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Abstract 

 

This thesis is devoted to the study of the growth of Zinc Selenide (ZnSe) nanowires (NWs) by  

Au-assisted molecular beam epitaxy (MBE). The growth process consists in many steps 

which were individually investigated by means of in-situ and ex-situ spectroscopic and 

microscopic techniques. First, the formation of nanoparticles upon annealing of a thin Au film 

deposited on different substrates was studied by X-ray photoemission spectroscopy, grazing 

incident X-ray diffraction and scanning electron microscopy. The nanoparticles were used as 

seeds for the 1-dimensional ZnSe crystal growth by MBE through evaporation of Zn and Se 

from elemental solid sources. The obtained NWs were characterized by scanning and 

transmission electron microscopy and their optical properties were assessed by means of 

photoluminescence and cathodoluminescence measurements.  

This systematic investigation approach allowed us to understand the NWs growth mechanism 

and, as a consequence, to obtain the control over the NWs properties. Indeed, it was found 

that an interplay between substrate, seed particles and beam fluxes takes place and strongly 

affects the NWs growth mode. In particular, a chemical interaction between substrate and Au 

may occur during the annealing, changing chemical composition and physical state of the 

nanoparticles before the NWs growth. The vapour composition, i.e. the Zn-to-Se beam 

pressure ratio, can also modify the nanoparticles composition and the NWs growth 

mechanism. Therefore, by changing the growth conditions, it was possible to grow ZnSe NWs 

through different mechanisms, with important consequences on their properties, in terms of 

morphology, crystal quality and optical properties.  

Understanding the growth mechanism and its effects on the wires properties allowed us to 

achieve the control over the growth process and the selective growth of ZnSe nanowires with 

the desired properties. Vertically oriented ZnSe NWs with a defect-free hexagonal crystal 

structure were obtained on GaAs(111)B substrates, having either Au-Ga alloy nanoparticles 

or Au nanocrystals on their tips. Uniformly thin and straight blue-emitting ZnSe NWs were 

also grown on various substrates, after optimizing gold film thickness, annealing and growth 

temperature. The possible integration of such nanostructores in novel nanodevices was 

proposed and preliminary demonstrated. 



 
 

  



 
 

Riassunto 

 

Questa tesi è dedicata allo studio della crescita di nanofili di Seleniuro di Zinco (ZnSe) 

mediante epitassia da fasci molecolari (MBE) assistita da Au. Il processo di crescita consiste 

in diverse fasi che sono state analizzate individualmente mediante tecniche di spettroscopia e 

microscopia condotte in-situ ed ex-situ. Per prima cosa la formazione di nanoparticelle 

mediante riscaldamento di uno strato sottile di Au depositato su diversi substrati è stata 

studiata mediante spettroscopia di fotoemissione da raggi X e diffrazione da raggi X ad 

incidenza radente. Le nanoparticelle sono state utilizzate per promuovere la crescita cristallina 

monodimensionale del ZnSe mediante MBE, evaporando Zn e Se da sorgenti elementari allo 

stato solido. I nanofili così ottenuti sono stati caratterizzati mediante microscopia elettronica a 

scansione ed in trasmissione, e le loro proprietà ottiche sono state analizzate con misure di 

fotoluminescenza e catodoluminescenza. 

Questo approccio di studio sistematico ci ha permesso di comprendere il meccanismo di 

crescita dei nanofili e, conseguentemente, di ottenere il controllo delle loro proprietà. Infatti, è 

emerso che avvengono delle interazioni tra substrato, nanoparticelle e fasci molecolari, le 

quali influenzano fortemente il modo di crescita dei nanofili. In particolare, durante il 

riscaldamento dello strato di Au può aver luogo un’interazione chimica tra substrato e Au, che 

determina un cambiamento di composizione chimica e stato fisico delle nanoparticelle prima 

della crescita dei nanofili. Anche la composizione della fase vapore, espressa dal rapporto tra i 

flussi di Zn e Se, può modificare la composizione chimica delle nanoparticelle e quindi il 

meccanismo di crescita dei nanofili. Di conseguenza, cambiando le condizioni di crescita, è 

stato possibile ottenere nanofili di ZnSe attraverso meccanismi diversi, con importanti 

conseguenze sulle proprietà dei fili stessi, in termini di morfologia, qualità cristallina e 

proprietà ottiche. 

La comprensione dei meccanismi di crescita e del loro effetto sulle proprietà dei fili ci ha 

permesso di ottenere il controllo del processo e la sintesi selettiva di nanofili con le proprietà 

volute. Nanofili di ZnSe orientati verticalmente rispetto al substrato e con una struttura 

cristallina esagonale priva di difetti sono stati cresciuti su GaAs(111)B. Questi nanofili 

possono avere sulle loro estremità nanoparticelle sia di lega Au-Ga che di puro Au. Inoltre, 

dopo aver ottimizzato lo spessore dello strato di Au e la temperatura di crescita, su diversi tipi 



 
 

di substrati sono stati cresciuti campioni omogenei di nanofili sottili, in grado di emettere luce 

blu. Infine, è stata proposta e preliminarmente dimostrata la possibile integrazione di queste 

nanostrutture in nuovi dispositivi di interesse tecnologico. 
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Introduction 

 

The trend of miniaturizing can be observed in almost all areas of technology. The reason for 

this increasing interest in low-dimensional structures lies not only in the possibility to 

fabricate smaller devices, but also in the fact that new effects appear as soon as the size 

reaches the nanometer range. One consequence of the small size is the large surface-to-

volume ratio of nanostructures. This increases the efficiency of catalysts or the sensitivity of 

sensors. Furthermore, some material phases which do not exist in the bulk state are stable at 

small scales. The nanometer size has even more significant effects on the mechanical, 

electrical and optical properties of the material.  

To fabricate such nanostructures, two main concepts are applied: top-down and bottom-up. In 

top-down processes the nanostructure is obtained by scaling down the size of a macroscopic 

material, while the bottom-up approach uses self-organization of molecules or particles. It is 

often easier to control top-down approaches, but they suffer from complicated and expensive 

fabrication techniques. In addition, it is difficult to form arbitrarily small structures. With 

bottom-up processes, smaller objects can be obtained in a more simple way, but achieving a 

good control of the process is typically more challenging. 

Even in crystal growth, the miniaturization trend has been followed. Crystal growth is in itself 

an example of a bottom-up technique, since atoms assemble into a crystal lattice. Besides the 

controlled growth of bulk (3D) crystals, techniques to grow thin films of high quality have 

been developed in the past years, such as molecular beam epitaxy and vapour phase epitaxy. 

Atomic scale control over the thickness of thin layers can be obtained, leading to high quality 

quantum wells (2D systems), where the electrons are confined in one dimension but are free 

in the other two. By refining the fabrication techniques, self-assembly of zero-dimensional 

(0D) crystals, i.e. quantum dots, have also been realized. 1D growth has been performed as 

well, resulting in nanowires. Their electronic and optical properties, as well as the possibility 

to combine materials which cannot be combined in thin films or quantum dots, trigger a high 

interest in the growth of nanowires. Growth and application of nanowires is nowadays a 

research area with thousands of articles published per year. Since the 60s, a lot of research 

have been focussed on metallic, oxides and semiconductor whiskers and wires. Within the last 



Introduction 
 

 

2 
 

three decades, nanowires of group IV materials, of virtually all III/V materials, and of many 

II-VI materials have been reported. 

The research activity of my PhD project has been devoted to the growth of Zinc Selenide 

(ZnSe) nanowires assisted by Au seed nanoparticles. The growth of ZnSe nanowires has not 

been studied as intensively as other semiconductor materials. As a matter of fact, although 

ZnSe nanowires have been synthesized in the last years from a few research groups, the 

comprehension of the growth mechanism and the rational control over crystal quality and 

optical properties were not yet complete and there were several topics not yet addressed. My 

research has been mainly focussed on the investigation of the growth mechanism and its 

effects on the nanowires properties.  

Nanowires growth was carried out by molecular beam epitaxy, where the precise control over 

the incoming source materials and of the substrate gives the opportunity to study the growth 

process and the influence of different growth conditions on the nanowires yield and growth 

mechanism. The work presented in this thesis involves three main topics: growth mechanism 

of Au-assisted ZnSe nanowires on different substrates, properties and application of 

nanowires grown by liquid seed particles, properties and possible applications of nanowires 

grown by solid seed particles.  

A deep investigation of the growth process after each step, by means of in-situ and ex-situ  

spectroscopic and microscopic techniques, allowed us to get insights on the growth 

mechanisms of Au-assisted ZnSe nanowires. The complex behaviours observed during the 

growth under different conditions were found to be caused by an interplay between substrate-

catalyst interaction and beam fluxes. Such interactions have profound effects on the 

nanowires growth mechanism, which can be tuned by changing the growth conditions. The 

growth mechanism has a strong impact on the nanowires properties, in terms of structural and 

optical quality. Understanding the growth mechanism and its effects on the wires properties 

allowed us to achieve the selective growth of ZnSe nanowires with the desired properties. 

Based on this, a couple of applications have also been proposed, opening the way toward the 

integration of ZnSe nanowires in promising devices of high interest.  

Most of the research activity was carried out at the IOM-CNR Institute, at the facilities of 

TASC Laboratory located in Trieste, Italy. Part of the growth mechanism study was 

performed at the Elettra synchrotron radiation source located in Trieste, while most of the 
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optical characterization of the nanowires, in particular single-wire measurements, was carried 

out at the Néel Institute – CNRS and CEA of Grenoble, France, where I spent three month 

during the last year of work. I personally carried out the nanowires growth by molecular beam 

epitaxy, the X-ray photoemission spectroscopy and the X-ray diffraction analysis and the 

optical characterization of the as-grown samples. Single-wire measurements were performed 

in collaboration with people of the NanoPhysic and SemiConductors (NPSC) Group of 

Grenoble, whereas the structural analysis of the nanowires, by means of transmission electron 

microscopy was carried out by Dr. Vincenzo Grillo at the IMEM-CNR Institute of Parma, 

Italy. 

This thesis is composed  as follows. In Chapter 1 a short review on semiconductor nanowires, 

their novel properties and their synthesis approaches is presented. Then, the discussion is  

focussed on the nanoparticle-assisted nanowires growth and on the two main models used to 

explain the growth mechanisms behind this process. The chapter ends with a paragraph 

dealing with Zinc Selenide properties (of the bulk material itself) and the great potentialities 

of one-dimensional ZnSe nanostructures. A brief review of the state-of-the-art literature on 

the growth and the characterization of ZnSe nanowires highlights that the growth of 

nanowires of this material was not univocally understood and there were many controversial 

issues left. This was the main motivation for the research activity reported in this thesis. In 

Chapter 2 a description of the experimental procedures and techniques used for both the 

growth and the characterization of the nanowires is given. The growth process developed and 

the analysis carried out step by step are illustrated and motivated. In Chapter 3 the results of 

the investigation of the growth mechanism are shown. A detailed analysis of the growth 

process at each step is given, and the effects of the growth parameters (substrate, 

nanoparticles preparation, growth temperature and beam fluxes ratio) on the nanowires 

growth is discussed. The possibility to growth ZnSe nanowires through two different 

mechanisms by changing the growth condition is stressed, and the following two chapters 

describe the properties of ZnSe nanowires grown under the two different regimes. In Chapter 

4 the properties of ZnSe nanowires grown using liquid seed particles are presented and a 

possible application of such nanowires, which exploits the control obtained over their 

morphology and over the chemical composition of the seed particles, is proposed and 

demonstrated. In the same way, the properties of nanowires grown using solid seed particles 

are reported in chapter 5, and a promising application which take advantages from the 

outstanding optical properties reached at low growth temperature is shown. Finally, in 
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Chapter 6, some results on the growth of ZnSe-based heterostructure nanowires are shown 

and discussed. Conclusions and future perspectives come at the end of the thesis. 
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Chapter 1 

Semiconductor nanowires 

 

In this chapter I give a brief introduction on semiconductor nanowires, on the wide variety of 

novel properties they exhibit and on the synthesis approaches commonly used to achieve a 

controlled nanowire growth. Then, I will focus on II-VI semiconductor materials, in particular 

ZnSe, presenting the state-of-the-art and the challenges of growing ZnSe nanowires.  

 

1.1  Generalities and synthesis approaches 

Nanowires (NWs) are quasi-one dimensional crystals with typical diameter of a few 

nanometers and length in the range of micrometers. Alternatively, they can be defined as 

nanostructures with a very high aspect ratio (length-to-width ratio). Within the class of one-

dimensional nanostructures, semiconductor NWs possess several unique characteristics and 

have been increasingly studied in the last years, both for fundamental research and for 

applications, representing one of the key research area in nanoscience and nanotechnology [1-

3]. Among the many attractive properties they offer, the most peculiar one is the high surface-

to-volume ratio, which has a profound impact on the energetic of the crystal growth and can 

result in new structures not observed in the bulk material. Moreover, it makes NWs 

interesting for efficient interaction with light, energy conversion, catalysis and sensing 

application. Another peculiarity of semiconductor NWs is their nanometer-sized diameter, 

which offers the opportunity for quantum confinement of the charge carriers. Moreover, it 

allows a high degree of freedom in the growth of dissimilar materials in heterostructures, 

thanks to the efficient relaxation of stress on the sidewalls. All these properties provide 

significant opportunities for applications in electronics, photonics and optoelectronics [4, 5]. 

Indeed, the recent literature reports the use of semiconductor nanowires as building blocks for 

the realization of field effect transistors (FETs), lasers, photodetectors, solar cells, optical 

fibers, high efficient light emitting diodes (LEDs) and chemical sensors [6 – 10].  In this 

context, understanding the NWs growth mechanism at the atomic level and optimizing the 

growth process in order to achieve a precise control over their properties (dimensions, crystal 
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structure, chemical composition, electrical and optical properties), represent the first step for 

the design and fabrication of novel technological devices.  

 

 

1.2  Nanoparticle-assisted nanowire growth 

As for other nanostructures, the methods to obtain NWs can be divided into two categories: 

first, top-down methods, where NWs are fabricated by reducing the size of a bulk material 

down to the nanoscale by means of lithographic techniques; second, bottom-up approaches, 

that exploit the self-aggregation of atoms to produce the nanowires. In this case, the one-

dimensional nanostructures are obtained by promoting the growth of a solid-state structure 

along one preferential direction, and this can be realized with different strategies: i) use of the 

intrinsically anisotropic crystallographic structure of a solid; ii) introduction of a seed to 

reduce the symmetry and promote the growth at the nanostructure/seed interface; iii) use of 

templates; iv) use of appropriate capping reagents to kinetically control the growth rates on 

the different facets of a seed; v) self-assembly of 0D nanostructures. Among these, the 

nanoparticle-assisted growth from vapour phase is probably the most extensively explored 

approach for the growth of nanowires. Metallic nanoparticle (NPs) seeds are typically used to 

promote the 1D growth of the semiconductor material, whose precursors are in the gas phase. 

The nanoparticle is often called catalyst, having either an active role in favouring the 

dissociation of the NW-precursor reactants or the simple role of collector of atoms from the 

gas phase. Various techniques of crystal growth from vapour phase, like chemical vapour 

deposition, laser ablation, chemical beam epitaxy and molecular beam epitaxy have been used 

to grow semiconductor nanowires via nanoparticle-assisted growth. The NWs synthesized for 

the work presented in this thesis have been grown by means of Au-assisted molecular beam 

epitaxy. This technique, and the experimental procedures used in this work, will be described 

in Chapter 2, while here a general description of the nanoparticle-assisted nanowire growth 

and of the possible mechanisms behind the one-dimensional growth is given. 
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1.2.1 Vapour-liquid-solid mechanism 

The vapour-liquid-solid (VLS) mechanism is undoubtedly the most widely adopted approach 

to grow high quality semiconductor nanowires due to its great flexibility. This mechanism 

was originally proposed by Wagner and Ellis to justify the growth of Si whiskers in the 1960s 

[11], later explained thermodynamically and kinetically by Givargizov [12], re-examined and 

extended by many research groups  [13 – 19] to obtain NWs from a rich variety of 

semiconductor materials, and recently demonstrated by real time observation by means of in 

situ transmission electron microscopy (TEM) techniques [20 – 23]. A typical VLS process 

starts with the dissolution of gaseous reactants into nanosized liquid droplets of a metallic 

seed, followed by nucleation and growth of single-crystalline rods and then wires. The 1D 

growth is induced and dictated by the liquid droplet, the size of which remains essentially 

unchanged during the entire process. As a major requirement, there should exist a good 

solvent capable of forming a liquid alloy with the target material. The three major steps 

involved in a VLS growth (I: metal alloying, II: nucleation, III: NW growth) are 

schematically illustrated in Figure 1.1 (a), where the Au-assisted growth of Ge NWs is 

reported as an example. Based on the Au-Ge binary phase diagram (Fig. 1.1 (b)), Ge and Au 

form liquid alloys when the temperature is raised above the eutectic point (361°C). Therefore, 

when Ge in the vapour phase is supplied on the Au catalyst particles at temperature higher 

than 361°C, they form a liquid alloy droplet. The liquid droplet is a preferred absorption site 

for the vapour, which causes the liquid to become supersaturated with Ge. The NW nucleates 

by precipitation of Ge from the supersaturated droplet, and the 1D growth goes on at the 

solid-liquid interface, since Ge is continuously supplied. The growth can proceed by direct 

impingement of the atoms from vapour phase into the liquid droplet (adsorption-induced 

growth) [12], and/or by diffusion of the adatoms from substrate and wire sidewalls toward the 

liquid particle (diffusion-induced mode) [14, 15, 24]. 
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Figure 1.1 (a) Schematic illustration of nanowire growth via the vapour-liquid-solid mechanism. (b) 

Binary Au-Ge phase diagram, with an indication of the compositional zones responsible for alloying, 

nucleation and growth of Ge NWs at 800°C [20]. 

 

The establishment of a symmetry-breaking solid-liquid interface is the key step for the one-

dimensional crystal growth in this mechanism. The growth process can be controlled in 

various ways. Because the diameter of each nanowire is determined by the size of the catalyst 

particle, smaller particles yield thinner nanowires, whereas the NWs length can be controlled 

by modifying the growth time. NWs obtained using the VLS approach are remarkable for 

their good crystal quality and their uniformity in diameter. Moreover, a precise control of 

crystallographic properties such as growth direction, crystal phase and defect distribution can 

be obtained in VLS-grown NWs by changing growth parameters like droplet diameter, 

temperature and pressure [25 – 27]. The great flexibility of the VLS method has been further 

demonstrated by rational synthesis of NWs with complex engineerized structures [28, 29]. 

Despite this, some negative features of the VLS growth mechanism exist. First of all, loss of 

catalyst material during nanowire growth may reduce the droplet diameter during the growth 

and/or contaminate the NW. Indeed, a considerable surface-mediated loss of Au atoms from 

the liquid alloy particle has been found in Si NWs [30], as well as the incorporation of foreign 
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metal atoms into the nanowire lattice [31, 32]. This is a serious concern because the most 

common catalyst element, Au, is highly detrimental to the electronic an optical properties of 

semiconductor materials. The so called self-catalytic growth, in which the liquid droplet is 

made of an element of the nanowire compound instead  of a foreign metal, allows to avoid 

this inconvenient, but is limited for semiconductor materials whose elements can form a 

liquid droplets, such as GaAs and GaN NWs catalyzed by liquid Ga droplets [33 – 35]. 

Another problem of the VLS mechanism may rise when axial modulation of composition is 

desired along the NW. Axial heterostructures are synthesized by changing the semiconductor 

precursor during the growth, and the formation of an abrupt interface is critical to achieve 

optimal device performance. However, a reservoir effect caused by the solubility of the first 

semiconductor in the liquid catalyst droplet generally results in diffusive junctions [36]. To 

alleviate this problem some rational approaches have been proposed and demonstrated [37], 

however it is still challenging to achieve an atomically abrupt junction by the VLS method.  

 

1.2.2 Vapour-solid-solid mechanism 

Bulk equilibrium phase diagrams provide a useful first-order picture to understand the VLS 

nanowire growth. In general, the growth temperature should exceed the semiconductor/metal 

eutectic temperature to keep the catalyst nanoparticle in a liquid phase. However, many 

experiments conducted below the eutectic temperature still afforded NWs. Thus, the physical 

state of the nanoparticle was under debate. More recently, real time observation of Au-

assisted Ge NWs growth by means of in situ transmission electron microscopy conducted by 

Ross and co-workers [23, 38] demonstrated that the VLS mode can be maintained down to a 

hundred degrees below the bulk Au-Ge eutectic temperature (361°C) (See Figure 1.2 (a)). 

This can be explained by taking into account nanoscale size effects on the thermodynamic 

properties of the system [39] and/or a supersaturation effect, in which the Ge-supersaturation 

into the liquid droplet kinetically inhibits the nucleation of solid Au [22, 40, 41]. However, 

when the temperature is sufficiently low, the AuGe nanoparticles solidify to become faceted 

nanocrystals and, more interestingly, by supplying further Ge precursor gas, the wires 

continue to grow in a vapour-solid-solid (VSS) mode. (Figure 1.2 b).  
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Figure 1.2 Series of TEM images recorded at different times demonstrating VLS (a) and VSS (b) 

growth of a single Ge NW below the Au-Ge eutectic temperature [38]. 

 

The VSS growth mechanism has been invoked and demonstrated for many other materials, 

especially for metal/semiconductor systems that exhibit no eutectic points and/or display 

liquid phases only at temperature far higher than the growth temperature. It is the case of Au-

assisted ZnO NWs grown at temperatures in the range 850-950°C [42, 43], Ni-assisted Ge 

[44] and GaN NWs [45] obtained at 450°C  and 900°C respectively, Au-assisted InAs [46] 

and ZnTe [47] NWs grown below 500°C, and Si NWs grown at various temperatures using 

nanoparticles of different metals (Ti, Al, Cu, Pt, Fe) [48]. As in the VLS mechanism, the 

interface between the semiconductor and the metal nanoparticle provides a preferential site 

for the incorporation of adatoms into the growing crystal, driving the 1D growth. During the 

VSS nanowire growth, ledge (or step) nucleation has been observed in different systems [21, 

49], and diffusion of the atoms both through the solid nanoparticle and on its surfaces have 

been proposed [50]. While VLS and VSS growth mechanisms are similar in many respects, 

the growth kinetics and the requirements for catalyst stability are clearly different. The wire 

growth rate achieved in the VSS mechanism is usually one order of magnitude lower than that 

in the VLS mode (see Figure 1.2). This is likely due to the lower solubility and/or diffusivity 

of the semiconductor elements in solid catalyst nanoparticles than in liquid droplets. 

Compared to VLS, the VSS growth mode exhibits some advantages. First, the growth 

temperature can be substantially lower, enabling fabrication of nanowire-based devices 

compatible with standard industrial processes [51]. Second, the solubility of the 

semiconductor in the solid catalyst nanoparticle can be significantly reduced, enabling growth 

of axial heterojunction with abrupt interfaces [52 – 54]. On the other hand, the control over 

NWs morphology, orientation and growth direction is not as easy as for the VLS growth 

mode. Indeed, mixtures of straight, twinned and defective VSS-grown NWs are reported for 
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different metal nanoparticles and growth conditions [44, 55 – 57]. Some authors attributed 

this high variability, and the resulting difficult rational control of the wires morphology in 

VSS growth regime, to the requirement of a control over the relative orientation of the 

catalyst nanocrystal and the substrate [49], and to the slow growth rate that allows secondary 

nucleation events and plastic deformation of the wire during the growth [57].   

 

 

1.3  Zinc Selenide (ZnSe) nanowires 

ZnSe is a direct wide-band-gap semiconductor (Eg = 2.7 eV at 300 K), suitable for light 

emission in the blue-green region of the visible spectrum. Together with other II-VI 

semiconductors it has been investigated for many years as potential material for 

optoelectronic devices operating in the visible, owing to their high sensitivity and quantum 

efficiency, and their band gaps which vary from the IR to the UV spectral regions as shown 

schematically in Figure 1.3. Indeed, ZnSe-based light emitting devices like LEDs and lasers 

diodes (LDs) have been successfully demonstrated [58 – 60]. However, the applications of 

these semiconductors in industry have been hindered by the very poor crystal quality of the 

bulk material, which results in short lifetime, and by the difficulty in doping both n and p 

type, as opposed to III-V semiconductors [61]. The development of epitaxial growth 

techniques has allowed improvements of the crystal quality of II-VI thin films, but epitaxial 

methods need good bulk substrates, therefore, lacking good II-VI, it has been necessary to use 

III-V substrates which immediately leads to the problem of growing mismatched or strained 

layers. Figure 1.3 shows also the lattice constants for III-V and group IV semiconductors used 

as substrates for the heteroepitaxy of II-VI compounds. During 2D heteroepitaxial growth, the 

formation of defects at the interface naturally occurs above a certain critical thickness, and the 

propagation of such defects strongly affects the device lifetime, limiting their commercial 

applications. 
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Figure 1.3 Band gap versus lattice constant for II – VI semiconductors and possible substrates. 

 

In 1D nanostructures, such as nanowires, the strain at the nano-sized heterointerface can be  

relaxed on the sidewalls of the nanostructure and defect-free crystals can be grown on 

mismatched substrates. Moreover, as described in section 1.1, new phenomena such as 

electron and photon confinement, wavegiuding, increased absorption and emission efficiency 

are expected in one-dimentional nanostructures. Therefore, ZnSe-based nanowires are 

supposed to show improved properties in terms of crystal structure, optical quality and 

lifetime, offering a wealth of possible applications in photonics and optoelectronics. However, 

the synthesis of ZnSe NWs is only at the beginning: few authors reported the controlled 

growth of ZnSe NWs with good morphology, uniform orientation, remarkable crystal and 

optical quality. Concerning the growth mechanism, in the literature both VLS and VSS 

growth modes have been reported, often  on the basis of growth temperature considerations 

rather than after experiments devoted to distinguish between the two. Au-assisted VSS growth 

has been reported for ZnSe NWs grown by means of MBE at temperature as high as 510°C on 

ZnSe [62] or oxidized silicon[63, 64] substrates. Indeed, the Au-Zn binary phase diagram 

shows two eutectics at 659 and 683°C [65], which are well above the ZnSe NWs growth 

temperature, and the Au-Se binary system exhibits no eutectic points but stoichiometric 

compounds with very high melting temperatures [66]. Moreover, Bellet-Amalric et al. have 

investigated the dewetting of a thin gold layer on ZnSe substrates by means of in-situ 

Reflection of High Energy Electron diffraction (RHEED), showing that pure cubic Au 

nanocrystals form on the surface and remain solid even above 510°C [67]. Therefore, the 

authors suggested that the subsequent nanowire growth occured via the vapor-solid-solid 

mechanism. They obtained the epitaxial growth of ZnSe NWs oriented along two or more 

directions of the substrate. On the other hand, the VLS growth of uniformly oriented ZnSe 
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NWs on GaAs(111)B using Ga liquid droplets was reported by Liang et al. [68]. More 

generally, the vapor-liquid-solid mechanism has been invoked for the growth of ZnSe NWs 

on various substrates using seed particles with melting points lower than the growth 

temperature, like Ga [68, 69], Au-Sn [70] and Au-Si [71] intermetallic compounds. Cai et 

al.[72] also reported the VLS growth of Au-assisted ZnSe NWs on GaAs at 530°C, suggesting 

that the seeds consist of liquid Au-Ga alloy nanoparticles obtained by annealing a thin Au 

film deposited on the substrate at 530°C. However, they did not obtain long and uniformly 

oriented ZnSe NWs, but rather NWs showing a strong diameter-dependent growth direction. 

Besides this, only few authors reported on the optical properties of the grown ZnSe 

nanowires. Concerning VSS-grown ZnSe NWs, no information was given about their optical 

properties. In contrast, the optical properties of VLS-grown ZnSe NWs obtained by metal 

organic vapor deposition assisted by Ga droplets [68, 73], or by Au-Si alloy droplets [74], 

were found to be dominated by deep level emission, despite the good crystal quality. This was 

ascribed to the presence of impurities released by the liquid droplets and incorporated into the 

semiconductor NWs. Kahen et al. [70] proposed low melting point Au-Sn alloys as catalyst in 

order to obtain the VLS growth of ZnSe NWs at low temperature (320°C) and demonstrated 

NWs with intense PL at 436 nm at 77K, suggesting that the growth temperature affects the 

NWs optical quality, rather than the growth mechanism. On the other hand, VLS-grown Au-

assisted ZnSe NWs with a good luminescence were obtained by Philipose et al. [77, 78] at 

temperature as high as 650°C in the case of non-stoichiometric (Zn-rich) vapor phase growth. 

The growth of tapered one-dimensional ZnSe nanostructures with improved PL was obtained 

still at low temperature (300 – 400 ° C) by means of molecular beam epitaxy on GaAs(001) 

[75, 76]. However, in this case the authors had to develop a 2-step growth process in order to 

suppress the structural defects thought to be responsible of the bad PL and to obtain good 

quality nanowires on the tip of defective nanoneedles with emission in the 470-480 nm range.  

As highlighted above, different scenarios have been proposed to explain the growth and the 

properties of ZnSe NWs obtained on different substrates and using different seed particles. In 

particular, the growth mechanism of Au-assisted ZnSe NWs was still controversial, as well as 

the impact of growth conditions on morphology, orientation, crystal structure and optical 

properties of the nanowires. Starting from this background, the main goal of the activity 

reported in this PhD thesis was the investigation of the growth mechanism and of its impact 

on the properties of ZnSe NWs grown by means of Au-assisted molecular beam epitaxy on 
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various substrates, with the aim of achieving the controlled growth of ZnSe NWs with the 

desired properties.   
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Chapter 2 

Experimental procedures and techniques  

 

In this chapter I will briefly review the experimental techniques that were used in this work, 

and the experimental protocol developed for ZnSe NWs growth and characterization. 

 

2.1 Molecular Beam Epitaxy 

All the samples used for this work were grown by solid-source Molecular Beam Epitaxy 

(MBE). MBE is an Ultra-High-Vacuum (UHV)-based technique for the growth of high 

quality epitaxial structures from vapour phase, with monolayer control. Since its introduction 

in the 1970s as a tool for growing high purity semiconductor films, MBE has evolved into one 

of the most widely used techniques for producing epitaxial layers and heterostructures of 

metals, insulators and superconductors as well, both at research and industrial production 

level. The principle underlying MBE growth is relatively simple: it consists of atoms or 

clusters of atoms, produced by heating up a solid source, which then migrate in a UHV 

environment and impinge on a hot substrate surface, where they can diffuse and eventually 

incorporate into the growing film. Despite the conceptual simplicity, a great technological 

effort is required to produce systems that yield the desired quality in terms of material purity, 

uniformity and interface control. A schematic drawing of a generic MBE chamber is 

presented in Figure 2.1. The UHV condition (p < 10-9 Torr), required to minimize the 

impurities incorporation and to allow the growth of high quality materials, are obtained with 

ion pumps and auxiliary Ti-sublimation and cryogenic pumps. Moreover, the chamber 

includes liquid N2 cooled cryopanels adsorbing the residual gases and the atomic and 

molecular species that did not react on the surface. An ion gauge is used to measure the base 

pressure and the beam fluxes which can be adjusted by properly choosing the heating 

temperature of the cells. Knudsen-type crucibles are used as effusion cells for the evaporation 

and mechanical shutters placed in front of the cells permit to interrupt the beam fluxes, i.e. to 

start and stop material deposition and doping, allowing a precise control of the composition of 

the growing material on atomic scale. 
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Figure 2.1. Schematic view of a generic MBE chamber 

 

The MBE system has also the advantage of being compatible with surface sensitive diagnostic 

methods that need UHV conditions, such as Reflection of High Energy Electron Diffracion 

(RHEED) and X-ray Photoemission Spectroscopy (XPS), that can be operated in situ. A 

schematic view of the MBE system used for the activity presented in this thesis, set-up at the 

IOM-CNR TASC Laboratory, is shown in Figure 2.2.  

 

 

Figure 2.2. Schematic drawing of the MBE system at IOM-CNR TASC Laboratory, Trieste, Italy 
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The facility consists of two growth chambers for III-V and II-VI compound semiconductors 

respectively. The II-VI chamber is equipped with Zn, Cd, Se and Te elemental sources. The 

two growth chambers are interconnected by UHV modules with a metallization chamber 

equipped with a Au effusion cell, and with an analysis chamber for monochromatic (Al K) 

X-ray Photoemission Spectroscopy. 

 

 

2.2  Characterization techniques 

 
2.2.1 X-ray Photoemission Spectroscopy (XPS) 

To measure elemental composition of a material, as well as chemical and electronic state of 

the constituent atoms, a commonly used spectroscopy technique is X-ray Photoemission 

Spectroscopy (XPS). In XPS the material to be analyzed is irradiated by monochromatic X-

ray with a fixed energy h, usually generated from a Mg or Al anode, and the photoelectrons 

emitted from the top layers (1-5 nm) are counted as a function of their kinetic energy, that is 

given by:   

Ek = h– Eb –           

where Eb is the binding energy of the initial state of the electron (conventionally referred with 

respect to the Fermi Level of the sample) and  is the work function of the spectrometer, i.e. 

the energy which has to be overcome by electrons reaching vacuum states. Each electron has 

a particular binding energy, depending on the core level it occupies and its chemical 

environment, therefore each electron will be emitted with a different kinetic energy. An 

hemispherical analyzer detects the photoemitted electrons as a function of their kinetic energy 

and gives the XPS spectrum, where the number of electrons is plotted as a function of their 

calculated binding energy. A set of XPS peaks is produced for each element at characteristic 

binding energy values, which correspond to the electron configuration of the atoms within the 

material. Figure 2.3 is a scheme of the experimental setup for XPS analysis.  
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Figure 2.3. Schematic view of the experimental setup for XPS measurements. 

 

The sampling depth corresponds to the escape depth of the electrons (), which depends on 

their energy. The escape depth of such electrons plotted against energy falls on a nearly 

universal curve for most solids, as illustrated in figure 2.4, and can be as small as 5 Ǻ for 

energies in the 50 – 100 eV range. Due to this small sampling depth, XPS is a surface-

sensitive technique. Therefore, position, chemical shift and relative intensity of the XPS peaks 

give quantitative information about the chemical composition, and the electronic state of the 

topmost layers of the material. 

  

 

Figure 2.4. Dependence of electron escape depth on kinetic energy in various solids. 
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In our experimental setup, the sample surface is irradiated with the K Al line (1486.4 eV) 

and the angle between the surface normal and the analyzer direction is 55°. For such 

geometry, the effective sampling depth, given by eff = cos, is 1.5 nm for the electrons of 

the Ga3d core level in GaAs (BE of 19.41 eV). For the other core-level electrons considered in 

this study, we can assume the same sampling depth, due to their similar binding energies. We 

used a beam spot of 300 m. The overall energy resolution is 0.8 eV. 

In this work, the XPS has been used to study the chemical composition of a thin Au film 

deposited on different substrates and its evolution upon annealing first, and after exposition to 

Zn and Se elemental beams later. As it will be explained in chapter 3, this analysis has 

allowed to investigate the composition changes of the nanoparticles assisting ZnSe nanowires 

growth, getting insights on the NWs growth mechanism.  

 

2.2.2 Grazing Incidence X-ray Diffraction (GIXRD) 

X-ray powder diffraction is a technique for structural characterization of powder or 

microcrystalline materials. In the grazing incidence geometry, the incident beam forms a very 

small angle with the sample, allowing a very high surface sensitivity, and is particularly 

useful to characterize micro- and nano-crystals supported on flat substrates.  

X-ray diffraction is based on constructive interference of monochromatic X-rays and a 

crystalline sample. The X-rays are generated by an anode or, as in the case of the experiments 

presented here, by synchrotron radiation source, filtered to produce monochromatic radiation, 

collimated and directed toward the sample. The interaction of the incident rays with the 

sample produces constructive interference (and a diffracted ray) when conditions satisfy 

Bragg's Law: nλ = 2d sinθ. This law relates the wavelength of electromagnetic radiation () to 

the diffraction angle (θ) and the interplanar spacing (d) in a crystalline sample. The diffracted 

X-rays are then detected, processed and counted. In a powder material, there are many 

individual crystals of random orientation, so all possible Bragg diffractions of the lattice can 

be observed by scanning the sample through a range of 2θ angles. Conversion of the 

diffraction peaks to d-spacing allows identification of the material because each material has a 

set of unique d-spacings. Typically, this is achieved by comparison of the measured 

diffraction pattern with a known pattern from standard samples or with calculations. In 
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addition to material identification, X-ray powder diffraction is commonly used for the 

characterization of crystalline and polycrystalline materials. Indeed, it allows phase 

identification and structural (unit cell dimensions) determination. If the sample holder is 

equipped with a heating apparatus, as in our case, diffraction patterns as a function of 

temperature can be measured, allowing the identification of melting points and, in case, the 

formation of new compounds during heating and/or cooling.  

Figure 2.5 shows the experimental setup for the XRD measurements performed for the study 

presented in this thesis, i.e the characterization of nanocrystals obtained upon thermal 

dewetting of  a thin Au layer deposited on flat substrates, that will be described more in detail 

in section 2.3. 

  

Figure 2.5. Scheme of the GIXRD experiment performed for the characterization of nanocrystals 

supported on a flat substrate. 

 

2.2.3 Scanning Electron Microscopy (SEM) 

Scanning Electron Microscopy (SEM) is a microscopy technique used to produce images with 

a resolution of a few nanometers by probing the specimen with a focussed electron beam 

(primary energy E0 typically 2-30 keV). The electron beam scans the surface of the sample 

and interacts with the atoms producing backscattered electrons, secondary electrons, 

characteristic X-rays and light (cathodoluminescence). All these signals, that contain 

information on the topography and the composition of the sample surface, can be collected by 

detectors sensitive to different energy ranges, to form the image of the sample. The intensity 

of the emitted signal determines the brightness of the spot on a computer monitor.  
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Backscattered electrons (BSE) are beam electrons that are reflected from the sample by elastic 

scattering. BSE are often used in analytical SEM, because the intensity of the BSE signal is 

strongly related to the atomic number (Z). Therefore, BSE images contain compositional 

contrast and can provide information about the distribution of different elements in the 

sample. Secondary electrons are ejected from the specimen atoms by inelastic scattering 

interactions with beam electrons. Due to their low energy, these electrons originate within a 

few nanometers from the sample surface. On a flat surface, the plume of secondary electrons 

is mostly contained by the sample, but on a tilted surface, the plume is partially exposed and 

more electrons are emitted. Therefore, by scanning the sample and detecting the secondary 

electrons, an image displaying the topography of the surface is created. Characteristic X-rays 

are also emitted from the specimen, when the electron beam removes an inner shell electron 

from the sample atoms, causing a higher-energy electron to fill the shell and release energy. 

These characteristic X-rays can be analyzed in microscopes equipped with Energy Dispersive 

X-ray Spectroscopy (EDX) detectors, and are used to identify the composition and measure 

the abundance of elements in the sample. Some SEM are also equipped with a 

cathodoluminescence (CL) setup for detection of the light emitted by the sample when atoms 

excited by high-energy electrons return to their ground state. CL detectors either collect all the 

light emitted by the specimen or can analyze the wavelengths emitted by the specimen, 

displaying an emission spectrum or an image of the distribution of the CL emitted in real 

color. 

The SEM images reported in this thesis were acquired with an in-lens secondary electron 

detector, in order to characterize the samples in terms of size-distribution and morphology of 

both nanoparticles and nanowires. Moreover, a SEM equipped with a set-up for low 

temperature cathodoluminescence was used for the optical characterization of the nanowires 

presented in chapter 5.5. 

 

2.2.4 Transmission Electron Microscopy (TEM) 

In Transmission Electron Microscopy (TEM) a beam of electrons with high energy is 

transmitted through an ultra-thin (at most hundred of nanometers thick) specimen. Due to the 

small de Broglie wavelength of the electrons, the interaction between the electron beam and 

the specimen can be used to construct an image with atomic resolution. Depending upon the 
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kind of information required, TEM images can be taken in bright field, in which the contrast 

formation is formed directly by absorption of electrons in the sample, or in dark field, in 

which images with diffraction (Bragg scattering) contrast are created. Usually, transmission 

electron microscopes are equipped also with an EDX detector for chemical analysis as in 

SEM. For TEM analysis, a complex procedure of sample preparation is often required, which 

consists of thinning and polishing of the sample, but for nanowires, which are already ultra-

thin objects, one can just mechanically transfer the NWs from the as-grown sample to a 

copper grid.  

 

2.2.5 Photoluminescence (PL) 

Photoluminescence (PL) is the phenomenon in which a material excited by photons emits 

light. The energy of the incident photons must be greater than the energy gap Eg of the 

material. Photons absorbed from the excitation source (laser) inject electrons and holes into 

the conduction and the valence band respectively. The photoexcited carriers generally have 

excess energy that is lost non radiatively relaxing to the band edges (a process called 

thermalization). At this point, the electron and hole recombine. If the recombination process is 

radiative, the energy released in the recombination is converted back into a photon which is 

emitted from the material. In the case of intrinsic semiconductors, for direct band-gap 

materials the emission takes place near k = 0 and corresponds to a photon energy of Eg. In 

indirect band-gap materials, conservation of momentum requires that a phonon must be 

emitted or absorbed when the photon is emitted, the process is of second-order and the 

radiative lifetime is much longer than for direct transitions. Since the probability of this 

transition is smaller than for competing non-radiative processes, indirect gap materials are 

generally bad light emitters.  

In ultra-pure semiconductors, at low temperature, the free exciton recombination (which 

involve free electrons and free holes) dominates the PL spectrum at the energy Eg – Eb, where 

Eb is the exciton binding energy. If the sample contains neutral, donor or acceptor impurities, 

the recombination of a free carrier and a charge bound to an impurity, known as free-to-bound 

transition, contributes to the near-band-edge region of the PL spectrum. The emitted photon 

energy is given by Eg – EI where EI is the impurity binding energy, which depends on the kind 

of impurity. Therefore, bound exciton transitions allow to identify the kind of dopant or 
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impurity species present into the material. Quite often a semiconductor may contain both 

donors and acceptors. Under equilibrium conditions, some of the electrons from the donors 

will be captured by the acceptors. As a result, the sample contains both ionized donors (D+) 

and acceptors (A-). By optical excitation, the excited carriers can be trapped at the D+ and A- 

sites to produce neutral D0 and A0 centers. In returning to equilibrium, some of the electrons 

on the neutral donors will recombine radiatively with holes on the neutral acceptors. This 

process is known as a donor-acceptor-pair (DAP) transition. The photon emitted in DAP 

transition has an energy given by Eg – EA – ED + e2/(40
R) where ED and EA are the donor 

and acceptor binding energies respectively, and the term [-e2/(40
R)] is the Coulomb 

interaction between the ionized donor and acceptor at the distance R.  

It becomes clear that PL is a tool for investigating the optical properties of semiconductors, 

giving information on both intrinsic transitions and radiative transitions due to impurities and 

defects in the material. In a PL experiment, the spectra are acquired as a function of the 

wavelength of the emitted radiation: a monochromator is used to select the wavelength at 

which the number of photons is counted by a detector (usually a photomultiplier).  

 

 

2.3 Experimental procedure for NWs growth and characterization 

ZnSe NWs were grown at the IOM-CNR, TASC Laboratory of Trieste, by means of Au-

assisted molecular beam epitaxy on different substrates. In particular, Si(111) wafers with the 

native oxide were used, whereas GaAs(111)B substrates were first thermally deoxidized at 

600°C in the III – V chamber. A thin Au layer (0.2 – 1 nm) was deposited on the substrates at 

room temperature in the metallization chamber. The Au film thickness was measured using a 

quartz thickness monitor mounted into the deposition chamber. The Au-coated substrates 

were then transferred into the II – VI growth chamber where 10 minutes annealing was 

performed in order to trigger the thermal dewetting of the Au film and to obtain metal 

nanoparticles on the substrates. These nanoparticles were used as seeds for the 1D crystal 

growth, performed at the same temperature of the annealing. Elemental Zn and Se sources 

were used, with fluxes corresponding to a two-dimensional ZnSe growth rate of 0.5 m/h at 

280°C. Different II/VI beam pressure ratios (BPRs) were probed in order to investigate the 
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impact of growth conditions on the growth mechanism and on the resulting NWs properties. 

Annealing (and growth) temperature was varied as well.  

The Au film dewetting process during the annealing was studied by means of in-situ XPS and 

ex-situ GIXRD. The XPS analysis was carried out before and after the annealing in the Al-K  

photoemission chamber connected to the MBE system, whereas powder XRD patterns were 

collected as a function of the annealing temperature at the MCX beamline of Elettra 

synchrotron radiation source located in Trieste, operating at 8 KeV and equipped with a 

furnace end-station [79]. The morphology of the nanoparticles and of the grown nanowires 

was characterized using a Zeiss SUPRA40 SEM, with an in-lens secondary electron detector, 

at the SEM facility of the IOM-CNR Institute. Transmission electron microscopy analysis 

was performed at the IMEM-CNR Institute of Parma, in order to characterize the NWs crystal 

structure. The microscope was a JEOL 2200 operated at 200 KeV and with a Scherzer 

resolution in TEM and scanning TEM (STEM) of 0.19 nm and 0.14 nm respectively. The 

microscope was equipped with EDX system and Ω-filter for energy loss analysis. The optical 

characterization of the nanowires was carried out by means of low temperature 

Photoluminescence (PL) and Cathodoluminescence (CL). The as-grown samples were 

analyzed using a standard PL setup with a UV laser (375 nm) focused on the sample cooled 

down to 14 K. For single-wire measurements carried out at the CEA in Grenoble, the NWs 

were first deposited on a patterned silicon substrate by gently rubbing the as-grown sample on 

the silicon surface. Isolated wires were identified and precisely located on the substrate by 

means of SEM. Low temperature (6 K) spectra of the NWs were recorded using a cold-finger 

cryostat and a confocal PL setup. The NWs were excited with a 404 nm laser beam focused 

on the selected nanowire using a microscope objective. The emitted light was collected by the 

microscope objective and sent to a spectrometer equipped with a CCD camera. CL images of 

the same NWs deposited on the silicon substrate were recorded using a FEI Quanta 200 SEM 

equipped with a low temperature Gatan stage and a CL accessory [80]. The CL light was 

collected by a parabolic mirror and sent to an avalanche photodiode synchronized with the 

electron beam scan. Decay-time measurements were performed on the as-grown samples 

using a Ti:sapphire laser exciting at 390 nm and a Hamamatsu C10910 streak camera. The 

laser-pulse width and the repetition rate were 30 ps and 13 ns respectively. 
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Figure 2.6 shows the time evolution of the process developed for the Au-assisted growth of 

ZnSe NWs and summarizes the analysis performed after each step, in order to investigate the 

growth mechanism and to characterize the NWs properties. 

 

 

 

Figure 2.6. Schematic view of the experimental procedure developed for the growth of ZnSe NWs by 

means of Au-assisted MBE, and summary of the analysis performed at each step of the process. 
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Chapter 3 

Growth mechanisms of Au-assisted ZnSe nanowires  

 

In this chapter the investigation of the growth mechanism of Au-assisted ZnSe NWs on 

different substrates is presented. A brief introduction highlights the complexity of the system 

studied, and the need to take into account all the parameters of the process involved (substrate 

chemistry, gold film wettability, gas phase composition and temperature) in order to fully 

understand the results obtained and draw conclusions. The chapter is then structured in two 

main parts: ZnSe NWs growth on deoxidized GaAs(111)B (paragraph 3.3), and on the less 

reactive oxidized Si(111) (paragraph 3.4). On both substrates, the analysis has been split up in 

three phases: gold-substrate interaction during thin film dewetting, ZnSe NWs growth, 

discussion of the growth mechanism. Finally, the possibility of NWs growth with non-pure 

Au solid nanoparticles, is investigated.  

 

3.1 Introduction: hints of a complex system 

As a preliminary trial, a few minutes of ZnSe deposition on oxidized Si(111) and deoxidized 

GaAs(111)B substrates, both covered with a 1 nm thick gold layer, was carried out at various 

temperatures and Zn/Se beam pressure ratios, in order to probe different growth conditions. 

Figure 3.1 gives an idea of the complex scenario we found: at low growth temperature 

(300°C) nanowires were obtained only on Silicon substrates using Se-rich conditions, whereas 

at higher temperatures (450°C) ZnSe nanowires were obtained on both substrates, using either 

Se-rich and Zn-rich fluxes. However, despite the similar morphology of NWs obtained using 

the two opposite pressure ratios on oxidized Silicon, the behaviour is different on deoxidized 

GaAs(111)B, on which the NWs morphology is strongly affected by the Zn/Se pressure ratio.  
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Figure 3.1 Overview SEM images of the two substrates (oxidized Si(111) and deoxidized 

GaAs(111)B) covered with 1 nm thick Au film, after 5 minutes of ZnSe deposition at different 

temperatures and Zn/Se beam pressure ratios. The most interesting regimes are highlighted in the 

figure: at 300°C (pink framed) ZnSe NWs were obtained only on the Silicon substrate using Se-rich 

fluxes, whereas at 450°C (green framed) ZnSe NWs were obtained on both substrates, using either Zn-

rich and Se-rich conditions, but their morphology is strongly affected by the vapour composition when 

they grow on deoxidized GaAs(111)B.    

 

It became clear that substrate chemistry, annealing and growth temperature, vapour 

composition, and probably also the interplay between these parameters, strongly affect the 

ZnSe NWs growth mode. Therefore, in order to get insights on this complex scenario, we 

decided to analyze the growth process step by step. In particular, we focussed our attention on 

the nanoparticles assisting the NWs growth: their formation mechanism, their interaction with 

the substrate and their composition changes triggered by the incoming Zn and Se beams. As it 

will be demonstrated in the following, this approach allowed us to understand the NWs 

growth mechanisms and to obtain the rational control of the NWs properties.     
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3.2 Background 

As mentioned in chapter 1, the growth mechanism of semiconductor nanowires is a topic of 

high interest, since it might have a strong impact on the resulting NWs properties like 

morphology, orientation, crystal structure, optical and electronic properties. Therefore, 

understanding the growth mechanism is a prerequisite for the rational control of the synthesis 

of nanowires with the desired properties. It has been outlined that two models are generally 

invoked to explain the nanoparticle-assisted nanowire growth: the VLS mechanism, which 

involves liquid catalyst particles during the growth, and the VSS one, in which the seed 

particles are solid. Despite the widespread use of these two models, it’s becoming clearer, 

investigation after investigation, that such simple pictures may fail to describe the complex 

behaviours observed under different growth conditions and for different materials. In 

particular, for the growth of compound semiconductor nanowires assisted by alloy 

nanoparticles, in which the chemical species involved are more than two, the analysis of the 

growth mechanism and the control of the growth can be complex and difficult to predict. 

When the seed particles are obtained by thermal dewetting of a thin metal film deposited on a 

substrate, as in the study presented here, the size, shape and chemical composition of such 

particles strongly depend on the nature of substrate, the interaction between substrate and 

metal film, and the annealing temperature [81 – 86]. The morphology and the chemical 

composition of the obtained nanoparticles affect the subsequent nanowire growth mechanism. 

However only few papers report on the characterization of the metal nanoparticles before 

nanowire growth [87 – 89]. Moreover, the total vapour pressure and the ratio between the 

NW-precursors pressure can also affect composition and physical state of the nanoparticles 

during NWs growth, dynamically changing the growth mechanism and the resulting NWs 

properties. Different growth modes, arising from different seed configuration and changes of 

composition and/or physical state of the seed particles during growth, have been indeed 

demonstrated for group IV and III-V semiconductor NWs [90 – 95]. 

As for the material of our interest, ZnSe, the growth mechanism of Au-assisted NWs was not  

univocally understood. In order to get a deeper insight into the growth mechanism, we 

focused our investigation on the growth assisted by nanoparticles obtained by dewetting of a 

thin Au film. We started by studying the Au film dewetting during annealing on different 

substrates, by means of XPS and GIXRD. Thus, we characterized the chemical composition 

and the physical state of the nanoparticles obtained at different temperatures before NWs 
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growth. Then we exposed these nanoparticles to Zn and Se beams individually, in order to see 

if the beam fluxes modify the chemical composition of such nanoparticles. Finally, by 

supplying Zn and Se beams simultaneously, and probing different Zn/Se beam pressure ratios, 

we analyzed the ZnSe NWs growth in terms of growth mechanism and resulting wire’s 

morphology. 

 

 

3.3 ZnSe NWs growth on deoxidized GaAs(111)B 

As described in section 2.3, GaAs(111)B substrates were first deoxidized at 600°C in the III-

V MBE chamber. Then, a 1 nm thick Au layer was deposited at room temperature. The 

investigation of the gold film dewetting and of the subsequent ZnSe NWs growth on this 

substrate is presented in the following.  

 

3.3.1 Gold film dewetting 

Figure 3.2 shows the Au – coated GaAs(111)B substrate and the nanoparticles obtained by 

annealing it at different temperatures between 300 and 530°C. The gold film deposited at 

room temperature covers the GaAs(111)B surface rather uniformly (Fig. 3.2 (a)). The 

annealing triggers the metal film dewetting and results in the formation of nanoparticles with 

a mean diameter which increases with the annealing temperature (Fig. 3.2 b, c, d). It is known 

that gold films deposited on deoxidized semiconductor surfaces behave as highly wetting 

layers [83]. The thermal treatment activates Au atoms surface diffusion, leading to island 

formation and particle sintering through Ostwald ripening and island coalescence. The 

resulting size distribution is skewed toward larger particles as the temperature is increased, 

while the density of particles decreases due to mass conservation.  
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Figure 3.2. SEM images of the GaAs(111)B substrate with 1 nm thick Au layer deposited at room 

temperature (a) and annealed at 300°C (b), 450°C (c) and 530°C (d). 

 

In order to characterize the chemical composition of such nanoparticles we performed XPS 

measurements. Figure 3.3 (a) shows the Au 4f core level signal measured at RT after the 

metal film deposition and after the annealing at various temperatures. The 4f7/2 peak has the 

same shape and position (BE = 84.00 eV, SO = 3.67 eV) after RT deposition and after 

annealing at 300°C, tracing the signal of pure metallic Au [96]. Conversely, from 400°C 

upwards, a progressive shift in the peak position toward higher binding energies is observed. 

This indicates the occurrence of a chemical interaction between the gold film and the 

substrate, i.e. the interdiffusion of Ga atoms from the substrate into the Au layer and the 

formation of a Au-Ga alloy phase, followed by As desorption [97]. The difference in the peak 

position with respect to that of pure gold reflects the amount of Ga in the alloy, that is greater 

for higher temperatures [97, 98]. However, the limited escape depth of the XPS technique 

(eff=1.5 nm in our setup) prevents us from discriminating between the formation of 

nanoparticles with homogeneous composition and the occurrence of  limited surface alloying. 

In order to verify the physical state and eventually locate the phase transitions of the Au 

nanoparticles due to alloying with Ga during annealing, the Au-covered GaAs(111)B samples 

were analyzed by grazing incidence XRD as a function of the annealing temperature. Figure 

3.3 (b) shows the GIXRD patterns within the 2 range in which the most intense signal of Au 

are expected. 



Chapter 3. Growth mechanisms of Au-assisted ZnSe nanowires 
 

 

31 
 

 

Figure 3.3. (a) XPS spectra of the Au 4f core level of the metal film deposited on GaAs(111)B at room 

temperature and after annealing at the different temperatures reported in the panels. The black line at 

84.00 eV indicates the position of the 4f7/2 peak of pure Au. (b) Grazing incidence XRD patterns of the 

nanoparticles as a function of the annealing temperature. 

 

We did not get any powder diffraction pattern at low temperature because of the epitaxial 

nature of the metal film deposited on deoxidized GaAs(111)B [99]. The dewetting process 

begins to be effective at 400°C when the Au diffraction peaks weakly appear. The intensity of 

the diffraction peaks increases at 450°C and the signals are well detectable up to 550°C, when 

they disappear, suggesting the melting of the nanoparticles. The diffraction peaks are quite 

broad, because of the nanometer-sized diameter of the nanoparticles. Due to this broadening, 

and to the close similarity between the lattice constant of gold and of gold-rich solid Au-Ga 

solutions [99, 100], the distinction between these two phases has not been possible. However, 

a solid phase is clearly present up to 550°C.  

 

3.3.2 ZnSe nanowires growth 

Figure 3.4 shows the Au-coated and annealed GaAs(111)B substrates after 10 minutes of 

ZnSe deposition at different temperatures and using two opposite Zn/Se beam pressure ratios . 
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Figure 3.4. SEM images of the Au-coated GaAs(111)B substrates after ZnSe deposition for 10 minutes 

as a function of growth temperature and Zn/Se beam pressure ratio. 

 

At 300°C neither ZnSe NWs nor catalyzed nanostructures are obtained at both the Zn/Se 

BPRs. The Au islands formed upon annealing at this low temperature (see Fig. 3.2 (a)) are 

unable to induce NWs growth, thus they are simply buried by an almost uniform ZnSe 2D 

layer. On the other hand, if the substrate temperature is too high (530°C) the ZnSe deposition 

is hindered, because of the competition between deposition and re-evaporation of the adatoms 

on the hot surface. Indeed, this temperature is too high to give effective growth of good 

quality ZnSe crystals by MBE [101]. Therefore, at 530°C the growth of ZnSe NWs is strongly 

reduced. A good yield of ZnSe NWs is achieved in the temperature range between 400 and 

500°C. In particular, at 450°C all the nanoparticles act as catalyst for the 1-D growth, leading 

to the growth of ZnSe NWs with the same density and diameter distribution, and an almost 

uniform diameter over the whole length. Interestingly, the morphology of the NWs is strongly 

affected by the Zn/Se pressure ratio. Under Se-rich conditions (BPR 0.4), disordered and 

kinked nanowires grow, with a “worm-like” shape and without any preferential growth 

direction. Increasing the Zn/Se pressure ratio (BPR 4) vertically oriented and straight ZnSe 

nanowires are obtained. The NP shape is also different, as it can be observed in the magnified 

images of the middle panel of Fig. 3.4: faceted NPs, with an irregular profile are visible on the 

tips of ZnSe NWs grown with an excess of Se, while spherical NPs are found on the tips of 
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NWs grown under Zn-rich conditions. The differences in NWs morphology and NPs shape 

suggest that two distinct growth modes take place under the two opposite Zn/Se pressure 

ratios, even if the NWs length, i.e. the growth rate, is comparable. 

 

3.3.3 ZnSe NWs growth mechanism 

In order to understand the different NWs morphologies obtained using opposite BPRs at the 

same temperature of 450°C, we focused our attention on the nanoparticles assisting the 

growth, and on their interaction with Zn and Se fluxes.   

The annealing at 450°C results in the formation of particles with a size distribution between 

10 and 65 nm, and a mean diameter of 30 nm (Fig. 3.2 (c)). The Au 4f7/2 core level of these 

NPs has a binding energy of 84.65 eV. This core-level binding energy could be ascribed to an 

alloy with a Ga atomic fraction of 0.33 or slightly less if nanometer-sized clusters are 

measured in spite of bulk alloys, as extrapolated from the graph depicted in Figure 3.5 (a) 

[97].  

 

Figure 3.5. (a) Schematic diagram of experimentally determined values for the Au 4f7/2 binding energy 

relative to the Fermi level as a function of cluster size and relative Au-Ga concentration [97]. For a 

binding energy of 84.65 eV the composition of the Au-Ga alloy can be find out (red line). (b) Phase 

diagram of the Au-Ga binary system [102]. The Au-Ga alloy whose Au 4f7/2 binding energy is 84.65 

eV (red line) is supposed to be liquid at 450°C. 
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Based on the Au-Ga binary system [102], displayed in Fugure 3.5 (b), Au-Ga alloys with a Ga 

mole fraction in the range between 0.22 and 0.45 are in the molten state at 450°C. This 

suggests the presence of liquid Au-Ga alloy instead of solid Au at the surface of the 

nanoparticles. However, from GIXRD measurements we have demonstrated that a solid phase 

is still present at 450°C (see Figure 3.3 (b)). Such phase could be either pure gold or a gold-

gallium solid solution with a Ga molar fraction smaller than 0.22. 

Combining the results of XPS and XRD analysis, we can speculate that the metal 

nanoparticles obtained by dewetting the 1 nm thick Au film on GaAs(111)B at 450°C have a 

liquid Au-Ga alloy shell, and a solid core made of pure Au or Au-rich solid solution. This 

picture is supported by the theoretical study by  Kratzer et al. [103] about the energetics of As, 

Ga and Au(111) as a model system for gold NPs involved in the growth of GaAs NWs. They 

demonstrated that the coexistence of a Ga-Au surface solution and an ordered phase of 

Au7Ga2 in the catalyst particle is likely, since the formation of Ga substitution in the topmost 

layers is more favorable than in the subsurface Au layers. Although they considered Ga atoms 

impinging from gas phase, the tendency to form a surface alloy due to the lower diffusion 

barrier and the lower formation energy for Au-Ga alloy at the NP surface can be supposed 

also in the case of Ga atoms coming from the substrate. 

It is worth noting that the size distribution of the NPs is quite broad, thus their composition 

and their physical state at the same temperature could be not the same for all of them. For 

instance, smaller NPs could have an homogeneous composition and be completely liquid at 

450°C, whereas bigger ones could have an inhomogeneous phase, with Ga concentration 

decreasing from the surface to the center. Tchernycheva et al.[87] showed in situ RHEED and 

TEM evidences of Au NPs phase transition during the annealing of a thin gold film on 

GaAs(111)B. They reported the range between 340 and 400°C as the phase transition 

temperature window in which the complete melting of Au-Ga alloy NPs with diameters from 

5 to 15 nm is observed. Moreover, they found a size-dependent composition of the re-

crystallized particles under As-flux, suggesting that the amount of Ga into the NPs, i.e their 

composition, depends both on substrate temperature and particle size. We believe that also in 

our case the composition of the NPs obtained at 450°C could be size-sensitive, thus some of 

them could be liquid (most probably the smallest) and some others could have a liquid shell 

and a Au-rich solid core. 
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The impact of Se and Zn beams on the chemical composition of these Au-Ga alloy NPs is 

revealed by the analysis of the NPs morphology and the Au 4f core-level emission after 

exposing the annealed samples to the individual fluxes. Figure 3.6 shows the SEM images of 

the NPs after dewetting (a) and after exposing the annealed samples at Zn (b) or Se (c) fluxes 

for 1 minute at 450°C. Fig. 3.6 (d) displays the corresponding Au 4f core-level spectra. 

 

 

Figure 3.6.  Morphology and XPS spectra of the Au NPs after their interaction with the GaAs substrate 

at 450°C and after their interaction with Zn or Se fluxes. (a), (b) and (c): SEM images of the Au NPs 

annealed in ultra-high vacuum (red frame), after the interaction with the Zn flux (green frame) or after 

the interaction with the Se flux (blue frame). The same colour code is used to show the XPS spectra in 

the lower panel (d): The red curve indicates an increase of the binding energy of the Au 4f electrons 

when the temperature (450 °C) allows the Au film to interact with the substrate (compare with the 

black curve taken at room temperature); no further change is observed when the annealed NPs interact 

with the Zn flux (green curve), while the original binding energy is recovered when the annealed NPs 

interact with the Se flux (blue curve). 
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The Zn beam does not alter the chemical composition of the Au-Ga NPs, as suggested by the 

Au 4f peak position, which is the same before and after the Zn exposure (Au4f7/2 = 84.65 eV). 

The morphology of the resulting NPs (Fig. 3.6 (b)) is also very similar to that of the NPs 

shown in Fig. 3.6 (a), obtained by annealing the Au-covered sample at 450°C without any Zn 

or Se beams. Conversely, the Au 4f peak of the NPs exposed to the Se beam is back-shifted to 

a binding energy of 84.00 eV, that is the metallic gold peak position. The SEM image of such 

NPs (Fig. 3.6 (c)) shows some relevant differences: the particles are more faceted, and a step 

underneath them is clearly visible. Furthermore, they have a different image contrast, 

suggesting a different electrical and chemical composition. These results indicate that the Se 

beam reacts with Ga atoms of the Au-Ga alloy NPs, giving a GaxSey solid compound that 

precipitates and leaves behind pure Au nanocrystals. 

When ZnSe nanowires grow, Zn and Se beams are simultaneously supplied on the Au-Ga 

alloy NPs. Figure 3.7 shows the XPS spectra recorded after ZnSe NWs growth at 450°C for a 

very short time (1 minute), using the two opposite BPRs. 

 

 

Figure 3.7 XPS spectra in the 80-95 eV range of binding energy measured after 1 minute ZnSe NWs 

growth using the two opposite beam pressure ratios. The Au 4f core level (spin-orbit split pair) in the 

82-90 eV range is the most intense signal, but the Zn 3p core level (85-95 eV) is also detected. The 

spectra of the Au layer after the room temperature deposition and after the annealing at 450°C are also 

reported for sake of comparison. 



Chapter 3. Growth mechanisms of Au-assisted ZnSe nanowires 
 

 

37 
 

ZnSe deposition at BPR 4 (Zn-rich) does not change the Au 4f binding energy of 84.65 eV, 

indicating that the nanoparticles assisting the growth of ZnSe NWs are still made of Au-Ga 

alloy. On the other hand, ZnSe deposition with an excess of Se (BPR 0.4) causes a shift of the 

Au 4f core level toward the metallic gold position (84.00 eV). This suggests a decrease of the 

amount of Ga into the nanoparticles, due to the reaction of the Ga atoms with the incoming Se 

ones. Therefore, the removal of Ga from the Au-Ga alloy nanoparticles occurs at the very 

beginning of the NWs growth under Se-rich conditions. 

The picture that emerges from the data is sketched in Fig. 3.8(a): under Zn-rich conditions 

(BPR 4), the supplied Se mainly reacts with Zn atoms to give the ZnSe crystal, and the one-

dimensional growth is promoted by liquid Au-Ga alloy NPs, or solid Au-rich particles 

surrounded by a liquid Ga-rich shell (VLS-like mode). On the other hand, when the Au-Ga 

alloy NPs are exposed to Se-rich vapors (BPR 0.4), the excess of Se reacts with Ga atoms, 

depleting the alloy particles and making them solidify at the very beginning of the deposition. 

The NWs growth proceeds now assisted by Au solid nanocrystals (VSS mode). Indeed, the 

Au-Zn phase diagram [65] shows two eutectics at 654 and 683°C, well above our deposition 

temperature, and the Au-Se phase diagram exhibits only stoichiometric compounds with 

higher melting temperatures [66]. Therefore, even if Zn and Se are absorbed into the Au NPs 

during ZnSe NWs growth, they should remain solid at 450°C.  

The different wires morphology obtained with the two opposite BPRs results from the two 

different growth mechanism, as also schematically illustrated in Fig. 3.8 (a). As mentioned in 

chapter 1, it is widely known that growth from solid seed particles often suffers from the 

problem of a less controlled growth direction [55, 56]. Solid particles are less uniform in 

shape and may have varying facets, producing nanowires with a less uniform shape. On the 

contrary, liquid NPs, or a liquid shell around the NPs, may provide a more uniform and 

isotropic medium for NW nucleation and growth. Moreover, the diffusivity through a liquid 

particle is usually faster than that through a solid particle, hence the probability for the 

impinging atoms to find a nucleation site before reaching the nanoparticle-nanowire interface, 

leading a change in the growth direction, is higher for solid NPs. This results indeed in the 

growth of kinked NWs, as it occurs when ZnSe NWs are grown under Se-rich conditions. On 

the other hand, the liquid state of the surface layers alone may not be sufficiently efficient to 

give a measurably faster growth rate. 
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Figure 3.8. (a) Schematic view of the BPR-dependent ZnSe NWs growth mechanisms. The thermal 

dewetting of the Au film on GaAs(111)B leads the formation of Au-Ga alloy nanoparticles that could 

be either totally liquid, or solid with a liquid shell. Using Se-rich conditions, the excess of Se reacts 

with the alloy nanoparticles, draining out Ga atoms and making them solidify. The NWs growth goes 

on assisted by solid Au nanocrystals (VSS mode), leading the formation of kinked ZnSe NWs. On the 

other hand, using Zn-rich conditions, all the Se supplied reacts with the Zn beam, therefore the growth 

is assisted by Au-Ga alloy NPs in the VLS-like mode, that leads the growth of straight and uniformly 

oriented NWs.  (b, c) HRTEM images and (d, e) EDX elemental maps of the NPs on the tips of two 

ZnSe NWs grown under Se-rich (b, d) and Zn-rich (c, e) conditions respectively. 

 

High-resolution TEM images of the NWs tips are shown in Figure 3.8 (b) and (c). Lattice 

structure and parameter of the faceted NP of figure 3.8 (b), on the tip of a worm-like ZnSe 

NW grown under excess of Se, is consistent with that of Au fcc crystal. A significant amount 

of particles containing two crystal grains are found on the tips of these wires, both having the 

lattice parameter of fcc Au. The presence of two grains may be due to the coexistence at 

450°C of two phases (the Au solid core and the Au-Ga liquid alloy shell) and the subsequent 

fast solidification of the liquid phase due to the Ga removal. On the other hand, most of the 

spherical shaped NPs found on the tips of Zn-rich grown NWs (Figure 3.8 (c)) have a lattice 

non compatible with a pure Au phase, but rather close to the Au7Ga2 hexagonal compound. 

STEM-EDX analysis of several ZnSe NWs reveals the presence of 7-15 % of Ga, averaged on 

the NP volume, on the tips of the NWs grown in Zn-rich conditions (Fig. 3.8 (e)). In the NPs 

of the wires grown in Se-rich conditions (Fig. 3.8 (d)) this value drops below 5%, close to our 
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detection limit. The NWs body consists of stoichiometric ZnSe  for both kinds of wires. NWs 

grown under Zn rich conditions have a wurtzite crystal structure with the c axes parallel to the 

growth direction for the whole length, whereas wires grown at BPR 0.4 also  have a wurtzite 

crystal structure, but with a higher density of stacking faults and an ill-defined growth 

direction. Moreover, their interface with the NP is rarely flat and perpendicular to the growth 

direction. 

Nanowires growth through different growth mechanisms at the same temperature has been 

already reported for other systems. For instance Heun et al. [104] showed the coexistence of 

VLS and VSS growth modes in Pd-assisted InAs NWs; Kodambaka et al. [38] also reported 

the presence of both solid and liquid catalyst particles during Ge NWs growth, observed by 

in-situ TEM. Hillerich et al.  [90] showed the simultaneous growth of two types of InP NWs 

side by side on the same substrate, assisted by solid Cu2In and liquid In-rich particles 

respectively. In all these systems the nanoparticle properties (diameter, thermal history, 

chemical composition) make the difference. The occurrence of one or the other mechanism, 

depending on the nanoparticle composition is a very attractive issue that suggests the 

possibility to select the wires properties through the control of the dynamic process happening 

inside or at the surface of the particle.  

For the system studied here, the Se-induced changes in the nanoparticle’s composition allows 

us to choose the growth mechanism and, in case, change the nanowires morphology during 

their growth. Figure 3.9 shows ZnSe NWs grown for 15 minutes in Zn-rich conditions and, 

after a rapid BPR switch, by further 15 minutes growth under excess of Se. Similar results are 

also obtained if the growth occurs under Zn-rich condition for the whole time, but a 1 minute-

long interruption of the Zn flux is provided at any moment of the growth. In both cases, as 

soon as the Au-Ga alloy NP  undergoes an excess of Se, with the ensuing reaction of Ga with 

Se and the sudden solidification of the nanoparticle, the wire kinks. Afterwards, the growth 

goes on lead by a solid Au particle towards the formation of a worm-like upper part of the 

NW. An excess of Ga can be detected by EDX at the BPR switch point, confirming the 

effectiveness of such a mechanism (Fig. 3.9 (d) and (e)). 
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Figure 3.9. (a, b) Tilted-view and crossed-view SEM images of ZnSe NWs grown for 15 minutes at 

BPR 4 followed by 15 minutes at BPR 0.4. (c) TEM image of a nanowire in which the two portions 

grown under opposites conditions are clearly visible. (d, e) STEM and EDX map of a NW broken at 

the BPR change point, i.e. at the kink. Colors index: Zn K: light green; Se K: dark green; Au M: blue; 

Ga K: red. The red arrows indicate the BPR switch point. 

 

On the other hand, if we maintain Zn-rich conditions for the whole deposition time, the 

growth of uniformly straight and long ZnSe NWs is achieved, with spherical Au-Ga NPs on 

their tips (see Figure 3.10 (a)). If these NWs are then exposed to a Se flux for a few minutes at 

the end of the growth, the NPs on their tips change shape and composition (see Figure 3.10 

(b)), becoming pure Au faceted nanocrystals. The depletion from Ga of Au-Ga nanoparticles 

following after-growth exposure to As was already observed in the case of GaAs NWs [105, 

106]. The purification of the NP was accompanied by the formation of a GaAs “neck” due to 

the reaction of Ga  atoms from the nanoparticle with the As beam. Interestingly, in our case 

such “Se-purified” NPs show a diameter-dependent crystal structure: small particles are 

regular multiply twinned icosahedral nanoparticles (MTPs), while large NPs are fcc crystals 

still containing twin boundaries (Figure 3.10 (c), (d)). It is known that MTPs are regular 

structures that form upon rapid quenching from liquid and are stable up to about 15 nm 

diameter [107 – 109]. As the size of a cluster increases, these structures become less favorable 

due to accumulated strain energy. Therefore bigger nanoparticles crystallize into the more 

stable fcc structure with some residual twins. The presence of icosahedral gold particles at the 
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tips of these nanowires indirectly confirms that the seed NPs were in the liquid state during 

the growth, becoming solid as the Se beam alone is supplied, due to the fast depletion from 

Gallium. Moreover, a neck between the particle tip and the NW body is obtained after this 

treatment (Figure 3.10 (d)). This neck is mainly crystalline but with variable spacing and 

orientation, and the EDX map shows a heap of Ga therein (Figure 3.10 (e)). 

 

 

Figure 3.10. (a) ZnSe nanowires grown at BPR 4 (Zn-rich) for 30 minutes. (b) The same wires kept for 

1 minute under Se flux at the end of the growth. The insets on the right are magnified SEM images of 

transferred nanowires, in which the different nanoparticle shape is clearly visible. (c, d) HRTEM 

images of two NWs of the sample shown in panel (b), having a different diameter and a different NP 

crystal structure: multiply twinned icosahedral nanoparticles (MTP) (c) and fcc (d). (e) EDX map of 

the wire shown in (d). Au M: red, Ga K: blue, Zn K: green. 

 

Removal of the residual impurities from the seed particles might be particularly useful when 

composition-control and abrupt interfaces are searched. For instance, during catalytic 1D 

heteroepitaxial growth, the heterojunctions are typically intermixed, with a composition 

gradient across the interfaces. This issue has been analyzed in different systems, and strategies 

for the control of nanoparticle geometries and thermodynamic variables have been proposed 

in order to form abrupt heterointerfaces [49, 52, 110]. More recently, a simple route for 
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straight 1D heterointerface formation during catalytic NW growth by controlling the residues 

within the catalyst has been demonstrated [111]. The authors adopted a purification protocol 

very similar to the one demonstrated here for ZnSe NWs: the exposition of the alloy 

nanoparticles on the tips of the NWs to the proper molecular beam before the heterojunction 

formation.   

Furthermore, as it will be shown in section 4.2, purifying the metal nanoparticles on the NWs 

tips could also have interesting applications in the field of plasmonics, since it might improve 

the plasmonic activity of the metal nanoparticles. Indeed, it will be demonstrated that 

uniformly oriented ZnSe NWs with purified Au nanoparticles on their tips can be used as 

plasmonic-active tools. 

 

3.3.4 Conclusions 

We have studied the Au film dewetting during annealing on deoxidized GaAs(111)B and the 

nanoparticles evolution upon exposition to Zn and Se fluxes, by means of XPS and GIXRD. 

We have found that, provided the necessary thermal energy, an interplay between metal-

substrate interaction and elemental fluxes occurs. Based on this, we can tune the NW growth 

mechanism from being VLS-based to become VSS-like. In particular we have shown that the 

thermal diffusion of Ga atoms from the substrate into the Au seed NPs is triggered above 

400°C and leads to the formation of a liquid Au-Ga alloy at the NPs surface at 450°C. The 

chemical composition and the physical state of such NPs are strongly affected by the Se flux. 

Therefore, using Zn-rich conditions, the growth of ZnSe NWs occurs through the VLS growth 

mode, assisted by Au-Ga alloy droplets that could be either completely liquid or solid with a 

liquid shell. On the other hand, if Se-rich conditions are used, the NWs growth mechanism is 

switched toward the VSS mode, assisted by solid Au nanocrystals. The growth mechanism 

has a profound impact on the NW morphology and crystal quality. Indeed, at high Zn/Se ratio 

straight and uniformly oriented ZnSe NWs are obtained, whereas at low Zn/Se ratio kinked 

and worm-like NWs grow. In the former case the crystal structure of the NW results of higher 

quality with a strongly reduced density of defects, the WZ phase dominating in the NWs in 

both cases. We have shown that the switch from one growth mechanism to the other is 

possible within a single growth and that this change has immediate effects on the wires 
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morphology. Furthermore, we have demonstrated that different growth terminations affect 

chemical composition and crystal structure of the nanoparticles on the nanowires tips. 

 

 

3.4 ZnSe NWs growth on oxidized Si(111) 

The same investigation of the gold film dewetting and of the subsequent ZnSe NWs growth 

by means of XPS, GIXRD and SEM has been carried out on Si(111) substrates with the 

native oxide. The results are presented in the following. 

 

3.4.1 Gold film dewetting 

Figure 3.11 shows the Si(111) substrates with 1 nm thick Au film deposited at room 

temperature and annealed at various temperatures in the range 300-550°C. 

 

 

Figure 3.11. SEM images of the Si(111) substrates with 1 nm thick Au layer deposited at room 

temperature (a) and annealed at 300°C (b), 450°C (c) and 550°C (d). 

 

Already at room temperature the Au film forms small islands on the surface, rather than a 

uniform layer as it was in the case of deoxidized GaAs(111)B (see Figure 3.2 (a)). This is 

probably because oxides have a lower surface free energy than metals in general, so Au may 

“ball up” on oxidized substrates, whereas it tends to wet deoxidized surfaces, forming flat 

islands in spite of spherical nanoparticles. This also implies a limited cluster growth during 

annealing on oxidized surfaces compared to deoxidized ones [83, 112]. As a result, the 
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annealing on Si(111) with the native oxide produces small Au nanoparticles with a narrow 

size distribution, between 4 and 12 nm and a mean diameter of 8 nm at 300°C, which slightly 

increases with the annealing temperature, reaching the mean value of 12 at  550°C, with a size 

distribution between 6 and 20 nm. 

In Figure 3.12 we show XPS of the Au 4f core level (a) and GIXRD spectra (b) of the 

nanoparticles as a function of the annealing temperature.   

 

 

Figure 3.12. (a) XPS spectra of the Au 4f core level of the metal film deposited on oxidized Si(111) at 

room temperature and after annealing at the different temperatures reported in the panels. The black 

line at 84.00 eV indicates the position of the 4f7/2 peak of pure Au. (b) Grazing incidence XRD 

patterns of the nanoparticles as a function of the annealing temperature from 300 to 600°C. 

 

The 4f core level peak of Au has the same shape and position as that of pure metallic Au (4f7/2 

=  84.0 eV, SO = 3.67 eV) [96] both before and after the annealing at all the investigated 

temperatures (up to 550°C,  which is the highest substrate temperature we can experimentally 

reach into the II-VI chamber). This result indicates that no intermixing between the metal film 

and the Si substrate occurs during the annealing in this T range, and that the nanoparticles are 

made of pure Au. In agreement with previous studies [113], we believe that the native oxide 

layer prevents Si atoms to diffuse into the metal film, making the Si/Au interface much less 

reactive than in the case of clean (deoxidized) Silicon. If Si and Au are not alloying, no 
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eutectic melting of the nanoparticle can be foreseen. However, it is well known that 

decreasing particle size could lower the melting temperature [39]. Therefore, to verify the 

physical state of these small nanoparticles, the Au-coated Si substrates were transferred into 

the furnace end-station of the MCX beamline of Elettra synchrotron radiation source, which 

allowed to heat up the substrate also above 550°C, and GIXRD patterns were collected as a 

function of the annealing temperature. The Au powder diffraction peaks are present in all the 

scans, from RT up to 600°C, indicating that the Au nanoparticles remain solid during the 

annealing, also at temperature as high as 600°C. In Fig 3.12 (b) we report the two most 

intense signals, i.e the Au diffraction peaks {111} at 2 = 38.4° and {002} at 2= 44.3°, 

measured at room temperature and at increasing annealing temperatures. The diffraction 

peaks are broad, because of the very small size of the nanoparticles. The peaks width slightly 

decreases above 500°C, due to a slight increase of their mean diameter arising from the 

thermally activated adatom migration and grain growth.  

 

3.4.2 ZnSe nanowires growth 

Figure 3.13 shows the Au-coated Si(111) substrates after ZnSe deposition for 10 minutes at 

different temperatures and using two opposite Zn/Se beam pressure ratios. As in the case of 

GaAs substrates, if the temperature is too high (550°C) the ZnSe NWs growth is hindered at 

any Zn/Se beam pressure ratio (Fig. 3.13 (c) and (f)), because of the competition between 

deposition and re-evaporation of the adatoms on and from the hot surface. At intermediate 

temperatures (400-500°C) randomly oriented ZnSe NWs are obtained using either Zn-rich or 

Se-rich vapours (see Fig. 3.13 (b) and (e)). The random orientation is due to the presence of 

the amorphous oxide layer on the substrate, which prevents any epitaxial relationship between 

the Si(111) surface and the growing ZnSe crystal. Each NW exhibits a nanoparticle on its tip 

and has a uniform diameter from the base to the top. Many of them have a diameter in the 6-

15 nm range, which mimic the size distribution of the nanoparticles obtained prior to the 

growth, and are straight. However some NWs clearly have a larger diameter (18-30 nm), 

probably resulting from the coalescence of several nanoparticles during NWs growth, and 

show a worm-like morphology.  
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Figure 3.13. SEM images of the Au-coated Si(111) substrates after ZnSe deposition for 10 minutes at 

different growth temperature and using the two opposite Zn/Se beam pressure ratio. 

 

The low wettability of the Au film on oxidized Si(111) substrates, which results in the 

formation of Au nanoparticles already at low temperature, allows us to investigate the growth 

of ZnSe NWs at temperature as low as 300°C. When Se-rich fluxes are used, randomly 

oriented NWs with diameter distribution and morphology very close to that of wires grown at 

higher temperature are obtained also at 300°C (Fig. 3.13 (a)). However, increasing the Zn/Se 

ratio the NWs growth is prevented at this low temperature and the ZnSe deposition results in 

the growth of a uniform ZnSe layer which buries the nanoparticles (Fig. 3.13 (d)). 

 

3.4.3 ZnSe NWs growth mechanism 

In order to understand the NWs growth mechanism on this substrate and the different 

behaviors observed using opposite BPRs at low temperature, we focused our attention again 

on the nanoparticles assisting the growth and on their interaction with the incoming Zn and Se 

beams.  In section 3.4.1 it has been shown that the nanoparticles obtained by annealing the Au 

film on oxidized Si substrates are pure Au nanoparticles and are solid at all the temperatures 

investigated. The effect of Zn and Se beams individually directed toward these NPs at 
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different substrate temperatures is revealed by the XPS spectra taken after 1 minute of 

exposition to Zn or Se beam. As well, the chemical composition of the nanoparticles at the 

end of the NWs growth, i.e. the particles found on the tips of the NWs, has been evaluated 

measuring the Au 4f XPS signal after ZnSe deposition using opposite BPRs.  

Figure 3.14 (a) shows the Au 4f core level signal of the NPs obtained at 450°C and of the 

same particles exposed to Zn or Se flux. At this temperature, neither Zn nor Se beam alter the 

chemical composition of the Au NPs, as indicated by the binding energy of the Au 4f7/2 peak, 

which remains the same (84.00 eV) after annealing in UHV environment and after the 

exposition at both Se and Zn fluxes keeping the substrate temperature at 450°C. This means 

that Zn and Se atoms are not absorbed into the Au nanoparticles, which therefore remain pure 

Au nanocrystals at this temperature. The Au 4f XPS core level of the nanoparticles on the tips 

of ZnSe NWs grown at 450°C is reported in Figure 3.14 (b). The Au 4f 5/2 and Zn 3p3/2 

overlap in the spectrum, while the Au 4f 7/2 level does not overlap with Zn features, and we 

will focus our attention on this peak. Again, the Au 4f7/2 peak is centred at 84.00 eV, for both 

the growth under Se-rich conditions (BPR 0.4) and under Zn-rich conditions (BPR 4). This 

indicates that the NPs are still pure metallic gold nanocrystals after ZnSe NWs growth at 

450°C, regardless of the Zn/Se beam pressure ratio.  

 

Figure 3.14 (a) XPS spectra in the 80-95 eV range of binding energy measured after the annealing of 

the Au/oxidized Si(111) substrate at 450°C (red) and after exposing the nanoparticles at Zn beam 

(green) or Se beam (blue). (b) XPS spectra taken after 5 minutes of ZnSe NWs growth at 450°C, using 

the two opposite beam pressure ratios. The Au 4f core level doublet in the 82-90 eV range overlaps 

with the Zn 3p core level pair in the 86-94 eV range. The peaks have been fitted using Gaussian curves 
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We can speculate that the NW growth proceeds by solid state diffusion of Zn and Se atoms on 

the surfaces of the solid nanoparticle, rather than through it, and the vapour composition does 

not affect the growth mechanism. 

On the other hand, performing the same experiments at 300°C  we observe that NPs both as 

formed and exposed to the Se beam show the 4f7/2 core level peak still centred at 84.00 eV, 

which is that of pure gold, whereas those exposed to the Zn beam show the 4f7/2 peak with a 

binding energy of 84.55 eV, (Figure 3.15 (a)). It is known that the formation of Au-Zn bonds 

induces an increase in the binding energy of the Au 4f core level. For alloys with a Zn/Au 

ratio close to 1 a shift of  1 eV has been reported [114]. In our case the shift is of 0.55 eV, 

suggesting that the amount of Zn is lower. This is also reflected in the absence of a detectable 

Zn 3p core level emission  (86-94 eV). Indeed, this core level has a much lower cross section 

than the Au 4f one, and is therefore much less intense and difficult to measure for Au-Zn 

alloys with a Zn molar fraction smaller than 0.5. However, the significant shift of the Au 4f 

core level binding energy is a clear evidence of the formation of Au-Zn bonds when Au 

nanoparticles are exposed to the Zn beam at the substrate temperature of 300°C. Based on the 

phase diagram of the Au-Zn system, which is reported in Figure 3.15 (b), such Au-Zn alloys 

are solid at least up to 683°C. 

At higher temperature the Au-Zn alloy formation is prevented, as suggested by the XPS 

measurements carried out on the Au film annealed and exposed to the Zn beam at 450°C (Fig. 

3.14 (a)). It is known that Au-Zn alloys undergo a decomposition mechanism induced by 

heating: the Au-Zn bonds are replaced by Au-Au bonds and the Zn segregates to the surface 

before desorbing [114]. This process occurs at different temperatures between 400 and 700 K, 

depending on the alloy composition, as also indicated by the Au-Zn phase diagram [65]. 

Therefore, it is reasonable to expect that at 300°C a significant amount of Zn is absorbed into 

the Au NPs, whereas at 450°C the Zn atoms reaching the Au NPs surface are not absorbed 

and the NPs remain pure metallic Au particles.  

 



Chapter 3. Growth mechanisms of Au-assisted ZnSe nanowires 
 

 

49 
 

 

Figure 3.15. (a) XPS spectra in the 80-95 eV range of binding energy measured after the annealing of 

the Au/oxidized Si(111) substrate at 300°C (red) and after exposing the annealed samples at Zn beam 

(green) or Se beam (blue). (b) Phase diagram of the Au-Zn binary system [65] (c) XPS spectra taken 

after 1 minute of ZnSe deposition at 300°C, using Se-rich (blue) or Zn-rich (green) fluxes.  

 

As shown in Figure 3.13 (a) and (d), at 300°C ZnSe NWs are obtained only if Se-rich 

conditions are used, whereas no NWs growth occurs using Zn-rich conditions. We have taken 

the XPS spectra in the 82-94 eV range of binding energy after 1 minute of ZnSe deposition at 

BPR 0.4 and 4 (Figure 3.15(c)). The very short deposition time is required in order to detect 

in both cases the Au signal. Indeed, for a longer deposition at BPR 4, a ZnSe layer is 

obteined, which buries the NPs hindering the photoelectron detection. Interestingly, after the 

deposition at BPR 0.4, the Au 4f7/2 peak has a binding energy of 84.00 eV, indicating that the 

NPs assisting the NWs growth are pure gold nanocrystals also at 300°C. On the contrary, after 
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the same deposition time using Zn-rich fluxes (BPR 4) the Au peak is centred at 84.55 eV. 

Therefore we can conclude that, using an excess of Se, all the Zn supplied reacts with Se 

atoms to form the ZnSe crystal at the substrate/NP interface and this reaction is favoured 

compared with alloying with Au. The nanoparticles remain pure Au particles and allow the 

1D crystal growth. On the other hand, using Zn-rich fluxes, there is an excess of Zn atoms 

which are absorbed into the Au nanoparticles at 300°C. The resulting Au-Zn solid alloy 

nanoparticles do not induce the nanowires growth.  

 

3.4.4 Conclusions 

The picture that emerges from the analysis carried out suggests that the growth mechanism of 

Au-assisted ZnSe NWs on oxidized Si substrates is the VSS one at all the temperatures and 

the beam pressure ratios. However the growth only occurs when the nanoparticles are pure Au 

nanocrystals, hence either at temperature higher than 400°C, at which Zn and Se atoms are 

not absorbed into the Au NPs, or at lower temperature, using Se-rich fluxes to prevent the 

absorption of Zn into the NPs. Indeed, Au-Zn solid alloy particles, that form upon annealing 

at low temperature (300°C) with an excess of Zn in the vapour phase, do not induce the 

growth of ZnSe nanowires.  

 

 

3.5 VSS growth with non-pure Au nanoparticles 

It has been shown in the previous pages that ZnSe NWs growth can occur through both VLS 

and VSS growth mechanism. In particular it has been demonstrated that liquid Au-Ga NPs (or 

a liquid Au-Ga shell around solid Au particles) promote the growth of straight and uniformly 

oriented ZnSe NWs through a VLS-like growth mode. On the other hand, solid Au NPs can 

still promote the growth of ZnSe NWs on both GaAs and Si substrates. However, solid Au-Zn 

particles obtained exposing pure Au NPs to the Zn beam or to Zn-rich fluxes at low 

temperature (300°C) do not catalyze the 1D ZnSe growth.  

In order to verify if other solid alloy particles can promote or not ZnSe NWs growth, we have 

created Au-Ga and Au-Si alloy particles by annealing the Au film on deoxidized GaAs(111)B 
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and deoxidized Si(111) substrates at high temperature. Then, we have evaporated Zn and Se 

using an excess of Se (to avoid Au-Zn alloy formation) on the substrate at 300°C, which is 

below the eutectic temperatures of both the Au-Ga [102] and the Au-Si [115] systems, but 

high enough to give ZnSe NWs growth.  

As shown in paragraph 3.3.1, the deoxidized GaAs/Au interface becomes reactive at high 

temperature: annealing above 400°C triggers the metal film dewetting and the interdiffusion 

of Gallium from the substrate into the Au layer, which result in the formation of Au-Ga alloy 

particles. These NPs reach the Au-Ga eutectic composition first at the surface and, after a 

further heating (at temperature as high as 550°C), they completely melt. Cooling down the 

substrate at room temperature allows to obtain solid Au-Ga nanoparticles. In Figure 3.16 (a) 

the SEM image of nanoparticles obtained by annealing the 1 nm thick Au film at 550°C and 

cooled down to RT, together with the XPS spectra taken in the 81-91 eV range of binding 

energy, is reported. The Au 4f peak position (85.00 eV) clearly indicates that the NPs are Au-

Ga alloy particles [97]. Upon heating at 300°C, which is below the Au-Ga eutectic 

temperature (350°C) [102], such alloy NPs remain solid. We have evaporated Zn and Se on 

these solid Au-Ga alloy nanoparticles, keeping the substrate temperature at 300°C and the 

SEM image of the resulting sample is reported on the right of Figure 3.16 (a). It is clear that 

the NPs are buried by a ZnSe layer, and ZnSe nanowires are not obtained. This suggests that 

Au-Ga alloy particles in the solid state do not induce the growth of ZnSe NWs.  

A similar result is obtained with Au-Si alloy particles. A chemical etching of the Si(111) 

wafer in HF (38% aqueous solution) allows to remove the native oxide layer and to obtain the 

clean Si(111) surface [116]. After the chemical etching we have degassed the substrate at 

450°C in UHV and we have deposited the gold film (1 nm thick) at room temperature, always 

keeping the sample in UHV environment. Then we have annealed the sample at 550°C for 10 

minutes and subsequently cooled it down to room temperature. The NPs obtained are shown 

in Figure 3.16 (b). As already discussed, NPs size distribution and mean diameter are strongly 

affected by the presence/absence of the oxide layer on the substrates: on deoxidized surfaces 

the Au wettability is higher and the annealing activates Au atoms surface diffusion, leading 

islands formation and particle sintering through Ostwald ripening and island coalescence. As 

a result, NPs bigger than those on oxidized substrates are obtained, for the same Au film 

thickness and annealing temperature (see for comparison Figure 3.16 (b) and (c)). The XPS 

spectra of the NPs obtained on deoxidized Si(111) is shown in the central panel of Figure 3.16 
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(b). Shape and position of the Au 4f core level strongly differs from the metallic Au one, 

suggesting that a chemical interaction between substrate and Au has occurred. It is known that 

the clean Si(111)/Au interface is highly reactive already at room temperature [117 – 119] and 

a Au-silicide film forms within few (< 6) monolayers. This reacted phase can be identified 

from the Au 4f core level spectra [119, 120]: the peak becomes broader as an extra component 

is emerging at the higher binding energy side of the metallic Au peak (centered around 84.7 

eV). This component has been ascribed to the Au atoms in the reacted Au-Si alloy phase. 

Nonetheless, it has been found that a further growth of the Au film for higher coverages (> 6 

ML) is consistent with a two-layer model, where a metallic Au layer is underneath the silicide 

layer and not above. In other words, a metallic Au interlayer grows in between the Si 

substrate and a surface Au-Si alloy phase. Moreover, thermal annealing of a thick Au layer on 

Si at 550°C resulted in an increased Si concentration at the surface, thus indicating a high 

diffusion coefficient of Si through the metallic Au layer [119]. A similar XPS study of a Au 

film deposited and annealed on Si(100) has been reported by Sohn et al. [121]: NPs over an 

extended average size regime from 8 to 48 nm have been obtained by Au sputter deposition 

followed by thermal annealing in the range 550-650°C. The  chemical composition of such 

NPs was found consistent with the existence of a Au-silicide alloy phase at the substrate/NP 

interface.  

In our case the Au film thickness is 1 nm (5 ML) and after the annealing at 550°C the Au 4f 

core level peak broads and shifts toward higher binding energy, indicating the presence of the 

reacted component. This, together with the studies reported in literature, suggests that the 

nanoparticles obtained by annealing the Au film on deoxidized Si(111) at 550°C are Au-Si 

alloy particles. As in the case of Au-Ga alloy particles obtained on GaAs substrates, the XPS 

technique does not allow to distinguish between surface or bulk alloying. However, the NPs 

are not pure metallic Au particles. The binary Au-Si phase diagram shows an eutectic point at 

363°C [115], therefore we aspect alloy NPs to be liquid above this temperature if they reach 

uniformly the eutectic composition (20% of Si). In the case of Au-assisted Si NWs growth 

[122], Si atoms are continuously added to the Au particles from the vapor phase, and it has 

been reported that the alloy particles become liquid at temperature close to the eutectic 

temperature or slightly lower if the particles are smaller than 50 nm, due to size effects. On 

the other hand, when Si atoms come from the substrate, the chemical composition (and the 

melting point) of the alloy NPs could differ from the eutectic one, in the same way as what we 

found for Au-Ga alloy particles obtained by annealing the gold film on GaAs substrates. For 
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instance, Au-Si alloy particles melting at temperature higher than 500°C have been seen by 

means of in situ TEM studies during annealing of a 2 nm thick Au film on deoxidized Si(111) 

substrates [123]. More recent studies of thin Au film (1-10 ML) dewetting on Si substrates 

[86, 113, 124] showed that Au-Si alloy particles form upon annealing and remain in the solid 

state below 363°C. From the analysis carried out in the present study it is not possible to 

define the chemical composition of the alloy nanoparticles obtained at 550°C, however it is 

reasonable to infer that those particles are in the solid state at RT and upon heating at 300°C, 

which is far below the Au-Si eutectic temperature. ZnSe deposition on these NPs at 300°C 

results in the growth of a ZnSe layer which buries the NPs, while NPs-assisted one-

dimentional structures are not obtained (see the right panel of Figure 3.16 (b)). This means 

that Au-Si alloy particles, as well as Au-Zn and Au-Ga solid alloy NPs, do not induce ZnSe 

nanowires growth.   

 

 

Figure 3.16 Deoxidized GaAs(111)B (a), deoxidized Si(111) (b) and oxidized Si(111) (c) substrates 

with 1 nm thick Au film annealed at 550°C. Each row refers to one substrate. From the left to the right 

are reported: SEM images of the NPs, XPS Au4f core level spectra measured at room temperature (the 

line at 84.00 eV gives the reference position of the Au 4f 7/2 peak of pure metallic Au) and SEM 

images of the same samples after 5 minutes of ZnSe deposition at 300°C. 
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On the other hand, pure Au solid nanoparticles obtained by annealing the Au film on oxidized 

Si(111) substrates can promote the growth of ZnSe NWs at 300°C. Figure 3.16 (c) shows, 

from the left to the right: the Au nanoparticles obtained by annealing the Au-covered oxidized 

Si(111) wafer at 550°C, the XPS Au 4f core level spectra taken at room temperature, and the 

SEM image of the sample after 5 minutes of ZnSe deposition at 300°C using a BPR of 0.4. 

The XPS spectra confirms the metallic nature of the Au NPs obtained on this substrate. 

Randomly oriented ZnSe NWs grow assisted by these pure Au NPs at 300°C, when Se-rich 

conditions are used. 

 

 

3.6 Conclusions 

In order to investigate the growth mechanism of Au-assisted ZnSe NWs by MBE, we splitted 

up the process, studying first the nanoparticles formation upon Au film annealing, and then 

their composition changes triggered by the incoming Zn and Se beams. The analysis was done 

by means of in-situ X-ray photoemission spectroscopy and ex-situ synchrotron-based grazing 

incidence X-ray diffraction. The results indicate the occurrence of different growth 

mechanisms on different substrates. On deoxidized GaAs(111)B the NWs growth is affected 

by both metal-substrate interaction and vapour composition. A transition from vapour-liquid-

solid to vapour-solid-solid growth regime has been observed by changing Zn/Se ratio at the 

nanoparticle surface. Based on this, the control of NWs morphology and nanoparticle 

composition has been demonstrated. On the other hand, on oxidized Si(111), the native oxide 

layer prevents any chemical interaction between the Au film and the substrate during 

annealing, so the nanoparticles are pure Au solid nanocrystals. Their composition is not 

affected by the exposure to Zn and Se beams at 450°C, at which the NWs growth is assisted 

by pure Au solid particles (VSS growth mode) at any Zn/Se ratio. However, at lower 

temperature (300°C) Zn can alloy with Au and quench the NWs growth. We have 

demonstrated that other solid alloy particles (Au-Ga and Au-Si) do not induce the 1D ZnSe 

crystal growth. Therefore we can conclude that the VSS growth mechanism occurs only with 

pure metallic Au nanoparticles.  

More generally, the information obtained studying the Au-assisted ZnSe NWs growth by 

MBE demonstrate that many parameters should be taken into account in order to fully 
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understand NWs growth under different conditions. The conclusions deduced here can be 

valid for many other systems in which the interplay between these parameters affects the 

NWs growth mechanism and, as a consequence, the nanowires properties. Moreover, 

understanding how such interactions affect the growth mechanism provides a way to obtain 

the control of the mechanism and, by this, to achieve a precise control of the NWs properties, 

as it will be demonstrated in the next chapters. 
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Chapter 4 

VLS-grown ZnSe nanowires 

 

In chapter 3 it has been shown that ZnSe NWs grown on deoxidized GaAs(111)B under Zn-

rich conditions at 450°C are assisted by Au-Ga alloy nanoparticles which could be completely 

liquid or solid with a liquid shell. The growth occurs through a VLS-like growth mode. In this 

chapter I will describe the structural and optical properties of such ZnSe NWs, and I will 

present a possible application of these nanostructures.   

 

4.1 Properties 

ZnSe NWs grown assisted by liquid Au-Ga alloy nanoparticles at 450°C on GaAs(111)B are 

uniformly oriented perpendicular to the substrate, i.e. their growth axis is aligned along the 

111B substrate direction (Fig. 4.1) regardless their diameter. Nanowires generally grow in 

the crystal direction that minimizes the total free energy which, in most cases, is dominated by 

the surface free energy of the NW/NP interface. For cubic crystals it has been widely 

observed that the NW/NP interface is often parallel to the lowest-energy (111) plane and thus 

NWs tend to grow in the 111 direction for most growth conditions. For the same reason, 

NWs with a wurtzite crystal structure prefer to grow along the 0001 direction (c-axis).  

Our ZnSe NWs have wurtzite crystal structure with the c-axis parallel to the growth direction, 

as determined by TEM, i.e. they grow normal to the GaAs(111)B surface. Moreover, they 

show an almost uniform diameter for the whole length, dictated by the NP diameter. This 

suggests a negligible lateral growth, probably due to the fast adatom mobility at this 

temperature. In the diffusion-induced growth model which is known to apply to a wide range 

of VLS and VSS grown NWs, it is assumed that the atoms from the vapour phase reach the 

seed particle not only from the molecular beams but also from the substrate surface due to 

diffusion along the side facets of the NW. As a consequence, length and shape of the NWs are 

directly related to different values of the diffusion length of the adatoms along the NW 

sidewalls [14, 24, 125]. The untapered shape of a NW  is explained if the diffusion length of 
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the adatoms on the NW facets stays bigger than the NW length.  This seems to be the case for 

ZnSe NWs as long as 1 m at the growth temperature of 450°C.  

 

 

Figure 4.1. 45° tilted-view (a) and cross-view (b) SEM images of ZnSe NWs grown for 30 minutes on 

GaAs(111)B at 450°C under Zn-rich conditions (BPR 4). 

 

At the early stage of the growth a diameter-length dependence is found, as shown in Figure 

4.2: thin NWs grow faster than thick NWs. This is a typical length-diameter dependence of 

NWs growth proceeding through the diffusion-induced mechanism. Indeed, this behaviour 

has been theoretically predicted [17, 24, 125] and experimentally observed for many 

semiconductor NWs with diameters below 100 nm [24].  

 

 

Figure 4.2. 45° tilted-view SEM images of ZnSe NWs grown at 450°C and BPR 4 on GaAs(111)B for 

different times: 1, 5 and 10 minutes. The faster growth rate of thinner NWs is clearly visible. 
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For relatively short NWs the NW length is inversely proportional to the NW diameter. As the 

growth time increases, the difference in the length of NWs of different diameter is less 

appreciable because the adatom diffusion length becomes comparable to (or smaller than) the 

NW length. 

Figure 4.3 shows HRTEM (a) and STEM (b) images of a representative VLS-grown ZnSe 

NW, together with the respective single-element EDX maps (c). The NW has a high quality 

hexagonal crystal structure, free from extended structural defects such as twins and stacking 

faults. The spherical shaped nanoparticle on its tip is an intermetallic alloy particle, as 

revealed by the EDX map and by the lattice parameter, which is not compatible with that of 

pure Au fcc crystal. We know that the NWs growth at these conditions is assisted by Au-Ga 

alloy particles. However, Zn and Se are also detected on the tip, as shown in the  EDX map 

and in the table where the percentage values, averaged on the NP volume, are reported. This 

analysis does not allow to identify the volume distribution of such elements, therefore is not 

possible to establish if Zn and Se are into the NP or on its surface. The NW body consist of 

nearly-stoichiometric ZnSe. Au is not detected along the NW body, whereas a very small Ga 

percentage is found all along the wire. This suggests that a small release of Ga from the Au-

Ga alloy NP into the NW may take place during the growth, giving a distribution of Ga 

impurities in the NW body. As a matter of fact, the extremely good alignment of NWs 

observed in Fig. 4.1 gets progressively worse in the case of growth longer than 1.5 m, 

suggesting a progressive depletion of Ga from the NP leading to its solidification. Indeed, it 

has been shown in paragraph 3.3.3 that, as soon as the alloy NP assisting the growth lose Ga 

and become solid, the NW morphology worsens.  
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Figure 4.3. TEM analysis of a representative VLS-grown ZnSe NW. (a) HRTEM image, (b) STEM 

image and (c) EDX single-element maps. Yellow: Zn, green: Se, red: Ga, blue: Au. In the table on the 

right each element percentage (averaged on the analyzed volume) is reported. 

 

The presence of Ga impurities in the body of these ZnSe NWs is also confirmed by their 

optical properties. Figure 4.4 shows the low temperature (14 K) photoluminescence spectra of 

1 m long ZnSe NWs grown at 450°C on GaAs(111)B under Zn-rich conditions. The PL 

spectra of a state-of-the-art ZnSe film (100 nm thick) epitaxially grown on GaAs at 280°C 

and of the same ZnSe layer annealed for 20 minutes at 450°C after the growth are also 

reported for comparison. The PL spectrum of the ZnSe film, which is strained and does not 

contain misfit dislocation, is dominated by the narrow free exciton emission line at 2.802 eV. 

Annealing such good quality ZnSe layer at 450°C strongly affects its optical properties. 

Indeed, the PL spectrum still shows some narrow peaks in the near band edge (NBE) region 

(between 2.700 and 2.802 eV), ascribed to free and bound exciton recombinations [126, 127], 

however two intense broad band at lower energy appear, centred at 2.30 and 1.99 eV 

respectively. It is well known that high growth temperatures or thermal treatments after the 

growth are detrimental for ZnSe crystals, inducing the formation of point defects and impurity 

centers which create deep level (DL) recombinations within the band gap [128, 129]. In 

particular, for ZnSe film epitaxially grown on GaAs, DL states localized at the ZnSe/GaAs 

interface have been reported [130, 131]. Such defect states have been attributed to Ga 

impurities on Zn sites associated with nearby Zn vacancies, due to the thermal activated 

diffusion of Ga and Zn across the heterointerface upon annealing above 350°C. Indeed, the 

PL of intentionally Ga-doped ZnSe crystals is dominated by a broad self-activated band 

centred at 1.99 and a Ga-green emission at 2.23 eV [132]. 
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ZnSe NWs grown at 450°C assisted by liquid Au-Ga alloy nanoparticles exhibith a PL 

spectrum dominated by two broad bands with the same shape and position of the DL emission 

found in the annealed ZnSe film, whereas the NBE emission is vanished. These emissions are 

likely related to the presence of Ga impurities all along the wires body. Moreover, it is known 

that Au impurities into ZnSe crystals also induce DL states within the 1.8 - 2.2 eV range [74, 

133]. Even if we have not detected Au impurities along the NW body by EDX measurements, 

the presence of Au atoms into the NWs body, with a concentration below our detection limit, 

cannot be ruled out. Indeed Au-atom incorporation in ZnSe NWs grown at 450°C has been 

demonstrated by high resolution TEM techniques combining phase-contrast HRTEM with Z-

contrast high angle annular dark-field imaging (HAADF) and EDX spectroscopy [134]. This 

impurities may contribute to the DL emission found in the NWs.  

 

 

Figure 4.4. Low temperature (14 K) PL spectra of a 100 nm thick ZnSe layer epitaxially grown on 

GaAs at 280°C (black), of the same ZnSe film annealed at 450°C (red) and of 1m long Au-assisted 

ZnSe NWs grown on GaAs(111)B at 450°C using Zn-rich fluxes (blue). 
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4.2 Application: toward the use of NWs as TERS/SERS substrates 

As discussed above, VLS-grown ZnSe NWs on GaAs substrates show a PL dominated by 

defect-states, whose strong emission at low energy quench the NBE luminescence. As a 

consequence, they’re not promising tools for light emission in the blue range, despite their 

extremely good crystal quality. However, such uniformly oriented arrays of Au-assisted NWs 

may have interesting applications in the field of plasmonic, as it will be demonstrated in the 

following.  

 

4.2.1 Introduction 

In the last years, a rapid expansion of plasmonics into the nanoscience [135 – 137] allowed to 

combine photonic properties of semiconductor NWs and plasmonic properties of nanoscale 

metal structures [138], resulting in the development of ultracompact and high-performance 

couplers [139], light-harvesting systems [140] and high-efficient emitters [141]. In these 

examples, the NWs are used to modulate the plasmonic response of a separate plasmonic 

active component [139], to convert external plasmonic field into photocurrent [140], or into 

tunable light emission [141], but in all of them the coupling is the results of a two step 

fabrication process in which the NWs and the plasmonic resonators are fabricated separately 

in two distinct steps. On the contrary, a limited number of papers addressed the plasmonic 

properties of the intrinsically coupled metal nanoparticle – semiconductor NW systems, 

which arises from the peculiar nanoparticle-assisted 1D crystal growth. Indeed, at the end of 

the nanoparticle-assisted NWs growth process, each NW has a metal nanoparticle at its apex. 

The use of gold-assisted Si NWs for locally enhancing the electromagnetic field was proposed 

by Christiansen and co-workers [142, 143] in a tip enhanced configuration, while few other 

papers proposed Si NWs as high aspect ratio tools on support for silver deposition, to be used 

as Surface Enhancement Raman Scattering (SERS) substrates.[144, 145] So far, however, 

little or none success was reported in the direction of using the catalyst nanoparticles as field 

enhancers.[146, 147] The main reason of this failure probably stems on the NW growth 

process itself. According to the VLS model, when the growth stops, the metal particle on the 

NW tip is far from consisting of pure metal, rather very close to the eutectic composition. In 

the case of Au, one of the most important materials for plasmonic applications,[137, 148] this 

implies a reduction of free electrons and therefore a reduced Plasmon resonance [149, 150]. In 
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particular, the intensity of Plasmon resonance in bimetallic AuCu, AuZn, and AuAl NPs is 

reduced and/or frequency-shifted in respect to pure gold NPs [151 – 153]. This trend could 

also be extended to AuGa NPs, as those involved in the ZnSe NWs growth on GaAs 

substrates, since Ga demonstrates similar plasmonic properties to Al [154]. Therefore, as-

grown NWs have not been used so far for plasmonic applications. However, we have 

demonstrated that such Au-Ga alloy particles on the tips of vertically oriented ZnSe NWs can 

be purified at the end of the growth by exposing them to the Se flux. Indeed, the Se beam 

removes the Ga impurities and restores the pure metallic Au composition of the particles (see 

paragraph 3.2.3). Moreover, it has been discussed that during the VLS growth some Ga atoms 

are released from the alloy particle and incorporated into the NW body, suggesting that the 

amount of Ga into the particles can be reduced also by increasing the NW growth time. All 

these arguments evoke the possibility to improve the plasmonic activity of the seed particles 

on the NWs tips by adopting suitable purification protocols. 

 

 

4.2.2 Self-purification and Se-purification of the nanoparticles 

As widely discussed, X-ray photoemission spectroscopy analysis allows to monitor the 

presence of Ga at the surface of the Au nanoparticles. XPS spectra in the 82-92 eV range of 

binding energy are shown in Figure 4.5 (a). The spectra of the Au-Ga NPs obtained prior to 

the NWs growth by annealing the metal film at 450°C are reported together with those on the 

tips of ZnSe NWs of different length. The samples called “purified” in the figure refer to the 

particles/wires exposed to Se flux for 1 minute after growth. 
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Figure 4.5. XPS spectra (Au 4f core level energy range) of Au NPs obtained by metal film dewetting 

at 450°C on flat GaAs substrates and of gold-assisted ZnSe NWs of various lengths. A pure Au 

reference spectrum is added for comparison and the dotted line traces its  4f 7/2 binding energy (84.00 

eV). (b) Au 4f 7/2 core level binding energy for as-grown and purified ZnSe NWs displayed in (a) as a 

function of NW length. 

 

The spectrum of as-deposited Au film gives us a reference of metallic gold emission, with the 

Au 4f7/2 peak at 84.00 eV. NPs formed upon annealing at 450°C show a shift at higher 

binding energy, evidence of alloying with Ga, as already reported in paragraph 3.2.1. The 

same is observed after the growth of ZnSe NWs, suggesting that the NPs on the NWs tips are 

still Au-Ga alloy particles. In this case, emission form Zn 3p core level in the 88-94 eV range 

is also detected. In Figure 4.5 (b) the Au 4f7/2 binding energy is reported as a function of NW 

length, both for as-grown and purified cases. We notice that with increasing of NW length the 

mismatch in the Au 4f core level position with respect to its position in pure Au decreases. 

This suggests the occurrence of a NPs self-purification mechanism during ZnSe growth due to 

progressive incorporation of Ga in the NW body. The Au 4f7/2 core level peak is back-shifted 

exactly to the binding energy of 84.00 eV after the purification with Se beam, at any NW 

length, confirming that the Se-purified NPs consist of pure metallic Au. Figure 4.6 shows 

representative HRTEM images of the NPs on the tips of an as-grown ZnSe NWs (a) and of a 

purified one (b). The fast Fourier transform (FFT) of the nanoparticle (in the inset) shows the 

lattice structure, compatible with a Au7Ga2 intermetallic compound in the first case and with 

pure fcc Au in the second one. Panels (c) and (d) are elaborations in false colours of HRTEM 

images of the same wires represented in (a) and (b) respectively, highlighting the crystal 

structure of the different regions. The green area corresponds to hexagonal ZnSe and the blue 
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one to fcc Au. The red regions have a crystalline phase with a lattice parameter different from 

hexagonal ZnSe that could be ascribed to a GaxSey compound released from the particle 

during the purification with Se flux at the end of the growth. 

 

 

Figure 4.6. HRTEM images and FFT of the tips of as-grown (a) and purified (b) Au-assisted ZnSe 

NWs. (c) and (d) are false colours elaborated HRTEM images of the same wires represented in panels 

(a) and (b) respectively. The green area corresponds to hexagonal ZnSe and the blue one to fcc Au. 

 

 

4.2.3 Plasmonic properties of Au-assisted ZnSe NWs 

The optical response of the nanowires was measured by standard UV-VIS absorbance 

spectroscopy. As-grown, Se-purified and gold-free NWs have been measured. Gold-free NWs 

have been obtained by etching the gold nanoparticles on the tips of as-grown NWs in Ar+ 

plasma: optimal etching parameters (voltage bias of 400 V, RF power of 200 W, Ar flux of 20 

sccm, pressure of 0.3 mbar, etching time of 4 minutes) have allowed to etch only the NWs 

tips, i.e. the Au NPs, without significant changes in the NW diameter and shape, as shown in 

Figure 4.7, where SEM images of ZnSe NWs before (a) and after (b) etching are presented.  
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Figure 4.7. Tilted, cross-sectional and magnified SEM images of as-grown ZnSe NWs (a) and of the 

same NWs etched in Ar+ plasma for 4 minutes. The magnified images of transferred NWs clearly 

demonstrate the absence of gold on the tip of etched NW. 

 

In order to perform the optical analysis, the NWs were removed from the GaAs substrates by 

sonication in isopropanol and drop casted on glass substrates (Figure 4.8 a). Absorbance 

spectra of transferred NWs of different length are displayed in Figure 4.8 (b). The Au NPs 

absorption contribution is dominating the spectra, while the contribution of the NW, although 

more abundant in volume, is negligible. Indeed, the calculated extinction spectra of a single 

Au NP as a function of increased size (up to 80 nm) or of the dielectric permittivity of 

environment (between 1 (air) and 7 (ZnSe)) is dominated by the Au absorbance in the 500-

600 nm range of wavelength, while scattering is negligible. As the NP size and/or the 

dielectric permittivity of the environment increase, a red-shift is observed. In our case, the 

extinction is determined by the absorption from a broad range of NP size (the size distribution 

of the NPs obtained by dewetting a 1 nm thick gold layer on GaAs(111)B at 450°C lies 

between 10 and 60 nm, as shown in Figure 3.2 c). Therefore, we expect a quite broad Au 

absorbance peak.   
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Figure 4.8 (a) SEM image of transferred ZnSe NWs (removed from the as-grown sample by sonication 

in isopropanol and drop casted onto a glass substrate). (b) Absorbance spectra of pristine, purified and 

gold-free ZnSe NWs transferred onto the glass substrates. The vertical lines correspond to the laser 

lines used in the Raman experiments described in the following. 

 

In general we observed that absorption increases with the length of wires. The strong 

absorption for wavelengths below 470 nm is caused by ZnSe absorption (energy gap is about 

2.7 eV at room temperature). At wavelengths between 500 nm and 650 nm a broad peak is 

observed in all the NWs with the exception of those in which the Au NPs have been 

previously removed by Ar+  etching. The spectral location of this peak and the absence of the 

same on NWs without Au NPs are compatible with a plasmonic resonance localized on the 

Au NPs. The plasmon resonance width, much larger than expected from monodispersed free 

Au NPs, may arise from two different origins: i) Au NPs formed by dewetting show a large 

distribution in size, which provide a large distribution of spectral response, as already 

discussed; ii) in dry conditions wires are a disordered aggregate (Fig. 4.8 a), with Au NP 

touching randomly ZnSe wires, and the effective dielectric permittivity of environment 

surrounding each gold NP is a random average of ZnSe and air ones, broadening the 

plasmonic resonance. Finally, the peak position in Figure 4.8 (b) appears blue-shifted and 

more intense both for longer wires and for purified ones, and is consistent with the increased 

purity of the Au NP caps, and thus of an higher electronic density. 
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4.2.4 Au-assisted ZnSe NWs as substrates for SERS 

To quantify the plasmonic properties of such Au-purified ZnSe nanowires, we used as-grown 

sample as SERS substrate. In a first experiment we evaporated pentacene on Au-assisted 

ZnSe NWs. Vapour deposition has been chosen to avoid any effect due to the increased 

surface area provided by NWs samples with respect to flat controls. Indeed, in evaporation, 

the coverage, i.e. the areal density of the deposited molecules, do not depend on surface 

geometry, at least if substrate temperature is maintained low enough to minimize diffusion 

effects. In our experiments, pentacene is deposited keeping the substrates at room 

temperature, while for a large majority of substrates, the surface diffusion starts to play an 

important role for the substrate temperatures above 50°C [155, 156]. ZnSe NWs of various 

lengths were used as substrates. The choice of 532 nm excitation wavelength for SERS 

measurements is the most suitable for the plasmonic response of the gold NPs associated with 

the NWs, as shown in Figure 4.8 (b).  

Figure 4.9 (a) shows the raw Raman spectra of 1.5 nm thick pentacene films deposited on Au-

assisted ZnSe NWs. Different NW lengths (400 nm; 800 nm; 950 nm 1200 nm and 1650 nm) 

and purification protocols are compared. All the spectra are obtained in the same measuring 

conditions, acquiring the Raman signal during a continuous scan of 100 µm by 100 µm to 

avoid laser induced desorption of pentacene, and averaging up to 10 spectra acquired on 

different sample locations. Spectra for all ZnSe NWs substrates are compared with the 

spectrum acquired on a thick pentacene layer (20 nm) evaporated on a glass substrate. All the 

principal peaks are observed. The spectra on ZnSe nanowires show two extra features: in the 

low wavenumber region (around 267 cm-1) we observe several peaks arising from GaAs 

substrate [157, 158] and ZnSe nanowires [159]. Besides, all the spectra are superimposed to a 

broad and intense background which we attribute to the photoluminescence (PL) from ZnSe. 

Indeed, it has been shown that Au-assisted ZnSe NWs grown on GaAs substrates exhibit a DL 

luminescence in the 500-680 nm range of wavelength (see paragraph 4.1). Using a 532 nm 

excitation the DL emission can be observed. As a matter of fact, when the 532 nm laser beam 

is focused onto the as-grown ZnSe NWs, the Raman spectra displayed in Figure 4.9 (b) are 

obtained. This is the cause of the PL background in the Raman spectra of pentacene deposited 

on ZnSe NWs.  
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Figure 4.9. (a) Raman spectra of 1.5 nm thick pentacene on ZnSe NWs of various length and purity. 

(b) Raman spectra of ZnSe NWs of different length when excited with the 532 nm laser. 

 

Thin (1.5 nm) pentacene layers control samples are also displayed in figure 4.9 (a): (i) on flat 

GaAs decorated with Au NPs obtained by the Au film dewetting; (ii) on flat bulk ZnSe and 

(iii) on a thick polycrystalline gold film. All these control experiments provided little Raman 

signal (0.5 counts/s for the mode at 1371 cm-1). On the other hand, 1.5 nm thick pentacene on 

Au-assisted ZnSe NWs displayed a large Raman signal which increases with NW length.  

The pentacene Raman features are characterized by several Ag modes at 1156, 1178, 1371, 

and 1533 cm-1 [160, 161]. From the data reported in Figure 4.9 (a) it is clear that intensity of 

pentacene Ag mode at 1371 cm-1 increases with purification of the Au NPs and/or ZnSe NWs 

length. The Raman enhancement factors (EF) are evaluated using the equation: 

퐸퐹 = ∙ ∙             (4.1) 

where Inw and Ifl are the pentacene Raman response on NWs and flat substrates respectively; 

FDC (focal distance correction) is a correction that takes into account the different focal 

planes of NWs tips and substrate and can be reasonably set to zero for NW longer than 500 

nm, while for 400 nm long NWs FDC is about 0.2. Cnw is a fractional area on the sample 

contributing to the Raman signal, which takes into account that the density of vertically 

oriented NWs (or the number of plasmonic sites at the focal plane) decreases with increasing 

the NWs length. This is mostly due to stacking or kinking during growth. Subtracting the PL 
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background and using this formula, an enhancement factor ranging from 1.6x102 for short 

ZnSe NWs wires up to 3.1x103 for long wires is obtained (Figure 4.10). With Se-purification 

a value of 2.2x103 is reached regardless of their length. This confirms that the dominant 

parameter controlling the plasmonic properties of ZnSe NWs is the purity of the gold 

composing the nanoparticle. 

 

 

Figure 4.10. Raman enhancement factors for 1.5 nm thick pentacene (Ag mode at 1371 cm-1) on ZnSe 

NWs as a function of NW length, calculated using the equation (4.1). 

 

To evaluate the importance of these values, we have to consider the broad size distribution of 

the NPs and that not all the NPs resonate at the laser wavelength used. We assume that, 

improving the control on particle size and distribution, single particle enhancement close to 

105, which is the highest enhancement factor theoretically predicted on isolated particle [162], 

may be achieved. Much higher SERS enhancements, up to 108 can be obtained for clusters of 

NPs [163, 164] where, however, the formation of hot-spots between two or more particles 

play a major role, which is not the case for our NWs samples. 

Raman spectra of the pentacene layer on ZnSe NWs were acquired using also alternative 

wavelengths, namely 473 nm and 660 nm, located at two spectral minima in the nanowire 

plasmonic absorbance as indicated by the vertical lines in Figure 4.8 (b). The pentacene itself 

is characterized by a number of absorption bands in visible range (see Figure 4.11 a), and the 

processes of Raman scattering in pentacene at those excitation wavelengths are close to 

resonant conditions. In particular, with the 660 nm exciting wavelength the pentacene Raman 
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response is higher than that obtained using the less resonant 532 and 473 nm wavelengths 

(Figure 4.11 b). However, no Raman enhancement was observed for 1.5 nm thick pentacene 

on ZnSe NWs neither at 660 nm nor 473 nm excitation (Figure 4.11 c). This confirms the 

plasmonic nature of pentacene Raman enhancement at 532 nm excitation wavelength. 

 

 

Figure 4.11 (a) Normalized absorption spectrum of 20 nm thick pentacene film deposited onto the 

glass substrate and (b) its Raman spectra acquired at three different excitation wavelengths displayed 

as vertical colour lines in (a). (c) Raman spectra of 1.5 nm thick pentacene layer deposited on 1 µm 

long Au-assisted ZnSe NWs at the three different excitation wavelengths. A Raman enhancement is 

achieved only using the 532 nm laser, confirming its plasmonic nature.  

 

In the second experiment we deposited graphene oxide (GO) flakes on ZnSe NWs from a 

liquid solution. A top-view SEM image of NWs sample with a GO flake is displayed in 

Figure 4.12 (a). Figure 4.12(b) shows the reference sample used in this experiment, in which 

GO flakes are deposited from water solution on a GaAs substrate covered by Au NPs, formed 

by Au film dewetting at 450°C. Raman spectra on GO-NW sample and on reference samples 

were acquired using only the laser emitting at 532 nm. Representative spectra are displayed in 

Figure 4.12(c). 
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Figure 4.12.SEM images of graphene oxide flakes on 1 µm long Au-catalyzed ZnSe NWs (a) and on 

Au NPs formed by metal film annealing on flat GaAs (b). The scale bars in (a) and (b) are 1 µm. The 

corresponding Raman spectra of single-layer GO flakes (c), demonstrating the enhancement effect on 

NWs with respect to the flat substrate (d). Raman spectrum of as-grown Au-catalyzed ZnSe NWs/flat 

GaAs is shown in red in (c). Schematic view of GO (e) and pentacene (f) orientation on the NWs and 

with respect to plasmonic field of the Au NPs on the wire’s tip. 

 

GO Raman signal depends on the number of GO layers and it is increases with it [165]. GO 

oxide in solution is made of high purity single flakes [166, 167] which could overlap during 

the deposition and drying process, resulting in an overestimation of the Raman enhancement. 

However, the number of stacked flakes can be distinguished by the Raman intensity. 

Therefore we selected those spectra that clustered around the minimum Raman signal and we 
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averaged 10 spectra taken on different regions, with the resulted standard deviation less than 

10%. As it was discussed in the case of pentacene deposition, the Raman peaks in the range of 

150-500 cm-1 are attributed to GaAs (substrate) Raman features. The broad peaks at 1350 cm-1 

and 1600 cm-1 are Raman fingerprints of carbon-carbon vibrations, D- and G-bands of GO 

[165, 168]. Subtracting the PL background (Figure 4.12(d)) and taking into account equation 

(4.1), with FDC equal to 1 since the GO lies on the same plane of wires caps, an enhancement 

factor of 5x102 is achieved.  

It should be noticed that we used a linear polarised laser and relatively low numerical aperture 

objective (NA=0.6) leading to almost in plain polarization at the focal spot. Therefore the 

orientation of plasmonic field and thus the maxima of plasmon intensity on individual gold 

NPs are located on the lateral sides of the NPs, while GO flakes are in contact with the 

topmost part of the NPs (Figure 4.12 (e)). On the contrary, in the case of pentacene some 

molecules are deposited also on the Au NP sides, where the plasmonic field is higher (Figure 

4.12 (f)). Therefore, the different deposition geometry can explain why the enhancement of 

pentacene on 1 µm long gold-catalyzed ZnSe NWs is a factor 2 larger than in the case of GO 

flakes. 

 

4.2.5 Conclusions 

The reported experiments and the results obtained on ZnSe NWs demonstrate that the 

plasmonic properties of gold-catalyzed semiconductor NWs can be enhanced optimising the 

growth protocols and the NWs length. We have shown that, providing a purification strategy 

for gold NPs, either by exposing them to the appropriate material flux at the end of the growth 

(Se in our case), or by increasing the growth time (to achieve the self-purification of the NPs), 

the NWs demonstrate a robust SERS effect on either planar graphene oxide flakes or 

pentacene molecules with a maximum enhancement factor of 103 as expected for isolated Au 

NPs. Considering the fact that our results are obtained from individual NWs, i.e. in absence of 

plasmonic hot-spots, the obtained results are especially promising for tip-enhanced Raman 

spectroscopy where individual high aspect ratio tips with the controlled plasmonic response 

have to be used, and for future integration of plasmonic nanostructures with semiconductor 

based optical elements such as LED or lasers. 
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Chapter 5 

VSS-grown ZnSe nanowires 

 

In this chapter I will show the properties of ZnSe NWs grown with solid gold nanoparticles. I 

will focus on their morphology and on the possibility to selectively grow straight and oriented 

wires through the VSS growth mechanism. Then I will show the impact of the growth 

temperature on the NWs optical properties. A promising possible application of these 

nanostructures is also presented at the end.   

 

5.1 Diameter-dependent NWs morphology 

From the SEM analysis of ZnSe NWs grown assisted by solid Au NPs, a size-dependent 

morphology has been observed. As it will be demonstrated in the following, this behaviour 

does not depend on growth parameters such as substrate chemistry, Zn/Se pressure ratio or 

substrate temperature, but it is likely related to the solid state of the metallic seed driving the 

nanowire growth, i.e. to the VSS mechanism itself. 

 

5.1.1 Phenomenology 

In chapter 3 it has been shown that ZnSe NWs grown on GaAs(111)B at 450°C under Se-rich 

conditions are assisted by solid Au nanoparticles and the VSS growth mechanism has a strong 

impact on the wires morphology: kinked and worm-like NWs with an average diameter of 30 

nm are obtained under this growth regime. On the other hand, on Si(111) with the native 

oxide, on which the NWs growth proceeds assisted by solid Au nanoparticles for both Zn-rich 

and Se-rich fluxes at 450°C, randomly oriented but mostly straight NWs are obtained (see 

paragraph 3.3.2). The NWs diameter on Si(111) substrates is shifted toward the 8-25 nm 

range, with a mean value of 12 nm, due to the different NPs size distribution arising from the 

metal film dewetting. As already discussed in chapter 3, the different behaviour of the Au film 

upon annealing on oxidized Si(111) and deoxidized GaAs(111)B substrates results in a 

different size distribution of the nanoparticles obtained for the same Au film thickness and 
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annealing temperature, as clearly visible in Figure 5.1 (a) and (c). As a consequence the NWs 

diameter distribution varies as well. In figure 5.1 (b) and (d) ZnSe NWs obtained at 450°C 

using Se-rich fluxes on deoxidized GaAs(111)B and on oxidized Si(111) respectively are 

reported. From a closer inspection of figure 5.1 (b) it can be seen that not all the NWs grown 

on GaAs(111)B show a worm-like morphology: the thinnest wires (with a diameter smaller 

than 15 nm) grow straight and are vertically oriented (as those indicated by red arrows in the 

figure). On the other hand, also on Si substrates few worm-like NWs with a diameter between 

20 and 30 nm are visible, while thinner wires show a straight morphology. (Figure 5.1 (d)). 

Details of representative NWs imaged after being mechanically transferred to an n-doped 

Si(111) wafer are shown in the right panels of Figure 5.1(b, d). 

 

 

Figure 5.1. Au NPs obtained by dewetting a 1 nm thick Au film at 450°C and ZnSe NWs grown for 5 

minutes on deoxidized GaAs(111)B (a, b) and on oxidized Si(111) substrates(c, d) respectively. The 

red arrows indicate the thinnest and vertically oriented NWs grown on GaAs(111)B. The right panels 

in (b) and (d) are magnified SEM images of representative wires mechanically transferred on a n-type 

Si wafer. 
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In order to explore the VSS growth in a wider range of NP size also on Si substrates, we used 

Au NPs from colloidal solutions. We deposited size-selected Au NPs (of 10, 30 and 60 nm 

respectively) by drop casting on the on oxidized Si(111), followed by solvent evaporation 

before introducing the sample into the MBE system. The subsequent ZnSe deposition leaded 

to the growth of either thin and straight or thick and worm-like NWs (Fig. 5.2 a, b, c) 

depending on the NP diameter, similar to what observed on GaAs(111)B, indicating that the 

substrate doesn’t play a role. Nor are other growth parameters such as BPR and growth 

temperature crucial. Indeed, ZnSe deposition in Zn-rich conditions (BPR 4) at 450°C gives 

the same picture of a size-dependent NWs morphology: nanowires with a diameter smaller 

than 15 nm grow straight for the whole length, whereas thicker wires have many kinks and a 

worm-like shape (Fig. 5.2 d, e, f). At lower temperature (350°C), as long as the seed NPs 

remain pure Au nanocrystals and the NWs growth can occur, i.e under Se-rich fluxes (see 

paragraph 3.4.3), the growth rate is reduced due to the lower adatom mobility on the substrate. 

This results in shorter and tapered nanowires, as can be seen comparing panels (g), (h), (i) 

with (a), (b), (c) of figure 5.2. However, the morphology and the size-dependent shape is still 

the same.   
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Figure 5.2. ZnSe NWs grown on oxidized Si(111) substrates from Au NPs obtained by colloidal 

solution at the growth temperature of 450°C with a Zn/Se beam pressure ratio (BPR) of 0.4 (a, b, c) 

and 4 (d, e, f), and at lower growth temperature (350°C) using a BPR of 0.4 (g, h, i). 
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5.1.2 TEM analysis and discussion 

TEM analysis of ZnSe NWs grown using Se-rich fluxes at 450°C on GaAs(111)B for 30 

minutes was performed to highlight the structural differences underlying the different 

nanowire morphologies that are obtained under the same growth condition. Figure 5.3 (a), (b) 

and (c) show the tips of nanowires with a diameter of 10, 20 and 30 nm respectively. The 

thinnest NW has a wurtzite crystal structure with the c axes parallel to the growth direction 

for the whole length, and a straight nanowire/nanoparticle interface, perpendicular to the 

growth direction(Fig. 5.3(a)). On the other hand, thicker NWs show often non-straight 

NP/NW interfaces (see Fig. 5.3(b)) and many planar defects and changes of the grow 

direction all along their body (Fig. 5.3(c) and (d)). HRTEM images allow us to better 

characterize the worm-like morphology of these NWs. We notice that different mechanisms 

may be involved in the kink formation, but generally twinning and stacking faults play the 

major role, as already reported for other NW systems [92, 169 – 173]. In particular, as in the 

NW in Fig. 5.3 (d-e) we observed the presence of extended regions characterized by twin 

planes and stacking defects, originating mixed wurtzite/zincblend regions, in correspondence 

of which unusual growth directions and changes in the growth direction are found. A better 

defined mechanism is involved in the change of  growth direction visible in fig 5.3 (e), where  

we observe a large triangular insertion of zincblend (ZB) forming a{111} interface  with the 

twinned region from which it originates (red dashed in the figure). Due to the cubic symmetry 

of the ZB structure, the growth proceeds then with stacking on a different {111} plane (green 

dashed in the figure). As visible in fig 5.3 (d)  the following region also has a not clear 

ZB/WZ signature and only when a pure wurtzite growth is established (left of fig 5.3(d))  the 

growth direction becomes the WZ c axis. Fahlvik Sevensson et al. [174] reported a similar 

behavior in InAs-InP heterostructure nanowires: kinked NWs often exhibit a transition from 

WZ to ZB crystal structure, in most cases following a series of stacking defects. 
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Figure 5.3. TEM images of the tips of ZnSe NWs of different diameter: 10 nm (a), 20 nm (b) and 30 

nm (c). Panel (d) is a HRTEM image of a worm-like NW, where planar defects, and changes of the 

grow direction are well visible. Panel (e) is a magnified image of the square-market portion of the NW 

depicted in (d) that highlights the ZB triangular insertion and the mixed WZ/ZB stacking on different 

111 directions. Scale bar is the same in all the panels (10 nm). 

 

A detailed investigation of the defects occurring in kinked nanowires is beyond the scopes of 

the present study, however we can speculate that the origin of such defects in thick NWs and 

the observed diameter-dependent NW morphology may be the result of both thermodynamic 

considerations and kinetically driven processes. In ref [56] a transition from worm-like to 

straight Ge NWs below a certain diameter (25 nm), similar to what reported here for ZnSe 

NWs, is shown. The authors ascribed this behavior mainly to the slowly advancing solid-solid 

interface and the decreasing influence of the sidewall energies with an increased NW 

diameter. We can imagine a similar scenario also for VSS-grown ZnSe NWs. 

Empirical interatomic potential models [175] as well as  ab-initio total energy calculations 

[176] have demonstrated that small diameters may stabilize the wurtzite crystal structure in 

NWs of  III-V compounds where only the ZB structure is found in the bulk material. Indeed, 

for thin nanowires the surface to volume ratio is high enough that the contribution of the side 

surfaces to the total energy is dominant, and the WZ crystal structure has lower surface 
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energies than ZB, for corresponding orientation in the same material [27]. ZnSe stable 

structure is ZB, but the calculated energy difference between the two structures is very small, 

only 5.3 meV/atom [177] and epitaxial ZnSe layers have been grown in both structures [178, 

179]. Concerning nanowires, both ZB and WZ single crystal ZnSe NWs have been reported 

[180, 181], as well as periodically twinned NWs [182, 183] with diameter ranging from 30 to 

150 nm. In the latter case it has been found that the NW diameter affects the twinning 

periodicity, because of the amount of the stored elastic energy within the volume of the 

growing crystal. Moreover, an empirical interatomic potential model [184] has shown that 

also for ZnSe the relative stability of the WZ and ZB crystal structure depends on the 

nanowire diameter, and WZ structure is favorable for small diameters (less than 9 nm). From 

the above discussion we can argue that the mentioned energy considerations could explain 

why thin ZnSe NWs show a high quality WZ structure, whereas larger-diameter NWs have a 

high density of stacking faults, twin planes and ZB insertions.  

The solid state of the Au nanoparticle might play a significant role in the formation of defects 

and changes of growth direction: it is well known that growth rate of the vapor-solid-solid 

mechanism is slow compared to the VLS one [38], due to the slower diffusivity of the 

impinging atoms through a solid particle than through a liquid droplet. Therefore, in the 

presence of a large nanocrystal as seed particle, Zn and Se atoms may be not able to easily 

reach the inner portion of the growth front due to their limited diffusion length. This can cause 

the formation of defects at the interface and a non-homogeneous growth front, leading to a 

change of the NW morphology. Worm-like NWs have been obtained also for other materials 

(Si [57] and Ge [44]) grown with solid seed particles, and it has been suggested that such 

morphology is a consequence of the slow growth kinetics, typical of the vapor-solid-solid 

growth mechanism. Indeed, as the adatom diffusion through the metal particle is slow, a 

difference in the deposition rate along the interface may occur. It has been seen that this 

mismatch between the extrusion velocities of the NW material within the catalyst particle 

leads to a plastic deformation of the wire and a worm-like morphology [57, 185]. 

It is also worth noting that big solid NPs are typically facetted [84, 85] (see Fig. 5.3 (b)). This, 

together with the slow adatom mobility, enhances the probability for ZnSe to nucleate at a 

different site from the initial nanoparticle-nanowire interface, leading to a change in the NW 

growth direction. On the other hand, particles with diameter smaller than 20 nm usually have 

a more spherical shape and a smaller NP/NW interfacial area. Therefore it is easy for the 
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adatoms to reach the interface, despite their low mobility, and the NW can grow straight, 

maintaining a well defined growth direction perpendicular to the NP/NW interface. 

 

5.1.3 Conclusions 

A size-dependent morphology of Au-assisted ZnSe nanowires grown via the VSS mechanism 

has been observed: wires with a diameter smaller than 15 nm grow uniformly straight and 

have a wurtzite crystal structure with the c axes along the growth direction, whereas thicker 

wires have a worm-like shape, exhibiting kinks all along their body. This diameter-sensitive 

morphology is independent from substrate and growth conditions. As a result, we suggest that 

the VSS growth mechanism itself, which implies slow atoms diffusivity through or at the 

surface of solid seed particles, plays the major role. 

 

 

5.2 Selective growth of thin and straight NWs 

It has been shown that VSS-grown ZnSe nanowires with diameter below 15 nm are 

reproducibly straight, while thicker nanowires display a “worm-like” morphology 

characterized by multiple kinks. In the following we propose three alternative strategies to 

suppress the growth of such defective NWs and to obtain the selective growth of thin and 

straight NWs, vertically oriented on GaAs(111)B.  

The first strategy consists in lowering annealing and growth temperature. In Figure 5.4 we 

show SEM images of NWs obtained by growing ZnSe NWs in Se-rich conditions for 0.5  (a), 

1 (b), 2 (c),  5 (d) and 30 (d) minutes at 320° C, after annealing at the same temperature the 

Au layer (1 nm thick) deposited at room temperature. It is clear that, despite the formation of 

a broad size-distribution of Au NPs during the annealing, at this low growth temperature only 

the smallest particles nucleate ZnSe NWs. We believe that this is due to the high Au film 

wettability on deoxidized GaAs(111)B. As shown in chapter 3, a 1 nm thick Au layer 

deposited at room temperature on GaAs(111)B is rather flat and covers quite uniformly the 

surface (see Figure 3.2 (a)). Annealing at 450°C triggers the Au dewetting and the transition 

of the flat domains to 3D nanoparticles (Fig. 5.1(c)) able to nucleate ZnSe NWs. If the 
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annealing occurs at lower temperatures, the Au film is scattered into islands of different 

dimensions, but only the smallest ones, which have the smallest contact area with the 

substrate, can ball-up becoming nanoparticles with a nearly-spherical shape, while the bigger 

island don’t have the sufficient activation energy, thus remain flat. A similar trend has been 

reported by Hajjar et al. [84] for a 0.8 nm Au layer deposited on Ge(111) surface and 

annealed at 325°C: two types of particles with a different shape are obtained, i.e large flat 

islands and small dome-like particles. The annealing of the Au-covered GaAs(111)B at 320°C 

gives a similar bimodal particle-size distribution, and when such substrate is exposed to Zn 

and Se fluxes, only the smallest nanoparticles lead to the growth of ZnSe NWs that are 

straight and vertically oriented, whereas the large Au island do not act as seed particles for 

NWs growth and are simply buried by a ZnSe 2D layer.   

 

 

Figure 5.4. Time evolution of the GaAs(111)B substrate covered with 1 nm thick Au film and 

annealed at 320°C, afterwards exposed to Zn and Se beams at the same temperature for 0.5 (a), 1 (b), 2 

(c), 5 (d) and 30 (e) minutes. From the very beginning of the deposition it can be seen that only the 

smallest NPs lead to the NWs growth, whereas the larger particles are buried by ZnSe 2D layers. 

 

The second option is to reduce the Au film thickness. It is known that, beside the annealing 

temperature, the initial Au film thickness is an important parameter for size control in 

nanocrystal formation [83, 85, 112]. By reducing the Au film thickness form 1 nm to 0.2 nm, 

after annealing at 450°C we obtain the formation of nanoparticles with a mean diameter of 12 

nm and a narrower size distribution (between 5 and 18 nm), see Fig. 5.5 (a). The higher 

density of small particles, and the absence of nanocrystals larger than 18 nm, allow to obtain a 



Chapter 5. VSS-grown ZnSe nanowires 

 
 

82 
 

good yield (64%) of thin ZnSe NWs with straight morphology and a high quality crystal 

structure, uniformly oriented perpendicular to the substrate surface (Fig. 5.5 (b)).  However, 

the best selectivity (85%) is reached if monodispersed NPs from Au colloidal solution are 

used as seed particles. As reported by Messing et al. [55, 89] the use of colloidal particles in 

spite of particles obtained by metal film dewetting, offers the unique advantage of an 

extremely precise control over the diameter. Indeed, colloidal particles with a well defined 

diameter and a very narrow size dispersion are commercially available nowadays. By using  a 

droplet of solution of monodispersed Au NPs with a mean diameter of 10 nm directly 

deposited on the substrate we can easily grow thin ZnSe NWs with uniformly straight 

morphology. However in order to obtain, with these Au NPs, the epitaxial growth of 

uniformly oriented NWs on GaAs(111) substrates, a specific protocol was necessary. To 

prevent the re-oxidation of the substrate during air exposure and drop casting, the deoxidized 

GaAs(111)B surface was protected with an As capping layer that is stable for temperatures 

lower than 300°C. Thereafter, we deposited a droplet of the colloidal solution on the As-

capped substrate and, after low temperature (150°C) solvent evaporation, we re-introduced 

the sample into the MBE system. During the annealing at 450°C in the ultra-high-vacuum 

environment the As capping is removed, while Au NPs remain onto the substrate, in direct 

contact with the clean (deoxidized) surface. The oxide-free substrate/NP interface allows the 

epitaxial growth of vertically oriented ZnSe NWs (figure 5 (c)). We stress however that 

although by using monodispersed Au colloids the control of the wires diameter and 

morphology is extremely accurate, the control of their density and spatial distribution is very 

difficult.   

 

Figure 5.5. Nanoparticles (a) and ZnSe nanowires (b) obtained by dewetting of a 0.2 nm thick Au film 

on deoxidized GaAs(111)B at 450°C and for 5 minutes ZnSe deposition under Se-rich conditions. In 

(c) are shown ZnSe NWs grown at 450°C using Au colloidal particles of 10 nm diameter deposited by 

drop casting on the As-capped GaAs(111)B surface. 
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5.3 Optical properties 

The optical properties of ZnSe NWs grown through the VSS mechanism have been 

investigated by means of low temperature photoluminescence. The impact of growth 

mechanism, growth temperature, NWs morphology and crystal structure on the optical quality 

has been analyzed and it is presented in the following.  

 

5.3.1 VSS growth mechanism and suppression of the DL emission 

In Chapter 4 it has been shown that ZnSe NWs assisted by liquid Au-Ga alloy droplets exhibit 

a photoluminescence dominated by deep levels, whose strong emission at low energy quench 

the NBE luminescence. This is probably due to the incorporation of impurities along the 

wire’s body: Ga and Au atoms released from the liquid alloy particle during NW growth. If 

solid particles are used in spite of liquid droplets, the probability of impurity atoms being 

released from the NP and incorporated into the wires may be reduced and the NWs optical 

properties should be improved. Figure 5.6 shows ZnSe NWs grown at 450°C on GaAs(111)B 

using Zn-rich conditions (BPR 4), hence assisted by liquid Au-Ga NPs (red frame) and using 

Se-rich fluxes (BPR 0.4), namely assisted by solid Au particles (black frame) and their 

relative PL spectra measured at 14 K. Although for both samples the PL is dominated by a 

broad DL emission far below the band gap (between 1.7 and 2.6 eV), the intensity ratio 

between the NBE emission (zoomed window on the right) and the DL band is higher for wires 

grown under Se-rich conditions, suggesting a better optical quality. In particular, the intensity 

ratio between the peak centred at 2.796 eV and the one centred at 2.006 eV is 0.183 and 0.005 

for VSS- and VLS-grown NWs respectively. The broad DL emission is strongly reduced in 

the case of NWs assisted by solid Au NPs. This confirms that the origin of such emission in 

the VLS-grown NWs is the presence of Ga and Au impurities, which can be reduced using 

solid seed particles. 
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Figure 5.6. SEM images (cross-section) and PL spectra of ZnSe NWs grown at 450°C on GaAs(111)B 

using Zn-rich conditions (red frame) and Se-rich conditions (black frame). The VSS mechanism 

hinders impurity (NP atoms) incorporation responsible for the strong yellow luminescence, improving 

the NBE emission of the NWs. 

 

However, the NBE emission of VSS-grown ZnSe NWs obtained at 450°C on GaAs(111)B 

substrates is still low, indicating a quite poor optical quality. This could be explained if we 

consider the shape of  NWs grow under this regime. The extended defects originating the 

worm-like morphology of such NWs, i.e. twins and stacking faults, may have detrimental 

effects on the optical properties of the NWs. As a matter of fact, those defects interact with 

carrier transport and recombination processes. In ZnSe films epitaxially grown on 

mismatched substrates, deep transitions at 2.6 eV (Y-line), 2.5 eV (Z-line) and 2.2 eV (SA-

band) have been associated with electron-hole recombination at dislocations, stacking faults 

and grain boundaries [129, 186, 187]. Moreover, when the density of these extended defects is 

high, the non-radiative recombination rate becomes dominant and the luminescence efficiency 

of the material is dramatically lowered. For example, the generation of dark line defects by 

dislocation motion during the operation of semiconductor diodes and lasers, having 

catastrophic consequences in the device performance, has been reported [188, 189]. This is 

likely to occur also in ZnSe NWs with extended structural defects. In fact, the PL of 

periodically twinned ZnSe NWs reported by Wang et al. [190] was dominated by a broad DL 

emission between 500 and 650 nm, and displayed a very weak (if not absent) NBE emission 

[190, 191]. A comparison between the PL of twinned and defect-free NWs clearly indicated 

that such defects strongly quench the NBE emission. A broad emission in the 500-600 nm 

range from ZnSe nanoneedles with high density of stacking faults has been reported also by 
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Aichele et al. [75] and ascribed to excitons localized at defect zones. Indeed, the suppression 

of such emission and the resulting enhancement of the NBE emission has been achieved 

through a 2-step growth process which gave nanowires free from structural defects at the tips 

of nanoneedles.  

Therefore, suppressing the nucleation and the growth of thick worm-like NWs and promoting 

the selective growth of thin NWs with optimized (straight) morphology should allow to obtain 

NWs with enhanced NBE emission. However, as it will be shown in the next paragraph, we 

found that the growth temperature is still detrimental for the optical quality of ZnSe NWs, 

also in the case of VSS-grown NWs with optimized morphology and crystal quality, and blue 

emitting NWs can be obtained only by lowering the growth temperature below 350°C.  

 

5.3.2 Impact of the growth temperature 

Oxidized Si(111) substrates offer the possibility to obtain NPs with a similar size distribution 

and a mean diameter smaller than 15 nm by annealing 1 nm thick Au layer at different 

temperatures from 300 to 500°C (see Figure 3.10). As a consequence, mainly thin and straight 

VSS-grown ZnSe NWs with approximately the same density are obtained without any 

particular pre-treatment at all these temperatures, under Se-rich fluxes. Therefore, their optical 

quality can be evaluated directly comparing the PL spectra of as-grown samples, taken with 

the same laser power and spot size.  

In Figure 5.7 are reported SEM top-view images (a, b, c) of ZnSe NWs grown for 60 min at 

different temperatures on Si(111) wafers, and their relative PL spectra (d). The NWs shape 

considerably differs with the growth temperature, as a consequence of  a temperature-

dependent lateral growth. At 300°C, as the adatom diffusivity is low, strongly tapered NWs 

grow, with base diameters ten times larger than the tips and an average length of 800 nm (Fig. 

5.7 (a)). As the growth temperature is increased, NWs with higher aspect ratio are obtained. 

At 350°C the NWs are still tapered: base diameter around 50 nm, mean length 1m (Fig. 5.7 

(b)), whereas at 450°C nearly constant-diameter and longer NWs are obtained (Fig. 5.7 (c)). It 

is worth noting some morphological irregularities on the sides of the wires grown at 450°C, 

especially near the bases (inset of Figure 5.7 (c)), that will be discussed later. 
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Panel (d) of figure 5.7 shows the PL spectra recorded at 14 K of these nanostructures. NWs 

grown at 300°C have a PL dominated by the near band edge emission, showing a very intense 

peak centered at 2.767 eV (448 nm). As the growth temperature is increased, the NBE 

emission decreases and completely vanishes in wires grown at 450°C. These wires have an 

extremely weak luminescence with a broad band centered at low energy (2.2 eV) and no 

emission in the NBE region. 

 

 

Figure 5.7. (a, b, c) SEM top-view images of ZnSe nanowires grown for 60 min on oxidized Si(111) at 

300°C (a), 350°C (b) and 450°C (c). The insets on the right are magnified images of the wires shown 

in the relative panel, transferred on a Si wafer. (d) Photoluminescence spectra collected at 14 K from 

ensembles of ZnSe NWs grown at the three different temperatures. 

 

On deoxidized GaAs(111)B substrates, the selective growth of thin and kink-free ZnSe NWs 

assisted by solid Au NPs can be achieved by properly choosing Au film thickness and 

annealing temperature, as demonstrated in paragraph 5.2. In particular, by reducing the 

thickness of the Au film deposited at room temperature from 1 nm to 0.2 nm, the formation of 
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a uniform wetting layer is prevented. In fact, small NPs are obtained already at low annealing 

temperature. Moreover, for this Au thickness, the NPs size distribution lies in the sub-20 nm 

range also for higher annealing temperatures (see Figure 5.5 (a)). As a consequence, only thin 

and straight VSS-NWs grow using Se-rich fluxes at temperatures between 300 and 500°C. 

Figure 5.8 shows tilted-view SEM images of NWs obtained after 60 min of ZnSe deposition 

at 300 (a), 350 (b) and 500°C (c) respectively. Their shape mimics that of NWs obtained on 

Si(111) substrates (see Figure 5.7 a, b, c): NWs with increasing aspect ratio as a function of 

the growth temperature are obtained. However, the deoxidized substrate allows the epitaxial 

growth, thus the majority of the NWs are uniformly oriented normal to the substrate, i.e. their 

growth axis is aligned with the 111 substrate direction at any temperature. This is clearly 

visible from the SEM images of tapered NWs grown at 300 and 350°C, whereas NWs grown 

at 500°C appear more like a disordered carpet than an oriented array (Figure 5.8 (c)). This is 

probably a consequence of their higher aspect ratio, which is reflected in a very high 

flexibility, especially for long wires. Due to self-attraction and/or electron beam-induced 

electrostatic forces, such flexible wires bend and touch each other. Indeed, as observed also in 

other semiconductor NWs [192, 193], such charge-induced deflections are responsible of the 

lateral collapse and of the vertical misalignment in arrays of long and non-tapered NWs. 

In panel (d) of figure 5.8 the PL spectra of ensembles of NWs depicted in (a), (b) and (c) are 

shown together. We observe the same trend as for NWs grown on Si(111) substrates: wires 

grown at 300°C exhibit a very strong NBE emission, which decreases as the growth 

temperature is increased, and completely vanishes in wires grown at 500°C.   
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Figure 5.8. (a, b, c) 45° tilted-view SEM images of ZnSe NWs grown for 60 min on deoxidized 

GaAs(111)B at 300°C (a), 350°C (b) and 450°C (c) using 0.2 nm of Au, annealed at the same 

temperature used for the ZnSe deposition. (d) 14 K - photoluminescence spectra of the samples grown 

at the three different temperatures, recorded using the same laser power and spot size. 

 

Concerning the growth of ZnSe crystals and thin film in general, it is well known that high 

growth temperatures [101, 128] or thermal treatments after the growth [129]  are detrimental 

for the optical quality due to the formation of point defects. Thermal induced extended defects 

could also create non-radiative recombination centers, quenching the NBE emission. Our 

results confirm that the growth temperature affects the optical quality of VSS-grown ZnSe 

NWs in the same way as in the case of bulk ZnSe crystals.  

The bad optical quality of the wires grown at temperature higher than 350°C could be related 

to the presence of both point defects, as Zn or Se vacancies, and also Au impurities released 

from the metallic particle, known to occur at 450°C [134], despite its solid state, and 

structural defects like those involved in the morphological irregularities visible in the insets in 

Figure 5.7 (c). A more detailed characterization of such defects is obtained by the TEM 

analysis. Figure 5.9 shows TEM images of NWs grown at 500°C (a, b, c) and at 300°C (d). 
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Despite the good hexagonal crystal quality, free from structural defects close to the tips (Fig. 

5.9 (a)), many stacking faults and diameter fluctuation are visible along the body of wires 

grown at 500°C (Fig. 5.9 (b) and (c)). The origin of such irregularities is not understood, 

however it is likely that they act as traps and non-radiative recombination defects which 

quench the excitonic emission. On the other hand, NWs grown at 300°C exhibit a straight 

profile, without any abrupt diameter variation, even if some stacking faults are still present 

(Fig. 5.9 (d)). 

 

 

Figure 5.9. TEM images of tips (a) and body portions (b and c) of ZnSe NWs grown on GaAs(111)B 

at 500°C. The NWs crystal quality is good close to the tips, whereas many diameter variations are 

clearly visible along their body, giving an irregular profile to the wires. (d) TEM image of a portion of 

a ZnSe NWs grown at lower temperature (300°C) exhibiting a straight profile for the whole length.  

 

The very strong NBE emission of ZnSe NWs grown at low temperature is outstanding. Figure 

5.10 (a) shows a comparison of the optical properties of such NWs and a state-of-the-art ZnSe 

layer (100 nm thick) epitaxially grown on GaAs at 290°C in the same growth chamber. Both 

NWs and epitaxial layer have good optical quality, exhibiting luminescence dominated by the 

NBE emission. The NWs show a band centered at 2.767 eV with a full width at half 

maximum (FWHM) of 60 meV, whereas the most intense line of the ZnSe layer is at 2.802 

eV (which is the free exciton emission line in cubic ZnSe [126, 127]) with a FWHM of 2 

meV. The NBE signal of the wires has an intensity almost three orders of magnitude higher 

than the epitaxial one, although the ZnSe volume is not more than six times larger. This 

despite the presence of structural defects in the NWs and, on the contrary, the high quality of 
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the epitaxial film. The latter is demonstrated by the very narrow FWHM and by the 

comparison with the literature [194] that shows how, for 100 nm thickness, ZnSe is strained 

and does not contain misfit dislocations. Although a straightforward comparison between the 

two systems is very difficult, the high efficiency of NWs could be due to the more efficient 

light absorption process taking place in the NWs because of multiple scattering processes 

occurring on individual NWs [195, 196] and by the increase of e-h radiative recombination 

due to the small size.  

 

 

Figure 5.10. (a) 14K-PL spectra of ZnSe NWs grown at 300°C (dotted-blue line) and of a 100 nm 

thick ZnSe epitaxial layer grown at 290°C (continuous-black line) collected using the same laser 

power. (b) Normalized 14K-PL spectra of the NWs collected with different excitation power (b). 

 

 

The NWs emission narrows and blue-shifts as the excitation power is increased (Fig. 5.10 

(b)). We believe that this signal includes the recombination lines due to the free exciton, as 

well as the exciton bound to neutral acceptors, and the contribution of the free exciton line 

becomes more significant for higher excitation power. A detailed characterization of the 

optical properties of these NWs has been performed by means of single-wire measurements. 

The results, together with the TEM analysis have allowed to identify more precisely the 

emission lines and the underlying recombination mechanisms, as it will be shown in section 

5.5. 
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5.3.3 Conclusion 

The optical properties of VSS-grown ZnSe NWs have been investigated by means of low 

temperature PL measurements carried out on as-grown samples. It has been demonstrated that 

the growth mechanism, as well as the growth temperature, have dramatic effects on the NWs 

luminescence. The intense broad DL emission found in VLS-grown NWs, ascribed to Ga and 

Au impurities released from the liquid Au-Ga NPs and incorporated into the wires body, is 

strongly reduced using solid seed particles. However, the defects associated to the bad (worm-

like) morphology of VSS-grown ZnSe NWs with diameters bigger than 15 nm quench the 

NBE emission. The selective growth of thin and straight NWs with optimized morphology 

was supposed to improve the NBE emission, but it has been found that the growth 

temperature is still detrimental for the NWs optical quality, in the same way as for bulk ZnSe 

crystals and thin films. By lowering the growth temperature down to 300°C, NWs exhibiting a 

very intense NBE emission, much stronger than that of a strained ZnSe thin film, are therefore 

obtained on different substrates.  

 

 

5.4 Application: growth of blue emitting NWs on low-cost substrates 

The outstanding luminescence of ZnSe NWs grown at 300°C offers the possibility to exploit 

blue-emitting NWs grown on unconventional and low-cost substrates, such as transparent 

conductive oxides (TCO) and plastic materials. Indeed, these materials do not stand up the 

otherwise high temperatures needed to grow GaN nanowires [197, 198], the III-V competitor 

as optical emitter in the blue. As a first successful attempt we show in Figure 5.11 the 

synthesis of Au-assisted ZnSe NWs grown at 300°C on Indium tin oxide (ITO)-coated glass. 

After 30 minutes of deposition, the sample is still transparent (Figure 5.11 (a)). The SEM 

image of the NWs obtained after 1 hour deposition (Figure 5.11 (b)) shows a wire’s 

morphology very similar to that of wires grown at the same temperature on Si(111) substrates 

(see Figure 5.7 (a)). The PL spectrum (Figure 5.11 (c)) is still dominated by a very intense 

NBE emission, confirming the good optical quality of such the low-temperature-grown NWs 

and making ZnSe NWs strong candidates for transparent or flexible optoelectronics in the 

blue region of the light spectrum. 
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Figure 5.11. The ITO-covered glass with ZnSe NWs grown for 30 minutes at 300°C (a). SEM top-

view image (b) and 14 K photoluminescence spectrum (c) of ZnSe NWs grown for 60 minutes on the 

ITO-coated glass. The inset is a photograph of the sample taken during the PL experiment, showing 

the blue-light emission from ZnSe NWs excited with the UV laser. 

 

 

5.5 ZnSe NWs grown at low temperature: single-wire characterization 

A deeper structural and optical characterization of the NWs grown at 300°C on GaAs(111)B, 

with the most intense NBE emission (see Fig. 5.8), has been carried out by means of HRTEM 

and single-wire optical measurements. The main goal was to identify the recombination 

mechanism involved in the blue emission and to correlate the optical response of such NWs 

with their microstructure. 

Even though NWs of the same as-grown sample show a quite homogeneous shape and 

morphology (see Figure 5.8 (a)), the TEM analysis revealed that NWs with different crystal 

quality are present: some of them have an almost defect-free wurtzite crystal structure with 

the c-axis parallel to the growth direction, but some others exhibit an alternation of wurtzite 

and zinc-blende portions all along their body, with variable thickness and periodicity. Figure 

5.12 (a) gives an overview of the different crystal quality of an ensemble of ZnSe NWs 

transferred from the same as-grown sample. Figure 5.12 (b) shows a portion of the body of a 

pure WZ nanowire, whereas Figure 5.12 (c) is a false-colour HRTEM image taken along the 

body of another nanowire, where the alternation of WZ (red) and ZB portions is clearly 
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visible. Figure 5.12 (d) is a TEM image of the tip of a ZnSe NW where the FFT of the NP, 

which is compatible with the fcc Au crystal phase, is also reported in the inset. 

 

 

Figure 5.12. TEM images of ZnSe NWs transferred on the TEM grid from the same as-grown sample. 

(a) Ensemble of NWs, (b) representative image of a defect-free WZ nanowire and (c) false-color 

HRTEM image of a mixed WZ (red) and ZB nanowire. (d) Representative NW tip with the FFT of the 

nanoparticle which confirms that it is a fcc Au nanocrystal. 
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Low temperature polychromatic CL images of the NWs mechanically transferred on a 

patterned-silicon substrate have been recorded in order to assess the homogeneity of their 

optical properties. For small objects such as these NWs, the CL excitation efficiency is much 

lower than the PL one [199]. Indeed an incident electron has a very small probability to be 

scattered anelastically and create an electron-hole pair in the NW. As a result, this low 

excitation density prevents any spectral analysis of the cathodoluminescence of these NWs. 

However, CL emission was systematically observed from all the analyzed NWs, as shown in 

figure 5.13. When an ensemble of NWs were imaged, the polychromatic map traces the SEM 

image (Fig. 5.13 (a) and (b)), indicating that all the NWs are emitting light when excited with 

the electron beam. Moreover,  light is emitted all along the NWs body (without any blind 

portion) and the CL intensity increases from the tip to the base, as highlighted in Fig. 5.13 (c) 

which is a superimposition of the SEM image and the CL map of a single nanowire. The NW 

diameter, determined by the analysis of the SEM image, grows roughly linearly with the 

distance from tip. In Figure 5.13 (d) is depicted the plot of the CL intensity integrated across 

the NW diameter at different positions along its axis, divided by the squared diameter, as a 

function of the distance from the tip. Despite some fluctuation, bigger near the tips because of 

the lower signal, this function is a constant. This behavior, which has been already observed 

in ZnTe NWs with a tapered shape very close to that of ZnSe NWs of the present study [199], 

indicates that the radiative efficiency remains constant along the NW body, and the CL 

intensity is determined by the excitation density that is proportional to the square of the 

diameter. 
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Figure 5.13.(a) SEM image of a bundle of ZnSe nanowires mechanically transferred from the as-

grown sample onto a Si wafer. (b) CL image of the NWs shown in (a) recorded at 6 K. (c) 

Superposition of the SEM image and the CL map (red pixels) of a ZnSe NW deposited on the Si 

wafer. (d) Plot of the CL intensity integrated across the NW diameter and divided by the NW square 

diameter,  as a function of the position along the growth axis (distance from the tip) of the NW 

depicted in panel (c). 

 

After the CL analysis, used to measure the intensity of emitted light and to study its spatial 

distribution along the NWs, we carried out low temperature PL measurements to analyze its 

spectral  characteristics. Figure 5.14. shows again that the NWs PL spectrum is dominated by 

a very intense NBE emission, within a range between 2.70 and 2.85 eV. No emission is found 

below 2.70 eV, indicating the absence of deep levels and donor-acceptor pair (DAP) 

recombination related to either impurity atoms [131 – 133] or extended structural defects 

known to occur in ZnSe crystals of both cubic [187] and hexagonal [200] structures. Single-

NW spectra of two distinct ZnSe NWs are reported in Figure 5.14 (a), together with the 

spectrum of the as-grown sample. Some differences in peak shape and position are found 

from wire to wire and explain the broadening of the luminescence in the as-grown sample 

where an array of NWs is measured. Some NWs, as the one labelled NW1 in Figure 5.14 (a) 

(which is also the NW studied in Figure 5.13(c)), exhibit few narrow lines above the band gap 
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of ZB ZnSe (2.820 at 6 K), which might be therefore ascribed to radiative recombinationin the 

WZ phase. Saxena et al. [181] reported on the PL of pure WZ ZnSe nanowires showing a 

spectrum characterized by the presence of a broad DAP peak at 2.747 eV and two narrow 

lines at 2.841 and 2.833 eV respectively. Accordingly with reference [200] for bulk hexagonal 

ZnSe, they attributed those peaks to the exciton bound to neutral acceptors involving Zn-

vacancies and Zn-vacancies complexes, with a calculated dissociation energy (defined as the 

energy difference between the free and the bound exciton emission) of 11 and 19 meV 

respectively. In our case, NW1 shows three well defined peaks above the ZB band gap: a 

narrow line at 2.848 eV, a most intense line centred at 2.837 eV and a weak line at 2.829 eV. 

Based on their energy position and separation, we speculate that the line at 2.848 eV, which is 

close to the energy of the free exciton in bulk WZ ZnSe (2.850 eV) [200], could be the free-

exciton emission. The other two lines at lower energy might be recombinations of the exciton 

bound to neutral acceptors of the same nature of what reported in ref [181]. Even though this 

interpretation is not straightforward, the presence of Zn-vacancies in the NWs is likely, due to 

the Se-rich growth conditions used during the growth. 

 

 

Figure 5.14 (a) PL spectra of the as-grown sample (red curve) and of two distinct single NWs labelled 

NW1 and NW2. (b) Dependence of the PL intensity (emission line at 2.837 eV of NW1) on the angle 

, shown in the panel below, between the NW axis and the direction of the linear polarization of the 

emitted light.  
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In Figure 5.14 (b) we plot the intensity of the most intense PL line of NW1 (the one centred at 

2.837 eV) when rotating the linear polarization of the detected light with respect to the NW 

axis. The maximum of the emission intensity is reached when the polarization is 

perpendicular to the NW axis (= 90°), with a polarization ratio of 0.73. The same trend 

occurs for all the other emission lines, even though the polarization ratio is lower (around 

0.55), and all the NWs analyzed show this behaviour. This is an uncommon result, that  can 

be understood taking into account the prevalent WZ crystal structure of these NWs. Usually, 

optical absorption and PL of nanowires are polarized parallel to the NW axis. This 

electromagnetic effect is explained by the large dielectric contrast between the NW and its 

environment. By treating the NW as an infinite dielectric cylinder in vacuum, the electric field 

inside the cylinder is attenuated when the incident field is polarised perpendicular to the 

cylinder because the exciting wavelength is larger than the wire diameter [201].Using the 

model of Wang et al. [201], we calculate the theoretical polarization ratio of ZB ZnSe NWs to 

be 92% parallel to the wire axis. Indeed, NWs with a ZB crystal structure normally show a 

strongly polarized PL parallel to the wire axis [201 – 203]. However, this electromagnetic 

effect is sometimes not sufficiently strong  to determine the polarization of optical transitions 

in semiconductors of different crystalline structures. In wurtzite semiconductors, the crystal 

field and the spin-orbit interaction split the top valence band into 9(A), 7(B) and 7(C) 

states and introduce some selection rules. If the spin-orbit coupling is weak compared with the 

crystal field splitting, the lowest energy optical transition (between the valence 9(A) state 

and the lowest conduction 7  state) is allowed only for light polarization perpendicular to the 

(0001)c-axis [204]. In bulk hexagonal ZnSe crystals, the excitonic lines found in the PL 

spectra are polarized in the E┴c direction [200]. This can explain the polarization behaviour of 

our ZnSe NWs perpendicular the growth axis, which is the c-axis of the WZ structure. As 

found also for WZ NWs of other materials [202, 205, 206], the degree of polarization is lower 

in WZ compared to ZB NWs. This reduction can be explained by a modulation of the 

polarization induced by the WZ selection rules (perpendicular to the NW axis) due to the 

dielectric effect (polarisation along the NW axis).  

The peculiar polarization properties of these ZnSe NWs makes them interesting for photonic 

applications, especially as single photon sources [207]. In nanowires with  perpendicularly 

polarized PL, the exciton or electron-hole pair can be seen as a dipole oriented 

perpendicularly to the NW c-axis; the dipole is said to be orthogonal. Such an orthogonal 
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dipole is highly efficient in photon extraction along the NW axis [208]. While a dipole 

oriented along the photonic wire axis degrades the photon extraction efficiency, an orthogonal 

dipole is a necessary condition to reach the highest achievable photon extraction [209]. 

Emission lines below the band gap of ZB ZnSe are also exhibited by NW1, and most of the 

analyzed NWs show only a rather broad emission between 2.788 and 2.816 eV (see NW2 in 

Figure 5.14 (a)). This band may include excitonic lines of ZB ZnSe, known to appear between 

2.780 and 2.800 eV [180], but also interband transitions occurring at the WZ/ZB interfaces. 

Indeed, it has been shown by the TEM analysis (see Figure 5.12 and Figure 5.15 (a)) that 

many of these NWs present an alternation of WZ and ZB portions all along their body. ZB 

ZnSe has a smaller band gap and large negative band offset [210]. Hence, the WZ/ZB 

interface gives a type II alignment, with the conduction and the valence bands of the ZB 

segments lower than those of the WZ portion. At the interface electrons are confined in ZB 

and holes in WZ regions of the NW and their recombination will result in emission lines at 

energy lower than then the ZB  bandgap (See the schematic diagram in Figure 5.15 (b)). 

Moreover, short ZB section into WZ crystals define a quantum well. Such structure in a NW 

where carriers are already confined in the two other directions, results in a crystal phase 

quantum dot [211, 212]. The ZB segment length sets the confined electron energy levels, 

therefore when ZB insertions of different thickness are present in the same WZ matrix, as in 

the case of these NWs, a broad band rather than a few narrow lines will result in the PL 

spectrum. If WZ section are also short, confined energy level will be found also for holes in 

the WZ phase, increasing the range of the spectral emission.  

Spatially-indirect e-h recombination are expected to be characterised by  longer lifetimes, due 

to the reduced overlap of the electron and hole wave functions [211]. Figure 5.15 (c) is a 

decay-time map of ZnSe NWs (the as-grown sample) recorded with the streak camera, which 

shows the time evolution of the PL after excitation by the Ti:sapphire pulsed laser. The low-

energy peaks (from 2.75 ± 0.01 eV to 2.79 ± 0.01 eV) present a longer tail signal than the 

high-energy peaks (from 2.80 to 2.84 eV).  Indeed, the lifetime of the PL line at 2.75 eV is 1.7 

± 0.2 ns, while the lifetime for an energy of 2.80 eV is 140 ± 10 ps, as calculated by the line 

profile depicted in panel (d) of Figure 5.15 . This measurement reinforces our hypothesis that 

the lower energy peaks are due to spatially indirect recombinations in type II heterostructures. 
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Figure 5.15. (a) HRTEM image and (b) band alignment scheme of a WZ/ZB alternation along the 

ZnSe NW axis which gives a type II transition (yellow arrow). (c) Decay-time map of the as-grown 

sample recorded with the streak camera and (d) plot profile of the decay-time evolution of PL lines at 

2.75 (red) and 2.83 eV (black). 

 

 

In Figure 5.15 (b) the schematics of band profile and electronic transitions in a WZ/ZB 

heterostructure is illustrated. We expect a recombination energy for type II transition like that 

indicated by the yellow arrow to be given by: 

퐸  = 퐸  + (퐸  − 퐸  ) + 푒 + ℎ − 퐸       (5.1) 

with  퐸   the ZnSe ZB free exciton energy,  퐸   and 퐸   are the exciton binding energy 

for ZB and for the type II indirect recombination respectively, 푒  and ℎ  are the electron and 

hole confinement energy and 퐸  is the valence band offset (see Fig. 5.15 (b)).We neglect the 

binding energy difference (퐸   - 퐸   ) due to their small and expected similar values. 
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In the hypothesis that the experimentally observed transition are due to type II recombination 

in ZB/WZ crystal phase heterostructure, the lowest emission energy should correspond to 

interface recombination without confinement effects. This allow us to estimate the valence 

band-offset at the interface. According to the decay-time measurements and as discussed 

above, the lowest type II recombination energy is at 2.75 ± 0.01 eV. Therefore we estimate an 

upper limit for the valence band-offset to be 50±20 meV. As the conduction band offset 퐸 is 

equal to 퐸  − 퐸  + 퐸 , its calculated value is 90±20 meV.  

On the other extreme, the shortest period ZB/WZ alternation should give the highest 

recombination energy, due to the presence of confined states for holes in the ZB and for 

electron in the WZ. According to Caroff and al. [28], the smallest possible ZB and WZ 

portions within a NW are composed of three and four bilayers along the ZB (111) or WZ c-

axis. Therefore along this growth direction, the smallest ZB and WZ portions have a length of 

1.96 and 2.62 nm. Assuming the  electron [133] and hole [213] masses along (111) for ZnSe 

to be 0.16 and 1.09 m0 we can calculate the confined states. We calculate the higher energy 

limit of the type II recombinations to be 2.84±0.02eV. This value should be compared with  

the one observed in  the decay-time measurements, that is below 2.80 eV. We speculate that 

this energy overestimation is due to the formation of minibands caused by the electron and 

hole wave functions overlaps that reduce the confinement energy when there is a high density 

of short ZB and WZ portions [212]. Indeed, when the ZB and WZ segments are very small, 

there are also very frequent, as displayed by the TEM images in Figure 5.15 (a). 

While TEM analysis has shown that the prevalent NWs structure is WZ, the PL spectrum of 

as-grown samples shows a only slight emission at the energy of WZ ZnSe free exciton (2.850 

eV). This result can be explained by the low excitation energy used to excite the as-grown 

sample. Indeed, when the excitons are created in the mainly but not completely WZ 

nanowires, they may diffuse within the NW and encounter a ZB NW segment. According to 

Figure 5.15 (b), the electron will be trapped within the ZB segment while the hole will remain 

in the WZ part and type II recombination will take place. Thus, in order to be able to observe 

the luminescence from the WZ part, we need to saturate the ZB segments. PL measurements 

as a function of excitation power should be done to confirm this picture.  

In conclusion, we have carried out a detailed optical characterization of ZnSe NWs epitaxially 

grown on GaAs(111)B through the VSS mechanism at low temperature (300°C). Combining 

the TEM analysis with the PL study it has been possible to recognize the emission lines 
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within the high-energy side of the NBE emission of such NWs as free and bound exciton 

recombination in WZ ZnSe. Furthermore, it has been demonstrated that the WZ/ZB crystal 

phase alternation along the NW axis leads to the formation of a crystal phase quantum dot 

ZnSe heterostructure characterized by long-lifetime type II e-h recombinations. This kind of 

hetrerostructure in a chemically homogeneus material, which cannot be obtained in the 

correspondent bulk system, represents a novel degree of freedom and is of wide interest in 

device design at the nanoscale. Finally, it has been found that hexagonal ZnSe NWs display a 

light polarization perpendicular to the NW axis that can be explained by taking into account 

the wurtzite selection rules for optical transitions. Such an orthogonal dipole orientation is a 

necessary condition to reach the highest achievable photon extraction along the axis of a 

photonic wire. This result, combined with the alternation of crystal structures and band-gap, is 

of high interest and opens the possibilities to further control over NW-based single-photon 

sources and NW devices. 
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Chapter 6 

ZnSe/CdSe heterostructure nanowires 

 

The nanoscale diameter and high aspect ratio of semiconductor nanowires are the foundation 

of fascinating properties arising from carrier confinement, interface effects and mechanical 

degrees of freedom. The growth of axial and radial heterostructures by high-quality growth of 

dissimilar material on nanowires also offers a wealth of interesting phenomena to explore and 

to exploit for applications in electronics and optics. [214]. 

In this chapter I will briefly describe the ZnSe/CdSe system and the state-of-the-art on the 

growth of ZnSe/CdSe axial heterostructure nanowires. Then I will discuss why low 

temperature growth could improve the quality of these heterostructure  and I will show some 

preliminary results on the growth of ZnSe/CdSe/ZnSe nanowires by means of Au-assisted 

MBE.  

 

6.1  Introduction 

The type of structure we will consider is the axial ZnSe/CdSe/ZnSe heterostructure NW. This 

is a quantum dot system, in which a slice of CdSe (Eg = 1.75 eV at 4K) is inserted in a ZnSe 

(Eg = 2.80 eV at 4K) nanowire.   

Semiconductor quantum dots (QDs), are three-dimentional potential boxes narrow enough to 

allow a low density of discrete states through quantum confinement of carriers. A QD can be 

engineered by embedding a nanometric portion of a low bandgap material inside a higher 

bandgap medium. QDs hold several advantageous emission characteristics. First, with a 

discrete density of states they have a highly monochromatic light emission. Secondly, high 

emission rates are achieved because the carriers are tightly overlapped in the potential box. 

Moreover, if the spacing of the discrete energy levels is large with respect to thermal energy 

kBT, single transitions can remain resolvable even at high temperature. Due to this 

peculiarities, semiconductor QDs are model systems displaying a rich physics that can be 

explored using very fine optical spectroscopy techniques. More specifically, II-VI 

semiconductor QDs are excellent candidates for such studies thanks to their high oscillator 
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strength for optical transition. As an example of the remarkable effects evidenced in II-VI 

QDs lets mention the observation of single photon emission, in the green range, at room 

temperature [215, 216]. Single-photon sources at high temperature are useful for quantum 

information processing and metrology. CdSe/ZnSe QDs are particularly promising candidates 

for the design of such single-photon source devices as they present short lifetime excitonic 

states allowing high repetition rates, strong carrier confinement and large biexciton binding 

energy, which make them suitable for operating at high temperature. 

Nevertheless, in order to benefit from II-VI QDs for new physics and for real applications, 

one has to master the luminescence of the dots by achieving a high structural and chemical 

quality. The control of their spatial density and location is also a prerequisite. To this purpose, 

the nanowire geometry offers several advantages compared to Stranski-Krastanov (SK) 

growth as it enables the fabrication of well-defined 1D nanoscale heterostructures and the 

study of a single QD localized along the NW. Furthermore, the creation of a QD into a NW is 

not a strain-driven process; therefore, a much larger choice of materials can be considered. 

Moreover, size and density of the QDs are not imposed by the lattice mismatch of the 

respective materials, and the QDs parameters are determined (and can be tuned) by the 

amount of low bandgap material supplied during the NW growth and by the initial density 

and diameter of the seed particles. Recently, single-photon emission from CdSe QDs grown 

into ZnSe NWs at room temperature has been reported [217, 218]. However, a study of 

structural and chemical composition of CdSe QDs grown into ZnSe NWs at temperatures in 

the range 400-450°C by MBE [219, 220], showed that the control over QD composition, size 

and emission wavelength is not easy at this temperature. In fact, the obtained quantum dots 

consist of ZnxCd1-xSe ternary alloy with variable composition, rather than pure CdSe. This 

alloying could be due to the interdiffusion of Cd and Zn in the QD portion, probably caused 

by the high temperature and by a reservoir effect of Zn and Cd in the catalyst particle. 

Moreover, the QD thickness is difficult to fix at this temperature, because of the competition 

between deposition and re-evaporation of the growing material. Indeed, a significant 

evaporation rate of CdSe is expected above 400°C.  
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6.2  Low temperature growth 

 
The growth of ZnSe NWs through the VSS mechanism, at 300°C using a 0.2 nm thick Au 

layer deposited on deoxidized GaAs(111)B, has allowed to achieve uniformly oriented, thin 

and straight NWs exhibiting a very high optical quality (see paragraph 5.3). These NWs with 

optimized morphology and NBE luminescence are good candidates for the CdSe insertion. 

Indeed, they show no PL lines in the green region (490 – 600 nm) where the emission of 

CdSe QDs with size in the range 1 – 5 nm are expected [221 – 223]. Moreover, at this low 

temperature, Zn interdiffusion into the slice of CdSe grown along the NWs should be reduced. 

The re-evaporation rate of CdSe should be also reduced. Therefore, an improvement of the 

QD composition and of the control over its size is expected.  

In order to grow such ZnSe/CdSe NWs at low temperature we adopted the protocol used for 

ZnSe NWs growth at 300°C: 0.2 nm of Au has been deposited on deoxidized GaAs(111)B at 

RT and a 10 min annealing at 300°C has been performed to obtain small seed Au 

nanoparticles. Then, Zn and Se beams with an equivalent pressure ratio of 0.4 (Se-rich 

condition) have been supplied and Au-assisted ZnSe NWs have been grown for 60 minutes. 

After that, in order to grow the CdSe QDs, we have switched the Zn flux to the Cd flux for 10 

to 30 seconds, keeping the same Se flux. Finally, after the CdSe deposition, a further 5 

minutes of ZnSe deposition has been done. All the growth process has been carried out 

keeping the substrate temperature at 300°C. The Se-rich conditions, necessary to avoid the 

formation of Au-Zn alloy particles at 300°C and to allow nucleation and growth of ZnSe NWs 

at this low temperature (see paragraph 3.3.3), could also help to improve the ZnSe/CdSe 

interface abruptness and the QD chemical composition.  

Figure 6.1 shows SEM images of ZnSe NWs with 10 seconds of CdSe insertion. Mostly 

vertical oriented and tapered NWs with a mean length of 1.5 m are obtained. From 

magnified images as those displayed in panels (b) and (c) of figure 6.1, it is well visible the 

presence of a thicker part close to the NW tip, after which the wire often kinks and changes 

growth direction. A similar behaviour has been observed in ZnSe NWs with CdSe QDs grown 

at 400°C [220]. TEM and EDX analysis of those wires indicated that the thicker portion 

corresponds to the CdSe insertion. Moreover, the crystal structure of the ZnSe wires is WZ 

before the CdSe segment, while the QD and the ZnSe NW tip grown after the CdSe insertion 

have a cubic symmetry. The diameter change, combined with the modification in the stacking 
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sequence and the presence of 4 equivalent [111] directions in the cubic structure have been 

used to explain the kinking and the change of growth direction of the NWs. It is reasonable 

that a similar scenario occurs also in our case. Indeed, we know that the ZnSe NW crystal 

structure before CdSe insertion is WZ and that cubic inclusions can lead to a change of the 

growth direction (see Chapter 5.1).   

 

 

Figure 6.1. Tilted view SEM images of ZnSe NWs with CdSe insertion (10 seconds of deposition) 

epitaxially grown on GaAs(111)B at 300°C. (a) As-grown sample, (b) magnified image of one 

representative wire, (c) detail of the NW tip, where a thicker part followed by a kink and a change of 

the growth direction is clearly visible. 

 

In order to assess the formation of CdSe QDs into ZnSe NWs we carried out low temperature 

single-wire PL and CL analysis of some of the NWs of the sample depicted in Figure 6.1, 

transferred onto a patterned-Silicon substrate. The PL study is reported in Figure 6.2. Panel 

(a) shows the PL spectrum taken at 6K of an individual nanowire excited with a wavelength 

of 488 nm. Many sharp lines are found between 500 and 530 nm, most of which overlap 

giving rise to broad peaks. It was not possible to resolve those lines and to recognize QD 

features within this range, even if the excitation power was increased. On the other hand, two 

well defined narrow peaks are observed at 569 and 573 nm (green framed in Figure 6.2 (a)). 

The inset of Figure 6.2 (a) displays these two emission lines measured at different excitation 

power. Their intensities as a function of the laser power are linear and quadratic respectively. 
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This behaviour suggests that they can be attributed to the exciton and biexciton emission from 

a CdSe QD [224]. Biexciton binding energies between 19 and 26 meV have been calculated 

for CdSe QDs [224], and binding energies in the 16-20 meV range have been experimentally 

reported for CdSe QDs embedded into ZnSe NWs [220, 225]. In our case, the energy 

difference between the two peaks is 17 meV. Even if the excitonic states observed in a 

quantum dot can be unambiguously identified only by cross-correlation measurements [226] 

and by analyzing their time-decay dynamics, the energy difference in the peaks position and 

their excitation power dependence are a good first indication of the nature of these 

recombination.  

 

 

Figure 6.2. (a) -PL (6 K) spectrum of a single ZnSe nanowire with 10 seconds of CdSe insertion. The 

inset shows the spectra, taken in the 2.14 – 2.20 eV range using an increasing excitation power to 

highlight the exciton and biextiton features of the two peaks. (b) -PL spectra of the same NW taken 

at different temperatures reported in the panel.   

 

Figure 6.2 (b) shows the spectra from the NWs in the 2.10 – 2.20 eV emission range recorded 

at increasing temperatures from 6 to 200 K.  The increased relative intensity of the biexciton 

peak (2.164 eV) at high temperature is due to the higher excitation power used while 

increasing the temperature, as needed to achieve an optimized luminescence. Moreover, at 

high temperature, the biexciton is less affected by nonradiative decay than the exciton, due to 

the shorter biexciton lifetime [217]. With the increase of temperature, the two well defined 
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lines red-shift and broaden, merging in a broad band above 100 K. This broadening is mainly 

due to the interaction with acoustic and optical phonons [227]. However, the emission is well 

detectable up to 200 K.  

In order to identify the QD emission as a localized light close to the NW tip, we carried out 

low-temperature (6K) CL experiments on the same NW analyzed by means of -PL. The 

results are presented in Figure 6.3. Panel (a) shows the CL spectrum. Its shape is very similar 

to the PL spectrum, with a series of lines between 500 and 530 nm and a weak emission 

around 570 nm. However, in this case, the intensity is noticeably lower. This can be explained 

by the lower excitation efficiency of electrons than that of photons, especially when thin 

objects such as nanowires are analyzed, as already explained in chapter 5.4. In this case, CL 

can be more useful for mapping the luminescence, rather than for analysing its spectral 

properties. Figure 6.3 (b) is a SEM image of the analyzed nanowire and panels (c – f) are CL 

maps integrated over 15 seconds, taken in the same selected area, at all wavelength (c) and at 

selected wavelength (d-f) reported in the bottom of the panels. 

 

Figure 6.3. (a) CL spectrum of a single ZnSe nanowire with 10 seconds of CdSe insertion. Below, the 

SEM image of the analyzed NW (a) is reported together with its CL maps taken at all the wavelength 

(c) and at selected wavelength of 573 (d), 516 (e) and 507 nm (f). 
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As in the case of ZnSe nanowires without any CdSe insertion (see figure 5.13), the 

polychromatic CL intensity decreases from the base to the tip (Fgure 6.3 (c)), as a 

consequence of the tapered shape of the wire, which makes difficult to detect light from the 

very thin tip. We couldn’t see any emission at 573 nm (figure 6.3 (d)), where the QD emission 

was expected from the PL analysis. The intensity of the signal at this wavelength may be 

below our detection limit, that is particularly likely if the emission comes from a very small 

portion of the NW, closed to the tip. On the other hand, we could analyze the spatial 

distribution of the more intense light emitted at lower energy (in the 500-520 nm range) along 

the NW body. We found that such emission is mainly localized in the lower part of the NW, 

closed to the base. This emission could be either due to the presence of structural defects such 

as dislocations or point defects in the NW base, or due to the presence of a thin CdSe shell 

grown around the ZnSe wire. As a matter of fact, at 300° C the adatom mobility is low and 

the diffusion length of the adatoms which migrate from the substrate toward the nanoparticle 

is short, as suggested by the tapered shape of the NWs. This results in a significant lateral 

growth at the NW lower portion. Such lateral growth may occur during both ZnSe and CdSe 

deposition, together with the axial growth. The adatom incorporation on the 110 NW side 

facets can result in the formation of defects and, in the case of a short CdSe evaporation, of a 

quantum-well-like structure. Moreover, an island-mode (SK) growth may occur, resulting in 

the formation of an ensemble of CdSe QDs on the ZnSe NW sidewalls. Mahapatra et al. [228] 

reported the PL study of a thin (from 1 to 4 ML) CdSe layer grown on ZnSe substrates before 

and after the transition from a rough surface to 3D islands, showing in both cases a series of 

lines in the 500-530 nm range. Such results support the proposed scenario of CdSe lateral 

growth. A clearer evidence of this unavoidable growth on the side facets of ZnSe NWs at low 

temperature is given by the CL analysis of nanowires with 30 seconds of CdSe insertion, 

presented in figure 6.4. In this case the images were taken on the as-grown sample, in order to 

have a more intense signal. Figure 6.4 (a) shows the CL spectrum recorded at 6K from the 

sample area displayed in the SEM image depicted in Figure 6.4 (b). Here only a broad band in 

the 500 – 590 nm range is obtained, probably consisting of many overlapping lines emitted 

from the same wire and/or from different wires, since many NWs are measured at the same 

time. The most significant monochromatic CL maps taken from the same sample area are 

shown in panels (c) and (d). Emission between 520 and 560 nm is generally delocalized along 

the entire NWs body. In panel (c) the spatial distribution of the most intense emission (540 

nm) is reported. It is well visible that the light at this wavelength is emitted all along the NWs 
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bodies. In paragraph 5.5 we showed that pure ZnSe NWs grown at 300°C exhibit 

luminescence only below 500 nm, so a contribution from ZnSe in this range can be ruled out. 

Therefore, it is likely that this emission is due to the CdSe grown on the sidewalls of the 

nanowires at this low deposition temperature, which may result in a quantum-well-like or in a 

QDs ensemble structure on the side facets of the ZnSe NWs.   

 

 

Figure 6.4. CL analysis (at 6K) on the as-grown sample of ZnSe NWs with 30 seconds of CdSe 

insertion grown at 300°C. (a) CL spectrum. (b) SEM image of the area of the sample investigated and 

correspondent monochromatic CL maps at 540 (c) and 580 nm (d) respectively.  

 

On the other hand, at lower energy some localized features appear. Figure 6.4 (d) is the CL 

map for the selected wavelength of 580 nm. In this case the light is not coming from the entire 

NWs body, but from rather small portions, usually localized closed to the wires tips. This 

emission may come from the CdSe axial insertion. The red shift compared with the QD 

luminescence of the NW with 10 seconds of CdSe insertion (569-573 nm) is compatible with 

a thicker CdSe portion [221 – 223], according with the longer deposition time. However, in 

order to confirm that light emission at this wavelength is due to the axial QD a deeper -PL 

analysis is required.  
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6.3 Conclusions  

In conclusion, the successful insertion of a small CdSe portion into ZnSe nanowires grown at 

300°C by Au-assisted MBE has been obtained. Preliminary results indicate that the CdSe 

insertion exhibits QD luminescence up to 200 K and that the emission wavelength can be 

tuned by modifying the deposition time. However, due to the slow adatom mobility at this 

low growth temperature, a substantial lateral growth occurs, resulting in the growth of CdSe 

also on the side facets of the ZnSe wires, probably in a quantum-well-like or in an ensemble 

of QDs mode. Such lateral growth, characterized by the emission of light in a broad range of 

energies, complicates the PL analysis also in the case of single-wire measurements. This 

lateral growth may be reduced  increasing the growth temperature during the CdSe deposition 

Indeed, the ZnSe NWs obtained at 300°C are good candidates for CdSe insertion due to the 

narrow blue emission which do not overlap with the CdSe QD emission range while it has 

been demonstrated that higher growth temperatures are detrimental for ZnSe NWs giving rise 

to broad emission in the green-yellow range. Therefore, a three step process, involving low 

temperature ZnSe NWs growth, high temperature CdSe short deposition, and low temperature 

ZnSe deposition at the end could help to avoid the CdSe lateral growth, keeping the ZnSe NW 

of high optical quality and the probability of Zn/Cd intermixing low at the same time.  
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Chapter 7 

Conclusions and future perspectives 

 

The main goal of the research activity carried out in the framework of this PhD project was 

the investigation of the growth mechanism and of the resulting properties of ZnSe NWs 

grown by means of Au-assisted Molecular Beam Epitaxy.   

The complexity of the system, showing different behaviors in terms of growth temperature 

range, morphology and orientation of the NWs obtained on different substrates as a function 

of different growth conditions, required a careful step-by-step analysis of the entire growth 

process. This systematic approach allowed us to understand the NWs growth mechanism and, 

as a consequence, to obtain the control over the NWs properties. More specifically, we found 

that ZnSe NWs can be grown through different mechanisms with important consequences on 

their properties, in terms of morphology, crystal quality and optical properties. We showed 

that the growth mechanism can be tuned by changing the growth conditions, and this allows 

to obtain the selective growth of ZnSe NWs with the desired properties. We also proposed 

some realistic applications of such nanostructures and we experimentally demonstrated their 

working concept. 

We carried out a deep investigation of the phenomena happening before, during and after the 

NWs growth. We investigated the nanoparticle formation process upon metal film dewetting 

on different substrates, and the effects of the incoming Zn and Se beams on their composition, 

by means of in-situ and ex-situ spectroscopic and microscopic techniques. We found that an 

interplay between Au-substrate interaction and vapour composition has a fundamental role in 

determining the NWs growth mechanism. On deoxidized GaAs(111)B, above a certain 

annealing temperature, the interdiffusion of Ga from the substrate into the Au particles 

occurrs, leading to the formation of a Au-Ga liquid alloy shell on the nanoparticles. The Se 

beam can remove Ga from this liquid shell, restoring pure Au solid particles, and a transition 

from vapor-liquid-solid to vapor-solid-solid growth regime can be observed by changing 

Zn/Se ratio at the nanoparticle surface. On the other hand, on oxidized Si(111) substrates, the 

native oxide layer prevents any chemical interaction between the Au film and the substrate 

during annealing, therefore the composition of the nanoparticles, and the resulting ZnSe NWs 
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growth mechanism is the same (the VSS one) at all the temperatures and the Zn/Se ratios. 

However the VSS growth mechanism can only occur when pure Au nanoparticles are used as 

seeds for the 1D crystal growth. Indeed, solid Au-Zn, Au-Ga and Au-Si alloy particles are not 

able to nucleate ZnSe NWs. 

NWs grown through different growth mechanisms show different structural and optical 

properties. In the VLS growth regime, straight and uniformly oriented ZnSe nanowires with a 

defect-free wurtzite crystal structure are obtained. Moreover, the Au nanoparticles on the 

NWs tips can be purified by increasing the growth time or by exposing them to the Se beam at 

the end of the growth. Such purified nanoparticles on the tips of ZnSe NWs show enhanced 

plasmonic properties. An application of this array of oriented Au-assisted NWs for Surface-

Enhanced Raman Spectroscopy is demonstrated. On the other hand, ZnSe NWs grown in the 

VSS regime exhibit a size-dependent morphology, regardless of substrate and growth 

conditions: NWs with a diameter smaller than 12 nm are straight and vertically oriented, 

whereas larger NWs show a “worm-like” shape, without any preferential growth direction. By 

adopting different strategies, which consisted in lowering the annealing temperature and the 

Au film thickness, or in using size-selected Au nanoparticles from colloidal solution, the 

growth of such worm-like NWs is suppressed and the selective growth of thin, straight and 

oriented VSS-grown ZnSe NWs can be obtained.  

The optical properties of ZnSe NWs were investigated by means of low temperature 

Photoluminescence and Cathodoluminescence. It was found that the growth mechanism 

strongly affects the optical quality of ZnSe NWs: VLS-grown NWs show deep level 

photoluminescence, probably due to incorporation of foreign atoms (Au and Ga) released 

from the liquid alloy droplets during the growth. The solid state of the metal nanoparticle, i.e 

the VSS growth mechanism, hinders impurity incorporation and improves the NWs optical 

properties. However, the high growth temperature itself is detrimental in the VSS growth 

regime, and NWs with enhanced near-band-edge emission are obtained only by lowering the 

growth temperature down to 300°C. Indeed, thin and straight ZnSe NWs grown at this 

temperature show a very intense NBE blue emission, orders of magnitude higher than that of 

a ZnSe strained 2D layer epitaxially grown on GaAs. Interestingly, due to the low grow 

temperature, these blue-emitting NWs are also promising candidates for flexible and 

transparent optoelectronic devices. As a first attempt, we demonstrated their possible 
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integration with a material that allows only low temperature processing: a commercial glass 

coated with a conductive indium tin oxide layer. 

A detailed investigation of the luminescence of these low-temperature grown NWs was 

carried out by means of single-wire measurements, which allowed the identification of the PL 

lines and the underlying recombination mechanism involved. Free- and boud-exciton 

transitions with a light polarization perpendicular to the wire axis were observed and 

explained by taking into account the mainly hexahgonal crystal structure of the nanowires. 

This unusual light polarization is of high interest for the realization of photonic wires and 

single photon sources. Furthermore, we showed that the wurtzite/zinc-blende alternation 

along the nanowires, a polytipism which cannot be obtained in the bulk phase, originates a 

crystal phase quantum dot structure. Such ZnSe polytipes are characterized by long lifetime 

type II recombination in the near-band-edge region. 

Finally, the insertion of a small CdSe section into ZnSe NWs at the growth temperature of 

300°C was carried out. The motivations to keep the temperature low for the whole growth 

process were the transparency of these ZnSe NWs within the CdSe QDs emission range and 

the aim to avoid Zn/Cd interdiffusion and CdSe re-evaporation, known to occur at 400°C and 

above. Preliminary PL and CL measurements indicated that small portions of CdSe axially 

grown into ZnSe NWs exhibit QD luminescence up to 200 K and that the emission 

wavelength can be tuned by modifying the deposition time. However, a substantial lateral 

growth occurs together with the axial growth at this low growth temperature. The CdSe lateral 

deposition results in the growth of a quantum-well-like or of an ensemble of QDs on the side 

facets of the ZnSe wires. Such CdSe shell was characterized by the emission of light in a 

broad range of energies, complicating the PL analysis and a straightforward identification of 

the axial QD emission. Based on these preliminary results, we proposed a possible way to 

avoid the CdSe lateral growth that can be taken into account for future improvements. 

Among the other future perspectives of Au-assisted ZnSe nanowires, one could consider the 

possible integration of the low-temperature grown NWs in optoelectronic devices for blue 

light emission. Another appealing perspective is to use ZnSe NWs with purified Au particles 

on their tips for Raman Spectroscopy in a tip-enhanced configuration. The thin and straight 

VSS-grown ZnSe NWs with optimized morphology also have pure Au nanoparticles on their 

tips. Moreover, in this case, their diameter distribution is very narrow, due to the selective 
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growth. This is supposed to narrow the plasmonic resonance of the NPs and therefore to 

obtain higher Raman enhancement.  

Finally, it is worth emphasizing that what we learned by studying the Au-assisted ZnSe NWs 

growth, could be useful to better understand other NWs systems. In particular, our results 

about the growth mechanism could be of interest for other systems in which the interaction 

among seed particles, semiconductor material and substrate may change the chemical 

composition and the physical state of the particles during NWs growth. The possibility to tune 

the growth mechanism by changing the nanoparticle composition, and by this, to change the 

properties of the resulting NWs is also an important result achieved by this work and an 

interesting aspect that can be applied to other materials. Finally, the purification of the metal 

nanoparticles on the tips of the NWs which allows to enhance their plasmonic properties can 

also be applied to other Au-assisted NWs. For instance, in most of the III-V semiconductor 

NWs grown through the VLS mechanism, only the group-III element forms an alloy with the 

Au nanoparticle during the growth. Therefore, exposing the alloy NPs at the group-V beam at 

the end of the growth, may help in removing the impurities from the particles, improving their 

plasmonic properties. 
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