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Abstract

Semiconducting nanowires are promising elements for potential use in nanoscale
devices. Due to their versatility, they can be utilised for a wide range of applications.
To correlate the nanowires with their best possible device applications, a powerful
all-optical platform was developed to characterise both their electrical and optical
properties by combining terahertz spectroscopy and photoluminescence spectroscopy.
The focus will be on three different material systems (gallium phosphide, silicon-
germanium, indium arsenide) and their potential use for optoelectronic devices in
the infrared region of the electromagnetic spectrum.

Theory has predicted a direct bandgap for silicon-germanium alloys grown in a
hexagonal crystal phase, but it has not been experimentally proven so far. This
thesis demonstrates the realization of hexagonal silicon and silicon-germanium
via template-assisted nanowire growth. The characterisation of these hexagonal
nanowires is depicted via a series of terahertz and photoluminescence spectroscopy
measurements to study their electrical and optical properties and therefore confirm
information about their bandgap. Firstly, hexagonal gallium phosphide nanowires,
including the effect of the different growth recipes and defects, are studied as they
form the template (nanowire core) for later shell growth of hexagonal silicon and
silicon-germanium. The structural flaws in gallium phosphide nanowires under
different growth conditions are qualitatively examined; these defects can be further
transferred to the shell growth, and thus determine the shell quality. In the following,
the core-shell nanowires, including hexagonal silicon shell and hexagonal silicon-
germanium shell (with varying germanium contents), are investigated. Defect
density is found to correlate strongly with the photoconductivity lifetime. For the
first time, the surface recombination velocity of hexagonal silicon is determined.
Meanwhile indications of a direct bandgap of hexagonal silicon are observed and
elaborated on. Theoretical calculations are used to support the rare case of a
direct bandgap in silicon. It is anticipated that such silicon nanowires could
be designed as high-emission-efficiency nanolasers, which could revolutionize the
field of silicon-based technology.

With the same characterisation tools, a second semiconducting nanowire system
— indium arsenide and its compound indium arsenide antimonide — is investigated.
Such a type of material has naturally a direct bandgap, which can be tuned from



0.1 eV to 0.4 eV (by changing its composition). Therefore, the study of these
indium-arsenide based nanowires aids in the design of higher-performance devices.
To give a thorough overview, nanowires grown via metal organic vapour phase
epitaxy and molecular beam epitaxy are compared. They are also passivated with
Al2O3 because these nanowires are surface sensitive. The influence of diameter,
crystal structure and passivation layer on their electrical and optical properties are
systemically studied. Furthermore, the bandgap engineering of indium arsenide
antimonide and the benefits of doping are discussed. Finally, indium arsenide
nanomembranes are proposed as an alternative to the nanowires for the optimal
design of future nanoscale optoelectronic device systems.
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1
Introduction

1.1 Motivation

Industry, research and society are continuously looking for new solutions to solve

current and future problems: there is a continuous demand for more compact and

powerful electronic/optoelectronic devices (e.g. smartphones, computers, and lasers)

to deal with rising challenges in business and daily life [1]. It would be ideal if the

production of energy for those needs would be renewable. There are many different

possible solutions. Semiconducting nanowires are especially promising due to their

diversity and exceptional properties, as described below.

Nanowires are tiny structures with a specific geometry that has a length-to-

diameter ratio larger than 10. Their length is commonly around a few micrometre

and the diameter varies between a few to a few hundred nanometres depending on

their application purpose. Thus, nanowires have a large surface-to-volume ratio.

This enables nanowire heterostructures to be grown free from the lattice mismatch

problems that are significant for bulk or thick film [2], and even to be directly

integrated onto commercially used wafers and computer chips [3]. Atomically-sharp

interfaces in heterostructured nanowires can be created without dislocations [4].

All these features make nanowires ideal candidates for new devices in various

application areas. For example, silver nanowires have been widely used as transport

1



2 1.2. Thesis Overview

electrodes [5], and light-emitting diodes made of gallium nitride nanowires have

reached the market [6]. Other commercially-produced nanowire products are

rare even though a variety of material types, heterostructures, and geometries

for nanowires have been realised.

This thesis tries to build a bridge between nanowire growth and device fabri-

cation by characterising nanowires for their optical and electrical properties using

photoluminescence (PL) and terahertz (THz) spectroscopy. This strategy allows

the identification of factors that need to be improved in the growth or device

design, for example, providing guidance for the selection of the most suitable

nanowire type for scientific application.

The research performed for this thesis specialises in the study of semiconducting

nanowires with light emission in the infrared (IR) regime because it is of greatest

interest for optical communication. Nowadays infrared technology has issues with

reliability, toxicity, cost, cryogenic cooling, and size restrictions depending on the

type of device used [7]. Therefore, this field, especially the development of infrared-

emitting nanowire lasers or nanoscale infrared-light sensors, could be an interesting

niche area for semiconducting nanowires in industrial applications.

1.2 Thesis Overview

The goal of this thesis is to investigate the electrical and optical properties of

semiconducting nanowires which are emitting photons in the infrared, in order

to help develop devices like infrared nanowire detectors and lasers. Therefore,

nanowires from different material systems are investigated with a focus on their

growth, crystal structure, geometry, defects, and passivation.

Chapter 2 starts with an introduction to semiconducting nanowires. A summary

of growth techniques, including "top-down" and "bottom-up" fabrication, different

growth regimes, assistance by templates, and fabrication systems is given. A deep

discussion on heterostructures is presented, which offers the possibility of complex

design and device optimisation due to the large surface-to-volume ratio resulting

in strain relaxation. Crystal structures, doping and their significant influence on
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the nanowires are also touched upon. Afterwards, the concepts of semiconductor

properties which are necessary as background knowledge for this thesis are discussed,

including charge-carrier recombination mechanisms and a model describing them.

Finally, promising areas for nanowire application in photonic devices are introduced.

Chapter 3 describes the experimental methods used in this thesis. The setup and

principles of THz spectroscopy is explained including a method of how to analyse

the results for nanowire samples. Furthermore, different ways to transfer nanowires

from the growth substrate to a target one are discussed.

Photoluminescence (PL) spectroscopy was performed on a self-built cryogenic

mid-infrared Fourier transform photoluminescence (FTIR PL) system. The devel-

opment of this system is given in Chapter 4. Firstly, PL spectroscopy is described

in general. Next, the advantages and functional principles of a Fourier Transform

Infrared Spectrometer (FTIR) are given. Then the whole system is discussed

focusing on PL vacuum chamber, sample holder and calibration. Also, examples

for the scan parameters are presented.

Chapter 5 is the first section investigating nanowires. The properties of wurtzite

gallium phosphide (GaP) nanowires are characterised in order to better understand

their application as a template for infrared emitting, hexagonal silicon (Si) and

silicon-germanium (SiGe) in the lonsdaleite crystal structure. The shell adapts to

the underlying GaP crystal structure, including its defects. Due to the influence

of the GaP core, a better understanding of the template is needed. For this

reason, the degradation and the influence of growth on the photoconductivity

lifetime is discussed.

Having investigated wurtzite GaP nanowires as templates, the attention in

Chapter 6 is turned to the materials in lonsdaleite phase grown around the GaP

core. According to theoretical calculations, hexagonal Si1-xGex has a direct bandgap

for a range of alloy fractions, x, and hexagonal Si has a smaller indirect bandgap

than cubic silicon, all emitting in the near-infrared. In order to verify this band

structure, THz spectroscopy was performed on hexagonal Si and SiGe. First, the

importance of a direct bandgap of Si(Ge) for contemporary industrial applications
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is discussed, followed by the definition of and a short introduction to the crystal

structure lonsdaleite. Then the results obtained from hexagonal SiGe with different

germanium (Ge) contents and hexagonal Si samples with varying thicknesses are

analysed. For the first time, the surface recombination velocity of hexagonal silicon

is extracted and evidence for a direct bandgap for hexagonal silicon is shown.

For a broader understanding of infrared emission of nanowires, a material system

emitting in the mid-infrared is introduced in Chapter 7. Nanowires based on

indium arsenide (InAs) and its compound indium arsenide antimonide (InAsSb)

are investigated, compared to each other and their electrical and optical properties

are analysed by THz and PL spectroscopy. First, the effect of Al2O3 passivation on

molecular beam epitaxy (MBE) grown nanowires is analysed. Then the results are

compared to metal organic vapour phase epitaxy (MOVPE) grown InAs wires with

and without an Al2O3 layer. Furthermore, the effect of diameter and crystal structure

on electrical and optical properties are investigated. Then InAsSb nanowires are

introduced. They enable engineering of the bandgap in the infrared regime. In the

outlook, InAs nanomembranes are introduced as a possible alternative to nanowires

for better device performance (e.g. higher signal-to noise ratio).

The final Chapter 8 draws together the studies on nanowire materials emitting in

the infrared and provides an outlook for the next steps to gain a deeper understanding

of semiconducting nanowires in the design of infrared devices.



2
Semiconducting nanowires

"Semiconducting nanowires offer the possibility of nearly unlimited complex bottom-

up design" (R.E. Algra) [8].

Nanowires (NWs) are very versatile, which allows diverse material combinations and

new crystal structures to be achieved, thus enabling individual tailoring of devices

and creating novel applications. Nanowires possess a high surface-to-volume ratio,

which is among their most distinguishing properties and allows for applications only

feasible to nanowires due to their unique one-dimensional structure.

In the following, I will give a short introduction to different nanowire growth

techniques, common growth systems, nanowire heterostructures, passivation layers

and crystal structures. Furthermore, I will introduce some basics of semiconductors

with the focus on charge-carrier recombination mechanisms, which will be mentioned

frequently throughout this thesis. Finally, I will list a few potential nanowire

applications in optoelectronics related to this thesis.

2.1 Nanowire growth

The growth control of nanowires is essential to their applications. To achieve

the desired material properties, the appropriate growth system and technique for

producing nanowires needs to be developed.

5
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2.1.1 Growth techniques

"Top-down" and "bottom up" fabrication

The first nanowires were grown by Wagner et al. [9] in the 1960s when trying to create

two-dimensional layers: the additional wire-like structures were seen as parasitic

growth [10]. Since then, potential applications of nanowires have been discovered

and different growth techniques have been developed to control their properties.

Fabrication of nanowires can be divided into "bottom-up" and "top-down".

"Top-down" describes all techniques where a three-dimensional bulk material is

reduced and shaped until a nanowire structure is achieved. Lithography and etching

enables well-controlled fabrication of complex structures. For example, Rauber

et al. [11] fabricated a complex three-dimensional structure of crossing nanowires

by etching channels in a polymer block. The channels were filled with a chosen

material and the residual polymer was removed.

The "top-down" technique enables very complex, otherwise unattainable struc-

tures, but the surfaces are usually rough and have many defects detrimental for

applications. "Bottom-up" fabrication is used to combine materials with different

lattice constants in a defect-free manner [2]. This technique includes all methods

which grow nanowires from a substrate. The different ways to grow nanowires can

be classified by substrate preparation, nucleation seed, and the reaction causing the

growth. In the following, an overview of the most used mechanisms is given.

Vapour-liquid-solid growth

Nanowires are frequently grown via vapour-liquid-solid (VLS) growth. For VLS,

a liquid metal droplet, usually gold, is deposited on the substrate. It acts as a

catalyst, lowering the activation energy for nanowire growth. Simultaneously, it

also acts as reservoir for the impinging gaseous molecules [12]. When the droplet

reaches supersaturation, a nanowire grows at the interface of the solid substrate

and the liquid droplet. New incoming gaseous atoms impinge on the droplet

and maintain constant saturation, while the nanowire continues growing [9]. The

incoming molecules can also be adsorbed on the growth substrate or the nanowire’s
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Figure 2.1: Schematic illustration of VLS growth: 1) The gaseous molecules impinge
on the liquid catalyst droplet and crystallise on the solid-liquid interface initialising
axial growth. Other molecules adsorb at the 2) substrate or 3) nanowires side facets. 4)
Then they diffuse towards the droplet or crystallise on side facets causing radial growth.
Adapted from Ref. [2].

side facets. Then they can either diffuse towards the droplet or crystallise on the

side facets causing radial growth and tapering. Figure 2.1 illustrates this process.

The direction of the wire is determined by the surface energy and crystal

structure of the growth substrate. Depending on the lowest energy, the nanowire

can grow vertically or horizontally [13, 14, 15]. The length of the wires is limited

by the diffusion length of the adsorbed molecules which is typically around 1 to

10µm. The diameter of the nanowire is determined by the droplet size. As a

result, the growth can be tapered when atoms of the catalyst are incorporated

into the nanowire and the droplet size decreases [12].

Different types of catalysts for nanowire growth

If the catalyst’s atoms are incorporated, they can contaminate the wire and

negatively affect the quality. For example, metal atoms can form deep level traps

in silicon nanowires [16]. Such a contamination can be prevented by changing

the VLS growth from metal-induced — using a metal droplet as catalyst — to

self-induced — using a droplet consisting of one element used for the nanowire

[12]. In some cases, the growth can be performed without any droplet. This

is called metal-free or catalyst-free growth. A switch between self-induced and
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metal-free growth can be realized by minor adjustments of the growth parameters

[17]. However, the growth mechanism of catalyst-free growth is different to VLS

growth. The nucleation of the nanowire is facet-driven and depends strongly on

the substrate and its crystal direction. Nanowires usually prefer the <111> growth

direction [12]. The atoms in the growth chamber impinge directly on the substrate

and diffuse until they are integrated in the nanowire [16].

Template assisted growth

All "bottom-up" nanowires can be grown template-assisted or template-free. Template-

free growth can achieve a higher nanowire yield, but the positions of the wires on

the as-grown substrate are randomly distributed. For template-assisted growth,

different kinds of templates can be used: substrate patterning, oxide nanotube

templates, and nanowire core templates.

If substrate patterning is used, the starting point of growth is imposed and the

size and yield of the nanowires is determined. For VLS growth, the patterning

can be achieved by controlling the location and size of the catalyst, for example

with lithography [2]. If the growth is metal-free, controlled nucleation seeds can

be fabricated by covering the wafer with an oxide layer and etching holes into

the oxide until they reach the substrate [18]. This method can also be applied

to catalyst-assisted growth.

Vertically- or horizontally-grown oxide nanotubes are a different kind of template

which guides the growth of nanowires. This method enables the growth in crystal

directions independent of the substrate’s crystal structure. Even the fabrication

of horizontally grown nanowires is possible [19, 20, 21, 22].

A nanowire can also become a template for the shell growing around it. This

method is used to obtain a better control over crystal structures of certain materials,

such as gallium antimonide (GaSb), Si [23, 24] or the hexagonal silicon and silicon-

germanium studied in this thesis. This process allows heterostructure growth,

which is discussed in Section 2.1.2.

Growth regimes

Not only the choice of catalyst and template is important, but also the spacing
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between the wires. The distance between the nucleation sites determines the growth

regime of the nanowires. For large widths, growth is diffusion-limited and for smaller

ones competitive-limited. Diffusion-limited means that all atoms within the distance

of diffusion length can contribute to the growth. Therefore, the diffusion length

determines the nanowire’s length. In the competitive growth regime, the number

of molecules, which are adsorbed and move within one diffusion length, is shared

between different nanowires and therefore, the growth is hampered [18].

Growth systems

All this "bottom-up" growth can be achieved with technologies relying on either

physical or chemical mass transport. For both methods, there are many different

approaches [25, 26, 27]. In this thesis, the nanowire samples were fabricated using

two commonly used methods: molecular beam epitaxy (MBE) and metalorganic

vapour-phase epitaxy (MOVPE).

MBE growth is based on physical reactions. Under ultra-high vacuum, elements are

heated up to a gaseous state. Then the atoms are directed onto a substrate, where

they are physically adsorbed. MOVPE is based on chemical reactions. Different

gaseous precursors are flowing over or along a substrate. There they undergo a

chemical reaction and adsorb on the substrate. The by-products of the chemical

reactions are taken away by an inert carrier gas. The two growth methods have

different advantages and disadvantages, but both of them can achieve similar results,

even if the growth parameters, such as temperature, pressure or nucleation process,

are different [28, 29]. For example, GaAs nanowires were fabricated by Rudolph

et al. via self-induced growth with Ga droplets using MBE [18] and by Ikejiri et

al. with metal-free growth using MOVPE [30].

2.1.2 Heterostructures

The nanowires’ versatility allows for optimisation of their material properties for

various applications. This versatility originates from the possibility to combine many

different materials using the methods described above. Fabricating heterostructures

can induce strain and may result in defects. However, nanowires have a large



10 2.1. Nanowire growth

Figure 2.2: Illustration of axial and radial growth of nanowires: (a) axial VLS growth
of nanowires. (b) Introduction of a different material (blue) enabling either (c) axial
heterostructure growth or (d) radial overgrowth of the core material (red). Superlattices
formed by (e) axial growth and (f) radial growth by continuous switching of alternating
materials. Adapted from Ref. [31].

surface-to-volume ratio enabling the relaxation of the strain caused by lattice

mismatch [32, 33]. Heterostructures can be divided into polytypism, radial, and

axial heterostructures.

Radial and axial heterostructures describe the geometry in which the different

materials are combined. The different growth structures and changes of materials are

illustrated in Figure 2.2. Axial growth describes the growth along the nanowire axis

with a constant nanowire diameter, while radial growth refers to growth around the

nanowire core. If a new material is introduced (Figure 2.2b), the growth continues

either axially (Figure 2.2c) or radially (Figure 2.2d).

At an axial heterostructure interface, the material changes, but the nanowire

continues growing along the wire axis. If the materials are switched multiple times

within a few nanometres, an axial superlattice can be fabricated (Figure 2.2e). The

interfaces can be achieved with atomically sharp junctions [2, 28, 31]. However,

abrupt interface changes cannot be achieved for all growth techniques. For example

during VLS growth, the catalyst droplet can act as a reservoir for the first material

even after the second material has been introduced to the system. Furthermore, the
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droplet can migrate from its original position on top of the wire, in order to obtain

a lower surface energy. This can result in a change of growth direction [2, 34].

Radial growth can only be achieved by vapour-solid (VS) growth [35]. For this

method, the gaseous molecules are directly adsorbed on the solid interfaces of the

nanowire. The growth parameters are different from axial growth, because the side

facets have a lower surface energy than the top facet [36]. Therefore, neither a

sudden change of growth direction or an gradual interface caused by the reservoir

of the catalyst can occur. For radial heterostructures, shells with different materials

are grown around the nanowire core (Figure 2.2d). A shell structure can be used

to fabricate, among others, quantum wells [4, 37, 38] within wires and large area

junctions [14, 39, 40]. A capping layer can be added that way, in order to protect

the surface from degradation and surface effects. These layers do not need to be

necessarily fabricated in the same setup [41, 42, 43].

Radial growth has the disadvantage that the strain cannot be released as

easily as in axial structures. Therefore, the shell can be inhomogeneous. For an

instance in gallium arsenide/ aluminium gallium arsenide (GaAs/AlGaAs) core-shell

nanowires, there are Al-rich stripes along the corners of the hexagonal AlGaAs shell

forming one-dimensional channels [36]. Radial growth can also be applied to grow

a material in a specific crystal structure. The core can act as a template for the

shell and the shell adopts the crystal structure of the core independent of its own

preferred structure. This was shown by Paladugu et al. [44], who grew different

heterostructures with InAs, whose preferred crystal structure is wurtzite, and GaAs,

which preferably grows in a zincblende structure. When InAs was grown around a

GaAs core, the material adapted to GaAs’s zincblende phase. However, when InAs

was the core material, GaAs grew in the wurtzite phase. This effect is useful to

grow materials in a structure in which they could not usually or easily be fabricated

without template. This method enabled the growth of GaSb in the wurtzite phase

around a wurtzite InAs nanowire [24]. Algra et al. fabricated a wurtzite/zincblende

superlattice made of silicon, whose crystal structures usually are hard to control

[23]. It was even possible to grow silicon nanowires in the lonsdaleite phase [45],
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Figure 2.3: Atomic structures of a crystal in (a) zincblende phase, (b) wurtzite phase,
and lonsdaleite phase: (a) and (b) are labelled with capital letters representing a bilayer
which consists of two layers (small and capital letter). Each colour stands for a different
kind of atom. Adapted from Refs. [48, 49].

a crystal structure which was first found in meteorites [46, 47]. So far it has not

been possible to grow this structure uniformly however, except by transferring the

crystal structure using an appropriate nanowire core.

2.1.3 Crystal structures

Crystal structures have a significant influence on the band structure and the optical,

mechanical, thermal, and electrical properties of nanowires [50, 51, 52, 53, 54, 55].

There are many different crystal systems [56, 57, 58], but most semiconductors are

in the zincblende (ZB) or wurtzite (WZ) phase. Zincblende consists of octahedral

segments. It has two atoms per primitive cell and the bilayers are stacked ABCABC.
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Each capital letter stands for a different bilayer. Wurtzite consists of four atoms per

primitive cell and its layer structure is ABAB. It has a hexagonal cross-section [2, 59].

The lonsdaleite phase is a crystal structure which is hard to grow for materials,

such as silicon and germanium, and thus not well-known. It consists of two

interpenetrating hexagonal close-packed lattices [60]. It is similar to wurtzite, but

there is only one species of atoms instead of two. The differences between the

structures are visualised in Figure 2.3.

Semiconductors grown in bulk or as epitaxial layers can only be fabricated in a

limited number of crystal phases. Nanowires offer more options because the crystal

structure can be controlled better due to the high surface-to-volume ratio and the

resulting strain relaxation in lattice-mismatched epitaxy.

The crystal structures of nanowires depend on many factors like nanowire

diameter, growth system, growth temperature, growth rate, doping and strain

[8, 61, 62, 63]. InAs, for example, changes its crystal structure differently when grown

with MOVPE or MBE. MOVPE-grown InAs nanowires generally have a wurtzite

structure at small diameter. For increasing diameters there is a random mixture of

ZB and WZ segments until the nanowires are mostly zincblende for large diameters.

In contrast, MBE-grown nanowires barely show any diameter dependence [55].

During growth, the nanowires’ crystal structure can be changed between WZ

and ZB because they are energetically close [12]. Therefore, stacking faults — a

local interruption of the crystal structure — or the insertion of segments with a

different crystal structure can occur [48]. Different stacking sequences in one wire

with otherwise identical structure and composition is called polytypism. Depending

on the device, number of, and control over the polytypism, it can be detrimental or

beneficial. For example, it is a disadvantage if the changes in crystal structure act

as scattering centres [64]. However, if controlled, polytypism can result in miniband

formation [65] and twin-defect superlattices [66].
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2.1.4 Doping

The tailoring described above covers only big changes in the crystal structure.

However, semiconducting nanowires can also be engineered with spatially resolved

insertions of single atoms. This is called doping.

Doping can be p-type or n-type. The kind is determined by the doping material

and the substituted atom of the main material. In GaAs, for instance, Si can

either be a p- or an n-type dopant, depending whether it replaces a Ga or an As

atom [67]. P-type doping causes an abundance of holes, because atoms with fewer

electrons than the main material are inserted. n-type doping causes an abundance

of electrons. The incorporation of dopants can be done ex-situ and in-situ. The

spatial resolution is larger and more material dependent for ex-situ, while the in-situ

method can change the growth rate and the material composition [8, 67]. For

example, Sb doping has a positive influence on the nanowire growth enabling a

better control over the crystal structure, and thus reducing the stacking faults in

nanowires and increasing the electron mobility [68, 69, 70].

Furthermore, doping can occur unintentionally during growth. For example, in

a MOVPE system carbon will be inevitably incorporated during fabrication [61]. If

a core-shell nanowire is grown, more dopants, such as carbon or phosphorus atoms,

are incorporated during shell growth than during core growth [71, 66].

An extensive knowledge about semiconductor doping is important because of

its significant influence on nanowire conductivity. It has been demonstrated that

doping can affect nanowires more than the surface condition [72]. It can alter

nanowire properties in negative and positive ways. For example, doping can increase

the number of charge-carriers, but it can also enhance impurity scattering, and

thus decrease carrier mobility. To prevent this, the wires can be grown modulation

doped. Herewith, the dopants are inserted into the nanowires’ shell which has

a higher bandgap than the core. The charge-carriers from the dopants move to

the nanowire core and contribute there to a higher photoconductivity. This way

the charge-carriers are not negatively affected by dopants as scattering centres,

but the photoconductivity is enhanced [42].
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Not only the position but also the concentration of doping determines the impact

on the electrical properties of the nanowires. Light doping causes a light overlap

between electron states leading only to an increased conductivity. Heavy doping,

however, induces metal-like behaviour [73]. Therefore, doping is commonly used

to increase the conductivity of semiconductors. The different kind of dopants can

be distinguished by their characteristic temperature-dependent behaviour. At very

low temperatures, the carrier density is the lowest. The carriers originating from

the doping are frozen out and cannot contribute to the free carrier density. If the

temperature is higher than the freeze-out temperature, which is different for each

dopant, the charge-carrier density increases suddenly. For medium temperatures,

the density stays constant because the dopants have no abundant carriers anymore.

For higher temperatures, the carrier density increases again with temperature due

to thermally activated carriers from the intrinsic semiconductor [74, 75].

2.2 Semiconductors

2.2.1 Basics

Semiconductors (SC) are materials which have one almost-filled energy band and

one almost-empty energy band at room temperature. They behave similarly to

metals at high temperatures and similarly to insulators at low temperatures [56].

The transition from semiconductor to insulator is not sharp and there are many

definitions to distinguish them. In semiconductors, the highest occupied energy

band is called the valence band, while the highest unoccupied one is called the

conduction band. The energy difference between these two is called bandgap, which

determines many of the properties of semiconductors. For example, the bandgap

defines the photon energy at which the material emits or absorbs radiation. This

thesis concentrates on semiconductors that emit photons in the infrared part of the

electromagnetic spectrum. This means that their bandgap is between 1.8 eV and

0.4meV (700 nm - 3000µm). The IR region can be divided into three categories:

near-infrared (1.8 eV - 0.6 eV/700 nm - 2µm), mid-infrared (600meV - 60meV/2µm

- 20µm), and far-infrared (60meV - 0.4meV/20µm - 3000µm) [76, 77].
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Figure 2.4: Schematic illustration of (a) direct and (b) indirect bandgap. For a direct
bandgap, the maximum of the valence band and the minimum of the conduction band are
at the same wave vector. For the indirect case, they are not. Therefore, recombination of
charge-carriers takes longer. Adapted from Ref. [78].

Semiconductors can be classified in many different ways: intrinsic/doped, direct

bandgap/indirect bandgap, and crystalline/amorphous.

These classifications are briefly addressed in the following. Intrinsic semiconductors

are undoped. Therefore, the free charge-carriers are created by lifting electrons

into the conduction band by some kind of excitation, such as optical or thermal

excitations. Doped semiconductors have added atoms with a different number of

valence electrons than the pure semiconductor. Therefore, free charge-carriers are

available without excitation. Doping can improve the conductivity, but it can also

increase scattering and thus harm electronic device performance.

Semiconductors can have direct or indirect bandgaps, which are both illustrated

in Figure 2.4. This property describes how the valence band and conduction band

changes in relation to each other at different positions in k-space: the Fourier-

transformed space of the atoms’ position, describing the space of momenta. For a

direct bandgap material, the minimum of the conduction band is directly above the

maximum of the valence band and photons with an energy larger than, or the same

as, the bandgap can be absorbed and excite an electron from the valence into the

conduction band. This negatively-charged electron leaves an empty space in the

valence band, which can be treated like a positively-charged quasiparticle, called
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a hole. In an indirect bandgap semiconductor, the two extrema are separated in

k-space. If a photon is absorbed or created around the bandgap energy, a third

particle needs to be involved for momentum conservation. A phonon, which is

a lattice vibration, is usually involved in this process. However, a two-particle

transition (as occurs for a direct bandgap) can also take place with an indirect

bandgap, if the energy of the excitation photon is bigger than the gap between

valence and conduction band at the wave vector of the indirect gap. The probability

of a three-particle transition is smaller than that of a two-particle transition because

more particles are involved. Therefore, direct bandgap materials are more efficient

for optical or optoelectronic applications.

The bandgap only describes a small area of a semiconductor’s energy bands,

which consist of multiple bands. The energy band structure of a semiconductor

depends on many factors like crystal structure, lattice constant, chemical species,

bonding, bonding lengths, electronegativity, stiffness and elasticity. If dopants are

added, they create their own flat energy band, which can be within the bandgap

or in any energy bands. This also alters the absorption and emission spectra

of the semiconductor.

Once the electrons are in the conduction band, they move around and can create

a current, if a voltage is applied. However, they can also recombine using different

paths. These different recombination mechanisms will be explained in more detail

in the following section. A more detailed discussion of fundamental semiconductor

physics can be found in various works on semiconductors, e.g. Refs. [56, 74, 75, 78].

2.2.2 Recombination mechanisms

The charge-carriers in a semiconductor can decay radiatively or non-radiatively

through different recombination processes. Non-radiative decays, which are often

detrimental for the performance of optoelectronic devices, can be caused by defect

mediated or Auger recombination, while radiative decays are mostly caused by

bimolecular recombination.



18 2.2. Semiconductors

Figure 2.5: Schematic illustrations for different recombination mechanisms in semicon-
ductors. (a) Monomolecular recombination: an electron or hole is captured by an energy
state outside the SC’s energy bands. This state is called a trap and can occur due to
impurities or doping. It is mostly non-radiative (b) Bimolecular recombination: electron
and hole recombine. Their energy is usually released radiatively by creating a photon.
(c) Auger recombination: electron and hole recombine non-radiatively. Their energy is
either transferred to the atom lattice creating phonons or to a third charge-carrier, which
is then lifted to a higher energy band. Adapted from Ref. [79].

Monomolecular recombination

Monomolecular recombination is a decay process involving only one carrier, as

shown in Figure 2.5a. It can be both radiative or non-radiative depending on the

exact process. For example, the recombination of an exciton — a quasiparticle

consisting of an electron and a hole attracted to each other due to electrostatic

force — is monomolecular and radiative.

Another monomolecular process is defect mediated charge-carrier recombination

which is assisted by recombination centres created by dopants, impurities, defects

and surface states. The centres act as traps, where electrons or holes can be

captured prior to recombination. The capture rate is determined by the capture

cross-section of traps, trap density and thermal velocity. The recombination itself

can be either radiative or non-radiative depending on the type of recombination

centre [80]. Defect mediated recombination is highly dependent on the material

and growth conditions which determine the density and strength of traps.
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Bimolecular recombination

Bimolecular recombination is a two-particle, radiative process (Figure 2.5b). It

is highly desirable for many efficient optoelectronic devices [81]. During the

recombination, an electron and a hole recombine and release their energy, which

creates a photon. The recombination rate is determined by the probability that

initial and final states are populated and the strength of coupling. Therefore, the

rate is lower for indirect bandgap materials than for direct ones.

With increasing charge-carrier density, the photon energy is blue-shifted in

emission and absorption spectrum. Due to the Pauli exclusion principle there is a

finite number of states to be occupied. Therefore, electrons fill up the conduction

band, once the lower states are populated. Consequently, the charge-carriers, which

recombine radiatively, transfer more energy to the created photon. This shift is

called Burstein-Moss effect [82].

Before carriers can recombine, they first need to be optically excited to the

conduction band. The photons are absorbed and give their energy to the electron

which changes its energy band. For effective absorption, the photons need an energy

higher than the bandgap. Below that, the electrons cannot reach the conduction

band in a linear absorption process. If the photons’ energy is higher than the

bandgap, the electrons relax to the lowest unoccupied state by transferring their

excess energy to phonons. This heats up the sample.

Auger recombination

Auger recombination is always a non-radiative three particle process (Figure 2.5c).

An electron and hole recombine and instead of creating a photon, the excess energy

is transferred to a third particle, which is elevated to a higher energy band or

vacuum, or causes a lattice vibration. This process strongly depends on the band

structures because energy and momentum must be conserved. It is highly sensitive

to the carrier density due to the involvement of three particles [83].
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2.2.3 Recombination rate model

A rate equation model can be used to describe charge recombination in semiconduc-

tors. The different recombination mechanisms together determine the development

of the charge-carrier density n with time t after photoexcitation in a material.

The time dependence can be described by

dn

dt
= −k1n− k2n

2 − k3n
3. (2.1)

The intrinsic electron density n is as big as the intrinsic hole density p. Therefore,

n can be exchanged with p [84]. Each term stands for a different recombination

process. The first one accounts for monomolecular decay. The recombination rate

coefficient k1 with the unit 1/s describes the quantity of this decay. If the charge-

carrier density is increased, the traps are saturated and bimolecular decay starts to

dominate. This recombination is determined by the bimolecular rate constant k2

[cm3/s]. Auger processes are represented by the Auger rate constant k3 [cm6/s] and

are proportional to the charge-carrier density raised to the third power. Therefore,

Auger recombination dominates at very high carrier densities.

Consequently, the radiative efficiency, which is regulated by the ratio of recom-

bination processes, significantly depends on the charge-carrier density. An example

of this dependence can be seen in Figure 2.6 for the example of the perovskite

film formamidinium tin triiodie (FASnI3). This figure distinguishes between

recombination including and excluding radiative monomolecular recombination

processes. If all monomolecular recombination is non-radiative, the radiative

efficiency is zero for low charge-carrier densities, but increases significantly when

the bimolecular recombination regime is reached. For high charge-carrier densities

the efficiency decreases again due to non-radiative Auger recombination. However,

this curve differs, if the monomolecular recombination processes are not only

non-radiative, but radiative. Then there is a constant radiative efficiency even

at low charge-carrier densities and its value increases faster at higher charge-

carrier densities.
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Figure 2.6: The radiative efficiency of a perovskite film is plotted against the charge-
carrier density for 13 orders of magnitude. The different recombination mechanisms
(monomolecular, bimolecular, Auger) are marked. The blue line is the radiative
efficiency calculated only with non-radiative monomolecular recombination. The radiative
monomolecular component is also considered for the calculation of the red line. The
threshold of the amplified spontaneous emission (ASE) is marked by the arrow. Adapted
from Ref. [80].

Often the decay of photoexcited charge, which can be measured with PL or

THz spectroscopy, is fitted with an exponential decay function to analyse the

time dynamics of the sample.

f(t) = a · e(−b·t) (2.2)

where a represents the initial number of carriers, and b is the inverse of the carrier

lifetime. However, the exponential fit only considers monomolecular decay. The

bimolecular rate constant and Auger rate constant are approximated as zero. These

assumptions are valid for scans at low charge-carrier densities. If the decay cannot

be monoexponentially fitted anymore, equation (2.1) should instead be used because

all recombination mechanisms are considered. Because there are four parameters to

be determined (n, k1, k2, k2), it is beneficial to globally fit multiple decay transients

from the same sample at different photoexcitation fluences. The recombination rate

coefficients are constant at different fluences. They only change with temperature,

while the charge-carrier density also varies with excitation power.
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A drawback of this method is the fact that radiative monomolecular recombina-

tion caused by doping is not considered. However, this process can have a large

influence on the radiative efficiency, as can be seen in Figure 2.6 [80]. Therefore,

the equation needs to be adapted for materials with high doping densities to

dn

dt
= −knr

1 n− k2(n+ n0)n− k3n
3

= −(knr
1 + k2n0)n− k2n

2 − k3n
3

= −ktotal
1 n− k2n

2 − k3n
3. (2.3)

The extrinsic electron density is called n0. For p-type doping, an extrinsic hole

density p0 needs to be included. ktotal
1 is the coefficient for all monomolecular

recombination, including the non-radiative monomolecular rate coefficient knr
1 and

the radiative monomolecular rate coefficient k2n0 [80, 85, 86].

2.3 Nanowire devices

The various properties of semiconducting nanowires and their nearly limitless

possibilities to combine materials, doping, and crystal structures enable their

fabrication and optimisation for many applications. Some nanowire devices are

downscaled or improved compared to bulk devices, and some of them are only

possible or efficient as nanowires. The geometries and materials used vary a lot due

to the different demands of the devices. For electronic devices, such as transistors, a

high mobility and one-dimensional transport is preferable. Therefore, the diameter

of the nanowires should be as small as possible. However, if the wire is used

for laser applications, its diameter should be at least one quarter of the emitted

photon wavelength [87]. In the following, a selection of electrical and optoelectronic

nanowire applications is presented. The applications were singled out because the

nanowires discussed in this thesis would be ideal for them. InAsSb nanowires, which

are investigated in Section 7.3, are promising for thermoelectric devices due to their

high electron mobility, but low thermal conductivity [88]. They are also ideal for

detectors or lasers because the bandgap can be engineered. The same applies to

InAs nanowires due to their remarkable properties which are explained in Chapter
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7. Also hexagonal Si and SiGe nanowires can be useful for those two types of

application because they emit and absorb in the near-infrared, while bandgap of

InAs and InAsSb is in the mid-infrared. Due to their compatibility with current

silicon-based technology, Si and SiGe would also be beneficial for solar cells.

2.3.1 Thermoelectric devices

Thermoelectric devices convert a temperature gradient into electric current or the

other way round. They are useful to provide environmentally friendly electricity

by converting waste heat into energy. Despite the demand, these devices are not

widely used because the efficiency for bulk devices is too low [89].

The efficiency is calculated by the figure of merit ZT,

ZT = S2σT/(κe + κl), (2.4)

where S stands for the Seebeck coefficient, σ for the electrical conductivity, κe for

the electronic thermal conductivity and κl for the lattice thermal conductivity. S,

σ and κe are properties linked to each other, thus limiting the device efficiency

[90]. ZT should be between 2 and 3 for applications, but it practically only reaches

up to 1 for current devices [89].

In 1993 Dresselhaus and Hicks predicted an increase of ZT in lower dimensions,

because the different parameters can be manipulated independently. Nanowires

seem to be especially appropriate, because the large surface-to-volume ratio increases

the diffusive phonon scattering rate, resulting in a higher ZT [90]. Furthermore, the

peaks in the density of states resulting from the single dimension of the nanowires

decrease the thermal conductivity [91]. Moreover, heterostructures, like Si nanowires

with a few nm thick Ge shell, can reduce the phonon thermal conductance [89, 92].

Thermoelectric devices can be driven by two different effects: Seebeck or

pyroelectric effect. The Seebeck effect describes carriers diffusing in the nanowire

due to a temperature gradient, and thus causing a direct current as output. The

pyroelectric effect causes a current due to spontaneous temperature fluctuations.

Due to the different techniques of gaining current, the Seebeck effect is used for
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constant temperature gradients and the pyroelectric effect for random fluctuations

[93]. Both methods are promising for the reuse of energy, but more research is

needed before the first commercial thermoelectric nanowire devices will be available.

2.3.2 Solar cells

Solar cells are a feasible renewable way to provide all of the energy needed by

humanity. Commercially used Si photovoltaics reach power conversion efficiencies

of around 20% [94]. The utilisation of nanowires in this area can yield higher

efficiencies and reduce fabrication costs because less material is needed for the

cell and the substrates are less costly. The structure of solar cells with standing

nanowires benefits from reduced reflection losses compared to bulk devices due

to multiple scattering events between the wires [39].

There are multiple approaches for optimising nanowire solar cells. Especially

the junctions, which can be grown axially or radially, are important for efficient

devices. A radial junction provides reduced reflection combined with a high light

trapping rate and a radial charge separation. An axial heterostructure has the same

advantages like the radial structure, but does not result in fast charge separation.

Also a substrate junction or a junction created by doping is feasible [39, 94, 95].

There are also multiple solutions for fabricating low resistivity contacts. Flat-lying

nanowires can be electrically connected with metal strips, but for vertical ones

a transparent upper contact is needed.

2.3.3 Detectors

Photodetectors are devices used to measure radiation. Semiconductor detectors

can be categorised into these primary areas based on their structure: avalanche

photodiodes (APD), metal-semiconductor-metal (MSM) detectors, p-i-n detectors

and metal-insulator-semiconductor (MIS) detectors.

APDs enable the detection of low-power signals through avalanche multiplication.

A high voltage is applied and this accelerates the electron created by an incoming

photon. When the kinetic energy of the carrier imparted to the multiplication
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medium exceeds the ionization energy, another electron is created and two electrons

are accelerated. This is repeated multiple times resulting in high sensitivity.

MSM detectors have two Schottky contacts at the active semiconductor region

allowing only the transport of one kind of carrier. Therefore, the low capacitance

and short delay of the circuit result in a high operation speed.

p-i-n detectors have a sandwich-like structure with an intrinsic semiconductor

region between a p-doped and an n-doped one. Their external quantum efficiency

and responsivity is higher than that on MSM [96].

Each structure has its own advantages and disadvantages. Nanowires can be

beneficial for each one of them. For example, the sensitivity can be increased due

to the wires’ large surface-to-volume ratio [96]. The ability of nanowire devices to

absorb light is not only an intrinsic material property, but can also be engineered

by the size, geometry and orientation of the wires [97].

In recent research, superconducting nanowires have been exploited as pho-

todetectors. They are sensitive to visible and infrared wavelengths and can be

used as single-photon detectors with recovery times and timing precision orders of

magnitude faster than bulk superconducting detectors. The functional principle

is explained in the following.

The nanowire is cooled below the critical temperature and reaches the super-

conducting state. Then a direct current is applied. It flows without resistance.

When a photon hits the wire, it has enough energy to disrupt a few hundred Cooper

pairs — pairs of electrons in superconductive materials — and it creates a local

hotspot with an extension smaller than the nanowire. The supercurrent is forced

to flow around this hotspot. Because the nanowires have a small diameter, the

critical current density is reached and the superconducting state is broken, leading

to a resistive barrier in the wire, thus the current is blocked. This can be detected

electronically. After the dead time, once the heat dissipates, the nanowire starts

superconducting again along the whole wire [98]. Depending on its diameter size,

the device can be used either for single-photon (under 100 nm) or for multi-photon

detection (above 100 nm) [99]. Potential applications range from optical quantum
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computing and quantum key distribution over fibre temperature sensing to space-

to-ground communication. For example, Takesue et al. [100] have successfully

used a superconducting nanowire single-photon detector to detect a photon that

transmitted quantum information via a 100 km long fibre.

Nanowires are particularly promising as infrared detectors. It has been shown

that they can be fabricated as mid-infrared detectors without the need for cooling.

This is a big advantage over the commercially available detectors, which often

require cryogenic cooling [7].

2.3.4 Light emitting devices

Nanowires are not only suitable as photodetectors, but also as light emitting devices,

such as nanosized LEDs [101, 102] or lasers [103, 104]. Their geometry is beneficial

for these applications because their shapes make them ideal waveguides.

For example, the "top-down" etched diamond nanowires with nitrogen vacancies

are better as single-photon sources than their bulk counterparts. When implemented,

the photon flux for the nanowire array was increased tenfold and the excitation

power was simultaneously decreased ten times compared with bulk diamond [105].

Nanowires are especially promising as lasers because the whole nanowire acts as

both gain medium and cavity at the same time. Furthermore, nanowire lasers can

be directly integrated onto computer chips enabling optical interconnects [3].

Laser is an acronym for ’light amplification by stimulated emission of radiation’

[106]. It creates photons due to electrical or optical pumping. The photons

oscillate in the laser cavity and create more photons, which are coherent to the

seed photons, through stimulated emission. This means all photons have the same

energy, momentum, polarisation and phase [107]. In order to get feedback, a gain

medium and a cavity are necessary for a working laser.

Nanowires have the major advantage that the whole wire is simultaneously the

gain medium and the cavity with the side facets as mirrors. Therefore, the ratio

of gain medium to cavity is larger than for conventional lasers, making nanowire

lasers highly efficient. Furthermore, there are barely any waveguide losses αwaveguide,
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Figure 2.7: Schematic of a NAND gate built from nanowires: light from laser 1 and 2
are guided through switch 1 and 2. If one of the switches is optically excited, the light
from laser 1 and 2, respectively, cannot be transmitted. To suppress the final output,
switch 1 and 2 must be off. Adapted from Ref. [111].

because the light does not have to couple into the cavity. As a result, the threshold

gain gth of nanowire lasers is very low — as can be seen in the following equation.

gth = αwaveguide

T
− 1

2LT ln(R1R2) (2.5)

[87]. T is the confinement factor, which gives the fraction of the material gain, which

amplifies the laser mode [108]. L is the nanowire length and R1 and R2 represent the

reflectivity at each nanowire end facet. As shown by Mayer et al. for GaAs nanowires

T is around 0.9 and the reflectivity of the untreated end facets is around 0.8 [87].

Nanowire lasers usually emit in a fundamental mode and the photon dynamics are

ultrafast in the femtosecond to picosecond regime [109]. Furthermore, the pulses

created by a pulsed nanowire laser have a coherence time of more than 40 ps [110].

Piccione et al. [111] demonstrated a logic NAND gate created by all-optical

active switching of CdS nanowire lasers. A schematic can be seen in Figure 2.7. The

light from a nanowire lasers (laser 1 and 2) is coupled into an adjacent nanowire

(switch 1 and 2), which acts as waveguide and switch. If the waveguide is pumped

by an external laser, the light from laser 1 and 2, respectively, is blocked. Switch 1

and 2 are coupled and have one mutual output. Only if the emitted light of both

laser 1 and laser 2 are blocked, will the output be zero.

Due to the abundant possibilities of materials and material combinations,

nanowire lasers have been developed from the UV regime ranging over the visible to

the infrared regime [108]. However, there are still issues which need to be resolved.
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It is difficult to fabricate infrared nanowire lasers due to their low bandgap and

the resulting high fraction of non-radiative recombination. Furthermore, so far it

has not been possible to create an electrically driven nanowire laser standing on

substrate. Almost all nanowire lasers are optically driven.

It is complicated to achieve lasing using monolithically integrated nanowires

because the refractive indices of the nanowires and the substrates are very similar.

This problem was solved by Mayer et al. [3] using GaAs/AlGaAs core-shell nanowires,

whose end facets have less than 1% reflectivity on a silicon substrate, for example.

In order to increase the reflectivity, the silicon wafer was covered with a 250 nm

thick SiO2 layer interspersed with 80 nm thick pinholes reaching the wafer. A 80 nm

thick GaAs core was then grown out of the holes by molecular beam epitaxy. Above

the layer the wire is thickened to the desired diameter. SiO2 has a lower refractive

index and therefore, the reflectivity is increased and β reaches values up to 21%.

Furthermore, the nanowire has a large enough diameter to guide the laser mode

and the 80 nm thick core enables an electrical contact with the substrate. Work like

that described above contributes to the creation of an electrically driven nanowire

laser. However, a lot of research is still required.

2.4 Summary

The importance of nanowires for future technology was discussed in this chap-

ter. Therefore, an introduction into the field of semiconducting nanowires was

given. First, the different growth techniques, growth regimes, growth templates,

heterostructures, doping, and crystal structures, and the possibility of nanowires

to be designed and optimised for many different types of devices were summarised.

Then the fundamental physics of semiconductors needed for understanding this

thesis was given with the focus on different recombination mechanisms. In the end,

promising areas for nanowire applications, which were connected to the research

performed in this thesis, were introduced.
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Experimental Methods

3.1 THz spectroscopy

3.1.1 Introduction to THz spectroscopy

The terahertz (THz) part of the electromagnetic spectrum is usually defined to

include all frequencies between 100GHz and 10THz (0.4meV to 40meV) [112].

Scientific progress, such as quantum cascade laser and femtosecond lasers, made

feasible many different applications for THz radiation, e.g. in biology, medicine

and security [113].

In this thesis, THz radiation is used for THz spectroscopy which is a non-

invasive, non-destructive method of investigating the charge-carrier dynamics of

materials [114]. Charge species in semiconductors show a distinct response in the

THz frequency regime because their energies for motions and excitations are of

the same order of magnitude as for THz photons. Furthermore, THz spectroscopy

achieves high temporal resolution in the femtosecond regime, enabling fast carrier

dynamics to be probed. Therefore, this method enables accurate measurements of

photoconductivity lifetimes, recombination rate coefficients, surface recombination

velocities, scattering times, mobility, doping, and charge-carrier densities [112, 115].

More information about THz generation and detection, measurement techniques,

and applications can be found in works, such as [113, 116, 117].

29
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Figure 3.1: (a) Electric field of a THz pulse in the time domain and (b) amplitude
spectrum E(ω) and phase θ(ω) in the frequency domain. To obtain the spectrum in (b) a
Fourier transform was applied on the signal in (a). Adapted from Ref. [112].

In the following only Optical-Pump THz-Probe (OPTP) spectroscopy and

measurements on semiconducting nanowires will be discussed due to their relevance

and use in subsequent chapters. It is instructive to first explain THz time-domain

spectroscopy (THz-TDS), followed by the principles of OPTP spectroscopy and

the OPTP setup. In the end, the analysis applied to the nanowire samples

will be discussed.

THz-TDS

In THz-TDS, the time-dependent phase and amplitude of the electric field E of a

short THz pulse is measured. An example of such a pulse is given in Figure 3.1a.

This signal can be Fourier-transformed into the frequency domain, see Figure 3.1b.

Then this amplitude spectrum can be used to determine electrical properties, such

as the momentum scattering time and charge-carrier mobility of the sample. The

simultaneous measurement of amplitude and phase enables the analysis of more

parameters than if only the squared amplitude of the signal were recorded.

In THz-TDS the THz pulse is transmitted through the sample and then detected.

During transmission, the pulse is delayed and partially absorbed by the sample.

Any changes in the transmitted pulse therefore contain information about the

sample. To calibrate the system, a reference pulse Eref(t) is measured, which has
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Figure 3.2: Schematic illustration of an OPTP system: a THz pulse is transmitted
through a sample which has been optically excited by a pump pulse. The transmitted
THz signal is then detected by interaction with the gate pulse.

been transmitted through the same path, but without the sample. Therefore, the

transmission T (ω) can be calculated by

T (ω) = Esample(ω)
Eref(ω) (3.1)

where Esample(ω) is the pulse transmitted through the sample in the frequency

domain, while Eref(ω) is the reference pulse in the frequency domain. The THz

signal cannot be detected directly. Therefore, a gate-pulse is used to measure

it by converting it into an electric signal. The delay between the gate pulse

and the THz pulse can be varied in order to probe all of the time-dependent

THz pulse (see Figure 3.2).

Principles of OPTP spectroscopy

Optical-Pump THz-Probe (OPTP) spectroscopy is a pump-probe spectroscopic

method probing the optically excited charge-carriers in a material. It is similar

to THz-TDS, but the charge-carriers of the sample are not in equilibrium. A

simple schematic showing the principles of this system can be seen in Figure

3.2. An additional optical pump pulse arrives before the THz pulse. The time
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between the optical pump and the THz probe pulse can be delayed enabling

measuring time-dependent charge-carrier dynamics. The charge-carrier density

is higher than in THz-TDS due to prior optical pumping. Therefore, more THz

radiation is absorbed by the sample. To analyse the data, the change of THz

transmission ∆T is given in comparison to the THz signal T of the same sample

in equilibrium. The THz pulse probing the photoexcited sample is Eon
sample and

the one for the unexcited sample Eoff
sample.

∆T (ω)
T (ω) = ∆E(ω)

E(ω) =
Eon

sample − Eoff
sample

Eoff
sample

(3.2)

∆T (ω)
T (ω) is directly proportional to the photoinduced change in the conductivity ∆σ(ω).

3.1.2 Optical-Pump THz-Probe setup

In the following, the OPTP system which was used for the measurements in

this thesis will be introduced and discussed. A sketch of this system can be

seen in Figure 3.3.

All three pulses used for the THz spectroscopy were generated by a 800 nm

(1.55 eV) centre wavelength output of a Spectra-Physics Spitfire Ti:Sapphire regener-

ative amplifier, which was pumped by a 527 nm (2.35 eV), 20W Empower laser and

seeded by the 800 nm (1.55 eV) output from a Spectra-Physics Mai Tai. The amplifier

creates pulses with a duration of 35 fs and a power of around 4W at a repetition

frequency of 5 kHz. Each pulse is separated into different paths by beamsplitters.

One path creates the THz pulse. For that, the optical laser pulse is sent through

a spintronic emitter generating a THz pulse, the bandwidth of which is larger than

6THz in the configuration used for this thesis. A spintronic emitter consists of a

ferromagnetic (FM) and a non-ferromagnetic (NM) metal thin film. An external

magnetic field of around 10mT is applied, magnetising the ferromagnetic layer.

When an optical pulse from the amplifier illuminates the spintronic emitter, electrons

are excited above the Fermi energy and a spin current is created perpendicular

to the layers due to the different transport properties of the layers. Because the

optical excitation is only 35 fs long, the ultrashort transverse charge current emits
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Figure 3.3: Diagram of the OPTP system. BS stands for beamsplitter, D for delay
stage, C for chopper, and OAP for off-axis parabolic mirror. Adapted from Ref. [112].

a THz electromagnetic pulse which is polarised perpendicular to the propagation

axis and external magnetic field. The spintronic emitter is superior to other THz

generation methods due to a bandwidth of up to 30THz, its high field amplitude,

flexibility, scalability and cost [118, 119, 120].

The optical pump pulse has the same polarisation as the THz pulse. Its power

is changed with neutral density filters. The full width at half maximum (FWHM)

at the sample is circa 10mm, while that of the THz beam is around 1-2mm. The

difference in FWHM enables a homogeneously excited sample to be probed. To

excite a sample, the photon energy needs to be larger than the bandgap of the

sample. If the bandgap of the sample is larger than the laser energy of 1.55 eV, the

energy of the pump pulse is doubled to 3.10 eV by a BBO crystal.

The THz signal is detected by electro-optic (EO) sampling. It is based on a
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Figure 3.4: Principles of THz detection with electro-optic sampling explained (a) in
general and in three different specific cases: (b) gate pulse arrives before the THz pulse,
(c) gate pulse arrives at maximum of THz pulse, and (d) gate pulse arrives at minimum
of THz pulse. Adapted from Ref. [121].
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second-order nonlinear effect in anisotropic crystals which lack inversion symmetry.

The detection method is triggered by the optical, linearly polarised gate beam. As

shown in Figure 3.4a the beam transmits through the EO crystal, then through a

quarter-wave plate. Afterwards the light passes a Wollaston crystal, which spatially

divides the photons according to vertical and horizontal polarisation. The parted

beam is then detected by two balanced photodiodes. The difference between these

two signals is used to measure the THz pulse.

Before the start of a scan, the detection system needs to be calibrated and

balanced, as shown in Figure 3.4b. Without the influence of THz radiation, the

measured signal, which is the difference between both photodiode measurements,

must be zero. Therefore, the quarter-wave plate is turned, until the linearly

polarised laser light is circular polarised, consisting of equally strong vertical (lx)

and horizontal (ly) linear polarisation. Consequently, the measured signal is zero.

If the THz beam hits the EO crystal, the electric field of the photons induces

birefringence in the crystal. This changes the refractive indices experienced by the

ordinary and the extraordinary ray. Therefore, the polarisation of the gate beam

changes and is not circular but instead elliptically polarised after the quarter-wave

plate. Elliptical polarisation can be divided into time-dependent uneven horizontal

and vertical linear polarisation. Consequently the net signal measured is not zero

anymore. The polarisation and propagation of the beam is shown in Figure 3.4c.

At the position of the EO crystal, the FWHM of the THz beam is kept larger

than the beamwidth of the gate pulse to ensure a homogeneous birefringence in the

crystal. The gate pulse (∼ 35 fs) is much shorter than the picosecond-long THz pulse.

Therefore, the gate pulse duration limits the temporal resolution. Furthermore, it is

possible to measure the form of the THz pulse by changing the time delay between

the gate and the THz beam, as can be seen in Figure 3.4d. (110) ZnTe and (110)

GaP crystals were used as EO crystals for the OPTP system operated in this thesis.

The (110) GaP crystal measures a larger THz bandwidth, but the detected signal

is smaller. ZnTe achieves a higher signal due to a stronger second-order nonlinear
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effect, but a lower bandwidth because the mismatch between the refractive indices

of the ordinary and extraordinary axis is bigger than for the GaP crystal [122, 123].

During OPTP spectroscopy, the undisturbed gate beam is measured continuously

as a reference signal. Therefore, half of the THz pulses are blocked by chopper

1 which is in front of the sample box. It is running at a frequency of 2.5 kHz.

Furthermore, the THz signal needs to be detected for a photoexcited and an

unexcited sample. Thus, there is a second chopper with a frequency of 1.25 kHz

in the pump beam in front of the sample box.

In summary, due to the two choppers, four different pulses are measured to

obtain T and ∆T . They are called:

A: THz pulse off & Pump pulse off

B: THz pulse on & Pump pulse off

C: THz pulse off & Pump pulse on

D: THz pulse on & Pump pulse on

From these measured signals T and ∆T can be calculated by

T = (A−B) + (C −D)
2

∆T = (A−B)− (C −D)
∆T
T

= 2(A−B)− (C −D)
(A−B) + (C −D) (3.3)

All measurements are performed in vacuum to avoid sharp absorption lines

caused by THz absorption by water vapour present in air and to prevent the creation

of plasma and cause damage to the sample. Furthermore, two linear delay stages

are implemented in the system — one in the THz path and one in the pump path.

They can be changed independently enabling two different kinds of scans.

THz photoconductivity spectra are measured while the THz path is changed, but

the pump path is kept constant. Therefore, the whole THz pulse is characterised.

Photoconductivity decays are measured at the maximum peak of the THz pulse

with changing time delay between THz and pump pulse. The two measurement

techniques and the analysis of THz spectroscopy on nanowires will be discussed

in more detail in the next section.
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Figure 3.5: Photoconductivity decay of InGaAs nanowires at 148µJ cm−2 measured
with THz spectroscopy.

3.1.3 Data analysis of nanowire samples

OPTP spectroscopy is useful to extract the electrical properties, and radiative and

non-radiative lifetimes of nanowires without the usage of contact electrodes in a

non-invasive, non-destructive way. The nanowires cannot be measured on the growth

substrate with OPTP spectroscopy because the substrate would absorb most or all

of the THz radiation and interfere with the signal from the nanowires. Therefore,

the nanowires need to be transferred onto a substrate which is transparent to THz

radiation. In the research described in this thesis they are moved to a quartz disc

covered in parylene C. Furthermore, nanowires are strongly polarisation dependent

due to their inhomogeneous geometry. The maximum signal is achieved when all

nanowires are aligned parallel to the electric field of the THz pulse. With this

arrangement, the carriers can move along the length of the nanowire and are not

confined by the wire’s limited lateral dimensions [124].

Photoconductivity decays

Because the optical paths of the THz pulse and the pump pulse can be changed

separately in the OPTP setup, two different types of scans can be performed:

photoconductivity decays and photoconductivity spectra. Photoconductivity decays

investigate the THz signal as a function of time after photoexcitation and thus the
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Figure 3.6: Diameter dependent photoconductivity decays for (a) InP nanowires and
(b) InAs nanowires measured at 10µJ cm−2. The photoconductivity lifetimes of InP
stay constant independent of diameter (1.18 ns, 1.27 ns, 1.30 ns and 1.34 ns for increasing
diameters) and has a low surface recombination velocity of 170 cm/s. In contrast, the
lifetimes of InAs increase significantly with diameter (200 ps, 290 ps, 470 ps, 660 ps), and
thus the surface recombination velocity is 3× 103 cm/s. Adapted from Ref. [125].

time-dependent charge-carrier dynamics. After the photoexcitation, the charge-

carriers decay over time. Therefore, less THz radiation is absorbed by the sample

and the THz signal increases. During the measurement, the path of the pump

pulse is altered while the THz pulse is fixed at its maximum signal position, in

order to achieve the optimal signal.

An example of photoconductivity decay is given in Figure 3.5. To depict the

graph like a decay spectrum, despite an increasing signal over time, the negative

value of ∆T/T is taken. The time is set to be zero when THz and pump pulse overlap

and −∆T/T is maximal. Negative times indicate that the pump pulse arrives at

the sample before the THz pulse. The signal is zero under these circumstances.

Photoconductivity decays enable the extraction of the photoconductivity life-

times of materials, and the calculation of the recombination rate coefficient for

monomolecular, bimolecular and Auger recombination by fitting the data with the

recombination rate model as described in Section 2.2.3. It is also possible to extract

the nanowires’ surface recombination velocity, which is an important parameter

for nanowire devices due to their high surface-to-volume ratio.

The surface recombination velocity describes the influence of a semiconductor’s

surface on the charge-carrier decays by quantifying the speed of carrier recombination
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on the surface. A low value, like for InP nanowires (170 cm/s), shows that

nanowire properties are not-strongly dependent on its surface. Therefore, the

photoconductivity lifetimes stay constant with changing diameters and surface-

to-volume ratio, respectively. In comparison, InAs nanowires have a high surface

recombination velocity of 3 × 103 cm/s [125]. Therefore, their lifetime decreases

with smaller diameters, as can be seen in Figure 3.6, because the surface-to-volume

ratio increases with shrinking diameter d. Consequently, surface effects get more

prominent. Due to the diameter dependence, the surface recombination velocity

S can be calculated by measurements of the lifetime with

1
τ

= 1
τvolume

+ 4S
d
. (3.4)

τvolume represent the lifetime of the bulk material and τ the lifetime of the whole sam-

ple.

THz photoconductivity spectra

THz photoconductivity spectra are the second type of measurements which can

be performed with OPTP spectroscopy. The delay between the THz pulse and

the pump beam is fixed, but the delay between the THz pulse and gate pulse is

altered. Therefore, the THz pulse is measured time-dependently. An example

of the pulse can be seen in Figure 3.1.

Photoconductivity spectra are a powerful tool and many parameters, such as

charge-carrier density, doping density, scattering time, mobility, and dielectric

constant, can be extracted from them. In order to extract these values, the THz

signal needs to be Fourier-transformed from the time domain into the frequency

domain. This enables the calculation of the nanowires’ change in photoconductivity

with frequency.

∆σ1(ω) = −ε0c(1 + ns)
d

∆T
T

(3.5)

Where ε0 stands for the vacuum permittivity, c for the speed of light, ns for the

refractive index of the substrate and d for the thickness of the sample. For nanowires,

the thickness can be replaced by their diameter because it is assumed that there is
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Figure 3.7: Real (blue) and imaginary (red) photoconductivity calculated using (a) the
Drude model and (b) the surface plasmon model. Adapted from Ref. [112].

only one layer of wires on the substrate. A derivation of this equation can be found

in paper [112]. To extract more information from the data, the photoconductivity

spectra need to be fitted by an appropriate model.

Drude model

A common model for fitting the complex conductivity of semiconductors is the

Drude model. It assumes that the movement of free charge-carriers is controlled by

the alternating electric field of the THz pulse. The conductivity can be calculated by

σ(ω) = ne2

m∗
i

ω + iγ
, (3.6)

where n represents the charge-carrier density, e the electronic charge, m∗ the

effective mass of the carriers, and γ the momentum scattering rate of the carriers.

The real and imaginary conductivity calculated from experimental data using this

model is shown in Figure 3.7a.

This model describes bulk semiconductors very well, but it does not fit for

semiconducting nanowires, which behave as shown in Figure 3.7b. The Drude

model is only a simple classical model and does not account for several transport
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phenomena in nanowires, such as backscattering of carriers on nanowire surfaces,

carrier localisation, or the polarisability of nanowires [112].

Plasmon model

In contrast, the surface plasmon model fits the nanowires’ conductivity accurately

(Figure 3.7b). It is a generalised version of the Drude model. When an external

electrical field is applied, the electrons and holes move to opposite sides, causing a

majority of either negatively or positively charged carriers on each nanowire end.

Consequently, an electric dipole and a depolarisation field, which is opposite to

the external electric field, are created. Due to the two electric fields, the charge

carriers oscillate in the nanowire. This response alters the equation from the

Drude model equation (3.6) to

σ(ω) = ne2

m∗
iω

ω2 − ω2
0 + iωγ

. (3.7)

The new parameter ω0 is introduced for the surface plasmon model. It is the

resonant frequency of the oscillating systems with the THz electric field and the

depolarisation field as driving forces. The resonant frequency is shifted to higher

values with increased excitation power because

ω0 =
√
g
ne2

ε0m∗ , (3.8)

where g is a geometrical factor [112].

The mobility µ can be determined with

µ = e

m∗γ
(3.9)

To extract the exact value for the photoconductivity rather than just its difference,

an effective medium theory, like the Maxwell-Garnet or the Bruggeman theory, needs

to be applied. More information about these can, among others, be found in [112].

Refractive index change of the sample due to photoexcitation

Photoconductivity decays and photoconductivity spectra can also be combined in a

two-dimensional measurement by using both stages at the same time, to investigate

the photoconductivity for different delays after photoexcitation.
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Figure 3.8: THz signal (blue) and ∆T (red) for different time delays tgate between gate
and THz pulse. Multiple values at the same x-coordinate were measured at different time
delays between THz and pump pulse. The refractive index of the sample changes for
higher charge-carrier densities and shorter time delays between THz and pump pulse.
Therefore, the THz pulse gets delayed in relation to the gate pulse.

For example, a two-dimensional scan performed on InP nanowires is shown

in Figure 3.8. This plot demonstrates the influence of the fluence-dependent

refractive index of the sample on the THz signal. THz transmission T (blue

dots) and the photoconductive change ∆T (red dots) are plotted against the time

tgate, which gives the time delay between THz pulse and gate pulse. The THz

pulse is only displayed for less than 1.5 ps. Otherwise, it would look like the

THz pulse in Figure 3.1a. The different points at the same coordinate on the

x-axis belong to different photoconductivity spectra performed at different times

after photoexcitation (tphotoexcited).

It can be observed, that the maximum of ∆T changes its position on the x-

axis tgate for different delays tphotoexcited. There is also an noticeable, but much

smaller, shift for T .

The shift occurs due to a photoinduced change of the sample’s refractive

index. The refractive index depends on the material, but also on the charge-
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Figure 3.9: (a) Semiconducting nanowires standing on a growth substrate and (b)
flat-lying on quartz substrate after transfer from the growth substrate.

carrier density. If the density rises significantly, the refractive indices increase too

[126]. Consequently, the optical path, which is defined as product of actual distance

and refractive index, becomes longer and the THz pulse arrives later (compared

to the gate pulse) than for the same measurement on a material with a smaller

refractive index. Therefore, the maxima of ∆T and T shift to longer times tgate

with higher excitation powers and carrier densities, respectively. The effect is more

prominent for ∆T , because its value is 27 times smaller than T ’s. For most samples,

this effect has no significant influence and cannot be seen using OPTP spectroscopy.

However, it can be detrimental for photoconductivity decays if a sample has a strong

correlation between photoexcitation power and refractive index. Then it can occur

that at high fluences the fixed position of the THz pulse changes while measuring

a photoconductivity decay because the carrier density decreases over time. This

can create bumps in the scan. If this problem arises, a two-dimensional scan — a

series of photoconductivity spectra at different time delays after photoexcitation

— is needed to account for the delayed THz pulse.

3.2 Sample preparation

The nanowires studied in Chapter 5, 6 and 7 of this thesis are grown standing

(Figure 3.9a, but in this configuration they cannot be measured if the signal from
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the growth substrate interferes indistinguishably with the signal from the nanowire

samples. Therefore, it is important to develop a method to break them off from the

substrate and transfer them to a target substrate. In the following, I will discuss

some transfer methods that I used and experimented with.

If a high nanowire density is needed on a target substrate (e.g. glass, quartz,

silicon wafer), the most convenient way to achieve this is to rub the nanowires directly

onto the new substrate. The nanowires break off close to the growth substrate.

Furthermore, they are aligned on the new substrate, if the rubbing is only done in

one direction. For the samples used for THz spectroscopy, z-cut quartz discs as the

substrate are required since they are transparent to THz radiation and dissipate

heat (Figure 3.9b). To improve the adhesion between the quartz substrate and the

nanowires, z-cut quartz discs coated with thin ( 10 nm - 60 nm) layer of parylene

C [127] were developed. The polymer was added by the Gorham process [128] in

a PSD 2010 LabCoter 2 by Dr. Hannah Joyce at the University of Cambridge.

Parylene C is simple to manufacture and also transparent to THz radiation [129].

Another commonly used transfer method is the solution-based transfer technique.

Nanowires standing on a growth substrate are put into a beaker filled with 99.9%

pure isopropanol and then sonicated in an ultrasonic bath. The duration and

strength of the process must be adjusted according to the diameter and chemical

composition of the nanowires. For transferring, the nanowires/isopropanol solution

is pipetted onto the desired substrate. Isopropanol evaporates and the nanowires

are left behind on the surface. The nanowire density can be controlled by the

ratio of nanowires to isopropanol.

Sometimes an ultrasonic bath is not the best solution, e.g. when the nanowires

either get damaged during the process, or when they do not break off the growth

substrate for example due to their large diameter. In that case another rubbing

technique can be used. Filter paper is cut into a triangle with a sharp, low

angle tip and long neighbouring sides. For transfer, the sharp corner of the filter

paper slides along the substrate with nanowires. Some wires will stick to the

paper, which is slowly tipped at the new position. This method is not very



3. Experimental Methods 45

Figure 3.10: Nanoscale transfer printing. A polymer stamp selects a single nanowire
and places it accurately and controlled at another position. Adapted from Ref. [131].

efficient. Therefore, the nanowire density will be low, but their transfer position

can be more-or-less controlled. If a higher density is needed, the filter paper

transfer process can be repeated.

An advanced method offering a more accurate control over the transfer position

and orientation of the nanowires has been recently developed. It is called nanoscale

transfer printing (nano-TP) [130, 131]. Here, the nanowires are captured by polymer

microstamps. Then they are transferred and printed to a predefined position on

the target substrate with sub-micrometre accuracy. These stamps are made out of

polydimethylsiloxane, which was chosen due to its adhesiveness and viscoelasticity.

An example for the precise movement of one wire is given in Figure 3.10.

In the first step the microstamp is aligned parallel to a single nanowire. In a

next step the polymer is pressed against and is attached to it. Then the stamp

holding the wire can be moved to the new position. After contact with the substrate,

the wire is released without any damage. This method is especially beneficial for

accurately placing single nanowires for devices. Additionally, using a different stamp,

a higher density of nanowires can also be achieved with the same technique.

Each method has its own advantages and is chosen according to the final

purpose of the transferred nanowires. For THz spectroscopy, for example, a very



46 3.3. Summary

high density of aligned nanowires is needed. Therefore, they are mostly transferred

by rubbing them in one direction on parylene-coated quartz. However, if the

spacing between the nanowires on the as-grown substrate is large, this method

cannot provide the required density. In this case, nano-TP is the better process.

Fewer nanowires will be transferred, but they will all be at the same spot and

therefore, the density will be higher.

3.3 Summary

In this chapter the measurements of nanowire samples with THz spectroscopy were

discussed. Therefore, the principles of THz creation and detection was described.

The OPTP setup and both photoconductivity decays and photoconductivity spectra

were discussed specifically for nanowire samples. It was also demonstrated how

to analyse the data obtained by THz spectroscopy to extract nanowire properties,

such as photoconductivity lifetime and surface recombination velocity. Furthermore,

ways to prepare nanowire samples for different types of measurements and the

advantages and disadvantages of each transfer method were debated.



4
Development of cryogenic mid-infrared
Fourier Transform Photoluminescence

system

4.1 Photoluminescence Spectroscopy

4.1.1 Introduction to Photoluminescence Spectroscopy

Photoluminescence (PL) spectroscopy is used to characterise the optical properties

of nanowires and it can provide complementary data to THz spectroscopy. For PL

measurements, the sample is optically excited and the light emitted by the sample

is analysed by either time-dependent or wavelength-dependent spectra which are

taken with a detector. This method enables among others the characterisation

of radiative lifetimes and energy bands [132].

PL spectroscopy incorporates several different characterization techniques, which

probe various sample properties and photon energy ranges. Polarisation spectroscopy,

for example, optically excites the sample with linearly polarised light and analyses

the sample’s polarisation dependence. The systems can also be distinguished

by the detection system used. The detection can be done by a spectrometer

separating the different wavelengths with a diffraction grating and measuring each

wavelength on its own, or by simultaneous measurements of all wavelengths with

47
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Figure 4.1: Schematic of a Michelson interferometer and FTIR, respectively: the source
S emits light, which is split at the beamsplitter and then reflected by two mirrors M1 and
M2. M2 is movable, and thus the difference in path length between the two split beams
can be altered. Adapted from Ref. [133].

an interference spectrometer [133]. Furthermore, different systems are used for

emission spectroscopy in the infrared and visible regions, respectively.

To characterise the nanowire samples used in this thesis, the measurements

were performed on a cryogenic mid-infrared Fourier transform photoluminescence

(FTIR PL) system, which was custom designed for this thesis work. Therefore, the

functional principles and usage of the FTIR will be introduced in the following.

4.1.2 Fourier Transform Infrared Spectrometry
4.1.2.1 Functional principles

Fourier Transform Infrared Spectrometry (FTIR spectroscopy) is an optical ex-

perimental technique used to obtain an infrared spectrum of a material, and is so

called because a Fourier transform is needed to convert the raw data (interferogram)

into the (absorption) spectrum [133]. For measurements, light is coupled into

the Michelson interferometer which consists of two mirrors and a beamsplitter

aligned in the way shown in Figure 4.1. Photons, emitted by a light source, are

coupled into the Michelson interferometer. The beamsplitter divides the light into

two coherent, equally powerful parts which follow different paths. They are both

reflected at mirrors, before they are coupled together again. One of the mirrors
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is fixed, but the other one can be moved. Thus, the difference in path length

of both coherent rays can be continuously altered, resulting in constructive and

destructive interference at the detector. The interference is recorded by a detector

as a time-dependent interferogram. The interferogram is then converted into the

energy domain by a Fourier transform. Modern FTIR systems can cover the

spectral range from ultraviolet to far-infrared by easily interchangeable detectors,

light sources, and beamsplitters.

Originally the FTIR spectrometer was especially designed for infrared measure-

ments. Therefore, the FTIR spectrometer is either purged with nitrogen or under

vacuum to prevent the photons from being absorbed by water vapour present in the

air. Additionally, the vacuum protects the hygroscopic optical parts from moisture.

4.1.2.2 Usage of Fourier Transform Infrared Spectrometer

FTIR spectrometers are used for many different kinds of measurements due to

their many advantages. It is a very versatile tool and has applications when rapid

scanning, high sensitivity, high resolution, and data processing are required.

It is predominately used for transmission, reflection, and thus absorption

measurements. For this purpose, a source emitting a broad spectrum of light

is used. The photons travel through the Michelson interferometer. Before the

detector, they interact with the sample — either by reflection or transmission,

where photons of certain wavelengths will be absorbed by the sample. The bandgap

of semiconductors can be determined in this way for instance.

The FTIR can also be used for photocurrent spectroscopy. With this method

no sample is tested, but instead a detector. Usually the spectral response of a

detector is analysed monochromatically. Using an FTIR spectrometer enables one

to measure the spectral response for a broad light spectrum. This is especially

beneficial if small detectors like nanowire devices are tested, but requires the

response of the detector to be linear.
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4.1.2.3 Fourier Transform Photoluminescence Spectroscopy

The FTIR spectrometer is also a useful method to measure samples emitting in

the (mid)-infrared. For that, the (illuminated) sample replaces the conventional

light source. Because the samples investigated in this thesis generally have a low

radiative efficiency which increases with decreasing temperatures, a custom-designed

cryogenic mid-infrared Fourier transform photoluminescence spectroscopy setup was

built. It enables short scan times, a high signal-to-noise ratio, and a good spectral

resolution. Furthermore, the vacuum in the system prevents IR absorption from

water molecules present in the air, and allows the sample to be cooled down to 4.2K.

The home-built FTIR PL system consists of the commercially produced FTIR

Vertex 80v from Bruker GmbH and a home-built PL system attached to its side

entrance. The PL sample chamber was designed to enable movements of the samples

in relation to the excitation laser, to hold multiple samples per run, and to allow fine

alignments of the sample and system during a measurement run. The modifications

save time because fewer sample changes need to take place (requiring the sample

chamber to warm up to room temperature, and after a sample change, being pumped

down and cooled down). It is also less costly because of the reduced number of

runs for which less liquid helium (He) is required for cooling.

The newly-built system will be discussed in the following section. First the

design of the sample chamber and the sample holder will be described, followed by

the whole setup. The optimal parameters for PL spectroscopy on nanowires will

also be given. In the end, calibration of the PL spectra will be demonstrated.

4.2 Custom-designed Fourier Transform Photo-
luminescence system

4.2.1 Custom components
4.2.1.1 Sample chamber

A special sample chamber was developed for the PL system, in order to enable

measurements of multiple samples in one run and adjustments of the sample in
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Figure 4.2: CAD model of the sample vacuum chamber from (a) 3D projection, (b) top
view, (c) side view and (d) 3D projection of the back. The different numbers describe
the different parts of the chamber: (1) main PL chamber, (2) side port to FTIR, (3)-(5)
windows, (6) translation bellows, (7) Z-translation adjuster, (8) X-translation adjuster,
(9) brass bearings, (10) supports and (11) their stabilising brass tubes, and (12) plate
with off-axis parabolic mirror. The CAD model was made by Nick Callaghan.
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relation to the excitation laser. A CAD model of the vaccum chamber is presented

in Figure 4.2, where it is viewed from different angles. The different components

(1-12) are discussed in the following.

The main chamber (1) was milled out of a single piece of stainless steel. It is

connected to a side port of the FTIR system (2). Flanges with quartz windows

(3-5) are attached on the short sides of the chamber. Window (3) is the entrance

for the excitation laser to the chamber. The light from the excitation laser passes

through a hole in the off-axis parabolic gold mirror, which is used to collect the

photons emitted from the sample, and then illuminates the sample. If the laser

radiation is partially transmitted through the sample, it exits the vacuum chamber

through window (5) and is collected by a beam dump.

Window (4) can also be used as entrance port for the excitation laser. On this

path, the light passes in front of the parabolic mirror and hits the sample at an

angle of roughly 45°, reducing the fraction of scattered laser photons collected

by the parabolic mirror.

The sample is mounted on a cold finger which is inserted into the translation

bellows (6). The bellows, and thus the sample, can be moved with adjustment

screws in the Z- (7) and X-directions (8). The screws are connected to the chamber

with brass bearings (9), while the top shelf with the sample holder is stabilised by

four supports (10). The X-translation screw is used to adjust the distance between

sample and parabolic mirror. Through the Z-adjustment the sample holder can be

moved up and down, enabling measurements of multiple neighbouring samples in

one run. Being able to measure at various positions on one sample, and measuring

multiple scans in one run is both time-saving and cost-saving.

The weight of the He-transfer tube, which connects the He-dewar to the sample

holder, puts a large torque on the bellows mechanism and especially the supports

(10). Therefore, the bearings of the supports did not move by equal amounts, and

the sample holder was tilted, changing the distance between the parabolic mirror

and the sample during the first test runs. Furthermore, the excitation spot on
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Figure 4.3: Pictures of (a) cold finger, (b) sample holder for quartz discs, and (c) sample
holder for wafer pieces with a silver heat shield. To distinguish the various samples (black),
thin strips of wafer (shiny), emitting at a different wavelength than the samples, are used
as dividers.

the sample moved randomly left and right. This problem was solved by adding

long brass tubes (11) to the bearings for stabilisation.

The PL vacuum box itself is divided into two chambers, separated by a glass

window, which is situated between sample holder and parabolic mirror, which

is attached to flange (12). Due to this window, the chambers can be evacuated

separately. The first chamber containing the parabolic mirror is openly connected

to the FTIR, which operates at a pressure of around 10−2 mbar, while the second

chamber, containing the sample, is at a pressure of around 10−7 mbar during

cryogenic measurements.

4.2.1.2 Sample holder

The shape of the samples typically measured with this system can be divided

into two different types — one on a round, 13mm diameter quartz disc and the

other on a small, thin, randomly sized substrate, which is often a semiconducting

wafer. The two kinds of substrates need to be mounted on different sample holders,

which are shown in Figure 4.3. If the samples are on quartz discs, two samples

can be measured during one measurement run. They are fixed in milled holes on

the sample holder. However, the vertical distance, by which the sample holder



54 4.2. Custom-designed Fourier Transform Photoluminescence system

can be moved, is only around 30mm. Therefore, only one disc and half of the

second one can be measured in one run.

If the sample is on a wafer, this wafer can be cleaved into small pieces and

multiple samples can be combined on a holder. The pieces are glued to the sample

holder with vacuum grease, which keeps its adhesive properties even at cryogenic

temperatures. To distinguish the samples, long, thin semiconductor wafer strips are

added between two samples. The wafer fragments emit a strong PL at a wavelength

different than the PL of the sample. The strips should be wider than the laser spot

size which was of roughly 1mm in full width at half maximum.

4.2.1.3 System setup

After discussing the individual parts of the FTIR PL system, such as the vacuum

compartment containing the sample and the FTIR (Section 4.1.2), I will explain

now how the single components are put together to build a cryogenic mid-infrared

Fourier transform photoluminescence spectroscopy system. A sketch of the system

can be found in Figure 4.4.

The samples are excited by the output of a diode pumped solid state laser

(Ventus, continuous wave, 532 nm (2.33 eV), max. 110mW). A 532±10 nm bandpass

filter suppresses the residual emission from the diode. The laser power can be varied

by using a neutral density (ND) filter wheel. The laser was aligned onto the sample

with dielectric mirrors, which are optimised for 523 nm and 1064 nm, to reduce

losses. The laser optically excites the sample, resulting in photoluminescence. The

photoluminescence radiation and the pump light are collected by the gold-coated

aluminium off-axis parabolic mirror and coupled into the FTIR. In order to maximise

the collection efficiency of photoluminescence photons, the sample surface is at the

focal point of the parabolic mirror. To suppress the scattered laser photons, which

are also gathered by the parabolic mirror, a longpass filter is used in the optical path

before the detector. Depending on the emission wavelength of the sample either a

780 nm longpass filter (Chapter 6 and 7.2) or a silicon filter (Chapter 7.3) was used.
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To reduce the noise, the detector is connected to a lock-in amplifier, which is

phase-locked to a chopper in front of the laser. The chopper was usually driven

at around 3000Hz. To increase the versatility of the system, the 532 nm laser can

be easily replaced by a 1064 nm laser. Various FTIR detectors and beamsplitters

can be used for the measurement, and they should be selected according to their

spectral response and the PL range of the sample. It is also optional to use a

focusing lens in the PL excitation laser beam. However, this is not necessarily

beneficial for all samples because a higher power density could burn the sample.

Furthermore, as a smaller area of the sample is optically excited, this could result

in a decrease of PL intensity.

4.2.2 Measurement of Fourier Transform Photoluminescence
4.2.2.1 Scanning parameters

While I have already discussed the usage of the FTIR, the settings for FTIR PL

spectroscopy are different than the ones for measurements only with the FTIR, such

as transmission/reflection. Therefore, I will discuss in the following the specific

parameters for measuring PL with the FTIR and present a table with the optimal

settings for nanowire samples on the system described above.

For transmission and reflection measurements, the movable mirror changes

the path length steadily and continuously. The time-dependent constructive and

destructive interference are detected and converted into an energy spectrum by

Fourier transform. To reduce the noise, the same scan is performed multiple

times and the average of all this succeeding interferograms is taken. For FTIR

PL spectroscopy, these measurements are not possible because the light source

is pulsed. Therefore, the FTIR needs to be operated in step-scan mode. This

means that the movable mirror is fixed at the starting point. The PL signal at that

position is measured when triggered by the lock-in amplifier. For noise reduction,

multiple points are taken at one mirror position, called coadditions, and averaged

over. Afterwards, the mirror moves to the next position, which is determined

by the resolution settings of the scan, and held there during the measurement of
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the next point. This is repeated until all data points are taken. In the end, all

the individual time-domain measurements are stitched together and the energy

spectrum is calculated by Fourier transform.

Step-scan mode takes longer than a normal measurement in which the movable

mirror is in continuous oscillating motion. Therefore, often a trade-off needs to

be made between the desired resolution and scan time. Furthermore, the optimal

parameters for PL spectroscopy depend largely on the sample and the particular

FTIR. The parameters used for the photoluminescence measurements in Chapter 7

are given in Table 4.1. These settings are specific to the commercially produced

FTIR Vertex 80v, the software OPUS, which is used for controlling the setup and

the Fourier transform, and nanowire samples in the infrared. However, they can

also be taken as initial settings for other measurements. The parameters are divided

into settings for the lock-in amplifier and the ones for the OPUS software.

The stabilisation delay is the down time during which the mirror moves to

the next position. It must be longer than several times the constant of the

lock-in amplifier. The resolution determines the accuracy of the scan and has

a large impact on the duration of the measurement. It should be chosen in such

a way that all features of the PL spectrum can still be distinguished. The phase

resolution influences the Fourier transform made by the OPUS software and should

be around four times higher than the measurement resolution. In the OPUS software

different methods for the Fourier transform for data processing can be selected.

Information about all options can be found in the manual [134]. Optical filters can

be automatically inserted with a filter wheel inside the FTIR. The filter should

block the excitation laser and scattered light from the environment, while being

transparent to the sample’s PL. Furthermore, detector and beamsplitter need to

be adjusted according to their spectral response. The aperture is typically used

to control the rate at which the photons reach the detector. Its diameter should

be small enough to ensure that the detector is not saturated, but large enough

to enable a well detectable signal
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OPUS parameters
Stabilisation delay 330ms
Number of coadditions 100,000
Resolution 50 cm−1

Phase resolution 200 cm−1

Optic right input
Beamsplitter CaF2
Optical filter settings silicon (NG4)
Aperture 8mm
Detector DC In [Internal Pos. 2] (InSb)
Sample signal gain automatic
Sample preamp gain Ref
Delay after device change 0 s
Delay before measurement 0 s
Optical bench ready off
Wanted high frequency limit 7950 (15797.87 cm−1)
Wanted low frequency limit 0 (0 cm−1)
Highpass filter open
Low pass filter automatic
Acquisation mode single sided
Phase correction Mertz/No Peak Search
Apodization function Blackman-Harris-3-Term
Zero-filling factor 128

Lock-in amplifier
Time constant 300ms
Sensitivity 2µV
Signal input A AC Float
Reserve low noise
Filters Line 2xLine
Chopper frequency 3038Hz
Phase 30°

Table 4.1: Settings of the FTIR software OPUS and the lock-in amplifier for FTIR PL
spectroscopy on nanowire samples
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4.2.2.2 Calibration

After all measurements have been performed, the excitation laser’s beamwidth and

power need to be determined and the system and spectra need to be calibrated.

It is especially necessary to calibrate the detector because the PL spectrum is

supposed to show the true emitted intensity from the sample, and not the one

changed by the system response function of beamsplitters, mirrors, filters and

detectors. Therefore, a spectrum of a known source is recorded. The difference

between the original emitted light and the measured spectrum shows the changes

caused by the system. A blackbody radiation source at a temperature of 1373K —

an internal MIR light source for the FTIR Vertex 80v supplied by Bruker GmbH —

was used for calibration. It is a continuous light emitter integrated in the FTIR

system. Because the chopper is outside of the FTIR box, the measurement cannot

be triggered. Therefore, a normal continuous scan was performed. The optical

parameters and the settings of the OPUS software are measured under the same

conditions and system influences as the PL measurements before.

The resulting spectrum is fitted by a polynomial fit of the ninth order to smooth

it for further calculations. In the original spectra there are steps due to the resolution

of 50 cm−1 or more. The fit is divided by the theoretical spectral intensity I

I = 2πhc2

λ5
1

exp( hc
λkbT
− 1)

(4.1)

for a blackbody at 1373K [56]. h is the Planck constant, λ stands for the wavelength

and kb for the Boltzmann constant. The quotient of measured and theoretical

spectrum describes the influence of the optical path and detector on the measured

data. Therefore, the PL spectra are divided by it.

4.3 Summary

In summary, the development of a custom-designed cryogenic mid-infrared Fourier

Transform Photoluminescence was discussed. Therefore, photoluminescence spec-

troscopy and the usage and functions of a FTIR spectrometer were introduced.
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Then the home-built FTIR PL setup was debated. The focus was on the sample

chamber which enabled measurements of multiple samples in one run because

the new chamber allowed adjustments of the samples in Z- and X-directions.

Furthermore, exemplary setting parameters for PL spectroscopy with an FTIR

and the calibration of spectra were given.
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5
Wurtzite GaP nanowires

5.1 Wurtzite GaP nanowires as template for hexag-
onal silicon

GaP is a promising candidate to cover the "green gap" technology for intrinsically

green LEDs due to its bandgap of 2.26 eV [135, 136]. Yet, its indirect bandgap

limits its use for light emission applications, and thus the usability of GaP for

many applications. Theory has suggested the usage of a different crystal structure

to create direct bandgap GaP and thus overcome the inefficient light conversion

[137, 138]. A controlled engineering of the crystal structure can be achieved by

nanowire growth as discussed in Chapter 2. Zincblende is the naturally occurring

crystal structure for GaP [139] causing an indirect bandgap. The direct bandgap

of wurtzite GaP with an energy of around 2.13 eV (582 nm) at low temperatures

has been confirmed and investigated [52, 132, 136, 140].

While wurtzite GaP nanowires have received widespread attention based on their

prospects for visible optical devices, I principally focus on their application as a

template to achieve direct bandgap SiGe which may revolutionise silicon technology.

If SiGe is grown around the wurtzite GaP nanowires, the shell adapts to the crystal

structure of the core and develops a direct bandgap [45, 53]. A deeper insight into

growth and properties of direct bandgap SiGe will be given in Chapter 6. In this

61



62 5.2. Sample preparation

chapter, I will focus purely on wurtzite GaP nanowires to get a better understanding

of their growth, defects, surface defects and their influence on material properties.

This knowledge is important for the use of GaP nanowires as templates for hexagonal

shells because the dimensions and quality of the template will determine the quality

of the SiGe shell which inherits the defects of the core [45, 141].

THz spectroscopy is used to analyse and discuss degradation of GaP nanowires

and the influence of the precursor’s ratio on defect density and lifetime. Further-

more, the growth of these samples will be compared to the two-step core-clad

growth method with which GaP nanowires are initially grown axially followed by

radial growth, and thus enabling the growth of nanowires with a diverse range

of different diameters.

5.2 Sample preparation

All GaP nanowires discussed in this chapter were grown by Yizhen Ren in Professor

Erik Bakkers’ group at the University of Eindhoven in a low-pressure (50mbar) Aix-

tron close-coupled showerhead metalorganic vapour-phase epitaxy (CCS-MOVPE)

system using the selective area vapour-liquid-solid (SA-VLS) approach on 2 inch

GaP(111)B wafers. More details about the growth system MOVPE can be found

in Section 2.1.1.

The growth was achieved by patterning the GaP wafer, which was covered at

both sides by SiNx with nanosized holes. Subsequently, gold layers were deposited

via electron-beam evaporation, followed by a standard lift-off technique to remove

the gold outside the holes, thus leaving behind gold discs as the catalyst in the

selected areas. Two different series of GaP nanowire samples, which are listed in

detail in Table 5.1, were grown: a series of sample growth was performed where the

flux ratio of the group V to group III elements was varied and it is called single-step

series. The second series of samples has a constant V/III ratio of 12.2, but the

nanowire diameter is varied. It is called two-step series.

The single-step series consists of 6 master samples. Their diameter for all samples

was similar which is in the range of 130 nm to 150 nm, and their length varied
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Series name V/III ratio Diameter [nm] growth process
single-step 10.7 150 core
single-step 21.5 150 core
single-step 30.0 150 core
single-step 40.8 150 core
single-step 49.3 150 core
single-step 60.1 150 core
two-step 12.2 46 core-clad
two-step 12.2 142 core-clad
two-step 12.2 171 core-clad
two-step 12.2 175 core-clad
two-step 12.2 219 core-clad
two-step 12.2 233 core-clad
two-step 12.2 266 core-clad
two-step 12.2 298 core-clad

Table 5.1: Overview of the wurtzite GaP nanowire samples which are divided into two
series.

between 5 and 13µm. For the growth of this series, the holes, which were printed into

a 50 nm thick SiNx layer with nanoimprint lithography, had a diameter of 250 nm

and a pitch size of 2.5µm. Wurtzite phased GaP nanowires were grown at 600 °C

using gold discs of 16 nm as catalyst and phosphine (PH3) and trimethylgallium

(TMGa) as precursors. The flux ratio of PH3 to TMGa, the V/III ratio, was

changed from 10.7 to 60.1 for the different samples. Hydrogen chloride (HCl) was

used to prevent tapering of the nanowires because HCl acted as an in-situ etchant

and impeded radial growth [142]. Each master sample was broken into segments

to perform different measurement techniques on each fragment. I received two

pieces of each master sample. One set was directly sent to Oxford to perform THz

spectroscopy measurements on them. These samples were stored in a glovebox

(nitrogen environment; 5 parts per million (ppm) oxygen and water; 3 to 4 bar).

The second set was kept in Eindhoven for three months, stored in air, and some of

these nanowires were transferred onto a copper grid for TEM. Then the second set

was also sent to Oxford and subsequently stored in a nitrogen environment.

A two-step series of wurtzite GaP nanowires was then grown. Theoretically, the

size of the gold catalyst determines the diameter of the nanowire; thus it should be

possible to grow similar wires with different diameters by changing the size of the
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gold catalyst. However, as the supersaturation of the catalyst with precursors is

size-dependent, a larger gold catalyst increases the stacking fault density, if growth

parameters stay the same [143, 144]. In order to grow nanowires with different

diameters but same quality, the two-step core-clad growth procedure was developed

[145]. First, 50 nm holes with a pitch size of 2.5µm were put into the 20 nm thick

SiNx layer, covering the GaP substrate, by electron beam lithography. A 6 nm thick

gold disc acted as a catalyst, and PH3 and TMGa as precursors. Wurtzite GaP

cores of 50 nm were grown at 600 °C with a V/III ratio of 12.2. Afterwards the

parameters were changed to 615°C and a V/III ratio of 162.5. Then wurtzite GaP

shells were grown around the cores. Eight samples were produced with a length

of about 9µm and diameters ranging from 46nm to 298 nm. However, uniform

diameters could not be easily achieved and the distribution varied for each sample

significantly. The standard deviation of the nanowire diameters even reached up to

30 nm. The sample with a diameter of 46 nm was grown differently than the other

samples because it had already reached the desired diameter after core growth.

Both the single-step and the two-step series consist of non-tapered GaP nanowires

with similar geometry. However, the differences in growth have a significant effect

on the unintentional doping in the two different series of GaP nanowires — as

can be seen in the work of Perea et al. [71]. They fabricated Ge nanowires with

phosphorus doping in a chemical vapour deposition (CVD) system in two steps.

First, the core was grown with a gold droplet as catalyst via the VLS method. This

means that the crystal grows at the liquid-solid interface from the Ge enriched

catalyst. Afterwards, a shell made of the same material was radially grown through

catalyst-free gaseous solid surface growth. Due to the different growth mechanisms,

the dopant concentration was 6 orders of magnitude higher for the shell than for

the core, while the precursor flow ratios stayed constant. The same effect was also

observed for unintentional carbon doping using MOVPE systems [72, 146]. The

same also happened to the two-step series of GaP nanowires studied in this thesis.

Sebastian Kölling from Professor Erik Bakkers’ group performed atom probe

tomography (APT) on a 150 nm thick GaP nanowire grown with core-shell structure
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and determined high unintentional carbon doping of 400 ppm to 500 ppm averaged

over the whole wire. Due to an increased doping insertion during radial growth,

it can be assumed that this value would be much higher than the average over

the whole GaP nanowire. This assumption will be confirmed in the following by

THz spectroscopy measurements, for which each sample was transferred onto a

parylene-coated quartz, which is transparent to THz radiation [129].

5.3 OPTP setup optimisation for GaP nanowires

OPTP spectroscopy is a non-contact method to extract the electrical properties of

semiconducting samples, such as photoconductivity lifetime, momentum scattering

and charge-carrier mobility. A detailed discussion about the setup and principles of

THz spectroscopy is given in Section 3.1. The OPTP system needs to be adjusted

and optimised for each type of samples, in order to achieve a high signal intensity and

signal-to-noise ratio. The experimental details and changes of the setup specifically

for GaP nanowires will be explained in the following.

A laser amplifier with a centre wavelength of 800 nm (1.55 eV) and a pulse

duration of 35 fs was used to perform measurements under vacuum at room

temperature. The beam path was split into three different paths: one to create the

THz radiation by interaction with a spintronic emitter, one to detect the THz pulse

after transition through the sample, and one to optically excite the nanowire sample.

The energy of the photons (1.55 eV), which were used to optically excite the

sample, is lower than the direct bandgap of wurtzite GaP nanowires (Egap(4K) =

2.2 eV [132]). Therefore, a beta barium borate (BBO) crystal is used to double the

frequency of the excitation photons to 400 nm (3.10 eV). The excitation fluence was

varied through a neutral density filter wheel (8 to 63µJ cm−2).

In Figure 5.1a, a photoconductivity decay of the GaP nanowire sample, which

belongs to the single-step series with a V/III ratio of 10.7, is shown at a fluence

of 35µJ cm−2. A (110) GaP crystal (200µm thick) was used to detect the THz

radiation after transmission through the sample. The measurement is the average

over 10 scans with each 60,000 boxcar averages. Despite the averaging and long
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Figure 5.1: Photoconductivity decays for the same sample (GaP with V/III = 10.7) (a)
before and after (b) optimising the THz spectroscopy setup for GaP nanowire samples.
The signal intensity, signal-to-noise ratio and scanning time were improved due to a
different detection crystal.

measurement times of over 10 hours, the signal intensity and the signal-to-noise

ratio is small, increasing the error for extracting photoconductivity lifetimes.

To optimise the scanning parameters for these samples, different approaches

were considered. First, the fluence was increased by decreasing the area of the

pump beam on the sample. Second, the (110) GaP detection crystal (200µm

thick) was replaced by a (110) ZnTe crystal (1mm thick). Using a thick ZnTe

as a detection crystal yields a higher signal than GaP, but reduces the detectable

bandwidth of the THz pulse [122, 123].

The improvement due to the 1mm (110) ZnTe crystal can be seen in Figure

5.1b. The excitation fluence was tunable from 8 up to 63µJ cm−2. With the

optimised THz system only 5 scans with 10,000 boxcar averages were taken, thus

one measurement was completed within 40 minutes.

5.4 Degradation of GaP nanowires

After optimisation of the OPTP system for GaP nanowires, it also needs to be

ensured that the samples are not damaged during OPTP spectroscopy or storage,

and thus the quality of the measurement is not reduced.
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Figure 5.2: Comparison of two spectra from wurtzite GaP nanowires at 13µJ cm−2,
which were taken 27 hours apart from each other and show no significant degradation
despite continuous excitation.

During OPTP spectroscopy

In order to identify damages caused by the high excitation fluences of the pump

pulse during OPTP spectroscopy, long measurements were performed on the GaP

nanowires with a diameter of 298 nm and a V/III ratio of 12.2. Two spectra at a

fluence of 13µJ cm−2 are compared to each other in Figure 5.2. The first scan was

taken at the beginning and the second one 27 hours afterwards. The sample was

being measured and excited at different fluences, which varied from 8 to 63µJ cm−2,

for 21 out of the 27 hours. A six hour break from optically pumping this sample

was taken in the middle of the 27 h. The two photoconductivity decays measured

at different times are very similar. The intensity of the second measurement is

slightly lower than the first measurement, but this can be attributed to normal

fluctuations of THz signal and heating of the sample over time. The signal intensity

will recover with time, as it has been observed for other samples before. Therefore,

it can be assumed that the measurements with the OPTP setup does not cause

any long-term damage on the GaP samples.

During storage

Multiple measurements were performed before and after optimisation of the OPTP

system, which is described in Section 5.3, on GaP nanowires. However, they cannot

be compared qualitatively to each other because the samples degraded during storage.

Therefore, the degradation and its dependence on storage is investigated in the
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Figure 5.3: Sample degradation of GaP nanowires with different V/III ratios between
two sets of measurements, which were 3 weeks apart with samples stored under a nitrogen
environment. The first set (bright green) was taken at 35µJ cm−2, while the second
one (dark green) had a fluence of 63µJ cm−2. The samples were stored under nitrogen
environment and measured under vacuum.

following section on the base of the wurtzite GaP nanowire samples from the single-

step series by analysing their photoconductivity lifetimes with OPTP spectroscopy.

The photoconductivity decay at the highest fluence of 35µJ cm−2 was taken

from each of the six GaP samples with varying V/III ratio. Each scan was fitted

by a monoexponential decay equation, thus extracting the sample’s lifetime. The

results are given in Figure 5.3 (bright green dots). After storing the samples for

three weeks under nitrogen environment, the second set of THz measurements

was performed. The spectra at a fluence of 63µJ cm−2 were taken and fitted

monoexponentially (dark green dots).

The first-time measurements (bright green) show that the photoconductivity

lifetime reaches a maximum lifetime of 398 ps around V/III = 30.0. The lifetimes

extracted from the second-time measurements (dark green) do not follow the same

trend. GaP nanowires with V/III = 40.8 have a maximum lifetime of 187 ps. The

measurements were performed with doubled excitation fluence, for which it is

expected to see higher lifetimes due to trap saturation when using higher excitation

powers [112]. However, the lifetimes decreased by up to 2.5 times, indicating a strong

degradation. The drop of lifetimes suggests that the samples degraded, but to a

different degree for each sample. To verify the influence of the storage, a second set of

the same single-step series which was stored differently to the first set was measured.
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Figure 5.4: Lifetime degradation of GaP nanowires grown with different V/III ratios:
bright green dots represent the lifetimes obtained from the first measurements of the first
set of the single-step series. Dark green dots stand for the lifetimes extracted from the
second series of measurements three weeks after storing them under nitrogen atmosphere.
The purple circles show the lifetimes of measurements on a second set of fragments from
the same series. These samples were stored a few months in air and then in nitrogen. The
samples degrade in nitrogen, but not in an air environment.

The photoconductivity lifetimes extracted from three series of measurements

for different V/III ratios are compared in Figure 5.4. The excitation fluence was

35±2µJ cm−2 and the measurements were performed at different times. The first

(light green dots) and second (dark green dots) series of scans were taken from

the first sample set, which had been stored under nitrogen environment. There

was a time difference between three weeks between those sets of measurements.

The third series (purple circles) was performed on the second sample set, which

had been stored in air for three months and under nitrogen for six months, 10

months after the other set of samples. The first series of scans were used as

benchmark for the following sets of measurements. Storing the samples under

nitrogen environment decreased the lifetimes of the sample up to 3 times. The

degradation of the sample stored in air only shows a degradation of up to 1.5 times

for some samples. Other samples have a longer lifetime than the measurements

on the first set of samples, taken soon after growth.

These observations suggest that the nitrogen environment has a different effect

on GaP nanowires than air. Apparently, the molecules in the atmosphere, such

as oxygen and water, seem to improve the performance of the nanowire samples,

but the degree varies for each sample. The dependence could be attributed to a
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reaction, which depends on the V/III ratio of GaP nanowires. It could be that

a protective, native oxide layer is built around the nanowires in air [147]. This

would not be possible in the nitrogen atmosphere of the glovebox because there

are only 5 ppm of oxygen and water. However, the passivation layer could have

still been created during the transport when the samples were exposed to air.

Consequently, a passivation layer cannot explain the degradation while stored in

a nitrogen-filled glovebox. The degradation cannot only be due to the nitrogen,

but also due to contamination in the glovebox which is also used to store other

samples and connected to an evaporator for perovskites.

In conclusion, it appears that storing GaP nanowires under atmosphere is

beneficial for them and can even increase the photoconductivity lifetime of samples

with certain V/III ratios. In contrast, a nitrogen environment in a possibly

contaminated glovebox seems to be detrimental for the electrical properties of

GaP nanowires.

5.5 Correlation of lifetime and growth parame-
ters

To gain a better understanding of the influence of stacking faults on nanowire

electrical properties, such as photoconductivity lifetime, six samples from the single-

step series with different precursor flow rates were characterised with transmission

electron microscopy (TEM) and THz spectroscopy. TEM was performed by Dr.

Marcel Verheijen from the University of Eindhoven.

All samples have uniform, high quality grown nanowires. However, the nanowires

have stacking faults, the density of which varies with the V/III ratio. The stacking

fault density was extracted from bright field TEM images. Examples of three

different samples are shown in Figure 5.5a, with V/III ratios of 10.7, 30.0, and

60.1, respectively. The dark half sphere at the end of the wires is the gold catalyst

and each black stripe perpendicular to the nanowire axis represent a stacking fault.

The defect densities — averaged over ten nanowires — for all six samples are given

in Figure 5.5b. GaP nanowires grown with a V/III flux ratio of 10.7 have the
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Figure 5.5: (a) TEM pictures of three GaP nanowires with different V/III ratios of 10.7,
30.0, 60.1. Each wire has a different defect density. (b) Defect density, extracted from
TEM pictures, plotted against the V/III ratio. The inset shows all values, even the outlier
at V/III = 10.7. (c) The lifetimes, which were extracted by a monoexponential fit from
photoconductivity decays taken with THz spectroscopy, also have a strong dependence
on the V/III ratio.

highest defect density of 42.2µm−1. The value is more than 12 times higher than

the density in any other sample. In general, the defect density depends strongly

on the V/III ratio and reaches a minimum of 0.3µm−1 for V/III = 30.0.

Furthermore, the V/III flux ratio appears to have a significant influence on the

nanowire lifetimes, which varies from 185 ps to 398 ps for the different samples, as

shown in Figure 5.5c. The photoconductivity lifetimes of wurtzite GaP nanowires

are much shorter than the lifetime of the zincblende GaP wafer, which is around

254 ns [140]. This disparity is caused by their different types of bandgaps: zincblende

GaP has an indirect bandgap, but wurtzite GaP has a direct bandgap. In a direct
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Figure 5.6: Photoconductivity lifetimes of nanowires with different V/III ratios ranging
from 10.7 to 60.1 are shown in relation to the inverse of their respective defect densities,
which were determined by TEM: the lifetime correlates with the inverse of the defect
density. The presence of fewer stacking faults results in longer lifetimes.

bandgap, electron and hole can recombine radiatively without the need of a phonon,

in order to conserve momentum. This changes the recombination from a three-

particle into a two-particle interaction and reduces the lifetimes [56, 78] (More

information can be found in Section 2.2.2).

Both defect density and photoconductivity lifetime seem to be dependent on the

V/III ratio during MOVPE growth. In order to determine a possible correlation

between these two parameters, the photoconductivity lifetime is plotted against the

inverse of the defect density in Figure 5.6. Each dot is colour-coded and represents

a different sample from the single-step series. All samples follow a monotonic trend.

When the defect density is high, the lifetime is short. The changes in lifetime due

to defects seem to saturate with very high (42.2µm−1) and very low (0.3µm−1)

stacking fault densities, while the lifetime is quite sensitive to small variations

around moderate defect densities (1.6µm−1-1µm−1). The saturation means that

the lifetime is dominated by some other effect at high stacking fault densities.

Figure 5.6 clearly demonstrates the dependence of lifetimes on the stacking fault

density. Furthermore, GaP nanowires fabricated with a V/III ratio of 30.0 can

be identified as the best candidate as template for lonsdaleite SiGe shells. They
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Figure 5.7: Significant disparity in fluence dependence and length of lifetimes for (a)
two-step series and (b) single-step series. (a) shows photoconductivity lifetimes, which
were extracted by a linear fit of the natural logarithm of the change in THz signal after
transmission. The samples from the two-step series have a V/III ratio of 12.2 and diameters
varying from 46 nm to 298 nm. The wires were grown in a two-step core-clad process, at
which a core of 50 nm is grown first with VLS and then a shell is added through radial
VS growth. (b) presents photoconductivity lifetimes, extracted with monoexponential fits
from photoconductivity decays. The series consists of GaP nanowires with V/III ratios
from 10.7 to 60.1 and a common diameter of 150 nm. All wires were grown in one step
with VLS growth.

have a minimal defect density of 0.3µm−1 and the longest photoconductivity

lifetime of 398 ps.

While the crystal quality of the samples discussed above is very high, Assali et

al. [132, 140] have demonstrated GaP nanowires with photoluminescence lifetimes

of about 0.8 ns. This value, which was determined with photoluminescence spec-

troscopy, is more than two times longer than the longest lifetime I have achieved

with my samples. To identify the reason for the difference in lifetimes and its

effect on GaP nanowires as templates, research on nanowires grown the same

way as in Assali’s papers [132, 140] has been performed. The results will be

discussed in the following section.

5.6 Improved lifetime due to a two-step growth
process

In this section I will use THz spectroscopy to investigate the photoconductivity

lifetimes of the wurtzite GaP nanowire two-step series and compare it with the
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single-step series.

The two-step series was created in the same growth reactor, with the same

precursors like the single-step series, but the growth and thus the nanowire properties

differ significantly. The GaP nanowires from the two-step series were fabricated in

two different steps: axial growth of a 50 nm GaP core, followed by radial growth

of the GaP shell. The V/III ratio was 12.2 and the total diameter varied between

46 and 298 nm. The lifetimes of these samples were extracted from their decays

taken with THz spectroscopy. The fluence-dependent lifetimes of all seven samples

of the two-step series are shown in Figure 5.7a. For comparison, the lifetimes of

the single-step series, whose samples were fabricated by axial growth in one step

with diameter of 150 nm and different V/III ratios in the range of 10.7 to 60.1,

are shown for different fluences in Figure 5.7b.

If the two graphs and the lifetimes of the two different GaP nanowire series

are compared, two things become apparent: the photoconductivity lifetimes of the

two-step series are around a factor of 10 higher than the photoconductivity lifetimes

of the single-step series, and the series’ fluence dependence shows opposite behaviour.

The samples grown in the two-step process have photoconductivity lifetimes, which

decrease with increasing fluence, while the lifetimes of the samples grown in one

step increase with rising fluences. The correlation of larger lifetimes with increasing

fluences is frequently seen in nanowire samples [86, 148, 149]. At low excitation,

the lifetime of carriers is usually limited by monomolecular recombination. The

electrons and holes are getting trapped in lattice vacancies or defects. At higher

fluences the amount of carriers is increased, but the number of traps is constant.

Therefore, traps get saturated and the lifetime increases [112, 148]. A decrease in

lifetime with increasing fluence usually happens when recombination starts to get

dominated by bimolecular recombination [84, 85]. As described in Section 2.2.3,

the recombination rates after excitation can be modelled by rate equation [84]:

dn

dt
= −k1n− k2n

2 − k3n
3, (5.1)
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where n stands for the charge-carrier density, k1 is the recombination rate coefficient

for monomolecular decay, k2 the recombination rate coefficient for bimolecular decay,

and k3 the recombination rate coefficient for Auger recombination, which can usually

be neglected until very high charge-carrier densities are reached. This equation

shows that bimolecular decay is dependent on the charge-carrier density by the

power of two. Therefore, the amount of bimolecular recombinations increases faster

than monomolecular decays with higher charge-carrier density. A more detailed

discussion about recombination mechanism can be found in Section 2.2.

A change of the dominating recombination process cannot explain the opposite

fluence dependence because the excitation fluences were similar for the measurements

of both series. Therefore, the disparate growth methods must be responsible for the

different behaviour. As mentioned in Section 5.2, more dopants are incorporated

during shell growth than during core growth. Unintentional carbon doping was

detected in GaP nanowires using atom probe tomography. High doping changes

the recombination equation (5.1) to:

dn

dt
= −(k1 − k2n0)n− k2n

2 − k3n
3. (5.2)

Where n0 represents the doping density. (The derivation from the normal rate

equation model to the doped one can be found in Section 2.2.2.) The monomolecular

recombination (k2n0) can also result in radiative decay and increase the radiative

efficiency, which also includes bimolecular recombination. The two-step series was

grown in two steps: first the core was grown and then the shell around. Therefore,

it has a higher doping than the single-step series which was grown as a single-

step process. Consequently, radiative recombination dominates for the two-step

series, and thus the lifetime decreases with increasing fluence, while non-radiative

monomolecular recombination dominates the single-step series.

Not only is the fluence dependence different for both series, but also the lifetimes

themselves. The lifetimes of the sample from the two-step series are significantly

longer than the ones of the sample from the single-step series. For a better

quantification of the difference, one sample from each of the two series are selected
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and compared. The two-step series is represented by the sample with a diameter

of 142 nm because this value is the closest to the fixed 150 nm diameter of the

V/III ratio series. From the single-step series the sample with a ratio of 10.7 is

taken because it is similar to the V/III ratio of 12.2 used in the two-step series.

Due to opposite correlations between fluence and lifetimes for the two series, the

highest lifetime across all fluences is taken for each sample. It is clear from Figure

5.7 though that the lifetimes of the two-step series are constantly higher than the

ones from the single-step series. The sample with 142 nm had a photoconductivity

lifetime of 1173 ps at 13µJ cm−2, while the maximum value for the sample with

a V/III ratio of 10.7 was 108 ps at 63µJ cm−2 fluence, although the material’s

morphology, crystallography, and elements are the same. The short lifetimes of

the single-step series could result from HCl gas, which was added during growth

to suppress tapering. It can create a chlorine passivation layer and affect the

surface [142, 150]. Due to the large surface-to-volume ratio the unwanted chlorine

passivation has a strong detrimental effect on the GaP nanowires. The two-step

series is not affected by it, because HCl is only used during core growth and the shell

growth prevents the formation of a chlorine compound on the surface. Therefore, the

photoconductivity decays of the samples grown by the two-step core-clad method

were not influenced by the added HCl.

After having discussed the two different growth processes for GaP nanowires, the

focus will now only be on the effect of diameter on the photoconductivity lifetime.

The lifetimes at 13µJ cm−2 are shown for different diameters in Figure 5.8. Except

for the outlier sample with 46 nm diameter (red dot), the lifetime decreases with

increasing nanowire diameter. This behaviour is not expected. Usually, the lifetime

increases with increasing diameter [125]. Due to their large surface-to-volume

ratio of nanowires, effects on the surface such as surface traps and defects play

a dominant role in nanowires. With increasing diameter, the surface-to-volume

ratio reduces, the surface effects are less prominent, and thus the lifetime normally

increases (see Section 3.1). These correlations depend on the material and its
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Figure 5.8: The photoconductivity lifetimes in relation to the diameter of GaP nanowires
for a fluence of 13 µJ cm−2 show a behaviour which is uncommon to these plots due to
unintentional doping. The red dot marks the outlier of the two-step series because it was
grown in one step. Each y-value was extracted by fitting an exponential decay to the
photoconductivity decays. These data corresponds to first column of points in Figure
5.7a.

sensitivity to surface defects, but the lifetime should always increase with increasing

diameter as long as no other effects interfere.

However, in the GaP nanowires from the two-step series an effect seems to

reverse this correlation: the lifetimes decrease linearly from 1170 ps for wires with

a diameter of 171 nm to 858 ps for the sample with 298 nm. The values do not

align to a straight line due to the variations of nanowire diameter within a sample.

Furthermore, the sample with a diameter of 46 nm is an outlier due to its different

growth technique. For the two-step series, a 50 nm core and then a shell was usually

grown until the planned thickness was reached. However, the 46 nm sample was only

fabricated in one step because its diameter is as big as the core alone. Therefore,

the lower lifetime for this sample could be attributed to an incomplete removal

of the chlorine layer, which has detrimental effects on the nanowire properties as

discussed previously in this chapter. The different growth methods also affect the

unintentional doping density. The incorporation of dopants is higher during shell

than during core growth, as discussed in Section 2.1.4. Therefore, the doping density

of the sample with a 46 nm diameter is much smaller compared to the other samples

of the two-step series. They have at least a shell thickness of 90 nm.
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As a result, the doping density seems to affect the photoconductivity lifetimes

of the nanowires more than recombinations on the surfaces. Therefore, the

photoconductivity lifetime of the samples from the two-step series decreases with

increasing diameter.

5.7 Summary

In conclusion, wurtzite GaP nanowires with a direct bandgap were characterised

to obtain a better understanding of the template for the lonsdaleite SiGe shells.

Furthermore, the degradation of the wires during THz spectroscopy, and storage

under nitrogen environment and air was discussed. Additionally, the stacking fault

density was correlated with nanowire lifetime characterised by THz measurements.

When the defect density is lower, the lifetime is longer. The sample with a V/III

ratio of 30.0 was determined to be the best template because it has the lowest

defect density of 0.3µm−1 and the longest lifetime (398 ps). Unfortunately, these

nanowires have a chlorine passivation layer, which decreases the lifetimes. The

harmful passivation layer is likely removed if the two-step core-clad method is used

for nanowire fabrication. Therefore, this growth technique can be recommended

for the fabrication of GaP nanowires as template for the growth of a Si or SiGe

shell in lonsdaleite phase. Furthermore, the shell growth in the two-step process

causes a high doping density changing the fluence-dependent behaviour of the

lifetimes compared to the single-step series.
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Lonsdaleite phase Si and SiGe nanowires

6.1 Efficient silicon optoelectronic applications

"If an all-silicon laser could be created, it would revolutionize the design of super-

computers and lead to new types of optoelectronic devices" (Brian Libby) [151].

Silicon plays an important role in everybody’s life. Most of our current technology

is fabricated from silicon, which is abundant, cheap and one of the most researched

materials. Already in 1996 the price of one transistor was lower than for printing one

letter on paper [152]. The major drawback of silicon is its indirect bandgap [153].

This decreases the probability of radiative recombination, and thus the material is

very inefficient in optoelectronic devices. However, these are needed more than ever

to speed up computer performance and reduce power consumption [154, 155].

Much research has been performed on achieving a way to create efficient

optoelectronic devices based on existing silicon-based technology. There are five

different main approaches to create these devices:

Firstly, silicon can be doped with rare earths like erbium [156]. The localisation

of the electrons and holes around the impurity centres enables the carriers to

recombine without the need of a third particle. However, the doping concentration

is limited due to the solubility of the dopants [81].

79
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Secondly, quantum confinement can be used to increase the light emission

efficiency. It raises the energy levels and the wavefunction has a larger dispersion,

increasing the probability of radiative instead of non-radiative recombination.

Furthermore, the scattering at the adjacent borders can provide the momentum

needed for an indirect bandgap transition [81, 157, 158].

Quantum confinement is also important for the third option: to create an

efficient optoelectronic device made of porous silicon. This material shows strong

photoluminescence with a tunable absorption edge circa 0.5 eV above the silicon bulk

value. Compared to direct bandgap materials, the peak intensity is lower and the

lineshape broader due to size fluctuations of the porous material. However, the total

PL intensity is similar to the total PL intensity of III-V materials [81, 153, 159].

Fourthly, silicon can be alloyed with another element or compound to create

a direct bandgap. Optoelectronic devices made of III-V compounds have a high

radiative efficiency due to many having a direct bandgap and they would be a

good candidate. However, combining III-V and silicon as alloys or junctions can

be detrimental for the overall device. There is a polar-nonpolar mismatch and

the lattice constants are different for silicon and III-V compounds, causing defects

and dislocations, and thus enabling non-radiative decays and short circuits in

devices [81]. Furthermore, cross- and transfer-contamination between silicon and

the III-V semiconductor when fabricated within the same system can occur causing

defects and reducing the device performance. This increases the complexity of

fabrication and the device cost [96].

It is much more beneficial to alloy silicon with germanium, which is completely

miscible with silicon [160] and can be fabricated without cross-contamination at

high crystal quality. The electron mobility is increased by the covalent bonds

between silicon and germanium [96]. The absorption coefficient is increased, and

the effective mass reduced [81, 161]. Furthermore, SiGe alloys can be tailored in

composition for certain applications, such as detecting or emitting photons at 1.5µm

(0.8 eV), which is the optimum wavelength for optical fibres [151, 162]. However,

it remains an indirect bandgap material.
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The fifth option for efficient silicon devices is based on the engineering of the

band structure independent of uncontrollable factors like strain and impurities.

A direct bandgap in a silicon-based alloy, which can be easily integrated into

modern Si-based fabrication processes, is very promising for efficient optoelectronic

devices. Therefore, much theoretical work has been done on this special crystal

phase, but there is still a lack of experimental research. A direct bandgap has

not been experimentally proven so far.

In this chapter Si and SiGe grown in the lonsdaleite phase were investigated

by THz spectroscopy, with further analysis of their electrical properties and

bandgap information. The surface recombination velocity of lonsdaleite silicon

was characterised and evidence was found for a direct bandgap. This study aims

to create the first electrically driven direct bandgap SiGe nanowire laser, which

can be directly integrated onto a silicon chip.

6.2 The lonsdaleite phase

Lonsdaleite is a special crystal structure, also known as the hexagonal diamond

structure. It consists of two interpenetrating hexagonal close-packed lattices [60],

as shown in Section 2.1.3. Therefore, lonsdaleite silicon (germanium) is also called

hexagonal silicon (germanium).

In the 1960s lonsdaleite carbon was first found in meteorites. It was created

due to the high pressure and temperature, to which the meteorite was exposed to

[46, 47]. Other group IV materials were subsequently found to enable growth

in this crystal structure.

Silicon and germanium have many different crystal phases (e.g. diamond cubic

phase or the rhombohedral phase r8) [57, 63, 163, 164, 165, 166], but the lonsdaleite

phase is one of the most promising structures because it may create a direct

bandgap material in the fourth periodic group. The theoretically calculated band

structures of germanium and silicon grown in lonsdaleite phase instead of the cubic

phase are shown in Figure 6.1. For silicon, the energy gap decreases from 1.1 eV

to 0.95 eV, but it is still indirect [167, 168]. However, germanium is supposed
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to become a direct bandgap material [60]. By mixing lonsdaleite silicon and

germanium, a compound could be formed with a direct bandgap, whose energy

can even be tailored [49, 53, 54, 57, 169]. Cartoixá et al. predicted a direct

bandgap for SiGe with a germanium content of 35% or higher [170]. Furthermore,

Rödl et al. predicted that for a biaxial strain of more than 4% a direct bandgap

lonsdaleite silicon is possible [168].

Since the first natural lonsdaleite crystals were found in meteorites, many

different processes have been applied to artificially create silicon and germanium

in this phase. For example, a high pressure was applied to cubic silicon in a

diamond anvil cell, in order to achieve lonsdaleite crystals [171]. In another method

microcrystallites were deposited during laser ablation of SiO2 films [172]. Even

silicon nanowires have been grown in lonsdaleite structure with either the plasma-

assisted VLS method [173] or with VLS growth [174]. Some papers reported, boron

being added during fabrication to stimulate nanowire growth in the wurtzite phase

[175, 176]. However, all these methods create samples which are only partially

in lonsdaleite phase.

The fact that, especially in the beginning, lonsdaleite structures only existed

in micrometre-sized areas, made it hard to verify and distinguish the lonsdaleite

structure from other structures [177]. It was difficult to identify this crystal

phase with TEM diffraction patterns because the peaks which are supposedly

caused by lonsdaleite phase could also originate from defects in cubic silicon,

such as microtwins and nanotwins [45, 178]. Nemeth et al. even claimed that

lonsdaleite phase does not exist [179].

However, Hauge et al. [45] managed to fabricate silicon shell nanowires which are

uniformly in a stable lonsdaleite phase, by using a new growth technique, a crystal-

phase transfer method. Therefore they were able to unambiguously characterise the

lonsdaleite phase for silicon. Si and SiGe nanowires in the lonsdaleite phase grown

by this crystal-phase transfer method will be discussed in the following sections.
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Figure 6.2: Sketch of the fabrication process of lonsdaleite SiGe nanowires: (a) Substrate
preparation by patterning the GaP substrate covered by a SiNx layer with holes, and
by casting gold droplets as catalyst. (b) Fabrication of GaP nanowire template with
two-step core-clad growth. (c) Removal of gold catalyst by wet etching. (d) VS growth of
Si0.86Ge0.14 shell as a thin buffer layer to decrease lattice mismatch between GaP and Ge.
(e) Growth of SiGe shell in lonsdaleite phase.

6.3 Fabrication of Si and SiGe in the lonsdaleite
phase

All samples in this chapter were fabricated by Yizhen Ren in Professor Erik Bakkers’

group at the University of Eindhoven using a low-pressure (50mbar) Aixtron CCS-

MOVPE. Growing Si and SiGe nanowires in lonsdaleite phase requires many steps,

which are discussed in the following based on Figure 6.2. These materials can only

be prepared when grown around a template in the hexagonal crystal structure. In
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this case wurtzite GaP nanowires, which were discussed in Chapter 5, were chosen

because the lattice constants of GaP and Si match [180, 181]. These heterostructured

nanowires could generally be named GaP/Si(Ge) core-shell nanowires. However,

the GaP core is only a template. For simplicity they are called Si or SiGe nanowires

without mentioning the GaP core specifically, and every time when the lonsdaleite

materials are discussed this refers to the shell, not the whole nanowire.

In the case of SiGe nanowires, a GaP(111)B wafer was first prepared as substrate

(Figure 6.2a. It was covered with 50 nm SiNx to prevent diffusion of the phosphor

into the wires. Holes with a diameter of 250 nm and a pitch of 500 nm were created

via nanoimprinting. The holes were filled with a gold layer, which acts as catalyst

later. Secondly, (Figure 6.2b GaP nanowires in the wurtzite phase with a V/III

ratio of 21.5 were grown with the two-step core-clad procedure until they reached a

diameter of 190 nm. More details about GaP growth can be found in Section 5.2.

After the gold catalyst had been removed by wet etching (diluted KI/I2 solution),

the sample was loaded into the CCS-MOVPE again and a 14 nm thick Si0.86Ge0.14

layer was grown around the wurtzite GaP core, adopting its crystal structure (Figure

6.2d). In a final step, (Figure 6.2e), the SiGe alloy in the lonsdaleite phase was

grown using disilane (Si2H6) and germane (GeH4) as precursors. The interlayer

between the GaP core and Si1-xGex acts as a sacrificial buffer layer to trap any

gallium or phosphor from the core. It also decreases the strain caused by the

different lattice constants of the target heterostructure. GaP was chosen as core

material because of its lattice match with silicon, but the lattice constants of GaP

and germanium are mismatched by 4% [180, 181]. Therefore, SiGe composites with

higher silicon content are easier to grow strain free.

For the Si thickness series no buffer layer was used. The GaP core has a diameter

of 135 nm and a length of 10µm. The Si shell, which was grown at 900 °C with

Si4H10 as precursor, varies from 23 nm to 260 nm. Two different sets of the same

series were grown. The fabrication steps are the same for both series, only the gold

catalyst removal process was improved for the second series because this step had

deteriorated the nanowire quality of the first silicon thickness series.
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Ge content [%] shell thickness [nm]
90 855
81 855
70 405
60 130
50 100
40 82

Table 6.1: Sample description of the Si1-xGex nanowire series: the germanium content
and the shell thickness are given for the six samples.

Studies on the crystal structure of the GaP core and on the uniform shell in

the lonsdaleite crystal phase can be found in reference [45] for the Si nanowires

and in reference [182] for the SiGe nanowires.

All core-shell nanowires were analysed and characterised under vacuum by THz

spectroscopy at room temperature. The samples were prepared by transferring the

wires onto a parylene-coated quartz disc, which is transparent for THz radiation

[129] and which increases the nanowire density due to their adhesion to the polymer.

The samples were excited by laser pulses (wavelength of 800 nm, 35 fs pulse duration),

and excitation fluence was varied between 34 µJ cm−2 and 1229µJ cm−2.

6.4 Lonsdaleite phase SiGe nanowires with dif-
ferent Ge contents

A series of Si1-xGex nanowires grown in the lonsdaleite phase around a GaP template

were investigated with THz spectroscopy, which was explained in Chapter 3. The

series consists of six samples with a germanium content between 90% and 40%.

Each sample has a 190 nm thick GaP core, but the SiGe shell in thickness varies,

as can be seen in Table 6.1. The total diameter is the sum of the core diameter

and of two times the shell thickness.

Photoconductivity decays were taken for each sample and their lifetimes were

extracted with a monoexponential fit. Figure 6.3a shows the fluence dependence

of the sample with Si0.19Ge0.81 nanowires on a semilogarithmic scale. The lifetime

increases significantly from 795 ps to 1498 ps when changing the excitation fluence
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Figure 6.3: (a) Photoconductivity decays of Si0.19Ge0.81 nanowires reveal trap saturation
for higher fluences. (b) The imaginary (red) and real part (blue) of the frequency-dependent
photoconductivity of Si0.5Ge0.5 nanowires at 676µJ cm−2 indicate a high doping density.
(c) Lifetimes, which were extracted at 676µJ cm−2 for SiGe wires with different germanium
contents, do not confirm the theoretically-predicted direct bandgap.

from 136µJ cm−2 to 676µJ cm−2. The lifetimes become longer with higher fluence

because the photoinjected charge-carrier density increases. Therefore, traps can

be saturated and more carriers recombine unaffected by traps. Consequently, the

significant changes in lifetime indicate a large number of traps.

Furthermore, a high doping density is found in the Si0.5Ge0.5 nanowires (Figure

6.3b. The THz photoconductivity spectra, measured at a fluence of 676µJ cm−2,

determines the frequency-dependent real (blue) and imaginary (red) parts of the

photoconductivity of nanowires. Theoretically, these data can be fitted with the

surface plasmon model to extract charge-carrier density, doping density, scattering
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time and mobility. The measured frequency-dependent photoconductivity spectrum

should show the plasma frequency ω0 =
√
g Ne2

ε0m∗ (see Equation 3.8). The plasma

frequency can be extracted from the graph by taking the frequency at the position

where the imaginary part of the photoconductivity becomes positive. However,

this plasma frequency in Figure 6.3b is beyond the observable spectral range of

3THz. The bending of the imaginary part towards the positive range is not even

noticeable. The spectrum looks more like a "scissor" than the expected shape for a

typical semiconducting nanowire, which is shown in Section 3.1 Figure 3.7. The

"scissor"-like shape of photoconductivity likely originates from a very high doping

density in Si1-xGex . Despite the high density of dopant, defects and traps, it should

still be possible to see indications for a direct bandgap in this series.

Theoretically, hexagonal Si1-xGex could become a direct bandgap if the germa-

nium content exceeds a certain threshold. This threshold has not been experimentally

determined so far and theoretical calculations have predicted different values.

In order to extract the threshold between indirect and direct bandgap materials,

the lifetimes of the Si1-xGex series were plotted against the germanium content at

676µJ cm−2, as can be seen in Figure 6.3c. Lifetimes for direct bandgap materials

are shorter than for the same material with an indirect bandgap [140] because a third

particle is involved to conserve the law of momentum for radiative recombinations.

Therefore, a decrease in photoconductivity lifetime with rising germanium content

is expected. In my experiments, it is found that Si1-xGex nanowires with germanium

contents between 40% and 70% have short lifetimes between 421 ps and 638 ps,

while the lifetimes of the samples with 81% and 90% Ge (1498 ps and 1264 ps,

respectively) are three times longer.

There are several different reasons which could explain why these observations

contradict theoretical calculations. For example, the nanowires may not have been

grown uniformly in the lonsdaleite phase resulting in an indirect bandgap for all

germanium contents. It is also possible that the higher lifetimes for the samples

with 81% and 90% germanium content indicate that another unknown effect is

prominent. This effect could, for example, be the different nanowire diameters
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for each sample because this is the only parameter, except for the germanium

content, which changes significantly. Si1-xGex nanowires with 81% and 90% Ge

have the largest Si shell of 855 nm, while for the other samples, the shells decrease

from 405 nm to 82 nm. Nanowires have a large surface-to-volume ratio. So the

surface with its defects and traps largely affects the lifetime. When the nanowire

diameter is smaller, the surface-to-volume ratio is bigger, resulting in a shorter

lifetime compared to the same nanowires with bigger diameters.

Therefore, the direct bandgap of hexagonal SiGe could not be proven with the

current data, but further steps have been taken. Firstly, the THz setup was upgraded

to achieve a longer bandwidth. Secondly, the growth of lonsdaleite phase nanowires

was improved to enable the fabrication of a more homogeneous series of nanowires

with reduced unintentional doping. Therefore, THz spectroscopy was performed

on lonsdaleite phase silicon to understand the correlations between growth and

nanowire performance better and to analyse their optoelectronic properties.

6.5 Defects and their influence on electrical prop-
erties in lonsdaleite Si

Ideally, silicon in the lonsdaleite phase can be grown strain-free around the wurtzite

GaP template, because the lattice constants are matched. However, the nanowire

surface is not uniform and smooth, thus side nanowires grow from it (called parasitic

growth). To get a better understanding of these highly defective lonsdaleite

Si nanowires, the effect of different morphologies are investigated using THz

spectroscopy. Three hexagonal Si nanowire samples were grown with the same

recipe in the same MOVPE system. They all had the same silicon shell thickness of

70 nm around a 135 nm wurtzite GaP core. Despite the same fabrication method,

the quality of the samples varied significantly: the sample called H05673 showed

barely any sign of parasitic growth, while H05679 showed more, and the third

sample H05677 was a branched nanowire sample. The discrepancy in quality can

be seen in the SEM pictures, which were taken by Yizhen Ren at the University

of Eindhoven, in Figure 6.4a, 6.4c, and 6.4e. On the right of each picture, the
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Figure 6.4: The importance of morphology on nanowire properties is shown by three
nanowire samples with a 135 nm, wurtzite GaP core and a 70 nm silicon shell in lonsdaleite
phase. All samples were grown the same way. However, the morphology of each one of
them is quite different. (a) Sample H05673 consists of straight nanowires, with a small
amount of parasitic growth. (c) Sample H05679 displays more side nanowires and (e)
sample H05677 is dominated by parasitic growth. The photoconductivity decays are
always on the right of the corresponding SEM pictures, which were taken by Yizhen Ren.
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corresponding fluence-dependent photoconductivity decays characterised by THz

measurements can be seen (Figure 6.4b, 6.4d, and 6.4f). The parasitic growth

is caused by the residues of the gold droplet, which was used as catalyst for the

growth of the GaP core. The droplet is removed by wet-etching. However, some

gold residues seem to be left on the side facets of the GaP nanowires. Therefore,

the etching process and its lack of reproducibility appears to be the limiting factor

for controlled growth of lonsdaleite Si nanowires.

In THz spectroscopy measurements, the fluence was varied between 34µJ cm−2

and 340µJ cm−2 and the lifetimes were extracted by monoexponential fits. For

each of the three samples, the lifetimes increase for higher fluences because the

larger density of charge-carriers saturates traps. This is an indication of a high

density of defects.

Furthermore, the change of photoconductivity lifetime depending on the excita-

tion fluence varies for each sample indicating a different quantity and quality of traps

and defects. The sample with the lowest parasitic growth (H05673) has the highest

lifetime of 4.25 ns at 340µJ cm−2 due to its uniform morphology. The lifetime

decreases by 37% if the highest and the lowest fluence are compared. This change

is larger than the 25% for the sample with medium parasitic growth (H05679),

which has the shortest lifetime (1.69 ns at 340µJ cm−2) of all three samples. This is

usually an indication that this sample has the most defects. However, according

to the SEM pictures, the sample with the worst morphology is H05677. It has

the largest change of lifetime with a reduction of 40% between 340µJ cm−2 and

34µJ cm−2. The lifetime at 340µJ cm−2 is with 3.52 ns higher than that of sample

H05679, which has medium parasitic growth. The fact that the highest lifetime is

not correlated to the lowest fluence dependence could mean that not only parasitic

growth is different for the samples, but that they also have different amounts of

defects independent of the side nanowires.

In conclusion, it was shown that certain morphology is detrimental for efficient

long-lived nanowires. The best-grown sample has a 2.5 times higher lifetime,

than samples with abundant parasitic growth. However, defects, which appear
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Figure 6.5: Shell thickness-dependent lifetimes of the (a) first series of the hexagonal Si
thickness-dependent series and (b) the second series after wet-etching was improved to
reduce parasitic growth.

independently of the morphology can also be detrimental for the nanowires and

cause a strong fluence dependence of the lifetime.

6.6 Surface recombination of hexagonal silicon

In the following, the surface recombination velocity for lonsdaleite silicon nanowires is

studied. The surface recombination velocity quantifies the influence of the surface on

the recombination mechanism, and thus on the radiative and non-radiative lifetimes.

It is a material-dependent parameter, which is essential for device fabrication

because the semiconducting nanowires are more sensitive to the surface than bulk

semiconductors due to their high surface-to-volume ratio. The surface recombination

velocity S, which is discussed in Section 3.1.3, is correlated to the inverse of the

lifetime and the diameter of the nanowire (see Equation 3.4). Nanowires with a

large diameter have a longer lifetime than the same wires with a smaller diameter.

To extract the surface recombination velocity, which is defined in Section 3.1.3,

THz spectroscopy was performed on the lonsdaleite silicon nanowire thickness series.

From the fluence-dependent photoconductivity decays, lifetimes were extracted

by monoexponential fits. The results from the decays at around 320±5µJ cm−2

are shown in Figure 6.5a.
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The plot does not follow the expected trend for a thickness-dependent series.

The lifetime of most samples is around 1.3 ns. Only two samples show different

values. This is an indication that another effect is stronger than the influence

of the surface on the lifetime. Considering the SEM pictures of this series, the

photoconductivity lifetimes are likely dominated by defects caused by growth:

parasitic growth, stacking faults, and non-uniformity.

The Si nanowires with a shell thickness of 260 nm show a high photoconductivity

lifetime of 2.2 ns, having no parasitic growth but a high stacking fault density. The

sample with a 70 nm thick silicon shell has a photoconductivity lifetime of 2.7 ns,

twice as high as most other samples. Therefore, the growth for this sample was the

best out of the whole series. A closer look was taken at the growth of all samples to

determine the reason for the large difference in sample quality, despite all samples

were grown the same way, only with different shell thicknesses.

The factor limiting the sample quality was the wet-etching process of the gold

catalyst after fabrication of the GaP core, as discussed in Section 6.5. This process

was improved and the series was regrown. The lifetimes of the second series are shown

in Figure 6.5b. The quality of growth is significantly increased and the lifetimes

are up to three times higher than for the first series. Furthermore, the lifetimes are

dominated by surface recombination and the sample with the thickest silicon shell

(260 nm) has the longest lifetime of 5.6 ns. With decreasing shell thicknesses, the

lifetime decreases until it reaches a minimum for Si wires with a 100 nm thick shell.

Then the lifetime of the sample with a 70 nm hexagonal Si shell increases drastically

to 4.3 ns. Then it decreases again with declining thickness. Apparently, the three

samples with the thinnest shells are influenced by different effects than the other

samples. They will be discussed in detail in Section 6.7. Before this, the surface

recombination velocity for silicon in the lonsdaleite phase was determined using the

lifetimes of the three samples with shell thicknesses between 100 nm and 260 nm.

The photoconductivity decays of the samples with 260 nm, 130 nm and 100 nm

are compared to each other in Figure 6.6. In Figure 6.6a, the lifetime is seen to

decrease for thinner shells, so apparently the surface has a significant influence
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Figure 6.6: (a) Photoconductivity decays of Si shell nanowires with 260 nm (blue),
130 nm (brown), and 100 nm (green) shell around a 135 nm GaP core at a fluence of
138µJ cm−2. The lifetimes, extracted by monoexponentially fitting (black) the spectra,
are 2.10 ns, 1.69 ns, and 1.46 ns, respectively. (b) Plot of the inverse lifetime over the
inverse nanowire diameter determines the surface recombination velocity of 3.5 ×103

cm/s.

on the nanowire lifetime. The surface recombination velocity is extracted by

plotting the inverse lifetime against the inverse nanowire diameter. Then the

plot is fitted using a linear function, the slope of which is four times the surface

recombination velocity. The surface recombination velocity was determined to be

3.5 ± 6.7 × 103 cm/s using Equation 3.4.

This value is of the same order of magnitude as the silicon nanowires in

diamond-cubic structure, whose surface recombination velocity is between 1.1

and 1.7× 103 cm/s [183]. Apparently, the crystal phase does not alter the surface

recombination velocity heavily. However, silicon has a 20 times higher surface

recombination velocity than InP nanowires (170 cm/s), which are not nearly as

much affected by surface defects [125]. Therefore, surface treatment needs to be

considered for device fabrication of lonsdaleite Si nanowires. For instance, the

influence of the surface could be reduced by passivation with capping layer growth,

which has already been proven effective [104, 184].
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Figure 6.7: Photoconductivity decays of hexagonal silicon nanowires with a 23 nm shell.
The scans were globally fitted and coefficients for the rate equation model were extracted.
The coefficient for bimolecular decay k2 indicates a direct bandgap.

6.7 Silicon as direct bandgap material?

I will now discuss silicon nanowires in the lonsdaleite phase, of which THz mea-

surements indicate a direct bandgap for the first time. A direct bandgap is not

expected for hexagonal Si because theory predicts an indirect, but smaller bandgap

than cubic silicon. However, three samples showed indications for a direct bandgap

— lonsdaleite silicon nanowires from the optimised thickness series with diameters of

23 nm, 50 nm, and 70 nm, respectively. Their lifetimes in comparison to the other

samples have already been discussed in general in Section 6.6. In the following the

focus will be on the sample with a shell of 23 nm because it shows the strongest

indication of a direct bandgap.

Photoconductivity decays

Photoconductivity decays of this sample are recorded using laser fluences varying

from 68µJ cm−2 to 1229µJ cm−2. They are plotted in Figure 6.7. The shapes of
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the decays alter significantly with fluence. For the lowest fluence, the decay appears

to be nearly horizontal, while for the highest fluence the slope is very steep. This

kind of behaviour is an indication for a direct bandgap and has been seen before,

for example in metal halide perovskites semiconductors [84, 85].

The same experiment was also performed on pure GaP nanowires as control. No

signal could be obtained with the same setup parameters as for the measurements

with GaP-core Si-shell nanowires. The wavelength of the pump pulse had to be

changed from 800 nm to 400 nm by frequency doubling, before a signal could be

obtained from the GaP nanowire sample. Therefore, I conclude that the GaP core

had no influence on the measurements performed on hexagonal silicon.

A closer look at Figure 6.7 reveals that the photoconductivity decays measured

at higher fluences cross the decays measured at lower fluences at around 600 ps after

photoexcitation. Theoretically, these crossings should not be possible due to the

following reason:

The measurement at the higher fluence has a higher charge-carrier density in the

beginning. The density decreases exponentially. Therefore, the carriers of the

measurement at a higher fluence will be the same as the one at a lower fluence

at some point after photoexcitation. When the carrier densities of two different

measurements reach the same value, they should be governed by the same laws and

behave exactly the same. Therefore, no crossing of the scans should be possible.

However, a crossing of the scans can occur if the experimental settings are not

constant, if e.g. the refractive index of the sample changes at high fluences, thus

elongating optical path length of the THz pulse.

The signal from the nanowires was small because the active material was only

23 nm thick. To optimise the signal, the photoconductivity decay was not measured

at the maximum of the THz pulse, but at the maximum of the ∆T peak, which

gives the difference between the THz pulses with pump beam on and off. A timing

diagram with these values is depicted in Figure 3.8. However, the refractive index

changes for high fluences and carrier densities. Consequently, the optical path of

the THz beam passing through the sample increases and the THz pulse is measured
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by the gate beam at a different position. A more detailed discussion about this

phenomenon can be found in Section 3.1.3. The carrier density and signal are

significantly higher for the photoconductivity decays at higher fluences. Therefore,

the refractive index and the optical path of the THz pulse change more than for

scans at lower excitation power. This results in a shift of the pulse position, at which

the signal is measured, and thus in a crossing of the photoconductivity decays for

times larger than 600 ps. However, the change in refractive index does not explain

the uncommon behaviour of the hexagonal silicon sample with 23 nm shell thickness.

Interpretation

In this following section, I will discuss the recombination processes of the sample

with a 23 nm shell, which indicate a direct bandgap. The change from very long

lifetimes to very short lifetimes with increasing fluence is usually caused by a change

of the dominant recombination method. At low fluences and low carrier densities,

respectively, monomolecular recombination dominates, but this is displaced by

bimolecular decay at higher fluences and larger carrier densities. In most cases,

the lifetime increases with higher fluences due to trap saturation, as discussed in

section 6.5. It could be that the behaviour observed for hexagonal silicon with

small thicknesses has not be seen before, because the photoconductivity decays

were taken at a lower fluence than previous studies on nanowires. To exclude this

possibility, I took THz photoconductivity decays of InP nanowires, which have

a direct bandgap, at fluences up to 1229µJ cm−2. However, for this sample the

lifetimes stay constant with increasing fluence.

The strong decrease in lifetimes with increasing laser fluence has been seen before

in metal halide perovskites [85], whose lifetimes are dominated by bimolecular decay.

To verify if this recombination mechanism also dominates the hexagonal Si sample

— which would be a strong indication for a direct bandgap — the photoconductivity

decays were globally fitted with the rate equation:

dn

dt
= −k1n− k2n

2 − k3n
3, (6.1)
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Material bandgap k2 [cm3/s] Ref.
GaAs direct 7.2× 10−10 [185]
n-doped GaAs direct 3.5× 10−10 [186]
InAs/InAlAs NW direct 1.4× 10−10 [187]
InP NW ZB direct 2.0× 10−9 [188]
InP NW WZ direct 1.1× 10−8 [188]
SiC indirect 2.5× 10−15 [189]
Si indirect 1.1× 10−14 [190]
Si indirect 9.5× 10−15 [191]
crystalline Si indirect 4.7× 10−15 [192]

Table 6.2: Rate equation coefficients for different direct and indirect bandgap semicon-
ductors.

where n represents the charge-carrier density, k1 the recombination rate coefficient

for monomolecular decay, k2 that for bimolecular decay constant, and k3 that for

Auger recombination. A detailed discussion is given in Section 2.2. The fit was

only performed from the highest point of ∆T/T to 500 ps, in order to not be

influenced by the crossings of the scans.

The rate equation coefficients were determined to be

k1 = 2.6× 108 1/s

k2 = 2.2× 10−9 cm3/s

k3 = 4.1× 10−34 cm6/s.

The order of magnitude of the radiative recombination coefficient k2 is a strong

indication that the lonsdaleite silicon sample has a direct bandgap, as indeed the

comparison with other semiconductors in Table 6.2 shows.

Indirect bandgap materials like SiC or Si have a radiative recombination

coefficient at the order of 10−14 to 10−15 cm3/s, whereas k2 of direct bandgap

materials like InP or GaAs is of the order of 10−8 to 10−10 cm3/s. Therefore, the

lonsdaleite sample with 23 nm shell thickness seems to have a direct bandgap.

However, it still needs to be discussed why this sample is so different to the other

samples of the thickness-dependent Si series which are dominated by monomolecular

decay and trap saturation. Furthermore, hexagonal silicon is supposed to have an

indirect bandgap according to theoretical calculations.
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Rödl et al. calculated the lonsdaleite silicon bandgap under special circumstances,

and they concluded that the bandgap will become direct if a biaxial strain of 4%

or more is applied [168]. No strain was intentionally applied in my research, but

it could have been introduced during growth, since core-shell heterostructures are

more sensitive to strain than axial ones [141]. The strain could be stronger for a

thinner shell, while it could be released easier for a thicker one [193]. This would

explain why the sample with a 23 nm thick shell show strong signs of a direct

bandgap, while the samples with 50 nm and 70 nm show a similar, but less strong

trend at photoconductivity decays and the samples with diameters of 100 nm or

thicker do not show any indication of a direct bandgap.

While a direct bandgap would explain the behaviour of the sample in Figure

6.7, it eventually could have been also influenced by doping. A high enough doping

density also results in a strong decrease in lifetime, which can be mistaken for a

direct bandgap. As discussed in Section 2.2.3, a high doping density n0 would

change the radiative rate equation to

dn

dt
= −(k1 − k2n0)n− k2n

2 − k3n
3. (6.2)

The added factor represents a monomolecular decay, which depends on the doping

and the carrier density and can result in a radiative decay. A radiative monomolecu-

lar decay increases the fluence-dependent radiative efficiency, as discussed in Section

2.2.3. It can eventually cause or contribute to the observed behaviour.

Rianne Plantenga in Professor Erik Bakkers’ group at the University of Eind-

hoven demonstrated a high doping density for a different sample with a 130 nm

shell from the first thickness-dependent series with atom probe tomography. Figure

6.8 shows the content and doping level of the different elements of the Si/GaP

core-shell nanowire. A vertical line indicates the transition from GaP core to

Si shell. Throughout the whole wire doping due to carbon and oxygen atoms

can be observed. Furthermore, Ga and P atoms migrate from the core roughly

10 nm into the silicon shell.
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Figure 6.8: Atomic probe tomography on a hexagonal silicon nanowire with a shell
thickness of 130 nm from the unoptimised silicon series giving the content of the different
materials: the atoms from the GaP core also migrate into the Si shell causing a high
doping density for a few nanometres. Furthermore, there is a constant background doping
of carbon and oxygen.

I have also taken a THz photoconductivity spectrum of this sample and observed

the "scissor"-like shape that was seen for the high density hexagonal SiGe nanowires

whose measurement is shown in Figure 6.3. The photoconductivity spectrum scans

on other samples from the same silicon thickness series indicate a lower, but still

high doping density. The exact density cannot be determined due to the narrow

bandwidth of the THz radiation. It can thus be assumed that the sample with

a 23 nm thick shell from the second batch, which is characterised in this chapter,

has qualitatively, but not quantitatively the same doping as shown in Figure 6.8.

The migration of Ga and P atoms into the silicon shell would have a stronger

effect on the samples with thinner shells, because the overall doping density of

the entire shell would be higher. This could be another explanation for the strong

decrease in lifetime with fluence for the sample with a 23 nm shell and the less

strong correlation for Si NWs with 50 nm and 70 nm.

To verify, which theory — direct bandgap or doping — dominates the recombi-

nation, the photoconductivity decays were not only globally fitted by the (general)

rate equation, but also by the rate equation considering doping (6.2). However, in-

dependent of the rate equation applied to the decays, the bimolecular recombination

coefficient is of the same order of magnitude as other direct bandgap semiconductors’
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Figure 6.9: The same photoconductivity decays of the hexagonal silicon nanowires
sample with a 23 nm shell are globally fitted with rate equation 6.1 while (a) both the
bimolecular and Auger recombination rate coefficient and (b) no recombination rate
coefficient are fixed at literature values for silicon in cubic phase with indirect bandgap.
The fit in plot (b) coincides the best with the experimental data.

(see Table 6.2). In order to confirm the values for the recombination rate coefficients,

the photoconductivity decays were also fitted while k2, k3 or both had been fixed

with literature values [190, 194]. A comparison of different fits and their match

with the measured photoconductivity decays is given in Figure 6.9. However, these

forced global fits did not properly match the photoconductivity decays.

These calculations confirm that the bimolecular decay coefficient has the same

order of magnitude as the direct bandgap materials, and thus it is very likely that the

hexagonal silicon has a direct bandgap. Doping was considered as an explanation

for the photoconductivity decays, but doping generally does not influence the

bimolecular recombination coefficient by orders of magnitude. Lush et al. showed

that the bimolecular recombination coefficient only decreased from 3.5×10−10 cm3/s

to 1.8×10−10 cm3/s for doping densities of around 1.3×1017 cm−3 and 3.8×1018 cm−3

[186]. Therefore, it can be assumed that the dopants only support the decreasing

lifetimes with increasing fluences, if they decay radiatively, and not cause them.

Photoluminescence measurement

To confirm the direct bandgap, PL spectroscopy was performed on lonsdaleite Si

nanowires with a 23 nm shell, which were standing on the GaP substrate, as opposed

to the THz measurements, at which the nanowires were lying on parylene-coated
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Figure 6.10: Photoluminescence spectrum of hexagonal silicon nanowires with a 23 nm
shell at 5W/cm2 excitation power.

quartz. This sample fragment was from the same master sample as the nanowires

whose photoconductivity decays taken with THz spectroscopy were discussed in

this chapter. A 532 nm laser with a power density of 5W/cm2 excited the sample,

which was cooled down to 4.2 K in a cold finger cryostat. To reduce noise, a lock-in

amplifier, triggered by the signal from a chopper running at 3038Hz, was used for

data collection. The Fourier transform infrared spectrometer was used as a detector.

Any signal from the scattered laser in the GaP core was cut off by a 780 nm longpass

filter. More details about the setup can be found in Chapter 4.

As can be seen in Figure 6.10, the spectrum of the lonsdaleite Si nanowires with

23 nm thick shell exhibits a maximum peak at 1.4 eV. The FWHM of 300meV is

relatively broad. In comparison, the bandwidth of the InAs nanowires in Figure

7.4 is only a few tens of meV.

The peak at 1.4 eV is higher than the direct bandgap of 0.7 eV to 0.9 eV which

was predicted by Rödl et al. for lonsdaleite Si nanowires which are under a biaxial

strain of 4% [168]. However, the PL signal also does not overlap with the bandgap

calculated for unstrained, hexagonal silicon nanowires. The energy of their indirect

bandgap would be 0.95 eV and the one of the optically forbidden direct gap at

1.63 eV [168]. It could be possible that the optical transition is increased due to

quantum confinement in the 23 nm thin silicon shell and the PL signal originates
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from direct bandgap silicon. The strain on the shell is very likely not uniform

throughout all nanowires. This would explain the broad FWHM of the PL signal.

Conclusion

In summary, the photoconductivity decays of hexagonal silicon with a 23 nm

shell show strong indications for a direct bandgap. Theory predicted a direct

bandgap for hexagonal silicon with a biaxial strain of over 4% and the global fits

to the experimentally measured decays demonstrate a bimolecular recombination

coefficient, which is in same order of magnitude as direct bandgap semiconductors.

Dopants eventually cause radiative monomolecular decay, but this would only

increase the overall radiative efficiency and not change the bimolecular recombination

coefficient significantly. The photoluminescence spectrum does not support the

theoretical predicted bandgap, but it does also not negate a direct bandgap because

it does not fit to the bandgap of cubic or hexagonal silicon either. Therefore, it

can be assumed that the PL originates from the hexagonal silicon’s direct bandgap

which is shifted to a higher energy due to quantum confinement.

6.8 Summary

In this chapter different SiGe and Si nanowires in the lonsdaleite phase were studied

to increase the knowledge of growth, bandgaps, and nanowire properties. The SiGe

nanowires had a high doping and trap density. More research on a new generation

of improved samples is needed, in order to extract the necessary germanium content

for a direct bandgap. The importance of growth technique has also been shown

by correlating different morphologies of hexagonal silicon nanowire samples, which

were all grown under the same conditions, with their fluence-dependent lifetimes.

Furthermore, the etching of the gold catalyst was identified as the fabrication step

causing the differences in sample quality and the etching process was improved.

For the realisation of efficient nanowire devices, the surface of the nanowires needs

to be considered, because a high surface recombination velocity of 3.5× 103 cm/s

for hexagonal silicon was deduced from the photoconductivity decay measurements

of hexagonal silicon nanowires. Therefore, passivation of the samples would be
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beneficial for device performance. Furthermore, indications for a direct bandgap for

hexagonal, strained silicon were found. This could revolutionise current technology

and help developing efficient direct bandgap silicon, optoelectronic devices. However,

more research is still needed to confirm the presence of a direct bandgap and clarify

the conditions under which it appears.
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Light emission from InAs-based nanowires

7.1 Introduction to InAs NWs

InAs is an interesting material to study due to its electrical properties and direct

bandgap in the mid-infrared region. It has a high mobility, small effective mass,

and large g-factor [195]. In nanowire geometry it has the added advantages of low

reflectivity and enhanced absorption [39, 184]. This makes InAs nanowires highly

desirable for electrical and optical devices like transistors, mid-infrared detectors,

LEDs and lasers [3, 14, 34, 196, 197, 198, 199]. Furthermore, InAs has a larger Bohr

radius (40 nm) [200] than many other semiconductor materials enabling a strong

quantum confinement effect [201], which can increase the radiative recombination

rate [38]. If the dimensionality of the wire is reduced below the Bohr radius it

can be used for one-dimensional quantum confinement research and devices [91].

However, native surface defects, which can originate from vacancies, antisites,

and dangling bonds altering the lattice and band structure of the material [202],

usually hinder device applications. In InAs, the Fermi level is pinned above the

bandgap due to high energy defects and a narrow bandgap, creating an electron

accumulation layer at the surface [72]. This acts like n-doping. It is beneficial

for contacting the nanowires for devices or electrical measurements, because it

enables an Ohmic contact [195]. However, it can also decrease device performance

105
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under illumination and cause negative photoconductivity [203]. Additionally, the

optoelectronic conversion efficiency is reduced due to non-radiative recombination

channels at the surface [72].

In contrast to the new areas of hexagonal GaP, Si and SiGe, extensive studies

have been performed previously on InAs nanowires because of their superior electrical

properties, e.g. high carrier mobility. However, characterisation and optimisation of

their optical properties lag behind because many mid- or far-infrared semiconductors

have a poor quantum yield compared to materials with visible or ultraviolet bandgaps

[204]. Furthermore, spectroscopy in the mid-infrared range is more challenging

owing to the limited range of detectors and high atmospheric absorption of this

spectral range under ambient conditions [195].

These experimental obstacles were addressed with a home-built cryogenic mid-

infrared Fourier transform photoluminescence system, described in Chapter 4. The

effect of passivation on electrical and optical properties on two sets of InAs nanowires

was investigated. In the first set, InAs nanowires were grown via a MBE system

in the group of Professor Anna Fontcuberta i Morral at the École polytechnique

fédérale de Lausanne (EPFL). An arsenide shell was grown around the InAs core

before Al2O3 was deposited with an atomic layer deposition (ALD) system. The

second set is a comparison of pure-phase wurtzite and zincblende InAs nanowires

with diameters varying from 20 nm to 80 nm, grown via a MOVPE system at the

Australian National University (ANU) and coated with ALD Al2O3 by Dr. Hannah

Joyce from the University of Cambridge. Furthermore, I will explain the effect

of antimony doping of InAs nanowires on bandgap engineering. Finally, InAs

nanomembranes will be shown as a promising way to create advanced devices with

geometries inspired by nanowire-based devices.

7.2 InAs NW passivation

Nanowires have a high surface-to-volume ratio. Hence, charge trapping at surface

defects can be detrimental to device performance. To reduce the density of surface
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defects, different passivation methods have been tested. In the following, the most

promising ones for InAs nanowires will be discussed.

A high percentage of the surface defects of InAs nanowires are associated with

the native oxide that forms after InAs has been exposed to oxygen. Etching is one

way to remove the undesirable, often detrimental oxide shell. Unfortunately, this

not only removes the oxide, but also damages the surface of the InAs causing it to

roughen and create more defects [203, 205]. L’Vova et al. [206] managed to remove

the native oxide layer from InAs without etching by using an aqueous solution

of sodium sulphide (Na2S). The solution simultaneously forms a passivation layer

because the sulphur atoms bond to indium atoms.

In another chemical treatment, a self assembled monolayer (SAM) of organic

sulphide octadecylthiol (ODT) is formed as protective layer around the nanowires

due to the strong chemical bonds between the sulphur atoms and In and As

atoms. This method also allows a functionalisation of the surface. However, such

passivation is time limited as the SAM decreases under air exposure. Furthermore,

fabricating this layer is time consuming and needs an oxygen-free environment

and solutions [207].

A very efficient way to achieve effective passivation is the growth of a shell in

the same reactor, after nanowire growth has finished. Then the InAs wires are

protected before they have ever been exposed to air. Quite often InP is used as shell

for InAs nanowires [72, 184, 208, 209]. The valence and conduction bands of InAs

and InP build a type-I band alignment [208] helping to keep the charge-carriers

away from the surface. With this method, measurable photoluminescence at room

temperature has been achieved [184, 208]. The InP passivation does not only

enable room temperature emission, but also increases the PL quantum efficiency

by orders of magnitude. Jurczak et al. [184] have reported a tenfold improvement

of PL intensity at 300K, but only a fivefold improvement at 5K by adding an

InP passivation layer on InAs nanowires. Thermal effects were shown to have less

influence on passivated than on unpassivated InAs nanowires. Therefore, the ratio

of passivated to unpassivated photoluminescence intensity is temperature-dependent.
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With an InAsP shell the photoluminescence was even increased by a factor of 100

at 8K compared to the unpassivated InAs nanowires. However, there is a lattice

mismatch of up to 3.1% which can induce strain [208]. With careful engineering

and optimising of the InP shells, strain can be released or compensated.

Another passivation technique for InAs semiconductors avoiding strain uses

deposition of atomic layers of Al2O3. The advantages of this method are the

well-known and easy growth, prevention of oxidation and creation of a type-II

band alignment between InAs and Al2O3 [210]. Type-II band alignment at a

heterojunction spatially separates charge-carriers. For a long time it was challenging

either to remove or to prevent native oxides forming before the deposition without

roughening the surface. Changing the precursor to the metalorganic precursor

trimethylaluminium (TMA) works by removing the native oxide without etching

damage or inducing strain due to an oxidation-reduction reaction and creation

of a controlled aluminium oxide afterwards [211]. Timm et al. have shown that,

with this method, for only a 2 nm thick Al2O3 layer more than 90% of the native

arsenide oxides and up to 90% of the native In oxides are removed [212]. Due

to these advantages, this thesis concentrates on InAs nanowires passivated with

this technique.

7.2.1 MBE-grown InAs nanowires
7.2.1.1 Growth

The InAs nanowires shown in this section were grown by Dr. Heidi Potts in

Professor Anna Fontcuberta i Morral’s group at EPFL via a DCA P600 MBE

system on GaAs(111)B substrates covered with 4.5 nm of spin-coated silicon oxide.

The difference in bandgap between nanowires and substrate allows to distinguish the

photoluminescence signals from substrate and wire. Before growth, the substrate was

cleaned with buffered oxide etch (7:1) for 20 s and afterwards with a 1:10 solution

of 2% hydrogen-silsesquioxane and Methylisobutyl-ketone. Then the substrate

was loaded into the MBE and annealed in order to desorb contaminants. The

nanowires were grown catalyst-free at a temperature of 520 °C with an arsenic flux
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of 1.9× 10−6 Torr and an indium flux of 1.4× 10−7 Torr. After growth the sample

was cooled down to 100 °C under constant arsenic exposure.

When a sample was passivated with Al2O3, a 30 nm thick amorphous arsenic

capping layer was grown at a flux of circa 1 × 10−5 Torr for 30 minutes. This

shell should prevent the InAs nanowires from oxidising. Therefore, its growth

happened immediately after the nanowires had been grown and the substrate had

cooled to room temperature [69, 213]. Afterwards the samples were transported

and loaded into a high vacuum ALD chamber. Then the arsenic capping layer

was thermally desorbed by annealing at around 400 °C. For Al2O3 growth, the

wires were first exposed to a large dose of trimethylaluminium (TMA) and N2

purge. Then 10 nm Al2O3 was grown with TMA and H2O as precursors at a

substrate temperature of 270 °C [214].

In order to study the effect of this passivation, six samples — three passivated

with diameters of 105 nm, 123 nm, and 138 nm, and three unpassivated with 102 nm,

110 nm and 137 nm — have been grown. They are in zincblende crystal structure

with wurtzite inclusions. In the following, these samples will be referred to as

passivated and unpassivated samples with a small, medium, or thick diameter.

7.2.1.2 Passivation effect on optical and electrical properties

Potts et al. [69] have previously seen an improvement for Al2O3 passivated InAs

nanowire transistors over devices using unpassivated nanowires. The on-off ratio

increased, the subthreshold was higher and hysteresis was reduced. I will focus

on the same samples in the following, in order to investigate how the electrical

and optical properties are affected by the Al2O3 coating. The photoluminescence

measurements were performed by me. The THz measurements on the MBE-grown

InAs nanowires were performed by Dr. Jessica L. Boland and have been added to

show a comprehensive picture of this special passivation technique.

For the THz measurements the nanowires were transferred onto a quartz disc to

enable THz transmission [129]. Samples were excited by a 35 fs laser amplifier with

a centre wavelength of 800 nm. Fluences were varied from 7µJ cm−2 to 68µJ cm−2.
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Sample description Surf. lifetime (ps) Vol. lifetime (ps)
Pass. - small diam. (105 nm) 65 1008
Pass. - medium diam. (123 nm) 160 885
Pass. - thick diam. (138 nm) — 420
Unpass. - small diam. (102 nm) 92 421
Unpass. - medium diam. (110 nm) 116 490
Unpass. - thick diam. (137 nm) 201 646

Table 7.1: Overview of surface and volume lifetimes of passivated and unpassivated
MBE-grown InAs nanowires with different diameters.

All measurements were performed at room temperature under vacuum. More

information can be found in Section 3.1.

InAs nanowires are known to have a high surface recombination velocity

and are therefore very surface sensitive [125]. This was also confirmed by the

photoconductivity decays of the passivated and unpassivated InAs nanowire samples.

Furthermore, it was observed that the passivation layer did not improve the

electrical and optical properties of the InAs nanowires as assumed. Instead, the

results from the THz measurements, which are discussed in more detail in the

following, were inconclusive.

The photoconductivity lifetimes, which include non-radiative and radiative

recombination, show a biexponential decay in both passivated and unpassivated

InAs nanowires. The fast decay within the first 50 to 200 ps probably occurs due

to surface states. 150 ps after excitation, unpassivated nanowires can be fitted

monoexponentially. These fits are attributed to the bulk material of the nanowire.

Therefore, the rate constants of the two photoconductivity decays extracted from

each sample are referred to as the surface lifetime and the volume lifetime. The

volume lifetimes are determined to be 421 ps, 490 ps, and 646 ps for the samples with

thin (102 nm), medium (110 nm), and thick (137 nm) diameter. After passivation,

volume lifetimes change to 1080 ps, 885 ps, and 420 ps. A summary of the surface

and volume lifetimes can be found in Table 7.1. The passivation does not improve

the lifetime for every passivated sample. This inconsistency is also shown in Figure

7.1. Al2O3 passivation has quite a different effect on each sample. It deteriorates

the performance of the thick nanowires but improves performance for the sample
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a) b) c)

Figure 7.1: Comparison of the lifetimes of passivated and unpassivated InAs nanowires
with diameters of (a) 105 nm and 102 nm, (b) 123 nm and 110 nm, and (c) 138 nm and
137 nm, respectively. The samples were excited with 2.0W/cm2 power density. The
intensity is normed. Passivation has a different effect on each sample. Graph was made
by Dr. Jessica Boland.

with medium diameter. In case of the thin diameter samples, the passivated

nanowires have a faster decay than the unpassivated nanowires until 700 ps after

photoexcitation. Afterwards, the decay of the passivated sample is slower than

for the unpassivated one. Overall, passivation does not straight forwardly improve

or degrade the electrical properties of the wires.

Furthermore, photoluminescence spectroscopy was performed on the same

samples, but with the nanowires free standing on the GaAs substrate. The samples

were cooled down to 4K in a cold finger cryostat and continuously excited with a

532 nm laser at a power density varied between 5.2 and 0.7Wcm−2. The emitted

signal was measured with a Fourier transform infrared spectrometer using a KBr

beamsplitter. The InSb detector was connected to a lock-in amplifier referenced to

the excitation laser, which was chopped at 3331Hz, to reduce the noise. Further

details about the measurement and calibration can be found in Chapter 4.

From each of the passivated and unpassivated InAs nanowire samples a series of

measurements at different excitation fluences were taken. The first scan was
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Figure 7.2: Fluence (5.2W/cm2, 2.0W/cm2, 0.7W/cm2) dependent spectra of (a)
unpassivated and (b) passivated InAs nanowires with a diameter of 138 nm and 137 nm.
The passivated sample is degrading faster than the unpassivated one.

performed at the lowest excitation power density of 0.7Wcm−2, before being

increased to 2.0Wcm−2 and then to 5.2Wcm−2. In Figure 7.2 the fluence-dependent

spectra of the (a) unpassivated and (b) passivated InAs sample with thick diameter

are shown. The passivated sample show a strong photo-induced degradation for

higher fluences because the PL intensity decreases with rising fluence. The same

degradation trend is shown by the passivated sample with medium diameter, but

not by the passivated sample with small diameter, and the unpassivated nanowire

samples. Furthermore, all passivated samples show a 4 to 6meV shift to higher

energies of the maximum peak with increasing power, while for the unpassivated

samples, the peaks shift by 3 to 5meV to lower energies.

The PL spectra of the three passivated InAs samples with different diameters

are directly compared to their unpassivated ones in Figure 7.3. The unpassivated

samples emit around 0.41 eV (λ = 3.0µm). This value agrees with literature values

for zincblende InAs nanowires [195, 215]. Passivated samples emit at a higher

energy of around 0.45 eV (λ = 2.8µm). It is quite unlikely that the shift is caused

by quantum confinement, because the nanowire diameters are larger than the InAs

Bohr radius of 40 nm [200]. Koblmüller et al. have shown that the diameter of

zincblende InAs nanowires needs to be smaller than 100 nm to observe a confinement
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Figure 7.3: Normalised PL spectra for passivated and unpassivated InAs nanowires
with varying diameters. The passivation shifts the PL energy peak from 0.41 eV to around
0.45 eV.

Figure 7.4: (a) Integrated PL intensity and (b) FWHM of passivated and unpassivated
InAs nanowires with diameters varying from 102 nm to 138 nm. (a) indicates, that the PL
intensity depends on nanowire growth, not passivation. (b) shows a smaller distribution
of FWHM for samples with passivation.

effect [215]. A likely explanation for the shift in band gap is strain induced by the

Al2O3 passivation layer or the arsenic capping layer [201].

In general, passivation is supposed to increase PL efficiency by decreasing the

non-radiative decay at the surface and preventing band bending. Thereby, the

FWHM decreases and the PL intensity increases. However, the integrated PL

intensity for our samples seems to be independent of passivation. Passivated and

unpassivated InAs samples with the same diameter give similarly strong signals,

as can be seen in Figure 7.4a. The samples with the small diameters have a six
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Figure 7.5: Schematic diagram of the cross-section of InAs nanowire with (a) zincblende
and (b) wurtzite crystal structure. The stacking density of both atoms are different for
the two crystal structures, therefore a different amount of organic sulphide octadecylthiol
(yellow dots), which is meant to passivate the wire, can attach to the surface. Adapted
from Ref. [207].

times higher PL intensity than the others. This could have been caused by either

a less defective crystal structure or a higher nanowire density for these smaller

diameters. The Al2O3 passivation layer had an effect on the width of the PL

signal ( Figure 7.4b. The FWHM of the unpassivated samples vary significantly

between 28 and 47meV, while the passivated samples have a smaller distribution

of FWHM at around 31 to 34meV.

In summary, it has been shown that Al2O3 passivation of InAs nanowires did not

improve the performance of the samples as expected. Strain in the passivated samples

shifted the bandgap from 0.41 to 0.45 eV. The coating reduced the distribution

of the FWHM but had no help on the PL intensity. Furthermore, the lifetimes

extracted by OPTP spectroscopy were inconclusive.

7.2.2 Passivation dependence on crystal structure and sam-
ple geometry of MOVPE-grown InAs Nanowires

Because the Al2O3 shell used in the former section did not passivate the nanowire

surface well, a slightly altered recipe was instead applied for the ALD-deposited

Al2O3 shell of InAs nanowires, which were grown via MOVPE by Dr. Hannah
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Joyce (University of Cambridge). The effect of nanowire diameter and crystal

structure on the electrical and optical properties of InAs nanowires and on the

effectiveness of passivation were investigated.

Each crystal structure has a different band structure and ratio of surface atoms.

InAs usually grows in zincblende structure, but in nanowire it can also be grown

in wurtzite. A cross-section of both structures is shown in Figure 7.5. The ratio

of In and As atoms at the surface varies with the crystal structure and thus

influences the surface dependent properties. It also plays an important role for the

effect of passivation. Depending on the passivation method, either In or As has a

stronger bond with the passivation layer [207]. This affects the quality of passivation

considerably. Additionally, InAs zincblende and wurtzite have different bandgaps of

0.41 eV and 0.48 eV, respectively [38, 51, 215, 216]. For a high photoluminescence

efficiency wurtzite needs to be excited with photons having an energy larger than the

bandgap, and polarised perpendicular to the nanowire axis, whereas the zincblende

crystal structure is polarisation-independent [195]. Also the nanowire diameter

affects the optical properties. If the diameter is reduced, the polarisation dependence

becomes more prominent and the bandgap shifts to higher energies due to quantum

confinement [215]. Because diameter, crystal structure, and passivation are all

essential for the electrical and optical properties of InAs nanowires, many papers

have been published about these topics. But to my best knowledge, a comprehensive

study looking into the effects of these three nanowire parameters at the same time

with both electrical and optical measurements has not been done before.

7.2.2.1 Growth

The InAs nanowires discussed in the following section were grown on an InAs(111)B

wafer by Dr. Hannah Joyce (University of Cambridge) via a chemical process, not

a physical one like the wires discussed in Section 7.2.1. The substrate was treated

with a poly-L-lysine solution. This functionalisation enabled the deposition of gold

droplets acting as catalysts. The substrate was loaded into an AIXTRON 200/4

horizontal flow MOVPE reactor at the Australian National University and annealed
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at 600 °C under arsenide (AsH3) atmosphere. Afterwards the nanowires were grown

using AsH3 and trimethylindium (TMI) as precursors. The growth parameters were

adjusted to achieve pure-phase crystal structures [217].

The set of nanowires consists of ten different InAs nanowire samples: pure-phase

wurtzite structure with a diameter of 20 nm, 30 nm, 40 nm, 50 nm, 60 nm, 80 nm,

and pure-phase zincblende structure with 20 nm, 30 nm, 50 nm and 80 nm. One

piece of each sample was taken and passivated with a 90 nm thick Al2O3 shell.

The shell was deposited with a Cambridge NanoTech ALD system. TMA and

H2O were used as precursors. To distinguish between the InAs substrate and

the InAs nanowires, the wires were transferred onto z-cut quartz discs for both

PL and THz measurements. Most of the quartz discs were covered by a thin

parylene layer to increase adhesion [127].

7.2.2.2 Experiments and Results

The effect of crystal structure, NW diameter, and passivation on nanowires were

systematically studied. The experimental methods and obtained results will be

discussed in the following.

Influence of the substrate on PL spectroscopy

Photoluminescence spectroscopy was performed on the samples described above.

A 532 nm laser (power density of 6.6, 3.0 or 1.1Wcm−2 at the sample position)

excited the samples, which were cooled to 4.2K in a cold finger cryostat. A Fourier

transform infrared spectrometer was used as detector. A lock-in amplifier referenced

to a chopper, driven at 3038Hz, was used to reduce thermal noise. Further details

to the experimental setup and calibration are discussed in Chapter 4.

When executing the first PL measurements, I saw that not only were the

nanowires transferred onto the quartz disc, but also tiny pieces of InAs substrate,

which cannot be distinguished from nanowires by eye. This transfer method was used

for many different nanowire types and substrates and has not been reported before.

However, these InAs wafers seem to be very brittle, independently of the force used

to rub the wires onto the disc. Moving along the substrate for measurements, the
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Figure 7.6: (a) Spectrum of the InAs growth substrate for InAs nanowires at power
density 3.0Wcm−2. The multiple peaks can be assigned to free charge-carriers, bound
excitons, and dopants. The different recombination mechanisms are colour-coded. The
different transitions are depicted in the top right inset. (b) Spectrum of passivated InAs
pure-phase WZ nanowires with 50 nm diameter (grey). The dotted line shows the Gaussian
fit of the nanowire signal. InAs substrate pieces have been accidentally transferred with
the nanowires. Their contribution to the spectrum has been assigned and colour-coded
like in (a).

ratio of signal from substrate and wires varied. Therefore, the spectra show many

different peaks and each of them is assigned to either nanowire or the InAs substrate.

In order to distinguish between the peaks originating from the nanowires and

the growth substrate, PL spectroscopy was performed on the InAs substrate. This

spectrum at a power density of 3.0Wcm−2 is shown in Figure 7.6a. There are

four peaks due to different recombination mechanisms, which are also depicted in

the schematic diagram inset and discussed in Section 2.2. The peak position and
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origin were compared and verified with Tang’s paper on InAs photoluminescence

[218]. The shoulder at 0.415 eV (λ = 2.99µm) is caused by free charge-carriers —

electrons and holes which were created by the incoming laser power. The maximum

peak at 0.403 eV (λ = 3.08µm) is very close to this shoulder and is caused by

excitons — a quasiparticle of an electron and hole bound together. They are bound

together by the Coulomb interaction and therefore, their energy is slightly below the

recombination energy of free charge-carriers [219]. Besides, there are two low energy

peaks at 0.352 eV and 0.380 eV. They are caused by recombination via impurity

levels. This means that there are impurities or defects in the InAs material below

the bandgap which may originate from doping. The charge-carriers, created by

the laser pulse, can get trapped in the sub-bandgap states and then recombine

radiatively. The intensity and ratio of different peaks emitted from the substrate

alters with the position on the sample. For a lot of nanowire samples, the 0.38 eV

(λ = 3.26µm) peak originating from the InAs substrate pieces is the most dominant

peak. This suggests that the doping is not homogeneous through the whole wafer

and eventually more concentrated on the surface of the growth substrate.

Identifying all peaks associated with the substrate enables one to distinguish

between the signal from wafer pieces and the one from the nanowire samples. As an

example, a spectrum of InAs nanowires — pure-phase wurtzite, passivated, 50 nm

diameter - is shown in Figure 7.6b. The power density was 3.0Wcm−2. The nanowire

peak at 0.475 eV (λ = 2.610µm) is fitted with a Gaussian (dotted line) and shaded

in grey. Because the crystal phase is wurtzite, the nanowire peak can be clearly

distinguished from the wafer signal and each single peak was assigned and colour-

coded the same way as in Figure 7.6a. The peak intensity for free charge-carriers in

the InAs wafer here is higher than the intensity for bound excitons.

This is further discussed in Figure 7.7. The ratio of the different InAs substrate’s

peaks changes drastically for different power densities. At 1.1Wcm−2 recombination

of free excitons is dominant and radiative recombination of dopants and free charge-

carriers is only evident as a shoulder. The PL intensity increases for higher excitation

powers. However, the peak intensity associated with free charge-carriers rises much
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Figure 7.7: Laser fluence-dependent spectra show the Mott transition for InAs wafer. All
peaks are assigned to dopants, bound excitons and free charge-carriers. With increasing
fluence the intensity of the free charge-carriers rise faster than the intensity of the bound
excitons. The ratio of bound excitons to free charge-carriers can be seen in the inset top
right. The different spectra are shown with an offset.

faster than the one associated with bound excitons. The ratio of these two intensities

increases steeply from 0.29 to 1 for 1.1Wcm−2 and 6.6Wcm−2, respectively (see

insert Figure 7.7). This effect can be explained by the Mott transition [73, 220, 221].

Photons from the 532 nm laser give their energy to the semiconductor and enable the

electron to be excited from the valence to conduction band creating an electron-hole

pair. Because the laser energy is higher than the bandgap, the electron in the

valence band releases energy by non-radiative processes, such as phonon relaxation,

until it reaches the lower limit of the valence band. Electrons and holes are attracted

to each other due to Coulomb force and one electron and one hole build an exciton,

the binding energy of which is below the bandgap. For higher excitation powers

above the Mott transition, the number of charge-carriers increases, resulting in a

decrease of Coulomb force between the charge-carriers due to the screening effect.

Therefore, fewer excitons are generated and the number of free charge-carrier rises

faster than excitons [75, 222, 223].

Analysis of photoluminescence spectra

After the discussion on the photoluminescence from the substrate and the analysis of

the multiple peaks, I will now focus on discussing the signal emitted by the nanowires.

In Figure 7.8 a selection of spectra is given as an overview. The spectra are divided

according to their crystal structure and passivation: (a) zincblende and passivated,
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Figure 7.8: Spectra of InAs nanowires with 20 nm, 50 nm, and 80 nm diameter, which
are (a) pure-phase zincblende and passivated, (b) pure-phase wurtzite and passivated, (c)
pure-phase zincblende and unpassivated, (d) pure-phase wurtzite and unpassivated. In
(a), (c) and (d) quantum confinement causes a shift to higher energies with decreasing
diameter. Each spectrum was normalised to the nanowire peak and taken at a power
density of 3.0Wcm−2.

(b) wurtzite and passivated, (c) zincblende and unpassivated, (d) wurtzite and

unpassivated. In each graph a PL spectrum, which was normalised to the intensity

of the nanowire peak, is given for the diameter of 20 nm, 50 nm and 80 nm. There

is a difference of roughly 50meV between the different types of crystal structure.

Furthermore, the spectra shift to higher energies with decreasing diameter. This

could be attributed to quantum confinement, because diameters of 80 nm or smaller

are of the same magnitude as the 40 nm InAs Bohr radius. However, this diameter-

dependent shift cannot be observed for pure-phase, wurtzite passivated nanowires.
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Figure 7.9: Diameter-dependent (a) peak position and (b) peak intensity for different
types of InAs nanowires (passivated, unpassivated, pure-phase zincblende, and pure-phase
wurtzite crystal structure) at 3.0Wcm−2.

A closer look at the behaviour of peak position and intensity is taken in Figure 7.9.

Figure 7.9a shows the PL peak energy in relation to the nanowire diameter.

Each set of nanowires is colour-coded: blue for passivation, red for no passivation,

diamonds for wurtzite and circles for zincblende. The nanowires with zincblende

crystal structure, both passivated and unpassivated, show a strong quantum

confinement of 40meV for a diameter change from 80 to 20 nm. This values

fit quite well with the theoretical calculated bandgaps for InAs nanowires with

different diameters from Koblmüller et al. [215]. The nanowires with wurtzite

structure and no passivation also show a diameter dependence for the peak position,

but the difference is only 13meV. Therefore, it seems that the quantum confinement

effect is less strong for wurtzite than for zincblende structure.

Furthermore, Figure 7.9a shows that the passivated wurtzite InAs nanowires

do not follow the same trend as the unpassivated wires and zincblende passivated

NWs. Their bandgap seems to be fixed to 0.48 eV (λ = 2.58µm). For a nanowire

diameter of 20 nm, peak energies of unpassivated wurtzite nanowires are at 0.477 eV

(λ = 2.60µm) and if passivated at 0.480 eV (λ = 2.583µm). At 80 nm diameter,

there is 17meV difference between the unpassivated and passivated peak positions.

The effects of passivation on different crystal structures can arise from the altered
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ratio of In to As atoms on the surface, because these atoms’ bonds with Al2O3

differ from one another [207].

Two of the main advantages of passivation are improving the collected photocur-

rent in InAs nanowire detectors and obtaining a high electroluminescence yield

in InAs nanowire LEDs at room temperature. However, this is hard to measure

quantitatively with the current PL setup because it is an ensemble measurement

and the density on the quartz sample is not homogeneous. Therefore, an overall

trend in PL intensity is demonstrated. Figure 7.9b is a bar plot giving the peak

intensity for wurtzite, zincblende, passivated and unpassivated InAs nanowires

and comparing different diameters. In general, passivated samples have a higher

intensity than unpassivated samples with the same structure, the signal of which

was sometimes even not detectable. Furthermore, there seems to be a trend of

wurtzite samples emitting higher PL intensity than zincblende. PL scans on single

nanowires would be preferable to further investigate these samples.

For a better understanding of the processes which take place within the InAs

nanowires, a closer investigation of the fluence dependence of the nanowire PL is

needed. Figure 7.10 gives an overview of the (a) peak PL energy and (b) peak

intensity. Wires with wurtzite structures are depicted as diamonds, and zincblende

as circles, and each single sample has a different colour. Most samples show a shift

of a few meV towards higher photon energies. This is expected due to the Burstein-

Moss effect, which is described in Section 2.2.2. A larger excitation power creates a

higher population density for valence and conduction band. The charge-carriers have

higher energy states and therefore, photons with higher energies are created during

radiative recombination [224]. Two samples (unpassivated InAs nanowires with

wurtzite crystal structure of 50 nm diameter, and unpassivated wires with zincblende

crystal structure of 20 nm diameter) show a shift of less than 9meV to lower energies

with higher excitation energies. One reason for that could be lattice heating due to

the excitation power. Another one could be a lower signal intensity and increased

noise, making it harder to determine the peak position of the emitted signal.
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Figure 7.10: Fluence dependence of (a) peak position and (b) peak intensity for different
diameters, passivated, unpassivated, pure-phase zincblende, and pure-phase wurtzite InAs
nanowires.
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Figure 7.11: The boxplot shows different values of α for (a) InAs nanowires and (b)
InAs substrate. The red line in each box marks the median value and the box extends to
the 25% and 75% percentiles. The whiskers indicate the point which is furthest away and
not an outlier (+).

The peak intensities for the different samples vary by four orders of magnitude.

Therefore, Figure 7.10b shows the fluence-dependent intensity on a double logarith-

mic scale. Photoluminescence intensity I usually follows a power law dependence,

I = BFα, (7.1)

where F represents the excitation power, B a multiplication factor and α is the

exponent determining the type of recombination. Usually α = 1 indicates excitonic

emission and α = 2 bimolecular recombination [225].

Figure 7.10b shows that not every sample follows this equation. An overview

of the different α values is given in 7.11. In (a) the exponents are divided in
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different categories of nanowire samples: wurtzite structure — passivated, wurtzite

structure — unpassivated, zincblende structure — passivated, zincblende structure

— unpassivated. For comparison, α is also given for the InAs substrate pieces which

were transferred onto the quartz disc together with the wires (Figure 7.11b. The

different substrate peaks are distinguished because each of them develop differently

with fluence. This abundance of information is shown as a box plot for a better

understanding. The median α is depicted as a red line and the box includes 25% to

75% percentiles. The whiskers include all other values except the outlier, which is

indicated by a red cross. An outlier is a value for α which is more than 1.5 times the

box height away from either the bottom or top end of the box. Every value for α in

any category is below 1, indicating a reduction in efficiency converting incoming

laser photons into emission of photoluminescence. Furthermore, the median values

for unpassivated nanowire samples are higher than for passivated. But this effect is

less dominant for zincblende than for wurtzite, where it drops from 0.83 to 0.37.

For the InAs substrate the power law also shows sub-linear behaviour. The

values for the peak at 0.415 eV are quite widespread due to their fluence dependence.

As show in Figure 7.7, the free carrier density grows faster than the bound exciton

density once a threshold is exceeded. The disparity in values for the different peaks

are related to their corresponding different recombination mechanisms.

The sub-linear behaviour, which is observed for each NW sample and each peak

of the InAs substrate pieces, is caused by thermal heating of the sample. Peak

broadening could be another reason. In that case, the energy distribution of the

emitted photons broadens and the increase in emitted photons with excitation

power cannot be directly correlated with peak intensity.

Analysis of photoconductivity decays taken with OPTP spectroscopy

To gain knowledge about the time-dependent behaviour of InAs nanowires with dif-

ferent crystal structures, diameter and passivation, THz spectroscopy measurements

were performed on the same non-degraded NW samples that were studied using PL

spectroscopy. The photoconductivity decays were obtained by exciting the samples
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Figure 7.12: (a) Lifetimes and (b) surface recombination velocities for four different
groups of MOVPE-grown InAs NWs (WZ and passivated, WZ and unpassivated, ZB and
passivated, ZB and unpassivated). The data were taken by OPTP spectroscopy.

with a 35 fs pulse at 800 nm centre wavelength and a fluence between 7µJ cm−2 and

398µJ cm−2. More information about the OPTP setup can be found in Chapter 3.

The lifetimes were extracted from the photoconductivity decays, of which an

example is shown in Figure 3.5, by a monoexponential fit of the photoconductivity

decay measurement. A comparison of all InAs NW samples with different diameters

(20 nm-80 nm), crystal structures (WZ or ZB), and passivation (Al2O3 or none)

is given in Figure 7.12a. The substrate pieces have a much longer photocon-

ductivity lifetime than the InAs nanowires [226]. Therefore, their contribution

can be neglected.

The photoconductivity lifetimes increase with larger nanowire diameters due

to the lower surface-to-volume ratio, which is discussed in detail in Section 3.1.3.

Furthermore, the lifetimes of the unpassivated samples are generally longer than

their passivated counterparts. When nanowires are generally successfully passivated,

the lifetime usually increases because the nanowire surface is protected from dangling

bonds, uncontrolled oxidation, and defects. Instead for these InAs nanowires, the

passivated samples have significantly shorter lifetimes than the unpassivated samples.

This correlation originates from the band bending of InAs materials which was

discussed in Section 7.1. For the unpassivated InAs nanowires, the energy bands at

the surface are pinned above the Fermi level by traps incorporated into the material,
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thus an n-doped accumulation layer is created. The band bending decreases with

higher charge-carrier density due to screening effects [86], or with a passivation

layer. Therefore, the accumulation layer increases the lifetime of the unpassivated

nanowires [227]. The band bending also affects the surface recombination velocities.

The measured surface recombination velocities (Figure 7.12b), which are defined

in Section 3.1.3, increase if a passivation layer is added. Passivated nanowires

with a wurtzite or zincblende crystal phase have surface recombination velocities

of 2.1× 104 cm/s and 1.3× 104 cm/s, respectively, which are a magnitude higher

than for unpassivated WZ and ZB samples (6.1 × 103 cm/s and 1.7 × 103 cm/s).

The accumulation layer of the unpassivated sample prevents the interaction of

charge-carriers and surface, while the flat energy bands of the passivated samples

do not, thus more processes can happen on the surface. The disparity of α values

(see Figure 7.11a for passivated and unpassivated InAs nanowires is also caused

by the band bending effect.

Summary

Passivation results in significant improvement in the optical properties. It increases

the PL intensity and shifts the bandgap of wurtzite nanowires to higher energies.

The latter effect is stronger for nanowires with larger diameters, whereas the

bandgaps of zincblende NWs are not influenced. The shift highlights the effects

of passivation on different crystal structures due to a changed ratio of In and As

atoms at the surface. The other differences between zincblende and wurtzite are

discussed on the basis of peak position, peak intensity, and fluence dependence.

The positive effect of the passivation of these samples on electric properties

has already been shown by Alexander-Webber et al. [203]. They fabricated

transistors from the same samples as used in this chapter. Passivation increased

the charge-carrier mobility by almost an order of magnitude. However, OPTP

spectroscopy has revealed that the photoconductivity lifetimes decrease and the

surface recombination velocities increase for passivated samples compared to their

unpassivated counterparts. This uncommon correlation is caused by the band
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bending for unpassivated samples. The passivation prevents this change of the band

structure. Therefore, Al2O3 passivation is detrimental for devices with long lifetimes.

7.2.3 Comparison of MBE- and MOVPE-grown InAs NW
passivation

In this chapter two sets of InAs nanowires grown by different methods have been

discussed. They were grown with diverse methods (MBE, MOVPE) on Si and

InAs substrates, respectively. They were passivated with ALD-deposited Al2O3

with the same precursors, but the recipes were a little different. The MBE-grown

nanowires had an arsenic capping which was removed before Al2O3 growth, and

was purged with N2 before passivation. The passivation shell was 10 nm thick. In

contrast, the MOVPE-grown samples had a 90 nm Al2O3 shell and no pretreatment

before ALD deposition.

The effect of passivation on the two sets of InAs nanowires were not consistent.

The thick passivation layer for the MOVPE-grown InAs samples significantly

improved the optical properties and prevented band bending. The MBE-grown

nanowires, however, showed complex behaviours. The PL efficiency was independent

of passivation. Furthermore, passivation had inconclusive effects on lifetimes and

did not neutralise surface defects.

It is not yet clear whether the different performance of Al2O3 passivation at

the MBE and MOVPE-grown InAs nanowires is due to the thickness of the Al2O3

layer, the pretreatment, the growth, or something else.

7.3 InAsSb compositions

As already mentioned earlier, InAs materials have excellent properties, such as

narrow bandgaps, high spin-orbit coupling and large g-factors. Sb incorporation

with InAs is of increasing interest because InAs1-xSbx maintains many superior

properties of InAs (e.g. high mobility), while being able to alter its bandgap. This

combination of materials enables tuning of the absorption and emission from 0.35 eV

for InAs to 0.1 eV for InAs0.35Sb0.65. This is the lowest bandgap achievable with
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group III-V semiconductors. Furthermore, the addition of Sb can decrease the

defect density because Sb acts as a surfactant [62] due to covalent bonds which are

longer than for other group III and V elements. Therefore, Sb tends to float on the

top of the layer during growth without being incorporated [228], thus slowing down

growth. As such, incorporation of Sb in growth helps control over crystal structure

and polytypism of nanowires with even minute doping [68]. The improvements in

crystal structure and device performance have been shown by many different groups

[229, 230, 231]. Despite the benefits of the surfactant effect of Sb in the crystal

structure of InAsSb nanowires, it has been proven difficult to grow this material with

high Sb content. Potts et al. managed to grow InAsSb up to 35% Sb content [69] and

their remarkable electronic properties have been shown in [88]. In the following, their

optical properties including a bandgap change from 0.41 eV to 0.23 eV are shown.

7.3.1 Growth and crystal structure

InAs1-xSbx nanowires were grown vertically and self-catalysed on GaAs(111)B

substrates via a DCAP600 MBE at a temperature of 520 °C by Dr. Heidi Potts

in Professor Anna Fontcuberta i Morral’s group at EPFL. To obtain a maximum

yield with minimal distribution in nanowire geometry, the growth substrates were

coated with a 4.5 nm thin layer of silicon oxide. The antimony flux was increased

during growth with Sb concentrations of 0%, 11% 16%, and 35%. In the end, the

nanowires are 4µm long and have diameter of 70 nm, 79 nm, 74 nm, and 85 nm

respectively. For increasing Sb content, a strong decrease in the defect density of the

InAsSb nanowires is observed, with defect densities of 250µm−1, 50µm−1 and less

than 1µm−1 extracted for InAsSb nanowires with 16%, 21% and 35% Sb content,

respectively. Above 16% Sb content, the wurtzite phase is completely suppressed

and nanowires with 35% Sb content were determined to be almost completely

defect-free with only a few twin defects per micrometre [88].
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Figure 7.13: (a) Normalised spectra of InAsSb nanowires with different Sb contents
and a y-axis offset. Each spectrum is fitted with a Gaussian (black line). (b) Antimony
dependent theoretical bandgap (line) in comparison with experimentally determined
bandgap (circles) for InAsSb nanowires.

7.3.2 Bandgap dependence on Sb content

The samples were measured with a cryogenic mid-infrared Fourier transform

photoluminescence system. A 532 nm laser excited the samples, which were cooled

to 6K, at a power density of 200mW cm−2, which was reached by using multiple

neutral density filters and a lens focusing onto the sample position. The signal was

detected by a nitrogen-cooled cadmium telluride detector. To reduce noise, a lock-in

amplifier is connected to the detector and a chopper which is driven at 3312Hz. The

measurements were performed on nanowires standing on the GaAs growth substrate.

The obtained spectra are shown in Figure 7.13a. Each spectrum was fitted with

a Gaussian to extract the peak position. Each spectrum is normalised and added in

the same Figure with a y-offset. The difference in signal intensity for the different

samples can be seen due to the variations of noise. InAsSb nanowires with 11% Sb

antimony content give a much higher, less noisy signal than the samples with 16%

and 35% Sb. This could originate from a possible higher nanowire density, because

from this sample I received a piece from the middle of the master sample.

A clear shift towards lower energies with increasing antimony content can

be seen for the different spectra. The bandgap is extracted and compared with a

theoretically calculated bandgap in Figure 7.13b. For determining the semiconductor
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bandgap experimentally, each spectrum was fitted with a Gaussian. Finally, the

thermal energy E = 1
2kbT at 6K was subtracted from the extracted peak position

[207]. The theoretical change of bandgap Egap for different antimony contents

can be calculated via [232]

Egap = xEgap(InSb) + (1− x)Egap(InAs)− Cx(1− x) (7.2)

C represents the bowing factor, an empirical value describing the bandgap of

ternary materials. x stands for the antimony content. Egap(InSb) is the bandgap of

InSb and Egap(InAs) is bandgap of InAs at 6K, the temperature T at which the

measurements were done. The bandgaps of these materials were determined by

Egap(T ) = Egap(0 K)− αT2/(T + β)

Egap(InSb) = 235− 0.27T2/(T + 106)[meV]

Egap(InAs) = 415− 0.276T2/(T + 83)[meV].

(7.3)

The first equation of 7.3 calculates the bandgap depending on the temperature.

Egap(0K) is the bandgap at 0K and α and β are two empirical parameters. The

next two equations are specifically tailored for InAs and InSb. The values used

for these calculations were measured by Fang et al. for bulk samples [233]. C was

set to 0.662 eV. Farrel et al. [232] have determined this value for MOVPE-grown

InAsSb nanowires with an antimony content of up to 15%. This value of C also

coincides well with the established value for bulk InAsSb of 0.7 eV [234].

The peak position shifts from 0.41 eV for InAs to 0.23 eV for InAs0.65Sb0.35.

Furthermore, there is a good agreement between the theoretical and the experimental

values. The peak position of the InAs bulk of 0.41 eV sits on top of the theoretical

curve. There are slight deviations of the measured bandgap for InAsSb nanowires

from the theoretical determined bandgap. The difference can be attributed to

bulk values used for calculations and polytypsm of the wires. Different crystal

structures, like wurtzite and zincblende, are expected to have different bandgaps.

Another reason could be a nonuniform distribution of antimony atoms in radial

direction of the nanowires [69].
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Nonetheless the deviations between experiment and theory are minimal. Due to

that and their small bandgap, these nanowires are perfect candidates for bandgap

engineering via antimony incorporation and for thermoelectric and thermopho-

tovoltaic applications.

7.4 Summary

In summary, I explained the outstanding properties of InAs nanowires and their usage

for electronic applications. However, for optoelectronic applications the efficiency of

the emitted signal is too weak and surface defects favour non-radiative recombination.

Different ways for passivation and their advantages and disadvantages were debated.

This chapter discussed ALD-deposited Al2O3 deposition on InAs nanowires - grown

with MOVPE and MBE. Both sets used the same materials but different recipes,

ending up with very different results. The MBE-grown InAs nanowires had only

a 10 nm thick shell, which was grown after the arsenic capping layer had been

removed by annealing. This method appears not to increase photoluminescence

efficiency, but to induce strain, and give inconclusive results for photoconductivity

lifetime measurements. However, MOVPE-grown InAs nanowires with 90 nm thick

Al2O3 shell and no treatment before ALD deposition show a clear improvement

in photoluminescence efficiency.

Furthermore, the optical properties of MOVPE-grown InAs nanowires, their

dependence on diameter and crystal structure and the effect of passivation on these

parameters were investigated. The optical bandgaps for pure-phase wurtzite and

pure-phase zincblende for diameters varying from 80 nm to 20 nm were investigated.

The difference between the crystal structures was determined to be around 50meV.

Moreover, the spectra show a clear quantum confinement with decreasing diameter,

because the diameter length is close to the Bohr radius. Each of the samples was

also passivated. The shell had different effects on the different crystal structures

due to the different amount of bonds formed between the shell and In and As

atoms, respectively.
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Figure 7.14: (a) SEM images and (b) fluence-dependent spectra of InAs nanomembranes.
SEM was performed by Naiyin Wang.

Furthermore, a ternary material combination, which inherits the properties

of InAs, but also enables better control of growth and bandgap engineering, was

introduced. The bandgap changes from 0.41 eV to 0.23 eV for 0% and 35% antimony

content, respectively, and is in good agreement with theoretical values. However, the

quantum yield is quite low for InAsSb. It could be improved by Al2O3 passivation.

7.5 Outlook

There are different developments to utilise InAs nanowires for applications. The

addition of Sb — as described above— is one of them. Another development changes

the geometry and not the material combination: InAs nanomembranes.

Nanowires offer many possibilities when it comes to material combination,

defect-free growth, crystal structure control, and abrupt radial and axial junctions.

However, nowadays device fabrication has a large demand on different well-controlled

geometries, like nanosails, rings or membranes [235, 236]. These structures can be

fabricated effectively by etching. However, the surface will be damaged and complex

structures and material combinations are hard to achieve. Therefore, growing these

structures from the bottom up with the knowledge about nanowires, combines

the amazing properties and possibilities of nanowires with flexible geometry, thus

enabling an even higher degree of engineering for optical and electrical applications.
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In Figure 7.14a, InAs nanomembranes are shown as an example for the progress

of different geometries based on InAs nanowire growth. The nanomembranes have

the form of sheets, but the knowledge about growth originates from the research

about nanowires. The sample was grown by Naiyin Wang in Professor Chennupati

Jagadish’s group at ANU. These membranes have a length of 4 to 5µm, a thickness

between 54 nm and 116 nm and a width of 1 to 3µm. A fluence-dependent series

of PL spectra is shown in Figure 7.14b. The measurements were taken with the

FTIR PL system. More information about this spectroscopic technique can be

found in the former sections and in Chapter 4. The energy peak at 0.42 eV (λ =

2.95µm) confirms the zincblende crystal structure. Furthermore, a shoulder appears

at around 0.43 eV (λ = 2.88µm), which becomes more pronounced with increasing

excitation power density. The shoulder could be caused by surface states or high

n-type doping [237]. Moreover, quantum confinement could also cause the shoulder.

For InAs nanowires, quantum confinement appears for diameters smaller than 100

nm [215]. The nanomembrane’s thickness vary largely from 54 nm to 116 nm. This

is in the range which can cause quantum confinement. Also polytypism could cause

a second peak. For a better understanding more investigation is necessary.

The current study gives an insight into the growing world of nanowire-based

applications which is accelerated by combining new geometries with the knowledge

about well-controlled growth and interesting properties, which was gained through

research on nanowires. Such progress is reliant on the quantitative understanding

of how composition and processing methods influence the optical properties of

these materials.



8
Conclusion and Outlook

8.1 Summary

This thesis has been mostly concerned with the characterisation of special, promising

materials for applications in the infrared, such as thermoelectric devices (InAsSb

nanowires), photodetectors (InAs nanowires, InAsSb nanowires) and electrically

driven nanowire lasers directly integrated on a silicon chip (hexagonal Si and SiGe

nanowires). The various materials emit and absorb at different wavelengths and

thus cover different spectral ranges in the IR. This work aims to build a bridge

between the growth of nanowires and their fabrication into devices. The analysis

of nanowires’ optical and electrical properties enables one to give feedback about

their growth, to understand their features and determine their optimum usage. It

contributes to inspire industrial applications for nanowires.

In order to achieve a comprehensive study of nanowires with THz and PL

spectroscopy, a home-built cryogenic mid-infrared Fourier Transform Photolumi-

nescence setup was built (Chapter 4). This setup was optimised to measure

the photoluminescence of nanowires emitting with low radiative efficiency in the

infrared while saving cost and time.

In Chapter 5 different types of wurtzite GaP nanowires, which have a direct

bandgap due to their hexagonal crystal structure, were investigated and analysed,

135
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in order to find the optimal template for the growth of hexagonal Si and SiGe.

Therefore, the growth defects were investigated because the hexagonal shell around

the GaP core will inherit the defects of the core. For GaP nanowires, which are

grown in one step, stacking fault densities resulting from the different precursor

flow rates have been correlated to the photoconductivity lifetimes. Furthermore,

the sample with a V/III ratio of 30.0 had the highest lifetime of 398 ps and the

lowest defect density of 0.3µm−1. These nanowires were compared to wurtzite

GaP nanowires grown with the two-step core-clad method. Although, the material

composition is similar, the samples grown in two steps have a 11 times longer

lifetime because the shell growth removed the detrimental chlorine passivation layer,

while the samples grown with a single step had a chlorine layer. Furthermore, the

nanowires grown in two steps are unintentionally doped with carbon atoms, which

causes a decrease of the lifetime when excited with increasing laser fluence. A

comparison of all these different types of nanowires lead to GaP wurtzite nanowires

grown with the two-step core-clad method and a V/III ratio of 21.5 to be selected

as the template for the growth of hexagonal silicon and silicon-germanium.

In Chapter 6, Si and SiGe in the lonsdaleite phase are discussed. These

materials are highly interesting because of their predicted change in energy bands.

Hexagonal SiGe has a direct bandgap, while its cubic counterpart has an indirect

one. This makes the material ideal for optoelectronic devices, especially because

SiGe is compatible with existing silicon-based technology. It was not achievable

to demonstrate the theoretically predicted direct bandgap for SiGe by measuring

the photoconductivity lifetime for samples with different amounts of germanium

because other effects, such as the variation in shell thickness, had a larger influence

on the lifetime. However, high accidental doping was detected. To reduce the

doping density, the growth recipe was improved. It has also been demonstrated

that certain morphologies, such as parasitic growth, are detrimental for efficient

long-lived nanowires.

Additionally, the surface recombination velocity of 3.5× 103 cm/s for hexagonal

silicon was determined for the first time. It is therefore advisable to passivate future
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hexagonal silicon nanowire devices. Furthermore, indications for a direct bandgap

in silicon nanowires in the lonsdaleite phase were discovered and discussed on the

base of THz and PL spectroscopy. Theoretically, the bandgap of hexagonal silicon

is supposed to still be indirect, with the exception of hexagonal Si nanowires with

a biaxial strain of 4% or more. This strain causing the direct bandgap is likely

to be induced by the thin hexagonal silicon shell of 23 nm.

In Chapter 7, InAs and InAsSb nanowires were also characterised, in order

to investigate their usage as detectors and light emitting devices in the mid-

infrared around 0.4 eV. For a comprehensive overview of these type of nanowires,

THz and PL spectroscopy were performed to extract the changes of optical and

electrical properties for wires grown with different systems and recipes, with and

without passivation. Furthermore, experiments were performed on pure-phase InAs

nanowires in zincblende and wurtzite phase with various diameters. The broad

overview enables choosing the right treatment on InAs nanowires for future infrared

InAs applications and to adjust them individually to each device. Furthermore, the

bandgap of a ternary material, InAsSb, with varying Sb contents, was extracted.

The bandgap changed from 0.41 eV to 0.23 eV for 0% and 35% antimony content,

respectively, in good agreement with theoretical calculations. The possibility

of bandgap engineering and the demonstrated improvement in growth due to

the Sb addition makes InAsSb nanowires ideal to cover applications in the mid-

infrared region.

8.2 Further work

This thesis has presented new knowledge about nanowires fabricated with dif-

ferent compositions and growth methods. However, there is still a lot to be

learned about them.

For example, the strain of the hexagonal silicon nanowires with the presumably

direct bandgap needs to be measured and quantified, in order to confirm and

improve theoretical calculations. This can be done by TEM measurements at

which the relaxed, unstrained unit cell is compared to the unit cell of the strained
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sample and then the strain is calculated. Furthermore, THz spectroscopy below

the freezing point of the dopants would provide more information about the

recombination processes without monomolecular radiative equations because the

dopants are not active anymore. Measurements at different temperatures can also

provide more information about the rate equation coefficients and the different

types of recombination processes. Simultaneously, simulations about the different

recombination processes and the dopants acting as traps and recombinations centres

for the specific case of strained hexagonal silicon at different temperatures needs to

be performed to complement the experiments. Furthermore, more samples need

to be grown in order to develop a mature and reliable growth recipe for industrial

applications. Additionally, the growth of SiGe nanowires in the lonsdaleite phase

needs to be improved in order to examine further the existence of a direct bandgap.

Using wurtzite GaAs as a template for the growth of hexagonal SiGe is another

approach to achieve defect-free SiGe nanowires because the lattice constant of GaAs

matches that of Ge [180, 181]. Defect-free, hexagonal SiGe nanowires with high

germanium content are predicted by theory to have a direct bandgap. This theory

can be confirmed by investigating these samples with PL and THz spectroscopy

because semiconductors with indirect bandgaps have a longer photoluminescence and

photoconductivity lifetime than semiconductors with direct bandgap. Furthermore,

a photoluminescence spectrum can show if theory and the theoretical predicted

bandgaps coincides with experiments. In general, different approaches, like the

ones described above, need to be tested, in order to find the best options to

produce efficient silicon and silicon compound devices with a direct bandgap and

implement them into current technology.

For InAs nanowires and compounds the situation is different. These materials

have been well-researched, and different parameters, such as crystal structure,

geometry, and passivation, have been comprehensively discussed in this thesis.

The next step is to explore different possibilities to engineer devices. InAsSb

was introduced as an effective detector whose bandgap can be engineered method

to engineered. In order to actually show that InAsSb nanowires are usable as
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optoelectronic devices, devices need to be fabricated from these materials and then

photocurrent spectroscopy can be performed on them. Devices can not only be

engineered by composition, but also by geometry. The growth of new structures, such

as nanomembranes and nanorings, is a promising, increasing field. These structures

have a larger active area and different properties than the well-known nanowires,

but the control, knowledge, and diversity achieved with wires can be applied for

fabricating them. However, despite the knowledge gained by studying nanowires,

a lot of research needs to be performed on the novel geometric, semiconductor

structures and they need to be tested as devices.
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