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The growth mechanism of semiconductor nanowires is still an argument of high interest, becoming 

clearer, investigation after investigation, that simple pictures fail to describe the complex behaviors 

observed under different growth conditions. We report here on the growth of semiconductor nanowires 

maintaining the control over the chemical composition and the physical state of the metallic seed, and 10 

tuning the growth mechanism by varying the growth conditions. We focused on Au-assisted ZnSe 

nanowires grown by molecular beam epitaxy on GaAs(111)B substrates. We show that, at sufficiently 

high temperatures, the Au seed is strongly affected by the interaction with the substrate and that the 

nanowires growth can occur through two different mechanism, having a strong impact on nanowires 

morphology and crystal quality. In particular, ZnSe NWs may exhibit either a uniformly oriented, straight 15 

morphology when the nanoparticle seed is liquid, or a kinked, worm-like shape when the seed 

nanoparticle is switched in the solid phase. This switch, that tunes the nanowires growth mechanism, is 

obtained by controlling the Zn-to-Se beam pressure ratio at the Au-seed surface. Our results allow a 

deeper understanding of particle-assisted nanowire growth, and an accurate control of nanowires 

morphology via the control of the growth mechanism. 20 

Introduction 

Semiconductor nanowires (NWs) are attracting increasing interest 

due to the novel properties that make them promising building 

blocks for electronic and optoelectronic devices.1-3 The full 

potentials of these nanostructures, however, will only be realized 25 

when a deep understanding and an accurate control of the growth 

process will be reached. The nanoparticle-assisted bottom-up 

growth from vapor phase by means of molecular beam epitaxy 

(MBE) offers the possibility to have the precise control of the 

growth parameters, which is essential for the achievement of this 30 

purpose. In this approach, a metal nanoparticle (NP) seed acts as 

a collector of atoms from the molecular beams and drives the 

one-dimensional growth of the semiconductor material. Gold is 

the most common metal used to assist vapor-phase nanowire 

growth,4 and the most widespread method to generate the 35 

nanoparticles is dewetting a thin metal film deposited on the 

substrate. This process results in the formation of particles with 

size, shape and chemical composition that strongly depend on the 

nature of the substrate, the interaction between the metal film and 

the substrate, and the temperature at which this process occurs.5, 6 40 

The morphology and the physical state of the nanoparticles affect 

the nanowire growth mechanism, playing a crucial role in 

determining the properties of the nanowires.7-9 In addition to the 

thermal history and the chemical interaction between metal film 

and substrate, the total vapor pressure and the ratio between the 45 

NW-precusors pressures can also affect composition and physical 

state of the NPs during the growth, dynamically changing the 

growth mechanism and the resulting wires properties. 

Kodambaka et al.10 reported the chemical vapor growth of Ge 

NWs assisted by Au nanoparticles, showing that the NW growth 50 

can occur with either liquid or solid particles at the same 

temperature, and the seed state depends on the total pressure in 

the growth chamber. Hillerich et al.11 reported on the epitaxial 

growth of InP NWs from Cu NPs by metal-organic vapor phase 

epitaxy, showing the effect of the P/In pressure ratio on particle 55 

composition, NWs growth rate and mechanism. Gamalski et al.12, 

13 showed real time transmission electron microscopy studies of 

the formation and the evolution of Au seed particles during Ge 

NWs growth. They found metastable AuGe particles, whose 

formation involve changes in composition, pointing out the 60 

importance of the seed-particle configuration for the subsequent 

NW growth mechanism. Indeed, those NPs can either 

recrystallize or remain liquid during NWs growth at the same 

temperature, depending on the Ge supersaturation, that can be 

controlled through the precursor partial pressure.  65 

 Different growth modes, arising from seed configuration and 

dynamics changes during the growth, are often reflected in 

different wire shape and crystal quality.14, 15 This suggests that 

growth parameters can be modulated to create the desired 

structures. For instance, Caroff et al.16 reported the full control of 70 

the crystal structure of InAs NWs by varying wire diameter and 

growth temperature. Tian et al.17 also reported the synthesis of a 
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kinked nanowire superstructure obtained by an iterative 

modulation of the gaseous reactant supply. Therefore, studying 

the effects of sample preparation and growth conditions on the 

NWs growth mechanism can provide the necessary tools to 

achieve the control and the tunability of the nanostructure 5 

properties. 

 As for the specific material we have chosen for our 

investigation, ZnSe, Au-assisted vapor-solid-solid (VSS) growth 

mechanism has been reported for temperature as high as 510°C 

on ZnSe18 or oxidized silicon19-21 substrates. Similarly, the VSS 10 

mechanism for thin ZnSe NWs grown on GaAs(111)B has been 

reported at 300°C.21 On the other hand, it is known that some Ga 

interdiffusion can occur upon annealing Au films at higher 

temperatures on GaAs substrates, a feature that may affect both 

seed composition and physical state. Cai et al.22 reported the 15 

growth of ZnSe NWs on GaAs at 530°C, suggesting that the 

seeds consist of liquid Au-Ga alloy nanoparticles. However, they 

did not obtain long and uniformly oriented ZnSe NWs, but rather 

NWs showing a strong diameter-dependent growth direction. The 

vapor-liquid-solid (VLS) mechanism has also been invoked for 20 

the growth of ZnSe NWs with seeds melting at temperatures 

lower than the growth temperature (Tg), like Ga23 or Au-Sn24 and 

Au-Si25 intermetallic compounds. 

 To reach a deeper understanding of the NWs growth, we have 

performed  a detailed investigation of the growth mechanism of 25 

Au-induced ZnSe nanowires on GaAs(111)B by molecular beam 

epitaxy at the fixed Tg of 450°C. As it will be shown in the 

following, this temperature is indeed sufficiently high to allow 

interaction of the Au film with the GaAs substrate, but also 

sufficiently low to give effective growth of ZnSe NWs by 30 

MBE.26 With the help of in-situ and ex-situ electronic and 

structural measurements we show that, due to the interplay 

between substrate, metal, and beam fluxes, both VLS and VSS 

growth mechanisms may take place at this temperature. The 

occurrence of one or the other mechanism has an impact on NW 35 

morphology and nanoparticle composition, and can be controlled 

by the growth protocol.  

 

Results and discussion 

As briefly mentioned above, the NWs of this work have been 40 

grown at 450 °C on GaAs(111)B substrates. The annealing at this 

T of deoxidized GaAs(111)B substrates covered by 1 nm Au 

results in the formation of nanoparticles with a size distribution 

between 15 and 65 nm, and a mean diameter of 30 nm. The 

subsequent ZnSe deposition at the same temperature leads the 45 

growth of ZnSe NWs with the same density and diameter 

distribution and an almost uniform diameter for the whole length. 

However, the NWs morphology is strongly affected by the Zn/Se 

pressure ratio. Figure 1 shows SEM images of ZnSe NWs 

obtained for 10 minutes deposition using a Zn/Se beam pressure 50 

ratio (BPR) of 0.4 (a) and 4 (b), respectively.  

Under Se-rich conditions (BPR0.4), 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 55 

obtained. The NP shape is also different, as it can be observed in 

the insets of Fig. 1 (a, b): 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 NWs grown under 

Zn-rich conditions. The differences in NWs morphology and NPs 60 

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. 

 Let us now focus our attention on the NPs assisting the growth, 

and on their interaction with Zn and Se fluxes. In figure 2 we 65 

report how XPS and XRD measurements of the Au covered 

GaAs(111)B substrate are affected by the thermal annealing. In 

panel 2 (a) we report the XPS spectra of the Au 4f core level  

measured in-situ at RT and after 10 minutes annealing at different 

temperatures. The 4f7/2 peak has the same shape and position (BE 70 

= 84.00 eV, SO = 3.68 eV) after RT deposition and after 

annealing at 300°C, tracing the signal of pure metallic Au.27 

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 75 

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.28 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.28, 29 In 80 

particular, after the annealing at 450°C the Au 4f7/2 peak 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.28 Based on the Au-Ga binary system,30 Au-Ga alloys 85 

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, the limited escape depth of the XPS 

technique (=1.5 nm in our setup) prevents us to discriminate 90 

between the formation of nanoparticles with homogeneous 

composition and a limited surface alloying. In order to verify the 

physical state and the phase transition of the Au nanoparticles due 

to alloying with Ga during annealing,  Au-covered samples were 

analyzed by grazing incidence XRD as a function of the 95 

annealing temperature. In figure 2 (b) we report the XRD powder 

spectra at different temperatures, within the 2 range in which the 

most intense signals of Au are expected. We did not get any 

powder diffraction pattern at low temperature because of the 

epitaxial nature of the metal film deposited on deoxidized 100 

GaAs(111)B.31 The dewetting process begins to be effective at 

Figure 1 Tilted-view SEM images of ZnSe NWs obtained after 10 

minutes deposition at 450°C with BPR 0.4 (Se-rich) (a) and 4 (Zn-rich) 
(b). The insets are magnified images of representative nanowires shown 

in the correspondent panels. 
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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-5 

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,31, 32 the distinction between these 

two phases has not been possible. However, a solid phase is 

clearly present up to 550°C. Such phase could be either pure gold 10 

or a gold-gallium solid solution with a Ga molar fraction smaller 

than 0.22.30  

Combining the results of XPS and XRD analysis, we can 

speculate that the metal NPs obtained by dewetting the Au film 

on GaAs(111)B at 450°C have a liquid Au-Ga alloy shell, and a 15 

solid core made of pure Au or Au-rich solid solution. This picture 

is supported by the theoretical study by  Kratzer et al.33 about 

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 20 

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 25 

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

also supposed 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, 30 

smaller NPs could have an homogeneous composition and be 

completely liquid at 450°C, whereas bigger ones could have a 

inhomogeneous phase, with Ga concentration decreasing from the 

surface to the center. Tchernycheva et al.8 showed in situ RHEED 

and TEM evidences of Au NPs phase transition during the 35 

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 40 

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 45 

could have a liquid shell and a Au-rich solid core.  

 The impact of Se and Zn beams on the chemical composition 

of the 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 shows the 50 

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(d) displays the corresponding Au 4f core-level spectra. 

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 55 

same before and after the Zn exposure (Au4f7/2 = 84.65 eV). The 

morphology of the resulting NPs (Fig. 3 (b)) is also very similar 

to that of the NPs shown in Fig. 3 (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 Se beam is 60 

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(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 65 

and chemical composition. 

These results suggest 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 70 

simultaneously supplied on the Au-Ga alloy NPs. After 1 minute 

of ZnSe deposition at BPR 4, the Au 4f7/2 peak is still centered at 

Figure 2 (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 line at 84.00 eV indicates the position of the 4f7/2 peak of pure Au. A clear blue-shift of the binding energy of the 
4f core level electrons is observed, which indicates an increasing interaction of the Au metal film with the GaAs substrate. (b) Grazing incidence XRD 

patterns of the nanoparticles as a function of temperature. The Au diffraction peaks are detected up to 550°C, when they disappear, suggesting the melting 

of the NPs.  
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84.65 eV, whereas after the same deposition time at BPR 0.4 it is  

back-shifted toward the pure gold position.† The picture that 

emerges from the data is sketched in Fig. 4(a) that describes the 

core of our work: under Zn-rich conditions (BPR 4), the supplied 

Se mainly reacts with Zn atoms to give the ZnSe crystal, and the 5 

one-dimensional growth is promoted by liquid Au-Ga alloy NPs, 

or solid Au-rich particles surrounded by a liquid Ga-rich shell 

(VLS 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 10 

at the very beginning of the deposition. The NWs growth 

proceeds now assisted by Au solid nanocrystals (VSS mode). 

Indeed the Au-Zn34 and the Au-Se35 binary systems show only 

high-temperature melting compounds, and even if the melting 

point could be lowered due to size-effects,36  this is not playing a 15 

significant role in our case, since the difference between the 

lowest eutectic temperature (659°C) and the NWs growth 

temperature (450°C) is too large.  

We thus believe that, as soon as the Se beam reacts with Ga 

atoms of the Au-Ga alloy droplets, the NPs become solid and 20 

remain solid during the NWs growth. Au assisted vapor-solid-

solid growth of ZnSe NWs on ZnSe substrate at temperature as 

high as  500°C has been indeed recently reported.18  

The different wires morphology obtained with the two opposite 

BPR results from the two different growth mechanism, as also 25 

schematically illustrated in Fig. 4(a). It is widely known that 

growth from solid seed particles often suffers from the problem 

of a less controlled growth direction.4, 37 Solid particles are less 

uniform in shape and may have varying facets, producing 

nanowires with a less uniform shape. On the contrary, liquid NPs, 30 

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-35 

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 40 

faster growth rate. 

High-resolution TEM images of the NWs tips are shown in 

Figure 4 (b) and (c). Lattice structure and parameter of the 

faceted NP of figure 4(b), on the tip of a worm-like ZnSe NW 

grown under excess of Se, is consistent with that of Au fcc 45 

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 50 

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 4 (c)) have a lattice non compatible 

with a pure Au phase, but rather close to the Au7Ga2 hexagonal 

compound.  55 

STEM-EDX analysis of several ZnSe NWs reveals the presence 

of 7-15 % of Ga, averaged on the NP volume, on the tips of Zn-

rich grown NWs (Fig. 4 (e)). In the NPs of Se-rich grown wires 

(Fig. 4 (d)) this value drops below 5%, close to our detection 

limit.  60 

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 65 

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. 70 

For instance Heun et al.38 suggest the coexistence of VLS and 

VSS growth in Pd-assisted InAs NWs grown by chemical beam 

epitaxy; Kodambaka et al.10 also reported the presence of both 

solid and liquid seed particles during Ge NWs growth, observed 

by in-situ TEM. Hillerich et al.11  showed the simultaneous 75 

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 those systems the NP properties (diameter, 

Figure 3 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 color 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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thermal history, chemical composition) make the difference. The 

occurrence of one or the other mechanism, depending on the NP 

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 nanoparticle. For 5 

the system studied in this work, the Se-induced changes in the 

NPs composition allow us to choose the growth mechanism and, 

in case, change the NWs morphology during the growth. Figure 5 

shows ZnSe NWs grown for 15 minutes in Zn-rich conditions 

and, after a rapid BPR switch, by further 15 minutes growth 10 

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 (not shown). In both cases, as soon as the Au-Ga alloy 15 

NPs  undergo 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, 20 

suggesting the effectiveness of such mechanism (Fig. 5 (d,e)). 

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 (see Figure 6 (a)), with spherical Au-

GaNPs on their tips. If these NWs are then exposed only to Se 25 

flux for few minutes at the end of the growth, the NPs on their 

tips change shape and composition (see Figure 6 (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.39, 40 The purification of the 30 

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 35 

NPs are fcc crystals still containing twin boundaries (Figure 6 (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.41-43As the size of a cluster increases, these structures 

become less favorable due to accumulated strain energy, therefore 40 

bigger nanoparticles crystallize into the more stable fcc structure 

with some residual twins. The presence of icosahedral gold 

particles at the tips of these nanowires indirectly confirms that the 

seed NPs were in the liquid state during the growth, becoming 

Figure 4 (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. 

Figure 5 (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. 
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solid as the Se beam alone is supplied, due to the fast depletion 

from Ga atoms. Moreover, a neck between the particle tip and the 

NW body is obtained after this treatment (Figure 6 (d)). This neck 

is mainly crystalline but with variable spacing and orientation, 

and the EDX map shows a heap of gallium therein (Figure 6 (e)). 5 

We cannot exclude that a slow release of Ga from the NP to the 

NW body may take place also during growth in Zn-rich 

condition, giving a distribution of Ga impurities in the NW body  

below the detection limit of EDX measurements. As a matter of 

fact, the extremely good alignment of NWs observed in Fig. 6(a) 10 

get progressively worse in case of growth longer than 1.5 um (not 

shown) suggesting a progressive depletion of the NP and 

solidification of the shell. 

 

Conclusions 15 

In this work we have shown that, provided the necessary thermal 

budget, an interplay between seed-substrate interaction and 

elemental fluxes supply 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 20 

atoms from the substrate into the Au seed NPs leads to the 

formation of liquid Au-Ga alloy at the NP surface. 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, 25 

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 30 

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 35 

dominating in the NWs in both cases. These results constitute an 

interesting example of how alloyed foreign metal particles, as in 

this case Au-Ga NPs obtained by annealing of Au on GaAs, and 

preserved by growth under Zn-rich conditions, may be optimal 

for the growth of semiconductor NWs, as recently suggested by 40 

Dick et al.44 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 morphology. 

Furthermore, we have demonstrated that different growth 

terminations affect chemical composition and crystal structure of 45 

the nanoparticles on the nanowires tips. 

The conclusions of this work have been deduced by experiment 

on ZnSe NWs but we are convinced that they are valid in all 

systems where the interaction of the seed with the substrate and 

the beam fluxes induces changes in the physical state of the NPs. 50 

 

Experimental 

ZnSe nanowires were grown by solid source molecular beam 

epitaxy (MBE) in a multi-chamber ultra-high-vacuum facility. 

The GaAs(111)B substrates were first deoxidized at 600°C in the 55 

III – V chamber. A 1 nm thick Au layer was deposited at room 

Figure 6 (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. 
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temperature in the metallization chamber and then the samples 

were transferred into the II – VI growth chamber where 10 

minutes annealing at 450°C were followed by ZnSe deposition at 

the same temperature. We used elemental Zn and Se sources, 

fluxes corresponding to a two-dimensional ZnSe growth rate of 5 

0.5 m/h at 280°C, and a Zn-to-Se beam pressure ratio (BPR) of 

0.4 (Se-rich conditions) and 4 (Zn-rich conditions). The Au film 

dewetting process during the annealing was studied by in-situ x-

ray photoemission spectroscopy (XPS) and ex-situ grazing-

incident x-ray diffraction (XRD). The XPS analysis was carried 10 

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, 

operating at 8 KeV and equipped with a furnace end-station.45 15 

The morphology of the ZnSe nanowires was characterized using 

a Zeiss SUPRA40 Scanning Electron Microscope (SEM). 

Trasmission Electron Microscopy (TEM) was performed using 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 20 

respectively. The microscope is equipped with EDX and Ω-filter 

for energy loss analyses.  
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