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Abstract
Modern solid-state devices were made possible by the discovery of semiconductor heterostruc-

tures. Heterostructures offer the ability to fabricate low-dimensional nanostructures such

as quantum dots which can restrain carriers in all three-directions. Quantum dots as sin-

gle photon sources can be used as building blocks in quantum photonics and information

processing applications. In this thesis, we explore heterostructures in nanowires and 2-D

materials towards fabrication of quantum dots.

In the first part, we show how facet-driven nanostructure self-assembly can be used to grow

axial and radial QDs in lattice-mismatched NW heterostructures. We investigate the growth of

InAs/GaAs nanowire heterostructure arrays on Si substrates using the Ga-catalyzed method.

We show how the nanowire tip morphology affects the formation of axial In(Ga)As clusters.

The occurrence of In-rich clusters on the nanowires is elucidated by electron microscopy.

We also show how the In(Ga)As cluster formation on the nanowire sidewalls is driven by the

convex nature of the {11-2} corner facets. Cathodoluminescence and photoluminescence

maps close to the NW tip evidence the presence of optically active emission centers along the

NW sidewalls.

The second part is dedicated to heterostructures using monolayer 2-D transition-metal

dichalcogenides. Firstly, we study the heterojunction between monolayer MoS2 and gold. We

provide a detailed understanding of the microscopic origins behind Raman mode splitting in

monolayer MoS2 exfoliated on gold substrates. We show that splitting in the Raman modes is

a convolution of two effects: structural perturbations in MoS2 due to the Au-S interaction and

breaking of symmetry rules by the metallic plasmons. We confirm the proposed hypothesis by

using Al as the metal which does not show any peak splitting.

In the last part, we successfully combine monolayer MoS2 with a GaAs NW array as a first

step towards integrating monolayer 2-D materials with III-V nanowire arrays. Using detailed

structural investigation, we show three different configurations of the MoS2 monolayer on

NWs. Through confocal Raman and photoluminescence mapping, we show variations in the

properties of the monolayer due to nanowires. We show how the vibrational properties are

mainly affected by strain and charge transfer due to the nanowires. A blueshift in the lumines-

cence attributing to an enhanced dielectric screening due to GaAs nanowires is observed. We

show how III-V nanowires can be used to engineer the properties and enhance light extraction

from monolayer 2-D materials.
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Résumé
Les dispositifs solid-state modernes ont été rendus possibles grâce aux hétérostructures

de matériaux semi-conducteurs. Les hétérostructures offrent la possibilité de fabriquer des

éléments comme des boîtes ou puits quantiques, pouvant confiner les porteurs de charge

dans trois ou deux directions. Les boîtes quantiques (QDs) peuvent être utilisées comme

sources de photons uniques, et sont ainsi d’excellents outils dans la photonique quantique et

le traitement de l’information. Dans cette thèse, nous explorons des hétérostructures formées

par des nanofils et matériaux 2-D pour la fabrication de boîtes quantiques.

Dans la première partie, nous montrons comment la fabrication de nanostructures à facettes

auto déterminées peut être utilisée pour faire croître des QDs axiaux et radiaux dans des

hétérostructures de nanofils à grande différence de paramètre de maille. Nous avons étudié la

croissance par gouttes de Ga de réseaux d’hétérostructures de nanofils InAs/GaAs sur sub-

strat de Si. Nous avons également montré comment la morphologie de la pointe du nanofil

influence la formation de clusters axiaux d’In(Ga)As. L’apparition d’amas riches en In sur les

nanofils est révélée par microscopie électronique. Nous montrons également comment la

formation d’amas d’In(Ga)As sur les parois latérales des nanofils est induite par la convexité

des facettes 11-2. Des cartes hyperspectrales de cathodoluminescence et photoluminescence

à proximité de la pointe du NW ont mis en évidence la présence de centres d’émission opti-

quement actifs le long des parois latérales du NW.

La deuxième partie est consacrée aux hétérostructures utilisant des dichalcogénures de métaux

de transition 2-D monocouches. Tout d’abord, nous étudions l’hétérojonction entre du MoS2

monocouche et or. Nous fournissons une explication détaillée des origines microscopiques de

la séparation des modes Raman dans le MoS2 monocouche exfolié sur de l’or. Nous montrons

que le fractionnement des modes Raman est une convolution de deux effets : les perturbations

structurelles dans le MoS2 dues à l’interaction Au-S et la rupture des règles de symétrie par

les plasmons métalliques. Nous confirmons l’hypothèse en comparant ces résultats avec

des expériences analogues mais en remplaçant l’Au par de l’Al, et montrons une absence du

dédoublement de pic.

Dans la dernière partie, nous combinons avec succès une monocouche de MoS2 avec un ré-

seau de nanofils de GaAs, ce qui constitue une première étape vers l’intégration de matériaux

2-D monocouches avec des NW III-V. Nous montrons qu’il existe trois types d’interaction

entre les deux matériaux. Grâce à une étude structurelle détaillée, nous montrons trois confi-

gurations différentes de la monocouche de MoS2 sur les nanofils. Grâce à la cartographie
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Résumé

confocale Raman et à la photoluminescence, nous montrons les variations des propriétés

de la monocouche dues aux nanofils. Nous montrons comment les propriétés vibratoires

sont principalement affectées par la déformation et le transfert de charge dus aux nanofils.

Nous observons un décalage vers le bleu de la luminescence dû à un meilleur blindage diélec-

trique grâce aux nanofils de GaAs. Nous montrons comment les nanofils III-V peuvent être

utilisés pour modifier les propriétés et améliorer l’extraction de la lumière des matériaux 2-D

monocouches.

Mots-clés :

hétérostructures, nanofils, nanostructures, boîtes quantiques, matériaux 2-D, dichalcogénures

de métaux de transition, épitaxie par faisceau moléculaire, spectroscopie Raman, photolumi-

nescence, microscopie électronique à transmission.
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1 Introduction

Electronic devices such as personal computers, smartphones, digital cameras and integrated

circuits have become a central part of our daily lives. These devices are based on semiconduc-

tor technology, which utilizes silicon due to its abundance in nature, high mechanical strength

and ease of doping. Extensive research and development on silicon technology over the past

few decades has led to mature and high-volume manufacturing processes for electronics.

Photonics, on the other hand, is the technology that deals with the generation, guiding,

manipulation and detection of light. Over the past few decades, photonics has led to the

development of many breakthrough technologies including optical communications, lighting,

health care and data security. The applications of silicon in photonics are limited owing to its

indirect bandgap. Compound semiconductors, on the other hand, are often characterized by

a direct bandgap which makes them efficient for light-matter interaction in comparison to

silicon. Compound semiconductors can also be combined together to form alloys. Tuning the

alloy composition allows control over its optical and electronic properties.

Most photonic applications are based on III-V compound semiconductors such as lasers,

light-emitting diodes and photodetectors. These devices have been made possible by the

ability to combine semiconductors into heterostructures. Heterostructures consist of two or

more semiconductor layers stacked together. They provide additional degrees of freedom

to vary the material properties spatially within a device such as bandgap, carrier effective

mass, mobility and refractive index [22]. When a heterostructure consists of a lower bandgap

semiconductor as a middle layer sandwiched between a higher bandgap material, charge

carriers can be confined. When the thickness is on the order of few nanometers, the electronic

energy levels are strongly affected due to confinement and change in character compared

to bulk structures. The electrons are confined in the direction perpendicular to the layers.

By reducing the size in all three dimensions, a quantum dot (QD) can be formed with fully

discrete energy levels.

QD-based heterostructures are usually grown by epitaxial methods such as molecular beam

epitaxy (MBE). Epitaxial QDs are embedded within a matrix material (figure 1.1 (a)) and
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Figure 1.1 – (a) Epitaxial In(Ga)As quantum dot embedded within a GaAs matrix. Reprinted
by permission from Springer: Nature Nanotechnology, Senellart et. al. [1] ©2017. (b) Single
photon emitter hosted in a strained monolayer 2-D material (WSe2). Adapted from Parto et.
al. [2] licensed under CC BY 4.0.

offer bright, pure and optically stable single photon emission. A wide range of material

combinations allow the formation of III-V QDs such as III-arsenide and phosphides for near

infrared emission and III-nitrides for emission in the visible and UV spectral range. InAs/GaAs

QDs, in particular, have demonstrated the highest single photon emitter performance till date

[23]. Such QDs are normally grown on planar substrates and suffer from poor light extraction

efficiency. Significant improvement in the extraction efficiency can be obtained by embedding

the QDs in photonic waveguiding-like structures such as nanowires [24–26]. However, most

QD-based single photon emitters (SPEs) exhibit spatial and spectral non-uniformities, i.e each

QD size and emission energy is not identical. Optimization of growth methods for formation

of homogeneous QDs is needed to obtain large scale arrays of identical single photon emitters.

Nanowire (NW) QDs (NWQDs) offer an attractive choice to achieve this. NWs have enabled

integration of III-V compound semiconductors with Si substrates, even in the form of large-

scale arrays. By embedding a QD on the NW axis, the emission can be out-coupled to external

optics efficiently and the coupling of QD emission to the NW waveguide modes enhances

their brightness [27].

In recent years, two-dimensional (2-D) materials have been shown to host single photon

emitters. These are most commonly attributed to atomic defects present in these materials

that can localize excitons, as shown in figure 1.1 (b). For example, defect-based SPEs have been

observed in MoS2 [28] and WSe2 [29–32] operating at cryogenic temperatures, whereas SPEs in

hexagonal BN have shown room temperature operation [33]. The brightness and purity of such

SPEs has been on par with epitaxial semiconductor QD-based SPEs. SPEs in 2-D materials

can also be fabricated deterministically by inducing defects. He+-ion irradiation [28] in MoS2

or integration of WSe2 with nanopillars [34, 35] are two such examples. However, spectral

diffusion and instability due to charge traps remains an issue to be resolved. Integration with

III-V materials is one approach that can improve stability of SPEs in 2-D materials.
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1.1. Objectives

One inherent advantage of suspended atomically thin 2-D materials is the naturally efficient

light extraction. [36]. Well-developed transfer processes also enable integration with different

substrates [37]. However, the current bottleneck for the application of 2-D SPEs is the low

optical absorption (few percent) in these materials when transferred onto a substrate [38].

This, in turn, severely limits the photon extraction efficiency from SPEs in monolayer 2-D

materials. One possible solution is to couple emitters in 2-D materials with photonic structures

such as nanowires. This can provide four-fold enhancement in the extraction efficiency [39].

Therefore, combining 2-D materials with III-V nanowires would be an interesting pathway

towards efficient SPEs in 2-D materials.

1.1 Objectives

The objectives of this thesis are divided into two parts:

• Objective-1: The first objective is growth of InAs/GaAs nanowire heterostructure arrays

on Si substrates using Ga-catalyzed method. Here, the aim is to position an InAs segment

on the axis of a GaAs NW and study optical properties. Ideally, we want to obtain

single QDs in NWs to act as single photon emitters. By changing the In(Ga)As material

composition, we want to control the emission wavelength of the QD segments.

• Objective-2: The second objective is combining 2-D semiconducting monolayer transition-

metal dichalcogenides (TMDs) with III-V nanowires to modify their optical properties.

We want to use nanowires to induce local strain in monolayer TMDs to deterministically

generate single photon emitters in the TMD monolayer.

1.2 Thesis outline

The thesis is divided into four chapters.

Chapter-1 serves as a brief introduction to the thesis and places the topic into its broader

context.

Chapter-2 provides the essential background on various topics relevant to the thesis. In the

first part, quantum dots, nanowires, and nanowire heterostructures are introduced. Then the

challenges faced in the growth of axial nanowire quantum dots are explained. In the second

part, 2-D materials are introduced with an emphasis on transition-metal dichalcogenides

(TMDs). this is followed by a discussion on how strain can be used to create quantum emitters

in 2-D materials. The chapter concludes with a discussion on combining 2-D materials with

III-V nanostructures.

Chapter-3 introduces basics of the experimental techniques and setups used in this thesis.

Firstly, fabrication of samples using molecular beam epitaxy (MBE) and polymer transfer
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method are described. Secondly, different characterization techniques are described, in-

cluding transmission/scanning electron microscopy (TEM/SEM), cathodoluminescence (CL),

Raman spectroscopy and photoluminescence (PL).

Chapter-4 presents the main experimental results obtained in this work. Section 4.1 reports

on the growth, structural characterization and optical spectroscopy of axial and radial In(Ga)As

segments in GaAs NWs. Section 4.2 discusses the physical origins behind the Raman peak

splitting in MoS2 on gold. Section 4.3 presents the results on combination of monolayer MoS2

with a GaAs NW array.

Chapter-5 summarizes the main conclusions of this work and provides an outlook for further

developments based on this thesis.
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2 Motivation and Context

In this chapter, the motivation and the background essential for this work are provided.

The chapter is divided into two parts. The first part is dedicated to quantum dots (QDs) in

nanowires (NWs). In the second part, we discuss the integration of 2-D materials with nanos-

tructures with the perspective of also creating organized single photon emitter structures.

2.1 Nanowire-based axial quantum dots

In this section, nanowire-based axial heterostrucures are discussed. These structures allow for

enhanced emission and efficient coupling of QD emission to external environment. Firstly,

the growth and properties of planar QDs are discussed. This is followed by a motivation on

why NWQDs structures can be designed as better single photon sources compared to planar

QDs. We then look at the properties and growth of NWs. Axial heterostructures in NWs are

discussed in detail along with the challenges hindering growth of defect-free axial NWQDs.

2.1.1 Quantum dots

Quantum dots (QDs) are nanostructures that can confine carriers in all three dimensions. Due

to a 3-D confinement, the electronic energy levels in a QD are discrete. This results in discrete

atom-like emission lines [40]. Due to quantum confinement effect, the properties of these

QDs depend on their size and composition. Thus, the optical properties, such as emission

wavelength, can be tuned by changing the QD size or material composition [41]. A major

interest in QDs stems from their ability to emit single photons on-demand which enables

fundamental studies on light-matter interactions [42]. From a technological perspective, QD-

based single photon sources have been explored as building blocks for quantum information

processing [43]. Many solid-state materials can host QDs [44]. However, semiconductor QDs

have an advantage over other solid-state QDs due to a lot of development on their synthesis

and integration into devices over the past few decades [45, 46].

Semiconductor QDs can be synthesized either by colloidal synthesis [47–49] or epitaxial
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Chapter 2. Motivation and Context

Figure 2.1 – InAs QD formation on a GaAs substrate as a result of strain relaxation, based on
Stranski-Krastonov growth mechanism.

growth [50]. III-V semiconductor QDs, in particular, are obtained by embedding a lower

bandgap material into a higher bandgap matrix. Due to their high sensitivity to defects and

impurities, they are mostly obtained using epitaxial methods such as MBE under ultrahigh

vacuum (UHV) conditions. A typical example is, InAs QDs embedded within a GaAs matrix

[1] which are grown by the Stranski-Krastonov (S-K) method based on self assembly. The

large lattice mismatch (7%) between InAs and GaAs leads to strain at the interface when InAs

is deposited on GaAs. Beyond a critical thickness, the strain is relaxed in the form of island

formation. These islands have a lens-like shape with widths less than 30 nm and few nm

in height. They can confine carriers in the vertical direction and are referred to as QDs. A

GaAs capping layer is then deposited to embed the QDs. The growth mechanism of QDs is

illustrated in figure 2.1.

We now discuss the optical properties of III-V semiconductor QDs using the particular case

of InAs QDs embedded in a GaAs matrix. The valence bands of InAs and GaAs consist of

degenerate heavy hole (HH) and light hole (LH) bands along with a downshifted split-off

(SO) band due to spin-orbit interactions [51]. The band alignment at the InAs and GaAs

interface is type-I. This confines both the electrons and holes in conduction and valence

bands, respectively. Due to the confinement, the degeneracy between HH and LH bands is

lifted. The degeneracy is further lifted due to strain in InAs/GaAs QDs. Thus, the lowest energy

transition occurs between lowest conduction band edge and the HH state. In QDs, a strong

Coulomb interaction exists between electrons and holes. Therefore, the transitions in a QD

are excitonic.

The valence and conduction bands in QDs consist of discrete energy levels. Under low excita-

tion conditions, the electrons and holes in an excited state in a QD relax to the lowest ground

state within each band via phonon-mediated transitions. These then recombine by radiative

recombination between the s-shells. A QD is, therefore, approximated as a two-level system.

Using optical excitation, a QD can be loaded into four possible excitonic configurations: (a) an

electron and a hole (exciton, X), (b) two electrons and one hole (negative trion, X-), (c) one

electron and two holes (positive trion, X+) and (d) two electrons and two holes (biexciton,
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2.1. Nanowire-based axial quantum dots

Figure 2.2 – Excitonic state configuration and the corresponding spin-state configurations in a
QD for (a) exciton, (b) negative trion, (c) positive trion and (d) biexciton. σ

XX), in the conduction and valence bands respectively. The recombination of an electron

and a hole results in emission of a photon. The recombination paths for different excitonic

configurations are shown in the top half of figure 2.2 considering only the heave-hole (HH)

state. In the effective mass description (k.p model), the heavy-hole state and electron state are

constructed from the (J, Jz = 3/2, ±3/2) and (S, Sz = 1/2, ±1/2) Bloch states, respectively [52].

The subscript ’z’ represents confinement in vertical direction. The total angular momentum

quantum number is given as J = S + L, where L is the orbital quantum number. The conser-

vation of angular momentum dictates that the orbital angular momentum be quantized (L =

±1). Therefore, the states indicated in the bottom half of figure 2.2 will result in bright optical

transitions. These transitions will result in emission of a photon with either right-handed (σ+)

or left-handed (σ-) polarization [52].

QDs grown by the S-K mechanism shown above in figure 2.1 form at random locations and

their position cannot be easily controlled. Before any characterization and processing, the QDs

must be precisely located. This limits their integration into photonic devices. To overcome this

limitation, site-controlled QDs have been fabricated using growth in etched holes [53–56] and

pre-defined growth templates [57, 58] or V-grooves [59]. This allows for a more deterministic

growth of QDs. Despite narrow linewidth, high optical stability and bright single photon

emission, semiconductor QDs grown on planar substrates suffer from poor light extraction

efficiency due to losses by total internal reflection at the semiconductor-air interface. Due to

the high refractive index contrast, light can only escape within a narrow solid angle limiting

extraction to the order of a few percent. This is illustrated in 2.3 (a). Numerous efforts were

undertaken to improve the light extraction from planar QDs such as embedding them in

microcavities [60, 61], microdisks [62] and photonic crystals [63, 64]. It is important to note

that the brightness and yield of these sources is limited by the alignment accuracy between

the QDs and the photonic structure [42].
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Figure 2.3 – (a) Planar QDs showing the limited collection angle and losses due to total internal
reflection at the interface. (b) QD in NW structure, where the extraction efficiency is enhanced
by coupling the emission to the fundamental NW waveguide mode.

In NW structures, this is translated in the need of positioning the QD in the center of the cross-

section, so that the QD emission couples to the fundamental waveguide mode of NWs (HE11)

is possible. Photon emission can then be extracted efficiently through waveguiding in the NWs

[27]. Not only can the extraction efficiency be improved, but also the spontaneous emission

of the QD can be enhanced to a desired optical mode by suppressing emission into other

modes [27]. This is expressed in terms of the β factor as: β = Γ
Γ+γ , where Γ is the spontaneous

emission rate into the desired optical mode and γ is the spontaneous emission rate into all

other modes. For QDs in NWs, the β-factor can be above 90% for a wide range of diameters as

demonstrated by Friedler et. al. [27]. This is obtained by simply positioning the emitter (QD,

in this case) on the NW axis which inhibits emission into non-waveguiding (γ) modes unlike

microcavities which require emitter-cavity mode coupling. This is illustrated in figure 2.3 (b).

The extraction efficiency can be further enhanced by tapering the NW tip. Tapering enables

an adiabatic expansion of the fundamental NW mode into a Gaussian far-field profile, thus

minimizing the output beam divergence and reflection at the semiconductor-air interface

[65].

2.1.2 Nanowires

The initial work on nanowhiskers by Wagner and Ellis [66] in 1964 established the foundations

for the bottom-up growth of NWs. Using gold droplets, they showed that it was possible to

grow silicon in the form of filamentary crystals. This type of growth is termed Vapor-Liquid-

Solid (VLS) growth. The three main steps involved are: (a) deposition of a catalyst droplet; (b)

dissolution of precursors from vapor phase into the liquid droplet; (c) supersaturation of the

droplet and precipitation of NWs beneath the droplet. This is shown schematically in figure
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2.1. Nanowire-based axial quantum dots

2.4 (a). The VLS method can be used to grow various semiconductors materials in the form

of nanowires, for example, Germanium, GaAs, InAs, GaSb and other III-V semiconductors.

This work is based on GaAs nanowires. The focus will, therefore, be mainly on the growth

and properties of GaAs nanowires. The method used by Wagner and Ellis involved the use of

gold droplets as catalysts. Gold is known to create deep level traps in semiconductors such

as GaAs and thus, degrades its electronic properties. A well-established alternative is to use

self-catalyzed technique, where the catalyst droplet is a constituent of the NW material itself

[67]. In case of GaAs, this would be a Ga droplet. On the substrates generally used for growth

(GaAs, for example), the naturally formed oxide consists of pinholes. The Ga droplets form in

these locations and define the position of nanowires. Nanowires grown in this way form at

random locations on the substrate. This technique is referred to as self-catalyzed growth.

It is also possible to grow NWs in pre-defined positions [68, 69]. This technique has technolog-

ical importance since it provides a good control over the NW growth and device integration.

This can be done by opening an array of holes on a substrate covered with a dielectric mask

using e-beam lithography. Providing precursors under suitable growth conditions results in

nanowire growth. This technique is referred to as selective area epitaxy/growth (SAE/G). The

growth follows Vapor-Solid (VS) mechanism and a catalyst droplet is absent. This is shown

schematically in figure 2.4 (b). Another way to grow nanowires in pre-defined positions is

patterned VLS method. As shown schematically in figure 2.4 (c), nanoholes can be defined

lithographically on the substrate. These act as sites where Ga droplets can be localized and

used to grow nanowires [68]. SAE is mainly done using Metal-organic vapor phase epitaxy

(MOVPE) and patterned VLS is mainly carried out using a molecular beam epitaxy (MBE)

system. The NWs studied in this work are grown by the patterned VLS method in an MBE

system. A detailed description of an MBE system and the growth parameters are discussed in

section 3.1.1.

Nanowires are one-dimensional filamentary crystals with high length-to-width ratios. The

typical length of NWs ranges from a few hundreds of nanometers to several micrometers while

the diameter is typically < few hundred nanometers. They can behave as waveguides with high

refractive index contrast between the NW material and surrounding environment. This makes

light extraction and external coupling efficient [65]. Combining two materials with different

lattice constants typically leads to strain in the structure [70]. When this happens in the bulk,

the strain is released by the formation of defects such as dislocations. When this happens in

case of NWs, due to the small diameter, the strain can be relaxed on the NW sidewalls and

the structure is rendered almost defect-free [71]. Thus, nanowires can accommodate much

higher lattice mismatch compared to their bulk counterparts. This provides an additional

degree of freedom for combining different materials in a defect-free way, such as in axial

heterostructures. Axial heterostructures are discussed further in section 2.1.3.

We now discuss the crystal structure of GaAs NWs. In the bulk form, GaAs exhibits a cubic

zincblende (ZB) crystal structure. In NWs form, the hexagonal wurtzite (WZ) and other

polytypic phases becomes possible [72–75]. As a simplified explanation, stable ZB vertical NW
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growth occurs in the <111> crystal direction. This is closely related to the <0001> crystal growth

direction of the hexagonal WZ phase. The two crystal phases and their stacking sequences

are shown in figure 2.5 (a) and (b). The ZB phase follows a stacking sequence ...ABCABC...

whereas the WZ phase follows a stacking sequence ...ABAB..., where A, B and C denote one

of the three possible positions of the III-V atomic layer pairs aligned in the growth direction.

The stacking sequence in the growth of NWs is often interrupted by the insertion of a fault

plane. For example, an ...ABC... stacking sequence can change to ...ABCB, where B is the fault

plane. If a ZB stacking continues on top of this plane, a "rotational twin" is created resulting in

a stacking sequence ABCBAC, where the preceding C plane is called a mirror plane. On the

other hand, nucleation of another fault plane on top of ABCB will result in formation of a WZ

segment. Initially, the stable growth of WZ phase in NWs was attributed to the high surface-

to-volume ratio [76]. However, recent studies have shown that the droplet contact angle is

the sole parameter that dictates the crystal phase in self-catalyzed NWs [4]. This is shown in

figure 2.5 (c). For smaller (< 100o) and larger (> 125o) contact angles, the phase is ZB, while for

intermediate contact angles between these, the WZ phase is observed [4]. Thus, changes in

the droplet size, and therefore, the contact angle, can lead to an intermixing of crystal phases

during NW growth [77]. The microscopic mechanism behind this can be attributed to different

interface energies for WZ and ZB. For nucleation at the vapor-liquid-solid triple phase line

(interface at the solid NW-liquid droplet), WZ formation is favored due to a lower interface

energy than ZB [73]. This has been shown experimentally at higher droplet supersaturation

during the NW growth [73, 75].

2.1.3 Axial heterostructures

In a planar geometry, heterostructures are layered stacks of different semiconductors that can

be used to alter their optical and electronic properties. Heterostructures of III-V semiconduc-

tors can be grown with a monolayer precision using epitaxial techinques such as MBE and

MOVPE. This enables us to change the material composition abruptly and has enabled the

growth of artificial lattices, such as superlattices and quantum wells [78, 79]. Superlattices

consist of two semiconductors grown alternatively in a periodic manner, one example is GaAs

and AlAs distributed Bragg reflectors [80]. Quantum wells, on the other hand, consist of a few

layers of a lower bandgap material sandwiched between a higher bandgap material. This leads

to a confinement in the vertical direction. Further reducing the size in all three dimensions,

QDs can be grown. As discussed in section 2.1.1, planar QDs grown in this way suffer from

poor light extraction and QDs in NWs overcome this problem by coupling the QD emission to

fundamental mode of NW and enhancing the out-coupling. A QD segment positioned on the

NW axis is referred to as an axial heterostructure.

Here, we review the state-of-the-art of axial heterostructures from a growth perspective. Com-

bining materials with a high lattice mismatch in NWs is easier since the strain can be effectively

relaxed on the NW sidewalls. Early attempts at defining heterostructures in NWs were promis-

ing and aimed at InAs/GaAs [81], InAs/InP [82] and GaAs/GaP [83] systems which find wide
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2.1. Nanowire-based axial quantum dots

Figure 2.4 – (a) Self-catalyzed VLS growth; Selective Area Growth and (b) Patterned VLS growth
of nanowires .

Figure 2.5 – (a) Zincblende (along [111] direction) and (b) Wurtzite (along [0001] direction)
structures showing the ABCABC and ABAB stacking sequences respectively. Reprinted from
[3], with the permission of AIP Publishing. and (c) Reprinted (adapted) with permission from
[4]. ©2020 American Chemical Society.
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Figure 2.6 – (a) Kinking and (b) interface grading during the growth of axial NW heterostruc-
tures.

applications in optoelectronics. Even materials with extreme lattice mismatch, InSb on GaAs,

were combined using NW heterostructures [84]. Out of all III-V semiconductor material com-

binations, InAs/GaAs QD system is of particular interest since the single photon emission

purity can be as high as 99% [85]. By changing the composition of the ternary In(Ga)As alloy,

the emission wavelength can be continuously tuned in the mid-infrared range. Of particular

interest is the ability to tune the the emission wavelength to 1.3 and 1.55 µm which is compati-

ble with the low-loss telecom window of optical fibers. In this work, nanowires are grown on Si

substrates using patterned VLS growth method with Ga as a catalyst, as shown in figure 2.4. Si

substrates offer a cheaper alternative compared to expensive GaAs substrates and patterned

VLS method allows controlled growth and positioning of NWQDs.

2.1.4 Growth challenges

An axial QD in NW consists of a thin axial heterostructure, where a small QD segment is

embedded within the nanowire material (for example, InAs segment in a GaAs NW). For

pure single photon emission, the QD environment should be free of defects and impurities.

Also, a grading in the interface between the QD segment and the surrounding matrix will

reduce the barrier height and thus, the QD confinement. The interface between the QD

material and the barrier is termed as heterointerface. Although group-V material can be easily

switched during the growth of NW heterointerfaces [86], the interchange of group-III elements

is more challenging. Combining III-V materials, InAs and GaAs in particular, faces two main

challenges: (a) kinking, to minimize the surface energy [87] and (b) interface grading, as a

result of reservoir effect [88]. These two phenomena are illustrated in figure 2.6 at the nanowire

tip and further explained here below..
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2.1. Nanowire-based axial quantum dots

Kinking refers to an instability in the catalyst droplet during growth which results in a change

of growth direction and failure of axial growth. [87]. It is caused by the modification of the

wetting of the droplet during the formation of the heterostructure. When using an Au droplet

to grow InAs/GaAs NW heterostructure, switching between In and Ga leads to the Au droplet

moving to the NW sidewalls. This is explained by the difference in interfacial surface energies

for the Au-InAs and Au-GaAs interfaces (γAu-GaAs < γInAs-GaAs + γAu-InAs) [87], such that the

Au droplet tries to maintain an interface with GaAs. Kinking was avoided to some extent

in Au-catalyzed NWs by tuning the growth parameters to obtain WZ InAs segments which

grow vertically [89]. Reservoir effect refers to accumulation of one group-III species in the

Au droplet due to different solubility. When the group-III element is switched, the previously

accumulated material continues to be incorporated for some time into the NW during the

growth of a new material segment. This leads to a graded interface. Grading in Au-catalyzed

axial NW heterointerfaces was overcome by reducing droplet diameters below 40nm [90] or by

switching to the vapor-solid-solid mechanism [91].

In case of Ga-catalyzed VLS growth, kinking can be avoided [92]. For In(Ga)As/GaAs het-

erostructures, the material can be switched from GaAs to In(Ga)As by adding In to the droplet

[93]. Using this method, however, the In concentration of the In(Ga)As alloy is limited to

around 5% [94]. Therefore, the presence of Ga droplet limits the maximum In concentration

and abruptness of the InAs-GaAs heterointerface. Completely consuming Ga droplet used

in the growth of NWs provides a flat NW top facet that can be used to crystallize InAs seg-

ments in GaAs NWs [95]. By depositing In droplets and crystallizing into InAs at a reduced

growth temperature, Scarpellini et. al. [95] reported an interface abruptness of < 1.5nm at the

InAs/GaAs interface. The radial growth is also suppressed due to lower In diffusivity at lower

temperatures [96]. GaAs axial growth can then be resumed by re-positioning a Ga droplet

at the nanowire tip [97]. Therefore, this method provides a pathway to grow self-catalyzed

InAs/GaAs NW heterostructures.
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2.2 Combination of 2-D materials with nanostructures

This section provides a brief introduction to 2-D transition-metal dichalcogenides (TMDs).

Their crystal structure and optical properties are discussed. This is followed by a discussion

on methods to introduce strain in 2-D materials and how strain affects their properties. The

method of introducing local strain in monolayer TMDs, which allows for deterministic creation

of single photon emitters, is discussed in detail. Lastly, the prospect of integrating monolayer

TMDs with III-V nanostructures and its advantages are discussed.

Figure 2.7 – Top and side view of lattices in different types (metallic, semiconducting and
insulating) of monolayer two-dimensional van der Waals materials.

2.2.1 Introduction to 2-D transition-metal dichalcogenides

The discovery of graphene [98], a single layer of carbon atoms, opened up a whole new

avenue of research into two-dimensional materials. Two-dimensional materials subsequently

explored span a whole range of optical and electronic properties from metals to insulators

(figure 2.7). Two-dimensional transition-metal dichalcogenides (TMDs) are one such class

of materials exhibiting very interesting optical and electronic properties which make them

relevant for fundamental studies and device applications. Group-VI TMDs are of special

interest since they exhibit semiconducting properties. It is possible to tune their bandgap by

varying the number of layers. In the bulk form, these TMDs exhibit an indirect bandgap. A

transition of the bandgap from indirect to direct occurs, when their thickness is reduced to a

single layer [5].

Semiconducting TMDs are compounds of type MX2, where M represents a transition metal

atom (Molybdenum (Mo) or Tungsten (W)) and X represents a chalcogen atom (Sulfur (S) or

Selenium (Se)). Each layer of metal atoms (M) is sandwiched between two layers of chalcogen

(X) atoms. Each layer consists of covalently bonded atoms, whereas the layers are held together

by weak weak van der Waals forces. The most widely studied TMD material is MoS2. In the
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Figure 2.8 – (a) Lattice structure of monolayer MoS2 forming a trigonal prism. (b) Top view of
monolayer MoS2 lattice with the unit cell highlighted. (c) The first Brillouin zone in a ML MoS2

indicating the high symmetry points (K and Γ); band structure around the K and K’ points of
the Brillouin zone showing the spin-orbit split valence bands. The inset on the right shows the
A and B excitonic transitions between the conduction band minimum and the spin-orbit split
valence bands.

bulk form, it exhibits a 2H hexagonal crystal structure with two trigonal prisms on top of each

other (figure 2.8 (a)). In addition, the metastable 1T phase has also been observed with an

octahedral crystal structure. However, most exfoliation and growth methods result in the

stable 2H phase.

Bulk MoS2 belongs to the D4
6h (P63/mmc) space group with an inversion symmetry. In case

of a monolayer, this inversion symmetry is broken. A 3-D and a top view of the monolayer

MoS2 lattice are shown in figure 2.8 (a) and (b), respectively. The highlighted region in (b)

indicates a unit cell and the first Brillouin zone with corresponding high symmetry points is

shown in figure 2.8 (c). The direct bandgap in monolayer TMDs is located at K and K’ points.

In graphene, the K and K’ valleys at corners of the Brillouin zone are degenerate since all the

C atoms are similar. In case of MoS2, the lattice is made up of sublattices, consisting two

different atoms (Mo and S). This lifts the degeneracy between two adjacent corners of the

Brillouin zone making them distinguishable as K and K’ valleys (figure 2.8 (c)). While there

should not be any surface states, point defects and wrinkles often result into deviations from

the ideal functional properties [99, 100].

Another interesting feature of monolayer TMDs is the spin- and valley-dependent properties

as a consequence of the broken inversion symmetry. The K and K’ points at the edges of the

Brillouin zone can be represented by a binary pseudospin that behaves like a spin-1/2 system.

For example, the electrons in the K valley can be thought of as having a pseudospin-up while

the electrons in K’ valley can be thought of as having a pseudospin-down. This is schematically

shown in figure 2.8 (c). The strong spin-orbit interactions in TMDs lift the spin degeneracy

and couple each type of spin (spin-up and spin-down) to one of the valley pseudospins. This
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Figure 2.9 – (a) Band structure showing the evolution of bandgap with number of layers in
MoS2. The bandgap changes from indirect to direct for ML MoS2. Adapted with permission
from [5]. ©2010 American Chemical Society. (b) PL spectra from multilayer and monolayer
WSe2. The PL intensity increases multifold for ML due to a transition of bandgap from indirect
to direct.

is referred to as spin-valley coupling. These valley pseudospins can be optically addressed

with circularly polarized light, the so-called valley-dependent optical selection rule. This

feature has significant implications for optically driven valleytronic devices which may find

applications in optical information processing.

The nature and value of bandgap in TMDs depends on the number of layers. The bandgap

in bulk and few-layer TMDs is indirect and becomes direct as the thickness is reduced down

to a monolayer. Taking MoS2 as an example, figure 2.9 (a) shows the bandstructure of bulk,

quadrilayer, bilayer and monolayer MoS2 calculated using density functional theory (DFT). For

bulk and few-layer MoS2, the maxima of the valence band lies at the Γ point and the minima

of the conduction band lies midway between K and Γ point (Q point) of the Brillouin zone.

In case of a monolayer, the indirect bandgap increases drastically becoming higher than the

transition energy at the K point. This results in a transition from an indirect to a direct bandgap.

This can be explained on the basis of difference in the contributions of orbitals to the energy

bands. The energy states near Γ and Q point arise from the linear combination of Mo d-orbitals

and S pz orbitals and have a strong layer-dependent coupling. Whereas, the contributions

at the K point mainly comes from only the Mo d-orbitals with a minimal interlayer coupling.

This is applicable to other TMDs as well. The main effect is an emergence of higher intensity

in the photoluminescence spectrum of a monolayer TMD. This is shown by the PL spectra of

multilayer and monolayer WSe2 in 2.9 (b). The PL intensity keeps monotonously increasing as

the number of layers is reduced from the bulk and is the highest in case of a monolayer.

The absence of dangling bonds at the surface of monolayer TMDs implies absence of any

surface states and provides them with robust optical and electrical properties. In addition, due

to the two-dimensional nature, the excitonic binding energies are an order of magnitude higher

compared to conventional semiconductors. This makes it easier to observe the excitonic
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Figure 2.10 – (a) Raman spectrum of monolayer MoS2 indicating the dominant in-plane
(E1

2g) and out-of-plane (A1g) vibrational modes. (b) Evolution of Raman peak positions and
their frequency difference as a function of the number of layers. Appropriate credit for the
requested material should be given as follows: Adapted with permission from [6]. ©2010
American Chemical Society.

features even at room temperature. The room temperature PL spectrum of monolayer TMDs

is characterized by two dominant excitonic peaks. These arise from transitions between the

two spin-orbit split valence band maxima and the conduction band minima, denoted as A-

and B-excitons as shown in figure 2.8 (c).

Similar to the optical properties, TMDs exhibit interesting vibrational properties. A bulk MoS2

the unit cell consists of 6 atoms, resulting in 18 (3 x number of atoms in a unit cell) Brillouin

zone center (Γ) phonons. The irreducible representation of zone center phonons is given as

[101]:

Γ ≡ A1g + 2A2u + B1u + 2B2g + E1g + 2E1u + E2u + 2E2g

where A1g, E1g and two E2g are the Raman active modes, A2u and E1u are IR active acoustic

modes and B2g, B1u and E2u are inactive phonon modes.

The experimental Raman spectrum of MoS2 is dominated by two intense peaks attributed to

the E1
2g and A1g modes. These vibrational modes can be observed using Raman spectroscopy.

Figure 2.10 (a) shows the Raman spectrum of a monolayer of MoS2, with E1
2g and A1g peaks.

The E1
2g mode originates from the in-plane vibrations of Mo and S atoms and the A1g mode

originates from the out-of-plane vibrations of only S atoms. These Raman modes are also

sensitive to the number of layers of MoS2. Thus, Raman spectrum can be used to reliably

identify the number of layers in MoS2. As the number of layers increases, the E1
2g mode shifts

to lower frequencies while the A1g mode shifts to higher frequencies [6]. This evolution with

the number of layers is shown in figure 2.10 (b). In addition to this, the Raman modes of TMDs
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are also sensitive to external pertubations such as strain [7] and doping [102].

2.2.2 Strain in 2-D materials

The possibility of tuning optical and electronic properties of semiconductors is an important

design element for the development of future technological devices. One possible way of

doing this is by applying strain to the semiconductor material. The ultrathin nature of 2-D

materials makes them highly sensitive to any external perturbations such as strain and doping.

2-D materials can sustain unusually high amounts of strain due to the absence of dangling

bonds or surface defects and high crystallinity [103]. Thus, the fracture point is ultimately

determined by the strength of atomic bonds. For example, the fracture strength of an MoS2

monolayer is ∼1/8 of its Young’s modulus [104]. According to Griffith’s theory, this reaches

the theoretical strength limit (∼1/9 of Young’s modulus) for ideal brittle materials [105]. TMD

monolayers can sustain strain values >10% while Si breaks at a strain of ∼1.5% [103]. Therefore,

strain engineering provides a wider tunability over the properties of TMDs in a controllable

way.

Figure 2.11 – Different techniques to apply strain in 2-D materials. (a) Homogeneous uniaxial
strain using substrate bending [7]. (b) Homogeneous uniaxial strain using substrate elongation
[8]. (c) Homogeneous biaxial strain using a piezoelectric substrate [9].

Broadly, strain can be applied to 2-D materials in three different ways, classified on the basis

of nature of the applied strain [103, 106]: (a) Homogeneous uniaxial strain; (b) Homogeneous
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biaxial strain; (c) Inhomogeneous local strain. Figure 2.11 summarizes some of the techniques

to apply strain in 2-D materials. The 2-D material are exfoliated, transferred or directly grown

on the target substrate. Homogeneous uniaxial strain can be applied either by bending [7]

or elongation [8] of a substrate with the 2-D material deposited on top as shown in figures

2.11 (a) and (b), respectively. In case of bending, the strain is given as: ε = h / 2R, where, h

is the substrate thickness and R is the radius of curvature. Homogeneous biaxial strain can

be applied by transferring the 2-D material on a piezoelectric substrate [9]. The application

of an electric field causes out-of-plane elongation of the piezoelectric material and an in-

plane shrinking. This leads to a biaxial compression in the 2-D material. This is illustrated

schematically in figure 2.11 (c). An alternative way to apply biaxial strain is combining the 2-D

material with a substrate that has a large thermal expansion mismatch with the 2-D material

[107]. Heating the substrate leads to a uniform biaxial strain in the 2-D material. Another

interesting way of straining 2-D materials is by applying inhomogeneous local strain. This was

first demonstrated by Castellanos-Gomez et. al. [108] in 4L MoS2. This method is central to

this work and is discussed in the next section.

The simplicity of various techniques available for straining 2-D materials allows one to choose

the most feasible technique for a specific application. However, the maximum amount of strain

that can be applied varies in each case [103]. For example, in monolayer MoS2, maximum

values of strain reported till date are about 2.4% for uniaxial [7], 0.2% for biaxial [9, 107] and

2.5% [108] for inhomogeneous local strain. Application of strain to TMDs leads to changes

in their optical and electronic properties. This is related to the strain-related modification

in the bandstructure of TMDs. For example, the bandgap of monolayer and bilayer TMDs

decreases linearly with increasing homogeneous tensile strain [7]. Applying higher amounts

of strain further leads to a bandgap transition, either from direct to indirect in monolayer

TMDs [7] or indirect to direct in few-layer TMDs [109]. The vibrational properties are also

affected based on the nature of applied strain. The in-plane E2g mode is highly sensitive to

strain compared to the out-of-plane A1g mode. Application of tensile or compressive strain

leads to either softening [7] or stiffening [9] of the E2g mode and shifts the Raman peak to

lower or higher frequencies, respectively.

2.2.3 Strain at the nanoscale: Quantum emitters

Monolayer TMDs, such as WSe2 can host single photon emitters (SPEs) which exhibit sharp

QD-like emission peaks [29–32]. Linewidths as narrow as 10µeV have been observed from

SPEs in monolayer WSe2 [110]. Table 2.1 summarizes the experimental values of physical

parameters for localized emitters observed in W- and Mo-based monolayer TMDs. Although

the microscopic origin of these emitters is not accurately known, the most likely attribution is

given to defects and localized strain gradients. Recent strain-dependent band profiles obtained

from density-functional theory (DFT) calculations have shown a decrease in bandgap with

applied strain [111, 112]. Moreover, the effective dielectric function is lowered with the applied

strain [112]. The idea is that defects in such materials provide strong localization to excitons
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Material Lifetime Linewidth g2(0)

WSe2 100 ps [113] 10 µeV [114] 0.02 [114]
2-225 ns [115]

WS2 1.4 ns [116] ∼ 3 meV [34] 0.31 [116]
MoSe2 0.19 [117] 150-500 µeV [118, 119] 0.29 [117]
MoS2 1.73 µs [120] 0.5-0.6 meV [28] 0.23 [120]

<150 ps [28]

Table 2.1 – Experimental values of emission lifetime, linewidth and g2(0) for localized emitters
in different monolayer TMDs. Table inspired by Chakraborty et. al. [121].

Figure 2.12 – Schematic illustration depicting a monolayer TMD conforming to a nanopillar
substrate.

and the strain gradients can then funnel these excitons to points of maximum strain.

One of the remarkable aspects of straining monolayer TMDs is the possibility to engineer

localized regions of high strain. This results in the formation of microscopic regions with a

lower bandgap. When excited with a laser beam, excitons generated in the TMD material

drift towards such lower bandgap regions before recombination, concentrating carriers in a

small region of the TMD material. This is referred to as "funnel effect." Such a device structure

was proposed and demonstrated as a tunable broad spectrum solar energy funnel [112]. This

is schematically illustrated in figure 2.12, where a monolayer of TMD (MoS2, for example)

is deposited on an array of nanopillars. This device structure allows for deterministic and

scalable creation of SPEs. Monolayer WSe2 was deposited on SiO2 nanopillar array to induce

local strain [34, 35]. A near-perfect (96%) yield of SPEs can be obtained by this method [34].

Moreover, the dimensions of the nanopillars affect the properties of SPEs. For example, the

spectral stability and density of emitters depends on the height of the nanopillars [34, 35].

Thus, by modifying the underlying nanostructure morphology the strain profile, funneling

effect and carrier collection can all be modified.
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Figure 2.13 – SEM images of (a) a vertical nanowire array and (b) a horizontal nanowire cross.

2.2.4 Integration with III-V nanostructures

We now look at how combining monolayer TMDs with III-V semiconductor materials presents

several advantages. Firstly, the properties of the SPEs hosted by TMDs can be drastically

improved. Secondly, how various strain profiles can be imposed in the TMDs using different

III-V nanostructure geometries.

Charge and/or electric field fluctuations are often observed in solid-state SPEs. Such fluc-

tuations are caused by the charge traps that exist in the environment surrounding the SPEs.

They can generate fluctuating electric and magnetic fields which lead to a variation in the

energy of the photons emitted. In case of TMDs, deterministic SPEs were mostly fabricated

on SiO2 substrates. The varying charge environment in SiO2 leads to spectral wandering and

blinking of the SPEs [122] which can be on the order of several meVs [29]. On the other hand,

monolayer WSe2 deposited on InGaP substrates was shown to practically eliminate spectral

wandering and reduce the emission linewidth [122]. Thus, high quality III-V substrates could

further enhance the quality of SPEs in monolayer TMDs.

High-quality III-V semiconductors can be grown using well-developed epitaxial techniques

such as MBE. Defect-free III-V nanostructures can be grown in many different geometries,

such as vertical nanowire arrays and horizontal nanomembranes as shown in figure 2.13.

Combining monolayer TMDs with III-V nanostructures, varying amounts of strain can be

applied to TMDs depending on the nanowire shape and dimensions. The width and pitch of

the nanowire arrays provides an additional knob for strain tuning. The geometry of nanowires

has an added advantage. The light emission and absorption in vertical NWs is known to be

efficient compared to the planar configuration, as discussed in section 2.1.1. The photons

emitted due to recombination of localized excitons funneling to the NW tip can be extracted

efficiently.

Band alignment at the III-V/TMD interface
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Chapter 2. Motivation and Context

Figure 2.14 – (a). Types of band alignment in semiconductors. (b) Types of heterostructures
formed between monolayer TMDs and various III-V semiconductors [10]

.

III-V semiconductors can be combined into multinary alloys. For example, AlAs and GaAs can

be combined to form an AlxGa1-xAs alloy. The bandgap of the alloy can be continuously tuned

by changing the composition. Thus, combining monolayer TMDs with III-Vs enables creation

of different types of band alignments at the interface. Type-I or type-II heterostructures can be

formed by carefully choosing the material combinations. Figure 2.14 shows the types of band

alignments calculated from first-principles DFT calculations [10] between III-As compounds

and Mo- and W-based TMD monolayers. This bandgap alignment provides an additional

knob for carrier injection into or out of the TMD monolayer.

The optical spectra of monolayer TMDs, such as MoS2 and WSe2 are dominated by excitons,

which are electron-hole pairs bound together by a strong Coulomb interaction [123, 124]. By

introducing an additional charge carrier, rich physical properties of charged excitons can be

exploited. A charged exciton or trion consists of three charged particles (one e- and two h+

or two e- and one h+) bound together. Trions are preferred over neutral excitons since they

can preserve spins on longer timescales (several ns) compared to neutral excitons [125]. The

radiative relaxation of a trion to the ground state is accompanied by the emission of a circularly

polarized photon and either an electron or a hole is left behind. This additional charge carrier

can preserve its spin state for at least a few ns. This longer valley lifetime of trions might be

sufficient for performing several quantum gate operations.

In TMDs, trions can be introduced externally either via electrostatic gating [123] or engineer-

ing the band alignment [126]. Electrostatic gating, however, requires complex fabrication

processes. Doping, on the other hand, can be achieved by creating heterojunctions with a

suitable band alignment. Type-II heterojunction, for example, was used to introduce trions

in a WSe2/CrI3 heterojunction. By transferring the heterojunction to a nanopillar structure,

localized trions were obtained [127]. Therefore, integration of monolayer TMDs with III-V

nanostructures is promising to explore the novel optical properties in TMDs. The heterostruc-

ture integration can also enable large-scale integration of bright SPEs using strain engineering.
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3 Methods

In this chapter, the basics of various experimental techniques used to obtain the results in

this thesis are described. Firstly, the samples preparation methods are discussed. The sam-

ples studied in this thesis were prepared by two methods. First is the bottom-up growth of

nanowires and their heterostructures by molecular beam epitaxy (MBE). The nanowires were

also integrated with 2-D materials using a polymer transfer method. Secondly, we present

various characterization methods. Techniques based on electron-matter interactions such

as scanning and transmission electron microscopy (SEM and TEM) and cathodolumines-

cence (CL) and optical characterization techniques of Raman and photoluminescence (PL)

spectroscopy are discussed.

3.1 Growth and Fabrication

3.1.1 Molecular Beam Epitaxy

Epitaxial techniques have gained importance since late 1960s in the growth of materials due

to their unique advantages. Growth by epitaxy enables (i) obtaining high purity materials with

low defect density and (ii) abrupt modulation of composition and doping profiles. Epitaxial

techniques include metalorganic vapor phase epitaxy (MOVPE), chemical beam epitaxy (CBE)

and molecular beam epitaxy (MBE). MBE gained much more importance since the work of

Cho and Ballamy in 1975 [128], where they showed the growth of high quality monocrystalline

GaAs layers. Since then, MBE has enabled the growth of novel epitaxial heterostructures

and devices and led to the rapid development of quantum structures. Today, MBE is used

to grow high quality materials of group-IV and III-V semiconductors as well as metal-oxide

semiconductors.

MBE is a technique to grow materials on a heated crystalline substrate under ultrahigh vacuum

(UHV) conditions. The typical chamber pressures range between 10-9 - 10-10 Torr, which

can be further reduced by increasing the pumping power. Thus the collision mean free

paths between atoms and molecules are larger or comparable to the dimensions of the MBE
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Figure 3.1 – Schematic illustration of the growth chamber in an MBE system

system. This results in ballistic, non-interacting paths of the source beams which can be

abruptly interrupted using shutters. This allows to control the interface abruptness with a

sub-monolayer precision. The constituent species in an MBE system are provided by atomic

or molecular beams which are adsorbed on the substrate and interact to form the epitaxial

layers. The use of high purity sources (6N, 99.9999 %) results in an extreme purity of the grown

layers closer to the theoretical limit.

The results in this work were obtained using a DCA P600 UHV cluster MBE system. A schematic

of the growth chamber is shown in figure 3.1. The substrate is loaded in the growth chamber

upside down facing towards the material sources. A substrate manipulator is used to control

the substrate heating and rotation during growth. A z-stage is used for loading and unloading of

the sample into the growth chamber. The substrate is heated using an infrared heater element

made from pyrolytic boron nitride (PBN) positioned above the substrate. The substrate

temperature is maintained using a thermocouple for feedback. The temperature during

growth can be monitored in-situ using a pyrometer.

The system is equipped with ten ports for various effusion cells and valved cracker cells.

Each cell is combined with a pneumatically controlled shutter which provides binary control

over the material fluxes. This allows for an abrupt change in the material composition. The

materials are heated using a resistive heating filament to obtain the desired flux. Group-III

elements such as Ga, In and Al are provided by solid-source effusion cells.
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3.1. Growth and Fabrication

Figure 3.2 – (a) An effusion cell. (b) Arsenic valved cracker cell

Due to their high vapor pressures, group-V elements such as arsenic are supplied using a

valved cracker cell. The construction of such a cell is slightly different than the standard

effusion cell as shown in figure 3.2 (b). It consists of two separate temperature zones. The first

zone is called as As tank and contains the bulk As material. It is heated and maintained at

sublimation temperatures of As, around 350 - 400oC. Arsenic sublimates in the form of As4

molecules. The flux of As4 is controlled using a needle valve and passes through the cracker

which is heated to much higher temperatures around 900oC. This cracks As4 molecules into

As2 molecules. For all the nanowire growths described in this work, As4 is used and the cracker

is maintained at a relatively lower temperature of 600oC.

The high vacuum conditions in an MBE system are maintained by two cryopumps (CTI-8

and CTI-10), with a closed-loop He flow, connected to the growth chamber. The gaseous

contaminants are trapped onto cold surfaces within the pump by means of cryocondensation.

The chamber purity is monitored using a mass spectrometer or residual gas analyzer (RGA) to

detect different gaseous species present within the growth chamber. The chamber pressures

are measured using dual-filament ion gauges. A beam flux monitor (BFM) is mounted on a

separate retractable arm which extends directly below the substrate and measures the source

fluxes in the form of beam equivalent pressure (BEP). It is directly related to the number of

atoms arriving at the substrate and after calibration, gives the deposition rate.

In an MBE system, the growth rate can be monitored in-situ using a RHEED (reflection high

energy electron diffraction) technique. The system is mounted with an electron gun and a

phosphorent screen. The electron beam is incident at a grazing angle of incidence (< 5o) which

results in electron scattering only from the surface. The interference between the scattered

electrons results in a RHEED pattern characteristic of the thin film structure forming at the

surface. By monitoring the diffracted spot intensity, the growth rate can be calibrated with a

monolayer precision. Since RHEED calibrations can be time consuming they are performed
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less frequently. In our growths, they were rather linked to the BFM calibrations which are

quick and can be performed more frequently for monitoring the growth rate reproducibility.

The quality of the grown sample depends on the quality of the substrate introduced. Therefore,

it is essential to ensure the purity of the substrate before it is introduced into the growth

chamber. MBE system consists of two dedicated chambers connected to the growth chamber

it undergoes degassing processes to rid the substrate of any contaminants. (i) Loadlock

chamber: substrate is heated to 120oC to degas water vapor. (ii) Degas chamber: substrate is

heated to 600oC to degas organic contaminants present on the surface.

3.1.2 Exfoliation and transfer of 2-D materials

Nowadays, atomically thin 2-D materials are routinely isolated from bulk crystals using a

simple scotch tape exfoliation method. One of the main reasons the field of van der Waals

materials took off so rapidly was due to the development of experimental techniques that

allowed us to precisely transfer them from one substrate to another. Using such transfer

methods, different 2-D layers can also be stacked on top of each other like a "LEGO" set and

there is no limitation on the number of layers that can be stacked together. During stacking,

the alignment angle between two layers can also be defined precisely. For example, graphene

and boron nitride (h-BN) monolayers are routinely stacked into artificial bilayers to study

the resulting Moiré patterns [37]. Monolayers of 2-D materials can be also be capped with a

protective layer which improves their optical and electronic properties [129].

In this thesis, we have used various transfer methods to integrate TMD flakes with different

substrates such as Si/SiO2, Au thin films, planar GaAs substrates and GaAs nanowires on Si

and GaAs substrates. Various techniques are available for integrating 2-D flakes with different

substrates [37] such as: (i) PMMA carrier layer, (ii) Elvacite sacrificial layer, (iii) wedging

transfer method, (iv) PDMS dry transfer, (v) van der Waals pickup and (vi) polymer transfer

methods. We have used the PDMS dry transfer method and polymer transfer methods to

pick and place monolayer flakes of TMDs onto desired substrates [37]. The flakes are initially

exfoliated from a bulk crystal onto an SiO2/Si substrate. This allows easy optical identification

of few layer flakes using an optical microscope. These flakes are then transferred using a

transfer methods to a desired substrate. The detailed processes of exfoliation and transfer are

described below.

Figure 3.3 shows the process of exfoliation of MoS2 flakes on an SiO2/Si substrate as an example.

(a) A piece of scotch tape is pressed onto a bulk MoS2 crystal. (b) The tape is then peeled off

rapidly. The tape now consists of a few layer MoS2 flakes. (c) This piece of tape is then pressed

onto an SiO2/Si substrate. (d) The tape is then gently peeled off, where few layer flakes get

transferred to the substrate. These flakes are then inspected using an optical microscope to

identify monolayers (inset in (d)). Raman and PL spectroscopy in conjunction with AFM are

also used to confirm the flake thickness to be a monolayer.

26



3.1. Growth and Fabrication

Figure 3.3 – Scotch tape exfoliation process. The inset shows an optical image of MoS2 flakes
exfoliated onto an SiO2/Si substrate

Figure 3.4 – A manual transfer station used for flake transfer.
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Figure 3.5 – Illustration of the polymer transfer method showing the side view, top view and
optical image taken at each step during the transfer process.

Once monolayers are identified, they are then transferred to a target substrate (vertical

nanowires grown on Si, for example) using one of the transfer methods. A manual or an

automatic transfer stage is used for the transfer. Figure 3.4 shows the manual transfer stage

which was used for this work. It consists of two main components, the stamp stage and the

sample stage. The sample stage has XY translation and rotation capabilities. The sample stage

has XYZ translation, rotation and heating capabilities. The sample stage can be heated upto

200oC for better polymer sticking and melting during transfers. Microscope objectives and a

control software are used to optically navigate on the stamp and the sample.

A polymer transfer method is schematically illustrated in figure 3.5. The polymer stack consists

of a poly bisphenol A carbonate (PC) film on a PDMS cube on a glass slide. A small cube (1

mm) is cut from a freshly prepared PDMS film and placed on the glass slide. A PC film coated

onto a glass slide is peeled off using a piece of scotch tape. An aperture is cut through the

tape where the floating PC film will act as a membrane and the tape surrounding it provides

mechanical support. This is then placed on the PDMS cube and the glass slide is then ready to

pick up the flake. The glass slide is fixed on the stamp stage and aligned with the substrate

which is placed on the sample stage as shown in figure. After heating the sample stage to 70oC,

the stamp is aligned with the monolayer flake on SiO2/Si substrate. The sample stage is then

brought in contact with the stamp and the temperature raised between 80 - 90oC where the PC

film sticks to the flake on the substrate (figure 3.5 (a)). The temperature is then slowly reduced

to pick up the flake (figure 3.5 (b)). Once the flake is on the stamp, the target substrate is then

placed on the sample stage. The flake on stamp is aligned precisely with the desired area on

the target substrate (nanowire arrays in our case). By bringing the stamp gently in contact

with the substrate (figure 3.5 (c)), substrate temperature is slowly and steadily raised to 180oC.
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Figure 3.6 – Schematic showing different signals resulting from the interaction of a high energy
electron beam with a sample.

Once the polymer melts, the melted polymer area in contact with the substrate is separated

from the stamp by manipulating the z-stage (figure 3.5 (d)). The polymer blob is then cleaned

in chloroform for 30 mins followed by cleaning in isopropyl alcohol for 5 mins. The flake is

then successfully transferred to the desired area on the substrate (figure 3.5 (e)). An optical

image of the sample at each stage of transfer is shown in the bottom insets of figure (figure

3.5).

3.2 Characterization

Following sample preparation, characterization is necessary to study the relationship between

materials processing and structural/ functional properties. We have used electron microscopy

to study the structural properties and optical spectroscopy to study the functional properties

of the fabricated samples.

3.2.1 Electron Microscopy

Transmission Electron Microscopy

Electron microscopy can be used to gain valuable information about the structure, morphology

and composition of a sample. It relies on the interaction of electrons with a material. When

an electron beam impinges the sample, a multitude of signals are emitted. Figure 3.6 shows

the various interactions that can occur. The interaction of electrons with the sample can be

classified into two types: elastic scattering and inelastic scattering. In case of elastic scattering,
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Figure 3.7 – Ray diagram illustrating the path of electrons when the TEM is operated in imaging
vs. diffraction mode.

the electrons are deflected due to electrostatic interaction with atomic nuclei and surrounding

electrons. The scattered electron has same energy as the incident electron. When the scattering

is coherent, Bragg diffracted electrons can be used to generate diffraction patterns which

hold information about the crystal lattice. Using an aperture, either the transmitted or a

diffracted beam can be selected for bright-field or dark-field imaging. Since diffracted beams

have strongly interacted with the sample, dark-field imaging provides higher defect contrast.

Incoherent scattering results from the difference in atomic number (Z) or sample thickness.

This can be used to obtain Z-contrast or mass thickness contrast for crystalline ans well as

amorphous materials.

Figure 3.7 illustrates the path of electrons within a TEM operated in imaging and diffraction

modes. Electrons ejected from the source accelerate towards the sample. The two condenser

lenses (C1 and C2) define the probe and control the illumination area on the sample, ensuring

sample illumination by a parallel beam of electrons. A combination of upper and lower
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objective lenses form the image. An objective aperture is placed at what is called the back focal

plane where the diffracted beams are formed. In the imaging mode, either the transmitted or

one of the diffracted beams can be selected using the objective aperture and the system can

be configured for bright-field or dark-field imaging. In the diffraction mode, a selective-area

aperture is inserted in the image plane to obtain diffraction pattern from only a small region of

the sample. The intermediate lenses are adjusted to switch between imaging and diffraction

modes as well as change the image magnification and compensate for image rotation as a

result of spiraling of electrons. Lastly, projector lens is used to magnify the image onto a

detector.

The electron interation with the sample can also result in inelastic scattering where the

scattered electrons lose energy when they interact with the sample. This can result in the emis-

sion of characteristic X-rays, secondary electrons, backscattered electrons, Auger electrons,

phonons, plasmons and photons. The emission of characteristic X-rays provides a powerful

analytical tool for composition analysis. An incident electron can transfer part of its energy

to another electron in the inner shell of an atom. When the inner shell electron is ejected,

an electron from a higher state relaxes to fill the vacancy. This results in the emission of an

X-ray photon with energy which is the characteristic of an inner shell transition and is unique

for each atom. Thus, elemental composition of the sample can be identified using the X-ray

fingerprint within an error of few percent. This scattering usually occurs at high scattering

angles. Therefore, a high-angle annular dark-field (HAADF) detector is mounted in the TEM

column which can collect these X-rays. Using energy-dispersive X-ray (EDX) spectroscopy

combined with sample mapping, local composition variations within few nanometers can be

studied.

The TEM system used throughout this work was an FEI Talos F200S microscope with a high-

brightness field emission gun source. The microscope is operated at 200 keV and operating

currents of 100 pA for high-resolution TEM and 1 nA for STEM imaging. The resolution was

on the order of 0.25 nm. The system is equipped with BF and DF detectors and two HAADF

detectors for EDX spectroscopy. The samples are loaded on a double tilt holder which allows

for the sample alignment on the zone axis for high-resolution TEM imaging. We have used

HR-TEM to study the morphology, defects and stacking faults in the InAs/GaAs nanowire

heterostructures. HAADF-STEM and EDX were used to obtain elemental contrast and mapping

in the nanowires.

Scanning Electron Microscopy

SEM was routinely used for checking the growth of nanowires. The SEM microscopes used

in this work are Zeiss LEO 1550 and Zeiss Merlin equipped with field emission gun source

and in-lens and secondary electron detectors. The in-lens detector is located in the beam

path and detects only the secondary electrons. While in case of the SE detector, electrons

are are attracted by a collector and detects secondary and backscattered electrons. The

collector bias can be tuned to reject low energy backscattered from the sample producing a
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Figure 3.8 – Electronic transitions generating X-rays as a result of ejection of an inner shell
electron.

backscattered image enhancing the topographic contrast. The secondary and backscattered

electrons emitted from the sample are collected to obtain information about the sample

morphology and surface topography. Low beam energies in the range of 3 - 5 keV were used.

Higher beam energies were sometimes used for subsequent generation and detection of X-

rays using an EDX detector and obtain quantitative elemental information. The resolution of

SEM-EDX is lower compared to STEM-EDX..

Cathodoluminescence

When a semiconductor is hit by an electron beam, some of the electrons can contribute to

the generation of electron-hole pairs. The electrons from the valence band are promoted to

the conduction band. The electrons relax from the excited state by recombining wiht a hole

followed by the emission of a photon. This generation of luminescence upon excitation with

an electron beam is termed as cathodoluminescence (CL). The electron excitation is carried

out in an SEM microscope, hence it is commonly referred to as SEM-CL. SEM-CL combines the

high spatial resolution of SEM with optical spectroscopy. In a CL measurement, the sample is

typically scanned with an electron beam and an optical emission spectrum is acquired at each

point. This type of measurement results in hyperspectral maps where each point contains an

intensity vs. wavelength spectrum. The maps can then be analyzed alongside STEM maps to

study the correlation between the material structure and properties.

When an electron interacts with a sample, multiple scattering events can occur before the

electron exits the sample. This region of the sample where electron-sample interactions take

place is called the interaction volume. If the accelerating voltage is high enough, the interaction

volume can spread well beneath the sample surface. This can then limit the spatial resolution

of CL. This is illustrated with an example in figure 3.8 where a nanowire is bombarded with

an electron beam with energies of 4 keV and 10 keV. The results are obtained using Monte-

Carlo simulations using the software CASINO. When the energy is lower (4 keV), most of the

interaction is limited closer to the surface. When the beam energy is increased to 10 keV, the

beam penetrates deeper within the sample and results in a much larger interaction volume.

Lower accelerating voltages can be used to limit the interaction volume. This can result in a

lower number of photons generated per electron, thus, a lower CL signal. Nevertheless, lower

accelerating voltages can still help in improving the CL resolution. Carriers generated from CL
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Figure 3.9 – Schematic of the CL setup.

excitation can also diffuse spatially before they can recombine. This is specially pronounced

when surface defects or traps are present. The emission signal is then generated far from the

point of excitation. In nanostructures, the diffusion length can be still be limited within 1

µm range. The overall resolution of CL depends on the accelerating voltage used, interaction

volume within the sample and carrier diffusion process.

The CL system used in this work is an Attolight Rosa dedicated SEM-CL microscope. A

schematic of the system is depicted in figure 3.9. The microscope is equipped with a column

similar to a standard SEM microscope with a Schottky thermal field emission gun source.

The electron beam energy can varied between 1 - 10 keV. Gun lens and objective lenses focus

the electron beam onto the sample with a spot size of 10 nm. The sample sits on a liquid

He-cooled holder which can cool down the sample down to 10 K. The system is equipped

with a Faraday cup. The probe current in the microscope can vary between 5 and 20 nA. The

sample can be imaged using an Everhart-Thornley secondary electron detector.

The optical components to collect the CL signal consist of a reflective objective and a tilted

parabolic mirror along the microscope column. These are pierced with a hole to allow the

electron beam to pass. The reflective objective and parabolic mirror focus and direct the

CL signal into the spectrometer. The spectrometer assembly consists of an objective which

focuses the incoming signal to the entrance slit where parabolic mirrors and diffraction

grating work in conjunction to spectrally resolve the CL signal (into an intensity vs. wavelength

spectrum) and direct it to the charge-coupled detector (CCD). The signal can be directed to

two different CCDs for detection of light either in the near UV-Visible light (300 - 950 nm)
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Figure 3.10 – (a) Vibrational energy levels involved in Raman scattering. (b) Feynman diagram
of the one-photon (Stokes) Raman scattering.

range (Si CCD) or in the near infrared (NIR, 0.9 µm - 1.7 µm) range. The spectrum at each

point is recorded along with 2-D pixel coordinates to obtain hyperspectral maps.

3.2.2 Optical spectroscopy

Raman spectroscopy

Raman spectroscopy, discovered by Dr. C. V. Raman, is a non-destructive technique used to

study the structure and compositon of materials by characterizing their vibrational properties.

The sample under study is excited using a laser beam and the scattered light is detected. Most

of the incident laser light is scattered elastically such that the energies of the incident and

scattered photons is the same (λscattered = λlaser), otherwise known as Rayleigh scattering. A

small fraction of light (1 in 107 photons) is scattered inelastically, where the scattered photons

have an energy either lower (Stokes scattering) or higher (anti-Stokes scattering) than the

incident photons. Raman effect is a result of the interaction of photons with the electric dipole

of a molecule. Figure 3.10 (a) shows an energy level description of Raman scattering. The laser

photon excites the molecule to a virtual state which can then relax to either same (Rayleigh),

lower (Stokes) or higher (anti-Stokes) vibrational level. The intensity of scattered light is then

plotted against the Raman shift, which is the energy difference between incident and scattered

photons. Raman shift is commonly expressed in wavenumbers (cm-1) and calculated as:

ν = 1/λlaser - 1/λscattered

According to the microscopic theory of scattering, the Raman process proceeds in three steps

[51],

(a) An incoming photon with frequency ωi excites the semiconductor into an intermediate

state |n> and creates an electron-hole pair or exciton. The process is mediated by the electron-
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Figure 3.11 – A schematic of the optical setup configured for both Raman and photolumines-
cence measurements. A flip mirror is used to divert the signal towards either the triple Raman
system or the PL detection system. LL: laser line; ND: Neutral density; BS: Beamsplitter; HPF:
Highpass filter.

radiation interaction Hamiltonian He-r.

(b) The electron-hole pair is scattered into another state |n’> by the lattice by emitting a

phonon. This process is mediated by the electron-phonon interaction Hamiltonian He-ion.

(c) The electron-hole pair in state |n’> recombines radiatively and a scattered photon with

frequency ωs s emitted, mediated by He-r.

This process is illustrated by the Feynman diagram in figure 3.10 (b). The electrons mediate

the Raman scattering process although they remain unchanged after the scattering process.

The transitions involving electrons are, thus, virtual. The interactions shown in figure 3.10 (b)

proceed sequentially as a function of time. Other possible scattering processes can be derived

by permuting the time order of the three vertices in (b). As a result of time reversal invariance,

the Feynman diagrams in figure 3.10 read from right to left will describe the anti-Stokes Raman

scattering process.

Two different setups have been used in this work to carry out the Raman measurements. The

first is a Renishaw inVia confocal Raman system (not shown here) configured for use with

four different lasers (405 nm, 532 nm, 488 nm and 785 nm). The system is coupled with a

charge-coupled detector via a high resolution spectrometer consisting of gratings to disperse

the Raman signal. The 532 nm laser combined with a 3000 l/mm grating provides a maximum

35



Chapter 3. Methods

Raman spectral resolution of 0.8 cm-1. Raman spectrum is plotted in terms of photon energy

shift of the Raman signal with respect to the incident laser energy. For the materials studied

here (TMDs), this is typically around 50 meV, which is very close to the laser energy. This

results in a strong laser background, resulting from Rayleigh scattering, which interferes with

the Raman signal. A common approach is to use a separate holographic notch filter (Rayleigh

filter) to block the laser line, as applied in this setup.

The second setup represents a more versatile configuration for laser line suppression and

stray light rejection. Figure 3.11 shows a schematic of such a setup. The main difference lies in

the detection stage labeled as triple Raman system consisting of three 500 mm focal length

monochromator stages. Each stage consists of two gratings 900 l/mm and 1800 l/mm. The

setup can be operated in subtractive or additive mode. In subtractive mode, Raman signal

entering the first monochromator stage is dispersed by the first grating. The intermediate slit

between first and second stage acts as a bandpass filter selecting only part of the spectrum.

This filters out the laser line and stray light thereby providing a high signal-to-noise ratio. The

grating in the second stage collects this light and focuses it onto the entrance slit of the third

stage. The third stage grating then disperses this light and focuses it onto the detector. The

setup can also be used in additive mode, where each stage further disperses the incoming light

from the previous stage to providing a maximum resolution for the setup. The setup provides

a maximum resolution of 0.2 cm-1 at 500 nm when used in the additive mode. The triple

Raman system is configured for use with two different semiconductor lasers (488 nm and 532

nm). The incoming laser power can be tuned using ND filters. Alternatively, a half waveplate

in conjunction with a polarizing beamsplitter, which transmits only vertical polarization

of light, can be used to tune the power continuously. A 50:50 beamsplitter is then used to

divert the incoming signal towards a power meter which is used to monitor the laser power.

A 63x objective with NA 0.85 is used to focus the signal onto the sample and also collects

the signal emitted from the sample. This setup provides a spatial resolution of about 1 µm.

The sample stage consists of a liquid He-cooled cryostat placed on an XYZ translation stage

which was used to carry out measurements from room temperature down to 10K. A white light

source in conjunction with a camera is used for sample imaging and navigation. The Raman

signal is detected using a liquid nitrogen-cooled Si charge-coupled device. For polarization-

dependent Raman measurements, the polarization of the scattered signal can be selected

using a combination of a linear polarizer and a half waveplate.

Photoluminescence

Photoluminescence (PL) is a commonly used spectroscopy technique to study the optical

properties of semiconductors. In PL, a semiconductor is optically excited using a source with

energy higher than the bandgap. This leads to creation of electron-hole pairs. The electrons

and holes thermalize non-radiatively and relax to the conduction and valence band edges.

Following this, they recombine radiatively with the emission of a photon. Electrons and holes

can recombine through various recombination processes as shown in figure 3.12. These are (a)

band-to-band recombination, (b) free to bound transition between a free carrier and a carrier

36



3.2. Characterization

Figure 3.12 – Radiative recombination mechanisms in PL (a) band-to-band recombination, (b)
free-to-bound transition, (c) free exciton recombination, (d) bound exciton recombination
and (e) donor-acceptor pair transition. VB: valence band, CB: conduction band.

bound to a defect, (c) free exciton recombination, (d) defect-bound exciton recombination

and (e) donor-acceptor pair transition due to capture of electron to a donor impurity and hole

to an acceptor impurity.

The energy of the emitted photon depends on the bandstructure and energy levels of the

sample. The emission is detected using a suitable detector and the intensity of emitted signal

is plotted as a function of its wavelength (or energy). Various features of a PL spectrum provide

information on the properties of the sample being studied. PL intensity indicates the material

quality, since defects can reduce luminescence via non-radiative recombination channels.

Peak position depends on the sample composition. Linewidth determines the homogeneous

and inhomogeneous broadening. At room temperature, phonon-assisted homogeneous

broadening can suppress the inhomogeneous broadening caused by local structural fluctua-

tions. Therefore, it is common to carry out PL measurements at low temperature to suppress

phonon-assisted scattering processes.

PL measurements in this work were carried out using the same setup shown in figure 3.11. A

flip mirror is used to divert the emitted signal to the PL system. The optical setup before the flip

mirror is the same as the Raman setup. The PL system consists of a highpass filter to spectrally

filter out the laser peak allowing only the lower energy PL signal to pass through. The signal

is dispersed using a diffraction grating (300, 600 and 1200 l/mm) onto a thermoelectrically

cooled CCD.

In addition to the optical setups described above, additional Raman and PL mapping mea-

surements were carried out using a custom-built Raman setup in the group of Prof. Paulina

Plochocka, at the Wroclaw University of Science and Technology. The basic working principle
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remains the same as the triple Raman system. In addition, motorized translation stages are

used for mapping and the setup was used in a confocal configuration to improve the spatial

resolution.
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4 Results and Discussion

This chapter is a compilation of the main results of this thesis in the form of three manuscripts.

Firstly, a brief summary of each manuscript along with my contributions is provided followed

by the presentation of results.

4.1 Facet-driven formation of axial and radial In(Ga)As clusters in

GaAs nanowires

A. Balgarkashi*, S. P. Ramanandan*, Nicolas Tappy, Mackrine Nahra, Wonjong Kim, Lucas

Güniat, Martin Friedl, Nicolas Morgan, Didem Dede, Jean-Baptiste Leran, Christophe Couteau

and Anna Fontcuberta i Morral.

Journal of Optics, Volume 22, Number 8 (2020)
*equal contribution

This work is the result of first half of my PhD research work. Here, the focus was on growth

of InAs/GaAs nanowire heterostructures. The aim of this work was to position a small InAs

segment on the axis of a GaAs nanowire to act as a single photon emitter. GaAs NW arrays

were grown on patterned Si substrates using Ga droplet as the catalyst. Whereas an ideal axial

heterostructure requires sharp interface between the QD segment and surrounding barrier for

a stronger quantum confinement, incorporating In directly into the Ga droplet during NW

growth can result in a graded interface. We approached this issue by completely consuming

the Ga droplet under As4 flux before switching the NW material from GaAs to InAs. During

this droplet consumption step, the droplet shrinks with a variation in the contact angle. This

causes fluctuations in the morphology and crystal structure at the NW tip. We studied carefully

the morphology and crystal structure at the NW tip using SEM and HR-TEM measurements.

The tip was found to exhibit different morphologies and most of the NWs exhibited a truncated

pyramidal tip.

Growth conditions (In flux and substrate temperature during growth) were then examined for

placing a small (< 50 nm) axial segment of InAs on the NW. InAs was deposited in two different
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Figure 4.1 – Understanding the preferential accumulation of InAs clusters on GaAs NWs.

ways: (i) deposition of In droplet on NWs followed by crystallization under As4 flux (VLS

method), and (ii) direct deposition of InAs under (In + As4 fluxes, V-S method). It was found

that, when using the VLS method, In deposition at a planar growth rate as low as Å0.1/s for 5s

resulted in droplet sizes of 90 nm. Therefore, the preferred method was direct V-S deposition

to keep the InAs cluster size smaller.

The InAs segment was then capped with a GaAs shell for passivation and confinement. Un-

capped and capped clusters were examined using HAADF-STEM atomic contrast and EDX

maps were used to check their composition. In addition to a small InAs segment at the NW

tip, InAs clusters were also found to accumulate along the NW sidewalls. This is shown with

the help of a schematic in figure 4.1. Since the NW tip is faceted, preferential accumulation of

InAs either on one of the facets or at the intersection of two facets is expected. However, it was

challenging to determine the exact location of such segments. On the other hand, In(Ga)As

clusters were observed only along the nanofacets present at the edges separating the two 110

NW side facets. Once the GaAs capping layer was grown, the clusters on NW sidewalls were

found to be optically active. However, the axial segment emission was fully quenched due to a

high density of defects induced during the capping layer growth.

My contribution to this work involved the substrate preparation, growth and imaging of all

the samples. The TEM study was done in collaboration with master thesis student, Mr. S.

Ramanandan. The optical characterization was done using PL and CL spectroscopy. I carried
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out the CL measurements and analysis at EPFL. The PL measurements were carried out in the

lab of Prof. Christophe Couteau at the Université de technologie de Troyes. I took part in the

PL measurements done in collaboration with PhD student Dr. M. Nahra. I also analyzed the

PL data.

4.1.1 Abstract

Embedding quantum dots in nanowires constitutes one promising building block for quantum

photonic technologies. Earlier attempts to grow InAs quantum dots on GaAs nanowires were

based on the Stranski-Krastanov growth mechanism. Here, we propose a novel strain-driven

mechanism to form 3-D In-rich clusters on the NW sidewalls and also on the NW top facets.

The focus is on ternary InGaAs nanowire quantum dots which are particularly attractive for

producing single photons at telecommunication wavelengths. In(Ga)As clusters were realized

on the inclined top facets and also on the {11-2} corner facets of GaAs NW arrays by depositing

InAs at a high growth temperature (630oC). High-angle annular dark-field scanning trans-

mission electron microscopy combined with energy-dispersive x-ray spectroscopy confirms

that the observed 3-D clusters are indeed In-rich. The optical functionality of the as-grown

samples was verified using optical technique of cathodoluminescence. Emission maps close

to the NW tip shows the presence of optically active emission centers along the NW sidewalls.

Our work illustrates how facets can be used to engineer the growth of localized emitters in

semiconducting NWs.

4.1.2 Introduction

Single photon emitters (SPEs) are envisioned to play a central role in the future of quan-

tum photonics. Their development is important for applications in quantum computation,

quantum communication and quantum cryptography [130]. An ideal single-photon source is

identified by a high fidelity and a high degree of anti-bunching (g2(0) ∼ 0), high brightness

and narrow emission linewidth [131]. In recent years, bright single-photon emitters have been

demonstrated by embedding semiconducting quantum dots (QDs) within nanowires (NWs)

[24, 25, 132, 133]. Semiconductor QDs are three-dimensionally confined nanostructures with

discrete, atom-like emission lines. Due to quantum confinement, electronic levels in a QD can

be tuned by changing their size [134] and composition [133]. Conventional QDs are grown by

planar epitaxy and embedded in a three-dimensional matrix of a higher bandgap material

[135]. However, the total internal reflection at the bulk semiconductor/vacuum interface and

the far-field divergence of the emission make the photon extraction highly inefficient from

these structures [24, 85, 131]. NWs, on the other hand, can be designed to operate as photonic

waveguides to enhance light extraction. Proper positioning of a QD on the NW axis allows the

coupling of QD emission to the fundamental HE11 mode of the NW waveguide and coupling

to other radiation modes is suppressed [24, 25, 27].

Apart from efficient light extraction, the size and morphology of the NWs offer several degrees
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of freedom to form low dimensional heterostructures like QDs and quantum wells (QWs). It is

possible to obtain axial and radial heterostructures in NWs by varying the material compo-

sition along the axial and radial directions, respectively [136, 137]. Moreover, NWs provide

a wider choice of material combinations with a higher lattice mismatch for forming axial

and radial heterostructures. For instance, in the case of III–V semiconductors, one can either

change the group-III element or the group-V element to form heterostructures. Some further

combinations are also possible with ternary alloys consisting of an additional group-III or

group-V element (e.g., InGaAs, InAsP). The large aspect ratio of NWs helps to relax the misfit

strain induced by the lattice mismatch on the sidewalls and prevents the occurrence of defects

[14]. Out of the available material combinations, InGaAs nanowire quantum dots (NWQDs)

are particularly of interest due to their ability to emit photons in the telecommunication

wavelength range and with purity in excess of 99% (g2(t) < 0.01) [44, 85]. Therefore, positioning

InGaAs QDs on the axis of GaAs NWs is an attractive choice to realize single-photon sources.

Most reports on the III-V QDs in NWs are based on NWs grown using gold as the catalyst.

However, the incorporation of gold into the grown semiconductor is found to be detrimental

for its optical properties [138]. Although self-catalysed growth of defect-free ordered GaAs NW

arrays are widely reported, NW axial heterostructures based on this method is still missing. In

the case of III-V semiconductors, axial heterostructures are obtained by either changing the

group-III element, like GaAs/InAs, GaP/InP, or the group-V element like GaAs/GaSb. More

combinations are available if either A or B is a ternary alloy. GaAs QDs in AlGaAs NWs, InAsP

QDs in InP NWs, and InGaAs QDs in GaAs NWs are a few examples. Despite the availability of

a wide variety of material combinations, challenges like the reservoir effect [88] and kinking

[139] limit their successful implementation.

Here, we take an alternative approach for switching between two materials (InAs and GaAs).

The Ga droplet, used as a growth catalyst, is completely consumed before the deposition

of InAs. Formation of axial and radial localized InGaAs clusters within self-catalysed GaAs

NWs is observed. Specific focus is given to the structural characterization of the obtained

heterostructures using transmission electron microscopy (TEM). Our findings provide new

insights into how facets can be used to engineer the growth of QDs in semiconductor NWs.

4.1.3 Experimental Details

The GaAs NWs studied here were grown by the self-catalysed vapour-liquid-solid (VLS) method

in a DCA P600 molecular beam epitaxy (MBE) system. A Si (111) wafer coated with an SiO2

mask was patterned by e-beam lithography and used as the growth substrate. The NW growth

was carried out at a substrate temperature of 630oC and at Ga and As4 beam equivalent

pressures (BEPs) of 1.4 x 10-7 Torr and 2 x 10-6 Torr, respectively. The Ga supply was interrupted

after an hour of NW growth. The Ga droplet used as a catalyst in the NW growth was then

completely consumed under an As4 flux of 7.2 x 10-7 Torr. InAs was deposited for 5s at a

substrate temperature of 630oC under an As4 BEP of 5.6 x 10-6 Torr and at a V/III ratio of 45.
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Figure 4.2 – (a) A TEM image showing overview of a GaAs NW core viewed along the <1-10>
zone axis (scale bar: 1µm). Higher magnification images of (b) the bottom, (c) intermediate
and (d) top sections of the NW as indicated in (a). The insets in (b) and (d) show the selected-
area electron diffraction (SAED) pattern taken from the encircled regions (scale bars: 100
nm).

The morphology of the grown NW arrays was examined in a Zeiss Merlin scanning electron

microscope (SEM). For structural investigation, the as-grown NWs were transferred onto a

carbon-coated Cu grids and studied in a FEI Talos TEM operated at 200 keV in high-resolution

and high-angle annular dark-field scanning TEM (HAADF-STEM) modes. Elemental maps

were obtained by energy-dispersive x-ray (EDX) spectroscopy. The optical properties of the

NWs were studied by micro-photoluminescence (µ-PL) in a cryostat operating at around 4 K

under an optical excitation provided by the 632.8 nm line of He-Ne laser. The PL signal was

collected into a 300 mm focal length spectrometer and dispersed by a 150 l/mm grating onto a

Peltier-cooled CCD. Cathodoluminescence (CL) measurements on the NWs were carried out

in an Attolight Rosa 4634 CL-SEM microscope. The measurements were carried out at 10 K

with a beam energy of 5 keV and probe currents of 5-20 nA. The CL signal was collected into a

320 mm focal length spectrometer and dispersed by a 150 l/mm grating onto an IR-sensitive

Peltier-cooled InGaAs PDA detector.

4.1.4 Results and Discussion

Figure 4.2 (a) shows a representative bright-field TEM micrograph of the GaAs core taken

along the <1-10> zone axis. Higher magnification images of some of the specific regions along

the length of the NW are shown in figures 4.2 (b)–(d). A selected-area electron diffraction

(SAED) pattern from the encircled regions in figures 1(b) and (d) is provided as an inset which
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Figure 4.3 – SEM and TEM image showing morphology of the nanowire sample with droplet
consumption at 630oC. (a) An overview of the NW array with 55 nm nanohole diameter and
2µm pitch (inter-wire distance) (scale bar: 1 µm). (b)-(e) Magnified images of the resultant
NW tip after the droplet consumption step (scale bars: 50 nm). (f)-(h) HR-TEM image of the
NW tip taken along <1-10> zone axis. Insets in (f) and (h) show SAED patterns taken from the
respective sections of the NW.

reveals the crystal structure of these sections of the NW. All the NWs showed a predominantly

zincblende (ZB) phase at the bottom (figure 1(b)), followed by a transition region composed

of a dense region of stacking faults (figure 4.2 (c)). Following the transition region, the upper

segment of the NWs is pure wurtzite (WZ) as shown in figure 4.2 (d). The observed transitions

in the crystal phase are due to the variation in the Ga droplet contact angle [73, 137, 140].

Variations in the droplet contact angle modify the capillary forces at the triple phase line (TPL)

and control the formation of ZB and WZ phases [141]. Recent in-situ TEM growth experiments,

have shown that ZB phase is favoured at small (<100o) and large (>125o) contact angles while

WZ phase is favoured at any intermediate contact angle [4]].

In the VLS growth of GaAs NWs, the Ga droplet acts as a non-stationary reservoir of Ga [97, 142].

The relative Ga flux during growth determines the droplet size and the contact angle. An As-

rich growth condition shrinks the droplet and reduces the contact angle, whereas, a Ga-rich

condition swells the droplet and increases the contact angle. Therefore, a predominantly ZB

crystal structure at the bottom of the NW is due to Ga-rich conditions at the beginning of

the growth. After reaching the desired length, the Ga flux is terminated, and the droplet is

consumed under a constant As4 flux. As the droplet shrinks, the contact angle also decreases

gradually, creating a transition region full of stacking faults. When the contact angle falls below
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Figure 4.4 – HAADF-STEM image of the GaAs NW tip after 5 s of InAs deposition under a V/III
ratio of 45 at 630oC. (a) HAADF image of the (a) upper (wurtzite) and (b) lower (zincblende)
sections of the NW. (c) A magnified image of the NW tip and (d) and (e) simultaneous EDX
elemental distributions of Ga and In, respectively. (f) and (g) HAADF-STEM images of two
selected sections from the NW super imposed with the EDX map of In.

125o, the WZ phase becomes favourable, and the consumption of the remaining Ga droplet

results in a pure WZ phase. Finally, at a very small droplet size, the NW tip is again ZB but has a

different facet morphology (figure 4.3). For a core-shell NW heterostructure, defects in the NW

core template into the shell [143]. Thus, GaAs NW core with a defect-free tip is essential for the

growth of axial heterostructures. The SEM images of the NW tip after Ga droplet consumption

at 630oC are shown in figures 4.3 (a)-(e). Figures 4.3 (f)-(h) show high-resolution TEM images

of the NW tip taken along the <1-10> zone axis. The tilted facets are indexed by measuring

the angles made with the <-1-1-1> NW growth plane. The tip of the NW showed a pure ZB

phase and is free of stacking faults (figure 4.3 (g) and (h)). However, non-uniformities in the

NW tip morphology are observed. A major fraction of the NW tips observed in SEM showed a

truncated pyramidal morphology with a flat triangular 111B facet at the tip as evident in figure

4.3 (b)-(d). The remaining fraction of NWs showed a completely pinched-off NW tip as shown

in figure 4.3 (e). In crystal growth, facet formation is governed by the slowest growing plane.

Any variation in the growth conditions (like V/III ratio or temperature) affects the growth rate

of different planes and dictates the final facet morphology. Under the conditions studied here,

we believe the group-III and group-V re-evaporation rates to be substantial and varying from

one NW to another. Therefore, the observed non-uniformities in the tip morphology can be

attributed to the local variation in growth conditions.
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Formation of axial In(Ga)As clusters

Having obtained a good understanding of the GaAs NW tip morphology and crystal structure,

the effect of InAs deposition on GaAs NWs was investigated. STEM measurements were

performed to study the preferential accumulation of InAs on the NWs. Figure 3(a) shows the

HAADF-STEM image of the upper region of the NW after InAs deposition. Due to the higher

atomic number (Z) of In with respect to Ga, we attribute the regions with a brighter intensity to

the presence of In(Ga)As clusters. These clusters are observed on the top facet (axial clusters)

as well as along the NW side facets (radial clusters).

Figure 4.4 (c) shows a magnified HAADF image of the GaAs NW tip after InAs deposition as

indicated by a red rectangular region in figure 4.4 (a). The corresponding In and Ga EDX maps

are shown in figures 4.4 (d) and (e). In(Ga)As clusters accumulate at the tip of the NW whereas,

pure InAs accumulation is observed on both the inclined top facets. When the amount of InAs

deposited is reduced, the InAs clusters become even smaller and are observed only on one of

the inclined facets at the NW tip (supplementary information A.1). We believe these smaller

clusters on one of the inclined facets to be pure InAs based on the EDX maps of figures 4.4 (d)

and (e). However, we note that it is unclear at this point if the InAs clusters on the inclined top

facets accumulate on one of the NW top facets or at the corner facet formed by the intersection

of two crystal planes. This NW tip faceting is clearly evident from SEM images in figures 4.3

(b)-(e). The InAs clusters accumulating on the corner facets at the tip are similar to the clusters

nucleating at the corner facets on the NW sidewalls, as discussed in the next section. Further

investigation is needed to determine the exact location of these clusters. This, however, shows

that engineering of the NW top facet could help in obtaining axial InAs clusters.

Formation of radial In(Ga)As clusters

Self-catalysed GaAs NWs commonly exhibit a hexagonal cross-section consisting of {1-10} type

side facets connected by short {11-2} corner facets [144]. Three-dimensional growth of InAs

nanostructures on GaAs (110) surfaces is found to be energetically unfavourable [145–148].

The Stranski-Krastonov growth of three-dimensional InAs islands on these surfaces has been

realized only after covering the facets with a thin layer of surfactant material [146, 149]. In our

case, we observe the formation of three-dimensional In-rich clusters on GaAs NW side facets

by depositing InAs layer at a higher substrate temperature. In HAADF images of figures 4.4

(a) and (b), which are taken along top and bottom parts of the NW, we observe regions with

brighter contrast all along the NW sidewalls. This indicates the presence of radial In(Ga)As

clusters along with axial clusters on GaAs NWs. This is also evident from the EDX elemental

map of In overlapped with HAADF images of NW sidewalls in figures 4.4 (f) and (g). The

location of the observed In-rich radial clusters in figure 4.4 (f) clearly suggests that they are

nucleating on the edges separating the two {110} NW side facets.

In the following discussion, we propose a material transport model to explain the temperature-

46



4.1. Facet-driven formation of axial and radial In(Ga)As clusters in GaAs nanowires

Figure 4.5 – (a) and (b) SEM images of a NW sample after InAs deposition at low temperature
(440oC) for 5 mins. (c) Illustration of the proposed material transport mechanisms. The red
arrow indicates the adatom diffusion driven by strain relaxation. (d) HAADF-STEM image of
the tip of a NW taken from the sample after GaAs shell capping.

dependent formation of 3-D In(Ga)As clusters. We base our proposition on strain energy

minimization. Strain energy minimization [150] and gradient in chemical potential [144] are

the two known driving forces for adatom diffusion between different NW facets. The convex

nature of the {11-2} corner facets makes them favourable sites for strain relaxation and the

nucleation of 3-D structures [151]. At a higher substrate temperature, adatoms have enough

kinetic energy to overcome the chemical potential barrier. Thus, material transport due to

strain relaxation becomes dominant. This, in turn, promotes preferential accumulation of the

impinging adatoms at the corner facets. This results in the formation of In-rich clusters along

the {11-2} corner facets of the NW. A schematic of the proposed mechanism is shown in figure

4.5 (c). At higher temperatures, In(Ga)As clusters preferentially accumulate at the corner facets

indicated by red arrows, as observed in figure 4.4 (f). In contrast, growth at a lower substrate

temperature in the absence of a surfactant leads to the formation of a thin 2-D In(Ga)As shell

[127]. Figure 4.5 (a) and (b) show SEM images of upper and lower regions, respectively, of a

NW sample grown at a lower substrate temperature (440oC). The InAs deposition was carried

out for 5 mins under an As4 BEP of 5.6 x 10-6 Torr and a V/III ratio of 45. The formation of a

thin discontinuous 2-D shell is observed. The lower diffusivity of In adatoms at this growth

temperature leads to a high density of such clusters at the bottom of the NW (figure 4.5 (b))

whereas a lower density is seen in the upper part of the NW (figure 4.5 (a)).

Optical Characterization of the In(Ga)As clusters

To investigate the optical properties, CL and PL measurements were carried out on NW struc-

tures similar o the ones studied by STEM-EDX. However, to reduce the size of In(Ga)As clusters,

InAs was deposited for 3 s under an In BEP of 2.2 x 10-8 Torr. The NWs were subsequently
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Figure 4.6 – Spatially-averaged CL spectra of two representative NWs from the sample after
shell capping. The spectra correspond to the emission averaged over the region close to the
NW tips. The left and right insets indicate energy-filtered CL emission maps and CL-SEM
images of the NWs respectively. The inset on the top right in (b) corresponds to a HAADF
image of the region indicated by the green box.

capped with a GaAs shell for confinement. The GaAs shell growth was carried out at a substrate

temperature of 440oC and under a high V/III ratio of 70 to ensure growth of a conformal 2-D

GaAs shell. Ga and As4 BEPs were maintained at 1.4 x 10-7 and 1.0 x 10-5 Torr, respectively.

Figure 4.5 (d) shows the HAADF image of a NW after shell capping. The tip of the NW showed a

high density of defects upon capping with a GaAs shell. We also note that the HAADF contrast

as seen in figure 4.4 from the In-rich clusters is not visible upon shell capping.

Figure 4.6 shows the CL spectra of two representative NWs from the sample after shell capping.

The CL spectra correspond to the emission of a region close to the NW tip and are averaged

through the region indicated in the SEM images in the insets. The insets on the left and the

right show the energy-filtered CL maps and the SEM image of the NWs, respectively. The

colour coding is mentioned on the respective energy-filtered CL maps in the insets. The

spectra in figures 4.6 (a) and (b) both show multiple peaks originating from different emission

zones. Some emission zones appear as a strip across the whole NW diameter (1.207 eV) while

others extend over very few pixels (1.225 eV, 1.24 eV, 1.271 eV, 1.291 eV). In agreement with the

structural characterization results (figure 4.4), all the emission zones observed in the CL maps

are in close proximity to each other. The emission zones in the CL maps of figure 4.6 (a) are in

agreement with the location of In(Ga)As clusters seen in figures 4.4 (f) and (g). Due to the high

density of defects at the tip, no emission is observed from this region of the NWs. In figure 4.6

(b), the emission zones are near the stacking faults. This is evident from the emission map

corresponding to 1.225 eV which indicates accumulation of In-rich clusters in the region with

a high density of stacking faults. This is in agreement with the HAADF image in the inset of

figure 4.6 (b) where regions with brighter contrast are seen in the region full of stacking faults.

Due to the carrier diffusion length and excitation volume, the exact location of each localized
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Figure 4.7 – Micro-PL spectra acquired at 4 K from a NW lying horizontally on the as-grown
substrate. The spectra are acquired at four different illumination positions on the NW as
shown in the inset. The sharp peaks are a clear indication of quantized energy levels in the
In(Ga)As clusters on the NW sidewalls.

cluster is challenging to resolve. However, the occurrence of multiple emission peaks suggests

the presence of In-rich clusters all along the NW sidewalls. To confirm the presence of very thin

In-rich clusters along the NW sidewalls, position-dependent PL measurements were carried

out as shown in figure 4.7. The PL spectra were acquired from a single NW lying horizontally on

the as-grown substrate. The background emission from the underlying substrate was absent

and ensures that the spectra shown here indeed originate purely from the NW heterostructure.

The spectra acquired at very low excitation powers reveal sharp QD-like emission lines. The

narrow peaks with linewidths in the sub-meV range indicate that the emission originates from

the In(Ga)As clusters confined on the NW sidewalls.

4.1.5 Conclusion

In summary, we have studied the effect of NW growth termination on the morphology of the

GaAs NW tips obtained in ordered arrays. Depending on the NW morphology and growth

temperature we have demonstrated the formation of axial and radial In(Ga)As clusters. GaAs

NW tips showed a truncated pyramidal morphology with a flat triangular {111}B facet at the

top. Moreover, the tips are found to be free of stacking faults and have a pure ZB crystal

structure. In addition, In(Ga)As clusters were obtained all along the corner facets of the NW
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sidewalls. The occurrence of radial In(Ga)As clusters was confirmed by scanning TEM and low-

temperature CL and PL measurements. We believe that the In(Ga)As cluster formation is driven

by the convex nature of the {11-2} corner facets. This approach of facet-driven nanostructure

self-assembly can be engineered to grow axial and radial QDs in lattice-mismatched NW

heterostructures. In addition, they could also be exploited to make novel quantum structures

ranging from 3-D islands to zig-zag shaped nano-rings on NWs [148]. The QD-in-nanowires

could potentially contribute to single photon emitter devices with large repetition rates owing

to small radiative decay lifetimes [152]. Considering the shortest excitonic lifetime measured in

QD-in-nanowire systems (0.42 ns) [153], repetition rates could in principle be as high as 2 GHz.

However, this high emission rate is only achievable by optical excitation. Challenges currently

reside in the electrical excitation of QD-in-nanowires. Nonetheless, with the availability

of sophisticated manipulation and processing techniques, the integration of nanowire QD

emitters into silicon photonics operating at telecom wavelengths approaches the possible

[154].
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in review

This work is related to the second half of my PhD work. It resulted from an experiment

to obtain larger sized monolayer MoS2 flakes by exfoliation on gold substrates. We usually

exfoliated TMD flakes on 285 nm SiO2/Si substrates and the monolayer flakes obtained were

typically <20 µm in size. Recent studies have demonstrated that monolayer flakes with sizes of

hundreds of micrometers can be obtained by exfoliation on gold substrates [155]. Therefore,

we started to exfoliate on 7nm gold films which were deposited on SiO2/Si substrates to obtain

larger MoS2 monolayers.

Raman spectroscopy is routinely used to identify monolayer flakes. The Raman spectrum of

MoS2 consists of two dominant Raman modes which are assigned to the in-plane vibration of

Mo and S atoms (E1
2g) and out-of-plane vibrations of the S atoms (A1g). A frequency difference

of 19 cm-1 between the E1
2g and A1g Raman modes in MoS2 constitutes the signature of a

monolayer. While verifying MoS2 monolayers on gold substrates, we observed a peak splitting

in the Raman spectra for both the E1
2g and A1g peaks. The following work is the result of our

attempt at understanding the microscopic origins behind the Raman peak splitting.

To investigate further, we decided to exfoliate MoS2 monolayers also on gold films with

different thicknesses of 2 nm and 4 nm. Monolayer exfoliated on standard SiO2/Si substrate

was used as a reference. We could observe a peak splitting in all three MoS2 on gold samples.

Comparing our results with similar studies found in the literature, we realized that the splitting

remains identical irrespective of the thickness of gold film beneath or the sample configuration.

Here, sample configuration refers to:

(a) the monolayer exfoliated on top of the gold substrate, or

(b) a thin gold film deposited on top of the monolayer, or

(c) the monolayer being sandwiched between thin films of gold.

An identical peak splitting in all the cases led us to believe that the peak splitting phenomenon

is universal to the MoS2-gold interface. The commonly suggested notions to explain peak

splitting are strain and or a change in carrier concentration (doping). Although one can

explain the peak splitting for the E1
2g (strain) and A1g (doping) individually, an explanation

for simultaneous splitting of both the peaks based on either strain or doping is unsatisfactory.

We also estimated the values of strain and carrier concentration based on the positions of
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additional peaks observed in the Raman spectra. These were found to be relatively high for

the MoS2/Au system under consideration. Therefore, we considered a third notion based on

the breaking of Raman selection rules to explain our experimental observations.

In a first-order Raman scattering process, only phonons modes around the Γ-point (q ' 0) can

be observed owing to conservation of momentum. In the presence of defects, an additional

momentum can be provided by scattering from the defects and the momemtum conservation

rule is relaxed. In our samples, we attribute this to the interaction between Au and S which

might structural perturbations in the MoS2. This can then relax the Raman selection rules.

This leads to the activation of phonon modes away from the Brillouin zone edge (q 6= 0). We

compared the positions of the split peaks observed in the Raman spectrum of MoS2 on gold

samples with the phonon dispersions in monolayer MoS2. The positions of new peaks match

well with the phonon frequencies around K-point of the Brillouin zone.

Another interesting observation was that the intensity of the split peaks is comparable to the

main E1
2g and A1g peaks. Considering only intrinsic defects in our samples, this is unlikely. This

pointed us towards an additional contribution in our samples based on gold plasmon-MoS2

phonon interaction. We used PL spectroscopy to verify this. The gold substrates exhibited a

plasmonic broadband in PL around 570 nm, which are highly likely to be excited by the 532

nm laser used for excitation. We argue how this can give rise to peak splitting as well as an

enhancement in the intensity. The plasmonic effect of gold substrates was further justified

by transferring an MoS2 monolayer on an Al substrate, which did not show any Raman peak

splitting.

My contribution to this work involved preparation of all the samples and performing all the

optical measurements. I also took part in the discussion and analysis of the results, preparation

of the figures and writing of the manuscript.

4.2.1 Abstract

Semiconductor-metal junctions are at the base of any electronic or optoelectronic device.

Microscopic understanding is essential to engineer their functionality. Raman scattering is

sensitive to strain, defects, carrier concentration and plasmon interactions. We provide an

exhaustive analysis of the MoS2/Au junction by Raman and photoluminescence spectroscopy.

We observe that two main phonon modes split and slightly shift when in contact with Au,

while they remain unperturbed when Al is used. This change is amplified when the MoS2 is

sandwiched between two Au layers. Our study elucidates the role of Au atoms interactions

with MoS2, leading to local structural perturbations as well as the contribution of plasmons in

breaking Raman selection rules. This work provides a path for understanding of the junction

between two-dimensional materials and metal electrodes.
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4.2.2 Introduction

Two-dimensional (2-D) van der Waals materials have attracted major interest in the past

decade due to their exceptional high degree of functionality combined with relatively facile

fabrication techniques. Their wide range of capabilities is illustrated by the ample spectrum

of material types ranging from insulators, semimetals, semiconductors to superconductors

[156]. Monolayer (ML) transition-metal dichalcogenides (TMDs) exhibit a direct bandgap and

a relatively high carrier mobility. They are thus excellent building blocks for applications in

optoelectronics [157–159], photovoltaics and catalysis [160].

Electronic and optoelectronic applications with TMDs rely on the good functioning of the

junction with metals. While the van der Waals nature of TMDs should in principle imply

absence of states in the middle of the TMD bandgap, vacancies and point defects in the

material may result in atom exchange and thus doping of the TMD by the metal. Chemical

interaction at the interface, such as creation of metal-chalcogenide bonds, could lead to a

configurational change in the TMD [161]. In addition, ML TMDs can be easily perturbed by

strain or charge transfer from the underlying layers due to their ultra-thin nature [126]. Similar

to classical low-dimensional structures, the physics of the metal-semiconductor junction

shall dictate the behaviour of the device [162–164]. A fundamental understanding of the

metal-TMD junction is thus extremely relevant for the reliability of TMD-based electronics

and/or optoelectronics.

Raman spectroscopy is an optical non-destructive technique commonly used to characterize

the structure and polarizability of materials [165]. In the context of 2-D materials, Raman

spectroscopy is most commonly used to quantify the number of layers [166–168], effects of

strain [169], doping [170] and defects [171]. In the case of monolayer TMDs, Raman spectra

consist of in-plane (E1
2g) and out-of-plane (A1g) Raman active modes [172]. Among the

recent Raman studies on TMD-metal interfaces, many have reported peak splitting of the A1g

and E2g modes [11–15, 173, 174]. A variety of attempts have been made to explain the peak

splitting, usually in terms of strain and charge transfer effects. However, information on the

detailed nature of the ML TMD-metal interaction that leads to this splitting is still missing.

To better understand the interaction at ML TMD-metal interfaces, extremely important for

device performance, it is necessary to provide a full explanation of the mechanism causing

the Raman peak splitting that occurs in this case.

In this work, we look into the origin of A1g and E2g peak splitting through a systematic mea-

surement and analysis of Raman spectra, along with relevant literature review. We focus on

MoS2/Au as a representative system. We investigate in which cases strain and charge transfer

could lead to the simultaneous splitting of both A1g and E2g Raman peaks. We explore a

mechanism based on plasmon-phonon interaction and presence of structural perturbations

at the TMD-metal interface as the main driver leading to peak splitting. We attribute the

new peaks to non-Γ phonon modes originating from in-plane (E2g) and out-of-plane (A1g)

phonon branches at certain non-zero wave vector. We test the validity of our hypothesis by
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Figure 4.8 – Raman setup configuration. Schematic illustration (left) of the configuration
used for Raman spectroscopy in back-scattering mode showing a monolayer of MoS2 on gold
nanoparticles. The inset on the right shows the chemical interaction between S atoms of MoS2

and Au responsible for the plasmon-phonon interaction.

investigating samples with different interface configurations, including the exchange of Au

with Al.

4.2.3 Experimental Results

Two sets of samples have been prepared: reference ML MoS2 and ML MoS2/Au with varying

thickness of Au. Raman spectroscopy characterization of the samples is performed in reflection

mode; more details can be found in the methods section. Figure 4.8 shows the configuration

used for this study.

Reference samples were made by transferring MoS2 flakes on the oxidized silicon substrates.

Figure 4.9(a) shows an optical micrograph of one of these flakes. The change in contrast is

associated to a varying number of monolayers. We indicate the region with one monolayer, ML.

Other flakes were deposited on an oxidized substrate, which had been previously coated with

gold with thicknesses of 2, 4 and 7 nm and average lateral particle size of 10-15 nm (figure B.3

in the Supplementary Information). Figures 4.9(b)-(d) show optical microscopy images of ML

MoS2 on a 2, 4 and 7 nm thick Au, respectively. The ML thickness of the reference MoS2 sample

was verified using the optical contrast as well as the characteristics of the Raman spectrum.

The modes of ML MoS2 are observed around 385 cm-1 and 403 cm-1 and are labeled as E2g and

A1g, respectively. A frequency difference of 19 cm-1 between the in-plane E2g and out-of-plane

A1g Raman peaks constitutes the signature of a single ML [6]. On the gold substrates, the

MoS2 thickness was verified using optical contrast and atomic force microscopy profiling (for

details see Supplementary Information figure B.2). Throughout the manuscript, we compare

the properties of the ML MoS2 transferred on the oxidized silicon substrate (reference) with

respect to those transferred on Au. Figures 4.9(e) and (f) show respectively the Raman and

photoluminescence (PL) spectra of the ML region of the samples shown in figures 4.9(a)-(d).

We start by comparing the Raman spectra of the ML MoS2 on gold with respect to the reference.

The notable feature from ML MoS2 on gold is that both the E2g and the A1g modes split into
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Figure 4.9 – Characterization of MoS2 monolayers on Au. Optical micrographs of ML MoS2

on (a) 285 nm SiO2/Si substrate (reference sample) and (b)-(d) on 2, 4 and 7 nm gold deposited
on the identical oxidized silicon substrate. Scale bars: 5 µm (e) Raman and (f) photolumines-
cence (PL) spectra from the MoS2 reference, and the MoS2 on 2, 4 and 7 nm gold respectively.
The intensity of the Raman spectra has been normalized to the E2g peak. The dashed curves
in (f) show the PL spectra from bare gold substrates.
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two clearly distinct peaks. For the E2g peak, this corresponds to a redshift of ∼1-2 cm-1 with

respect to the reference. The position of the A1g peak coincides with the reference. In addition,

each mode splits into an additional peak E2g
’ and A1g

’, down-shifted by a few cm-1 from the

fundamental modes E2g and A1g. In all prepared samples of MoS2 on gold, the peak splitting

was observed solely in the single ML MoS2 regions. We deduce this could be used for the fast

identification of ML MoS2 on gold (Supplementary figure B.2).

Figure 4.9(f) compares the PL response. The spectrum of the reference sample exhibits two

broad bands centered around 610 and 662 nm, that can be attributed to the so-called A and B

excitons [168]. Around 550 nm we observe very sharp peaks, that correspond to the Raman

response of the MoS2 and the substrate. The PL response of the MoS2 on gold is reduced by

the interaction with the underlying metal. For reference, we plot in discontinuous lines the

separate PL response of Au, which dominates the PL background of the MoS2. In addition, we

note that the intensity of the A and B excitons decreases progressively with the increase in the

Au thickness. This quenching of PL intensity is unexpected as Au nanoparticles are known

for their ability to enhance materials’ response due to plasmonic characteristics [175, 176]

Currently, there is no consensus on how Au nanoparticles affect the PL response of MoS2, as

some studies have reported enhancement of the PL intensity [176–178] , while others have

reported quenching [179–182] In our case, we attribute the quenching to the Förster resonance

energy transfer process (FRET) from the TMD to the metal [183]. This assumption is based on

the fact that the emission energies of MoS2 and the surface plasmon of Au nanoparticles are

very close (Figure 2(f)).

We now focus on a more detailed analysis of the peak splitting in the Raman spectra. We

define the Raman peak splitting as a difference in frequency of the fundamental and the newly

appeared modes, i.e., ∆E2g = E2g - E2g
’ and ∆A1g = A1g - A1g

’. Figure 4.10 collects the ∆E2g

and ∆A1g Raman peak splitting as a function of the gold thickness both from this work and

literature. This graph clearly illustrates that, within the measurement error bar, the splitting

is independent of thickness of the underlying Au [13–15]. The splitting is also independent

whether the Au is above or below the ML MoS2 [11–15, 174]. A similar behavior, although a

different size of splitting, was observed for MoS2 on Ag [184]. This suggests that the splitting

constitutes a general feature, characteristic of the metal-MoS2 interaction.

4.2.4 Discussion

We now turn to the discussion on the various interpretations that have been proposed to

account for the appearance of the two new Raman peaks (E2g
’ and A1g

’). We shall evaluate

these hypotheses on a case-by-case basis here below.
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Figure 4.10 – Peak splitting: literature vs. current work. Comparison of peak splitting for A1g

and E2g modes caused by the interaction of MoS2 monolayers with Au nanoparticles from
various studies and current work. The peak splitting for both the Raman modes remains nearly
constant for gold thicknesses up to 200 nm [11–15].

Hypothesis I: Strain

Mechanical strain is often translated into peak shifts in the Raman spectra. When the defor-

mation is anisotropic (e.g. shear strain), peak splitting can also occur [185, 186]. The effects of

strain in TMDs like MoS2 have been intensively studied in refs. [7, 16, 108, 186, 187]. The cor-

relation between the shift and the strain has been clearly established. Figure 4.11(a) presents

the evolution of A1g and E2g peak splitting with applied uniaxial and biaxial mechanical strain

from two representative studies refs. [7] and [16], respectively. In case of ref. [7] uniaxial

strain is applied by controllable bending of the exfoliated MoS2 film in a four-point bending

apparatus. The strain is then calculated as ratio of the thickness of the substrate (which is

a constant value) and the radius of curvature. The authors have observed peak splitting of

the E2g mode into two distinct peaks (E2g and E2g
’). They found that E2g and E2g

’ peaks shift

by 1.0 ± 1 cm-1/% and 4.5 ± 0.3 cm-1/% strain for monolayer devices, which is consistent

with their first-principle calculations. No changes in peak position of A1g mode was observed,

which is expected due to the nature of the applied strain along only the a-crystal axis. On the

other hand, for applied biaxial strain on MoS2 monolayers as reported in ref. [16], changes

in both A1g and E2g peak positions have been observed, but with no peak splitting. In this

case, the biaxial strain is induced by applying a pressure difference across an MoS2 membrane

suspended over a cylindrical cavity. Authors found that the modes shifted linearly at a rate of

-1.7 cm-1/% for the A1g and -5.2 cm-1/% for the E2g, which agreed well with their theoretical

predictions. We have used these two representative studies to calculate the difference in

peak positions for A1g and E2g modes and estimate the induced strain in the case of our ML

MoS2/Au systems (Figure 4.11(a). From ref. [7], the peak splitting was calculated as (E2g
’ -
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Figure 4.11 – Raman peak shift and splitting. A1g and E2g peak shift and splitting predicted
and observed as a function of (a) strain (uniaxial [7] and biaxial [16]) and (b) electron density
[17], [18].

E2g), while from ref. [16], the peak splitting was calculated as (405 cm-1 - A1g) and (385 cm-1 -

E2g), where the values of 405 and 385 cm-1 correspond to A1g and E2g peak positions of the

unstrained MoS2 monolayer. This has led to estimation of the induced strain of 1.4 % from ref.

[7], and 0.8 and 4.1 % from ref. [16]. These estimations correspond to relatively high values of

strain that is induced only by Au nanoparticles, signaling that this might not be the true origin

of the peak splitting.

Next, we can consider consider spatially heterogeneous deformation. It has been shown that

TMDs undergo deformation when transferred on a non-planar substrate. As an example, WSe2

and WS2 suspended on a Si nanopillar array exhibit strong deformation at the nanopillar tips,

resulting in localized single photon emission [34, 116]. In this sense, it has been argued that

ML MoS2 on gold nanoparticles should be mechanically deformed at the nanoscale [188]. The

deformation in MoS2 due to the gold nanoparticles in this work and SiO2 nanopillars in ref.

[20] was calculated from the AFM and TEM scans, respectively and is shown in Supplementary

figure B.5. The deformation in MoS2 on gold was found to be negligible when compared to

SiO2 nanopillars. Furthermore, the shift of Raman peaks observed in the case of nanopillars is

found to be smaller than in the case of MoS2 on gold. Thus, it is unlikely that the mechanical

deformation at the nanoscale leads to the observed peak splitting in monolayer MoS2 on gold,

as seen in this work.

Recent work by Pető et al. [189] showed the appearance of MoS2 nanobubbles on gold. They

use nanoscale-resolved Raman spectroscopy to study two types of regions on their MoS2

monolayers: flat regions, which they consider as reference, and nanobubbles. Raman spectra

on flat regions of MoS2 on gold shows typical peak splitting as observed in this work. On

the other hand, Raman spectra on nanobubbles showed significant shifts (>10 cm-1) and

shape change of the E2g mode. This shift in the E2g mode has been attributed to a substantial

amount of tensile strain that occurs on nanobubbles. Considering that Raman peak splitting
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is observed on flat regions of MoS2 on gold, where no significant strain is expected, can be

taken as a further proof that this kind of splitting is probably not strain related.

This interpretation is further consistent with the study of Schauble et. al. [14] where a more

clear-cut strain characterization using grazing incidence X-ray diffraction (GIXRD) was carried

out. This technique reports directly on the lattice spacing in the material. In difference,

while Raman spectroscopy does report on material strain, its identification is not univocal as

shifts may arise by multiple factors. GIXRD measurements on ML MoS2 on a variety of metal

nanoparticles including Ni, Al, Au and Ag were performed [14]. These results demonstrated

that Metal-MoS2 pairs which exhibit Raman shift did not show any measurable strain in the

GIXRD patterns. They attributed the Raman shift to exciton-plasmon coupling.

Hypothesis 2: Change in the carrier concentration

Raman spectroscopy is also sensitive to carrier density in the material via electron (hole)-

phonon coupling [165]. Charge carrier exchange may occur when two materials with different

Fermi energy levels are put in contact. Reported work function values in MoS2 vary between

4.5 and 5.2 - 5.4 eV [190]. Given the values for Au (5.1 - 5.5 eV, nominal) [191], a charge carrier

transfer might be expected upon their junction [163]. DFT calculations and optoelectronic

characterization of monolayer MoS2/Au systems show a reduction of the gap size, the presence

of low-density in-gap states, and a shift of the conduction band minimum to lower energy

[192–196].

The presence of free carriers affects lattice vibrations in TMDs by electrostatic screening and/or

Fröhlich interaction [197, 198]. We start by considering the effect of electrostatic screening on

the phonon modes. According to the Born-Oppenheimer approximation [199–201], phonons

can be considered as static perturbations acting on the electrons. In ML TMDs, the out-of-

plane ionic displacements involved in the A1g mode imply a charge imbalance and in turn, an

electrostatic potential. Free carriers react by partially screening this potential, resulting in the

softening of the phonon modes. In general, the screening of the electron-phonon interaction

results in the softening (downshift) of the vibrational modes. This occurs prominently for

phonons strongly coupled to the electronic states at the Fermi surface, which is the case of the

A1g Raman mode. It has been shown in ML-TMDs that electrons are efficient in screening the

interaction, while holes are ineffective in softening the modes [198].

Figure 4.11(b) shows the dependence of A1g and E2g mode frequencies on carrier concentration

(n) obtained by two representative studies [17, 18]. Both works show a very similar trend. For

an electron concentration of 1.8 x 1013 cm−2, the A1g mode frequency softens by 4 cm-1 (from

experiments) or 7 cm-1 (from first principle calculations), as compared to only ∼ 0.6 cm-1 for

the E2g mode (from both experiments and calculations). This points out that the E2g mode is

much less sensitive to the electron density, in contrast to the A1g mode [17, 198, 201].

One can estimate carrier concentrations for MoS2/Au systems based on the studies cited
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above. The observed peak splitting of the A1g and E2g modes in MoS2/Au system leads to the

extrapolated values of charge carrier concentrations of 2.9 and 8.5 x 1013 cm−2, respectively.

In contrast, the theoretical results estimate slightly lower charge carrier concentrations of

1.85 x 1013 cm−2 based on the same value of peak splitting for the A1g mode. These estimated

electron densities are extremely high for MoS2/Au systems. We conclude that while the shift of

the A1g mode may be due to a change in electron density, neither its splitting, nor the shift of

the E2g mode should be attributed solely to this effect.

Still, in case of the in-plane E2g mode, the interaction with carriers occurs through the long

range Fröhlich potential with the longitudinal component of the E2g optical phonon. It

has been shown that in MoS2, the electron-phonon Fröhlich interaction can be enhanced

by the presence of impurities that break the momentum conservation rule [197]. There is

a range of electron concentrations in which the Fröhlich interaction becomes relevant in

TMDs. Eventually, the excitation of plasmons right below the MoS2 could excite the Fröhlich

interaction. More details on the effect of plasmonic interaction are further elaborated below.

Hypothesis 3: Simultaneous effect of strain and charge transfer in ML MoS2/Au system

While it is clear that single effect of strain or charge transfer is not likely the cause of peak

splitting, we should also consider the possibility of a simultaneous effect of both strain and

charge transfer. Using this assumption, Velicky et al. [15] have reported a detailed study

on the nature of the MoS2/Au interaction and its evolution with the MoS2 thickness. Using

tip-enhanced Raman spectroscopy and X-ray photoelectron spectroscopy, they have proposed

heterogeneous MoS2/Au interaction at the nanoscale, which consists of strongly interacting

regions of MoS2 with Au, and suspended MoS2. They have assigned the downshift and broad-

ening of the E2g mode to the heterogeneous biaxial tensile strains of up to 1.9%. Furthermore,

the splitting of the A1g mode is explained by a portion of MoS2 being in close contact with

the Au, which experiences n-type charge doping with electron concentrations up to 2.6 ×

1013 cm−2, while another portion is suspended and undoped. This is very similar to the es-

timated value of charge doping based on our experiments, as stated in the previous section.

One problem about these assumptions arises from the fact that recent DFT calculations on

MoS2/Au systems [202] do not agree with such high values of charge transfer, even locally at

the nanoscale, and suggest much smaller values (-15.6 millielectrons per MoS2 formula unit).

Hypothesis 4: Symmetry breaking in ML MoS2 due to interaction with Au

We now explore the hypothesis of breaking of Raman selection rules as a path to activation

of modes outside the Γ-point of the phonon dispersion and possible explanation of the peak

splitting. There are several factors leading to activation of the non-Γ phonons: (i) intrinsic

defects and disorder [203]; (ii) extrinsic defects formed by the impurities in the material, or at

the interface between two materials [204–208]; and (iii) photonic and plasmonic interactions

with nanoscale materials [209, 210]. All these factors create local perturbations in the material,

60



4.2. On the origin of Raman peak splitting in monolayer 2-D materials-metal interfaces:
MoS2/Au

either in the form of structural changes which break the translational symmetry ((i) and (ii)),

or strong enhancement of the electrical field (iii). These perturbations allow absorption of

the additional phonon momentum, which breaks the phonon momentum conservation rule,

leading to activation of the phonon modes away from the Brillouin zone center.

In our MoS2/Au systems, intrinsic defects and disorder are not expected to be the main cause of

the peak splitting. All MoS2 monolayers were prepared identically. All samples should exhibit

a similar number of intrinsic defects. Still, extrinsic defects resulting from the interaction

of Au and S atoms at the MoS2/Au interface, as well as the phonon-plasmon interaction are

not present in reference MoS2 monolayers. We argue that these processes might cause the

observed Raman peak splitting of A1g and E2g modes.

The Au-S covalent bond is regularly used as an anchor to order self-assembled organic

molecules due to the strong Au-S electronic interaction [211, 212]. Recently though, it has

been suggested that the Au-S interaction at the Au/MoS2 interface exhibits a non-covalent

character [202]. This is manifested by a S(MoS2)-Au interfacial distance of 2.53 Å, which largely

exceeds the covalent S-Au bonds, spanning from 2.16 Å in the AuS molecule [213] to 2.2 - 2.3 Å

for thiols covalently bound to Au [214].

Still, the strong interaction between Au and S atoms modifies the Mo-S bond at the interface

with Au, compared to the Mo-S bond facing the air. Experiments and DFT calculations per-

formed on MoS2/Au systems indicate band structure changes induced by the Au-S interaction

[195, 215–217]. Furthermore, cross-sectional transmission electron microscopy studies of

ML MoS2 on gold thin films have shown that the distance between the bottom S and Mo

layer extends due to interaction with gold while the distance between top S layer and Mo

remains mostly unchanged [194, 196]. These changes in the bond lengths, necessarily imply a

modification of the phonons.

Extension of the Mo-S bond due to the interaction with Au, creates a local structural pertur-

bation in MoS2 lattice, which acts similar to a defect. These perturbations cause phonon

confinement. Based on the phonon dispersions of the E2g and A1g modes [203, 218, 219] this

should cause a downward and a very slight upward shift of E2g and A1g peaks, respectively.

Broadening of peaks is expected due to the reduction in the phonon lifetime. This is consistent

with the measured Raman spectra of MoS2/Au structures (Figure 4.9), where a downshift of

the E2g (∼2 cm-1) and a very small upshift of the A1g (<0.5 cm-1) is present when compared

to reference MoS2. Broadening of both peaks is also observed. This observed behavior is

also in good agreement with the results of previous experimental and computational studies

[203–208].

Besides the shift and broadening of the main E2g and A1g peaks, structural perturbations can

also lead to activation of forbidden modes. Considering that the newly emerged A1g
’ and E2g

’

peaks in figure 4.9 have the same polarization dependence as the main E2g and A1g peaks

(experimentally confirmed by polarization Raman measurements shown in Supplementary

Information figures B.7 and B.8), it is most likely that they originate from in-plane (E2g) and
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Figure 4.12 – Phonon dispersions of MoS2 monolayers. Phonon dispersions of the in-plane
(LO2) and out-of-plane (ZO2) phonons in monolayer MoS2 obtained from ref. [19], and
corresponding to E2g and A1g modes at the Γ-point, respectively. The lines show the positions
of A1g and A1g

’ peaks (red); and E2g and E2g
’ peak (blue), observed from Raman spectra of

MoS2 on gold thin films in this work. The red and blue rectangles indicate the positions in
the Brillouin zone from where the A1g

’ and E2g
’ peaks probably originate, which is around the

K-point.

out-of-plane (A1g) phonon branches at certain non-zero wave vector q.

Looking closely at the phonon dispersion of MoS2 monolayers reported in ref [19], it is evident

that the new peaks probably originate from phonons around the K-point in the Brillouin zone

(figure 4.12). Further confirmation of these claims also comes from literature, where similar

peak splitting of the E2g mode has been observed in MoS2 upon ion-irradiation [204, 206–208].

In this case, the inclusion of local disorder induces the symmetry breaking and appearance of

additional E2g modes coinciding with the branch at the K-point [219].

While appearance of A1g
’ and E2g

’ modes in the Raman spectra of MoS2/Au could be explained

by the activation of the non-Γ phonons due to interaction between Au and S atoms, one would

expect their intensities to be an order of magnitude lower than intensities of the A1g and E2g

modes. This is not consistent with the experimental Raman results, where both A1g
’ and

E2g
’ modes show very prominent intensities. This points to an additional process occurring

between MoS2 and Au, primarily focused on the enhancement of Raman intensities.

Here, we evaluate the interaction between the MoS2 phonons with the surface plasmons of Au.

Our Au nanoparticles exhibit a plasmonic broadband around 570 nm, as shown in Fig. 4.9(f).

Upon the light excitation of Au, surface plasmons are excited, creating strong local electric

fields. These field enhancements are greatest when the plasmon energy is close to the energy

of light excitation, which is the case in our Raman measurements with 532 nm laser. Strong

local electric fields could result in the relaxation of the momentum conservation rule in the
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Figure 4.13 – Au-sandwiched MoS2 structure and MoS2 on Al. (a) Raman and (b) PL spectra
before and after 1nm Au deposition on top of monolayer MoS2 on a 2 nm Au. Inset in (a) shows
an optical image of the MoS2 flake (Scale bar: 10 µm). The excitonic peaks in the sandwiched
structure are fully quenched due to the charge transfer between Au nanoparticles on both
sides of MoS2. (c) Raman and (d) PL spectra from reference and monolayer MoS2 on 2 nm Al
deposited on 285 nm SiO2/Si. The PL intensity from reference sample is divided by 2.5 for
better comparison.

overlaying MoS2, and thus into the excitation of the non-Raman active modes in the spectra,

such as modes outside the Γ-point.

The plasmon-phonon interaction could lead both to the removal of degeneracy of the E2g

mode- mode splitting- and/or to the access of modes at other symmetry points of the recipro-

cal space for both the E2g and A1g modes. Both effects would lead to peak splitting. Such peak

splitting has been reported in graphene-metal nanoparticle heterostructures, where splitting

of G and 2-D bands into LO and TO components has been observed [220, 221].

These new Raman modes, otherwise silent, are excited due to the additional momentum

provided by the plasmons [222]. The plasmon-phonon interaction activates a double-resonant

Raman process without requiring a defect for momentum conservation. In this case, a non-

vertical interband excitation occurs between the direct and indirect conduction bands, and the

electron is scattered by a phonon with non-zero momentum q. As a consequence, the intensity

ratio between the split Raman peaks will be dependent on the gold thickness, which is evident

in figure 4.9(e), and the excitation wavelength of the laser (Supplementary Information figure

B.9). This would explain the universal peak splitting, independent of the size/thickness of
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Au nanoparticles. Zhao et al. [223] have used this effect to explain the Raman peak splitting

observed in monolayer WS2 deposited with gold and silver nanoparticles.

To further verify this, an additional sample with 1 nm Au on top of the ML MoS2 on 2 nm Au was

investigated. Hereon, this sample is also referred to as the "Au-sandwiched MoS2 structure."

Figure 4.13(a) shows the comparison of Raman spectra of monolayer MoS2 on 2 nm Au and

the Au-sandwiched MoS2 structure. A more detailed comparison and explanation is provided

in Supplementary Information figure B.6. The PL spectra from monolayer MoS2 on 2 nm Au

and the sandwiched MoS2 structure are shown in figure 4.13(b). Both the A- and B-exciton

peaks are fully quenched in case of the sandwiched structure. This is not surprising since

the Au nanoparticles are present on top and below the MoS2 monolayer, which additionally

enhances the FRET effect [183].

Finally, to verify that the plasmonic interaction between Au nanoparticles affects the vibra-

tional and luminescence properties of MoS2, a monolayer flake of MoS2 was prepared on a 2

nm Al deposited on a SiO2/Si substrate. The surface plasmon resonance of Al nanoparticles

covered by their native oxide is around 200 nm. This surface plasmon cannot be excited with

our excitation sources [224, 225]. Thus, the coupling between Al plasmons and MoS2 excitons

should be inexistent. In addition, the native oxide present at the surface of Al nanoparticles

could suppress charge equilibration [226]. This should both suppress any peak shift or splitting

due to charge transfer or plasmon interaction. The Al layer still being rough at the nanoscale,

one should detect any shift related to strain.

Figures 4.13(c) and (d) compare the Raman and PL spectra from reference and on Al. The

Raman peak positions in figure 4.13(c) for monolayer MoS2 on Al are exactly identical to the

reference monolayer sample. No Raman peak splitting is seen for the E2g and A1g peaks. This

is consistent with the hypothesis that strain related to the topography of the sample does

not play a role in the splitting or shift of the E2g and A1g peaks. In addition, in the absence

of charge transfer or plasmon interaction, the ML MoS2 conserves its Raman features. The

PL spectra for the reference monolayer and monolayer MoS2 on Al are also identical except

a small redshift of the A- and B-excitonic peaks of monolayer MoS2 on Al. This would be in

agreement with DFT calculations [227] showing that the MoS2/Al heterostructure exhibits a

slightly lower bandgap compared to a pristine ML MoS2. In general, the observed redshift

of excitons in MoS2/metal heterostructures is explained by screening effects from the metal

substrate [228].

It should be noted that previously, Velicky et al. [15] have considered that MoS2-Au interaction

could also lead to the activation of silent phonons. However, their tip-enhanced Raman

experiments showed disappearance of the main A1g peak in some cases, which led them to

rule out this possibility. This is in contrast with our Raman mapping experiments on the MoS2-

Au system (Supplementary Information figure B.10), which have always shown the presence

of both the main and split Raman peaks, thus confirming the possibility of the activation of

the non-Γ phonons.
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While it is difficult to determine the more dominant effect between the Au-S interaction and

plasmon-phonon interaction on the activation of the non-Γ phonons, it is clear that both

these phenomena could lead to universal Raman peak splitting of the A1g and E2g mode in

MoS2/Au structures.

4.2.5 Conclusion

In conclusion, we have provided a thorough analysis of the Raman and photoluminescence

of metal-MoS2 junctions with Au and Al as metals. We have observed a split in the two main

Raman modes and a quenching of the luminescence when MoS2 is in contact with gold.

While the luminescence quenching is due to a FRET effect, the split in the Raman modes is

a convolution of Au-S interaction and breaking of symmetry rules by the metallic plasmons.

This work provides a procedure for the understanding of junctions in 2-D materials.

Methods

Sample preparation

Au deposition: Wafers from Nova semiconductors with 285 nm SiO2 coated on Si were rinsed

in acetone and IPA and exposed to oxygen plasma in Oxford Instruments PlasmaLab 80 RIE

system. Gold was deposited on these substrates using a homemade e-beam evaporation

system to corresponding thicknesses of 2, 4 and 7 nm. A 2 nm Ti film was used as an adhesion

layer before the deposition of gold in the same evaporation run. Due to the non-wetting

properties of Au on SiO2, the material is corrugated at the nanoscale. Morphological char-

acterization of the bare gold substrates is presented in Supplementary Information figure

B.3. SEM micrographs of gold samples confirm nanoparticle morphology with average lateral

particle size of 10 to 15 nm independent of the gold thickness. The average roughness was

estimated to be around 0.3 nm based on the AFM measurements, and again independent

of the gold thickness. Photoluminescence characterization of the gold samples showed a a

broad band centered around 570 nm which is typical Au plasmonic response of particles with

a size distribution around 10 - 15 nm [229]. Furthermore, slight blue shift of the PL maximum

is observed with the increasing gold thickness. This might be related to the change in the

shape of nanoparticles with increasing thickness, as suggested in ref. [230]. For thinner gold

layers, nanoparticles resemble more to nanodisks, with a diameter of 10-15 nm and thickness

of around 2 nm. While in the case of thicker gold layers, nanoparticles are closer to a spherical

shape.

Al deposition: The 2 nm Al layer was deposited using the same e-beam evaporation system

on a 285 nm SiO2/Si substrate.

MoS2 monolayers: The MoS2 on gold samples were prepared by mechanical exfoliation using

scotch tape method. Few-layer MoS2 flakes were exfoliated onto a scotch tape from a natural

MoS2 bulk crystal procured from HQ Graphene. Freshly deposited gold film on a quarter of a
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4" SiO2/Si wafer was immediately used for exfoliation of MoS2 on gold. Before exfoliation, the

chips were rinsed in acetone and IPA and heated to 120oC for 2 mins. The scotch tape was then

pressed onto the Au-coated chips and the chip was heated to 120oC for 1 min and followed by

a rapid peeling-off of the tape. The thin MoS2 flakes thus obtained on gold nanoparticle films

were then visually identified using an optical microscope. Monolayer MoS2 was transferred on

Al using the polymer transfer method as illustrated in Supplementary Information figure B.1.

Characterization

The atomic force microscopy images were acquired using a Bruker Dimension AFM system

using ScanAsyst Fluid+ AFM probes.

The Raman measurements were carried out in a Renishaw inVia confocal Raman microscope.

A 532 nm laser was used to illuminate the sample and the beam was focused using a 100x long

working distance objective. The focused laser spot was ∼1 µm diameter. The Raman signal

was collected by the same objective and dispersed onto a Renishaw CCD by a 3000 l/mm

grating. The spectral resolution of the microscope is 0.8 cm-1. The sample exposure to the

laser was kept minimal and the laser power was kept below 0.3 mW to avoid heating effects.

All the spectra are acquired for 30s over 10 accumulations to have a good signal-to-noise ratio.

The Raman spectra were fit using Lorentzian functions. The photoluminescence (PL) spectra

were collected using the same Raman system. The PL signal was dispersed onto a Renishaw

CCD by a 300 l/mm grating. The spectra were acquired for 30s over 5 accumulations.

Data Availability

Data presented in this study are available on request from the authors
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4.3 Spatial modulation of vibrational and luminescence properties

of monolayer MoS2 using a GaAs nanowire array
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flake transfer was done in collaboration with Dr. Riccardo Frisenda at CSIC-ICMM in Madrid

and the low temperature optical measurements were done by Mr. Jakub Jasinski at LNCMI in

Toulouse.

4.3.1 Abstract

The integration of transition-metal dichalcogenides (TMDs) with non-planar substrates such

as nanopillars provides a way to spatially modify the optical properties mainly through the

localized strain. Similar studies to date have utilized insulating SiO2 nanopillars. Here, we

combine monolayer MoS2 with free standing GaAs nanowires (NWs), in views of coupling their

semiconducting properties. We find that monolayer MoS2 exhibits three different configura-

tions: pierced, wrapped and tent-like. We demonstrate how to identify the configurations by

optical microscopy and elucidate the impact on the vibrational and luminescence characteris-

tics by confocal spectroscopy mapping. In particular, we highlight the increase of intensity

and shift due to the photonic properties of nanowires and increase in dielectric screening

associated with the GaAs NW. This work signifies the first step towards the use of vertical III-V

NW arrays as a versatile platform for spatially engineering the optical properties of TMDs.

4.3.2 Introduction

Two-dimensional materials have emerged as a promising new platform for optoelectronic

applications such as transistors [231], solar cells [157], detectors [232] and single photon

emitters [29, 34, 120]. Monolayer transition-metal dichalcogenides (TMDs), in particular,

show interesting optical, electronic and mechanical properties, including direct bandgap [5],

large exciton binding energies [233] and spin and valley-selective optical transitions [234]. The

ease of various transfer methods [235] has enabled integration with a high variety substrates,

including non-planar surfaces [34, 35, 236–239].

68



4.3. Spatial modulation of vibrational and luminescence properties of monolayer MoS2

using a GaAs nanowire array

The attributes of interface with the substrate exert a direct influence on the ML-TMD char-

acteristics, due to the monolayer character. For example, non-planar substrates spatially

modulate the strain. This modulation can be exercised using nanoparticles and nanopil-

lar/NWs [237–239]. In addition, Fermi level alignment with the substrate alters the carrier

concentration in TMDs through charge exchange [176]. This provides the ability to modulate

the carrier concentration in TMDs by changing the substrate characteristics.

The integration of ML-TMDs with patterned non-planar substrates constitutes an appealing

platform to engineer ML-TMDs. In particular, it has been shown that nanopillars induce a

localized strain, resulting into a local change of the band structure. This can either induce

exciton funneling at low temperatures [112] or efficient exciton to trion conversion at room

temperature [240] in the direction of the nanopillar tip, where the strain is maximum. This

enables efficient charge collection desirable for bright single photon emission. Following this

strategy, nanopillars were used to controllably create single photon emitters in ML-TMDs

such as WSe2 [34, 35]. To the best of our knowledge, most works have used insulating SiO2

nanopillars. The SiO2 is not ideal in this application since it contains trapped charges, which

creates a fluctuating dielectric environment. This causes spectral and intensity fluctuations in

the optical emission of the localized emitters. This causes spectral and intensity fluctuations

in the optical emission of the localized emitters [122]. Epitaxially grown III-V substrates, on

the other hand, can provide a cleaner charge environment at the interface with ML-TMDs due

to the absence of trapped charges [122]. In the form of nanowire (NW) arrays, III-V substrates

can be used to create localized strain in TMDs. Additionally, the aspect ratio and pitch of the

NW arrays can be modulated to systematically vary the strain. In addition, doping of III-V

NWs provides an additional path towards the modification of the potential landscape in the

ML-TMD [241, 242].

In this work, we combine ML-MoS2 with GaAs NWs on silicon. Performing optical and atomic

force microscopy maps on the same regions we identify the three different configurations

that the ML-MoS2 adopts. We then acquire Raman and photoluminescence (PL) spectroscopy

maps to elucidate the effect of NWs on the properties of the ML-MoS2.

4.3.3 Results and Discussion

We start by providing an overview of the studied system. Figure 4.14 shows a schematic

drawing and the corresponding scanning electron microscope (SEM) image of a GaAs NW

array at each stage of the sample preparation. GaAs NW arrays were grown by molecular beam

epitaxy (MBE) on Si substrates, following [243, 244] . Figure 4.14(a) corresponds to the NW

array after growth. The NWs are arranged in a square lattice of 1.6 µm side. The measured

diameter and height of the NWs are ∼55 nm and 300 nm respectively. The inset highlights

a representative GaAs NW with Ga droplet on top. Prior to flake transfer, the Ga droplets

were etched away in 37% HCl solution (figure 4.14(b)). We feature a representative single NW

in the inset of figure 4.14(b) where the Ga droplet is clearly absent. Monolayer (ML) MoS2
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Figure 4.14 – Schematic and corresponding SEM image of a GaAs NW array (a) after growth,
(b) after Ga droplet removal and (c) after MoS2 flake stamping.

flake was then transferred on the GaAs NW array. Figure 4.14(c) depicts the SEM image of the

NW array after transfer of a ML MoS2. The inset shows a single NW with a flake on top. In

this particular case, the flake is suspended on the NW tip forming a tent-like structure. More

details on NW growth and flake transfer can be found in the Methods section. Monolayers were

identified from the optical contrast and confirmed by Raman spectroscopy. The frequency

difference between the in-plane and out-of-plane Raman peaks for a ML was found to be 20

cm-1 (Supplementary information figure C.1) in agreement with previous studies [6].

Configuration identification

We turn now to the identification of the configurations adopted by the ML-MoS2 on the NWs.

Figure 4.15(a) shows an overview bright-field optical image of the monolayer MoS2 flake on

NWs. A magnified optical image from the bottom left corner of the array is shown in figure

4.15(b), which is marked by a black dashed square in (a). The dotted lines in figure 4.15(b)

mark the edge of the NW array. Three different optical contrasts were identified. We have

highlighted the three representative examples with colored dashed lines and further magnified

them in the inset of figure 4.15(b). We label them type-I, II and III. They are respectively

characterized by a half dark/bright, full bright and full dark spot.

In order to understand the topology of the flake on the NW array, the sample was studied by

atomic force microscopy (AFM) and SEM. Figure 4.15(c) shows a three-dimensional view of the

AFM image taken from the bottom left corner of the NW array identified with a yellow box. The

AFM measurement shown in figure 4.15(c) clearly reveals that the flake does not lie identically
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Figure 4.15 – (a) Bright-field optical image of the MoS2 flake after transfer to GaAs NW array.
(b) Magnified optical image from the bottom left corner of the NW array as indicated in (a).
The insets show magnified views of NWs with three different types of optical contrast labeled
as type-I, II and III. (c) A 3-D AFM image from the area denoted by yellow box in (b). The
dotted rectangles denote the three different configurations of the flake on NWs. 3-D AFM and
SEM images, respectively, of (d)-(e) type-I and (f)-(g) type-II configurations as indicated by
red and blue dotted rectangles in (c).
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on all NWs. Type-I and II configurations appear spiky, while configuration III exhibits a shorter

tent-like shape. The latter corresponds to shorter NW structures that might have been broken

during the transfer process. More details of type-III NWs can be found in Supplementary

information figure C.2. A closer look on the type-I and type-II configurations is shown in

figures 4.15(d)-(g), represented by 3-D AFM and SEM images. For the type-I configuration,

the flake is conformal to the NWs as evident in figures 4.15(d) and (e). Moreover, the flake is

disconnected from rest of the flake around the NW on most sides. The flake tends to wrap

around the NW.

3-D AFM and SEM images of type I and II configurations are shown for direct comparison in

figures 4.15(d),(f) and (e),(g), respectively. The flake appears to be pierced by the NWs in the

case of type-II configuration. This is evident in the SEM image of figure 4.15(g). The pierced

flake mostly lies close to the bottom of the NW. We observe a clear correlation between the

optical contrast and the flake topology on a NW. The optical contrast found in the optical

microscopy can be used to reliably identify the flake configuration on the NWs. Statistics on a

small region of the array is provided in Supplementary Information figure C.3. Most of the

NWs exhibit type-II (pierced) configuration while type-I and III constitute a small proportion

of the NWs in the array. Out of 124 NWs, on average type-I and III constitute 10% each, while

the rest are found to be type-II.

In the areas between the NWs, the flake lies in contact with the substrate. We think this is

because of the large NW pitch, in contrast to the reduced NW diameter. In some regions, the

flake exhibits ripple-like lines which may have been produced during the transfer process

[236]. We also identify some regions of the flake in between the NWs which appear to be folded.

Borders of folded regions may appear as faint black lines in the optical image in figure 4.15(b).

We think folding may have occurred during the transfer process. For further confirmation, a

representative SEM image of a folded region is provided in figure C.4.

Optical Spectroscopy

We now address the effect of the monolayer MoS2 configuration on the vibrational and lu-

minescence properties. Several aspects may be of a influence, such as strain and charge

transfer/inference with the substrate [237] [245]. Raman spectroscopy is a powerful non-

destructive tool to study strain and electronic charge effects in 2-D materials [167, 205]. In

particular, it is well-known that the in-plane Raman mode (E2g) of MoS2 is sensitive to strain

[16] while the out-of-plane Raman mode (A1g) is more responsive to variations in the carrier

concentration [102].

Figure 4.16 presents the confocal Raman mapping results of the sample shown in Figure

2. Figure 4.16(a) corresponds to the optical image of the region investigated. The numbers

correspond to representative points where the spectra were extracted. Figure 4.16(b) displays

these selected Raman spectra, which have been grouped according to their configuration.

These were identified from the optical contrast as discussed in the previous section. The
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Figure 4.16 – (a) Optical image of region of the flake on NWs mapped in Raman measurements.
(b) Raman spectra corresponding to the points indicated in the optical image in (a). The
spectra are grouped according to the flake configuration labeled as “folded” (points 3, 4 and 7),
“tent-like” (points 11, 12, 13 and 14), “pierced” (points 1, 5, 9) and wrap-around (points 2, 6, 8
and 10). "ref" indicates a reference point on the ML outside the array. (c) and (d) show the
Raman maps representing E1

2g and A1g peak positions acquired from the area depicted in the
optical image. The black dashed lines in (a), (c) and (d) indicate edges of the NW array.
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groups are labeled as “folded” (points 3, 4 and 7), type III “tent-like” (points 11, 12, 13 and 14),

type II “pierced” (points 1, 5, 9) and type I wrap-around (points 2, 6, 8 and 10), respectively. As

a reference, the Raman spectrum acquired from a point on the ML outside the NW array is

also provided. This point is denoted as “ref” in figure 4.16. Figures 3(c) and (d) correspond to

the maps of E1
2g and A1g Raman peak positions acquired from the same area as the optical

image. The black dashed lines indicate the edges of the NW array.

We now compare each group of spectra with the reference. The symbols in each spectrum

indicate the raw data and solid lines are the corresponding Lorentzian fits. Results of the fits

have been listed in the Supplementary information Table-1. For the reference spectrum, the

E1
2g and A1g peak positions are located at 385.9 and 406.4 cm-1 respectively with a frequency

difference, ∆f ∼ 20.5 cm-1 compatible with a monolayer MoS2 [6]. Spectra from points 3, 4

and 7 corresponds to regions where the MoS2 has been folded. The spectra exhibit a redshift

of the E1
2g mode (∼1.5 cm-1) and a blueshift of the A1g mode (∼1 cm-1). The frequency

difference between the two modes at these points was found to be 22.5 cm-1. Additionally,

enhanced intensity of the Raman peaks is observed for this configuration, when compared to

the reference. Both of these factors are consistent with a multilayer behavior [6, 222]. Such

regions can also be identified in the Raman maps of figure 4.16(c) and (d) with a blue and

green texture which indicates an increase in ∆f.

The second group of spectra represents a “tent-like” configuration. The Raman spectra at

these points (11, 12, 13 and 14) are characterized by a downshift in both the E1
2g and A1g

modes. The E1
2g mode redshifts by 0.7 cm-1. This is attributed to a tensile strain induced by

the NW in the ML flake. In this configuration, the flake is supported by the NW and forms a

tent. Such tent-like structures on SiO2 nanopillars have been shown to induce a tensile strain

in the monolayer [237]. In addition, the A1g mode also redshifts by 0.9 cm-1. We attribute this

to either an unintentional doping or charge transfer in the flake from the underlying substrate

[246].

In the third group of spectra (1, and 9), the flake has been “pierced” by the NWs. The Raman

peak positions in spectra from points 1 and 5 are similar to the reference and do not show any

considerable shift. Only in the case of point 9, a small redshift in both the Raman modes is ob-

served. Similarly, for the fourth group of spectra (points 2, 6, 8 and 10) labels as “wrap-around,”

the shift at each point is slightly different. For instance, points 2 and 10 are characterized by

a redshift of the E1
2g (∼1 cm-1) mode compared to the reference. Whereas for points 6 and

8, the E1
2g peak position is similar to the reference. In case of the A1g mode, points 2 and 8

show a redshift (∼0.8 cm-1) in comparison to the reference peak, while for points 6 and 10, no

considerable shift in the A1g peak position is observed. From the peak shifts observed above,

the Raman spectra for “pierced” and “wrap-around” configurations do not show a clear trend.

There is a point-to-point variation even within these two groups. This is in contrast to the

“folded” and “tent-like” configurations which showed a clear multilayer behaviour and redshift

in both the Raman peaks, respectively. This is an interesting observation which we attribute to

the fact that the “pierced” and “wrap-around” configurations are more disordered compared
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to the other two configurations. For example, when a flake is pierced by the NW, it can either

be fully or partially pierced. A fully pierced flake will then lie flat on the substrate around the

NW. For a partially pierced flake, the topography will be different from NW to NW depending

on how the flake gets pierced.

We thus note that the strain profile in each case will be complex and can either be partially

or fully relaxed implying non-uniform shifts in the E1
2g peak. A similar reasoning can be

made in case of the wrap-around configuration with variations in how the flake wraps around

the NW. Likewise, the shifts in A1g peak will also depend on how the flake interacts with the

substrate. The flake is either in contact with the SiO2 substrate or GaAs NWs or both. This

again implies non-uniform shifts in the A1g peak. At this point, individual effects for these two

configurations cannot be distinguished. Although variations in the Raman peaks, in general,

provide a proof of strain and charge transfer induced due to coupling between the ML MoS2

and GaAs NWs.

We now turn to correlate the flake configuration with the luminescence properties using con-

focal PL spectroscopy. Figure 4.17 presents the confocal PL mapping of the ML MoS2 on GaAs

NWs. Figure 4.17(a) shows an optical image of the region mapped in the PL measurements.

Figure 4.17(b) and (c) show the PL energy and intensity maps, respectively, corresponding

to the area shown in (a). The dashed black lines indicate edges of the NW array. Figure

4.17(d) shows the PL spectra extracted from the points indicated in figures 4.17(a) and (b) and

correspond to the points studied in the Raman measurements except for the reference. The

reference point on the ML used for Raman spectral comparison (denoted as "ref (Raman)”) is

close to the edge of the NW array. The PL emission peak from the ML shows a blueshift as we

approach the edges of the NW array. An additional reference point is taken far away from the

array, denoted as “ref (PL).”

We now compare the PL spectra from MoS2 on NWs with the reference. As shown in figure

4.17(d), the PL spectra are characterized by two main features: a dominant peak centered

around 1.9 eV and a broad band in the range of 1.6-1.85 eV. The peak at 1.9 eV is attributed

to excitonic emission in ML MoS2 [247]. The PL emission shows a consistent blueshift of

10- 15 meV in comparison to the reference. The origin of this blueshift will be discussed in

detail below. The broad emission band in the range of 1.6-1.85 eV is attributed to the L-band

emission caused by the existence of passivated S-vacancies [248]. S-vacancies in exfoliated

single layers of MoS2 are usually passivated by oxygen atoms which are present either as part

of adsorbates or as substitutional atoms [247]. In our case, this band is observed in all PL

spectra, without any changes between the ML MoS2 on NWs or reference.

The luminescence properties of monolayer 2-D materials can be affected due to (i) strain [7],

(ii) charge transfer [176], (iii) defect passivation [249] and (iv) dielectric screening [250]. Below

we make a systematic discussion on how these effects might contribute to the origin of the

blue shift of 1.9 eV PL peak observed in our case.

Strain and charge transfer: We observe only a small shift of the E1
2g and A1g Raman modes in
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Figure 4.17 – (a) An optical image of the region mapped in the PL measurements. (b) and (c)
show the PL energy and intensity maps, respectively, corresponding to the area shown in (a).
The dashed black lines indicate edges of the NW array. (d) PL spectra extracted from the points
indicated in (a) and (b), corresponding to the points used in the Raman measurements except
the reference. A new reference point is taken for PL spectral comparison, denoted as “ref (PL).”
(e) An intensity linescan across the cross-section indicated by a dashed yellow line in (c).
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using a GaAs nanowire array

the ML MoS2 on NWs. This indicates a marginal effect of strain and doping on the PL spectra

of ML MoS2 on NWs. However, considering that there is no systematic trend in the shift of the

Raman peaks in the ML MoS2 on NWs (figure 4.16), it is unlikely that this is the main cause of

the consistent blue shift of the 1.9 eV peak that is observed in ML MoS2 on NWs.

Defect passivation: The physical adsorption of water and oxygen molecules at S-vacancies

on MoS2 may lead to passivation of defects and introduce p-type doping compared to ideal

MoS2 surface [251]. This leads to a trion to exciton conversion and could result in a blueshift

of the PL peak. A blueshift of 40 meV is observed even for a thin layer of adsorbates and is

typically followed by an enhancement in the PL intensity [252]. Considering that S-vacancies

have already been passivated in our sample, based on the appearance of L-band [247] in PL

spectra, and there is no change in the shape, intensity or position of the L-band between the

reference and the ML MoS2 on NWs, we can exclude this effect as a reason for the blueshift of

the PL emission peak.

Dielectric screening: Engineering the surrounding dielectric environment can also modify

the PL emission in ML-TMDs [250]. For example, the dielectric constant of the environment

has a strong effect on the exciton binding energy [249]. PL blueshifts up to 40 meV were

observed for the excitonic peaks by varying the effective dielectric constant from 2 to 33 by

Lin et. al. [249]. Additionally, the trion/exciton intensity ratio can also be tuned by an order

of magnitude. Figure C.6 (a) and (b) present the results of a Lorentzian peak fitting to the PL

spectra of monolayer MoS2 on SiO2 (reference) and GaAs, respectively. The two Lorentzians

account for the neutral A-exciton peak and the trion peak. The trion to A-exciton intensity

ratio extracted from the fitting is 1.27 and 0.45 for SiO2 and GaAs, respectively. This induces an

overall blueshift in the PL emission peak of 15 meV from 1.896 eV to 1.911 eV from SiO2 to GaAs.

Based on these observations, one could attribute the blueshift observed here to an enhanced

dielectric screening of the Coulomb potential due to the high dielectric constant of GaAs (ε =

12.9) [253], which is almost four times that of SiO2 (ε = 3.9) [254]. This is consistent with the

prior work of Lin et. al. [249]. A further confirmation of this is provided by PL measurements

on ML WSe2 on SiO2, planar GaAs and GaAs NW substrates (Supplementary information figure

C.6) where we also see a blueshift in the excitonic emission peak of ML WSe2. Considering

that Lin et. al. [249] have used non-ionic liquids as the dielectric environment to avoid the

effects of strain and doping, in our case, we need to take in account the effect of substrate

in terms of strain and doping on the PL spectra. As discussed previously, observation of no

systematic trend in shift of Raman peaks in ML MoS2 on NWs indicates only a marginal effect

of strain and doping, respectively. Thus, we believe the dielectric screening effect should be

dominant in blueshift of the PL emission.

The PL intensity map in figure 4.17(c) shows an overall increase in the emission intensity on

the NWs compared to the planar region. To further illustrate this in a quantitative manner,

figure 4.17(e) provides an intensity linescan across the cross-section indicated by a dashed

yellow line in (c). The three regions are denoted as no flake, off array and on array. The

emission intensity is normalized to the off-array part of the ML. No emission is observed in
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the absence of a ML. As we approach the ML flake, the emission intensity on the NW array is

almost twice the emission intensity off array. We attribute this to the photonic effect of NWs

which enhances the brightness around the NWs [25, 39, 131]. This photonic enhancement

effect can be tuned further by optimizing the aspect ratio of the NWs [27].

4.3.4 Conclusion

In conclusion, we have successfully demonstrated the combination of a monolayer MoS2 with

a GaAs NW array. Detailed structural studies reveal different configurations of the flake on

NWs. We evidences variations in the vibrational properties of the monolayer as an effect of

strain and charge transfer due to the NWs. The luminescence shows a blueshift of the PL

emission peak as a result of enhanced dielectric screening due to GaAs NWs. This provides a

proof-of-concept to combine monolayer TMDs with III-V NWs and opens up possibilities to

engineer the strain and enhance light extraction from monolayer TMDs.

Methods

Growth

Thermally oxidized Si substrates (15 nm SiO2) were patterned using e-beam lithography. The

substrates were etched in a 1% HF solution to remove the native oxide within the nanoholes

prior to loading into the MBE growth chamber. Ga droplets were selectively deposited into

the nanoholes for 10 minutes. These droplets serve as catalysts for the growth of GaAs NWs.

Nanowires are then grown by the vapor-liquid-solid (VLS) mechanism for 10 minutes under

Ga and As4 fluxes of 1.4 × 10-7 Torr and 2 × 10-6 Torr, respectively. This corresponds to a GaAs

planar growth rate of 1 Å/s. The morphology of nanowires is studied using a Zeiss Merlin

scanning electron microscope (SEM) and a Bruker FastScan atomic force microscope (AFM)

in non-contact mode.

Flake transfer

MoS2 flakes were obtained by mechanical exfoliation from a natural molybdenite crystal from

Moly Hill mine (Quebec, Canada) on a Gel-Film (WF x4 6.0 mil) supplied by Gel-Pak®. A

monolayer MoS2 flake was deterministically transferred to a NW array substrate using an

all-dry viscoelastic stamping process [255]. The flake exfoliated on a Gel-Film film is attached

to a glass slide and the glass slide is used as a stamp. The stamp is first aligned with the NW

array and then brought in contact using a Z-axis manipulation stage. Following this, a cotton

bud is used to gently press the Gel-Film stamp onto the array.
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Characterization

For optical spectroscopy, the samples are mounted on the cold finger of a helium flow cryostat.

The cryostat is bolted to computer controlled, motorized X-Y translation stages, which allow

two-dimensional in-plane motion. The position of the stages is controlled with micrometer

screws, either manually or by automatized stepper motors. Programmable automatic motors

allow for mapping measurements, by scanning the sample surface step by step. The PL and

Raman measurements were performed using either a CW solid state laser emitting at 405 nm

or 532 nm. The excitation beam was focused on the sample by a 50x microscope objective

with a numerical aperture of 0.55, giving a spot size of approximately 1 µm. The excitation

laser power was kept below 100 µW to avoid heating effects. For PL mapping, the signal was

detected in a confocal configuration to improve the spatial resolution. The emitted PL or

Raman signal was collected through the same objective and redirected to a spectrometer

equipped with a liquid nitrogen-cooled charge-coupled device camera.
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5 Conclusions and Outlook

In this thesis, we have explored approaches to obtain bottom-up axial heterostructures in

GaAs nanowire (NW) arrays and NW/2-D material hybrid system. While this approach offers

the ability to deterministically position quantum dots (QDs) on the axis of GaAs NWs, it also

takes advantage of the efficient light collection mechanism due to waveguiding-like properties

of NWs. Our results contribute to the efforts towards obtaining single photon emitters which

are an important component for applications in quantum technologies.

In the first part, the growth of axial and radial In(Ga)As segments on GaAs NWs on Si substrates

was demonstrated. The consumption of Ga droplet before the deposition of InAs resulted in

different tip morphologies at the NW tip. Most of the NWs were found to have a truncated tip

with a flat triangular {111}B facet on top. By varying the growth temperature and deposition

time, we demonstrated the formation of axial In(Ga)As clusters. By reducing the deposition

time, pure InAs segments were found to accumulate on the inclined facets at the NW tip. In

addition, In(Ga)As clusters were also observed at the edges separating the {110} NW side facets.

The convex nature of the {11-2} corner facets is proposed to be responsible for strain relaxation

and nucleation of the 3D In-rich clusters. We showed how facet-driven nanostructure self-

assembly can be used to grow axial and radial QDs in lattice-mismatched NW heterostructures.

The following part was focused on studying the interaction of monolayer MoS2 with gold using

Raman and PL spectroscopy. A simultaneous peak splitting was observed in the two main

Raman modes of monolayer MoS2 in contact with Au. Firstly, the peak splitting observed in

our experiments was compared with the literature. It was found to be a universal feature of the

MoS2/Au system independent of Au thickness and sample configuration. Secondly, analysis of

simultaneous peak splitting based on the common notions of strain and doping was found

to overestimate the values of strain and carrier concentration in the MoS2/Au system. We

proposed a mechanism based on structural perturbations and plasmon-phonon interaction

at the MoS2-Au interface to be responsible for the peak splitting which leads to the activation

of non-Γ phonon modes away from the Brillouin zone center. The positions of split peaks

were found to coincide with frequencies at the M-point of the Brillouin zone in the phonon

dispersion of Mos2. The effect of plasmonic interaction was further elucidated by studying a
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sample with monolayer MoS2 on Al. This sample showed no peak splitting. Our work can be

further applied to understand TMD-metal junctions.

In the last part, the integration of MoS2 monolayer on an ordered array of GaAs NWs was

demonstrated. Depending on the aspect ratio of the underlying NWs, the flake was found

to exhibit three different configurations: pierced, wrap-around and tent-like. Changes in

vibrational properties were evidenced by Local fluctuations in peak positions of the E2g and

A1g modes in Raman mapping measurements. These were attributed to variations in strain

and charge accumulation in the monolayer on and off the NWs. The optical properties of the

monolayer were studied using confocal micro-PL mapping. Furthermore, we also combined

monolayer TMDs with an ordered nanomembrane (NM) array. This sample is currently being

studied and preliminary results indicate a polarization-dependent emission from the MoS2

monolayer. Combining monolayer TMDs with NWs provides a versatile platform to spatially

engineer the optical properties of TMDs.

To look further, the outlook of this thesis can be divided into two categories: first is focused on

the future improvements on axial NWs heterostructures and the second is on the prospects of

III-V nanowire/monolayer TMD hybrid systems.

Outlook: NW heterostructures

For the InAs/GaAs NW heterostructures, axial InAs clusters were achieved. Although the

sidewall clusters were emitting, significant improvement in the shell capping quality is needed

for obtaining optically active axial InAs clusters. For this, the the shell growth conditions can

be optimized to reduce the defect density. Secondly, by reducing the NW diameter during the

growth process, thin nanoneedles (NNs) can be obtained. Initial experiments were performed

to deposit InAs on top of NNs. The results are presented in Appendix D, where figure D.1

shows the deposition of InAs on top of 20 nm thin GaAs NNs. This could offer the potential to

realize fully 3-D confined NWQDs.

Lastly, we had aimed to grow GaAs/AlGaAs NW heterostructure. However, due to issues with

the Al cell in the MBE, we were unable to attempt the growth of these NW heterostructures.

One could think of obtaining structures similar to InAs/GaAs but without the constraints of

lattice mismatch for this system. Priante et. al. have shown that abrupt GaAs-AlGaAs interfaces

[92] in self-catalyzed NWs are generally sharper than those obtained by gold-catalyzed method.

Furthermore, their simulation results have shown that small droplet volumes should allow the

fabrication of ultra-sharp interfaces, which would be made possible by growing GaAs/AlGaAs

NNs with less than 20 nm diameter.

The integration of vertical NWQDs into SiN waveguides offers the prospect of integrating

photon emitters with existing quantum technologies [154]. In addition to vertical NW arrays,

horizontal nanomembranes (NMs) are interesting since they can be grown in the form of

networks. An example of NMs grown in the form of nanocrosses is shown in figure 2.13. The
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waveguiding effect in horizontal NWs can be used to laterally couple the photon emission from

QDs. Realization of such structures will allow the bottom-up growth and on-chip integration

of quantum emitters.

Outlook: 1-D/2-D heterostructures

Our initial studies on 2-D materials was focused on understanding ML MoS2-gold interface.

Since the understanding of TMD-metal junctions is crucial for devices, it will be useful to study

other TMD-metal interfaces and explore the interactions using Raman and PL spectroscopy.

In the second part of the work on 2-D materials, we combined ML MoS2 with a GaAs NW array.

Here, a high dielectric constant of the substrate was shown to have an impact on the optical

emission of the monolayer. Therefore, a study on the effect of different III-V planar substrates

on ML TMDs will be essential.

For the integration of ML MoS2 with NWs, the spatial resolution in Raman and PL mapping in

our current work of section 4.3 is limited by the laser spot size (∼1 µm). The next step will be to

transfer a monolayer MoS2 on NW array with a pitch higher than 2 µm to elucidate the effect

of individual NWs. By further varying the NW aspect ratio and pitch further, strain can be

modulated in the monolayer. The transfer technique should be extended to other TMDs such

as WS2 and WSe2, for example. By inducing local strain using vertical NWs, quantum emitters

with sharp excitonic linewidths [34] can be positioned deterministically in these materials.

The extraction efficiency of these QDs will be enhanced by the underlying NWs acting as

waveguides. To understand this effect, finite-element time-domain (FDTD) simulations of the

near-field and far-field emission coupling will be useful to understand the waveguiding effect

due to NWs.

One of the main motivation to combine monolayer TMDs with III-V NWs is to improve the

spectral stability of emitters generated in the TMDs [122]. In comparison to SiO2 nanopillars,

which are commonly used, the absence of surface charges in III-V NWs is supposed to provide

this stability. In the NWs we have studied, the surface of GaAs NWs is oxidized when exposed

to air. The GaAs native oxide will contain surface charges [256]. This native oxide can be

etched away in ammonium sulfide before combining them with the TMD monolayers.

In conclusion, this work opens up many new directions to integrate arrays of single photon

emitters on Si substrates. As we saw above, many aspects in both NWQD heterostructures and

1-D/2-D hybrid systems still need to be understood. The research community is progressing at

a rapid pace to understand the many fundamental aspects of these systems. The technological

implications upon successful realization of these systems outweigh the current significant

challenges and I am enthused to see the deployment of these systems in quantum information

processing.
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A Supplementary: Facet-driven for-
mation of axial and radial In(Ga)As
clusters in GaAs nanowires
In order to investigate the formation mechanism and the evolution of the observed In(Ga)As

axial clusters, two sets of NW samples (samples 2 and 3) with different InAs deposition times

and In BEPs were fabricated. The detailed growth parameters are presented in Table A.1. Fig-

ures A.1 (a) and (b) show the HAADF images of NWs from sample 2 and sample 3, respectively.

We find that the In(Ga)As clusters are always observed on the (100) inclined top facet. This is

likely a result of the S-K growth of In(Ga)As on the inclined top facet or corner facet formed at

the intersection of two facets at the tip. S-K growth of 3-D InAs islands on GaAs (100) substrates

is a widely reported phenomenon [257, 258]. However, on capping with a GaAs shell, the tip of

the NW looks defective as is evident from the HAADF image in figure A.1 (d).

In BEP (Torr)
Deposition
time (sec)

Post-treatment

Sample 1 8.4 x 10-8 5 - - -

Sample 2 4.0 x 10-8 5
In-situ annealing for 5
min at 650oC

Sample 3 2.2 x 10-8 5
In-situ annealing for 5
min at 650oC

Table A.1 – Growth parameters for InAs deposition.
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Appendix A. Supplementary: Facet-driven formation of axial and radial In(Ga)As clusters
in GaAs nanowires

Figure A.1 – HAADF-STEM images from tip of NWs in samples 2 and 3 as indicted in table A.1
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B Supplementary: On the origin of Ra-
man peak splitting in monolayer 2D
materials-metal interfaces: MoS2Au

Sample Preparation

Figure B.1 – Illustration of sample preparation methods. (a) exfoliation of MoS2 on SiO2/Si
and Au substrates using the scotch tape method. (b) Polymer transfer method used for transfer
of exfoliated MoS2 flake on Al deposited on SiO2/Si substrate.
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materials-metal interfaces: MoS2Au

Determination of monolayer MoS2

Figure B.2 – Determination of monolayer MoS2 on gold. (a) Optical micrograph of an MoS2

flake (b) Green channel image of the MoS2 flake obtained by splitting the RGB channels of
image in (a) using analysis software ImageJ. (c) Optical contrast linescan profile, as indicated
in (b) used in determination of a monolayer MoS2 on Au: (GVsubstrate - GVflake) / GVsubstrate,
where GV = Gray value. In case of monolayers, the optical contrast difference was found to be
∼15%. (d) AFM image and (e) linescan profile of the MoS2 flake shown in (a). A thickness of
0.65 nm confirms the thickness to be a monolayer.
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SEM and AFM anaysis of Au films

Figure B.3 – (a), (b) and (c) SEM and (d), (e) and (f) AFM images for (a) 2 nm, (b) 4 nm and (c) 7
nm Au, respectively. The roughness of the Au substrates was obtained from the AFM image
analysis and varies between 0.2-0.25 nm. The grain sizes obtained from SEM image of the 7nm
Au were found to be in the range of 10-15 nm.
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Raman peak splitting in monolayer MoS2

Figure B.4 – Optical micrographs (left) and Raman spectra (right) acquired from different
regions of MoS2 exfoliated on 2nm Au. (a) Raman spectra acquired from a thicker MoS2 flake
(MS01), monolayer MoS2 flake (MS02) and Au substrate (MS03). The Raman peak splitting is
observed only in case of monolayer MoS2. (b) Raman spectra taken from two different MoS2

monolayers (MS01 and MS03) and Au substrate (MS02). Both the monolayers exhibit peak
splitting in the Raman spectra.
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Comparison of MoS2 deformation on a nanopillar vs Au

Figure B.5 – Deformation of MoS2 monolayer on nanocones vs Au. (a) MoS2 monolayers
on SiO2 nanocones from ref [20]. (b) MoS2 monolayers on Au substrates in this work. (c)
Deformation of MoS2 monolayers on top of SiO2 nanocones and Au, calculated from TEM and
AFM measurements, respectively. The much higher aspect ratio in the case of nanocones (75)
when compared to Au substrate (4) shows that the mechanical deformation induced by Au
can be considered negligible. (d) Comparison of Raman spectra of MoS2 monolayers on SiO2

nanocones (obtained from reference [20]) and Au (this work). Shift in Raman peaks in case of
nanocones is smaller than in the case of Au, clearly showing the origin of peak splitting is not
induced by the mechanical strain due to MoS2 deformation.

The E2g Raman peaks in the sandwiched structure show a red shift compared to monolayer

on 2 nm Au (Supplementary figure S-5). Additional deposition of Au in the Au-sandwiched

MoS2 structure increases the number of extrinsic defects when compared to monolayer

MoS2 on 2 nm Au. This is further confirmed by increased broadening of the peaks in the

Au-sandwiched MoS2 structure. Higher concentration of defects will cause further downshift

of the E2g and E2g
’ modes, as expected by the phonon confinement discussed previously. We

note the peak splitting in the sandwiched structure is nearly identical to the monolayer on

2 nm Au (Supplementary figure S-5). This again shows that the E2g Raman peak splitting is

independent of the nanoparticle size/thickness, but arises due to fundamental nature of the

interaction between monolayer MoS2 and Au nanoparticles rather than strain. Increase in

number of defects will also cause upshift of the A1g mode (Supplementary figure S-5), based

on the positive phonon dispersion curvature around the Γ-point. However, for the non-Γ A1g
’

mode, the phonon dispersion curvature could actually be negative around a certain non-zero

wave vector q [203, 218, 219]. This will cause a downshift of the A1g
’ mode, in difference to

A1g mode. This explains the slightly larger peak splitting of 8.5 cm-1 for the A1g mode in the

Au-sandwiched MoS2 structure (Supplementary figure S-5) when compared to other cases.
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Peak Statistics for MoS2 on 2 nm Au and Au-sandwiched MoS2 struc-

ture

Figure B.6 – (a)-(b) Raman peak positions and (c) peak splitting of the E2g and A1g Raman
modes in monolayer MoS2 on 2 nm Au without and with 1 nm Au deposited on top.

Polarization-resolved Raman spectra

Figure B.7 – Polarization-resolved Raman spectra for monolayer MoS2 reference on SiO2/Si.
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Figure B.8 – Polarization-resolved Raman spectra of monolayer MoS2 on 2 nm Au.

Excitation wavelength-dependent Raman spectra

Figure B.9 – Excitation wavelength-dependent Raman spectra for MoS2 on (a) 2 nm, (b) 4 nm
and (c) 7 nm Au respectively, using 488 nm and 532 nm excitation laser sources. The second-
order Raman bands are observed around 450 cm-1 [21]. However, the relative intensities
compared to the first-order Raman modes is low to comment on the behavior of these modes.
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Raman linescans in ML MoS2 on Au

Figure B.10 – Raman linescans along the ML MoS2 on (a) 2 nm, (b) 4 nm and (c) 7 nm Au
respectively, using 532 nm excitation. The spectra show presence of both the main and split
Raman peaks in all cases where MoS2 ML is on top of Au.
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C Supplementary: Spatial modulation
of vibrational and luminescence prop-
erties of monolayer MoS2 using a
GaAs nanowire array

Figure C.1 – (a) Optical image of a representative MoS2 flake exfoliated on a PDMS film. The
monolayer can be identified from the optical contrast. (b) Schematic showing the laser spot
location for Raman and PL point measurements. (c) and (d) Room-temperature Raman and
PL spectra measured from the flake on array. The monolayer thickness is also confirmed from
the frequency difference between the E1

2g and A1g modes (19 cm-1) and the A- and B-exciton
energies around 1.91 and 2.04 eV, respectively.
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Appendix C. Supplementary: Spatial modulation of vibrational and luminescence
properties of monolayer MoS2 using a GaAs nanowire array

Figure C.2 – (a) AFM image and (b) linescan profiles from type-III (tent-like) NWs (c) SEM
image of a tent-like NW.

Figure C.3 – Identification of the three different types of configurations the flake adopts on top
of NWs from the optical and SEM images.

Figure C.4 – SEM image of a folded region of the flake in the vicinity of point-3.
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Figure C.5 – Photoluminescence spectra from a monolayer WSe2 flake on SiO2, planar GaAs
and GaAs NW substrates. The spectra on GaAs substrates hwo a blueshift in the PL emission
peak in comparison to the ML on SiO2 substrate.

Figure C.6 – Results of Lorentzian peak fitting to the PL spectra from monolayer MoS2 on (a)
SiO2 and (b) GaAs.
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Appendix C. Supplementary: Spatial modulation of vibrational and luminescence
properties of monolayer MoS2 using a GaAs nanowire array

Table C.1 – Results of the Lorentzian fitting to the Raman spectra in figure 3(b) of the main
text.
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D InAs growth on GaAs nanoneedles

Here we present the initial experiments on the deposition of InAs n top of thin GaAs nanonee-

dles (NNs). The InAs clusters, with a high In content, accumulated on top of the NNs. The size

of these InAs clusters is ∼20 nm. By embedding these InAs clusters on NNs into a shell, fully

quantum-confined axial QDs could be obtained.

Figure D.1 – STEM-EDX of two NN structures with InAs clusters on top. (a),(e) Overview
HAADF image of two GaAs NNs: (b),(f) Magnified HAADF image of the tip of the NNs; (c),(g)
STEM-EDX image of the tips shown in (b) and (f) showing the In and Ga composition of the
NNs and (d),(h) Linescans along the direction indicated in (c) and (g), respectively.
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Vučković, and Tony F. Heinz. Site-Controlled Quantum Emitters in Monolayer MoSe2.

Nano Lett., 21(6):2376–2381, 2021.

[118] Chitraleema Chakraborty, Kenneth M. Goodfellow, and A. Nick Vamivakas. Localized

emission from defects in MoSe_2 layers. Opt. Mater. Express, 6(6):2081, jun 2016.

[119] Artur Branny, Gang Wang, Santosh Kumar, Cedric Robert, Benjamin Lassagne, Xavier

Marie, Brian D. Gerardot, and Bernhard Urbaszek. Discrete quantum dot like emitters

in monolayer MoSe2: Spatial mapping, magneto-optics, and charge tuning. Appl. Phys.

Lett., 108(14), 2016.

[120] K. Barthelmi, J. Klein, A. Hötger, L. Sigl, F. Sigger, E. Mitterreiter, S. Rey, S. Gyger, M. Lorke,

M. Florian, F. Jahnke, T. Taniguchi, K. Watanabe, V. Zwiller, K. D. Jöns, U. Wurstbauer,

111



Bibliography

C. Kastl, A. Weber-Bargioni, J. J. Finley, K. Müller, and A. W. Holleitner. Atomistic defects

as single-photon emitters in atomically thin MoS 2. Appl. Phys. Lett., 117(7):070501, aug

2020.

[121] Chitraleema Chakraborty, Nick Vamivakas, and Dirk Englund. Advances in quantum

light emission from 2D materials. Nanophotonics, 2019.

[122] Oliver Iff, Yu-Ming He, Nils Lundt, Sebastian Stoll, Vasilij Baumann, Sven Höfling,

and Christian Schneider. Substrate engineering for high-quality emission of free and

localized excitons from atomic monolayers in hybrid architectures. Optica, 4(6):669,

jun 2017.

[123] Kin Fai Mak, Keliang He, Changgu Lee, Gwan Hyoung Lee, James Hone, Tony F. Heinz,

and Jie Shan. Tightly bound trions in monolayer MoS2. Nat. Mater., 12(3):207–211, mar

2013.

[124] G. Wang, L. Bouet, D. Lagarde, M. Vidal, A. Balocchi, T. Amand, X. Marie, and B. Urbaszek.

Valley dynamics probed through charged and neutral exciton emission in monolayer

WSe2. Phys. Rev. B - Condens. Matter Mater. Phys., 90(7):1–6, 2014.

[125] Xin Lu, Xiaotong Chen, Sudipta Dubey, Qiang Yao, Weijie Li, Xingzhi Wang, Qihua

Xiong, and Ajit Srivastava. Optical initialization of a single spin-valley in charged WSe2

quantum dots. Nat. Nanotechnol., 14(5):426–431, may 2019.

[126] A. Chaves, J. G. Azadani, Hussain Alsalman, D. R. da Costa, R. Frisenda, A. J. Chaves,

Seung Hyun Song, Y. D. Kim, Daowei He, Jiadong Zhou, A. Castellanos-Gomez, F. M.

Peeters, Zheng Liu, C. L. Hinkle, Sang Hyun Oh, Peide D. Ye, Steven J. Koester, Young Hee

Lee, Ph Avouris, Xinran Wang, and Tony Low. Bandgap engineering of two-dimensional

semiconductor materials. npj 2D Mater. Appl., 4(1), 2020.

[127] Jesús Herranz, Pierre Corfdir, Esperanza Luna, Uwe Jahn, Ryan B. Lewis, Lutz Schrottke,

Jonas Lähnemann, Abbes Tahraoui, Achim Trampert, Oliver Brandt, and Lutz Geelhaar.

Coaxial GaAs/(In,Ga)As dot-in-a-well nanowire heterostructures for electrically driven

infrared light generation on Si in the telecommunication O band. ACS Applied Nano

Materials, 3(1):1–19, jan 2019.

[128] A. Y. Cho and W. C. Ballamy. GaAs planar technology by molecular beam epitaxy (MBE).

Journal of Applied Physics, 46(2):783–785, feb 1975.

[129] Seongjoon Ahn, Gwangwoo Kim, Pramoda K. Nayak, Seong In Yoon, Hyunseob Lim,

Hyun-Joon Shin, and Hyeon Suk Shin. Prevention of Transition Metal Dichalcogenide

Photodegradation by Encapsulation with h-BN Layers. ACS Nano, 10(9):8973–8979, sep

2016.

[130] Henrik Mantynen, Nicklas Anttu, Zhipei Sun, and Harri Lipsanen. Single-photon sources

with quantum dots in III-V nanowires. Nanophotonics, 8(5):747–769, 2019.

112



Bibliography

[131] M. Heiss, Y. Fontana, A. Gustafsson, G. Wüst, C. Magen, D. D. O’Regan, J. W. Luo, B. Ket-

terer, S. Conesa-Boj, A. V. Kuhlmann, J. Houel, E. Russo-Averchi, J. R. Morante, M. Can-

toni, N. Marzari, J. Arbiol, A. Zunger, R. J. Warburton, A. Fontcuberta I Morral, G Wust,

C. Magen, D. D. O’Regan, J. W. Luo, B. Ketterer, S. Conesa-Boj, A. V. Kuhlmann, J. Houel,

E. Russo-Averchi, J. R. Morante, M. Cantoni, N. Marzari, J. Arbiol, A. Zunger, R. J. Warbur-

ton, and A. Fontcuberta I Morral. Self-assembled quantum dots in a nanowire system

for quantum photonics. Nature Materials, 12(5):439–444, feb 2013.

[132] Nikolay Panev, Ann I. Persson, Niklas Sköld, and Lars Samuelson. Sharp exciton emission

from single InAs quantum dots in GaAs nanowires. Applied Physics Letters, 83(11):2238–

2240, 2003.

[133] Sofiane Haffouz, Katharina D. Zeuner, Dan Dalacu, Philip J. Poole, Jean Lapointe, Daniel

Poitras, Khaled Mnaymneh, Xiaohua Wu, Martin Couillard, Marek Korkusinski, Eva

Schöll, Klaus D. Jöns, Valery Zwiller, and Robin L. Williams. Bright Single InAsP Quantum

Dots at Telecom Wavelengths in Position-Controlled InP Nanowires: The Role of the

Photonic Waveguide. Nano Letters, 18(5):3047–3052, may 2018.

[134] Dan Dalacu, Khaled Mnaymneh, Xiaohua Wu, Jean Lapointe, Geof C. Aers, Philip J.

Poole, and Robin L. Williams. Selective-area vapor-liquid-solid growth of tunable InAsP

quantum dots in nanowires. Applied Physics Letters, 98(25), 2011.

[135] Richard Nötzel, J Temmyo, A Kozen, T Tamamura, T Fukui, H Hasegawa, and Semi-

conductor Science. Self-organized growth of quantum-dot structures. Solid-State

Electronics, 40(10):1365–1379, jan 1996.

[136] A Fontcuberta I Morral. Gold-free GaAs nanowire synthesis and optical properties. IEEE

Journal on Selected Topics in Quantum Electronics, 17(4):819–828, 2011.

[137] P.C. McIntyre and A. Fontcuberta i Morral. Semiconductor Nanowires: To Grow or Not

to Grow? Materials Today Nano, 9:100058, mar 2019.

[138] Z. X. Yan and A. G. Milnes. Deep Level Transient Spectroscopy of Silver and Gold Levels

in LEC Grown Gallium Arsenide. Journal of The Electrochemical Society, 129(6):1353,

1982.

[139] Kimberly A. Dick, Suneel Kodambaka, Mark C. Reuter, Knut Deppert, Lars Samuelson,

Werner Seifert, L. Reine Wallenberg, and Frances M. Ross. The Morphology of Axial and

Branched Nanowire Heterostructures. Nano Letters, 7(6):1817–1822, jun 2007.

[140] Xuezhe Yu, Hailong Wang, Jun Lu, Jianhua Zhao, Jennifer Misuraca, Peng Xiong, and

Stephan Von Molnár. Evidence for structural phase transitions induced by the triple

phase line shift in self-catalyzed GaAs nanowires. Nano Letters, 12(10):5436–5442, 2012.

[141] J Tersoff. Stable Self-Catalyzed Growth of III-V Nanowires. Nano Letters, 15(10):6609–

6613, 2015.

113



Bibliography

[142] V. G. Dubrovskii, T. Xu, A. Díaz Álvarez, S. R. Plissard, P. Caroff, F. Glas, and B. Grandidier.

Self-Equilibration of the Diameter of Ga-Catalyzed GaAs Nanowires. Nano Letters,

15(8):5580–5584, aug 2015.

[143] Daniel Rudolph, Lucas Schweickert, Stefanie Morkötter, Lukas Hanschke, Simon Herten-

berger, Max Bichler, Gregor Koblmüller, Gerhard Abstreiter, and Jonathan J. Finley.

Probing the trapping and thermal activation dynamics of excitons at single twin defects

in GaAs-AlGaAs core-shell nanowires. New Journal of Physics, 15, 2013.

[144] Nari Jeon, Daniel Ruhstorfer, Markus Döblinger, Sonja Matich, Bernhard Loitsch, Gregor

Koblmüller, and Lincoln Lauhon. Connecting Composition-Driven Faceting with Facet-

Driven Composition Modulation in GaAs-AlGaAs Core-Shell Nanowires. Nano Letters,

18(8):5179–5185, aug 2018.

[145] J G Belk, D W Pashley, C F McConville, J L Sudijono, B A Joyce, and T S Jones. Surface

atomic configurations due to dislocation activity in InAs/GaAs(110) heteroepitaxy. Phys.

Rev. B, 56(16):10289–10296, oct 1997.

[146] Emmanouil Dimakis, Uwe Jahn, Manfred Ramsteiner, Abbes Tahraoui, Javier Grandal,

Xiang Kong, Oliver Marquardt, Achim Trampert, Henning Riechert, and Lutz Geelhaar.

Coaxial multishell (In,Ga)As/GaAs nanowires for near-infrared emission on Si substrates.

Nano Letters, 14(5):2604–2609, 2014.

[147] Ryan B. Lewis, Pierre Corfdir, Jesús Herranz, Hanno Küpers, Uwe Jahn, Oliver Brandt,

and Lutz Geelhaar. Self-Assembly of InAs Nanostructures on the Sidewalls of GaAs

Nanowires Directed by a Bi Surfactant. Nano Letters, 17(7):4255–4260, 2017.

[148] Jonas Lähnemann, Megan O. Hill, Jesús Herranz, Oliver Marquardt, Guanhui Gao, Ali

Al Hassan, Arman Davtyan, Stephan O. Hruszkewycz, Martin V. Holt, Chunyi Huang,

Irene Calvo-Almazán, Uwe Jahn, Ullrich Pietsch, Lincoln J. Lauhon, and Lutz Geel-

haar. Correlated nanoscale analysis of the emission from wurtzite versus zincblende

(In,Ga)As/GaAs nanowire core-shell quantum wells. Nano Letters, 19(7):4448–4457,

2019.

[149] Emanuele Uccelli, Jordi Arbiol, Joan Ramon Morante, Anna Fontcuberta I Morral, a F I

Morral, and Anna Fontcuberta I Morral. InAs quantum dot arrays decorating the facets

of GaAs nanowires. ACS Nano, 4(10):5985–5993, 2010.

[150] Ryan B. Lewis, Lars Nicolai, Hanno Küpers, Manfred Ramsteiner, Achim Trampert, and

Lutz Geelhaar. Anomalous Strain Relaxation in Core-Shell Nanowire Heterostructures

via Simultaneous Coherent and Incoherent Growth. Nano letters, 17(1):136–142, 2017.

[151] Bin Yang, Feng Liu, and M G Lagally. Local Strain-Mediated Chemical Potential Control

of Quantum Dot Self-Organization in Heteroepitaxy. Physical Review Letters, 92(2):4,

2004.

114



Bibliography

[152] Saniya Deshpande, Junseok Heo, Ayan Das, and Pallab Bhattacharya. Electrically driven

polarized single-photon emission from an InGaN quantum dot in a GaN nanowire.

Nature Communications, 4, 2013.

[153] Magnus T. Borgström, Valery Zwiller, Elisabeth Müller, and Atac Imamoglu. Optically

bright quantum dots in single nanowires. Nano Letters, 5(7):1439–1443, 2005.

[154] Iman Esmaeil Zadeh, Ali W. Elshaari, Klaus D. Jöns, Andreas Fognini, Dan Dalacu,

Philip J. Poole, Michael E. Reimer, and Val Zwiller. Deterministic Integration of Single

Photon Sources in Silicon Based Photonic Circuits. Nano Letters, 16(4):2289–2294, apr

2016.
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