring the current through the 

device with 10 mV bias voltage applied to the source, while current is monitored on the drain. 

During the measurement of each pair, the other contact pair is left floating. The contact 

spacing between various contact pairs is measured from the top-view SEM image of the 

device. The lengths of the two straight channels labelled as 1-3 and 2-4 (Figure 6.4b) are 766 
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nm and 641 nm, respectively. The lengths of the kinked transport channels 1-2, 2-3, 3-4 and 

4-1 (Figure 6.4b) are 695 nm, 606 nm, 697 nm and 703 nm, respectively. 

Figure 6.5 shows differential conductance G = dI/dV as a function of source-drain bias 

voltage, VSD, and back-gate voltage, Vgate, at high magnetic field (B = 8.5 T). Differential 

conductance G = dI/dV is measured using standard low-frequency lock-in techniques (~73 Hz 

with an excitation VRMS = 30 μV). The first quantized plateau is represented by the diamond-

shaped light-blue region. This plateau corresponds to the electron transport taking place 

through the lowest spin-split subband (1↑): both source and drain are contained within the 

first spin-split subband resulting in the constant value of conductance (G ~e2/h). The corner 

of the diamond-shaped region at the highest value of bias voltage corresponds to the 

situation in which the source is aligned with the bottom of the first spin-split subband (1↑), 

while the drain is aligned with the bottom of the second spin-split subband (1↓). Hence, at 

this point the source drain potential eVSD equals the subband spacing E↓1−E↑1. The splitting 

of the subbands equals Zeeman energy: at 0 magnetic field E↓1−E↑1 = 0, i.e the subbands are 

degenerate, at finite magnetic field E↓1−E↑1 = gμBB, where g is the g-factor and μB the Bohr 

magneton. From the value of the source-drain potential at the intersection point, we 

estimate the value of the subband spacing to be ~20-25 meV. 

For all of the contact pairs except one (contact pair 3-1, Figure 6.5a), the first conductance 

plateau appears at G ~e2/h (note: no contact resistance has been subtracted from the dI/dV 

traces, indicating a clean metal-nanowire interface). The measurement between the contact 

pair 3-1 shows a slightly lower value of the conductance plateau (~0.3G0 instead of ~0.5G0) 

compared to the other contact combinations. This “non-integer” plateau might be caused by 

non-unity transmission due to scattering (impurity scattering or scattering at the interface). 

In addition, the lower value of the quantized conductance plateau might be caused by the 

non-uniform gating. As explained in Chapter 5, a nanocross is formed by two wires which are 

welded together by radial growth. When a nanocross is transferred to a Si/SiO2 substrate, 

the bottom wire lays flat on the substrate, while the upper wire is slightly suspended which 

might result in a non-uniform gating effect. From the SEM image shown in Figure 6.4b it can 

be seen that the channel 3-1 is indeed placed on top of the channel 4-2. 
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Figure 6.6 shows the differential conductance dI/dV as a function of gate voltage Vgate and 

magnetic field B for all the contact pair combinations. From the color plots and the 

corresponding line cuts taken at different values of the magnetic field it can be clearly seen 

that, as the magnetic field increases in strength from 1 to ±8 T, the quantized conductance 

plateau evolves towards the value of ~0.5G0 (with the exception of contact pair 3-1 shown in 

Figure 6.6a, for which the first quantized plateau reaches the value of ~0.3G0). 
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Figure 6.5| Color plots of the differential conductance dI/dV as a function of source-drain voltage VSD and gate-
voltage Vgate at B = 8.5 T, for the different contact pairs: (a) 3-1, (b) 2-3, (c) 2-1, (d) 4-3, (e) 4-1 and (f) 4-2. Lower 
panels show line cuts taken at VSD = 0 mV. For all the contact pairs, first plateau of constant conductance can be 
clearly seen as a light-blue-colored, diamond-shaped region. 
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Figure 6.6| Differential conductance (dI/dV) as a function of (Vgate) and magnetic field (B) at VSD = 0 V for different 
contact pairs: (a) 3-1, (b) 2-3, (c) 2-1, (d) 4-3, (e) 4-1 and (f) 4-2. Black dashed lines are guides to the eye, indicating 
the evolution of the conductance plateau in magnetic field. Lower panels show line cuts taken at magnetic field 
values ranging from 1 to 8T, in steps of 1T. Line cuts in (b) and (c) are taken at B from 0 to -8T and -8T to 8T, 
respectively. 
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6.4.2 Transport Measurements Device II 

 

Figure 6.7| InSb nanowire network device. (a) A cross-sectional schematic drawing and (b) a false-colored, 30°-tilted 
SEM image of an InSb nanowire network (yellow) on a p++ - doped Si/SiO2 substrate (grey). The p++ - doped Si acts as 
a global back gate. The nanowire network is contacted with Cr/Au contacts (purple). One leg of the structure was 
damaged during device fabrication. (c) Pinch-off I-V traces for various contact pairs of the device showing 
conductance (G = ISD/VSD) as a function of the back-gate voltage (Vgate) at source-drain bias voltage VSD = 10 mV. 
Measurements are performed at 0.3 K and at 0 magnetic field. 

Here, we show a similar analysis of the second measured device. An InSb nanowire network, 

consisting of two nanocrosses connected by a bridge-junction, is transferred to a p++-doped 

Si/SiO2 chip and contacted with Cr/Au contacts (Figure 6.7a,b), as explained in the previous 

section and in Appendix (section 6.6.2). One leg of the structure was broken-off during the 

device fabrication. Contact 6 in Figure 6.7b shows infinite resistance with respect to all the 

other contacts and is therefore not addressed in the measurements. Conductance G=ISD/VSD 

as a function of the back-gate voltage, at 10 mV source-drain bias, for various contact pair 

combinations is shown in Figure 6.7c. The lengths of the transport channels 1-2, 1-3, 3-2, 3-

5, 3-4 and 5-4 are 842, 1067, 1017, 763, 988 and 805 nm, respectively. 

Figure 6.8 shows differential conductance G = dI/dV as a function of source-drain bias 

voltage, VSD, and back-gate voltage, Vgate, at high magnetic field (B = 8.5 T). The data 

presented is not measured by a lock-in technique. Hence. dI/dV corresponds to a numerical 

differential conductance. The first quantized plateau, corresponding to the electron 

transport through the lowest spin-split subband (1↑), is represented by the diamond-shaped 

light-blue region. 
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Interestingly, for the contact pairs 1-2, 2-3 and 1-3 (Figure 6.8a,c,e), the first conductance 

plateau appears at G ~0.5G0, while for the contact pairs 5-4, 3-5 and 3-4 (Figure 6.8b,d,f), the 

first conductance plateau appears at a slightly lower value G ~0.25-0.3G0 (as before, no 

contact resistance has been subtracted from the dI/dV traces). This lower value of the 

quantized conductance plateau might be caused by non-unity transmission due to scattering 

at the interface: note that contact pairs 5-4, 3-5 and 3-4 belong to the nanocross whose leg 

was broken-off during device fabrication. Hence, the lower value of the quantized 

conductance plateau might be explained by the damaged junction. (Alternative explanation 

might be that the quality of the contacts 5 and 4 is poorer compared to the other contacts, 

inducing more disorder). 

Figure 6.9 shows the conductance I/V as a function of gate voltage Vgate and magnetic field B 

for various contact pair combinations. Similarly as before, from the color plots and the 

corresponding line cuts taken at different values of the magnetic field the gradual evolution 

of the quantized conductance plateau in magnetic field can be clearly seen. The quantized 

conductance plateau evolves towards the value of ~0.5G0 for contact pairs 1-2, 2-3 and 1-3 

(Figure 6.9a,c,e) and towards ~0.25-0.3G0 for contact pairs 5-4,3-5 and 3-4 (Figure 6.9b,d,f). 
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Figure 6.8| Color plots of the differential conductance dI/dV as a function of source-drain voltage VSD and gate-
voltage Vgate at B = 8.5 T, for different contact pairs: (a) 1-2, (b) 5-4, (c) 2-3, (d) 3-5, (e) 1-3 and (f) 3-4. Lower panels 
show line cuts taken at VSD = 5 μV. For all the contact pairs, plateau of constant conductance can be clearly seen as 
a light-blue-colored, diamond-shaped region.  
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Figure 6.9| Conductance (G = I/V) as a function of gate voltage (Vgate) and magnetic field (B) for different contact 
pair combinations: (a) 1-2, (b) 5-4, (c) 2-3, (d) 3-5 (e) 1-3 and (f) 3-4. All color plots are taken with applied source-
drain bias of VSD= 2 mV, except color plots (a) and (c) which were performed with VSD= 200 μV. Black dashed lines 
are drawn as a guide to the eye to indicate the evolution of the conductance plateau in magnetic field. Lower panels 
show line cuts taken at magnetic field values ranging from 1 to 8T, in steps of 1T. 
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6.4.3 XTEM Study of the Interface Between the Two Crossed Wires 

To investigate the junction between the two crossed nanowires in more detail, we use 

focused ion beam to slice open the device (after the device has been measured) and prepare 

a 50 nm thin TEM-lamella (indicated by a red square in Figure 6.10a). Transport 

measurements performed on this device show similar results as the devices described in the 

previous sections and are shown in Appendix (section 6.6.1). From the cross-sectional TEM 

and XEDS analysis of the device, shown in Figure 6.10, we can clearly see the sharp, clean 

interface between the two crossed nanowires. 

 

Figure 6.10| (a) Top-view SEM image of an InSb nanocross device. The red rectangle indicates the area of the device 
which was sliced open (using focused ion beam) to be inspected sideways in TEM. The resulting low-magnification 
bright-field TEM image is shown in (b). The intersection of the two constituent nanowires, NW#1 and NW#2, is 
indicated by a black square. (c) High-resolution TEM image of the junction. The view is along the [121] zone axis. 
The white arrow indicates the sharp interface between the two crossed nanowires. (d) Fast Fourier transform (FFT) 
evaluated at the region indicated by a yellow square in (c), i.e. at the interface between NW#1 and NW#2. (e) XEDS 
compositional map of the device cross section. The InSb nanocross is shown in blue and Si substrate in red. Layers 
of Pt and Co (shown in green and yellow, respectively) have been deposited during focused ion beam sample 
preparation to protect the junction from induced damage. 

6.5 Conclusions 

In this chapter we investigate the structural and electronic properties of InSb nanowire 

junctions. The aberration-corrected HAADF-STEM analysis reveals atomically sharp, clean 

interface between the two InSb nanowires forming a nanobridge. Quantized conductance in 
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an InSb nanocross at finite magnetic field is reported for the first time. This provides direct 

evidence that InSb nanowire junctions are transparent enough to support quasi-ballistic 

transport. 
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6.6 Appendix 

6.6.1 Transport Measurements Device III 

 

Figure 6.11| InSb nanocross device. (a) A cross-sectional schematic drawing and (b) a false-colored, 30°-tilted SEM 
image of an InSb nanocross (yellow) on a p++ - doped Si/SiO2 substrate (grey). The p++ - doped Si acts as a global back 
gate. The nanocross is contacted with Cr/Au contacts (purple). (c) Pinch-off I-V traces for all 6 contact pairs of the 
device showing conductance (G = ISD/VSD) as a function of the back-gate voltage (Vgate) at source-drain bias voltage 
VSD = 10 mV. Measurements are performed at 0.3 K and at 0 magnetic field. The lengths of the transport channels 
1-4, 1-2, 3-1, 2-4, 2-3 and 3-4 are 692, 613, 707, 672, 650 and 693 nm, respectively. 
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Figure 6.12| Quantized conductance in an InSb nanocross. Color plot of the differential conductance dI/dV as a 
function of source-drain voltage VSD and gate-voltage Vgate at B = 8.5 T, for the different contact pairs: (a) 2-4, (b) 2-
3, (c) 3-4, and (d) 3-1 Lower panels show line cuts taken at VSD = 0 mV. For all the contact pairs, plateau of constant 
conductance can be clearly seen as a light-blue-colored, diamond-shaped region. 
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Figure 6.13| Conductance (G = I/V) as a function of gate voltage (Vgate) and magnetic field (B) for different contact 
pair combinations: (a) 2-4, (b) 2-3, (c) 3-4, and (d) 3-1. All color plots are taken with applied source-drain bias of VSD= 
2 mV. Black dashed lines are drawn as a guide to the eye to indicate the evolution of the conductance plateau. Lower 
panels show line cuts taken at magnetic field values ranging from 1 to 8T, in steps of 1T. 
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6.6.2 Detailed Device Fabrication Recipe 

Substrate Preparation 

 

Alignment markers made of 20 nm Ti + 80 nm Au are deposited on the intrinsic Si substrate covered with 285 nm 

thermal SiO2. 

 

Substrate Cleaning 

 

Acetone, IPA, Oxygen plasma for 10 minutes (pressure: 1mbar, power 600 watts).  

 

Nanowire deposition 

 

Nanowires are transferred from the growth chip deterministically using a micromanipulator in SEM at 3 kV to the 

Si/SiO2 chip between the alignment markers. 

 

Contact Deposition 

 

Spin PMMA 495(K) – A6 at 2000 rpm, bake at 165 C for 30 min  

Spin PMMA 950(K) – A2 at 2000 rpm, bake at 165 C for 30 min 

Writing contact patterns using e-beam lithography (dose: 1500 μC/Cm2) 

Developing for 60 sec in MIBK (4-Methylpentanon-2-one): IPA, ratio 1:3 

Cleaning PMMA residues with oxygen plasma (60 sec, 1 mBar, 600 W) 

Sulphur Passivation:156 Diluted ammonium polysulfide (NH4)2Sx solution (3 ml of (NH4)2S mixed with 290 mg sulfur 

powder then diluted with DI-water at a ratio of (1 : 200) for 30 min at 60 °C.  

He Ion etching with a Kauffman ion source for 30 sec at 1.5-1.6 x 10-2 mbar 

Evaporation of 10 nm Cr and 210nm Au 

Lift-off in acetone overnight at room temperature. 
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7 InSb Nanowires with Built-In GaxIn1-xSb Tunnel 

Barriers 

 

In this chapter, we propose a material-oriented approach to engineer a sharp and narrow 

tunnel barrier by synthesizing a thin axial segment of GaxIn1-xSb within an InSb nanowire. By 

varying the precursor molar fraction and the growth time, we accurately control the 

composition and the length of the barriers. We assess the structural and chemical properties 

of the barriers, as well as strain in the system, by means of high-resolution TEM (HRTEM), X-

ray energy dispersive spectroscopy (XEDS) and geometrical phase analysis (GPA). The height 

and the width of the GaxIn1-xSb tunnel barrier is extracted from the model fits to the 

experimental I-V traces. The built-in tunnel barrier is significantly narrower and higher than 

the electrostatically-induced barrier currently used in hybrid superconductor-

semiconducting nanowire devices. Implementation of a built-in tunnel barrier in the next 

generation of Majorana devices might help to achieve the theoretically predicted quantized 

height of the zero bias peak. 

__________________________________________________________________________ 

  

Material Synthesis: Diana Car, Sébastien R. Plissard, Erik P. A. M. Bakkers; Eindhoven 

University of Technology 

Nanowire Transfer: Roy Op het Veld, Diana Car; Eindhoven University of Technology 

Focused Ion Beam: Sebastian Kölling, Eindhoven University of Technology 

Transmission Electron Microscopy: Sonia Conesa-Boj; Kavli Institute of Nanoscience, Delft 

University of Technology 

Quantum Transport: Roy Op het Veld, Hao Zhang, Michiel W. A. de Moor, Önder Gül, Elham 

Fadaly, Leo P. Kouwenhoven; Kavli Institute of Nanoscience, Delft University of Technology 

WKB Approximation: Vigdis Toresen, Michael Wimmer; Kavli Institute of Nanoscience, Delft 

University of Technology   



7. InSb Nanowires with Built-In GaxIn1-xSb Tunnel Barriers 
____________________________________________________________________________________________

102 

7.1 Introduction 

Semiconductor heterostructures have revolutionized solid-state physics by providing the 

opportunity to manipulate the motion of electrons and holes via band engineering. Physical 

properties of heterostructures, such as a 2DEG, are for an important part defined by the 

interfaces, which therefore need to be of highest quality, i.e. free of any structural defects. 

For this reason, only a few, lattice matched III-V materials are commonly used in 

heterostructures, such as GaAs, AlAs and the intermediate alloys AlGaAs;157 AlInAs, GaInAs 

and InP,158 GaAs, InGaP and AlInP159 etc. 

InSb is attractive for high-speed, low-power electronics,160,161 infrared optoelectronics,162 

thermoelectric power generation163 as well as spintronics29,164 and topological quantum 

computing28 due to the highest electron mobility and the narrowest (direct) bandgap of all 

the III-V semiconductors, as well as a large Landé g factor30 and strong spin-orbit 

interactions.150 Hence, in order to profit from the advantageous properties of InSb it is of 

crucial importance to integrate this semiconductor in high-quality heterostructures.  

Epitaxy of InSb-based heterostructures is difficult due to the large lattice parameter of InSb: 

lattice mismatch between InSb and its nearest III-V neighbor GaSb is ~ 6.3%. However, due 

to their nanoscale diameter and high aspect ratio nanowires allow for stacking of lattice 

mismatched materials which would be impossible to realize in planar geometries.81 

Nevertheless, synthesis of axial nanowire heterostructures is not an easy task. The use of a 

metal seed particle introduces complications not present in thin-film systems, such as the 

difficulty to form sharp interfaces due to the reservoir effect.165,166. Since the solubility of the 

group III species in the catalyst particle is much higher than the solubility of the group V 

species, it is especially challenging to form sharp interfaces when switching the group III 

materials. Indeed, atomically sharp interfaces have been reported in heterostructures 

formed by group V switching,167–171 while heterostructures grown by switching of the group 

III material normally show graded interfaces.172–177 In addition, nanowire heterostructures 

grown by switching of the group III species often show kinking,178 undesired radial growth,176 

shift of the Au droplet during growth172,179 or diameter-modulation.180,181 
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Here, the growth, structural and electronic properties of InSb/GaxIn1-xSb/InSb nanowire 

heterostructures are reported. Axial segments are induced by switching of the group III 

species, which is the more challenging approach. One important motivation for this specific 

material combination is that one dimensional InSb/GaxIn1-xSb/InSb axial heterostructures 

provide a suitable testing ground for the new functionalities of quantum mechanical devices, 

such as Cooper-pair splitters182,183 and hybrid superconductor-semiconducting nanowire 

devices used for detection of Majorana zero modes (MZMs).21,24–27 In this work, we achieve 

sharp interfaces, high structural quality and full control over the Ga fraction content and the 

width of the barriers. 

7.2 InSb/GaxIn1-xSb/InSb Nanowire Heterostructures 

InSb/GaxIn1-xSb/InSb nanowire heterostructures have been synthesized by Au-catalyzed 

Vapor-Liquid-Solid (VLS) growth mechanism in an Aixtron Metal Organic Vapor Phase Epitaxy 

(MOVPE) machine. The growth was catalyzed by 30 nm Au colloids dispersed on an (001) InP 

substrate. InP nanowires are used as stems for InSb nanowire growth.184 For all samples, the 

InSb bottom and top nanowire segments were grown at 495 °C using tri-methyl-indium (TMI) 

and tri-methyl-antimony (TMSb) with precursor molar fractions Xi(TMI)= 1.1 x 10-5 and 

Xi(TMSb)= 1.7 x 10-3, for 8 (6) minutes for the bottom (top) segment. The growth parameters 

used for the growth of the intermediate GaxIn1-xSb segments of different samples are listed 

in the Appendix (section 7.6.1). In all the runs, the growth was interrupted for 2 min before 

and after the growth of the GaxIn1-xSb segments to adjust the flow in the gas lines and ensure 

the abruptness of the interfaces. 

Figure 7.1a shows a high-angle annular dark-field scanning transmission electron microscopy 

(HAADF-STEM) image of a representative nanowire from a sample for which the axial GaxIn1-

xSb segment has been grown for the shortest time (7 sec; see  Appendix, section 7.6.1). A 

high-resolution transmission electron microscopy (HRTEM) image of the same nanowire is 

shown in Figure 7.1b. The HRTEM image, taken in the [110] zone axis, and the corresponding 

Fast Fourier Transform (FFT), shown in Figure 7.1c, reveal that the crystalline phase is pure 

zinc-blende. We note that all InSb/GaxIn1-xSb/InSb nanowires have the pure zinc blende 

crystal structure without planar stacking faults.  
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Figure 7.1| InSb nanowires with GaxIn1-xSb axial segments. (a) HAADF-STEM of an InSb/GaxIn1-xSb/InSb nanowire 
heterostructure. The yellow arrow indicates the thin GaxIn1-xSb segment. (b) HRTEM of a part of an InSb nanowire 
containing the GaxIn1-xSb segment, indicated by a black arrow. (c) A FFT of a HRTEM image shown in (c) reveals the 
pure zinc-blende crystal structure. (d)-(f) Tuning the chemical composition of the GaxIn1-xSb segments. By increasing 
the TEGa molar fraction while keeping the growth time fixed, we increase the Gallium content in the GaxIn1-xSb 
segments while keeping the segment length fixed. From the XEDS line scans we can extract the chemical 
composition and the length of the GaxIn1-xSb segments: (d) Ga0.1In0.9Sb, 20 nm (e) Ga0.15In0.85Sb, 20 nm (f) 
Ga0.28In0.72Sb, 20 nm. 

To investigate the influence of the TEGa molar fraction on the amount of Gallium 

incorporated in the barrier, we have grown a set of samples shown in Figure 7.1d-f. The 

chemical composition and length of the GaxIn1-xSb segments have been determined by X-ray 

energy dispersive spectroscopy (XEDS). Figure 7.1d-f  shows XEDS line-scans of a series of 

samples grown by keeping the GaxIn1-xSb growth time fixed to 30 sec and increasing the molar 

fraction of TEGa, Χi(TEGa). From the corresponding XEDS line scans we see that the length of 

the GaxIn1-xSb barriers of all the 3 samples is 20 nm while the Ga at. % concentration increases 

from 5% for sample (d) to 14% for sample (f). Hence, by varying the TEGa source flow and 

keeping the growth time fixed, we can accurately control the chemical composition of the 

GaxIn1-xSb segments, while keeping the length of the segments unchanged. The length of the 

barriers is further confirmed by HRTEM images, as illustrated in Figure 7.2. The length 

measured from HRTEM images is in general in good agreement with the value extracted from 

XEDS line scans. 
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The InSb/GaxIn1-xSb/InSb nanowires reported here have several favorable properties for 

device fabrication and transport experiments. The high aspect ratio of the InSb/GaxIn1-

xSb/InSb nanowires allows for flexible device fabrication. Moreover, InSb/GaxIn1-xSb/InSb 

nanowires are uniform in thickness, i.e. they are not tapered and there is no diameter 

modulation induced by the barrier segment (see  Figure 7.2a). It should be noted that there 

is no undesired radial growth present: the barrier spans the whole diameter of the nanowire 

(see Appendix, section 7.6.2). 

 

Figure 7.2| The length of the barrier as extracted from HRTEM image. (a) Bright-field, low-magnification TEM image 
of a nanowire from sample grown with the highest Ga molar fraction for 30 sec (Ga0.28In0.72Sb, 20 nm). (b) A HRTEM 
image of a nanowire segment containing the barrier. The GaxIn1-xSb segment appears brighter in contrast in HRTEM 
images. Measured barrier length is 18 nm, which is in good agreement with the value obtained from XEDS line scan 
(~20 nm). In addition, from HRTEM image we can see that there are no misfit dislocations present. 

7.3 Quantification of Strain in the GaxIn1-xSb barriers 

Despite the fact that GaSb is the nearest III-V neighbor of InSb in terms of lattice parameter, 

the lattice mismatch between bulk InSb and GaSb is still large (~6.3%). Therefore, a significant 

amount of strain in the GaxIn1-xSb segments is expected. To investigate the strain in more 

detail, we employ geometrical phase analysis (GPA) to measure and map displacement and 

strain fields from HRTEM images.185–188 Figure 7.3 shows the analysis of a 20 nm Ga0.28In0.72Sb 

segment. Figure 7.3a shows a HRTEM image, taken in the [110] zone axis, of the part of the 

nanowire containing the barrier segment. Figure 7.3b shows a higher magnification HRTEM 

image of the region indicated by a red square in  Figure 7.3a. The Ga0.28In0.72Sb segment 
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appears brighter in contrast (yellow dashed lines indicate the borders of the Ga0.28In0.72Sb 

region). The encircled spot in the FFT corresponds to the (1-11) set of planes. The nanowire 

growth direction [1-11] is indicated by a black arrow and labelled z. We have selected this (1-

11) Bragg reflection to be filtered and analyzed in order to study the strain component εzz 

along the nanowire growth direction. Figure 7.3c maps the values of the εzz component of 

the strain tensor as calculated by GPA from the HRTEM image in Figure 7.3b. Figure 7.3d 

shows the strain profile integrated along the growth direction (indicated by a black arrow in 

Figure 7.3c).  

 

Figure 7.3| Strain quantification by Geometrical Phase Analysis (GPA). (a) A HRTEM image of a nanowire containing 
a 20 nm thick Ga0.28In0.72Sb segment. Yellow dashed arrows indicate the Ga0.28In0.72Sb segment. Inset shows the 
corresponding FFT. The encircled spot corresponds to the (1-11) set of planes. The nanowire growth direction [1-
11] is indicated by a black arrow and labelled z. (b) A zoom-in on a region indicated by a red square in (a). The 
Ga0.28In0.72Sb segment is indicated by yellow dashed lines. (c) εZZ component of the strain tensor as calculated from 
the geometrical phase analysis applied to the (1-11) planes of the HRTEM image in (b). The Ga0.28In0.72Sb segment is 
compressively strained along the z direction with respect to the InSb reference region. (d) The strain profile 
integrated along the direction indicated by a black arrow in (c). The average value of compressive strain in the z-
direction is around -2%. 
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As expected, the Ga0.28In0.72Sb segment is compressively strained along the z direction with 

respect to the InSb reference region. Since the lattice parameter of InSb is larger than the 

lattice parameter of GaSb, we expect the Ga0.28In0.72Sb segment to be tensile strained in the 

interface plane and compressively strained out-of-plane. The average value of compressive 

strain in the GaxIn1-xSb segment is -2%, as expected considering the Ga concentration in the 

barrier. Indeed, using the value of x(Ga) from XEDS (Figure 7.1f) together with Vegard’s 

law,189 we estimate the lattice parameter of the Ga0.28In0.72Sb to be around 6.37 Å, resulting 

in -2% of compressive strain along the nanowire growth direction. A similar analysis has been 

done for a 20 nm Ga0.15In0.85Sb segment (see Appendix, section 7.6.4). As expected, the 

barrier with lower Ga content exhibits a lower amount of compressive strain (along the 

nanowire growth direction) induced in the barrier (with εzz~ -0.8%). Importantly, for both 

samples analyzed, we do not observe any misfit dislocations induced in the barriers, 

indicating that the strain is not plastically relaxed. 

7.4 Extracting the Width and the Height of the Ga0.28In0.72Sb Barrier 

In order to perform transport measurements, InSb/Ga0.28In0.72Sb/InSb nanowires have been 

transferred to an intrinsic Si-substrate with local metallic gates on top of which a sheet of 

hexagonal boron nitride (hBN) is mechanically transferred as the dielectric. Using TEM, we 

have determined the axial position of the barrier (see  Appendix, section 7.6.4) for a number 

of nanowires. The position of the barriers depends on the total length of the InSb wire. By 

measuring the overall NW length the position of the barrier can be determined with accuracy 

better than 50 nm. The spread in InSb NW growth rate is probably induced by fluctuations in 

Au catalyst density. A micromanipulator is used to deterministically position the barrier 

segment perpendicularly above one of the fine gates. The ability to control the position of 

the barrier is of particular importance for applications in hybrid superconductor-

semiconducting nanowire devices, since the barrier needs to be precisely aligned with the 

superconducting contact. The Cr/Au ohmic contacts are defined using electron beam 

lithography. The samples are cooled down to a temperature of 2 K. A detailed description of 

the fabrication steps can be found in Appendix, section 7.6.5. From the wire transfer process 

the built-in tunnel barrier is estimated to be above the local back gate g1 (Figure 7.4a,c). To 
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validate this the device was sliced open after the transport experiments using focused ion 

beam and inspected in TEM. Figure 7.4b shows an XEDS map of a part of the device indicated 

by a red rectangle in Figure 7.4a. The built-in tunnel barrier, indicated in green, is indeed 

exactly above the local back-gate g1.  

 

Figure 7.4| Transport measurement of an InSb/Ga0.28In0.72Sb/InSb nanowire device. (a) A top-view SEM image of the 
device. Part of the device (false colored in red) was sliced open in focused ion beam and inspected sideways in 
TEM/XEDS. (b) An XEDS map of the region indicated by a red rectangle in panel a. The XEDS analysis confirms that 
the position of the built-in barrier (indicated in green) is right above the local back-gate g1. (c) A simplified schematic 
drawing of the device and its potential landscape. (d) Color plot of conductance G as a function of barrier-gate (g1) 
voltage and normal-gate (g2 and g3) voltage. Schematic drawings on the right illustrate potential landscape of the 
device at different regions in the color plot. The onset of transport in region iv happens at a significantly higher value 
of applied voltage (barrier-gate voltage ~2V) than the onset of transport in region ii (normal-gate voltage ~0.2 V), 
indicating that a built-in barrier is present in the nanowire, in the region above the barrier-gate (g1). 

Due to the proximity of the built-in tunnel barrier, the local back-gate g1 (to which we from 

now on refer to as the barrier gate) is expected to show different gating effect compared to 

the local back gates g2 and g3 (which we connect to act as a single local back-gate and refer 

to as the normal gate). Figure 7.4d shows the color plot of the two-point conductance G 

measured as a function of both the barrier-gate and the normal-gate voltage, as well as 
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schematic drawings illustrating the potential landscape in the device at a corresponding 

region in the plot. 

Region i coincides with a high-conductance region: a high (more positive) gate voltage is 

applied to both the barrier-gate and the-normal gate, resulting in the bottom of the 

conduction band of both InSb and Ga0.28In0.72Sb segment being pulled far below the Fermi 

level. Moving from i to ii in a straight line, the barrier-gate voltage remains unchanged while 

the normal-gate voltage decreases, pushing the conduction band of the InSb segment up 

towards the Fermi level. At ii the bottom of the conduction band of InSb is aligned with the 

Fermi level while the bottom of the barrier conduction band remains below the Fermi level. 

By decreasing the normal-gate voltage even further, we reach region iii in which the 

conduction band bottom of InSb is pushed above the Fermi level and the nanowire is not 

conducting. 

If we start from region i and move towards iv in a straight line, the normal-gate voltage 

remains high while the barrier-gate voltage decreases, pushing the conduction band of the 

barrier segment up towards the Fermi level. At iv the bottom of the conduction band of the 

barrier is aligned with the Fermi level. If the barrier-gate voltage is reduced even further, 

conductance is zero (region v).  

Note that the onset of transport in region iv happens at a significantly higher value of applied 

voltage (barrier-gate voltage ~2V) than the onset of transport in region ii (normal-gate 

voltage ~0.2 V), indicating that the bottom of the conduction band of the nanowire segment 

just above the tunnel barrier is higher than the bottom of the conduction band of the 

nanowire segment above the normal gate, i.e. a built-in barrier is present in the nanowire, in 

the region above the barrier-gate. In region vi, all the local back gates are set to the value (~ 

0.2V) which aligns the bottom of the InSb conduction band to the Fermi level. Here, the 

conduction band offset between the Ga0.28In0.72Sb and InSb nanowire segments is expected 

to correspond to the actual height of the built-in tunnel barrier. 

The above analysis is based on a simple assumption: each local back-gate only tunes the 

potential in the nanowire segment exactly above it, and the cross-coupling between 

individual gates is negligible. The fact that the threshold voltage for barrier-gate (normal-
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gate) does not alter significantly while the normal-gate (barrier-gate) is tuned, supports the 

validity of this assumption. 

 

Figure 7.5| Extracting the built-in barrier height and width. (a) Color plot of current I as a function of bias voltage 
(Vbias) and gate voltage (Vgate). (b) Experimental I-V trace (blue dots) taken at Vgate=1.4 V (indicated by a blue dotted 
line in panel (a)) and WKB fits calculated assuming a square-shaped (red solid line) and Gaussian-shaped (black solid 
line) barrier potential. The fitted barrier width (height) is 19.2 ± 0.2 nm (44.2 ± 0.3 meV) for the square-shaped 
barrier. In case of the Gaussian-shaped barrier, the fitted barrier width (height) is 21 ± 1 nm (45 ± 2 meV). The inset 
shows the best WKB fits obtained assuming the barrier width of 14 nm (orange solid line) and 30 nm (purple solid 
line). The good fit to the experimental data can only be obtained assuming the ~20 nm barrier width. (c) The barrier 
height as a function of gate voltage Vgate. The effective barrier height decreases from 120 meV to 30 meV as the 
value of Vgate increases from 0.6 V to 1.7 V. (d) The barrier width as a function of gate voltage Vgate. For the same Vgate 
range as in (c), the barrier width remains roughly the same (~20 nm), while the height changes by a factor of 4. 

To extract the width and the height of the built-in Ga0.28In0.72Sb tunnel barrier, we measure 

current I as a function of bias voltage Vbias and gate voltage Vgate (gates g1, g2 and g3 

connected and acting as a global back gate). The blue (red) region in the resulting color plot 

(Figure 7.5a) corresponds to the region of low (high) current. The asymmetric behavior 
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between positive and negative biasing is most likely a consequence of the asymmetric biasing 

effect of the circuit (possible explanation of the asymmetric I-V behavior can be found in 

Appendix, section 7.6.8).  

A line cut taken at Vgate=1.4 V is plotted as a blue dotted line in Figure 7.5b. The red solid line 

in Figure 7.5b represents a theoretical fit to the experimental data (see Appendix, section 

7.6.6 for a detailed explanation of the WKB model employed) calculated assuming a square-

shaped barrier potential. The fitted barrier width (19.2 ± 0.2 nm) is in excellent agreement 

with the value extracted from XEDS (Figure 7.4b) of the same device. The fitted barrier height 

at Vgate=1.4 V equals 44.2 ± 0.3 meV. The black solid line in Figure 7.5b  corresponds to a WKB 

model of the experimental I-V curve calculated assuming a Gaussian-shaped potential 

barrier. The width (height) of the Gaussian barrier at Vgate=1.4 V equals 21 ± 1 nm (45 ± 2 

meV). Since both the square- and Gaussian-shaped barrier potential fit well with the 

experimental data, we conclude that the extracted values of barrier width and height do not 

depend on the details of the barrier potential profile. Hence, in the remainder of this paper, 

the WKB modelling is based on a square-shaped barrier potential. The inset of Figure 7.5b 

shows that a good fit to the experimental I-V curve (blue dots) can only be achieved if barrier 

width of ~ 20 nm is assumed. The orange (purple) solid line corresponds to the best WKB fit 

of a 14 nm (30 nm) wide potential barrier, using barrier height as the free parameter. The 

corresponding barrier height is 63 ± 1 meV (30 ± 1 meV) for the 14nm (30 nm) barrier width. 

Figure 7.5c,d shows the barrier width and height (extracted from WKB models of the I-V 

traces in Figure 7.5a,  see Appendix, section 7.6.7) as a function of gate voltage Vgate. Figure 

7.5c clearly demonstrates that, as the value of Vgate increases from 0.6 V to 1.7 V, the effective 

barrier height decreases from 120 meV to 30 meV. (For Vgate<0.6V, the conduction band 

bottom approaches the Fermi level and the non-uniform gating effect becomes more 

pronounced, causing the breakdown of the simple square-shape model; see Appendix, 

section 7.6.8.) Figure 7.5d shows that, for the same range of Vgate, the barrier width remains 

roughly the same (~ 20nm), while the height is changed by a factor of 4. The fact that the 

barrier width does not depend on the value of the gate voltage applied indicates that we are 

indeed measuring a material-defined tunnel barrier; the width of an electrostatic barrier is 

expected to show strong Vgate dependence. If we extrapolate the data shown in Figure 7.5c, 
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we can estimate the height of the built-in Ga0.28In0.72Sb barrier at Vgate=0.2 V (which 

corresponds to the actual conduction band offset between Ga0.28In0.72Sb and InSb segments; 

region vi in Figure 7.4d) to be ~200 meV. 

These narrow (down to 7 nm), material-defined tunnel barriers might play a crucial role in 

the next generation of devices used for the detection of Majorana zero modes (MZMs). MZM 

is detected as a zero-bias conductance peak (ZBP) in tunneling spectroscopy 

measurements.21,24–27 Despite the significant improvements in the performance of 

Majorana-devices that have been reported recently,152,190 the height of the ZBP remains 

much lower (~0.1G0
152) than the predicted, quantized ZBP height of G0=2e2/h at 0 

temperature.191 As indicated in several theoretical works,192–195 the weak ZBP can be 

explained assuming multiple-subband occupation combined with the smooth tunnel barrier 

at finite temperature. The electrostatic, gate-defined tunnel barrier currently used in hybrid 

superconductor-semiconductor nanowire devices is at least 50 nm wide (defined by a 50 nm 

wide local back-gate and separated from the nanowire by 30 nm of dielectric) and ~0.1 meV 

high.21,152 Hence, improvements in the tunnel barrier might be a promising route for 

increasing the visibility and achieving the quantized value of the ZBP height. Measuring a 

quantized ZBP is important because it would be a direct evidence of the non-trivial 

topological nature of this phenomenon.196 

7.5 Conclusions 

In summary, we report that a high and narrow tunnel barrier can be defined in an InSb 

nanowire by common epitaxial methods. We demonstrate that we can tune the composition 

and the length of the barrier by varying the precursor molar fraction and growth time. We 

employ XEDS and HRTEM to determine the chemical composition (increasing from at.% = 5 

to at.% = 14 by increasing TEGa molar fraction) and the length (decreasing from 20 nm to 7 

nm by reducing growth time) of the built-in tunnel barriers. The strain in the barriers is 

quantified by GPA: barriers are compressively strained along the nanowire growth direction. 

From transport measurements and the WKB modelling of the experimental I-V curves, we 

estimate the conduction band offset between Ga0.28In0.72Sb and InSb nanowire segments to 

be ~200 meV.   
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7.6 Appendix 

7.6.1 Growth Parameters of the GaxIn1-xSb Segments 

 

Figure 7.6| Tuning the composition and length of GaxIn1-xSb segments. From the XEDS maps and line scans shown 
in (a)-(d) we can extract the composition and length of respective GaxIn1-xSb segments. (a)-(c) By increasing the TEGa 
source flow while keeping the growth time fixed, we increase the Gallium content in the GaxIn1-xSb segments while 
keeping the segment length fixed: (a) Ga0.1In0.9Sb, 20 nm (b) Ga0.15In0.85Sb, 20 nm (c) Ga0.28In0.72Sb, 20 nm. By reducing 
the growth time from (c) 30 sec to (d) 7 sec, we reduce the length of the barrier from 20 nm to 7 nm. The chemical 
composition of the segment shown in (d) is Ga0.21In0.79Sb. The table in the inset shows the growth parameters used 
to synthesize the GaxIn1-xSb segments of different samples. 
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7.6.2 Transverse XEDS line scan shows no radial overgrowth 

 

Figure 7.7| (a) Lower panel: XEDS line scan taken along the axial direction (indicated by a white arrow in the XEDS 
map in the upper panel), revealing the barrier composition Ga0.15In0.85Sb and thickness 20 nm. (b) Lower panel: XEDS 
line scan taken along the radial direction (indicated by a white arrow in the XEDS map in the upper panel) of the 
same Ga0.15In0.85Sb segment. The barrier spans the full diameter of the nanowire. 

7.6.3 Strain quantification of a Ga0.15In0.85Sb barrier 

 

Figure 7.8| Strain in the InSb/Ga0.15In0.85Sb/InSb axial nanowire heterostructure. (a) Bright field TEM image of the 
nanowire segment containing the barrier. The arrow indicates the nanowire growth direction. Scale bar corresponds 
to 20 nm. (b) XEDS line scan taken along the nanowire growth direction shows the presence of a 20 nm thick 
Ga0.15In0.85Sb barrier. (c) High resolution TEM image of the region indicated by a square in (a). Scale bar corresponds 
to 10 nm. (d) Geometrical phase analysis applied to the (1-11) planes of the HRTEM image shown in (c).The 
Ga0.15In0.85Sb segment is compressively strained with respect to the InSb reference (Ref.) region. (e) The strain profile 
integrated along the direction indicated by a white arrow in (d). The average value of strain in the barrier is ~-0.8%. 
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7.6.4 Statistics on the position of the barrier within the nanowire 

 

Figure 7.9| Statistical analysis of the sample containing the highest amount of Gallium (Ga0.28In0.72Sb) incorporated 
in a 20 nm thick barrier. The analysis was done to facilitate device fabrication by determining the position of the 
built-in barrier within the nanowire. The plot of barrier position (distance from the bottom of the InSb nanowire to 
the barrier) vs InSb nanowire length follows a linear law (y=a+bx; a=(-0.54±0.09)μm; b=0.81±0.04) and enables 
accurate prediction of the barrier position. A total of 11 nanowires was analyzed. 

7.6.5 Detailed Device Fabrication Recipe 

Substrate Cleaning 
 
Acetone (10 minutes), IPA (10 minutes), Oxygen plasma (10 minutes, pressure: 1mbar, power 600 watts).  
 
Fabrication Of Local Back-Gates 
 
Spin PMMA 950(K) – A2 at 3000 rpm, bake at 175 C for 15 min 
Writing local back-gate patterns (50 nm wide gates, 50 nm spacing) using e-beam lithography (dose: 1400 μC/Cm2) 
Developing for 60 sec in MIBK (4-Methylpentanon-2-one): IPA, ratio 1:3 
Rinse in IPA for 60 sec, blow dry 
Evaporation of 5 nm Ti and 10nm Au 
Lift-off in acetone overnight (with ultrasound for the first hour). 
 
Mechanical Exfoliation of Hexagonal Boron Nitride Flakes, deterministical transfer of the flakes onto the fine bottom 
gates 
  
Nanowire deposition 
 
Nanowires are transferred from the growth chip deterministically using a micromanipulator in SEM at 3 kV to the 
Si/SiO2 chip between the alignment markers. 
 
Contact Deposition 
 
Spin PMMA 950(K) – A4 at 4000 rpm, bake at 175 C for 15 min 
Writing contact patterns using e-beam lithography (dose: 1500 μC/Cm2) 
Developing for 60 sec in MIBK (4-Methylpentanon-2-one): IPA, ratio 1:3 
Cleaning PMMA residues with oxygen plasma (60 sec, 1 mBar, 600 W) 
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Sulphur Passivation:156 Diluted ammonium polysulfide (NH4)2Sx solution (3 ml of (NH4)2S mixed with 290 mg sulfur 
powder then diluted with DI-water at a ratio of (1 : 200) for 30 min at 60 °C.  
He Ion etching with a Kauffman ion source for 30 sec at 1.5-1.6 x 10-2 mbar 
Evaporation of 10 nm Cr and 100nm Au, 
Lift-off in acetone overnight at room temperature. 

7.6.6 Detailed Explanation of the I-V Fitting Model 

The height and width of the barrier are extracted from a least-square non-linear fit of the 

experimental I-V traces. The least-square non-linear fit is based on a simple theoretical 

model: When a voltage bias is applied, the bias drops linearly across the barrier width, 

resulting in a tilted barrier (Figure 7.10). Then the tunneling transmission probability as a 

function of energy, T(E), is calculated using WKB approximation:  

 

where  and are the classical turning points, V is the barrier potential energy and  is 

the reduced Planck constant. 

As illustrated in Figure 7.10 two different barrier potential profiles are used: rectangular and 

Gaussian. 

Rectangular barrier: 

 

Gaussian barrier: 

 

Where H(x) is the Heaviside step function, xL= min (x|V(x)=EF), xR= max (x|V(x)=EF). 

The width of the rectangular barrier is defined with respect to the shape at zero bias (Figure 

7.10a) and is equal to the separation of the classical turning points  for an electron 

at the Fermi level and the barrier height equals the difference between the top of the barrier 

and the Fermi level, . The width of the Gaussian barrier (Figure 7.10b) is defined as 2 

standard deviations of a Gaussian at zero bias and the height as the difference between the 

peak height of the Gaussian and the Fermi level,  

 



 
____________________________________________________________________________________________ 

117 

 

Figure 7.10| Schematic drawings illustrating the potential landscape of the barrier region for the square- and 
Gaussian-shaped barrier potential profile assumed in the calculation of the transmission for the WKB fittings. Panels 
(a) and (b) show the barrier at zero bias voltage with the Fermi level indicated by red lines. Panels (c) and (d) show 
how the potential profile is modified at finite bias with a linear voltage drop across the barrier width. 

After the transmission probability T(E) is calculated, the current I is obtained from the 

Landauer–Buttiker formula at zero temperature: 

 

The assumption of zero temperature is valid due to the fact that the barrier height energy 

scale (>20meV) is much larger than the thermal energy scale (<1meV at 2 Kelvin). 
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7.6.7 Additional WKB fits of I-V traces 

 

Figure 7.11| Representative WKB fitting curves to experimental I-V traces taken at gate-voltage values from 0.6 V 
to 1.7 V. As can be seen, the WKB model based on a simple, square-shaped potential profile shows excellent fit with 
experimental data for gate voltage values in the range from 0.625 V to 1.705 V. As the gate voltage increases from 
0.625 V to 1.705 V, the current changes from 0.2 nA to 200 nA, i.e. by 3 orders of magnitude 
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7.6.8 Possible Explanation of the Asymmetric I-V Characteristics 

 

Figure 7.12| Potential landscape for less positive gate voltages. (a), (b) and (c) are schematic drawings of the 
potential landscape for 0, negative and positive bias voltages, respectively. The three local back-gates are denoted 
as g1, g2 and g3. 

The asymmetry of the I-V traces between positive bias and negative bias is more pronounced 

at lower values of gate voltage, when the Fermi level is close to the conduction band bottom. 

In Figure 7.12, we draw a possible explanation of this phenomenon, based on device 

asymmetry. Panel (a) shows that at zero bias, the Fermi level is slightly below the conduction 

band bottom. Thus the nanowire part under gate g2 and g3 is more resistive (in contrast to 

the situation in which the Fermi level is way above the conduction band bottom and the 

nanowire is conductive). When a positive bias is applied (panel (c)), this part will share the 

bias voltage drop together with the barrier. Thus the conduction band bottom at g2 and g3 

will be tilted upward, creating an additional barrier. When a negative bias is applied, this 

conduction band bottom will be tilted downward, which does not act as a barrier for 

transport. Thus the I-V curve can be asymmetric between positive and negative bias. 

It should be noted that this is a simplified model: with the conduction band bottom close to 

the Fermi level, the potential fluctuations due the local gates are more pronounced (e.g. the 

nanowire part in between g1 and g2 is less capacitively coupled to the gates than the 
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nanowire part right above the g1 or g2). Thus it is expected that our simple square-shaped 

barrier model no longer holds in this regime.  

These effects (asymmetric biasing and potential fluctuations) can be minimized by applying 

more positive gate voltage to drag the conduction band bottom way below the Fermi level. 

In this case, the transport (which mainly happens near the Fermi level) is not sensitive to the 

details of the conduction band bottom, and our theory model is in excellent agreement with 

the data (Figure 7.11). 

 



 

121 

References  
(1)  Collins Dictionary http://www.collinsdictionary.com/. 

(2)  Semiconductor Industry Association http://www.semiconductors.org/. 

(3)  Moore, G. E. IEEE Solid-State Circuits Newsl. 22006, 20 (3), 33–35. 

(4)  International Technology Roadmap for Semiconductors (ITRS) http://www.itrs.net/. 

(5)  Nielsen, M. A.; Chuang, I. L. Quantum Computation and Quantum Information: 10th 

Anniversary Edition; Cambridge University Press, 2010. 

(6)  Ladd, T. D.; Jelezko, F.; Laflamme, R.; Nakamura, Y.; Monroe, C.; O’Brien, J. L. Nature 

2010, 464 (7285), 45–53. 

(7)  DiVincenzo, D. P. Fortschritte der Phys. 22000, 48 (9-11), 771–783. 

(8)  DiVincenzo, D. P. Science 11995, 270, 255–261. 

(9)  Veldhorst, M.; Hwang, J. C. C.; Yang, C. H.; Leenstra, A. W.; de Ronde, B.; Dehollain, 

J. P.; Muhonen, J. T.; Hudson, F. E.; Itoh, K. M.; Morello, A.; Dzurak, A. S. Nat. 

Nanotechnol. 22014, 9 (12), 981–985. 

(10)  Freedman, M. H.; Kitaev, A.; Larsen, M. J.; Wang, Z. Bull. Am. Math. Soc. 22002, 40 

(01), 31–39. 

(11)  Sarma, S. Das; Freedman, M.; Nayak, C. Phys. Today 22006, 59 (7), 32–38. 

(12)  Pachos, J. K. Introduction to Topological Quantum Computation; Cambridge 

University Press, 2012. 

(13)  Stern, A.; Lindner, N. H. Science 22013, 339 (6124), 1179–1184. 

(14)  Dirac, P. A. M. Proc. R. Soc. London 11930, A126, 360–365. 

(15)  Anderson, C. Phys. Rev. 11933, 43 (6), 491–494. 

(16)  Majorana, E. Nuovo Cim. 11937, 14, 171. 

(17)  Fu, L.; Kane, C. Phys. Rev. Lett. 22008, 100 (9), 096407. 



 
____________________________________________________________________________________________ 

122 

(18)  Alicea, J. Rep. Prog. Phys. 22012, 75 (7), 076501. 

(19)  Leijnse, M.; Flensberg, K. Semicond. Sci. Technol. 22012, 27 (12), 124003. 

(20)  Kitaev, A. Y. Ann. Phys. (N. Y). 22003, 303 (1), 2–30. 

(21)  Mourik, V.; Zuo, K.; Frolov, S. M.; Plissard, S. R.; Bakkers, E. P. A. M.; Kouwenhoven, 

L. P. Science 22012, 336 (6084), 1003–1007. 

(22)  Lutchyn, R. M.; Sau, J. D.; Das Sarma, S. Phys. Rev. Lett. 22010, 105 (7), 077001. 

(23)  Oreg, Y.; Refael, G.; von Oppen, F. Phys. Rev. Lett. 22010, 105 (17), 177002. 

(24)  Deng, M. T.; Yu, C. L.; Huang, G. Y.; Larsson, M.; Caroff, P.; Xu, H. Q. Nano Lett. 22012, 

12 (12), 6414–6419. 

(25)  Das, A.; Ronen, Y.; Most, Y.; Oreg, Y.; Heiblum, M.; Shtrikman, H. Nat. Phys. 22012, 8 

(12), 887–895. 

(26)  Churchill, H. O. H.; Fatemi, V.; Grove-Rasmussen, K.; Deng, M. T.; Caroff, P.; Xu, H. Q.; 

Marcus, C. M. Phys. Rev. B 22013, 87 (24), 241401. 

(27)  Finck, A. D. K.; Van Harlingen, D. J.; Mohseni, P. K.; Jung, K.; Li, X. Phys. Rev. Lett. 22013, 

110 (12), 126406. 

(28)  Frolov, S. M.; Plissard, S. R.; Nadj-Perge, S.; Kouwenhoven, L. P.; Bakkers, E. P. A. M. 

MRS Bull. 22013, 38 (10), 809–815. 

(29)  van den Berg, J. W. G.; Nadj-Perge, S.; Pribiag, V. S.; Plissard, S. R.; Bakkers, E. P. A. 

M.; Frolov, S. M.; Kouwenhoven, L. P. Phys. Rev. Lett. 22013, 110 (6), 066806. 

(30)  Nilsson, H. A.; Caroff, P.; Thelander, C.; Larsson, M.; Wagner, J. B.; Wernersson, L.-E.; 

Samuelson, L.; Xu, H. Q. Nano Lett. 22009, 9 (9), 3151–3156. 

(31)  Van Weperen, I.; Plissard, S. R.; Bakkers, E. P. A. M.; Frolov, S. M.; Kouwenhoven, L. 

P. Nano Lett. 22013, 13 (2), 387–391. 

(32)  Nilsson, H. A.; Samuelsson, P.; Caroff, P.; Xu, H. Q. Nano Lett. 22012, 12, 228–233. 

 

 



 
____________________________________________________________________________________________ 

123 

(33)  Gül, Ö.; Woerkom, D. J. van; Weperen, I. van; Car, D.; Plissard, S. R.; Bakkers, E. P. A. 

M.; Kouwenhoven, L. P.; van Woerkom, D. J.; Weperen, I. van; Car, D.; Plissard, S. R.; 

Bakkers, E. P. A. M.; Kouwenhoven, L. P. Nanotechnology 22015, 26 (21), 215202. 

(34)  Kammhuber, J.; Cassidy, M. C.; Zhang, H.; Gül, Ö.; Pei, F.; de Moor, M. W. A.; Nijholt, 

B.; Watanabe, K.; Taniguchi, T.; Car, D.; Plissard, S. R.; Bakkers, E. P. A. M.; 

Kouwenhoven, L. P. Nano Lett. 22016, 16 (6), 3482-3486. 

(35)  Plissard, S. R.; Slapak, D. R.; Verheijen, M. A.; Hocevar, M.; Immink, G. W. G.; Van 

Weperen, I.; Nadj-Perge, S.; Frolov, S. M.; Kouwenhoven, L. P.; Bakkers, E. P. A. M. 

Nano Lett. 22012, 12 (4), 1794–1798. 

(36)  Hyart, T.; van Heck, B.; Fulga, I. C.; Burrello, M.; Akhmerov, A. R.; Beenakker, C. W. J. 

Phys. Rev. B 22013, 88 (3), 035121. 

(37)  Alicea, J.; Oreg, Y.; Refael, G.; von Oppen, F.; Fisher, M. P. A. Nat. Phys. 22011, 7 (5), 

412–417. 

(38)  Manasevit, H. M.; Simpson, W. I. J. Electrochem. Soc. 11969, 116 (12), 1725. 

(39)  Manasevit, H. M. Appl. Phys. Lett. 11968, 12 (4), 156. 

(40)  Manasevit, H. M. J. Cryst. Growth 11972, 13-14, 306–314. 

(41)  Stringfellow, G. B. Organometallic Vapor-Phase Epitaxy: Theory and Practice; Elsevier 

Science, 2012. 

(42)  Bour, D.; Yang, Z.; Chua, C. J. Cryst. Growth 22008, 310, 2673–2677. 

(43)  Ayers, J. E. Heteroepitaxy of Semiconductors: Theory, Growth, and Characterization; 

CRC Press, 2007. 

(44)  Herman, M. A.; Sitter, H. Molecular Beam Epitaxy: Fundamentals and Current Status; 

Springer Science & Business Media, 2013. 

(45)  Jeans, J. An Introduction to the Kinetic Theory of Gases; CUP Archive, 1982. 

(46)  Dayeh, S. A.; Yu, E. T.; Wang, D. Nano Lett. 22007, 7 (8), 2486–2490. 

(47)  Duan, X.; Wang, J.; Lieber, C. M. Appl. Phys. Lett. 22000, 76 (9), 1116. 



 
____________________________________________________________________________________________ 

124 

(48)  Dubrovskii, V. G.; Cirlin, G. E.; Soshnikov, I. P.; Tonkikh, A. A.; Sibirev, N. V.; 

Samsonenko, Y. B.; Ustinov, V. M. Phys. Rev. B 22005, 71 (20), 205325. 

(49)  Novotny, C. J.; Yu, P. K. L. Appl. Phys. Lett. 22005, 87 (20), 203111. 

(50)  Stach, E. A.; Pauzauskie, P. J.; Kuykendall, T.; Goldberger, J.; He, R.; Yang, P. Nano Lett. 

2003, 3 (6), 867–869. 

(51)  Dayeh, S. A.; Yu, E. T.; Wang, D. Small 22007, 3 (10), 1683–1687. 

(52)  Persson, A. I.; Larsson, M. W.; Stenström, S.; Ohlsson, B. J.; Samuelson, L.; 

Wallenberg, L. R. Nat. Mater. 22004, 3 (10), 677–681. 

(53)  Dick, K. A.; Deppert, K.; Mårtensson, T.; Mandl, B.; Samuelson, L.; Seifert, W. Nano 

Lett. 22005, 5 (4), 761–764. 

(54)  Trentler, T. J.; Hickman, K. M.; Goel, S. C.; Viano, A. M.; Gibbons, P. C.; Buhro, W. E. 

Science 11995, 270 (5243), 1791–1794. 

(55)  Fanfair, D. D.; Korgel, B. A. Cryst. Growth Des. 22005, 5 (5), 1971–1976. 

(56)  Takayama, Y.; Tomioka, K.; Hara, S.; Fukui, T.; Motohisa, J. Phys. Status Solidi 22011, 8 

(2), 272–274. 

(57)  Goto, H.; Nosaki, K.; Tomioka, K.; Hara, S.; Hiruma, K.; Motohisa, J.; Fukui, T. Appl. 

Phys. Express 22009, 2 (3), 035004. 

(58)  Noborisaka, J.; Motohisa, J.; Fukui, T. Appl. Phys. Lett. 22005, 86 (21), 213102. 

(59)  Assali, S.; Zardo, I.; Plissard, S.; Kriegner, D.; Verheijen, M. A.; Bauer, G.; Meijerink, A.; 

Belabbes, A.; Bechstedt, F.; Haverkort, J. E. M.; Bakkers, E. P. A. M. Nano Lett. 22013, 

13 (4), 1559–1563. 

(60)  Dalacu, D.; Mnaymneh, K.; Lapointe, J.; Wu, X.; Poole, P. J.; Bulgarini, G.; Zwiller, V.; 

Reimer, M. E. Nano Lett. 22012, 12 (11), 5919–5923. 

(61)  Joyce, H. J.; Wong-Leung, J.; Gao, Q.; Tan, H. H.; Jagadish, C. Nano Lett. 22010, 10 (3), 

908–915. 

 



 
____________________________________________________________________________________________ 

125 

(62)  Shtrikman, H.; Popovitz-Biro, R.; Kretinin, A. V.; Kacman, P. IEEE J. Sel. Top. Quantum 

Electron. 22011, 17 (4), 922–934. 

(63)  Wagner, R. S.; Ellis, W. C. Appl. Phys. Lett. 11964, 4 (5), 89. 

(64)  Hannon, J. B.; Kodambaka, S.; Ross, F. M.; Tromp, R. M. Nature 22006, 440 (7080), 69–

71. 

(65)  Verheijen, M. A.; Immink, G.; De Smet, T.; Borgström, M. T.; Bakkers, E. P. A. M. J. 

Am. Chem. Soc. 22006, 128 (4), 1353–1359. 

(66)  Gudiksen, M. S.; Lieber, C. M. J. Am. Chem. Soc. 22000, 122 (36), 8801–8802. 

(67)  Pierret, A.; Hocevar, M.; Diedenhofen, S. L.; Algra, R. E.; Vlieg, E.; Timmering, E. C.; 

Verschuuren, M. A.; Immink, G. W. G.; Verheijen, M. A.; Bakkers, E. P. A. M. 

Nanotechnology 22010, 21 (6), 65305. 

(68)  Borgström, M. T.; Immink, G.; Ketelaars, B.; Algra, R.; Bakkers, E. P. A. M. Nat. 

Nanotechnol. 22007, 2 (9), 541–544. 

(69)  Dubrovskii, V. G. Nucleation Theory and Growth of Nanostructures; NanoScience and 

Technology; Springer Berlin Heidelberg: Berlin, Heidelberg, 2014. 

(70)  Glas, F.; Harmand, J.-C.; Patriarche, G. Phys. Rev. Lett. 22007, 99 (14), 146101. 

(71)  Li, J.; Wang, D.; La Pierre, R. R. Advances in III-V Semiconductor Nanowires and 

Nanodevices; Bentham Science Publishers, 2011. 

(72)  Hauge, H. I. T.; Verheijen, M. A.; Conesa-Boj, S.; Etzelstorfer, T.; Watzinger, M.; 

Kriegner, D.; Zardo, I.; Fasolato, C.; Capitani, F.; Postorino, P.; Kölling, S.; Li, A.; Assali, 

S.; Stangl, J.; Bakkers, E. P. A. M. Nano Lett. 22015, 15 (9), 5855–5860. 

(73)  Wu, Y.; Cui, Y.; Huynh, L.; Barrelet, C. J.; Bell, D. C.; Lieber, C. M. Nano Lett. 22004, 4 

(3), 433–436. 

(74)  Dayeh, S. A.; Gin, A. V.; Picraux, S. T. Appl. Phys. Lett. 22011, 98 (16), 163112. 

(75)  Chen, X.; Li, J.; Cao, Y.; Lan, Y.; Li, H.; He, M.; Wang, C.; Zhang, Z.; Qiao, Z. Adv. Mater. 

2000, 12 (19), 1432–1434. 



 
____________________________________________________________________________________________ 

126 

(76)  van Tilburg, J. W. W.; Algra, R. E.; Immink, W. G. G.; Verheijen, M.; Bakkers, E. P. A. 

M.; Kouwenhoven, L. P. Semicond. Sci. Technol. 22010, 25 (2), 024011. 

(77)  Ercolani, D.; Rossi, F.; Li, A.; Roddaro, S.; Grillo, V.; Salviati, G.; Beltram, F.; Sorba, L. 

Nanotechnology 22009, 20 (50), 505605. 

(78)  Janik, E.; Sadowski, J.; Dłużewski, P.; Kret, S.; Baczewski, L. T.; Petroutchik, A.; 

Łusakowska, E.; Wróbel, J.; Zaleszczyk, W.; Karczewski, G.; Wojtowicz, T.; Presz, A. 

Appl. Phys. Lett. 22006, 89 (13), 133114. 

(79)  Oehling, S.; Ehinger, M.; Spahn, W.; Waag, A.; Becker, C. R.; Landwehr, G. J. Appl. 

Phys. 11996, 79 (2), 748. 

(80)  Gedamu, D.; Paulowicz, I.; Kaps, S.; Lupan, O.; Wille, S.; Haidarschin, G.; Mishra, Y. K.; 

Adelung, R. Adv. Mater. 22014, 26 (10), 1541–1550. 

(81)  Hyun, J. K.; Zhang, S.; Lauhon, L. J. Annu. Rev. Mater. Res. 22013, 43 (1), 451–479. 

(82)  Lauhon, L. J.; Gudiksen, M. S.; Wang, D.; Lieber, C. M. Nature 22002, 420 (6911), 57–

61. 

(83)  Haraguchi, K.; Katsuyama, T.; Hiruma, K.; Ogawa, K. Appl. Phys. Lett. 11992, 60 (6), 

745. 

(84)  Wallentin, J.; Anttu, N.; Asoli, D.; Huffman, M.; Aberg, I.; Magnusson, M. H.; Siefer, 

G.; Fuss-Kailuweit, P.; Dimroth, F.; Witzigmann, B.; Xu, H. Q.; Samuelson, L.; Deppert, 

K.; Borgström, M. T. Science 22013, 339 (6123), 1057–1060. 

(85)  Minot, E. D.; Kelkensberg, F.; van Kouwen, M.; van Dam, J. A.; Kouwenhoven, L. P.; 

Zwiller, V.; Borgström, M. T.; Wunnicke, O.; Verheijen, M. A.; Bakkers, E. P. A. M. 

Nano Lett. 22007, 7 (2), 367–371. 

(86)  Tian, B.; Zheng, X.; Kempa, T. J.; Fang, Y.; Yu, N.; Yu, G.; Huang, J.; Lieber, C. M. Nature 

2007, 449 (7164), 885–889. 

(87)  Hocevar, M.; Immink, G.; Verheijen, M.; Akopian, N.; Zwiller, V.; Kouwenhoven, L.; 

Bakkers, E. Nat. Commun. 22012, 3, 1266. 

 



 
____________________________________________________________________________________________ 

127 

(88)  Kang, J.-H.; Cohen, Y.; Ronen, Y.; Heiblum, M.; Buczko, R.; Kacman, P.; Popovitz-Biro, 

R.; Shtrikman, H. Nano Lett. 22013, 13 (11), 5190–5196. 

(89)  Giacovazzo, C. Fundamentals of Crystallography; Oxford University Press, 2002. 

(90)  Kelly, A. A.; Knowles, K. M. Crystallography and Crystal Defects; John Wiley & Sons, 

2012. 

(91)  Caroff, P.; Bolinsson, J.; Johansson, J. IEEE J. Sel. Top. Quantum Electron. 22011, 17 (4), 

829–846. 

(92)  Holt, D. B. J. Mater. Sci. 11984, 19 (2), 439–446. 

(93)  Algra, R. E.; Verheijen, M. A.; Borgström, M. T.; Feiner, L.-F.; Immink, G.; van 

Enckevort, W. J. P.; Vlieg, E.; Bakkers, E. P. A. M. Nature 22008, 456 (7220), 369–372. 

(94)  Johansson, J.; Karlsson, L. S.; Svensson, C. P. T.; Mårtensson, T.; Wacaser, B. A.; 

Deppert, K.; Samuelson, L.; Seifert, W. Nat. Mater. 22006, 5 (7), 574–580. 

(95)  Korgel, B. A. Nat. Mater. 22006, 5 (7), 521–522. 

(96)  Potts, H.; Friedl, M.; Amaduzzi, F.; Tang, K.; Tütüncüoglu, G.; Matteini, F.; Alarcon 

Lladó, E.; McIntyre, P. C.; Fontcuberta i Morral, A. Nano Lett. 22016, 16(1), 637–643. 

(97)  Bolinsson, J.; Ouattara, L.; Hofer, W. A.; Sköld, N.; Lundgren, E.; Gustafsson, A.; 

Mikkelsen, A. J. Phys. Condens. Matter 22009, 21 (5), 055404. 

(98)  de la Mata, M.; Magen, C.; Gazquez, J.; Utama, M. I. B.; Heiss, M.; Lopatin, S.; 

Furtmayr, F.; Fernández-Rojas, C. J.; Peng, B.; Morante, J. R.; Rurali, R.; Eickhoff, M.; 

Fontcuberta i Morral, A.; Xiong, Q.; Arbiol, J. Nano Lett. 22012, 12 (5), 2579–2586. 

(99)  Schroer, M. D.; Petta, J. R. Nano Lett. 22010, 10 (5), 1618–1622. 

(100)  Thelander, C.; Caroff, P.; Plissard, S.; Dey, A. W.; Dick, K. A. Nano Lett. 22011, 11 (6), 

2424–2429. 

(101)  Dames, C. J. Appl. Phys. 22004, 95 (2), 682. 

(102)  www.zeiss.com/microscopy. 

 



 
____________________________________________________________________________________________ 

128 

(103)  Williams, D. B.; Carter, C. B. Transmission Electron Microscopy: A Textbook for 

Materials Science; Springer, 2009. 

(104)  Ek, M. Transmission Electron Microscopy of Nanowires : Influence of Doping and 

Etching on Polytypism in InP, PhD Thesis, Lund University, 2011. 

(105)  Sau, J. D.; Tewari, S.; Das Sarma, S. Phys. Rev. B 22012, 85 (6), 064512. 

(106)  Ashcroft, N. W.; Mermin, N. D. Solid State Physics; Holt, Rinehart and Winston, 1976. 

(107)  Sze, S. M.; Ng, K. K. Physics of Semiconductor Devices; John Wiley & Sons, 2006. 

(108)  Schroder, D. K. Semiconductor Material and Device Characterization; John Wiley & 

Sons, 2006. 

(109)  Lu, W.; Xie, P.; Lieber, C. M. IEEE Trans. Electron Devices 22008, 55 (11), 2859–2876. 

(110)  Wang, L.; Wang, D.; Asbeck, P. M. Solid. State. Electron. 22006, 50 (11-12), 1732–1739. 

(111)  Vuik, A.; Eeltink, D.; Akhmerov, A. R.; Wimmer, M. New J. Phys. 22016, 18 (3), 033013. 

(112)  Blömers, C.; Grap, T.; Lepsa, M. I.; Moers, J.; Trellenkamp, S.; Grützmacher, D.; Lüth, 

H.; Schäpers, T. Appl. Phys. Lett. 22012, 101 (15), 152106. 

(113)  Storm, K.; Halvardsson, F.; Heurlin, M.; Lindgren, D.; Gustafsson, A.; Wu, P. M.; 

Monemar, B.; Samuelson, L. Nat. Nanotechnol. 22012, 7 (11), 718–722. 

(114)  Plissard, S. R.; van Weperen, I.; Car, D.; Verheijen, M. A.; Immink, G. W. G.; 

Kammhuber, J.; Cornelissen, L. J.; Szombati, D. B.; Geresdi, A.; Frolov, S. M.; 

Kouwenhoven, L. P.; Bakkers, E. P. A. M. Nat. Nanotechnol. 22013, 8 (11), 859–864. 

(115)  Hall, E. H. Am. J. Math. 11879, 2 (3), 287–292. 

(116)  Nayak, C.; Stern, A.; Freedman, M.; Das Sarma, S. Rev. Mod. Phys. 22008, 80 (3), 1083–

1159. 

(117)  Wilczek, F. Nat. Phys. 22009, 5 (9), 614–618. 

(118)  van Heck, B.; Akhmerov, A. R.; Hassler, F.; Burrello, M.; Beenakker, C. W. J. New J. 

Phys. 22012, 14 (3), 035019. 

 



 
____________________________________________________________________________________________ 

129 

(119)  Wen, C.-Y.; Tersoff, J.; Hillerich, K.; Reuter, M. C.; Park, J. H.; Kodambaka, S.; Stach, E. 

A.; Ross, F. M. Phys. Rev. Lett. 22011, 107 (2), 025503. 

(120)  Dick, K. A.; Deppert, K.; Larsson, M. W.; Mårtensson, T.; Seifert, W.; Wallenberg, L. 

R.; Samuelson, L. Nat. Mater. 22004, 3 (6), 380–384. 

(121)  Yun, S. H.; Wu, J. Z.; Dibos, A.; Zou, X.; Karlsson, U. O. Nano Lett. 22006, 6 (3), 385–

389. 

(122)  Jiang, X.; Tian, B.; Xiang, J.; Qian, F.; Zheng, G.; Wang, H.; Mai, L.; Lieber, C. M. Proc. 

Natl. Acad. Sci. U. S. A. 22011, 108 (30), 12212–12216. 

(123)  Manna, L.; Milliron, D. J.; Meisel, A.; Scher, E. C.; Alivisatos, A. P. Nat. Mater. 22003, 2 

(6), 382–385. 

(124)  Dai, X.; Dayeh, S. A.; Veeramuthu, V.; Larrue, A.; Wang, J.; Su, H.; Soci, C. Nano Lett. 

2011, 11 (11), 4947–4952. 

(125)  Suyatin, D. B.; Sun, J.; Fuhrer, A.; Wallin, D.; Fröberg, L. E.; Karlsson, L. S.; Maximov, 

I.; Wallenberg, L. R.; Samuelson, L.; Xu, H. Q. Nano Lett. 22008, 8 (4), 1100–1104. 

(126)  Dalacu, D.; Kam, A.; Austing, D. G.; Poole, P. J. Nano Lett. 22013, 13 (6), 2676–2681. 

(127)  Heedt, S.; Vakulov, D.; Rieger, T.; Rosenbach, D.; Trellenkamp, S.; Grützmacher, D.; 

Lepsa, M. I.; Schäpers, T. Adv. Electron. Mater. 22016, 2 (6). 

(128)  Li, D.; Nielsen, M. H.; Lee, J. R. I.; Frandsen, C.; Banfield, J. F.; De Yoreo, J. J. Science 

2012, 336 (6084), 1014–1018. 

(129)  Doh, Y.-J.; van Dam, J. A.; Roest, A. L.; Bakkers, E. P. A. M.; Kouwenhoven, L. P.; De 

Franceschi, S. Science 22005, 309 (5732), 272–275. 

(130)  Xiang, J.; Vidan, A.; Tinkham, M.; Westervelt, R. M.; Lieber, C. M. Nat. Nanotechnol. 

2006, 1 (3), 208–213. 

(131)  Borgström, M. T.; Wallentin, J.; Trägårdh, J.; Ramvall, P.; Ek, M.; Wallenberg, L. R.; 

Samuelson, L.; Deppert, K. Nano Res. 22010, 3 (4), 264–270. 

(132)  Kautz, R. L.; Martinis, J. M. Phys. Rev. B 11990, 42 (16), 9903–9937. 



 
____________________________________________________________________________________________ 

130 

(133)  Courtois, H.; Meschke, M.; Peltonen, J. T.; Pekola, J. P. Phys. Rev. Lett. 22008, 101 (6), 

067002. 

(134)  Coon, D. D.; Fiske, M. D. Phys. Rev. 11965, 138 (3A), A744–A746. 

(135)  Fiske, M. D. Rev. Mod. Phys. 11964, 36 (1), 221–222. 

(136)  Nguyen, B.-M.; Taur, Y.; Picraux, S. T.; Dayeh, S. A. Nano Lett. 22014, 14 (2), 585–591. 

(137)  Dey, A. W.; Borg, B. M.; Ganjipour, B.; Ek, M.; Dick, K. A.; Lind, E.; Thelander, C.; 

Wernersson, L.-E. IEEE Electron Device Lett. 22013, 34 (2), 211–213. 

(138)  Ek, M.; Borg, B. M.; Dey, A. W.; Ganjipour, B.; Thelander, C.; Wernersson, L.-E.; Dick, 

K. A. Cryst. Growth Des. 22011, 11 (10), 4588–4593. 

(139)  Orr, J. M. S.; Gilbertson, A. M.; Fearn, M.; Croad, O. W.; Storey, C. J.; Buckle, L.; 

Emeny, M. T.; Buckle, P. D.; Ashley, T. Phys. Rev. B 22008, 77 (16), 165334. 

(140)  Kallaher, R. L.; Heremans, J. J.; Goel, N.; Chung, S. J.; Santos, M. B. Phys. Rev. B 22010, 

81 (7), 075303. 

(141)  Caroff, P.; Wagner, J. B.; Dick, K. A.; Nilsson, H. A.; Jeppsson, M.; Deppert, K.; 

Samuelson, L.; Wallenberg, L. R.; Wernersson, L.-E. E. Small 22008, 4 (7), 878–882. 

(142)  Mandl, B.; Dick, K. A.; Kriegner, D.; Keplinger, M.; Bauer, G.; Stangl, J.; Deppert, K. 

Nanotechnology 22011, 22 (14), 145603. 

(143)  Heuken, M.; Eichel-Streiber, C. V.; Behres, A.; Schineller, B.; Heime, K.; Mendorf, C.; 

Brockt, G.; Lakner, H. J. Electron. Mater. 11997, 26 (10), 1221–1224. 

(144)  Caroff, P.; Messing, M. E.; Mattias Borg, B.; Dick, K. A.; Deppert, K.; Wernersson, L.-

E. Nanotechnology 22009, 20 (49), 495606. 

(145)  Wang, J.; Plissard, S. S.; Hocevar, M. M.; Vu, T. T. T.; Zehender, T.; Immink, G. G. W.; 

Verheijen, M. A.; Haverkort, J.; Bakkers, E. P. A. M. Appl. Phys. Lett. 22012, 100 (5), 38–

41. 

(146)  Wang, J.; Plissard, S. R.; Verheijen, M. A.; Feiner, L.-F.; Cavalli, A.; Bakkers, E. P. A. M. 

Nano Lett. 22013, 13 (8), 3802–3806. 



 
____________________________________________________________________________________________ 

131 

(147)  Conesa-Boj, S.; Russo-Averchi, E.; Dalmau-Mallorqui, A.; Trevino, J.; Pecora, E. F.; 

Forestiere, C.; Handin, A.; Ek, M.; Zweifel, L.; Wallenberg, L. R.; Rüffer, D.; Heiss, M.; 

Troadec, D.; Dal Negro, L.; Caroff, P.; Fontcuberta i Morral, A. ACS Nano 22012, 6 (12), 

10982–10991. 

(148)  Fonseka, H. A.; Tan, H. H.; Wong-Leung, J.; Kang, J. H.; Parkinson, P.; Jagadish, C. 

Nanotechnology 22013, 24 (46), 465602. 

(149)  Talapin, D. V.; Black, C. T.; Kagan, C. R.; Shevchenko, E. V.; Afzali, A.; Murray, C. B. J. 

Phys. Chem. C 22007, 111 (35), 13244–13249. 

(150)  van Weperen, I.; Tarasinski, B.; Eeltink, D.; Pribiag, V. S.; Plissard, S. R.; Bakkers, E. P. 

A. M.; Kouwenhoven, L. P.; Wimmer, M. Phys. Rev. B 22015, 91 (20), 201413. 

(151)  Flöhr, K.; Liebmann, M.; Sladek, K.; Günel, H. Y.; Frielinghaus, R.; Haas, F.; Meyer, C.; 

Hardtdegen, H.; Schäpers, T.; Grützmacher, D.; Morgenstern, M. Rev. Sci. Instrum. 

2011, 82 (11), 113705. 

(152)  Zhang, H.; Gül, Ö.; Conesa-Boj, S.; Zuo, K.; Mourik, V.; de Vries, F. K.; van Veen, J.; van 

Woerkom, D. J.; Nowak, M. P.; Wimmer, M.; Car, D.; Plissard, S.; Bakkers, E. P. A. M.; 

Quintero-Pérez, M.; Goswami, S.; Watanabe, K.; Taniguchi, T.; Kouwenhoven, L. P. 

arXiv 22016. 

(153)  R. Landauer. IBM J. Res. Dev. 11957, 1, 223. 

(154)  van Wees B. J.; van Houten H; Beenakker, C. W.; Williamson, J. G.; Kouwenhoven, L. 

P.; van der Marel, D.; Foxon, C. T. Phys. Rev. Lett. 11988, 60 (9), 848–850. 

(155)  Wharam, D. A.; Thornton, T. J.; Newbury, R.; Pepper, M.; Ahmed, H.; Frost, J. E. F.; 

Hasko, D. G.; Peacock, D. C.; Ritchie, D. A.; Jones, G. A. C. J. Phys. C Solid State Phys. 

1988, 21 (8), L209–L214. 

(156)  Suyatin, D. B.; Thelander, C.; Björk, M. T.; Maximov, I.; Samuelson, L.; Björk, M. T.; 

Maximov, I.; Samuelson, L. Nanotechnology 22007, 18 (10), 105307. 

(157)  Köhler, R.; Tredicucci, A.; Beltram, F.; Beere, H. E.; Linfield, E. H.; Davies, A. G.; Ritchie, 

D. A.; Iotti, R. C.; Rossi, F. Nature 22002, 417 (6885), 156–159. 



 
____________________________________________________________________________________________ 

132 

(158)  Faist, J.; Capasso, F.; Sivco, D. L.; Sirtori, C.; Hutchinson, A. L.; Cho, A. Y. Science 11994, 

264, 553–556. 

(159)  Takamoto, T.; Ikeda, E.; Kurita, H.; Ohmori, M. Appl. Phys. Lett. 11997, 70 (3), 381. 

(160)  Riel, H.; Wernersson, L.-E.; Hong, M.; del Alamo, J. A. MRS Bull. 22014, 39 (08), 668–

677. 

(161)  Ionescu, A. M.; Riel, H. Nature 22011, 479 (7373), 329–337. 

(162)  Rogalski, A. Opto-Electronics Rev. 22012, 20 (3). 

(163)  Mingo, N. Appl. Phys. Lett. 22004, 84 (14), 2652. 

(164)  Nadj-Perge, S.; Pribiag, V. S.; Van Den Berg, J. W. G.; Zuo, K.; Plissard, S. R.; Bakkers, 

E. P. a M.; Frolov, S. M.; Kouwenhoven, L. P. Phys. Rev. Lett. 22012, 108 (16), 1–5. 

(165)  Li, N.; Tan, T. Y.; Gösele, U. Appl. Phys. A 22008, 90 (4), 591–596. 

(166)  Clark, T. E.; Nimmatoori, P.; Lew, K.-K.; Pan, L.; Redwing, J. M.; Dickey, E. C. Nano Lett. 

2008, 8 (4), 1246–1252. 

(167)  Björk, M. T.; Ohlsson, B. J.; Sass, T.; Persson, A. I.; Thelander, C.; Magnusson, M. H.; 

Deppert, K.; Wallenberg, L. R.; Samuelson, L. Nano Lett. 22002, 2 (2), 87–89. 

(168)  Fröberg, L. E.; Wacaser, B. A.; Wagner, J. B.; Jeppesen, S.; Ohlsson, B. J.; Deppert, K.; 

Samuelson, L. Nano Lett. 22008, 8 (11), 3815–3818. 

(169)  Jabeen, F.; Patriarche, G.; Glas, F.; Harmand, J.-C. J. Cryst. Growth 22011, 323 (1), 293–

296. 

(170)  Borgström, M. T.; Verheijen, M. A.; Immink, G.; Smet, T. de; Bakkers, E. P. A. M. 

Nanotechnology 22006, 17 (16), 4010–4013. 

(171)  Tchernycheva, M.; Cirlin, G. E.; Patriarche, G.; Travers, L.; Zwiller, V.; Perinetti, U.; 

Harmand, J.-C. Nano Lett. 22007, 7 (6), 1500–1504. 

(172)  Paladugu, M.; Zou, J.; Guo, Y.-N.; Zhang, X.; Joyce, H. J.; Gao, Q.; Tan, H. H.; Jagadish, 

C.; Kim, Y. J. Appl. Phys. 22009, 105 (7), 073503. 

 



 
____________________________________________________________________________________________ 

133 

(173)  Krogstrup, P.; Yamasaki, J.; Sørensen, C. B.; Johnson, E.; Wagner, J. B.; Pennington, 

R.; Aagesen, M.; Tanaka, N.; Nygård, J. Nano Lett. 22009, 9 (11), 3689–3693. 

(174)  Bauer, J.; Gottschalch, V.; Paetzelt, H.; Wagner, G. J. Cryst. Growth 22008, 310 (23), 

5106–5110. 

(175)  Regolin, I.; Sudfeld, D.; Lüttjohann, S.; Khorenko, V.; Prost, W.; Kästner, J.; Dumpich, 

G.; Meier, C.; Lorke, A.; Tegude, F.-J. J. Cryst. Growth 22007, 298, 607–611. 

(176)  Messing, M. E.; Wong-Leung, J.; Zanolli, Z.; Joyce, H. J.; Tan, H. H.; Gao, Q.; 

Wallenberg, L. R.; Johansson, J.; Jagadish, C. Nano Lett. 22011, 11 (9), 3899–3905. 

(177)  Venkatesan, S.; Madsen, M. H.; Schmid, H.; Krogstrup, P.; Johnson, E.; Scheu, C. Appl. 

Phys. Lett. 22013, 103 (6), 063106. 

(178)  Dick, K. A.; Kodambaka, S.; Reuter, M. C.; Deppert, K.; Samuelson, L.; Seifert, W.; 

Wallenberg, L. R.; Ross, F. M. Nano Lett. 22007, 7 (6), 1817–1822. 

(179)  Paladugu, M.; Zou, J.; Guo, Y.-N.; Auchterlonie, G. J.; Joyce, H. J.; Gao, Q.; Tan, H. H.; 

Jagadish, C.; Kim, Y. Small 22007, 3 (11), 1873–1877. 

(180)  Gorji Ghalamestani, S.; Ek, M.; Ganjipour, B.; Thelander, C.; Johansson, J.; Caroff, P.; 

Dick, K. A. Nano Lett. 22012, 12 (9), 4914–4919. 

(181)  Ghalamestani, S. G.; Ek, M.; Dick, K. A. Phys. status solidi - Rapid Res. Lett. 22014, 5. 

(182)  Hofstetter, L.; Csonka, S.; Nygård, J.; Schönenberger, C. Nature 22009, 461 (7266), 

960–963. 

(183)  Das, A.; Ronen, Y.; Heiblum, M.; Mahalu, D.; Kretinin, A. V; Shtrikman, H. Nat. 

Commun. 22012, 3 (May), 1165. 

(184)  Car, D.; Wang, J.; Verheijen, M. a.; Bakkers, E. P. a M.; Plissard, S. R. Adv. Mater. 22014, 

26 (28), 4875–4879. 

(185)  Hÿtch, M. J.; Snoeck, E.; Kilaas, R. Ultramicroscopy 11998, 74 (3), 131–146. 

(186)  Hÿtch, M. J.; Putaux, J.-L.; Pénisson, J.-M. Nature 22003, 423 (6937), 270–273. 

 



 
____________________________________________________________________________________________ 

134 

(187)  Conesa-Boj, S.; Boioli, F.; Russo-Averchi, E.; Dunand, S.; Heiss, M.; Rüffer, D.; Wyrsch, 

N.; Ballif, C.; Miglio, L.; Fontcuberta i Morral, A. Nano Lett. 22014, 14 (4), 1859–1864. 

(188)  de la Mata, M.; Magén, C.; Caroff, P.; Arbiol, J. Nano Lett. 22014, 14 (11), 6614–6620. 

(189)  Denton, A. R.; Ashcroft, N. W. Phys. Rev. A 11991, 43 (6), 3161–3164. 

(190)  Krogstrup, P.; Ziino, N. L. B.; Chang, W.; Albrecht, S. M.; Madsen, M. H.; Johnson, E.; 

Nygård, J.; Marcus, C. M.; Jespersen, T. S. Nat. Mater. 22015, 14, 400–406. 

(191)  Law, K. T.; Lee, P. A.; Ng, T. K. Phys. Rev. Lett. 22009, 103 (23), 237001. 

(192)  Pientka, F.; Kells, G.; Romito, A.; Brouwer, P. W.; von Oppen, F. Phys. Rev. Lett. 22012, 

109 (22), 227006. 

(193)  Rainis, D.; Trifunovic, L.; Klinovaja, J.; Loss, D. Phys. Rev. B 22013, 87 (2), 024515. 

(194)  Prada, E.; San-Jose, P.; Aguado, R. Phys. Rev. B 22012, 86 (18), 180503. 

(195)  Kells, G.; Meidan, D.; Brouwer, P. W. Phys. Rev. B 22012, 86 (10), 100503. 

(196)  Wimmer, M.; Akhmerov, A. R.; Dahlhaus, J. P.; Beenakker, C. W. J. New J. Phys. 22011, 

13 (5), 053016. 



 

135 

Summary  

Synthesis of InSb Nanowire Architectures – Building Blocks for Majorana Devices 

 

A quantum computer, operating on quantum-mechanical principles of superposition and 

entanglement, will be able to solve complex problems by investigating a huge number of 

possible computational pathways in parallel. The biggest obstacle to quantum computers 

becoming reality is controlling and removing quantum decoherence. Quantum states are 

fragile – they interact strongly with particles and fields surrounding them – and a quantum 

mechanical system can stay in a coherent superposition of states only for a short time. A way 

to overcome this problem is to prepare quantum bits non-locally such that they are 

topologically protected against errors caused by local interactions with the environment. 

However, most physical systems have only local degrees of freedom that are sensitive to 

local perturbations. Material systems with topological degrees of freedom are uncommon in 

the real world. 

Majorana fermions are exotic particles envisioned in 1937 by Ettore Majorana but never 

detected as elementary particles in nature. However, theoretical physicists predicted that 

Majorana fermions might emerge as quasi-particles, i.e. bound, particle-like states resulting 

from collective behavior of atoms and electrons in carefully engineered solid-state systems. 

Majorana quasi-particles in solid state systems are of high importance due to their unique 

exchange statistics which might be used to encode information. The idea is to store 

information in two spatially separated Majorana quasi-particles. Theoretically, because the 

quantum information is stored non-locally, the qubit would be protected against local 

perturbations, resulting in very long coherence times. 

As with all new technologies, materials play a major role in this emerging field. The first 

experimental evidence of Majorana quasi-particles in solid-state followed shortly after 

theoreticians outlined a recipe for engineering a nanowire device that should accommodate 

pairs of Majoranas. The key ingredient of this device – the nanowire – is subject to rigorous 

material requirements. To successfully create Majorana quasi-particles, a high-aspect ratio 
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nanowire with strong-spin orbit interactions and large Landé g-factor is needed. The 

nanowire material should be relatively easy to contact with a superconductor. In addition, 

the material should be extremely clean as any disorder in the material might be detrimental 

to topological properties of induced Majorana quasi-particles. To firmly prove that Majorana 

quasi-particles can be used as topological qubits, it is necessary to perform logical operations 

with them, i.e. braid them. This cannot be done in a single nanowire device. The exchange 

process needs to be done adiabatically to ensure the system stays in the degenerate ground 

state manifold. Also, the Majoranas, which are each other’s antiparticles, annihilate when 

brought in contact. Hence, the next generation of Majorana devices asks for more complex 

nanowire structures – high quality, single crystalline, planar architectures of interconnected 

nanowires in which Majorana quasi-particles can be braided without the danger of bringing 

them into close proximity. 

The work presented in this thesis establishes InSb nanowires and nanowire networks as one 

of the most promising material systems for detection and braiding of Majorana quasi-

particles. Further down the road, the nanowire structures presented in this thesis might 

serve as hardware of a future topological quantum computer based on Majorana quasi-

particles. 

We first describe the four-step process we developed to synthesize crossed and T-shaped 

InSb nanowires (Chapter 4). High-resolution transmission electron microscopy analysis 

indicates that single-crystalline junctions can be achieved by this method if two wires merge 

under an angle of 109.5°. Transport measurements confirm that the favorable properties of 

single InSb nanowires, i.e. high electron mobility and the ability to induce supercurrent, are 

preserved in InSb nanocrosses. 

In Chapter 5 we eliminate the main bottleneck of the method described in the previous 

chapter: by employing substrate crystallography we force all the wires to meet under the 

optimal angle for single-crystal formation (109.5°). The method described in this chapter is 

generic and can be used to synthesize single-crystalline nanowire networks of group III-V, II-

VI and IV materials, as long as they grow along a <111> direction and crystalize in the zinc-

blende structure. Structural and electronic properties of InSb nanowire networks are 

reported in Chapter 6. Aberration-corrected HAADF-STEM analysis of an InSb nanobridge 
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confirms the high quality of the interface between the two merged InSb nanowires. Low-

disorder in this material system is confirmed by transport measurements: the quantized 

conductance across a nanowire junction is reported for the first time. 

Majorana quasi-particles are detected as zero-bias peaks in tunneling spectroscopy 

measurements. In the final chapter of this thesis we propose a material-oriented approach 

to engineer a sharp and narrow tunnel barrier by synthesizing a thin axial segment of GaxIn1-

xSb within an InSb nanowire. By varying the precursor molar fraction and the growth time, 

we accurately control the composition and the length of the GaxIn1-xSb segments, i.e. the 

height and the width of the barriers. The height of the built-in tunnel barrier is extracted 

from the model fits to the experimental I-V traces. Hence, we demonstrate that a high and 

narrow tunnel barrier can be induced in an InSb nanowire by common epitaxial methods. If 

such a tunnel barrier is implemented in Majorana-detection devices, the theoretical limit of 

quantized zero-bias peak height might be reached. Observation of a quantized zero-bias peak 

would be a direct evidence of a non-trivial, topological nature of Majorana quasi-particles. 
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