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Abstract 

 

Direct bandgap semiconductor materials, such as GaAs, InAs, and InP, are widely used 

in various optoelectronic and electronic applications. Traditionally, these materials are 

synthesised using conventional epitaxial techniques that rely on thermal and lattice-

matched substrates. These techniques utilise the unoccupied bonds on the surface of a 

bulk crystalline material substrate. However, in 1984, Koma et al. introduced an 

alternative epitaxial method driven by van der Waals forces, known as van der Waals 

epitaxy. This approach utilises a 2D material template such as graphene or mica. 

van der Waals epitaxy offers several advantages over conventional epitaxy. One 

significant advantage is that the absence of surface dangling bonds significantly relaxes 

the requirement for lattice matching between the grown layer and the substrate. As a 

result, it provides an ideal platform for growing single crystalline materials with 

reduced defect densities. Additionally, the weak van der Waals bonding allows for easy 

detachment of the grown layer from the substrate, enabling the fabrication of flexible 

devices. 

The emergence of flexible inorganic device architectures for applications such as the 

Internet of Things, photovoltaics and sensors has increased the demand for defect-free, 

large-area, and cost-effective epitaxial growth methods. van der Waals epitaxy 

addresses these requirements and offers a promising approach to achieve high-quality 

epitaxial growth. It enables the production of large-area materials with reduced defects, 

while also facilitating the fabrication of flexible devices. 
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This thesis investigates the experimental and theoretical approaches to achieve a 

comprehensive understanding of the growth process of III-V materials, focusing on the 

synthesis of GaAs and InAs nanowires (NWs), as well as InAs thin films, on 2D atomic 

layered materials.  

The nanostructures/thin films and their interfaces with the van der Waals substrate are 

thoroughly examined, encompassing detailed characterisation of morphology, crystal 

structure, optical properties and electrical properties. Notably, this research achieves a 

high vertical yield of GaAs NWs and sets a record for synthesising GaAs quantum wires 

with a diameter as small as 5 nm. Additionally, the research attains a high yield of InAs 

NWs and successfully demonstrates uniform polycrystalline thin film structures over a 

large area on h-BN surface. These achievements represent significant advancements in 

the field of heteroepitaxial growth. 

Successful synthesis of vertical GaAs NWs on synthetic mica substrates using Au-

catalysed vapour-liquid-solid growth with the metalorganic chemical vapour deposition 

technique is achieved. The influence of growth parameters and pre-flow conditions on 

NW yield is investigated, and the resulting NWs exhibit high optical quality with 

emission at 1.43 eV, corresponding to GaAs band edge emission. The bonding between 

GaAs NWs and mica is found to follow a physisorption-type bonding, enabling easy 

detachment from the 2D layered mica substrate. 

Furthermore, the synthesis and characterisation of GaAs quantum wires with 

dimensions as small as 5 nm in diameter are accomplished. The quantum wires exhibit 

excellent crystal morphology, pure zinc blende structure and enhanced negative stress 

with decreasing wire diameter. Extensive analyses of the electronic structure, surface 
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properties and bandgap characteristics demonstrate the increased confinement effects 

and altered electronic properties in GaAs quantum wires below the exciton Bohr radius. 

Nanoscale simulations are performed to examine the impact of quantum confinement 

on optical transition energies in both freestanding quantum wires and those embedded 

within an AlGaAs passivation layer. The simulation results highlight a more 

pronounced variation in the bandgap of freestanding quantum wires. 

Additionally, the growth of InAs NWs and thin films on h-BN/SiO2/Si van der Waals 

substrates without catalysts or surface modifications is systematically studied. The 

influence of growth parameters on the properties of the NWs and thin films is 

investigated, and a predominantly mixed wurtzite and zinc blende phase NWs is 

observed. 

Uniform coverage of polycrystalline InAs thin films on h-BN/SiO2/Si, combined with 

room temperature photoluminescence and relatively high Hall mobility, demonstrates 

the potential for large-area, low-temperature growth of III-V thin films directly on van 

der Waals substrates using the metalorganic chemical vapour deposition technique. 

Overall, this thesis significantly contributes to the experimental and theoretical 

understanding of III-V epitaxial growth on 2D material templates. The findings lay the 

groundwork for the growth and characterisation of III-V nanowire and planar structures 

on 2D templates, providing valuable insights for future research and potential 

applications. The synthesis of ultra-thin GaAs quantum wires also presents an 

opportunity for further exploration of their properties and potential applications. 
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Chapter 1 

Introduction 
  

1.1  Heteroepitaxy of III-V using van der Waals Epitaxy  

 

III-V compound semiconductors, such as GaAs, InAs, and InP, are highly esteemed for 

their exceptional electronic and optoelectronic properties, making them popular for the 

various devices, including solar cells 1–6, photodetectors 7–9, and lasers 10–16. Recently, 

there has been a growing interest in low-temperature-grown semiconducting materials 

that offer various applications, such as the integration of sensors on integrated circuits 

(ICs) 17, display technologies 18 and back-end-of-line integration 19. Low-temperature 

processing, which refers to processing below 500 °C, is crucial for these applications 

because high-temperature processes may not be compatible with the substrate or 

deposited layers involved. Additionally, incorporating low-temperature-grown 

semiconductor materials on low-cost and flexible substrates also lowers production 

costs. 

 

In recent years, significant progress has been made in exploring the epitaxial growth of 

III-V nanowires (NWs) and thin films on conventional substrates such as GaAs 20–22 

and Si 12,23–25. Among the well-established growth techniques for NWs is the vapour-

liquid-solid (VLS) mechanism 26. However, the use of gold as a catalyst raises concerns 

regarding its incorporation into the grown material. Therefore, alternative growth 

methods, such as self-catalysed 25,27,28 and catalyst-free growth 29,30  on various types of 

substrates, have been developed to address these concerns. 
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The growth of III-V thin films has primarily been studied on substrates that have the 

same lattice parameters. However, when grown on substrates with different lattice 

parameters, such as Si, buffer layers have been used to manage the strain resulting from 

lattice and thermal mismatch. The heteroepitaxial growth of III-Vs on Si or dielectric 

SiO2/Si substrates has also shown promise 31. However, achieving high-quality 

heteroepitaxy remains challenging, as the deposited material often exhibits nano or 

micro-scale grain sizes and limited morphology control due to the large lattice and 

thermal mismatch. 

 

The cost is a critical factor in the development of III-V-based devices. Currently, the 

high cost of these devices is attributed in part to the expensive single-crystal substrate 

used for epitaxy, accounting for around one-third of the total cost. As the demand for 

cost-effective, flexible, and transparent electronic and optoelectronic devices continues 

to rise, there is a shift towards unconventional substrates, such as two-dimensional (2D) 

atomic-layered materials, for epitaxy. These 2D materials possess unique properties, 

such as high flexibility, transparency, and tunable bandgap, making them highly 

attractive for various applications. 

 

The discovery of graphene, a 2D material, has led to a surge of interest in other 2D 

materials, such as MoS2 and hexagonal-BN (h-BN), for electronic and optoelectronic 

applications. One of the most significant advantages of these materials is their ability 

to serve as substrates for growing III-V thin films and nanostructures. van der Waals 

epitaxy (vdWE) is an emerging technique that allows the growth of any material on a 

2D substrate or template 32. In contrast to conventional epitaxy, where covalent bonds 

form between the III-V epilayers and III-V substrates, vdWE can result in van der Waals 
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bonding between the III-V epilayers and the 2D substrate. This bonding may alleviate 

problems associated with lattice and thermal mismatch, enabling the growth of high-

quality III-V thin films and nanostructures on 2D substrates. 

 

While there are many ongoing attempts to grow various materials on 2D substrates, few 

reports exist on growing II-VI and III-V epitaxial layers and nanostructures on 2D 

templates 33,34. However, III-V semiconductor epilayers have excellent 

electronic/optoelectronic properties and can be easily "lifted off" for flexible device 

applications, making them a promising material for growth on 2D substrates. The ability 

to integrate III-V nanostructures and thin films on 2D substrates offers exciting new 

possibilities for low-cost and flexible electronic and optoelectronic devices. 

 

The substrates employed in this thesis are synthetic mica and h-BN, which are 2D 

materials. Synthetic mica is a widely used dielectric material that has been utilised in 

capacitors and transformers for many years. Recently, it has garnered attention as a 2D 

template for vdWE due to its layered stacking structure. The growing number of 

publications on this topic highlights its increasing popularity 35–43.  

 

h-BN is another 2D-layered material with a crystal structure and lattice parameter like 

graphene, but differs significantly in its physical properties, such as band structure, 

optical and electrical characteristics 44–47. It has been shown that high-quality III-

nitrides can be grown on h-BN with excellent crystallinity 48–50. The unique layered 

structure of van der Waals substrates allows for the easy peel-off of micro- and 

nanostructures, as well as thin films grown on them. 
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The growth of III-V semiconductor NWs on muscovite mica has been sparsely 

documented, despite the extensive research conducted on thin films and nanostructures. 

While II-VI semiconductor NWs have been successfully grown on muscovite mica, the 

growth of III-V compound semiconductors on graphitic substrates has been achieved 

by Munshi et. al 51. An atomic model has been developed to explain the growth of GaAs 

on graphitic surfaces, where different adsorption sites on the graphene lattice result in 

relative rotations of the NWs which have a hexagonal cross-section. 

 

Reports on III-V NW growth using VLS and non-VLS techniques on graphene and 

other 2D templates have generally resulted in defective structures. A detailed look of 

previous research is presented in chapter 2. However, Ag-catalysed InAs NWs grown 

on graphite flakes have displayed a near-perfect wurtzite (WZ) crystal structure, with 

few stacking faults near the top and base of the NWs 52. Nevertheless, limited 

information is available on the polarity of NWs grown on 2D templates. Despite being 

a polar material, GaAs NWs can orient in either the [111] A or [111] B directions on 

2D templates, as there is no pure covalent bonding to dictate its polarity. In the case of 

ZnO NWs grown on muscovite mica, incommensurate growth was observed with A-

polarity, which was attributed to surface dipoles on mica that encourage the formation 

of the first layer of oxygen atoms in the NWs.  

One of the initial efforts to grow a continuous thin film of GaAs on graphene was 

reported by Alaskar et al 53. They employed molecular beam epitaxy (MBE) on 

mechanically exfoliated multilayer graphene layers transferred onto SiO2/Si substrates. 

The report concluded that the principal obstacle to achieving 2D growth of III-As 

materials on graphene is the high surface tension, which is caused by the low surface 
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energy of 2D materials and the low adsorption and migration energy of Ga, In, Al, As 

species on the graphitic surface. 

 

To address this issue, researchers have investigated various surface modifications to 

promote epitaxial growth, such as using metal catalysts, annealing, or creating patterned 

substrates. These modifications can induce local strain and create nucleation sites for 

the III-V semiconductors. For instance, the use of metal catalysts can lower the 

activation energy of nucleation, while annealing can improve the quality of the interface 

between the III-V semiconductor and the 2D material template. These methods are 

briefly reviewed in the chapter 2.  Jeeehwan Kim et. al 54 demonstrated the possibility 

of remote homoepitaxy and that vdWE is not solely confined to 2D materials as seed 

layers but extends to substrates below these materials. Their density functional theory 

(DFT) calculations reveal that epitaxial growth can occur through a substrate–epilayer 

gap of up to 9 Å, accommodating up to three layers of graphene. This approach is 

validated through homoepitaxial growth of GaAs (001) on GaAs (001) substrates 

covered with a monolayer of graphene, with successful applications in InP and GaP as 

well. The resulting single-crystalline films, efficiently released from the graphene-

coated substrate, exhibit performance on par with conventionally prepared films in 

light-emitting devices.  

Despite these efforts on graphene, challenges remain in achieving high-quality epitaxy 

of III-V semiconductors on various 2D material templates. The mismatch in lattice 

constants between the III-V semiconductor and the 2D material template can lead to 

defects and strain in the epitaxial layers. Furthermore, the thermal expansion 

coefficients of the III-V semiconductor and the 2D material template may also differ, 

leading to thermal strain and cracking of the epitaxial layers during cooling. 
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Nevertheless, continued research and development in this area hold promise for the 

growth of high-quality III-V semiconductor films and nanostructures on 2D material 

templates. 

 

1.2  Thesis Synopsis 

This dissertation presents a detailed investigation of the vdWE of III-V nanostructures 

and thin films on 2D layered materials, such as synthetic mica and h-BN, using the 

metal organic chemical vapour deposition technique. Chapter 2 provides background 

information and motivation for the subsequent chapters. Chapter 3 details the 

experimental techniques used and the underlying theories associated with this 

dissertation. 

Chapter 4 presents a comprehensive growth study of GaAs NWs with a focus on 

achieving maximum vertical yield and good optical quality, specifically for the pure 

zinc blende phase. The study also investigates the potential for peeling off the NWs 

from the synthetic mica substrate for flexible device applications. The chapter includes 

density functional theory (DFT) calculations that elucidate the van der Waals nature of 

the NW-mica interface. 

In Chapter 5, a high yield of GaAs NWs with diameters 20 nm and below over a large 

area on synthetic mica substrate is discussed. The chapter investigates the structural, 

electronic structure, and bandgap properties of these ultra-thin wires in detail. 

Experimental results of zinc blende crystal structure, binding energy, bandgap and 

electronic structure properties of ultra-thin nanowires are presented and discussed. 

Chapter 6 provides a systematic investigation of various growth conditions for InAs 

NW and thin film growth on h-BN substrate. This chapter demonstrates the possibility 
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of achieving a high yield of vertically oriented NWs and uniform thin films on h-BN, 

representing a significant step towards realizing the high-density growth of III-V NWs 

and single-crystalline thin films on 2D materials. 

Finally, Chapter 7 summarises the findings and provides suggestions for future work. 
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Chapter 2 

Literature Review 
 

2.1 Introduction 

This chapter provides the background and motivation for this dissertation. The research 

presented in this thesis focuses on the growth and characterisation of III-V 

semiconductor nanostructures on 2D materials using the technique of vdWE. The 

chapter is outlined as follows: 

Section 2.2 provides an overview of the significance of vdWE in the growth of III-V 

semiconductor nanostructures. This section discusses the advantages of vdWE over 

conventional epitaxy. A short account of the III-V NW growth on van der Waals 

substrates is also given to highlight the research that is done in this area. 

Section 2.3 introduces the concept of surface energy engineering, which plays a crucial 

role in the growth of high-quality III-V nanostructures. This section discusses the 

importance of surface energy engineering in controlling the morphology and crystal 

quality of the nanostructures. 

Section 2.4 is dedicated to the study of III-V nanostructures and thin films, with a focus 

on the significance of NWs. Subsections 2.4.1 and 2.4.2 present the importance of NWs 

and their properties in general, respectively. Subsection 2.4.3 provides an overview of 

III-V NWs and their unique properties. Subsection 2.4.4 discusses the various 

techniques used for the synthesis of III-V NWs, while subsection 2.4.5 provides an 

overview of III-Nitride NWs 2.4.6 explains the crystal structure and polarity of NWs. 

Finally, subsection 2.4.7 emphasises the significance of passivation in improving the 

performance of III-V NWs. 
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Section 2.5 focuses on quantum confinement, a phenomenon that arises in low-

dimensional systems such as NWs. Subsection 2.5.1 discusses the quantum 

confinement effect in III-V NWs and its impact on their electronic and optical 

properties. Subsection 2.5.2 introduces the bond-order-length-strength (B-OLS) 

mechanism, which is used to understand the impact of quantum confinement on the 

properties of NWs. 

Overall, this chapter covers the fundamental principles and concepts that underpin the 

experimental and theoretical results. 

2.2 Significance of van der Waals Epitaxy (vdWE)  

Over the past three decades, there has been numerous research to integrate III-V 

compound semiconductors on Si.1–3 Efficient optoelectronic devices such as light 

emitting diodes4,5, laser diodes1,6–12 and photodetectors13–16 can be made of these 

semiconductor materials, with a goal of integrating them to Si, thanks to the direct 

bandgap and high carrier mobility properties of III-V compounds. Another very 

important goal in this direction of research is to develop efficient optoelectronic devices 

grown directly on inorganic flexible substrates or alternative methods that allows easy 

peel off after growth from the substrates to achieve flexibility.   

Among various integration approaches, direct epitaxial growth of III-V compounds on 

2D templates such as graphene, mica, hexagonal boron nitride (h-BN) and transition 

metal dichalcogenides, have attracted much interest in the past decade.17,18,19,10,20 

However, this is not obvious as it has many challenges such as dissimilar chemical 

bonding, surface dangling bonds, lattice mismatch and thermal expansion mismatch to 

name a few. In 1984, Koma published the work on unconventional, noncovalent 

heteroepitaxy which  he called van der Waals Epitaxy.21 He successfully demonstrated 
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how vdWE technique could be used to largely eliminate the serious problem of lattice 

mismatch encountered in conventional epitaxy. Over the past decade there has been a 

growing interest in epitaxial growth of III-V semiconductors on 2D templates, whether 

for achieving integration on Si or making flexible devices.20,17,18,22  

Epitaxial growth of   III-V semiconductor materials on 2D layers is not trivial. Due to 

the absence of reactive dangling bonds on 2D substrates, the wettability is poor, leading 

to the suppression of nucleation and hindering the growth of single-crystalline NWs 

structures. This challenge is even greater for the growth of 2D thin films, which tend to 

form rough surfaces and result in the growth of clusters following the Volmer-Weber 

growth. Additionally, the weak interaction between 2D layers and single-crystalline 

thin films grown through vdWE growth could result in incommensurate short-range 

ordering, leading to partial epilayer-substrate epitaxial alignment across the epitaxial 

films and the growth of polycrystalline layers with textured grain structure. 

The need for flexible, high-performance, and cost-effective optoelectronic nanodevices 

has led to an increasing interest in integrating NWs with graphene. Over the last decade, 

significant progress has been made in the growth and applications of III-V 

semiconductor NWs on graphene, the review article by Ezekiel Anyebe and Manoj 

Kesaria focuses on recent advances in the vdWE growth of III-V semiconductor NWs 

on graphene and provides useful strategies for fabricating graphene-based NWs 

devices.20 Although there are limited reports of NW/graphene hybrid devices, the 

review aims to facilitate an increase in NW-based graphene device applications. 
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Fig 2.1 a) Conventional epitaxial interface with covalent bonding. b) van der Waals 

gap is present at the interface of a 2D material over grown on a 2D substrate. c) A 

quasi-van der Waals gap appears when a 3D material is grown on a 2D template. 

There is a significant difference between conventional epitaxy and vdWE. Figure 2.1 

illustrates the difference in interfacial bonding. Conventional epitaxy methods are used 

to grow large-area single crystal epitaxial materials by controlling their domain 

orientation on single-crystal substrates. The interaction between the epitaxial layer and 

the substrate is covalent in traditional three-dimensional, covalently-bonded materials, 

which have strong chemical bonding at the interface. The epitaxy can be achieved 

through homoepitaxy, where the substrate and the epitaxial layer are of the same 

material, or heteroepitaxy, where they are different. However, heteroepitaxy can lead 

to strain in the epilayer or misfit dislocations at the interface due to the lattice mismatch 

between the substrate and the epitaxial layer. A rigid lattice matching is demanded in 

traditional 3D materials epitaxy limiting the viable material combinations in 

heteroepitaxy. vdWE on the other hand, is a different type of epitaxy that relies on van 

der Waals (vdW) interaction between the substrate and epilayer, rather than strong 

chemical bonding as in conventional epitaxy. This means that vdWE can be achieved 
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in bulk materials with passivated surface dangling bonds or in vdW materials with 

naturally terminated surfaces, including 2D materials. Unlike conventional epitaxy, 

vdWE does not require strict lattice matching, allowing for larger lattice mismatches of 

up to 50%. As a result, vdWE can be used to extend heteroepitaxial systems and has 

attracted attention for 2D single crystal preparation. Furthermore, single-crystal 2D 

materials can serve as vdW substrates for the fabrication of many functional materials, 

including III-V compound semiconductors, metals, and macromolecular polymers. 

However, the nuances of epitaxy mechanisms on different substrates are not well 

understood and require further exploration to achieve controllable synthesis of large-

scale high-quality single-crystal 2D materials.  

A successful strategy when it comes to NW growth, is based on vapor liquid solid VLS 

growth technique. According to Wallentin et al, growing vertical NWs on graphitic 

substrates such as graphene or graphite is a challenging task.23 One of the major hurdles 

is the small size of the graphene lattice, which is less than half the bond length of III−Vs. 

As a result, III−V atoms must occupy positions where only some of the available sites 

in the graphene lattice are occupied, potentially with an in-plane lattice rotation. 

Another challenge is the inert nature of graphene layers, which makes it difficult for 

III-V atoms to bond with carbon atoms. Hong and Fukui suggested that weak van der 

Waals bonding between the carbon atoms in graphene and the semiconductor atoms is 

responsible for InAs NW growth, rather than covalent bonding.24 This weak bonding 

results in a high interfacial energy between the two materials.  



 

19 
 

 

Figure 2.2 SEM of 30 degrees tilted various NWs grown on graphite: (a) InP, (b) InAs, 

(c) GaP and (d) GaAs. Scale bars are 10 μm. Insets show higher magnification images, 

with 0.5 μm scale bars. Arrows indicate vertical NWs. Reproduced from ref 23. 

They investigated the growth of Au-seeded NWs of four common III−V materials, 

including InAs, InP, GaP and GaAs, on highly ordered pyrolytic graphite (HOPG) as 

the substrate. Despite the significant variation in lattice parameters between the 

materials and graphite, the study found that it is possible to grow vertical III−V NWs 

on graphite regardless of the material, but the yield of vertically grown NWs is low or 

very low, with some NWs observed to have grown along the substrate instead of 

vertically. Figure 2.2 summarises their NW vertical yield. The maximum vertical yield 

was as low as 0.5% for InP, 6% for InAs and 0.1% for both GaP and GaAs. However, 
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once the NWs began growing vertically, they were typically stable and continued in the 

same direction. The researchers also reported that the addition of Zn before growth 

improved the yield of vertically grown NWs for GaP and GaAs. Essentially, they have 

shown that the Zn improves the wetting compared with just Ga, although the effect is 

difficult to quantify.  

 Meyer-Holdt investigated the use of Ag as a catalyst for InAs NW growth on 

transferable graphite flakes (GFs) instead of the commonly used Au. 25 The study found 

that mostly vertically aligned InAs NWs in the [111]/[0001] direction grew selectively 

on the GFs with a high aspect ratio, while growth did not proceed on the bare InAs 

substrate as shown in Figure 2.3. The use of Ag as a catalyst is suggested to be the 

reason for this selective growth due to the shorter diffusion length compared to Au on 

graphitic substrate. TEM analysis showed that the Ag terminated NWs had a pure WZ 

crystal structure with occasional stacking faults near the top and bottom. The NW/GF 

ensembles can be transferred to a preferred substrate for further characterisation and 

device fabrication with significant potential for various applications. The study 

suggests a highly promising pathway for obtaining novel electronic and optical devices 

based on NW/GF hybrid systems.  
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Figure 2.3 Ag-seeded NW growth on graphitic flakes (GF). (a) Sketch of the ensemble 

of NWs. (b)–(e) 45° tilted SEM micrographs of the pre and post growth. (b) A typical 

GF with Ag-seeded InAs NWs. (c) Zoomed in micrograph of vertical Ag-seeded InAs 

NWs from (b). (d) Micrograph of Ag particles on GFs. No Ag particles are visible on 

the bare InAs substrates. (e) Zoomed in SEM image of the post-annealed Ag droplets 

on a GF from (d) showing a hemispherical shape. (f)–(h) TEM micrographs of a Ag 

seeded NW grown on GF. The inset displays a selected area TEM diffraction pattern 

with the electron incident beam along the InAs [2-1-10] zone axis with additional peaks 

along the [0001] direction presumably from the seed particle (white arrows). (h) 

HRTEM image of a representative middle section of a NW demonstrating pure WZ 

structure. Reproduced from ref. 25. 

It is important to note that traditional VLS growth techniques that use catalysts like Au 

or Ag can cause metal diffusion into the NWs, potentially affecting their properties. To 

address this concern, researchers have explored alternative growth methods like self-

catalysed and catalyst-free approaches for growing NWs on 2D templates. Munshi et 

al.'s work is an example of such alternative methods, which demonstrated the feasibility 

of growing high-quality GaAs NW/graphene hybrid heterostructures using MBE with 

the self-catalysed technique.26 They proposed a generic atomic model to describe the 
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possible epitaxial growth configurations for III-V NWs on graphene and experimentally 

verified it through the growth of vertically aligned GaAs NWs on graphene surfaces 

using MBE. The authors demonstrated that high-quality GaAs NW/graphene hybrid 

heterostructures can be realised using the self-catalysed technique and fabricated a 

single GaAs NW photodetector with high responsivity. The proposed heteroepitaxial 

growth configurations could be used to develop new types of NW/graphite and 

NW/graphene hybrid device systems.   

Similarly, Sundaram et. al, employed an MOCVD process to fabricate wafer-scale 

arrays of 1D nanorod device structures in a one-step process on 2D h-BN.27 Based on 

electron microscopy analysis, the 2D-1D hetero-interface was found to be clean and 

abrupt, with nanorods growing on a thin AlN seed layer. Although the AlN layer 

exhibited poor crystal orientation, the growth of GaN was predominantly along the c-

axis due to rapid competitive growth, which suppressed growth along other directions. 

Furthermore, the authors successfully grown them on various substrates, including 

sapphire, silicon, and quartz, and demonstrated the mechanical transfer of the nanorod 

structures onto a copper tape. Notably, the growth of III-nitride semiconductor 

heterostructures on h-BN/Si has the potential for heterogeneous integration with Si 

devices. This study has broad implications for the scalable integration of semiconductor 

nanostructures with various substrates, including glass and plastics, which are 

particularly relevant to the development of wearable and flexible technologies. Despite 

the growing interest in this field, only a few reports on the growth of III-V NWs and 

thin films on 2D material substrates are available. 
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Figure 2.4 a) SEM image of the vertical GaN nanorod structure grown on h-

BN/AlN/sapphire substrate. The inset shows a higher magnification cross-sectional 

view of the GaN nanostructures. b) Variation of nucleation density and average size 

(diameter) of GaN nanorods with AlN seeding time. c) Illustration of the nanorods 

grown on h-BN/AlN/sapphire substrate. d) SEM image of p-GaN/i-InGaN/n-GaN p-i-n 

nanorod structure on h-BN/AlN/sapphire substrate. Inset shows a schematic of the 

nanorod structure. e) High magnification cross-sectional SEM image of the p-i-n 

nanorod structures showing the vertical alignment and flat-topped hexagonal columns.  

f) Blue light emission from the p-i-n nanorod structures under electrical injection. 

Reproduced from ref. 27. 

2.3 Surface Energy Engineering  

The growth of III-V semiconductors on 2D templates is a complex process due to the 

low surface energy of these materials. For instance, to grow NWs, the contact angle 

between the gold nanoparticle and the substrate is important for determining the 

direction and crystal phase of the resulting NW. This angle is determined by the surface 
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energy of the nanoparticle and substrate at the growth temperature. In a review by Yuan 

et.al., the role of surface energy in NW growth and polarity is discussed in detail.28 By 

engineering the contact angle, the vertical yield, crystal phase, and NW polarity can be 

controlled. It is best to have a medium-to-large contact angle for perpendicular NW 

growth, as a low contact angle results in in-plane/crawling NWs and an extremely large 

angle causes de-wetting and no NW growth. The substrate surface energy can be 

changed using surfactants or passivation. Altering the nanoparticle volume by 

incorporating Zn or a group III atom can also change the substrate surface energy and 

contact angle. In-situ TEM measurements have shown that the AsH3 flow rate and V/III 

ratio affect the gold contact angle and crystal phase selection during GaAs NW growth.  

Surface engineering can be done ex-situ to modify the 2D material surface prior to 

growth. Hong et. al. and Fukui et. al. have demonstrated this method, identifying the 

key factors necessary to produce inorganic nanomaterials on graphitic substrates.29,30 

In their work, they found that the in-plane lattice coherency and controlled surface 

atomic layer ledge of graphitic substrates contributed to the formation of vertical InAs 

NW arrays using vdW heteroepitaxy. Through a combination of dry etching and 

substrate patterning, they were able to achieve controlled, selective-area vdW 

heteroepitaxy of InAs NW arrays on graphitic films. This method allows for high-yield, 

uniform vertical NWs to be produced in a controlled manner, opening possibilities for 

the fabrication of various semiconductor devices on carbon honeycomb lattices.  

2.4 III-V Compound semiconductors  

III-V compound semiconductor nanostructures and thin films are of great importance 

in various applications such as light emitting diodes (LEDs), lasers, sensors and solar 

cells.  
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2.4.1 Significance of NWs  

Semiconductor NWs offer unique advantages as building blocks for future electronic 

and photonic devices. Due to their reduced dimensionality, NWs exhibit outstanding 

materials properties, high surface-to-volume ratio and can be assembled from the 

bottom-up, making them highly promising for nanoscale device integration. Within the 

past decade, a wide range of NW-based electronic and photonic devices have been 

developed, including NW solar cells 31–34, photodetectors 15,16,34, waveguides 37, LEDs 

4,5,38,39, lasers 1,9,11,12,40, single photon sources 41–43and biological and chemical sensors 

36,44,45.  

2.4.2 NW Properties 

NWs are quasi-one-dimensional nanostructures with diameters typically less than 100 

nm and lengths greater than 1 µm. Their unique geometry confers significant 

advantages over conventional planar structures. If the NW diameter is sufficiently 

small, these structures can exhibit quantum confinement in two dimensions. NWs have 

high surface-to-volume ratio, making them ideal for sensing applications. NWs can also 

function as interconnects, in addition to their function as active device elements. Device 

architectures based on vertically-standing NWs will allow ultrahigh density device 

integration into a single chip. Furthermore, NWs can be tailored into unique axial and 

radial heterostructures, which greatly expands the range of device possibilities. 

2.4.3 III-V NWs 

Among semiconductor NWs, III-V NWs show promise due to their superior electrical 

and optical properties. GaAs NWs, for instance, have significant merits associated with 

their direct bandgap and high electron mobility, making them ideal for electronic and 

optoelectronic device applications, such as lasers, solar cells and photodetectors. InAs 

NWs feature a narrow bandgap and very high electron mobility, which make them 
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highly promising for use in future high-frequency electronic devices. InGaAs NWs 

have significant potential due to their suitable bandgap energy for applications in long 

wavelength optical transmission and integrated photonics. Moreover, III-V NWs can 

be grown epitaxially on Si without antiphase defects or misfit dislocations, enabling 

monolithic integration of III-V NW optoelectronic devices with the well-established Si 

microelectronics technology.  

2.4.4 III-V NW synthesis 

There are two primary methods for fabricating III-V NWs: top-down and bottom-up. 

Top-down methods involve using lithography and etching techniques, such as electron 

beam lithography or focused ion beam milling, to pattern NWs from bulk material. 46 

While top-down fabrication methods are routinely used in the microelectronics 

industry, they become increasingly problematic as device length scales shrink in 

accordance with Moore's law. These techniques have limited resolution, which makes 

it difficult to define smaller features and diminishes the quality of nanostructures. 

Additionally, the etching and patterning processes introduce surface defects that can 

adversely affect nanostructure properties, and the process is inherently wasteful. 

Bottom-up methods, on the other hand, involve the chemical synthesis of NWs, which 

can be controlled and tuned during growth. These NWs can be used as building blocks 

to assemble more complex nanoscale devices and architectures. Bottom-up methods 

allow for the fabrication of atomically precise and complex devices that are not possible 

with conventional top-down technologies. As a result, this paradigm is expected to lead 

to the next generation of nanoscale electronics. The bottom-up approach mimics the 

growth of living organisms, where macro-molecules assemble into larger and more 

complex structures. Combining the top down and bottom up approaches may allow best 

of both worlds such as directed self-assembly.  
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2.4.5 III-Nitride NWs 

Although this thesis focuses on the MOCVD growth of III-As NWs and 

characterizations. It is important to note that notable advances in III-nitrides have also 

been achieved in the past few decades.  

These III-nitride nanowires can be grown without a catalyst on Si (001) substrates in 

the wurtzite crystalline form, with the c-axis aligned along the growth direction. They 

show great promise in advancing the development of visible LEDs and lasers. An 

illustrative example of this potential is the successful demonstration of an electrically 

pumped laser emitting green light (λ= 533 nm) by Ooi and Bhattacharya et. al 47.  This 

was achieved using an edge-emitting InGaN/GaN disk-in-nanowire array on a (001) 

silicon substrate.    

Prabaswara and Ooi et. al have successfully demonstrated the direct growth and 

fabrication of a III-nitride NW-based LEDs on amorphous quartz. 48 The proof-of-

concept device exhibited a low turn-on voltage of 2.6 V and achieved approximately 

40% transparency across the visible wavelength. They maintained electrical 

conductivity by utilising a TiN/Ti interlayer on quartz as a translucent conducting 

layer.  

Mi and colleagues explored extensively the molecular beam epitaxial (MBE) growth 

and characterisation of Al-rich AlGaN nanowire heterostructures on a silicon substrate. 

49 They successfully showcased the functionality of electrically injected AlGaN 

nanowire lasers operating at approximately 239 nm, featuring an impressively low 

threshold current of 0.3 mA at room temperature. Their investigation concentrated on 

overcoming the obstacles associated with achieving electrically injected AlGaN 

quantum well lasers in the UV-C band (100-280 nm), a critical requirement for 
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applications like surface treatment, bio-agent detection, and the manufacturing of 

microelectronics.   

2.4.6 NW Crystal Structure and Polarity  

III-V NWs have been found to exhibit a variety of crystal structures, with the two most 

common being the cubic zinc blende (ZB) structure and the hexagonal wurtzite (WZ) 

structure. MOCVD-grown GaAs and GaP NWs often adopt the ZB structure, while the 

WZ structure has been observed in MOCVD-grown InP NWs and MBE-grown GaAs 

NWs. The stacking of the bilayers that make up the crystal determines whether the 

structure is ZB or WZ. Twin planes and stacking faults are common types of planar 

defects in NWs. Twin planes occur in ZB structures when a single bilayer is faultily 

stacked, resulting in a reversed stacking sequence from ABC to CBA. Stacking faults 

in WZ structures occur when a single bilayer is misplaced.  

The growth parameters determine the crystal structure of the NWs and the density of 

planar crystallographic defects. NW crystal structure can be determined by tilting the 

NW to the (110) zone axis in TEM, which allows ZB phases, WZ phases, twin defects 

and stacking faults to be distinguished. All TEM images and diffraction patterns 

presented in this thesis were taken along the (110) zone axis. 

Ionic crystals have internal electric fields that impact many physical properties, such as 

the electronic structure and local charge distribution. Polarity in compound 

semiconductors arises from partial ionicity in chemical bonds, forming atomic pairs 

with opposite partial charges, called "dumbbells". 50 In NWs, only a specific polarity 

drives unidirectional growth and can influence growth mechanisms, orientation and 

even lead to new nanostructure formation. Polarity-driven growth mechanisms can 

explain kinking in some semiconductor NW heterostructures. However, maintaining 
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polarity along the NW and through twin boundaries remains an important issue. Twins 

occur from 180° rotations of the structure along the [111] or [0001] growth axes, with 

‘ortho’ twins conserving polarity across the boundary and ‘para’ twins not. Figure 2.5 

shows an example of typical GaAs NW polarity.   

 

Figure 2.5 (A) TEM view of the GaAs NWs with modulated polytypic structure. (B) 

Atomic resolution aberration corrected HAADF-STEM detail of the Ga−As dumbbell 

pairs in a selected region of the visualised GaAs NW. (C) Raw HAADF-STEM 

magnified detail of the squared region in B. (D) False colour detail of the same region 

in (C) to enhance the contrast. (E) HAADF intensity profile obtained across the Ga−As 

dumbbell pair indicated by the red squared region in (C) and (D). The red arrow points 

the growth direction.50  
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2.4.7 Significance of passivation  

Although NWs offer superior and unique properties compared to bulk material, they do 

have one significant disadvantage: their high surface-to-volume ratio leads to a high 

density of surface states.51 The surface states can function as nonradiative 

recombination centres or surface charge traps, creating additional electronic states 

within the bandgap, which can cause the Fermi level to be pinned (bent) at the surface.  

III-V NWs, such as GaAs and InP, are particularly susceptible to this problem, with the 

severity of the pinning depending on the native oxide type and NW diameter. GaAs 

NWs are known to have the highest surface recombination velocity of charge carriers, 

resulting in strong Fermi level pinning. 52,53  In contrast, InP NWs have a significantly 

lower surface recombination velocity. 54 To use NWs in functional devices, effective 

passivating materials need to be explored to provide some degree of passivation and 

long-term protection from oxidation.  

2.5 Quantum confinement 

When the dimension of a crystal is reduced, quantum confinement significantly 

modifies the density of states. Rather than a smooth and continuous distribution, the 

energy states become packed in a narrow energy range. This concentration of discrete 

energy levels enhances the oscillator strength of the lowest level transitions. The 

magnitude of the density of states in the valence and conduction bands, as well as the 

overlap of the wavefunctions of electrons and holes, affect the oscillator strength of an 

inter-band optical transition. 55 In Type I semiconductors, both factors lead to a larger 

enhancement of the oscillator strength with increasing quantum confinement. Quantum 

dots, which are the most confined structures, maximise the oscillator strength. This 

effect is observed at any temperature. 56 Figure 2.6 depicts the density of states vs. 

energy for bulk material, quantum well, quantum wire and quantum dot. 
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Figure 2.6 Density of states vs. energy for bulk material, quantum well, quantum wire 

and quantum dot. Reproduced from ref 49. 

The quantum and interfacial effects become increasingly significant, leading to changes 

in the band structure of nanoscale semiconductors. Specifically, the bandgap widens, 

the core level shifts, and the sublevel separation within a band increases. When the 

dimension of the solid is reduced, nanostructured semiconductors exhibit similar 

changes in their electronic and optical properties, which can be summarised as follows. 

55 The bandgap widens, resulting in a blue shift in the photoluminescence (PL). The 

energy levels of the core bands and the adsorbate-induced chemical shifts move towards 

higher binding energy in absolute value. X-ray photoelectron spectroscopy (XPS) has 

shown that the main core-level peaks and oxide satellites of various elements move 

upwards simultaneously, and the amount of change depends on the original core-level 

position and the nanocrystal size.57 

2.5.1 Quantum confinement effect in III-V NWs 

The drive for smaller electronic and optoelectronic devices and the desire to gain a 

better understanding of nanoscale chemistry and physics have led to a recent interest in 

low-dimensional III-V compound semiconductor materials. III-V films can be size-
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engineered in the growth direction, and lateral confinement can be achieved using 

lithographic techniques or self-assembled growth, such as with V-grooves58, patterned 

substrate59,60, cleaved edge overgrowth 61, tilted or serpentine superlattices62,63, or self-

organizing quantum dots64,65. Research advances in III-V semiconductor quantum 

structures with a focus on laterally confined structures where self-assembly processes 

play an important role along with the effect of atomic-scale size-fluctuations on 

confined energy levels in these quantum structures are reviewed 62. 

Of particular interest is one dimensional (1D) system, which holds promise from both 

fundamental and applied perspectives. High quality, well-defined 1D nanostructures 

are necessary for various applications such as sensors and interconnects.  However, 

progress in this field has been impeded by the challenge of synthesising materials of 

controlled size, structure and composition in the 1D size regime. 

The confinement of carriers in two dimensions is a characteristic of 1D nanostructures, 

which restricts electron/hole transportation to only one dimension. Various studies have 

investigated NWs with cross-sectional sizes ranging from 30-100 nm; however, 

electronic confinement properties are only achieved when the size falls below the 

exciton Bohr radius. For semiconductors such as GaAs, InP, and Si, this radius is below 

20 nm. While it is possible to produce GaAs NWs with diameters below 10 nm using 

non-epitaxial methods like solution-liquid-solid66 and laser catalytic growth67 via laser 

ablation technique to grow NWs with the VLS method, these approaches typically yield 

NWs with suboptimal diameter control and random orientation. Consequently, the 

experimental investigation of quantum properties of NWs as 1D quantum wires has 

been limited by the challenge of producing quantum confined NWs with high yield. 
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Figure 2.7 Experimental InP quantum-dot (red squares) and quantum-wire (blue 

squares) data plotted as ∆Eg versus 1/d2. The results of theoretical data of 

semiempirical pseudopotential calculations are shown  for InP quantum dots (black 

circles) and quantum wires (purple circles).Reproduced from ref 62.  

The size-dependent evolution of bandgaps in one-dimensional (1D) confined wells, 2D-

confined wires, and 3D-confined dots is expected to be different due to the varying 

dimensionality of confinement. E. Buhro et. al, conducted a systematic experimental 

comparison between analogous 1D, 2D, or 3D confinement systems.68 In their study, 

InP quantum wires with diameters in the strong-confinement regime were grown, and 

their bandgaps (shown with blue squares in Figure 2.7) were compared with those 

previously reported for InP quantum dots (shown with red squares in Figure 2.7). The 
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authors also provide theoretical evidence to establish that the quantum confinement 

observed in the InP wires (represented by black circles in figure 2.7) is weakened to the 

expected extent, relative to that in InP dots (represented by purple circles in Figure 2.7), 

by the loss of one confinement dimension. It is worth noting that quantum wires can 

sometimes behave like strings of quantum dots. Therefore, the authors proposed an 

analysis to generally distinguish between quantum-wire and quantum-dot behaviour.  

A recent epitaxial growth and characterisation study have developed a novel reverse-

reaction fabrication method that can produce ultrathin, catalyst-free GaAs NWs 

epitaxially on silicon with record low diameters of approximately 7 nm.69 These NWs 

exhibit stability in the bulk zinc blende phase. Owing to their well-oriented epitaxial 

nature, these low-diameter GaAs NWs can be overgrown with homogeneous AlGaAs 

shells to create highly efficient quantum wires. The authors conducted correlated 

structural and optical studies on identical NWs, which revealed strong cross-sectional 

size-dependent quantum confinement, as demonstrated by significant blue shifted 

photoluminescence emission of up to approximately 100 meV when compared to bulk-

like band-edge emission. To simulate the measured confinement properties, an effective 

mass model was used to determine the respective ground state energy shifts of the 

electron and hole wave functions confined in hexagonally shaped NW cross-sections. 

The results of the simulation were found to be in good agreement with the experimental 

data. These findings indicate the potential for exploring interesting mesoscopic 

phenomena and enabling performance enhancements in related optical and electrical 

devices by exploiting the 1D electronic nature of free-standing GaAs-based and other 

III-V semiconductor NWs. 

Up until now, the focus of research has predominantly been on the effects of quantum 

confinement on the bandgap of materials. However, it becomes important to study the 
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electronic structure, as well as the electrical and thermal properties of NWs when their 

dimensions are well below the Bohr exciton radius. For instance, theoretical predictions 

suggest a direct to indirect bandgap transition in GaAs NWs below a critical diameter 

of 4 nm.70 The exploration of such possibilities with ultra-thin NWs is both 

experimentally exciting and demanding. In Chapter 5 of this thesis, the various physical 

properties of the ultra-thin GaAs quantum wires synthesised on synthetic mica are 

investigated.  

2.5.2 Bond-Order-Bond-Length-Strength (B-OLS) mechanism 

A mechanism called the bond-order–bond-length–bond-strength (bond-OLS) 

correlation has been proposed by Sun et. al, which helps to explain the relationship 

between the shape, size and properties of nanomaterials.71 According to the proposed 

mechanism, imperfections in the coordination number of atoms on a surface cause the 

remaining bonds of the lower-coordinated surface atom to relax spontaneously. This 

relaxation leads to an increase in bond energy, which affects not only the cohesive 

energy of the surface atom but also the energy density in the relaxed region. The 

cohesive energy is related to thermodynamic properties, such as self-assembly, phase 

transition and thermal stability of a nanosolid. 

The increase in binding energy density affects the system Hamiltonian and related 

properties, such as the bandgap, core-level shift, phonon frequency and dielectrics of a 

nanosolid. These properties change as the surface curvature and the portion of surface 

atoms vary with particle size.  
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Chapter 3 

Experimental Techniques 

3.1 Introduction  

This chapter provides an overview of the various experimental and theoretical methods 

used for the growth of III-V compound semiconductors, with a specific focus on GaAs 

grown on synthetic mica. The chapter is divided into several sections, with each section 

covering a particular topic. In section 3.2, the essential experimental methods used for 

epitaxy and deposition are discussed, including metal-organic chemical vapour 

deposition (MOCVD), electron beam evaporation and atomic layer deposition (ALD) 

in sub-sections 3.2.1, 3.2.2 and 3.2.3, respectively. Section 3.3, focuses on the growth 

methodology, including gold-seeded nanowire growth using (a) vapour-liquid-solid 

(VLS) techniques, (b) substrate preparation, and (c) catalyst-free growth. The 

characterisation tools used to analyse the grown material system are covered in section 

3.4, which includes 3.4.1 on Raman spectrometry, 3.4.2 on atomic force microscopy 

(AFM) and various electron microscopy techniques such as 3.4.3 scanning electron 

microscopy (SEM), 3.4.4 transmission electron microscopy (TEM), with subsection (a) 

high resolution transmission electron microscopy (HRTEM) (b) scanning transmission 

electron microscopy (STEM), and (c) energy-dispersive X-ray spectroscopy (EDS). 

Section 3.4.5 focuses on photoluminescence spectroscopy, and section 3.4.6 covers X-

ray diffraction (XRD) techniques such as (a) high-resolution X-ray diffraction 

(HRXRD), (b) grazing incidence X-ray diffraction (GIXRD), and the (c) rocking curve 

technique in XRD. Finally, section 3.4.7 covers photoelectron spectroscopy (X-ray and 

Ultraviolet) and 3.4.8 van der Pauw Hall measurement and finally section 3.5 provides 

the references. 
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3.2 Epitaxial growth and deposition techniques 

3.2.1 Metal-Organic Chemical Vapour Deposition (MOCVD) 

In this thesis, MOCVD technique is employed to grow III-V compound semiconductor 

nanowires on 2D templates. All the III-V nanowires and thin films were grown at the 

Australian National University. 

MOCVD is an epitaxial growth technique that can achieve high growth rates and abrupt 

interfaces. Despite its requirement for costly and hazardous precursors, it can produce 

virtually any III-V and II-VI compound semiconductors. For a detailed explanation of 

the MOCVD technique, refer to the book by Stringfellow. 1 An AIXTRON 200/4 

horizontal flow reactor was used for epitaxial growth, as illustrated in Figure 3.1. The 

III-V precursors were composed of metal-organic (organometallic or metal alkyl) and 

hydride precursors for group III and group V atoms, respectively. For example, 

trimethylgallium (Ga(CH3)3, TMGa), trimethyl aluminium (Al(CH3)3, TMAl), and 

trimethylindium (In(CH3)3, TMIn) were used as the metal-organic precursors for group 

III atoms (Ga, Al, and In). Arsine (AsH3) was used to supply group V atoms (As).  

To store the metal-organic sources, stainless steel cylinders called bubblers were used. 

These bubblers were kept at constant pressures and immersed in temperature-controlled 

baths. The hydrides are stored in high-pressure cylinders and directly supplied to the 

reactor. 
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Fig 3.1 Schematic illustration of the Aixtron 200/4 MOCVD reactor. 2  

MOCVD employs ultra-high purity hydrogen, which is purified by passing high purity 

H2 through a palladium-silver alloy membrane, as the carrier gas. The carrier gas is 

directed into the bubblers to transport the vapour of metal-organic compounds into the 

reaction chamber. Separate supply lines called MO run and Hydride run ensure that the 

metal-organic and hydride precursors are transported into the reaction chamber 

separately to prevent pre-reactions. A parallel vent line carries unspent gases into the 

exhaust, stabilising the source flow rate. The source flow is switched into the run line 

only after the flow rate is stabilized. The total gas flow rate for MO run is maintained 

at 10,000 standard cubic centimetre per minute (sccm), and for Hydride run, it is kept 

at 5000 sccm. During growth, the reactor pressure is maintained at 100 mbar. 

The reaction chamber employs a silicon carbide coated graphite susceptor with gas foil 

rotation plates to hold the substrates. The susceptor follows a main planetary rotation, 

while the three plates have a satellite rotation to ensure highly uniform deposition. The 
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susceptor is heated using a three-zone infrared lamp arrangement surrounding the 

reaction chamber, and its temperature is measured by a thermocouple. 

In this thesis, we examine the growth of GaAs and AlGaAs material systems through 

pyrolysis reactions that occur in the reaction chamber. Specifically, the following 

reactions take place: 

Ga(CH3)3 + AsH3 → GaAs + 3CH4  

Al(CH3)3 + Ga(CH3)3 + 2AsH3 → AlGaAs + 6CH4  

Different combinations of precursors allow for the deposition of different materials and 

alloys with varying compositions including ternary materials such as AlGaAs. During 

the growth process, we adjust the precursor flow rate to control the chemical 

composition and deposition rate. To remove toxic compounds from the exhausted gas 

mixture, an activated charcoal scrubber is used, which results in the release of only 

diluted hydrogen into the atmosphere. 

3.2.2 Electron beam (e-beam) vaporation 

E-beam evaporation is preferred for the direct transfer of electron energy to the 

material, making it suitable for evaporating and depositing high melting point metals. 

In this thesis, the contact pads for electrical measurements were deposited using a 

Temescal BJD-2000 e-beam evaporator system. The system features a six-pocket e-gun 

and one-position thermal evaporation. The vacuum chamber comprises of a scroll pump 

and a cryo-pump, which together enable a vacuum range in the mid 10-7 mbar. A 

schematic of the e-beam deposition system is shown in figure 3.2.  

The samples were mounted on a rotating sample holder during the deposition process. 

A high-energy electron beam is used to evaporate the material from a metal crucible. 
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The evaporated material then condenses on the substrate, which is maintained at a 

relatively low temperature compared to the crucible. 3 The electron beam is generated 

by applying a high voltage of several kilovolts to a tungsten filament within the 

chamber. 

 

Fig 3.2 Schematic illustration of the electron beam evaporation system. 

A directional magnetic field is used to direct the electron beam towards the metal 

crucible, resulting in the evaporation of the material. This technique is ideal for 

producing highly uniform, thin films with excellent adhesion to the substrate.  
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3.2.3 Atomic Layer Deposition (ALD) 

(ALD is a versatile thin-film deposition technique that has gained considerable attention 

in recent years due to its ability to precisely control the thickness and composition of 

the deposited films at the atomic level. ALD utilizes self-limiting surface reactions to 

deposit thin films one atomic layer at a time, resulting in excellent uniformity, 

conformality and thickness control over complex substrates. 4  In this dissertation, a 

Picosun R-200 ALD system is used to deposit thin films for electrical contact pads/ 

passivation layers. 

 

Fig 3.3 Schematic illustration of the atomic layer deposition (ALD). 

ALD is a cyclic process that involves the sequential exposure of a substrate to 

alternating precursors. The precursors are typically gaseous and contain the elements 
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to be deposited. During the first half of the cycle, the substrate is exposed to the first 

precursor, which chemisorbs on the surface, leaving a self-limiting monolayer. Excess 

precursor is then purged from the chamber, and the substrate is exposed to the second 

precursor, which reacts with the first monolayer to form a new layer. The process is 

repeated until the desired thickness is achieved. Figure 3.3 shows the schematic of the 

ALD deposition process.   

The self-limiting nature of the process ensures that each layer is uniform and conformal, 

with excellent step coverage over complex geometries. The deposition rate can be 

precisely controlled by adjusting the exposure time of each precursor and the number 

of cycles, making ALD a highly versatile technique for depositing a wide range of 

materials, including metals, oxides, nitrides and sulphides. 5,6  

ALD has several advantages over other thin-film deposition techniques. Firstly, the 

self-limiting nature of the process ensures excellent uniformity and thickness control, 

even over complex substrates. Secondly, ALD is a low-temperature process, typically 

performed at temperatures below 300 °C, making it compatible with a wide range of 

substrates, including certain plastics, glass and semiconductors. Thirdly, the process is 

highly reproducible and scalable, making it suitable for industrial-scale production. 

Finally, the ability to deposit precise thicknesses of multiple layers with varying 

compositions makes ALD ideal for fabricating complex multilayer structures with 

tailored properties. 
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3.3 Growth Methodology 

3.3.1 Gold-seeded nanowire growth: Vapour-Liquid-Solid (VLS) 

growth 

VLS is a technique used for the growth of nanowires. The basic idea behind VLS is to 

use a liquid metal catalyst to initiate the growth of a nanowire from a vapour-phase 

precursor. 7 

 

Figure 3.4: VLS growth mechanism. 

A schematic of the VLS process is given in figure 3.4. The precursor gas reacts with 

the catalyst, forming a liquid droplet of the catalyst on the substrate surface. As the 

precursor gas continues to flow into the chamber, it is absorbed into the liquid droplet 

and reacts with the catalyst. This reaction creates a supersaturated solution of the 

precursor in the liquid droplet. Once the concentration of the precursor in the liquid 

droplet reaches a critical value, the supersaturated solution becomes unstable and the 

precursor begins to nucleate onto the surface of the catalyst droplet. The newly formed 

nanowire grows out from the surface of the liquid droplet, with the catalyst acting as a 

"tip" or "seed" for the nanowire growth. The nanowire continues to grow as long as 

there is a supply of precursor gas in the chamber. 
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3.3.2 Substrate preparation 

A two-dimensional layered material, synthetic mica was used as the substrate for gold-

seeded VLS growth of nanowires. To deposit the Au nanoparticles on the substrate, a 

colloidal solution is employed in conjunction with poly-L-lysine (PLL) 

functionalisation. PLL, a positively charged polyelectrolyte, attracts negatively charged 

Au nanoparticles and immobilises them onto the substrate.8 The nanoparticle deposition 

process consists of two steps: PLL functionalisation and gold nanoparticle deposition. 

The PLL functionalisation process begins with immersing the substrate in PLL solution 

for 60 seconds, followed by rinsing with DI water and drying with a nitrogen gun. Next, 

Au colloidal solution is dispersed onto the substrate for 60 seconds, and the sample is 

subsequently rinsed with DI water and dried using a nitrogen gun. 

3.3.3 Catalyst-free growth 

 For catalyst-free growth method in the thesis, few-layer h-BN on SiO2/Si substrates 

acquired from Grolltex, USA, are used directly as the substrate for epitaxy. 

3.4 Characterisation tools  

3.4.1 Raman Spectrometry  

Raman spectroscopy is a non-destructive and non-invasive technique that is commonly 

used to investigate the vibrational and structural properties of materials. It is based on 

the Raman effect, which occurs when a photon interacts with a molecule, causing it to 

vibrate. The scattered photon can either have less energy (Stokes scattering) or more 

energy (anti-Stokes scattering) than the incident photon, depending on the vibrational 

energy of the molecule. 9  The Raman spectrum of a material is a plot of the intensity 

of scattered photons as a function of their energy and can be used to identify the 

vibrational modes of the molecules in the material. 
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Figure 3.5 Schematic illustration of a typical Raman spectrometer. 

Raman spectroscopy requires a laser as a source of excitation, which is typically in the 

visible or near-infrared range. The laser light is focused onto the sample, and the 

scattered light is collected and analysed using a spectrometer. Raman spectra can be 

obtained in either a backscattering geometry, where the laser and the detector are 

located on the same side of the sample, or a transmission geometry, where the laser and 

detector are on opposite sides of the sample. A schematic of a typical Raman system is 

given in figure 3.5. All the Raman spectra in this thesis are acquired using the Renishaw 

Raman system at the Australian National University.  

 

3.4.2 Atomic Force Microscopy (AFM) 

(AFM is a powerful technique for the topography imaging of surfaces at the nanoscale. 

It is a non-destructive and non-invasive technique that can be used to study a wide range 

of materials, including biological samples, polymers, semiconductors and metals. 

Unlike other surface analysis techniques, AFM can provide high-resolution 

topographical information about surfaces, with a lateral resolution on the order of 
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nanometres.  AFM can also be used to measure other surface properties, such as 

adhesion, roughness and mechanical properties. 

 

Figure 3.6 Schematic illustration of atomic force microscopy. 

AFM data in this dissertation are taken using Bruker’s ScanAsyst and PeakForce 

Tapping AFM. 10 A schematic illustration of atomic force microscopy operation is 

shown in figure 3.6. AFM operates by scanning a sharp probe tip over the surface of 

the material of interest and measuring the deflection of a cantilever that holds the probe. 

The cantilever deflection is a measure of the force between the probe tip and the surface 

of the material and is used to reconstruct a topographic image of the surface. 

The AFM probe tip is typically made of silicon or silicon nitride and has a radius of 

curvature of a few nanometres. The probe tip is brought into contact with the surface 

of the material and the cantilever deflection is measured using a laser beam that is 

reflected off the back of the cantilever onto a detector. The accuracy and quality of 

AFM measurements rely heavily on the detection system employed. One widely used 

detection method involves directing an optical beam towards the centre of a quadrant 
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photodiode (QPD). This type of position sensing detector operates in a straightforward 

manner, where a laser beam with a Gaussian spot is directed onto the centre of the 

detector. By combining the signals detected by each of the four quadrants (A, B, C, and 

D), it is possible to estimate the displacement of the laser spot in relation to the centre 

of the quadrant detector. The intensity variation associated with the detection is adjusted 

by normalising the sum intensity of all four quadrants (A+B+C+D) to account for 

potential fluctuations in laser beam intensity. As the probe tip is scanned across the 

surface of the material, the cantilever deflection changes due to the topography of the 

surface. 

Electron microscopy techniques 

Electron microscopy is a powerful set of techniques for imaging and analysing 

materials at the nanoscale. Two of the most commonly used electron microscopy 

techniques are scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM). 

3.4.3 Scanning Electron Microscopy (SEM) 

SEM is a widely used imaging technique that produces high-resolution images of the 

surface of materials. In SEM, a focused beam of electrons is scanned across the surface 

of a sample and the electrons that are scattered or emitted from the surface are collected 

to form an image. SEM can provide information about the topography, morphology and 

elemental composition of a material. 11 

In SEM, a primary beam of electrons with energies ranging from a few keV to a few 

tens of keV is focused onto the sample surface. The high-energy primary electrons 

collide with the atoms in the sample, causing the emission of secondary electrons from 
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the sample's surface. These secondary electrons are collected by a detector to generate 

an image of the surface topography. 

The SEM instrument consists of several components, including an electron source, a 

series of electromagnetic lenses, a sample holder, and a detector. The electron source 

generates a beam of electrons, which is focused and directed onto the sample surface 

using the lenses. The sample holder holds the sample in place and the detector collects 

the scattered or emitted electrons to produce an image. A schematic illustration of SEM 

along with the e-beam interaction with specimen is shown in figure 3.7.   

 

Figure 3.7 Schematic illustration of (a) electron beam interaction with specimen and 

(b) a scanning electron microscope (SEM). 

3.4.4 Transmission electron microscopy (TEM) 

TEM is a powerful imaging technique.  A variety of TEM techniques such as including 

high-resolution TEM (HRTEM), scanning TEM (STEM), energy-dispersive X-ray 

spectroscopy (EDS), and high-angle annular dark field STEM (HAADF STEM) are 
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utilized in this thesis for inspecting various samples. For detailed information on TEM 

techniques refer to the book by David B. Williams and C. Barry Carter. 12  

(a) High-Resolution Transmission Electron Microscopy (HRTEM):  

HRTEM is a powerful technique that provides detailed information about the crystal 

structure and defects in nanowires. The working principle of HRTEM is based on the 

interaction between a thin sample and a beam of high-energy electrons. As shown in 

the schematic in figure 3.8,  a high-energy electron beam is focused onto a thin section 

of a specimen and the transmitted electrons are then detected by a sensitive detector. 

The resulting image provides information about the crystal structure of the specimen at 

an atomic scale. 

 

Figure 3.8 Schematic illustration of imaging and diffraction modes of transmission 

electron microscopy. 

The electron beam in a TEM column is generated by an electron source, which can be 

a tungsten filament or a lanthanum hexaboride (LaB6) crystal. The electron beam is 

then passed a series of electromagnetic lenses. 
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The electron beam passes through a thin sample, which is mounted on a small grid or 

thin film. As the beam passes through the sample, it interacts with the atoms and 

electrons in the material, causing some of the electrons to scatter in different directions. 

The scattered electrons are then collected by a series of electromagnetic lenses and 

detectors. These detectors can be positioned at different angles and distances from the 

sample to collect different types of scattered electrons. 

The transmitted electrons, which have not interacted with the sample, are also collected 

by a detector placed on the opposite side of the sample. This detector measures the 

intensity of the transmitted electrons, which is used to create the bright-field image in 

a TEM. 

The electron beam column in a TEM has several key components, including the 

electron source, the condenser lens, the objective lens, and the projection lens. The 

condenser lens focuses the electron beam onto the sample, while the objective lens 

collects the transmitted and scattered electrons to form the image. 

The projection lens is used to magnify the image and project it onto a screen or camera. 

The magnification of the image is controlled by adjusting the focus of the objective lens 

and the position of the projection lens. 

One of the limitations of HRTEM is that it requires a thin sample to be prepared, 

typically less than 100 nm in thickness. This can be challenging for some materials, 

especially those that are prone to damage from the ion beam used for sample 

preparation. HRTEM also requires high vacuum conditions, which can limit the types 

of samples that can be studied. 

The two common modes of TEM imaging are imaging and diffraction as given in figure 

3.8. In imaging mode, the electron beam is focused onto the specimen, and the 
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transmitted electrons are collected by a detector to form a two-dimensional image. The 

image resolution can be improved by using higher-energy electrons or reducing the 

distance between the sample and the detector. In diffraction mode, the electron beam is 

diffracted by the sample, producing a diffraction pattern that provides information 

about the sample's crystal structure and lattice spacing. By analysing the diffraction 

pattern, it is possible to determine the crystal structure, orientation, and composition of 

the sample. 

 

(b) Scanning Transmission Electron Microscopy (STEM) 

STEM is another technique that can be used to study thin specimens at high resolution. 

In STEM, a highly focused electron beam is scanned across the surface of the specimen, 

and the transmitted electrons are then detected by a detector. STEM provides high-

resolution images of the surface of the specimen and can also be used to perform 

elemental analysis. 

The working principle of STEM is like HRTEM, but STEM can provide higher contrast 

images due to the use of a high-angle annular dark-field (HAADF) detector, which 

collects scattered electrons at high angles. One limitation of STEM is that it is sensitive 

to sample thickness, and samples that are too thick may produce low contrast images. 

(c) Energy-Dispersive X-ray Spectroscopy (EDS) 

EDS is a technique that is used to determine the elemental composition of nanowires. 

In EDS, a high-energy electron beam is used to excite the atoms in the nanowire, 

causing them to emit characteristic X-rays. The emitted X-rays are then detected by a 

sensitive detector and the resulting spectrum is used to determine the elemental 

composition of the specimen. 
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One of the limitations of EDS is that it requires a high electron dose, which can cause 

radiation damage to the sample. EDS also has limited spatial resolution, typically on 

the order of a few nanometres. 

(d) High-Angle Annular Dark-Field Scanning Transmission Electron  

Microscopy (HAADF-STEM) 

HAADF-STEM is a type of STEM that uses a high-angle annular dark-field detector to 

collect scattered electrons at high angles. It provides high-resolution images of the thin 

specimen and can be used to perform elemental analysis. Figure 3.9 provides a 

simplified schematic of the HAADF-STEM system.  

The working principle of HAADF-STEM is similar to STEM, but it provides higher 

contrast images due to the use of the HAADF detector. One limitation of HAADF-

STEM is that it requires a high electron dose, which can cause radiation damage to the 

sample.  

 

Figure 3.9 Schematic illustration of high-angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM).  
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3.4.5 Photoluminescence Spectroscopy 

Photoluminescence (PL) spectroscopy is a non-destructive optical characterisation 

technique that measures the light emission from materials upon excitation by a light 

source. It is widely used for the characterisation of semiconductors, including III-V 

nanowires and thin films. PL provides information about the electronic and optical 

properties of the material, such as the bandgap, carrier concentration, recombination 

lifetime and defect density. 13 In III-V nanowires and thin-film samples, PL 

spectroscopy is a powerful tool for understanding the fundamental physics and for 

optimising the growth and processing conditions for device applications. 

Time-Resolved Photoluminescence (TRPL) 

TRPL is a powerful technique for studying the carrier dynamics of materials. It provides 

valuable information about the lifetime of excited states in a material, which is a key 

factor in determining the efficiency of optoelectronic devices. TRPL has a wide range 

of applications in materials science and optoelectronics. The PL spectra obtained for 

this thesis is acquired from the micro-PL system at the ANU. Figure 3.10 shows a 

schematic of the experimental set up at the ANU. The infra-red PL spectra are acquired 

from the PL system at UCLA.   

TRPL typically involves a pulsed laser as the excitation source, a monochromator to 

select the excitation wavelength and a detector to measure the PL emission. The laser 

is pulsed with a duration typically in the picosecond to femtosecond range. The PL 

emission is collected using collection optics and directed to the detector, which is 

typically a photomultiplier tube or a CCD camera. The time resolution of the 

measurement is determined by the duration of the laser pulse and the response time of 

the detector.  
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The data obtained from TRPL measurements is typically presented as a decay curve, 

which plots the intensity of the PL emission as a function of time after excitation. The 

decay curve can be fitted to an exponential function to extract the PL lifetime. The PL 

lifetime is related to the efficiency of radiative recombination and nonradiative 

recombination processes in the material. A longer PL lifetime indicates a higher 

efficiency of radiative recombination, which is desirable for optoelectronic 

applications. 

 

Figure 3.10 Schematic illustration of the room-temperature TRPL system.  

3.4.6 X-Ray Diffraction (XRD) 

Bragg's law is a fundamental principle of X-ray diffraction, which relates the angles at 

which X-rays are diffracted by a crystal lattice to the spacing between the crystal planes. 

The basic principle of X-ray diffraction is that when a beam of X-rays is incident on a 

crystal, the X-rays are scattered in different directions by the atoms in the crystal lattice. 

The scattered X-rays interfere constructively or destructively depending on the angle 

of incidence and the spacing between the crystal planes.  
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The law can be expressed mathematically as: 

nλ = 2d sin θ 

where: 

n is the order of the diffraction peak 

λ is the wavelength of the incident X-rays 

d is the spacing between the crystal planes 

θ is the angle between the incident X-ray beam and the crystal plane. 

The law states that if the path difference between the X-rays scattered from two adjacent 

crystal planes is an integer multiple of the X-ray wavelength, then the diffracted waves 

will interfere constructively and a diffraction peak will be observed. This is known as 

constructive interference. 

The angle at which the diffraction peak is observed depends on the spacing between the 

crystal planes and the wavelength of the X-rays. The higher the order of the diffraction 

peak, the smaller the angle of incidence required to produce it. This is because the path 

difference between adjacent crystal planes increases with increasing order of the 

diffraction peak. 

Bragg's law is widely used in X-ray diffraction experiments to determine the crystal 

structure of materials. By measuring the angles at which X-rays are diffracted by a 

crystal, and by knowing the wavelength of the X-rays, the spacing between the crystal 

planes can be calculated. This information can then be used to determine the positions 

of the atoms in the crystal lattice and the crystal symmetry. Figure 3.11 gives a 

schematic of the Bragg’s law. 
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Figure 3.11 Illustration of the Bragg’s law in an XRD set-up. 

The XRD technique works by directing a beam of monochromatic X-rays at a 

crystalline sample which is mounted on a goniometer. The goniometer rotates the 

sample while the X-rays are diffracted in different directions. The diffracted X-rays are 

collected by a detector, such as a scintillation counter or a photographic film, and the 

intensity of the diffracted X-rays at different angles is measured. This produces a 

diffraction pattern, which is a graph of the intensity of diffracted X-rays as a function 

of the diffraction angle. 

The diffraction pattern contains a series of peaks, which correspond to the diffraction 

angles of the diffracted X-rays. The positions and intensities of these peaks are related 

to the crystal structure of the sample. The positions of the peaks are determined by the 

spacing of the crystal lattice planes, while the intensities of the peaks depend on the 

arrangement of the atoms in the crystal. 

XRD modes to study different aspects of a crystalline material's structure in this thesis 

are outlined below. 
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(a) High-resolution X-ray diffraction (HRXRD): HRXRD is a mode of 

XRD that is used to study the epitaxial quality of thin films and multilayer structures. 

In this technique, a high-resolution X-ray beam is directed at the sample, and the 

diffracted X-rays are collected at a high angular resolution. This allows for the precise 

determination of lattice parameters and crystallographic orientation of thin films and 

multilayer structures. The technique is particularly useful for the characterisation of 

semiconductor devices, such as transistors and solar cells, where the epitaxial quality 

of thin films is critical for their performance. 

(b) Grazing incidence X-ray diffraction (GIXRD): GIXRD is a mode of 

XRD that is used to study the surface structure of thin films and interfaces. In this 

technique, the X-ray beam is incident at a grazing angle (typically less than 1ᵒ) to the 

surface of the sample, which allows the X-rays to penetrate only a few atomic layers 

into the surface. This results in a diffraction pattern that is dominated by the surface 

structure of the sample. GIXRD is commonly used to study the crystal structure of thin 

films and interfaces, such as those found in semiconductor devices and catalytic 

materials. 

(c) Rocking curve technique in XRD: The rocking curve technique is a mode 

of XRD that is used to study the structural quality of single crystals. The rocking curve 

technique is particularly useful for the characterisation of semiconductor materials, 

where the presence of defects can have a significant impact on their electrical and 

optical properties. It is based on the principle that the diffraction intensity of a single 

crystal varies with the angle of incidence of the X-ray beam, due to the crystal's 

crystallographic structure and defects. 



 

69 
 

In the rocking curve technique, a single crystal is mounted on a goniometer and rotated 

while the X-ray beam is directed at it. The diffraction intensity is measured as a function 

of the rotation angle, producing a rocking curve. The width and shape of the rocking 

curve provide information about the structural quality of the crystal, including the 

presence of defects such as dislocations, stacking faults, and twinning. 

A high-quality single crystal will produce a narrow, symmetric rocking curve with a 

sharp peak, indicating a well-defined crystal structure with few defects. In contrast, a 

defective crystal will produce a broad, asymmetric rocking curve with a lower intensity 

peak, indicating a distorted crystal structure with a high density of defects. 

3.4.7 X-Ray and Ultraviolet Photoelectron Spectroscopy (XPS and 

UPS) 

XPS and UPS are both widely used analytical techniques that provide valuable 

information about the electronic structure and composition of materials. 

XPS is a surface-sensitive technique that measures the binding energy of electrons 

emitted from the surface of a material when it is exposed to X-rays with energies 

ranging from 0.1 to 2 keV where as the UPS  uses an ultraviolet light source.  The 

binding energy is related to the electronic structure and chemical environment of the 

material. The XPS instrument includes an X-ray source, a sample holder, an electron 

analyser and a detector. The X-ray source emits X-rays onto the sample, which causes 

photoelectrons to be emitted from the surface of the material. The electron analyser 

selects electrons with specific energies and angles of emission, and the detector 

measures the intensity of the emitted photoelectrons as a function of energy. Figure 

3.12 shows the energy level diagram for a sample and spectrometer during an XPS 

experiment. 
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Figure 3.12 Energy level diagram for a sample and spectrometer during an XPS 

experiment. 

UPS, on the other hand, measures the kinetic energy and intensity of photoelectrons 

emitted from the valence band of a material when it is exposed to ultraviolet light with 

energies ranging from 6 to 50 eV. UPS is also a surface-sensitive technique that 

provides information about the electronic structure and chemical environment of a 

material.  

UPS is commonly used to study the electronic structure of organic molecules, polymers 

and other materials with low atomic number elements. It is also used to study the band 

alignment at interfaces between different materials. UPS can determine the work 

function and ionisation potential of materials, which is important for the design of 

electronic devices. 

A flood gun is a commonly used tool for the analysis of insulating or dielectric 

materials. When an insulating sample is irradiated with ultraviolet light, the 
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photoelectrons that are emitted from the surface may be trapped in the sample's bulk or 

surface charges, leading to a charge-up effect that can affect the results of the analysis. 

This effect can be mitigated by using a flood gun, which provides a low-energy electron 

beam that neutralizes the charge on the sample's surface. 

The flood gun emits electrons with energies ranging from a few eV to a few hundred 

eV, which are much lower than the kinetic energy of the photoelectrons emitted from 

the sample surface. The low-energy electrons from the flood gun collide with the 

surface of the sample, neutralizing the positive charge that accumulates due to the 

emission of photoelectrons. This enables the analysis of the sample's surface without 

any distortions due to charge effects. 

The flood gun is typically located at a small angle to the sample surface, so that the 

emitted electrons do not interfere with the analysis of the photoelectrons. The angle and 

energy of the flood gun electrons can be adjusted to optimize the neutralization of the 

sample's surface charge while minimizing any additional noise or background signal. 

3.4.8 Hall effect measurement  

Hall effect is a phenomenon that describes the generation of an electric field 

perpendicular to the direction of an electric current flowing in a conductor. This effect 

was first discovered by American physicist Edwin Hall in 1879. When a magnetic field 

is applied to a conductor carrying an electric current, the Lorentz force causes a 

transverse voltage, known as the Hall voltage, to appear across the conductor. The Hall 

voltage is proportional to the magnetic field strength and the current density, and 

inversely proportional to the number of charge carriers in the conductor. Therefore, the 

Hall effect can be used to determine the concentration and mobility of charge carriers 

in a material, as well as its magnetic field strength.  
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The Hall effect measurement is a commonly used technique to determine the resistivity 

and carrier concentration of a semiconductor material. Using the four-probe Van der 

Pauw method measurement that can be used to determine the electrical properties of a 

sample regardless of its shape or size. 

 

Figure 3.13 Schematic illustration of the sample configuration for the van der Pauw 

method hall measurement. 

The Hall measurement is based on the relationship between the electrical resistivity and 

the Hall coefficient of a material. The Hall effect occurs when a magnetic field is 

applied perpendicular to the direction of current flow in a conductor. This results in a 

transverse voltage that is proportional to the applied magnetic field and the carrier 

concentration of the material. The Hall coefficient is defined as the ratio of the 

transverse voltage to the applied magnetic field and the current density. The schematic 

in Figure 2.12 illustrates the measurement geometry. The resistivity of the material can 

be determined by measuring the voltage drop across the sample when a current is passed 

through it. However, this method cannot be used for non-uniform or irregularly shaped 
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samples. The Van der Pauw method overcomes this limitation by using a four-probe 

measurement. In this method, four contacts are placed on the sample in a non-collinear 

configuration. The resistivity and Hall coefficient of the material can be determined by 

measuring the resistance between the two pairs of opposing contacts as the current is 

passed through the sample. 
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Chapter 4 

Epitaxial Growth of GaAs Nanowires on Synthetic Mica by 

Metal−Organic Chemical Vapour Deposition 
 

4.1 Introduction  

van der Waals epitaxy is an unconventional technique that addresses the challenges of 

lattice and thermal expansion coefficient mismatch between substrate materials and 

epitaxial layers.1 Although there are various research efforts to grow 2D and 3D materials 

on 2D substrates, only a few reports exist on the growth of II-VI and III-V epitaxial layers 

and nanostructures on 2D templates.2–4 The exceptional electronic and optoelectronic 

properties of III-V semiconductor NWs, coupled with the weak bonding between NWs 

and 2D substrates, provide an excellent opportunity to design structures that can be easily 

detached for flexible device applications. 

In general, GaAs NWs tend to nucleate in either the cubic ZB or hexagonal WZ crystal 

phase and grow preferentially in the [111] B direction on substrates such as GaAs and Si 

due to energetic reasons. Joyce et al. proposed a model for the growth of Au-seeded GaAs 

NWs on GaAs substrates that accounts for the effect of temperature and V/III ratio on 

crystal structure. 5 

This chapter provides a comprehensive growth study of GaAs NWs with a focus on 

achieving maximum vertical yield and good optical quality, specifically for the pure ZB 

phase NWs. Additionally, the study investigates the potential for peeling off the NWs 

from the synthetic mica substrate for flexible device applications. 
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Section 4.2 provides the details of substrate material and methods used in the study. The 

research on MOCVD growth parameters for epitaxial growth of GaAs NWs on synthetic 

mica is outlined in section 4.3. The research begins by exploring the effect of AsH3 pre-

flow on NW growth, as detailed in sub-section 4.3.1. This pre-flow is crucial in altering 

the surface energy of the mica surface and the results demonstrate that even a pre-flow 

duration as low as 1 minute can enhance the NW vertical yield. Sub-sections 4.3.2 and 

4.3.3 then discuss the effect of basic growth parameters on the vertical yield of the NWs. 

Section 4.4 delves into the optical properties of AlGaAs passivated GaAs NWs on 

synthetic mica and showcases the successful peel-off of a large array of NWs. The crystal 

structure of NWs synthesised using various growth parameters is discussed in detail in 

section 4.5, with subsections 4.5.1 and 4.5.2 describing the effect of temperature and 

V/III ratio, respectively. 

In section 4.6, the crystal polarity is discussed and compared with typical NW polarities 

from literature. Section 4.7 then describes the computational methodology used to study 

the GaAs-mica interface, followed by detailed theoretical analysis based on electronic 

structure properties in section 4.7.1. 

The chapter concludes with section 4.8, which summarises the growth, morphology, 

passivation and optical properties of NWs, along with the structural and theoretical 

results of GaAs NWs grown on synthetic mica. 

4.2 Materials and methods  

4.2.1 Choice of substrate  

The identification of stable 2D materials that can withstand high growth temperatures 

and hydrogen ambience is crucial for vapour-liquid-solid (VLS) growth of GaAs NWs. 

Graphene/graphitic substrates and mica have been identified as suitable materials for this 
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purpose. Although III-V NWs can be grown easily on almost any substrate using gold-

seeded VLS, achieving vertical NWs can be challenging. This is because without proper 

control of the contact angle of the gold nanoparticles, most NWs tend to be non-vertical 

or kinked. To obtain vertical NWs, a medium to large contact angle on the chosen 

substrate material is required. Previous attempts to grow very high-yield vertical GaAs 

NWs on graphene using VLS epitaxy have been unsuccessful. 6 

The surface energy of mica is an order of magnitude less than that of conventional V/III 

substrates, but relatively high compared to graphene. Table 4.1 gives the surface energy 

comparison between conventional substrates and several van der Waals substrates.7–10  

Although the surface energy of mica is not as high as typical semiconductors, it is an 

order of magnitude higher than the graphitic substrates, this attribute is hypothesised to 

promote more out-of-plane NW growth. However, the lack of dangling bonds on the 

mica surface due to its van der Waals nature does not readily support epitaxial growth. 

Surface treatments and precursor pre-flow can be used to modify the surface energy and 

promote growth.11 The contact angle formed on the surface of mica is a result of the 

surface energy balance between the gold nanoparticle and the substrate at a given growth 

temperature. 
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Table 4.1 Comparison of the surface energies between conventional and several van der 

Waals substrates.  

4.2.2 Synthetic mica 

The synthetic mica used in this study is fluoro-phlogopite, which belongs to the biotite 

group of phyllosilicate materials and is rich in magnesium. Synthetic mica exhibits 

desirable physical properties such as high transparency, flexibility, chemical inertness 

and an atomically smooth surface. 12 Additionally, its thermal stability above 1000 °C 

makes it suitable for epitaxial growth experiments using MOCVD. The synthetic mica 

measuring 20 mm x 20 mm from Continental Trade are used for the growth of the NWs. 

Synthetic mica, like other types of mica, is a layered monocrystalline material with a 

monoclinic crystal structure possessing a space group symmetry of C2/m. The lattice 

parameters of synthetic mica are a = 5.308Å, b = 9.183Å, c = 10.139Å, ß = 100.07⁰, and 

Z=2.13 The crystal structure of mica consists of trioctahedral sheets (all octahedral sites 

filled) containing Mg and F sandwiched between silicate sheets, held together by KO6 

octahedra as shown in Figure 4.1 (a) and (b). Crystal Maker 2.7 software is utilised to 

simulate the crystal structure of synthetic mica and to calculate the angles between crystal 
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planes, bond lengths and density. Figure 4.1 (c) shows the HR-XRD peaks depicting the 

single crystalline nature of the synthetic mica.  

 

 

Fig 4.1 (a) and (b) depict the layered structure of mica with the interlayer cation 

potassium (K) and the skewed hexagon formed by Si-O tetrahedral arrangement. (c) HR-

XRD peaks showing the (001) family of planes with the 2Theta angles of various planes 

and a corresponding ball-and-stick model of the crystal structure.  

Synthetic mica possesses various unique properties that make it useful in many 

applications. One of the most notable properties of synthetic mica is its thermal stability, 

which allows it to withstand high temperatures in excess of 1000 ⁰C. This makes it ideal 

for use in epitaxial growth experiments using MOCVD. Additionally, synthetic mica has 

a high degree of transparency, allowing for the measurement of optical properties of as-
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grown NWs without very low background contributions. Figure 4.2 (a) shows the AFM 

scan of a freshly cleaved mica surface showing an atomically smooth surface. Moreover, 

the absorption spectrum of synthetic mica shown in figure 4.2 (b) indicates a wide 

transmission range from UV to IR.   

 

Figure 4.2 (a) AFM and (b) absorption spectrum of freshly cleaved synthetic mica. 

Experimental Methods: Synthetic mica substrates were used for the growth of 

NWs. Gold nanoparticles were deposited on the substrate using poly-L-lysine (PLL) 

functionalisation. PLL is a positively charged polyelectrolyte that attracts the negatively 

charged Au nanoparticles and helps to immobilize them on the substrate. The deposition 

of gold nanoparticles was carried out in two steps, PLL functionalisation and gold 

nanoparticle deposition. 

For the functionalisation step, the substrate was immersed in PLL solution for 60 

seconds. After 60 seconds, the substrate was rinsed with DI water and blow-dried using 

N2 gas gun. 
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Next, the gold nanoparticle deposition was carried out by dispersing the Au colloidal 

solution on the substrate for 60 seconds. After deposition, the substrate was rinsed with 

DI water and blow-dried using a N2 gas gun. 

 

 

 

4.3 MOCVD growth and characterisation  

Experimental Methods: 

The experiment involved growing GaAs NWs in an MOCVD reactor under varying 

conditions. To investigate the effects of growth temperature, V/III ratio and AsH3 pre-

flow, samples were transferred to the reactor with a reduced pressure of 100 mbar. The 

NWs were grown using a single-temperature growth step, whereby the reactor was heated 

to the desired temperature and AsH3 was pre-flown for a fixed duration. TMGa was then 

introduced to initiate NW growth, which continued for 20 minutes. After growth, the 

reactor was allowed to cool under AsH3 ambient until the temperature dropped below 

350 ⁰C. The experiment investigated the effects of growth temperature (375-500 ⁰C) and 

V/III ratio (5.2-335) by varying the group V flow while keeping group III flow constant. 

AsH3 pre-flow prior to growth was also varied at a fixed rate of 1.295×10-3 mol/min for 

0, 1, 5, and 60 minutes. SEM and TEM were used for the morphological and structural 

characterisation of the NWs, respectively. SEM images were collected with an 

accelerating voltage of 3 kV to prevent charging of the mica substrate. Finally, the 

polarity of the NWs was determined using HAADF-STEM microscopy. All NWs were 

grown using 60 nm gold particles unless stated otherwise. 
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4.3.1 Effect of AsH3 pre-flow 

 

Figure 4.3. SEM images of GaAs NWs grown on synthetic mica with varying AsH3 pre-

flow time of a) no pre-flow, b) 1 min, c) 5 min and d) 1 hr. The false colored area in d) 

shows gold particle de-wetting. All scale bars are 500 nm. e) Vertical yield of NWs as a 

function of AsH3 pre-flow. f) Schematic representation of gold on mica illustrating Au 

seed geometries on a substrate with small, medium to large and extremely large contact 

angles.  

Figure 4.3 (a)-(d) presents 45⁰-tilted SEM images of GaAs NWs grown with different 

AsH3 pre-flow times, with the corresponding percentage vertical yield summarised in 

Figure 4.3 (e). The percentage vertical yield refers to the ratio of vertical NWs to the total 

number of NWs. The NW count was conducted on SEM images taken from various 

regions of the as-grown sample, covering an area of 25 μm² each. Each data point in 

Figure 4.3 (e) represents an average count from 5 of these images. Results show that 

without AsH3 pre-flow, a relatively high vertical yield of about 50% is achieved.  

However, pre-flowing AsH3 for 1 min results in an additional 10% increase in the vertical 
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yield, whereas increasing the duration of AsH3 pre-flow beyond 1 min leads to a dramatic 

drop in the vertical yield. 

The growth direction and crystal phase of the NWs depend significantly on the contact 

angle between the gold nanoparticles and the substrate. The contact angle is determined 

by the surface energy balance between the gold nanoparticle and the substrate at the 

growth temperature. Studies have shown that manipulating the contact angle by altering 

the surface energy of the substrate can engineer the vertical yield, crystal phase and NW 

polarity.11 A medium to large contact angle is preferred for vertical NW growth, whereas 

a low or extremely large contact angle results in in-plane/crawling NWs or no growth, 

respectively. 

The surface energy of the growth substrate can be altered by surfactants or by passivation. 

In-situ TEM measurements of GaAs NW growth have demonstrated that the AsH3 flow 

rate and hence V/III ratio, plays a significant role in the gold contact angle and crystal 

phase selection.14  Furthermore, the possible surface energy changes to the mica/gold 

nanoparticle interface with AsH3 pre-treatment can affect the yield of vertical NWs. 

Our results indicate that pre-flowing AsH3 prior to growth can manipulate the contact 

angle of the gold nanoparticles on mica, leading to changes in the vertical yield. 

Increasing the AsH3 pre-flow time beyond 1 min results in a significant increase in the 

contact angle, leading to a drop in the vertical yield. Figure 4.3 (d) highlights the areas 

where the gold nanoparticles have an extremely large contact angle on the mica surface, 

inhibiting NW growth for long AsH3 pre-flow times. 
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4.3.2 Effect of growth temperature 

 

Figure 4.4. SEM images of GaAs NWs grown on synthetic mica at various temperatures. 

(a-d) 40⁰ tilted view images of GaAs NWs grown at a temperature of 375 ⁰C, 400 ⁰C and 

450 ⁰C and 500 ⁰C, respectively. All scale bars are 500 nm. e) Vertical NW yield (black) 

and NW density (blue) as a function of growth temperature.   

SEM images of NWs grown with a fixed AsH3 pre-flow time of 1 min at various 

temperatures ranging from 375-500 ⁰C are presented in Figure 4.4 (a)-(d). An increase in 

NW tapering is observed with increasing growth temperature. However, the vertical yield 

of the NWs does not follow a linear trend. The maximum vertical yield is observed at 

400 ⁰C, as shown in Figure 4.4 (e). The NW count was conducted on SEM images taken 

from various regions of the as-grown sample, covering an area of 25 μm² each. Each data 
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point in Figure 4.4 (e) represents the average count from 5 of these images. The plot also 

shows the NW areal density, which counts the total number of nucleated NWs. At low 

growth temperatures, the decomposition efficiency of AsH3 and TMGa is reduced, 

resulting in a low NW density. As the growth temperature is increased, more precursor 

decomposition occurs, resulting in an increase in the density of nucleated NWs. 

However, at high growth temperatures, tapering of the NWs is observed due to increased 

competition of radial growth with axial growth. At high temperatures, adatoms have 

sufficient energy to diffuse from the surrounding regions onto the NWs, resulting in 

radial growth. In addition, there is a significant increase in inclined and in-plane NWs, 

probably due to improved precursor decomposition at these temperatures. 

Figure 4.5 The full length of an inclined wire is shown in a), while b) shows the HRTEM 
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image of the NW top with the gold contact angles on either side of the inclined NW. The 

full length of a crawling NW is shown in c). The HRTEM image in d) shows the gold 

contact angles on either side of the crawling NW tip. 

Figure 4.5 (a) and (b) shows the TEM image of an inclined NW and the HRTEM image 

of the tip of the NW respectively. The gold nanoparticle on inclined NW were noted to 

be 120⁰ and 104⁰ on either side after growth, and they are oriented in the [001] direction. 

Crawling NWs have larger contact angles, as shown in Figure 4.5 (c) and (d) shows the 

TEM images of a typical crawling NW with large contact angles of 133⁰ and 150⁰. 

 

4.3.3 Effect of V/III ratio 

 

Figure 4.6. SEM images of GaAs NWs grown on synthetic mica under different growth 

conditions. (a-e) 40⁰ tilted view images of GaAs NWs grown at 400 ⁰C growth 

temperature and V/III ratios of 5.2, 18.2, 37.3, 112 and 335, respectively. All scale bars 

are 500 nm. (f) Vertical NW yield (black) and NW density (blue) as a function of V/III 

ratio. 
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Figure 4.6 (a)-(e) displays SEM images of NWs grown at a temperature of 400 ⁰C and 1 

min AsH3 pre-flow with V/III ratios of 5.2, 18.2, 37.3, 112, and 335, respectively. 

However, the AsH3 pre-flow rate used in this set of samples is the same as the flow rate 

used during growth for each V/III ratio, meaning that the higher V/III ratio samples have 

a higher AsH3 pre-flow rate. Figure 4.6 (f) illustrates the trend in the vertical yield and 

the areal density of the NWs with respect to V/III ratio. The NW count was conducted 

on SEM images taken from various regions of the as-grown sample, covering an area of 

25 μm² each. Each data point in Figure 4.6 (f) represents the average count from 5 of 

these images. The growth rate improves significantly from 5 nm/min at a V/III ratio of 

5.2 to 200 nm/min at a V/III ratio of 112. A lower V/III ratio achieves a high vertical 

yield above 60%. Increasing the V/III ratio beyond the optimal value does not enhance 

the vertical yield but instead leads to crawling and inclined NWs. This finding agrees 

with the AsH3 pre-flow study, where the vertical yield reduces considerably with AsH3 

pre-flow duration. A higher V/III ratio during growth results in an increased flow of AsH3 

in the pre-flow step, affecting the vertical yield in a way similar to the longer AsH3 pre-

flow study. At higher growth temperatures, the situation is quite comparable as more 

precursor decomposition occurs at higher growth temperatures for any given V/III ratio, 

leading to a high AsH3 ambient. 

The amount of AsH3 in the environment increases with a higher V/III ratio and affects 

the surface energy of the mica. This interaction with the gold seed results in an increase 

in the number of vertical NWs, as seen in previous studies on AsH3 pre-flow and 

temperature. However, an even higher V/III ratio leads to more kinked and tapered NWs, 

as shown in Figures 4.6 (d) and (e) for V/III ratios of 112 and 335, respectively.  

The density of NWs, including crawling, inclined, and vertical NWs, increases with 

increasing V/III ratio due to the higher availability of group III and V precursor species 
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resulting from increased decomposition. However, SEM images show that higher V/III 

ratios also lead to more kinking and tapering of NWs. Tapering occurs because increasing 

group V adatoms reduce the diffusion length of group III adatoms, preventing them from 

reaching the Au tip. The observed kinking of axial NWs is attributed to the formation of 

stable As-trimers on As-terminated (111) B surfaces at high V/III ratios, which can hinder 

NW growth in the [111] B direction and encourage growth in other directions.15 As a 

result of changes in the gold contact angle caused by temperature and V/III ratio, NWs 

do not only grow axially but also become inclined and kink from the axial growth 

direction. 

 

4.4 Passivation and photoluminescence  

To examine the optical quality of the GaAs NWs grown on mica, photoluminescence 

(PL) and time-resolved PL measurements were conducted on core-shell NWs at room 

temperature. The properties of GaAs Nanowires, such as carrier lifetime and mobility, 

have not yet reached the level of state-of-the-art planar GaAs devices.16 This is due to 

the inherent large surface to volume ratio of nanowires, which leads to the formation of 

non-radiative recombination centres at the surface or interface. Specifically, nanowires 

suffer from lower carrier lifetime and high surface/interface recombination velocity, 

caused by non-radiative recombination pathways such as bulk defects and surface 

states.17,18 

Additionally, the as-grown GaAs NW will form native oxide on the NW surface when in 

contact with ambient air, which in turn affects the optical properties. Therefore, to reduce 

non-radiative carrier recombination at the surface, it is well established that covering the 

GaAs surface with an AlGaAs layer is an effective method. This layer has a wider 
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bandgap and negligible lattice mismatch compared to GaAs, which reduces electronic 

surface states. N Jiang et. al. 19 have conducted research to optimize the growth of the 

AlGaAs shell on GaAs nanowires. They focused on the V/III ratio, shell growth 

temperature, and shell growth time to achieve the best results. 

To create the core-shell NWs, an AlGaAs shell was deposited around the core of GaAs 

NWs grown on mica at 750°C, with a vapour phase ratio of TMGa/(TMAl+TMGa) = 

0.3. The morphology of the core/shell NWs is shown in Figure 4.7(c). A typical PL 

emission around 1.43 eV, corresponding to the band edge transition within the GaAs 

core, is observed for the core/shell NWs, as shown in Figure 4.7(b). The inset shows the 

time-resolved PL decay measured at the band edge (1.43 eV), and the minority carrier 

lifetime (τmc) of 0.21 ns is calculated by fitting the data with a mono-exponential decay 

curve. The high-quality band edge PL emission at room temperature indicates that the 

NWs grown on synthetic mica exhibit a high optical quality. 
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Figure 4.7 (a) SEM image showing the GaAs/AlGaAs/GaAs core/shell/cap NWs grown 

on synthetic mica. (b) A typical room temperature PL spectrum of a GaAs/AlGaAs/GaAs 

core/shell/cap nanostructure peeled off from the mica substrate. The inset shows the 

time-resolved PL decay with a mono-exponential curve fitting. The calculated minority 

carrier lifetime is 0.21 ns. (c) Cross-sectional SEM image of GaAs NWs on mica peeling 

off from the bulk mica substrate.  

Moreover, the van der Waals layered structure of mica enables easy peel-off of large area 

vertical NWs mechanically using a scalpel, as depicted in Figure 4.7(c), and has two 

advantages: (i) it enables experiments to be designed to study the optical and mechanical 

properties of as-grown NWs and innovative design prospects for various flexible NW-

based devices, and (ii) the substrate left after peel-off can be re-used for further epitaxial 
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growth, as a new atomically flat surface is exposed as a result of the peel-off, which 

further reduces the substrate cost involved. However, this is beyond the scope of this 

thesis and will be explored in future experiments. 

 

4.5 Crystal structure of GaAs NWs  

The NWs from the mica substrate were transferred to a copper grid by gently sliding the 

copper grid over the as-grown sample. The HRTEM images of the base of a NW show 

micro-faceting behaviour as shown in Figure 4.8 (a) and (b). We attribute this to the 

epitaxial alignment of GaAs with the mica substrate. It has been previously reported that 

NWs evolve through higher index facets to reach an equilibrium state when grown on 

substrates such as silicon.20 All the vertical NWs grown under different conditions 

examined in this study have micro-faceting behaviour at their base. 

 

Figure 4.8 HRTEM images of a typical vertical NW are shown in (a) and (b), clearly 

showing the micro-faceting behaviour at the base of the NWs  
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4.5.1 Effect of growth temperature  

 

Figure 4.9 TEM images of NWs grown at various temperatures, at a constant V/III ratio 

of 37.3 and 1 min AsH3 pre-flow. The full length of the NW, middle portion and base of 

NW grown at 500 ⁰C are shown in a), b) and c), respectively. Defects (stacking faults) 

and tapering are clearly observed in b) and c). The full length of the NW, gold tip and 

middle of the NW grown at 400 ⁰C are shown in d), e) and f), respectively, demonstrating 

the gold contact angle and stacking faults along the length of the NW. The full length of 
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the NW, gold tip and base of the NW grown at 375 ⁰C are shown in g), h) and i), 

respectively. 

The crystal structure of NWs is heavily influenced by the growth temperature. In order 

to avoid high tapering and defect density in NWs, it is essential to use a lower growth 

temperature, as demonstrated by figures 4.9 (a), (d), and (g). Although high-temperature 

growth results in a higher growth rate, it comes at the cost of compromised crystal quality 

and a reduced number of vertical NWs. 

Growth temperature plays an essential role in determining the crystal structure of NWs. 

As evident from figure 4.9 (a), (d) and (g), a lower growth temperature is essential to 

avoid high tapering (ratio of increase in NW radius per unit NW length) and high defect 

density in nanowires. Although the growth rate is high at high temperature, the crystal 

quality is compramised along with the number of vertical NWs as discussed earlier in 

section 4.3.2  

Interestingly, Figure 4.9 (e) shows that the NW contact angle is asymmetric after growth, 

indicating that the gold seed moves constantly to maintain stability with the changing 

facets during growth. The initial evolution of the side facet and the inclined stacking fault 

[111] in some NWs at an angle of 70⁰ to the growth plane suggest that the gold tip may 

be dragged to one side throughout the growth. Under As-rich conditions, either high 

temperature growth or high V/III conditions, the Au particles achieve contact angles 

greater than 110º. The gold-mica interfacial energy and its contact angle with the mica 

surface play an important role in determining the growth direction and potential kinking 

in the early stages of nucleation. Breuer et al 21 describe the effect of ‘droplet-bulge’ on 

the NW facets, where there is a decrease in lateral surface energy when the angle between 

the droplet and the facet is small. Additionally, it was found that the reduction in energy 
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is proportional to the droplet surface energy, resulting in different side facets for different 

droplets. For example, Au-seeded VLS growth typically has high surface energy (112) 

side facets, while Ga-seeded VLS has predominantly lower surface energy (110) side 

facets. The paper also suggests that the constituents of the generally observed (112) side 

facets are As-reconstructed (11-1) B facets.

4.5.2 Effect of V/III ratio  

The NW morphology, growth direction, and crystal structure are significantly influenced 

by the V/III ratio. Figure 4.10 gives a comprehensive study on effect of V/III ratio on 

crystal structure of NWs. HRTEM investigations show that a high V/III ratio, achieved 

by increasing the AsH3 flow rate, leads to less planar defects and promotes defect-free 

growth, particularly at a V/III ratio of 112 and above. For example, Figure 4.10 (a)-(e) 

displays a bright-field HRTEM image and selective area diffraction pattern captured at 

the [110] zone axis of a NW grown at 400 ⁰C with a V/III ratio of 112 and a 1 min AsH3 

pre-flow. The NW exhibits a ZB phase with an occasional stacking fault or inclined twin 

defect at its base, as indicated in Figure 4.10 (c), likely resulting from instabilities during 

the initial stages of growth. All vertical NWs oriented in the [111] direction have contact 

angles of 130⁰ and 110⁰ on either side of the gold nanoparticle, regardless of their growth 

temperature. 
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Figure 4.10. TEM investigations of the crystal phase evolution from a V/III ratio of 5.2 

to 335 with 1 min AsH3 pre-flow and a growth temperature of 400 ⁰C. a), b) and c) show 

respectively the full length, top and middle of the NW with a pure ZB phase grown at 

V/III = 335. A NW grown at V/III = 112, the pure ZB phase with defects only in the base 

can be observed in d), e) and f). The full length of NW, top and middle of NWs are shown 

in g), h) and i), respectively, demonstrating occasional stacking faults along the length 

of the NW. The full length, top and middle of the NW grown at V/III = 37.3 are shown in 

j), k) and l), respectively. Full length, middle, top and SADP from the middle of the NW 

grown with low V/III ratio of 5.2 are shown in m), n), o), and p), respectively. 

 

After conducting detailed HRTEM analysis on vertical NWs grown under different 

conditions (as shown in Figures 4.9 and 4.10), we found that a low growth temperature 

and high V/III ratio results in a pure zinc blende (ZB) structure as shown in Figure 4.11. 

This finding is consistent with previous reports from our group on VLS GaAs NWs 

grown on a GaAs substrate by Joyce et al., where it was demonstrated that a low 

temperature and high V/III ratio yield a twin-free ZB structure. In contrast, a high 

temperature and low V/III ratio yield a pure wurtzite (WZ) structure.5 
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Figure 4.11. TEM investigation of a GaAs NW grown on synthetic mica with a V/III ratio 

of 112, a growth temperature of 400 ⁰C and 1 min AsH3 pre-flow. a) Low-magnification 

TEM image of a NW. The scale bar is 0.5 μm. (b-d) HRTEM images of the different 

regions of the NW as indicated by the coloured boxes. e) The indexed selected area 

diffraction pattern (SADP), obtained from the middle section of the NW, illustrating 

defect free zinc blende crystal structure.  

4.6 Polarity of GaAs NWs  

To determine the orientation of vertical NWs, previous studies have used contact angle 

and surface energy considerations. However, our investigation using aberration-

corrected HAADF-STEM reveals evidence of [111] B polarity in our NWs, despite an 
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asymmetric Au seed with a truncated facet suggesting growth along the A polar 

orientation. The polarity of GaAs NWs is intrinsic due to the ionicity of the atoms, with 

usual [111] B polarity when grown on GaAs or silicon substrates. Although several 

studies have explored engineering the polarity of NWs grown on conventional III-V 

substrates, there is limited information on NWs grown on van der Waals substrates, apart 

from a report indicating that ZnO NWs grow on mica surfaces with A polarity.22 Figure 

4.12 displays HAADF-STEM images of a NW and intensity line scans along the growth 

direction, revealing [111] B polarity. The NW tip and base are displayed in Figures 4.12 

(a) and (d), with (b) and (e) presenting the GaAs ‘dumbbells’ from the NW tip and base, 

respectively. The yellow and green boxes in (b) and (d) illustrate the direction of the line 

scan, and the intensity profiles of the scans are presented in (c) and (f). The signal 

intensity is directly proportional to the atomic number, with As atoms being brighter due 

to their slightly higher atomic number than Ga. The distance between the Ga and As 

atoms in the ‘dumbbell’ is 0.14 nm, consistent with the reported value of the Ga-As 

bond.23 Therefore, the determination of As-terminated growth of the NWs conclusively 

proves their [111] B polarity. 
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Figure 4.12 AC-HAADF-STEM images of GaAs NW. a) and d) show the NW tip and 

bottom part, respectively. b) and e) show the GaAs ‘dumbbells’. c) and f) show the line 

scan intensity in the direction of growth from the top and base of the NW, respectively, 

confirming B polarity. 

4.7 Computational methodology 

We conducted a theoretical study on the bonding between GaAs and synthetic mica using 

first-principles electronic structure calculations within the density functional theory 

(DFT) framework. The study was carried out at the MATES Lab, Harish-Chandra 

Research Institute Allahabad by Prof. Sudip Chakraborty and Ponnappa Kechanda 

Prasanna. Our calculations employed the Vienna ab-initio simulation package code with 

the projector augmented wave formalism, using the generalised gradient approximation 

with the Predrew-Bruke-Ernzerhof functional to treat exchange and correlation energies. 

We constructed a van der Waals heterostructure consisting of a GaAs NW along the (111) 

direction situated on a 2×2×1 supercell of a 2D mica slab along the (001) direction. To 
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attain the minimum energy convergence of 10-4 eV and force convergence criteria of 10-

2 eV Å-1, we subjected all structures to ionic relaxation. The converged energy cut-off 

was 500 eV, which was used throughout the calculation. We used the 3×3×1 Monkhorst–

Pack scheme to sample the Brillouin zone for the ionic relaxation of the pure mica and 

van der Waals heterostructure, and 1×1×5 for GaAs. We added adequate vacuum along 

the z-axis for the GaAs and 2D mica system, and vacuum along the x and y-directions to 

the GaAs NW to prevent interactions between the periodic images. We considered 

different possibilities of spacing between the GaAs NW and mica to determine the 

minimum energy configuration of the van der Waals heterostructure.
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4.7.1 Theoretical analysis based on electronic structure properties 

 

Figure 4.13 van der Waals heterostructure consisting of a GaAs [111] NW and mica 

[001] surface. (a) Optimised minimum energy configuration, (b) charge distribution, and 

(c) electron localisation function of the van der Waals heterostructure.  

Figure 4.13 (a) shows the geometrical representation of the individual and hybrid systems 

after obtaining their minimum energy configurations. During the optimisation of the 

hybrid system, we increased the spacing between the 2D mica and GaAs NW and found 

that it was optimised at 3.2 Å, indicating weaker van der Waals bonding between the 

GaAs NW and mica. We can determine the nature of the bonding between GaAs and 

mica by analysing the charge distribution at the interface of the two systems, as shown 

in Figure 4.13 (b). We found that there is negligible charge transfer between mica and 

GaAs, indicating a physisorption type bonding, unlike conventional covalent bonding 

when GaAs NWs are grown on III-V substrates. This is further supported by the electron 

localisation, shown in Figure 4.13 (c), which indicates no strong electron sharing between 

the NW and mica. The increase in the spacing between the GaAs NW and 2D mica 

surfaces in the lowest energy configuration, and the negligible charge transfer between 

the two systems, provide theoretical evidence that the considered (111) GaAs NW on top 

of (001) 2D mica surface primarily has van der Waals interactions. 
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4.8 Conclusions  

This chapter presents the successful synthesis of vertical GaAs NWs on a synthetic mica 

substrate using Au-catalysed VLS growth by MOCVD. The study systematically 

investigated the impact of growth parameters, such as temperature and V/III ratio, on the 

maximum yield of vertical NWs, as well as the effect of AsH3 pre-flow on the vertical 

yield. The results show that the resulting NWs have high optical quality, as evidenced by 

room-temperature PL measurements with an emission at 1.43 eV, which corresponds to 

the band edge emission of GaAs. 

Under optimal growth conditions, the NWs possess a ZB crystal structure with occasional 

stacking faults or inclined twin defects near the base. The polarity of the vertical NWs is 

[111] B. Theoretical investigations within the DFT framework revealed that the bonding 

between GaAs NWs and mica is a physisorption-type bonding, which is different from 

the conventional covalent bonding observed when GaAs NWs are grown on III-V 

substrates. 

Importantly, the study found that the NWs can be easily peeled off from the 2D layered 

mica substrate, making them potentially suitable for flexible device applications. This 

opens the possibility of developing NW-based optoelectronic devices that can be grown 

epitaxially on more affordable 2D substrate materials. Furthermore, direct growth on 

transparent substrates like mica presents an opportunity for further investigation of NW 

arrays, which were previously restricted by substrate effects. 

These findings have significant implications for the development of flexible and cost-

effective NW-based optoelectronic devices. 
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Chapter 5 

Ultra-thin GaAs quantum wires: structural and 

electronic structure properties 
 

5.1 Introduction  

True electronic confinement characteristics manifest only when the size shrinks below 

the exciton Bohr radius. As the size decreases below the exciton Bohr radius, the spatial 

confinement becomes significant, leading to quantized energy levels and enhanced 

electronic confinement properties. To harness the true quantum confined characteristics, 

an ideal GaAs quantum wire must have radius below ~ 11 nm.1 A controlled synthesis of 

GaAs nanowires (NWs) with core diameter as low as 7 nm was synthesised using reactive 

ion etching technique, successfully demonstrating wavelength tunability as a result of 

quantum confinement effect. 2 Pure zinc blende phase GaAs NWs with diameters ranging 

15 nm down to 5 nm were achieved using Hydride vapour phase epitaxy (HVPE) 

technique using gold catalyst.3 Despite progress in nanowire synthesis and applications, 

the epitaxial growth of large area freestanding GaAs quantum wires is still not explored. 

This opens a wide range of research questions, especially to understand and harness the 

optical and electronic confinement properties of free-standing quantum wires. 

Experimental study of quantum confinement and electronic structure changes in III-V 

quantum wires is especially challenging, as it needs precise control of the quantum wire 

dimensions while maintaining a high structural and crystal quality.   

In this chapter, we demonstrate a high yield of GaAs NWs with diameters 20 nm and 

below over a large area on synthetic mica substrate. Structural, electronic structure and 
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bandgap properties of these ultra-thin wires are investigated in detail. Experimental 

demonstration of zinc blende crystal structure, binding energy, bandgap and electronic 

structure properties of ultra-thin NWs are presented. 

5.2 Structural Properties of Quantum Wires  

5.2.1 Morphology and crystal structure  

The experimental exploration of true quantum confinement in technologically relevant 

III-V NWs requires the synthesis of uniform cross sectional non-tapered NWs with their 

cross-sections below the exciton Bohr radius. In this chapter we will explore a large area 

synthesis GaAs NWs with diameters of 5 nm, (sample S1), 10 nm, (sample S2) and 20 

nm (sample S3). For brevity, these NWs will be called quantum wires. 

 

Figure 5.1 (a)-(c) Schematic illustration of samples S1, S2 and S3 grown using 5,10 

and 20 nm gold seed particles. (d)-(f) Cross- sectional SEM images of S1, S2 and S3, 

respectively.  
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Figure 5.1 (a)-(c) shows the schematic of the samples S1, S2 and S3, respectively. The 

cross-sectional scanning electron microscopy images in Figure 5.1 (d)-(f) clearly depict 

the wires grown vertically on synthetic mica substrate. The quantum wires were found to 

have very little tapering, a morphology that is advantageous for many quantum 

confinement studies as it demands uniformity in diameter for accurate measurement of 

various optical properties such as emission wavelength. The chapter 4 described the 

growth and characterisation of GaAs NWs on synthetic mica using a 60 nm gold seeds 

which have a high (> 60%) vertical yield. 4The vertical NWs grown at the same 

conditions as this work (a low temperature and a high V/III ratio) were found to have a 

zinc blende phase with a [111] B polarity. The gold seed investigated after growth were 

found to have a contact angle asymmetry on either side of the gold seed. The formation 

of pure zinc blende structure was attributed to the surface energy of gold-mica interface.  

 

Figure 5.2. (a)-(c) HRTEM images showing the top part of sample S1, S2 and S3, 

respectively. All samples have a zinc blende crystal phase. The native oxide formed is 

highlighted with orange marks.     

VLS growth of GaAs quantum wires on synthetic mica regardless of their diameter were 

found to have a zinc blende phase as shown in figure 5.2 (a)-(c).  According to Glass 

et.al.,5 the high super saturation in the smaller gold catalysts leads to wurtzite phase in 

NWs.5 Our results here are in contradiction to this prediction of energetically favoured 

wurtzite crystal structure in ultra-thin wires. Akiyama et.al. 6, systematically investigated 
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the relative stability between wurtzite and zinc blende structures in group III–V 

semiconductor NWs based on an empirical potential, which incorporates electrostatic 

energy due to valence-bond and ionic charges. Their investigation on the energy 

differences between wurtzite and zinc blende structures of 12 compound semiconductor 

NWs with diameter of 1– 22 nm shows that the wurtzite NWs are stabilised for small 

diameter. For arsenide NWs, the paper clearly shows the existence of a critical diameter 

of 10.8 – 20.1 nm. However, recent experimental reports suggest that VLS growth of 

ultra-thin GaAs wires can form a pure zinc blende structure. For instance, Gil et.al.3, 

reported the gold catalyst-assisted synthesis of 20 μm-long GaAs NWs by the VLS -

HVPE exhibiting a pure zinc blende phase for radii lower than 15 nm down to 5 nm. 

They demonstrated that for their growth conditions, VLS growth takes place at high 

liquid chemical potential that originates from very high influx of both As and Ga. This 

yields a Ga concentration systematically higher than 0.62 in the Au−Ga−As droplets. The 

high Ga concentration decreases the surface energy of the droplets, which disables 

nucleation at the triple phase line thus preventing the formation of wurtzite structure 

regardless of NW diameter.  

VLS growth of GaAs on glass by Veer Dhaka et.al. 7 demonstrated pure zinc blende 

phased GaAs NWs. They proposed the cause is due to unintentional doping of the GaAs 

NWs from the glass substrate. Na and Si atoms are mobile at the growth temperatures (> 

500 ºC) reported in their work and could be incorporated in the NWs during growth. 

Although experimentally not detected, it is speculated that Na could dramatically change 

the VLS mechanism resulting in single-phase purity. They also observe that additional 

sensitive experiments are required to ascertain the role of impurities on the growth and 

structure of the NWs grown on glass substrate.  
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Thus, either a high Ga concentration in the Au-Ga-As catalyst and/or an unintentional 

doping of gold seed from the synthetic mica could potentially alter the surface energy at 

the gold-quantum wire interface and favour the growth of zinc blende phase wires 

regardless of diameter.  

Although convincing from the above discussion, the reasons for phase purity of quantum 

wires grown on synthetic mica regardless of the diameter is yet to be explored in detail 

experimentally. This requires a dedicated study to investigate the effect of growth 

parameters and sensitive experimental measurements of the gold catalyst and NWs alike.  

5.2.2 Lattice strain in quantum wires  

NWs have a large surface-to-volume ratio that causes significant lattice contraction, 

especially when they have free surfaces. This contraction becomes more pronounced as 

the size of the NWs decreases. For example, silicon NWs that are not modified by 

passivation during or after growth are shown to have undergone surface reconstructions, 

leading to significant deviations in the Si-Si bond length.8 Another study that fabricated 

silicon NWs down to 1.3 nm in diameter reported a change in density of states and clear 

shift in bandgap energy from 1.1 eV for 7 nm to 3.5 eV for 1.3 nm diameter nanowire 

using scanning tunnelling microscope measurements. 9  

While III-V NWs, especially GaAs based nanostructures are extensively studied, most of 

them have focused on passivated NWs or those embedded within a structure.10,11 The 

effect of GaAs NW diameter has only been explored for studying the effect of quantum 

confinement on the bandgap properties. While bandgap properties are important, it is 

equally important to investigate changes in lattice and electronic structure as a function 

of quantum wire diameter.  

Lattice relaxation of the quantum wires (contraction or expansion) is experimentally 

determined from high-resolution transmission electron microscopy (HRTEM) studies. 
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Several studies have developed general equations that describe the lattice contraction and 

surface stress of fcc nanocrystals.12 These equations are derived from the Laplace-Young 

equation and account for the size-dependence of the solid-liquid interface energy.13 Their 

predictions have been validated through experimental measurements of lattice 

contraction and surface stress of nanoparticles and thin films, as well as theoretical 

calculations. According to these models, the physical origin of the lattice strain (𝜀) given 

by 
𝛥𝑎

𝑎
 is the hydrostatic pressure on the surface induced by intrinsic surface stress (f), 

where Δa is the difference between the measured quantum wire lattice constant and the 

bulk lattice constant. Thus, lattice strain is a measure of the surface stress of 

nanomaterials and is highly dependent on the surface species.  

For a nanocrystal (particle or wire) with a  diameter (D) one can write the Laplace-Young 

equation 12 as: 

𝑃 =
4𝑓

𝐷
                                               (1)  

where P is the pressure difference between the internal pressure in the crystal and external 

pressure in the surrounding material.  

Considering the compressibility (𝜅) for a cubic lattice, lattice strain 𝜀(𝐷) along the radius 

can be expressed as: 

𝜀(𝐷) =
𝛥𝑎

𝑎
=

4

3
 𝜅

𝑓

𝐷
                 (2) 

Rearranging equation (2) and considering the definition of compressibility (𝜅) as the 

reciprocal of bulk modulus, we arrive at the equation for surface stress (𝑓) given by:  

𝑓 =
3

4

𝛥𝑎

𝑎
 
𝐷

𝜅
                           (3) 
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Figure 5.3. Variation in lattice deformation of GaAs quantum wires as a function of the 

reciprocal diameter (1/D) (black data points) extracted from HRTEM lattice parameter 

measurements. Blue data points show the variation of native oxide thickness as a 

function of quantum wire diameter.   

 

The lattice strain 
𝛥𝑎

𝑎
  of the quantum wires is determined through experimental analysis 

of HRTEM images. A bulk modulus of (reciprocal of compressibility (
1

𝜅
)) 76.4 GPa is 

derived from literature for GaAs. The lattice spacing, specifically d111 along the [111] 

growth direction of the quantum wires, is extracted from the HRTEM images to 

determine the lattice constant (𝑎) as a function of the diameter of the quantum wires. 

Figure 5.3 (a) shows a plot of the lattice strain 
𝛥𝑎

𝑎
 against the reciprocal of the quantum 

wire diameter. The data points in black correspond to the calculated lattice strain while 
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the blue squares represent the measured native oxide thickness obtained from the 

HRTEM investigations of the quantum wires. 

The calculated surface stress for various quantum wire diameters are listed in table 1.  

Quantum wire 

diameter (nm) 

Lattice strain 𝜺(𝑫) (%) Calculated 

Surface Stress 

(N/m) 

5 26.03 -74.57 

10 31.51 -180.55 

20 9 -107.72 

 

Table 5.1.  Surface stress of GaAs quantum wires calculated using Equation 2. 

 

From the surface stress calculation using equation (3), It is observed that the 20 and 10 nm 

diameter quantum wires experience a negative surface stress of 107.72 N/m and 180.55 

N/m, respectively, which correlate with the observed lattice contraction. However, the 5 

nm diameter quantum wire exhibits significantly less negative surface stress compared to 

the 10 and 20 nm diameter wires. At such small dimensions, a high percentage of atoms 

are on the surface and interact with the surrounding native oxide, causing lattice strain 

relaxation, which results in an expansion of the lattice. Research has shown that lattice 

contraction occurs in metal nanoparticles such as Pd,14 Pt,15 as well as in semiconductors 

such as free-standing wurtzite CdSe nanocrystals.16 On the other hand, metal oxide 

nanocrystals reportedly exhibit lattice expansion.17 It is worth noting that the lattice 

constant of free-standing nanostructures often undergoes contraction, while nanostructures 

embedded in a matrix of different materials or chemically passivated can result in lattice 

expansion. 
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The experimental lattice relaxation in GaAs quantum wires and other materials indicates 

that lattice relaxation can be explained through the bond-order-length-strength (B-OLS) 

mechanism,18 which suggests that the imperfection in coordination number of an atom at a 

surface causes the remaining bonds of the lower-coordinated surface atoms to relax 

spontaneously, resulting in a rise in the bond energy. The increase in bond energy 

contributes not only to the cohesive energy of the surface atom but also to the energy 

density in the relaxed region, which directly relates to the thermodynamic properties of a 

nanosolid. Furthermore, the rise in binding energy density affects the system Hamiltonian 

that determines the entire band structure and related properties, such as the bandgap, core-

level shifts, phonon frequency, Young’s modulus and surface stress. Thus, it is established 

that the GaAs quantum wires experience significant negative surface stress compared to its 

bulk counterpart (as given in table 5). This result has great significance to further 

understand the physical and chemical properties of the extremely low-dimensional wires. 

In the following section the electronic structure of the GaAs quantum wires is studied using 

photoelectron spectroscopy techniques. 
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Surface properties of quantum wires 

5.3 X-ray photoelectron spectroscopy (XPS) and ultraviolet 

spectroscopy (UPS) 

 

Figure 5.4. (a) Survey XPS spectra of samples S1, S2 and S3 with a diameter of 5, 10  

and 20 nm, respectively.    

Combined XPS and UPS is a powerful surface sensitive technique that can reveal the 

electronic band structure information such as binding energy core-level shifts, valence 

band maximum (VBM), bandgap and work function of materials. Figure 5.4 (a) provides 

the XPS survey spectra of samples S1, S2 and S3. The peaks noted are Ga 3d, As 3d, 

C1s, O1s and Ga 2p. The presence of C1s and O1s are from the carbon-contamination 

and native oxide on the quantum wire surface, respectively.  

The compounds with a given chemical composition has a signature electronic structure. 

The core-level binding energy of electrons in pure ionic compounds remains the same as 

for the free ions. The shift of core-level electrons is such that donor level is shifted to 
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higher energies and acceptor level to lower energy. The core-levels can shift in nano-

dimensional crystals as a function of their size giving rise to quantum confinement 

effects. Figure 5.5 (a) demonstrates the centroid of Ga 3d core-level binding energy shift 

of samples with varying diameter. The Ga 3d core-level shifts to higher energies as the 

quantum wire diameter is increased from 5 to 20 nm. However, the shift has to be 

considered corresponding to the valence band energy for each sample i.e. a change in 

binding energy (ΔBE) is equal to the difference between the Ga 3d core level binding 

energy (ECL) and valence band energy (EV).   

 

Figure 5.5. (a) Ga 3d core-level energy spectra (b) valence band maximum of samples 

S1, S2 and S3. (c) Effective binding energy shift as a function of quantum wire diameter. 

Figure 5.5 (b) shows the VBM spectra from S1, S2 and S3. The VBM of the various 

samples were determined by the usual method of linear extrapolation of the leading edge 

of the VB spectrum (with an accuracy of about ±0.05 eV). The difference between the 

Ga 3d core level binding energy and valence band energy (ΔBE = ECL–EV) for samples 

S1, S2 and S3 calculated from Figure 5.5 (a) and (b) are 20.27, 20.13 and 19.65 eV, 

respectively. These results, as plotted in Figure 5.5 (c), show that the binding energy 

increases with reducing GaAs quantum wire diameter. We attribute the observed ECL 

shift to higher energies due to the lattice relaxation in the ultra-thin quantum wires. 
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Following the bond OLS correlation, in order to minimise the system energy, the binding 

energy of the relaxed bond will reduce (rise in absolute value). Such a relaxed bond is 

stronger too. Albeit bond relaxation may vary from system to system, it is important to 

note that the nature of specific chemical bond itself is not important.  

Understanding the electronic structure of valence band is very important to understand 

the physical properties of the wires. The nature of the density of states (DOS) near the 

Fermi energy level would determine the reactivity of the material. Electrons near the 

Fermi energy level are readily available for any chemical reaction or electrical transport. 

The valence band narrowing effect as the quantum wire diameter is reduced is of 

significance when understanding the origin of work function variation and optical 

bandgap variation. As shown in figure 5.5 (b), the corrugation of the DOS near the Fermi 

energy level is much enhanced for sample S1 and S2 compared to sample S3. This size 

dependent shift in valence band position with the change in quantum wire diameter can 

be attributed to lattice distortion (lattice expansion and lattice contraction) resulting in a 

more reactive material. Hence, from the observed VB shift, we can see there is a size 

dependent enhanced reactivity in the GaAs quantum wires.   
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Figure 5.6. (a) UPS spectra with the high binding energy cut off of quantum wire samples 

S1 (5 nm), S2 (10 nm) and S3 (20 nm) used to determine the work function. (b) 

Dependence of work function on quantum wire diameter. (c) Energy band diagram 

showing the relationship between conduction band, valence band, work function, Fermi 

energy level and energy bandgap for a semiconductor material. 

The work function of the quantum wires can be retrieved from the UPS spectra. Figure 

5.6 (a), (b) and (c) show the UPS spectra of samples S1, S2 and S3 respectively. The 

work function can be calculated by finding the difference between the higher energy 

(secondary electron) cut off value obtained from UPS spectrum and the energy of the UV 

photons (21.21 eV for He I radiation):   

𝑊𝑜𝑟𝑘 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛(𝛷) = hν – (E cut-off – EF)    (3) 

where hν is the energy corresponding to the He I source (21.21 eV), E cut-off is the cut-off 

of the tail at the higher binding energy end of the UPS spectrum and EF is the Fermi 

energy level, located at 0 eV. Figure 5.6 (b) shows the plot with the work function 

corresponding to each diameter calculated in this manner.  The work function increases 
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as a function of decreasing quantum wire diameter and can be related to the lattice 

distortions leading to relatively high number of dangling bonds.  

5.4 Bandgap properties of quantum wires 

Considering both the valence band narrowing effect observed from Figure 5.5 (b) and 

the work function increase observed in Figure 5.6 (b) as a function of decreasing quantum 

wire diameter, and the energy level diagram given in Figure 5.6 (c), it is clear that the 

bandgap energy increases as the quantum wire decreases in size. The bandgap energy 

shift to higher energies can be understood taking into consideration both the quantum 

confinement effect and lattice distortion effects. While quantum confinement is easily 

understood and could be experimentally observed by photoluminescence studies, lattice 

distortion needs surface sensitive experiments like the XPS and UPS. While they can be 

successfully used to measure the lattice strain and corresponding lattice stress 

experimentally from GaAs quantum wires, our PL studies on un-passivated GaAs 

quantum wires did not yield any results even for low temperature measurements. This is 

unsurprising given the material volume and more importantly the very high surface 

recombination velocities of GaAs material.19  

It is now understood from the above discussions that the increase in surface-to-volume 

ratio of decreasing quantum wire size along with the lattice strain effects can be used to 

explain the bandgap expansion in quantum wires. The theory of quantum confinement 

also agrees to our qualitative understanding of the bandgap energy. According to 

quantum confinement theory, bandgap expansion is caused due to the energy of freely 

moving carriers. The confinement of both the electrons and holes in the conduction band 

and the valence band, respectively, cause an increase in the lowest energy optical 

transition from valence to conduction band, effectively increasing the bandgap. The 

experimental determination of the bandgap energy would require effective passivation 
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techniques. The widely reported passivation layer used for GaAs NWs is AlGaAs. 

Despite the best efforts to grow an effective passivation layer, AlGaAs growth over ultra 

thin GaAs quantum wires were not successful as high growth temperatures (typically 

>650⁰C) resulted in etch down of quantum wires. We attempt to understand the optical 

transition energies as a function of decreasing quantum wire diameter using Next Nano 

simulations. Figure 5.7 (a) shows a schematic of a typical free standing GaAs quantum 

wire and AlGaAs passivated GaAs quantum wires on synthetic mica. 

 

Figure 5.7. (a) Schematic of VLS grown GaAs quantum wires on synthetic mica without 

and with AlGaAs passivation. (b) Calculated lowest optical transition energy for free 

standing GaAs quantum wires (b) without passivation and (c) with AlGaAs passivation.  

Figure 5.7 (b) and (c) show the plot of the calculated lowest optical transition energy for 

free standing GaAs core and AlGaAs passivated quantum wires respectively. Our 

calculations revealed a significant difference in bandgap energy shift in free-standing 

GaAs quantum wire in contrast to the AlGaAs passivated GaAs quantum wires.    
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5.5 Conclusions 

GaAs quantum wires of record dimensions down to 5 nm diameter are synthesised via 

gold-seeded VLS growth technique on synthetic mica using MOCVD. The samples 

exhibit exceptional crystal morphology including very low tapering and pure zinc blende  

structure. A direct lattice constant measurements and subsequent lattice strain and stress 

results show lattice relaxation in GaAs quantum wires. 10 and 20 nm GaAs quantum 

wires were measured to have an enhanced negative stress in contrast to 5 nm wires. The 

electronic structure, surface and bandgap properties are explored in detail. Our XPS 

experimental results indicate that the core-level binding energy shifts to the higher energy 

along with the valence band narrowing effect as a function of decreasing quantum wire 

diameter. An increasing work function with decreasing quantum wire diameter is 

extracted from UPS results. The bandgap energy shifts to higher energies with decreasing 

quantum wire diameter.  

Next Nano simulations were carried out to study the effect of quantum confinement on 

optical transition energies in both freestanding GaAs quantum wires and GaAs quantum 

wires passivated with an AlGaAs layer. The simulation results show an enhanced 

bandgap variation in freestanding quantum wires as opposed to AlGaAs passivated wires. 

Overall, in this chapter we have systematically studied various physical properties as a 

function of GaAs quantum wires of dimensions below the exciton Bohr radius. This study 

has laid the foundation for experimental growth and characterisation of ultra-thin III-V 

NWs.   
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Chapter 6 

Large-area epitaxial growth of InAs nanowires and thin 

films on hexagonal boron nitride 
 

6.1 Introduction   

Despite the increasing interest in the field of III-V NW and thin film growth on 2D 

substrates, there is limited research literature available on this topic. This chapter presents 

a novel approach for the catalyst-free growth of InAs NWs and thin films on few-layer 

hexagonal boron nitride (h-BN) transferred onto SiO2/Si substrates. 

Through systematic investigation of various growth conditions, this chapter demonstrates 

the possibility of achieving a high yield of vertically oriented NWs and uniform thin films 

growth on the h-BN surface. This finding represents a significant step towards realising 

the high-density growth of III-V NWs and paves a way to realise single-crystalline III-V 

thin films on 2D materials.  

This study sets the groundwork for future research on advanced heterostructures and 

devices based on III-V semiconductors grown on 2D materials. The materials used in this 

study are summarised in Section 6.2 (6.2.1 and 6.2.2). Section 6.3 explains the growth 

procedure used to produce NWs and thin films with section 6.3.1 describing the  

experimental details of the growth of InAs NWs. The effect of growth parameters on NW 

morphology and vertical yield are discussed in sections 6.3.2 and 6.3.3, respectively. The 

crystal structure of NWs grown under different growth conditions is discussed in Section 

6.5. Section 6.6 covers the detailed growth of InAs thin films on h-BN surfaces, while 

Section 6.7 explores the crystal structure and strain properties of the thin films. Optical 

characterizations and the effect of passivation are discussed in Section 6.8, and Section 
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6.9 covers the electrical characterisation of the thin film. Finally, Section 6.10 concludes 

the chapter and summarises the main findings of the study.   

6.2. Materials  

6.2.1 Hexagonal Boron Nitride (h-BN) 

h-BN is a 2D layered material that shares a similar crystal structure and lattice parameter 

to graphene. However, h-BN exhibits distinct physical properties, such as band structure, 

optical properties and electrical characteristics. Recent studies have demonstrated that 

high-quality III-nitrides can be grown on h-BN substrates with exceptional crystalline 

quality. 1The unique layered structure of van der Waals substrates permits the facile peel-

off of as-grown micro- and nanostructures as well as thin films. 

 

 

 

Figure 6.1 (a) Ball and stick model of h-BN crystal structure. (b) Optical microscope 

image of the monolayer h-BN transferred on SiO2/Si substrate. (c) Key properties of h-

BN (adopted from Grolltex company data sheet).  
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Crystal Structure: h-BN has a hexagonal crystal structure with a lattice constant of 2.5 

Å. The boron and nitrogen atoms are arranged in a honeycomb lattice as shown in Figure 

6.1 (a). The optical microscope image and the h-BN layer properties provided by the 

supplier are shown in figure 6.1 (b) and (c), respectively. Each boron atom bonded to 

three nitrogen atoms and each nitrogen atom bonded to three boron atoms. The crystal 

structure of h-BN is highly symmetrical, resulting in its high mechanical strength and 

chemical stability. 2  

Physical Properties: h-BN has excellent thermal conductivity (~ 600 W/(m·K)) and 

electrical insulation properties (~6 eV wide bandgap).  It also exhibits high thermal 

stability (1000 °C in air, and 1400 °C in vacuum) with excellent chemical and oxidation 

resistance. 34 This unique combination of properties makes h-BN an attractive material 

for next generation high-temperature electronic and thermal management applications.  

Mechanical Properties: h-BN is a highly robust material with excellent mechanical 

properties, such as high strength, stiffness, and toughness. The Young’s modulus of 

monolayer h-BN is 0.865±0.073 TPa and has a fracture strength of 70.5±5.5 GPa.5   

6.2.2 InAs  

InAs is a III-V semiconductor material that has attracted a lot of attention due to its 

unique electrical, optical and mechanical properties. InAs can be synthesised using a 

variety of methods, including molecular beam epitaxy (MBE), metal-organic chemical 

vapor deposition (MOCVD) and chemical vapor deposition (CVD). MOCVD and CVD 

are suitable for large-scale production of InAs thin films and NWs but may require 

additional processing steps to achieve high quality. 

InAs is a narrow-gap compound semiconductor (direct bandgap of 0.36 eV at room 

temperature) with a ZB crystal structure in bulk and a lattice constant of 6.058 Å. It has 
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a high electron mobility as high as 13,000 cm²/Vs at room temperature.6 This study 

attempts to grow InAs NWs and thin films with excellent optoelectronic properties.  

6.3 Catalyst-free growth of InAs NWs and thin films 

In this study, catalyst-free growth of InAs NWs and thin films on large-area few-layer h-

BN on SiO2/Si substrates was conducted in the horizontal-flow MOCVD reactor using 

trimethylindium (TMIn) and AsH3 as the group III and group V precursors, respectively, 

with hydrogen as the carrier gas.  

6.3.1 Experimental details:  

The MOCVD reactor was first pumped down to a pressure of 100 mbar. To grow NWs 

and thin films, the reactor was heated to the desired growth temperature in a hydrogen 

atmosphere before introducing TMIn and AsH3 to initiate growth. NW growth was 

carried out for 15 minutes, after which the reactor was allowed to cool under ambient 

AsH3 until the temperature dropped below 350 °C. The effects of growth temperature 

(450-600°C) and V/III ratio (3-40) on NW density, length and diameter were 

investigated. The V/III ratio for NW growth was varied by keeping the group III flow 

rate at 6.206×10-6 mol/min and changing the group V flow rate correspondingly. 

To achieve uniform thin film growth, the influence of both growth temperature and V/III 

ratio was also studied. Experiments to study the effect of V/III ratio on thin films growth 

were carried out to obtain maximum areal coverage of smooth thin films. This was done 

by varying the group V flow between 4.464×10-4 and 6.696×10-3 mol/min while keeping 

the group III flow rate constant at 1.241×10-5 mol/min (V/III ratio in the range of 40-

540), and then by varying the group III flow rate between 5.820×10-5 and 1.241×10-5 

mol/min while keeping the group V flow rate constant at 2.500×10-3 mol/min (V/III ratio 

in the range of 40-200). 
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Morphological and structural characterisations of the NWs and thin films were carried 

out using scanning electron microscopy (SEM, FEI Verios 460L), atomic force 

microscopy (Bruker ICON AFM) and transmission electron microscopy (TEM, JEOL 

JEM-2100F). Optical characterisations were carried out by infrared reflectance and 

photoluminescence (PL) measurements. Infrared reflectance was performed using a 

Fourier-transform infrared (FTIR) spectrometer (Frontier, Perkin Elmer) coupled with a 

microscope under ambient environment. A liquid nitrogen-cooled HgCdTe detector was 

used with a Cassegrain objective lens. Measurements were carried out over a 100×100 

µm2 area using a variable aperture. The spectra were acquired at a resolution of 4 cm-1 

and referenced against a reflecting gold surface of the same area.  

6.3.2 Effect of Growth temperature 

The SEM images in Figure 6.2 (a)-(d) depict NWs grown at different growth 

temperatures. At a low growth temperature of 450 °C, there is mainly the formation of 

nanoislands, which suggests that adatom diffusion length on the h-BN surface is low at 

this growth temperature. As the temperature increases, the NWs grow denser, with the 

highest density of 2.1 × 109 /cm2 at 500 °C. This density is an order of magnitude higher 

than that reported for InAs NWs grown on graphitic substrates using self-catalysed 

growth strategy. 7 As growth temperature  increases further to 600 °C, NW density 

reduces. The NW morphology also changes with growth temperature. Figures 6.2 (e) and 

(f) show plots of the length, diameter, and NW density as a function of growth 

temperature. The length of the NWs is directly proportional and their diameter is 

inversely proportional to growth temperature. This morphology evolution is due to the 

competition between axial and radial growth. With increased growth temperature, the 

axial growth rate increases at the expense of the radial growth rate because the adatom 

diffusion length is enhanced, allowing migration to the top of the NWs. The non-tapered 
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NW morphology supports this explanation. Therefore, longer NWs with smaller 

diameters are observed with increasing growth temperature. 

 

Fig 6.2. SEM images of InAs NWs grown on h-BN/SiO2/Si at different growth 

temperatures: (a) 450 ⁰C, (b) 500 ⁰C, (c) 550 ⁰C and (d) 600 ⁰C. All scale bars are 1 μm. 

(e) NW length) and diameter as a function of growth temperature. (f) Density of NWs as 

a function of growth temperature.   
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The change in NW density is also caused by the same phenomenon. At higher growth 

temperature, the adatom mobility is high, so fewer adatoms can spontaneously nucleate 

to form NWs. Therefore, the NW density decreases at higher growth temperature. 

Additionally, the vertical orientation of InAs NWs grown on h-BN indicates a good 

epitaxial relationship between them. This relationship is similar to what has been reported 

for InAs NWs grown on graphene, where the authors suggested that the near-lattice-

matching conditions between the InAs NWs and graphene are responsible for the 

epitaxial relationship. 

6.3.3 Effect of V/III ratio  

The SEM images in Figure 6.3 (a)-(d) illustrate the effect of V/III ratio on NW 

morphology at a constant growth temperature of 500 °C. The images correspond to V/III 

ratios of 3, 5.4, 10 and 40. The plots of NW density, length, and diameter as a function 

of V/III ratio are shown in Figures 6.3 (e) and (f). The NW density increases from a V/III 

ratio of 3 to 5 but decreases significantly thereafter. At low V/III ratios, there is less AsH3 

in the growth environment, resulting in less nucleation and fewer NWs. Conversely, at 

high V/III ratios, the mobility of In adatoms reduces, leading to more spontaneous 

nucleation on the h-BN surface. This results in the coalescence of nuclei, rather than NW 

formation, which reduces NW density. It is known that the activation energy for the 

heterogeneous reaction at the growth interface decreases with increased V/III ratio. The 

observed reduction in NW length and the considerable increase in NW diameter with 

V/III ratio is due to competition between radial and axial growth. This competition stems 

from reduced In adatom mobility at higher V/III ratios, leading to more prominent 

deposition on the NW sidewalls than at its tip. Consequently, NW coalescence occurs 

and nanoislands form on the h-BN surface during growth, as shown in Figure 6.3 (d). 
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This observation is interesting because further increasing the V/III ratio can lead to the 

formation of an InAs thin films on h-BN, which is explored later in this chapter.  

 

Fig 6.3 SEM images of InAs NWs grown on h-BN/SiO2/Si with different V/III ratios: (a) 

3, (b) 5.4, (c) 10 and (d) 40. All scale bars are 1 μm. (e) NW density as a function of V/III 

ratio. (f) NW length and diameter as a function of V/III ratio.   
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6.4 Crystal structure of NWs  

The crystal structure of NWs grown at various growth temperatures and V/III ratios is 

studied using a high-resolution TEM. The crystal structure of NWs grown at 500, 550 

and 600 °C at a V/III ratio of 10 is depicted in figures 6.4 (a)-(c), while figure 6.4 (d)-(f) 

show the crystal phase of the NWs as a function of V/III ratio at a constant growth 

temperature of 500 °C. 

  

Figure 6.4. HRTEM images of NWs grown at different growth temperatures and V/III 

ratios. (a)-(c) Crystal structure of NWs grown at 500, 550 and 600 °C at a V/III ratio of 

10. (d)-(f) Crystal phase of NWs grown at V/III ratio of 3, 5.4 and 10 at a fixed growth 

temperature of 500 °C. ZB and WZ phase are marked in green and red, respectively. 
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It is found that the grown InAs NWs are predominantly <111> oriented and had a mostly 

zinc blende (ZB) phase with rotational twins and stacking faults. The growth condition 

with the highest yield of NWs results in up to 20 monolayers of ZB segments with 

occasional rotational twins. This is an improvement compared to just 10 monolayers of 

ZB along with rotational twins when InAs NWs are grown on single-layer graphene. 

The observed defective crystal structure suggests that the crystal structure of the NWs is 

mostly independent of the growth kinetics. This is consistent with literature reports on 

catalyst-free growth of InAs and InGaAs NWs on graphene and silicon substrates using 

catalyst-free growth methods. However, the catalyst-free heteroepitaxial growth of InAs 

and InGaAs NWs on substrates demonstrated a high density of defects in the as-grown 

NWs.8,9,10  

III-V NWs tend to nucleate as ZB or WZ phases and grow along the <111>B direction 

for energetic reasons. Energy calculations carried out by Akiyama et al identified the 

origin of polytypism using empirical potential. The relative stability of WZ and ZB NWs 

is determined by the energy difference ΔEWZ-ZB = EWZ – EZB, where EWZ and EZB are the 

system energies of WZ and ZB NWs, respectively.11 The energy calculations showed 

that the crystal structure of NWs with large diameters acted like that of bulk material, as 

the ΔEWZ-ZB converged to ΔEBulk as the diameter increased. The contributions of 

electrostatic energy interaction due to valence-bond and ionic charges in the bulk form, 

along with the two- and three-coordinated atoms on the nanowire facets, determine the 

stability of ZB and WZ structures in NWs. 

The calculations also explain the role of iconicity in determining bistability, where both 

ZB and WZ structures can form in NWs. For example, ΔEWZ-ZB of arsenide and 
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antimonide NWs being smaller than the ΔEBulk indicates that the WZ structure can easily 

be incorporated in the stable ZB NWs. 

Some studies have investigated the impact of surfactants on the crystal structure of NWs 

For example, researchers using MBE found that adding a bismuth flux to the growth 

process increased the proportion of WZ phase in the resulting NWs.12 This is because the 

Bi acts as a wetting agent that affects the surface energy of the NWs to promote the 

growth of WZ crystal structure. 

Other researchers have demonstrated the growth of defect-free WZ InAs NWs on a Ni-

masked Si (111) substrate.13 Our own work has focused on growing InGaAs NWs 

without a catalyst on a GaAs (111) substrate using SAE. By controlling the Ga 

composition during growth, we are able to tune the crystal structure from predominantly 

WZ to predominantly ZB phase.14 

However, further research is needed to explore the possibility of tuning the crystal 

structure of NWs grown using catalyst-free methods on vdW substrates. These substrates 

are characterised by weak intermolecular interactions, which can complicate the growth 

process and affect the resulting crystal structure. 

6.5 InAs thin films on h-BN/SiO2/Si  

The growth of III-V semiconductor thin films on 2D material templates typically involves 

modifying the vdW surface through etching techniques to create nucleation sites. A 

recent review of developments in vdW epitaxy of III-V semiconductors on 2D materials 

describes various surface treatments used to encourage and regulate growth.15 However, 

these treatments have been shown to degrade the surface and alter its physical properties. 

Alaskar et al. were among the first to attempt to grow a continuous thin film of GaAs on 

graphene using MBE on multilayer graphene layers transferred onto SiO2/Si substrates.16 
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Their report concludes that the low surface energy of 2D materials, combined with the 

low adsorption and migration energy of Ga, In, Al, As species on graphitic surface creates 

significant obstacles to achieving 2D growth of III-As materials on graphene, primarily 

due to high surface tension. In this section, we investigate how we can leverage the 

formation of nanoislands (illustrated in Figures 6.2 and 6.3) to produce a uniform InAs 

thin film on h-BN/SiO2/Si. We achieve this by studying the growth parameters 

systematically while maintaining a constant growth temperature. By increasing the V/III 

ratio, as depicted in Figure 6.5 (a), we observe a significant reduction in the NW aspect 

ratio, resulting in their coalescence into nanoislands. SEM images shown in Figures 6.5 

(b)-(d) demonstrate that a V/III ratio beyond 40 inhibits NW formation while 

simultaneously increases the size of the nanoislands. 

 

Fig 6.5. (a) Schematic illustrating the conditions for the suppression of NW axial growth 

and the coalescence of nanoislands. (b-d) 45⁰-tilted SEM images showing the 

morphology of NWs and nanoislands at different V/III ratios. 
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Results presented in figure 6.6 reveals that an optimum V/III ratio of 200 and growth 

temperature of 475 °C lead to a uniformly covered thin film. To maintain the same growth 

rate across the experiments, group III flow rate was held constant while the group V flow 

rate was varied. Dayeh et al. have demonstrated that the temperature profile of NW 

growth is heavily influenced by the input V/III ratio due to the fact that a high V/III ratio 

reduces the activation energy for planar growth and shortens adatom diffusion length.17 

Therefore, it can be concluded that at low growth temperature and relatively high V/III 

ratio, In adatom mobility is significantly reduced on the h-BN surface, resulting in 

crystallisation on the substrate surface rather than on the NW growth site. 

 

Figure 6.6. (a)-(d) shows the top-view SEM images of morphology evolution of InAs 

grown at 500 ℃ as a function of increasing V/III ratio of 40, 100, 200 and 540, 

respectively. Top-view SEM images of thin films grown at V/III ratio 200 and varying 

temperatures 450, 475and 500 ℃ are shown in (e)-(g), respectively.    

The SEM images in figure 6.6 (a)-(d) show the morphology of the InAs thin films grown 

under different V/III ratios of 40, 100, 200 and 540 respectively. All the samples were 

grown at 500 ℃ for 15 min. The group III flow rate was kept constant while the group 

V flow rate was changed as described in the experimental section in the main text. It is 
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observed that at a V/III ratio of 200, a uniform and smooth morphology is achieved as 

highlighted with orange box in figure 6.6 (c). However, a further increase in the V/III to 

540 roughens the surface and creates large voids in the thin films. It is likely that a high 

V/III ratio causes a reduction in diffusion length of adatoms hindering efficient 

coalescence and results in large voids and rough surface morphology of the thin films. 

To promote coalescence by completely suppressing nanowire growth and improve 

surface morphology, mainly to avoid large voids and rough surface, further temperature 

optimisation was carried out, keeping the V/III ratio a constant at 200. The top-view SEM 

images of the InAs thin films grown for 30 min at 450, 475 and 500 ℃ are shown in 

figures 6.6 (e) to (g), respectively. At the growth temperature of 475 °C, the thin films 

have a greater areal coverage compared to those grown at 450 ℃ and 500 °C. Thus, the 

optimised growth temperature and growth time was then used to achieve complete areal 

coverage of InAs thin films.  

Figure 6.7 (a)-(c) depict the thin films growth at V/III ratios of 74, 100 and 200, 

respectively. These ratios were achieved by changing the group III flow rate while 

maintaining a fixed group V flow rate of 2.5×10-3 mol/min. The growth temperature was 

set at 475 °C and the growth times were adjusted to compensate for the growth rate 

variation, with the goal that all samples have the same total amount of group III precursor 

deposited (3.723×10-5 mol).  
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Fig 6.7. Top-view SEM images of the InAs thin films grown with a V/III ratios of (a) 74, 

(b) 100 (b) and (c) 200. Top-view SEM images showing the time evolution study of the 

thin films grown at 475 °C with a V/III ratio of 100 for (d) 2, (e) 6, and (f) 12 min. The 

inset in (d) shows a magnified image of the 2 min sample, clearly showing 2D platelets 

(layer-by-layer growth) and nano-island nucleation happening simultaneously. The 

GIXRD spectrum of the sample (a) is shown in (g), with the inset showing the rocking 

curve of the (111) peak. AFM RMS surface roughness and rocking curve FWHM 

obtained from the thin films grown with a V/III ratio of 74, 100 and 200 at a growth 

temperature of 475 °C are shown in (h).    
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Figure 6.7 (a)-(c) shows that the polycrystalline thin films have a smooth morphology 

and uniform coverage after growth. In particular, at a V/III ratio of 100, the thin films 

exhibit a relatively low RMS surface roughness and narrow rocking curve, which is better 

than other V/III ratios shown in Figure 6.7 (h). Therefore, the growth conditions with low 

temperature (475 °C) and high V/III ratio (100) shown in Figure 6.7 (b) are ideal for the 

growth of InAs thin films on h-BN surface. 

Investigation of the thin films growth mode of InAs on h-BN surface was conducted from 

a time evolution study of the best sample obtained. Three growth modes were considered: 

layer-by-layer growth mode (Frank-Van der Merwe mode), island growth mode 

(Volmer-Weber mode) and Stranski-Krastanov mode. A layer-by-layer mode occurs 

when the substrate and the grown thin films are homogeneous materials, resulting in the 

smallest nuclei extending on the substrate due to weaker interactions between 

atoms/molecules than their bonding to the growth substrate. In contrast, an island growth 

mode occurs when the substrate and the thin films are heterogeneous, resulting in 

stronger bonds between atoms/molecules forming three-dimensional nucleus islands on 

the substrate. This mode results in a polycrystalline thin film with rough surface 

morphology. The third growth mode, the Stranski-Krastanov mode, occurs when the thin 

films initially grows in layer-by-layer mode and then transitions to island growth mode 

due to the stress generated after the initial layer-by-layer growth. 

Figures 6.7 (d)-(f) depict the time evolution study with growth durations of 2, 6, and 12 

minutes, respectively. Upon analysing the SEM images of the 2-minute growth sample 

(with a magnified view in the inset), it becomes evident that 2D hexagonal platelets and 

islands are formed simultaneously, indicating a coexistence of Volmer-Weber and 
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Stranski-Krastanov growth modes. However, to achieve a uniform thin film with smooth 

morphology, a layer-by-layer growth mode is ideal. Although local layer-by-layer 

nucleation can occur on a vdW surface, it becomes challenging to attain lateral growth 

above a certain nucleus size, due to the low surface energy and high surface tension 

properties of the underlying h-BN. 

As growth proceeds, the Stranski-Krastanov growth mode starts to dominate over the 

island growth mode, as illustrated in Figures 6.7 (d)-(f), where nano-island structures 

merge with 2D platelet structures and other nano-islands. 

6.6 Crystal structure and strain properties of the thin films 

The cross-sectional TEM image of a focussed ion beam-cut TEM lamella of a thin film 

grown at 475 ℃ and V/III ratio of 100 is shown in Figure 6.8 (a). The thin films have an 

average grain size of approximately 0.45 μm with negligible thickness variation. Figures 

6.8 (b) and (c) present two such HRTEM images of the thin films, which show the ZB 

and WZ/twin areas marked in green and red, respectively. From these images, it is 

evident that the thin films have a predominantly ZB crystal structure, but there are 

rotational twin defects and WZ areas predominantly in the grain boundaries.    

To investigate the local strain at the interface between the thin films and h-BN, geometric 

phase analysis (GPA) was conducted on a HRTEM image of the interface captured along 

the [0 -11] zone axis shown in Figure 6.8 (d). GPA was performed in two non-parallel 

directions, [111] and [-111], to study the in-plane and out-of-plane strain, respectively. 

The results of the GPA are shown in Figures 6.8 (e) and (f) and indicate that there is no 

significant interfacial strain between h-BN and InAs. This is an important finding 

because it suggests that the interface is relatively defect-free. 
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Finally, Figure 6.8 (g) displays the fast Fourier transform (FFT) of the HRTEM image 

shown in Figure 6.8 (d). From this FFT, it can be inferred that the direction of InAs thin 

films growth is along [111]. This information is valuable for understanding the growth 

mechanism of the InAs thin films and can inform future experiments aimed at optimising 

their growth conditions. 
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Fig 6.8. (a) FIB-cut TEM lamella of the polycrystalline InAs thin film grown on h-

BN/SiO2/Si substrate. (b)-(c) HRTEM images of InAs/h-BN interface from the areas 

indicated by the green and red boxes in (a). The ZB and WZ/twin sections are indicated 

by the colour scheme shown in (c). (d) HRTEM image for GPA strain analysis. (e) In-

plane and (f) out-of-plane strain maps overlaid on the HRTEM image. (g) Fast Fourier 

transform of the HRTEM image in (d).  Fast Fourier transform of (h) g(1 1 1) and (i) g(-

111).  

 

In order to gain a better understanding of the h-BN/InAs interface and the lack of sharp 

interfacial strain in GPA, we examined the inverse fast Fourier transform (IFFT) of the 

HRTEM images presented in Figure 6.8 (h) and (i). The IFFT analyses were performed 

using the (111) and (-111) diffraction spots shown in Figure 6.8 (g). Our analysis revealed 

the presence of some dislocations within the InAs layer near the h-BN/InAs interface in 

the out-of-plane results along the [111] growth direction. However, no dislocations were 

observed at the h-BN/InAs interface itself. 

On the other hand, the in-plane IFFT results of g (-111) show the presence of several 

misfit dislocations within the h-BN layer and InAs near the interface (Figure 6.8 (i)). 

Moreover, stacking faults typically found in face-centered cubic crystals on {111} planes 

due to easy slip are detected and highlighted with yellow lines in Figure 6.8 (i). Our 

observation of stacking faults both near and away from the interface lead us to conclude 

that they result from non-optimal growth rather than originating from the h-BN/InAs 

interface. 
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Finally, the absence of a sharp interfacial strain in InAs grown on h-BN can be attributed 

to the presence of misfit dislocations at the h-BN/InAs interface. These dislocations act 

as an efficient strain relaxation mechanism. 

Threading dislocations are defects that can occur in thin films when they are grown on a 

substrate with a different lattice structure, leading to strain in the film. However, when 

InAs is grown on a vdW substrate like h-BN, strain-induced dislocations are not expected 

due to the weak vdW bonding between the two materials. This is in contrast to 

conventional bulk substrates where strong covalent bonding can lead to the formation of 

dislocations. 

In chapter 4, we described the growth of vertically-oriented GaAs NWs on synthetic 

mica, another 2D-layered material, and performed DFT calculations to investigate the 

bonding at the GaAs/mica interface.18 The results showed that there was negligible 

charge transfer across the interface, and the lowest energy configuration indicated a 

physisorption-type bonding, which is also characteristic of vdW bonding. Based on these 

findings, we expected that threading dislocations would be absent in the InAs thin films 

grown on the h-BN surface, consistent with what is observed in vdW epitaxy. 

 

6.7 Optical properties of the InAs thin films 

Figure 6.9 presents the results of room temperature photoluminescence (PL) and 

reflectance measurements for the thin film sample grown under optimal conditions 

(growth temperature of 475 °C and a V/III ratio of 100). The PL emission peak for the 

sample is observed at 0.39 eV with a FWHM of 69 meV, while the reflectance spectrum 

shows an absorption peak centered at the same energy. Additionally, the sample displays 
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high reflectance (over 80%) at other wavelengths, indicating a relatively smooth surface 

morphology for the thin films. 

 

 

Figure 6.9 Room temperature PL (blue) and reflectance (black) spectra of InAs thin 

films grown on h-BN 

It should be noted that the observed PL emission peak is located near the band edge 

emission of bulk (ZB) InAs, which has a bandgap energy of Eg = 0.36 eV. The observed 

redshift (~30 meV) in the PL emission peak, as compared to the bandgap energy of InAs, 

can primarily be attributed to the strain induced in the epi-layer during cooling after 

growth. 

During heteroepitaxial growth, a biaxial strain is induced between two materials due to 

their lattice parameter difference. Once the thin films exceed their critical thickness, the 

biaxial strain is relieved by misfit dislocations, leading to the possibility of unstrained 

bulk-like material beyond the misfit dislocation region. This observation is supported by 

the misfit dislocations from the GPA analysis. 
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However, during the cool-down process from growth temperature, the biaxial strain in 

the thin films can be re-induced due to the significant difference between the coefficient 

of thermal expansion of the epi-layer and the substrate. 

Previous research has shown that the PL peak of InAs thin films is redshifted when grown 

on a Si substrate as compared to a GaAs substrate. This redshift is attributed to the 

heteroepitaxy-induced strain, which causes a 14-19 meV redshift in the InAs PL peak 

due to the linear thermal expansion coefficient of Si being much lower than that of 

GaAs.19 

We propose that the significant difference in linear thermal expansion coefficients 

between InAs (4.52×10-6 ⁰C-1) and h-BN (−3.58×10−6 ⁰C-1; negative values in the 

direction perpendicular to the plane) leads to a biaxial tensile strain in the InAs layer, 

causing a PL redshift of approximately 30 meV.  
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6.8 Effect of passivation 

 

Figure 6.10. Room temperature photoluminescence from InAs thin films passivated a 

layer of Al2O3 with a thickness of 30 and 65 nm.  

Surface passivation of InAs NWs and thin films were studied by depositing a layer of 

Al2O3. Such an encapsulation has been demonstrated as an effective method to passivate 

the surface and enhance radiative and thermal properties.20 The deposition was done 

using plasma-enhanced atomic layer deposition (P-ALD: PicoSun - Sunale) at 110 °C. 

Trimethylaluminium and H2O were used as the source of aluminium and oxygen, 

respectively. Different thicknesses (30 and 65 nm) of Al2O3 were deposited by tuning the 

number of ALD pulse and purge cycles. The PL intensity as shown in figure 6.10 is found 

to increase by 20% for the 65 nm Al2O3 passivation compared to the as-deposited thin 

films.  

This strain was further characterised using Raman spectroscopy in backscattering 

geometry. The difference in the Raman peak position compared to that of unstrained bulk 
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InAs can help to determine the type of strain present in the film. A blueshift in Raman 

peak position would indicate compressive strain, while a redshift would indicate tensile 

strain. The average Raman peak position from at least 10 measurements taken from 10 

different points on the as-grown thin films resulted in a peak position of 218.36 cm-1, 

which is redshifted by 1.33 cm-1 compared to unstrained InAs bulk material with a Raman 

peak at 217.03 cm-1 obtained from literature.20 This redshift in Raman peak position 

further confirms the presence of residual tensile strain in the thin films. 

6.9 Electrical properties  

6.9.1 van der Pauw Hall measurements 

The electrical properties of the polycrystalline InAs thin films were determined using a 

van der Pauw Hall measurement system at room temperature. The thin films show an n-

type behaviour with a resistivity of 1.62×10-4 Ohm-cm, a Hall mobility of 399 cm2/(Vs) 

and a carrier density of  9.51×1019 /cm3. While pure InAs bulk material exhibits very 

high room temperature carrier mobility (13,000 cm2/(Vs)), polycrystalline III-V Thin 

films reported in the literature exhibit carrier mobilities in the range of 100-150 

cm2/(Vs).21 As per the Matthiesen rule, major factors affecting carrier mobility in a 

polycrystalline thin film sample are phonon scattering, Coulomb interaction and surface 

roughness.21 (what about grain boundary scattering.  Generally grain boundary scattering 

is dominant in polycrystalline thin films) The InAs thin films presented in this work have 

better electrical characteristics compared to those typically grown at low temperatures 

(<500 °C) on amorphous substrates reported in literature.22 We attribute this relative 

superiority to the greater areal coverage, low surface roughness and a higher average 

grain size of InAs thin films grown on h-BN surface. Thus, the thin films presented in 

this work serves as an excellent template for subsequent growth of other III-V layers.  
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6.10 Conclusions 

InAs NWs and thin films are successfully grown on h-BN/SiO2/Si vdW substrates 

without employing any catalyst or surface modification techniques. A very high density 

of NWs (2x109 /cm2) is achieved by varying the growth temperature and V/III ratio. The 

NWs are found to have a mixed WZ/ZB phase across the range of growth parameters 

studied. A growth strategy to achieve uniform InAs Thin films on   h-BN/SiO2/Si by 

supressing the NW growth and increasing the radial growth of the nano-islands nucleated 

on the h-BN surface is reported. The effect of growth parameters, such as temperature 

and V/III ratio, on the surface morphology, structural and optical properties of InAs thin 

film are investigated. It is found that the structural properties of the InAs thin films are 

mostly affected by the temperature and not the V/III ratio. Cross-sectional TEM, which 

is supported by the XRD and GPA results, reveals a largely [111] oriented ZB structure. 

The redshift in PL is attributed to the tensile strain induced by the difference in thermal 

expansion coefficient between h-BN and InAs thin films. The vdW nature of the interface 

is further evident from the lack of threading dislocations extending to the top of the film. 

The uniform coverage of the polycrystalline InAs thin films combined with its room 

temperature PL and a relatively high Hall mobility of 399 cm2/(Vs) indicate that this 

technique can be used to achieve large-area, low-temperature growth of III-V thin films 

directly on van der Waals substrate using MOCVD.  
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Chapter 7 

Conclusions and Recommendations 

7.1 Conclusions 

 

Overall, this dissertation presents a detailed investigation of the fundamental aspects of 

epitaxial growth of III-V NWs and thin films on vdW substrates using the MOCVD 

technique. The research explores both experimental and theoretical approaches to gain 

a deep understanding of the growth process. By employing vdW epitaxy, this study 

overcomes the challenges associated with lattice and thermal mismatch typically 

encountered in heteroepitaxial growth of III-V materials on conventional substrates. 

The primary focus of this thesis is the growth of GaAs NWs and InAs NWs, as well as 

thin film structures, on 2D atomic layered materials such as synthetic mica and h-BN. 

The interface between the as-grown III-V materials and the vdW substrate is thoroughly 

examined, and detailed characterisations of morphology, crystal structure, optical 

properties and electrical properties are performed. One significant achievement 

highlighted in this thesis is the synthesis of GaAs quantum wires with a record diameter 

as small as 5 nm. This represents a significant advancement in the field of 

heteroepitaxial growth of free-standing quantum wires. 

In this thesis, successful synthesis of vertical GaAs NWs on synthetic mica substrates 

using Au-catalysed VLS growth using MOCVD is achieved. The impact of growth 

parameters, such as temperature and V/III ratio, on the NW yield and the influence of 

AsH3 pre-flow on vertical yield are systematically investigated. The resulting NWs 
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exhibit high optical quality, confirmed by room-temperature PL measurements showing 

emission at 1.43 eV, corresponding to GaAs band edge emission. 

Under optimal growth conditions, the NWs exhibit a ZB crystal structure with 

occasional stacking faults or inclined twin defects near the base. The NWs have a 

[111]B polarity. Theoretical investigations using DFT revealed that the bonding 

between GaAs NWs and mica follows a physisorption-type bonding, unlike the 

conventional covalent bonding observed with III-V substrates. Importantly, the NWs 

can be easily detached from the 2D layered mica substrate, making them suitable for 

flexible device applications. This presents an opportunity to develop NW-based 

optoelectronic devices that can be epitaxially grown on cost-effective 2D substrates. 

Additionally, direct growth on transparent substrates like mica allows further 

exploration of NW arrays, overcoming previous limitations imposed by substrate 

effects.  

Furthermore, synthesis and characterisation of GaAs quantum wires with record 

dimensions as small as 5 nm in diameter is achieved using VLS growth method. The 

large-area samples exhibit excellent crystal morphology, with minimal tapering and a 

pure ZB structure. Lattice constant measurements reveal lattice relaxation in the GaAs 

quantum wires, with 10 and 20 nm diameter wires exhibiting enhanced negative stress 

compared to the 5 nm wires. 

The electronic structure, surface properties and bandgap characteristics of the GaAs 

quantum wires are extensively investigated. XPS measurements indicate a shift in core-

level binding energy towards higher energies and a narrowing of the valence band as 

the quantum wire diameter decreases. UPS spectra reveal an increasing work function 

with decreasing wire diameter, while the bandgap energy shifts towards higher 
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energies. This comprehensive analysis demonstrates the increased confinement effects 

and altered electronic properties in GaAs quantum wires with dimensions below the 

exciton Bohr radius. 

Additionally, nanoscale simulations are performed using NextNano simulation 

software to examine the impact of quantum confinement on optical transition energies 

in both freestanding quantum wires and quantum wires embedded within an AlGaAs 

passivation layer. The simulation results demonstrate a more pronounced variation in 

the bandgap of freestanding quantum wires compared to passivated wires in the 

AlGaAs structure. 

The growth of InAs NWs and thin films on h-BN/SiO2/Si vdW substrates without the 

need for catalysts or surface modifications is studied systematically. By adjusting the 

growth temperature and V/III ratio, a high density of NWs (2x109 /cm2) is achieved. 

The NWs exhibit a mixed WZ and ZB phase. 

To achieve uniform InAs thin films on h-BN/SiO2/Si, a growth strategy is implemented 

to suppress NW growth and promote radial growth of nano-islands on the h-BN surface. 

The influence of growth parameters, specifically temperature and V/III ratio, on surface 

morphology, structural properties and optical properties of the InAs thin films is 

investigated. It was found that the growth temperature has a significant impact on 

structural properties, while the V/III ratio has a minor effect. 

Analysis using cross-sectional TEM and XRD study reveals a predominantly [111]-

oriented ZB structure in the thin films. The redshift observed in photoluminescence is 

attributed to tensile strain induced by the mismatch in thermal expansion coefficients 

between h-BN and InAs thin films. The vdW nature of the interface is confirmed by the 
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absence of threading dislocations extending to the film's top in the TEM and GPA 

analysis. 

The uniform coverage of polycrystalline InAs thin films, combined with room 

temperature photoluminescence and relatively high Hall mobility (399 cm2/(Vs)), 

demonstrates the potential for large-area, low-temperature growth of III-V thin films 

directly on vdW substrates using MOCVD.  

This research establishes a promising approach for achieving high-quality epitaxial 

growth of III-V materials on vdW substrates, paving the way for future device 

applications. 

Overall, this thesis has added an in depth experimental and theoretical understanding 

of III-V epitaxial growth on 2D material templates along with systematic study on the 

material characterisations and analysis of the as-grown III-V materials. The findings 

serve as a foundation for experimental growth and characterisation of III-V NW and 

planar structures on 2D templates providing valuable insights for future research in this 

field. Moreover, the synthesis of GaAs quantum wires of record dimensions down to 5 

nm diameter beckons more fundamental research in to their properties in order to 

understand their true potential in various applications.  

Contributions: 

• The thesis successfully demonstrates vdWE of GaAs NWs on synthetic mica using the 

VLS growth technique through a systematic exploration of various growth parameters.  

It also shows that the NWs can be readily peeled off from the 2D layered mica substrate, 

indicating their suitability for flexible device applications. This finding opens avenues 
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for the development of NW-based optoelectronic devices grown epitaxially on cost-

effective 2D substrate materials.  

• The thesis demonstrates the synthesis of GaAs quantum wires with record dimensions 

down to 5 nm diameter via gold seeded VLS growth technique on synthetic mica using 

MOCVD. The wires exhibit exceptional crystal morphology and pure zinc blende 

structure.   

• Through careful tuning of the growth parameters and identifying a balance between 

nanowires and nanoisland growth, the thesis demonstrates a viable approach to 

achieving large-area thin film growth of InAs on 2D h-BN on SiO2 substrates, laying a 

foundation for future device applications on CMOS compatible Si or SiO2 substrates 

using h-BN as a sacrificial layer.  

7.2 Recommendations for future research 

The primary objective of this thesis is to advance the development and understanding 

of vdW epitaxy of III-V materials on 2D templates using the MOCVD technique, with 

a focus on their application in flexible optoelectronic devices. 

Through a combination of experimental and theoretical investigations, this research has 

successfully achieved a high yield of vertically aligned NWs with exceptional 

morphological, structural, and optical properties over a large area. The next phase of 

the study involves exploring the growth of axial and vertical heterostructures with 

doping and quantum well/dot structures on 2D templates that can be easily peeled off 

after growth or after device fabrication, enabling the realisation of truly flexible 

optoelectronic devices. 

Building upon the successful growth strategy for polycrystalline InAs thin films, a 

future investigation to expand the study to grow high-quality epitaxial layers suitable 
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for various optoelectronic applications is desirable. This could be done using the thin 

film growth strategy detailed in chapter 6 to achieve the first buffer layer and growing 

subsequent layers at higher temperatures and lower growth rates to achieve smooth 

morphology thin film. Once considerable quality epilayers are achieved, multi junction 

devices, thin film quantum well based devices could be epitaxially grown and peeled 

off after device fabrication step.     

Furthermore, the quantum wires synthesised on synthetic mica  provide a platform for 

exploring fundamental physics concepts, such as direct-to-indirect bandgap transition 

at a certain diameter threshold. NWs could be grown using Au particles size ranging 

from 2nm onwards. Surface sensitive work function study using scanning tunnelling 

microscopy or scanning kelvin probe microscopy could be performed to understand the 

electronic confinement effects on the band structure.  Additionally, these quantum wires 

hold potential for indoor sensing applications. For this however, effective doping and 

device fabrication on such small dimensional NWs should be explored.  

In summary, this thesis focuses on the development and understanding of vdW epitaxy 

for III-V materials on 2D templates using the MOCVD technique, with an emphasis on 

flexible optoelectronic device applications. The research has achieved remarkable 

results in growing vertically aligned nanowires and seeks to explore the growth of 

heterostructures, epitaxial layers and ultra-thin quantum wires for further advancements 

in the field. 

  

 

 


