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Introduction

There’s Plenty of Room at the Bottom
The famous talk that Richard Feynman gave on December 29th, 1959 at
the annual meeting of the American Physical Society at the California Institute of Technology (Caltech) is considered by many people the birth of the
nanotechnology era, an invitation to enter a new ﬁeld of physics. In that speech
Richard Feynman exploited the possibilities and advantages of exploring the
small world, and the new physics hidden up to that time.
I would like to describe a ﬁeld, in which little has been done, but in
which an enormous amount can be done in principle. [...] What I
want to talk about is the problem of manipulating and controlling
things on a small scale. [...] How can we make such a device?
What kind of manufacturing processes would we use? [...] When
we get to the very, very small world - say circuits of seven atoms
- we have a lot of new things that would happen that represent
completely new opportunities for design. Atoms on a small scale
behave like nothing on a large scale, for they satisfy the laws of
quantum mechanics. So, as we go down and ﬁddle around with
the atoms down there, we are working with diﬀerent laws, and we
can expect to do diﬀerent things. We can manufacture in diﬀerent
ways. We can use, not just circuits, but some system involving the
quantized energy levels, or the interactions of quantized spins, etc.
Now, the name of this talk is “There is Plenty of Room at the
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Bottom” - not just “There is Room at the Bottom.” What I have
demonstrated is that there is room - that you can decrease the
size of things in a practical way. I now want to show that there is
plenty of room. I will not now discuss how we are going to do it, but
only what is possible in principle - in other words, what is possible
according to the laws of physics. I am not inventing anti-gravity,
which is possible someday only if the laws are not what we think.
I am telling you what could be done if the laws are what we think;
we are not doing it simply because we haven’t yet gotten around
to it.

The nanotechnology era has changed our daily life, and it is one of the main
eﬀorts to the development of the Information and Communication society. The
continue miniaturization of the devices, according to the Moore’s law, leads to
the possibility to have portable devices allowing us to connect to the rest of
the world everywhere and every time. Even a quick glance at the modern
world reveals a place where we coexist with an increasingly large number of
machines and devices that assist us in most everyday tasks. On the other
hand, optoelectronic devices and optical ﬁbres allows to link two places in the
world instantaneously. Communications in real time is one of the key features
of our society. Moreover, the demand of energy is strongly increasing and
the development of novel materials and innovative technologies to replace the
traditional oil and carbon sources with natural and renewable sources such as
the sun will be a milestone in the near future research and politic agenda.
The current technology is based on the top-down approach: lithography
and chemical and physical etchings are the basic processes to build complex 3D
devices structures starting from a bulk silicon wafer. Nowadays this approach
is reaching its physical limits, especially related to the diﬀraction limits of the
lithography as well as the time-consuming chemical processes. Some attempts
have been conducted by decreasing the wavelength of the light used to transfer
the mask to the substrate, or by using electrons instead of light. But the
ultimate limits will be reached soon.
The nature builds very complex structures such as the living world from
very simple elements which are able to transform, adapt and self-organize according to the ﬁnal objective. This approach is named bottom-up and it could
lead to a paradigm-shifting advance in the nanoscience world. In fact under
speciﬁc conditions atoms have the possibility to self-assembly in order to form
nanostructures. This approach allows preparing very small size nanostructures with a precise control of their structural properties determining physical
and electrical properties very diﬀerent with respect to the bulk counterpart.
Moreover, nanostructures have a higher surface/volume ratio representing an
advantage for the light collection and conversion into current. As a conse-
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quence, they are candidates for eﬃcient photovoltaic elements. Furthermore,
being the bottom-up approach the same of the natural world, it facilitates the
cross-linking between organic and inorganic structures, opening the way to a
full integration between the power and speed of the electronic devices with
the selectivity and full compatibility of the biological systems. Figure 1 shows
a comparative picture of the size of some key biological structures and nanomaterials, with a particular focus on the axial nanostructures (nanowires and
nanotubes typical dimensions are reported). As indicated by the arrows, the

Figure 1: Comparative size of some key biological structures and nanomaterials. Adapted
from [1]

top-down approach consists in the reduction of the size of the bulk material or
living cells, while the bottom-up in the construction of nanometre structures
from atoms or ions and molecules respectively.
Among all the possible nanostructures, much attention is reserved to nanotubes (both of carbon and inorganic materials) and semiconductor nanowires.
Development of these structures was initially motivated by the problems that
continue to arise as downscaling of existing microelectronics has started to approach physical limits. These new types of materials have quickly found uses
well beyond conventional electronics. Both are cylindrical structures, with a
high aspect ratio, i.e. one direction is much larger than the other two. They
exhibit novel electronic and optical properties owing to their unique structural one-dimensionality and possible quantum conﬁnement eﬀects in two di-
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mensions. With a broad selection of compositions and band structures, these
one-dimensional semiconductor nanostructures are considered to be the critical
components in a wide range of potential nanoscale device applications. They
actually have very diﬀerent properties. Carbon nanotubes - simple graphene
sheets rolled up to form a tube - have excellent electrical properties rivalling
the best metals and semiconductors, that led to enormous progress in the fabrication of high-performance single nanotube transistors and nanotube devices.
On the physical side, a carbon nanotube is stronger, more ductile, and more
elastic than any other manmade material. They have, however, found their way
into many proofs of concept demonstrations of nanoelectronics devices. On the
other hand, nanowires are solid nanostructures where the carrier conﬁnement
and the high surface/volume ratio lead to peculiar electrical and optical properties. Nanowires form a library of electronic and photonic building blocks
that includes Group IV - Si and Ge nanowires, Group III-V InAs, GaAs, GaN
nanowires, Group II-VI CdS, CdSe, ZnSe nanowires, and metal oxide nanowires such as ZnO and SnO2 [1]. Moreover, both nanotubes and nanowires
can be prepared by self-assembling methods: the idea is to build-up nano-sized
structures and devices by using nanoscale building blocks to initiate growth
directly at desired positions and with designed dimensions and properties. For
this reason, nanotubes and nanowires are considered self-pattern structures.

Introduction
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Contents of the thesis
The aim of this thesis is to study in details the growth mechanisms, the
structural properties and the processing of group IV semiconductor nanowires.
In particular, we investigated the properties of silicon and germanium nanowires prepared on top of silicon substrates by electron beam evaporation, a
physical vapour deposition technique, well diﬀused, which allows high quality
results despite the non-UHV conditions.
This thesis is organized as follows:
The ﬁrst chapter is devoted to a review of the main results about nanowire
synthesis and characterization. In fact nanowires are considered as a realistic
addition in the future electronic and optoelectronic devices, as well as building
blocks of the future photovoltaic cells and sensors. The axial growth mechanisms are discussed, and in particular the Vapour-Liquid-Solid mechanism
assisted by gold droplets. The recent progresses toward nanowire electronics are described and a brief selection of the very innovative and promising
applications involving nanowires structures is shown.
The second chapter presents the main results about the control of the silicon
nanowires features prepared by electron beam evaporation. We demonstrated
that its main advantage is the possibility to obtain nanowires epitaxial with
the substrate and we have the possibility, by properly varying the experimental
parameters, to determine the nanowires orientation, length and density that
are critical characteristics for a direct application in nanoelectronics. The
microscopic growth mechanisms have been investigated and a model based on
the atomic ordering along (110) ledges onto (111)-oriented terraces is proposed.
The eﬀects of the surface contamination and of the gold cluster preparation on
the nanowires structural properties and density have been investigated too.
In the third chapter we discuss about the preparation of single-crystal
faceted germanium nanowires heteroepitaxially grown on top of silicon substrates by electron beam evaporation. Nanowires have three speciﬁc crystallographic orientations ([111], [110] and [112]) and exhibit a faceted surface with
{111} or {110} planes, depending on their orientation. Moreover, the structural
features as a function of the experimental parameters have been investigated.
It is demonstrated that the [110] growth direction is the favoured one, being
the density of these nanowires the highest at otherwise identical growth conditions (substrate temperature and germanium evaporated ﬂuence). The axial
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growth rate shows a strong, bell-shaped temperature dependence with a narrow temperature window in which NWs can be grown. Moreover, the axial rate
depends on the growth directions, and we observed that [112]-oriented nanowires are the tallest ones. Finally the diﬀerences between Ge and Si nanowires
are evidenced and discussed.
The fourth chapter is devoted to the investigation of the ion beam eﬀects on
nanostructures such as silicon nanowires. We performed a very detailed study
by implanting germanium ions on the silicon nanowires obtained by electron
beam evaporation. We varied ion energies and ﬂuences and we investigated
the modiﬁcation on the structural eﬀects of the nanowires. We observed a
clear bending of a portion of the nanowires which ﬁnd a deﬁnitive structural
modiﬁcation by aligning themselves in the same direction of the beam. On
the other hand, the unaﬀected fraction is not dependent on the implanted ion
ﬂuence. Moreover, we observed that the bending occurs only in nanowires
having a small size. The possibility to recover the ion beam damage through
thermal treatments is explored. After the annealing treatment we observe an
unbending of the nanowires suggesting a complete recrystallization of their
structure.
Eventually a summary and an outlook on the future trends of this continuously expanding ﬁeld will be given.

1
Toward nanowire electronics
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Chapter 1. Toward nanowire electronics
During the last half century, a dramatic downscaling of electronics
has taken place. New architectures to improve the performance of
the devices are strongly sought for. In a special section on Emerging
Research Device in the International Roadmap for Semiconductors
one-dimensional structures, such as carbon nanotubes and semiconductor nanowires (NWs), are explicitly mentioned as realistic additions. Semiconductor NWs represent a unique system for exploring
phenomena at the nanoscale and the idea of using self-assembled
nanostructures to overcome the limitations of top-down fabrication
has been the driving force behind the tremendous interest of the scientiﬁc community. Nowadays it is possible to obtain NWs of very
diﬀerent materials like II-VI, III-V or group IV semiconductors,
silica or ZnO.
Silicon is the most important semiconductor since the Si-based devices have dominated integrated circuit devices for many decades.
It is clear that a major eﬀort has been done for Si NWs compatible with VLSI requirements. On the other hand, germanium has
attracted in the very last years considerable interest due to its lower
resistivity and higher hole carrier mobility compared to Si. Moreover, Ge has a smaller band-gap lying in the infrared, which is
desirable for some detector and solar cell application in which absorption at longer wavelength is desired. The excitonic Bohr radius
in Ge (24.3 nm) is ﬁve times larger than in Si. As a consequence,
quantum conﬁnement eﬀects such as changes in the band structure
are expected to be observable in large diameter NWs, which are easy
to prepare.
In this chapter a review of the main results about NW synthesis
and characterization are presented. We will focus only on the silicon and germanium NWs with the aim of describe recent progresses
toward a nanowire electronics. The axial growth mechanisms are
discussed, and in particular the Vapour-Liquid-Solid mechanism assisted by gold droplets. Finally, a brief selection of the very innovative and promising applications involving NW structures is showed
oﬀ. Opportunities and limits of these systems are discussed.

1.1 Nanowire deﬁnition and advantages

1.1
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Nanowire deﬁnition and advantages

The reduction in the number of constituent atoms in a structure at the
nanoscale can have dramatic implications for its properties, its behaviour and
the potential applications. In fact the characteristic properties of individual
atoms, normally negligible in the bulk, begin to increase in importance. The
unique properties of nanostructures can be roughly separated into two primary
categories, quantum conﬁnement eﬀects and surface-related eﬀects. Quantum
eﬀects occur when the wavelength of an electron in a material is of the same
order as the dimension of the material itself. On the other side, atoms at
the surface of a material have a diﬀerent bonding structure and a diﬀerent
chemical environment, so they behave somewhat diﬀerently from other atoms
in a crystal. The processes that take place at the surface of the material are
visible only if the proportion of surface atoms to bulk atoms is not negligible.
NWs are deﬁned as structures with a high aspect ratio, with two dimensions in the range of tens of nanometres and the third much longer, typically
in the range of micrometers. Such structures exhibit quantum conﬁnement in
two dimensions while the third is relatively unrestricted. Moreover they have
a very large surface area and surface eﬀects are enhanced. With a broad selection of compositions and band structures, these one-dimensional semiconductor
nanostructures are considered to be the critical components in a wide range of
potential nanoscale device applications (see [2, 3] and references herein). To
date, no production-scale NW applications have reached the marketplace, but
very many simple device structures have been demonstrated, illustrating the
possibilities that may be available in the future. Electronic applications have
dominated to date. Additionally, much work has focused on the development
of optical and optoelectronic devices. A major advantage of nanostructures in
this regard is the tunability of the band gap with diameter. NW-based solar
cells have been reported, taking advantage of the high surface area of NWs for
photon absorption. The mechanical properties of NWs have also been used to
demonstrate numerous device concepts. Finally, chemical applications taking
advantage of the surface area of NWs have been investigated.
To fully exploit these one-dimensional nanostructures, current research has
been focused on rational synthetic control of one-dimensional nanoscale building blocks, novel properties characterization and device fabrication based on
NW building blocks, and integration of NW elements into complex functional
architectures. For large-scale integration, the control of size, density, location
as well as crystallographic orientation is essential. Signiﬁcant progress has
been made in the very recent years, so they can be eﬀectively considered as an
add-on to the mainstream technology.
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Nanowires growth mechanisms

The possibility to grow axial structure having a high aspect ratio and the
same crystal structures as bulk semiconductors through a self-assembling route
is not trivial. Energetic and surface driving forces have to induce atoms to grow
without speciﬁc lateral restrictions, favouring the axial direction and suppressing the growth in the other dimensions.
In the early sixties, R. S. Wagner and W. C. Ellis reported [4] for the
ﬁrst time the growth of 100 nm Si structures (whiskers) from vapour by the
assistance of a small impurity. They named this mechanism as Vapour-LiquidSolid (VLS). The term NW was mentioned for the ﬁrst time by E. I. Givargizov
some years later [5]. In 1989, Hiruma et al. [6] demonstrated the formation of
very small one-dimensional structures composed of InAs, when this material
was grown in the presence of a small amount of Au. In the dawn of the
nanotechnology era, Si NWs were initially reported to grow on Si with Au
catalyst in 1997 [7]. A. M. Morales and C. M. Lieber were the ﬁrst to grow
Si NWs in the context of microelectronics application [8]. Subsequently, there
were extensive investigations carried out on the synthesis, physical properties
and device fabrication and application of Si NWs as well as NWs of many
diﬀerent compositions, using particles of various materials as seeds for their
growth. While NWs have been now grown from several diﬀerent materials,
in the following we will focus only on the main results obtained in Si and Ge
NWs.

1.2.1

The Vapour-Liquid-Solid mechanism

Mechanism
Detailed studies of the morphology and growth of Si whiskers allowed R.
S. Wagner and W. C. Ellis to basically understand the axial crystal growth
[4]. The picture of ﬁgure 1.1(a) schematically describes the growth mechanism
they propose. A small particle of Au is placed on a {111} surface of a Si wafer
and heated to 950 ∘ C, forming a small droplet of 𝐴𝑢𝑆𝑖 alloy. A mixture of
hydrogen and 𝑆𝑖𝐶𝑙4 is introduced in the reaction chamber. The Si enters the
liquid and freezes out until the composition reaches the liquidus line. Beyond
this point, if the local concentration of Si around the particle is still higher
(thermodynamically) than that within the particle, small amounts of Si will
continue to enter the particle. This increases the composition beyond the
liquidus line. Although this can occur kinetically, it is a thermodynamically
unstable situation, and the particle will precipitate Si in order to re-establish
the stable composition of Si and Au in the binary liquid alloy. By a continuation
of this process the alloy droplet becomes displaced from the substrate crystal

1.2 Nanowires growth mechanisms
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Figure 1.1: (a) Schematic illustration of the growth of a silicon crystal by VLS. (b) Transmission electron microscopy of a 1000 ˚
𝐴 whisker and photograph of a crystal
needle seeded on a {111} substrate. [4] (c) Au/Si (red line) and Au/Ge (blue
line) binary phase diagram. Adapted from [2, 9]
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and rides atop the growing whiskers. The growth direction is <111>, and
the side faces of the whiskers are usually {211} and sometimes {110}. The
whisker grows in length by this mechanism until the Au is consumed or until
the growth conditions are changed. According to this work, now representing a
milestone, this growth mechanism is characterized by three important features:
a) Si whiskers do not contain an axial screw dislocation (which in themselves
is a growth mechanism); b) an impurity is essential for whisker growth; c) a
small globule is present at the tip of the whisker during growth. They observed
growth of Si whiskers over a wide range of cross-sectional dimensions, as shown
by the 1000 ˚
𝐴 whisker and the 0.2 mm needle in ﬁgure 1.1(b). The process is
named VLS because it describes a system involving a vapour-phase precursor
(𝑆𝑖𝐶𝑙4 ), a liquid alloying as the mediating material (𝐴𝑢𝑆𝑖), and a solid onedimensional crystal that formed (Si).
Au allows to form a liquid droplet at a relatively low temperature by incorporating a few percent Si amount according to the Au/Si phase diagram shown
in ﬁgure 1.1(c) (red line). The blue line in the same graph refers to the Au/Ge
binary system They are very similar and they can be described together. There
is a single eutectic point at ∼ 363 ∘ C, at which point the composition of the
liquid alloy will be 18.6 at.% Si (12 at.% Ge) in Au. It implicates that there is
limited solubility in the solid phase, but continuous solubility in the liquid. The
solidiﬁcation point of the liquid binary is in fact lower than that of either Au
or Si (Ge), and exhibits a sharp minimum between them - the eutectic melting
point. The eutectic reaction is one in which a binary liquid alloy, upon slow
cooling, will precipitate two solid materials simultaneously that will remain
stable as the temperature is lowered.
The liquid alloy serves as a preferential site for the decomposition of the Si
precursor - locally increasing the amount of Si in the vapour near the particle,
compared to elsewhere on the substrate. The particles promote the growth
but are not normally consumed; they bring about a substantial increase of
the growth rate in one dimension. Such particles typically have a diameter
consistent with that of the wire on which they are observed, and their shape
is typically a hemisphere or truncated sphere with the ﬂat end in contact with
the end of the wire.
Most extensive developments of the VLS mechanism was performed by
E. I. Givargizov [5]. This work explicitly proposed that catalytic decomposition of precursor materials on the particle surface was responsible for the
one-dimensional nature of such structures.
In short, any unidirectional growth with a liquid mediating phase, precursor
supplied from a vapour phase and the assistance of small seed particles of a
foreign material is considered to grow by the VLS growth mechanism. Recently,
the VLS mechanism has been expanded [10] in such a way that a general and
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system independent mechanism can describe why NWs grow faster than the
surrounding surface. B. A. Wacaser et al. [10] conclude that the processes
describing NW growth can be explained in more general terms without the need
for the speciﬁc phases: this mechanism is based on the preferential nucleation
at the interface between a mediating material called the collector 𝑐 and a
crystalline solid 𝑘. The vapour phase will be called the supply 𝑠, which focuses
on the fact that this phase supplies the growth material. The main point is not
the existence of three diﬀerent phases in the system, which are not important to
the mechanism itself, but the edge of the collector-crystal interface. In fact the
important parameters are the stability of the collector, its collection ability and
its interaction with the growing crystal at the interface. So they suggest the
generally applicable term preferential interface nucleation to better describe
the one-dimensional growth mechanism.
The Gibbs-Thompson eﬀect
One of the most important thermodynamic eﬀects involving the growth of
nanometer-size structures is the Gibbs-Thomson eﬀect, which is related to the
variation in surface energy with size. If we consider a liquid drop in a container,
i.e. in contact with a vapour, its free energy is the sum of a volume-related
component and a surface-related component. As a consequence, the pressure
inside the droplet is higher than that of a large ﬂat surface because of the
extra contribution of surface energy. The diﬀerence between the inside and the
outside pressure of a droplet is named Laplace pressure, and it is expressed as
Δ𝑃 =

2𝛾
𝑟

being 𝛾 the surface tension of the droplet and 𝑟 its radius. Thus, the chemical
potential 𝜇 of the growing NW at the eutectic interface is increased with respect
to the chemical potential 𝜇∞ of a bulk material:
𝜇(𝑇, 𝑃, 𝑟) = 𝜇∞ (𝑇, 𝑃 ) +

2𝛾𝜈
𝑟

being 𝜈 the droplet atomic volume.
One of the consequences of the Gibbs-Thomson eﬀect is that for any nucleation process, there is a critical nucleus size. In fact, growth is possible only if
Δ𝜇 > 0; it means that growth occurs only if the droplet radius is higher than
𝑟𝑐
𝛾
𝑟𝑐 =
Δ𝜇
So, very small NWs cannot be grown by the VLS mechanism because the
catalytic droplets evaporate or the supply material cannot be incorporated.
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Another important consequence of the Gibbs-Thomson eﬀect is the depression
of the melting temperature 𝑇𝑚 of the droplet with respect to the melting
∞
temperature 𝑇𝑚
of the bulk:
∞
𝑇𝑚 (𝑟) = 𝑇𝑚
−

∞
2𝛾𝑇𝑚
𝑟Δ𝐻𝑚

being Δ𝐻𝑚 the enthalpy energy of the system.
Initial stages of nucleation and growth
In 2008, B. J. Kim et al. [11] used a CVD reaction chamber equipped
with a UHV transmission electron microscopy (UHV-TEM) to examine the
kinetics of individual nucleation events observed at the nanoscale during VLS
growth. Disilane was used as precursor gas. Figure 1.2 shows a series of brightﬁeld images as a function of disilane exposure time. Frame (A) is acquired

Figure 1.2: Series of bright-ﬁeld UHV-TEM images as a function of disilane exposure time.
[11]
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before opening the gas valve, showing polycrystalline Au particles, as indicated
by their faceted shapes and by the interparticle variations in their brightﬁeld contrast. Image (B) is acquired after 65 s, showing the formation of
the liquid 𝐴𝑢𝑆𝑖 alloy as reﬂected by the rounded shapes in projection and the
disappearance of crystalline contrast. Image (C) is acquired after 84 s, showing
the appearance of a Si nucleus with lighter contrast at the edge of one 𝐴𝑢𝑆𝑖
droplet. In frames (D) to (F) enlargements of the boxed regions of (A) to (C),
respectively, are shown to follow one reaction sequence in more detail. Arrows
in (F) indicate the interface between liquid 𝐴𝑢𝑆𝑖 and solid Si. In all cases,
they found that Si nucleation occurs at the edge of the droplet, which suggests
that this is the energetically favourable location that minimizes the nucleation
barrier. At later times, the Si nuclei grew into elongated wires. The time from
the introduction of the silane in the chamber to the actual growth of the NWs
is addressed as incubation time and this is the time needed for the disilane
molecule to crack, for the transition from solid pure Au to a liquid 𝐴𝑢𝑆𝑖 alloy
to occur and for the achievement of Si super-saturation. Finally, the nucleation
barrier decreases, Si nucleates and quickly captures most of the excess Si in
the liquid in a rapid growth spurt. At a later stage, growth continues more
slowly, at a rate determined by the steady external Si supply from the disilane
vapour.
Crystallographic orientation
One of the challenging issues on NWs growth is the control of their crystallographic orientation. Many theoretical calculations show that NWs electrical
and optical properties strongly depend on their orientation. Si NWs grow easily on (111)-oriented Si wafers. Preferred growth direction is the <111>; in
addition, growth in the <110>, the <112>, and rarely in the <100> direction
have also been reported in the literature. V. Schmidt et al. investigated [12] the
crystallographic direction of Si NWs that were grown epitaxially on a (100)-Si
substrate. Figure 1.3 shows the size distributions of the <110>-, <112>-, and
<111>-oriented NWs measured by analyzing top-view SEM images. The inset
shows the relative proportion of the diﬀerent directions. For diameters smaller
than 20 nm, the <110> direction is preferred. However, for diameters greater
than 30 nm the <111> direction becomes dominant. The <112> orientation
appears only in the intermediate range. Since growth takes place only at the
liquid-solid interface, it is obvious that the growth direction is also determined
by the properties of this interface. They suggested that the interplay of the
liquid-solid interfacial energy with the Si surface energy expressed in terms
of an edge tension is responsible for the change of the growth direction. For
large diameters, the direction with the lowest interfacial energy is dominant,
whereas for small diameters the surface energy of the Si NW determines the
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Figure 1.3: Size distributions of the <110>-, <112>-, and <111>-oriented NWs that were
grown epitaxial on a (100)-Si substrate. The inset shows the relative proportion
of the diﬀerent directions. [12]

preferential growth direction.
Nanowires heterostructures
One of the key advantages of the VLS mechanism is the ability to obtain
heterostructures during growth, including axial superlattice heterostructures
and radial core/shell heterostructures that are very challenging to match, or
are even unobtainable, via top-down lithographic means. The small size and
volumetric similarity in the core and in the shell of the NW heterostructure
system can lead to coherently strained heterostructures free from interfacial
dislocations even for materials with relatively large lattice mismatch (e.g. Ge
and Si) - a feat that is obviously desirable but fundamentally prohibited in planar structures. Figure 1.4 shows the schematic of NW heterostructure growth.
In panel (a) the basic NW synthesis through catalyst-mediated axial growth
is represented. The variation of the source composition during growth results
in NW axial heterostructures and superlattices, as depicted in panels (b) and
(c). On the other hand, conformal deposition of diﬀerent materials leads to
the formation of core/shell and core/multishell radial NW heterostructures, as
represented in panels (d) and (e). In this case, the heterostructure is achieved
by ﬁrst growing NW by conventional techniques, then by changing the growth
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Figure 1.4: Schematic of NW heterostructure growth. (a) NW synthesis through catalystmediated axial growth. (b, c) Switching of the source material results in NW
axial heterostructures and superlattices. (d, e) Conformal deposition of diﬀerent
materials leads to the formation of core/shell and core/multishell radial NW
heterostructures. [13]

parameters so that bulk growth is favoured. In this way growth on the side
facets of the wire will dominate, and shells will form. While the growth of radial
structures is not problematic and now a precise control and quality of the shell
has been achieved, the growth of axial heterostructures presents some issues
related to the possibility to have mismatched materials grown epitaxially on
each other without misﬁt dislocation. It has been theoretically demonstrated
that NW heterostructures eﬀectively relieve interface strain, and that the coherence limit is about an order of magnitude larger in NWs than in thin ﬁlms
[14]. Another important aspect to take into consideration is the sharpness of
the interface; a gradual change in wire composition makes straight wires much
easier to achieve, but these are less interesting for application. A very sharp
interface is actually diﬃcult to obtain because after switching the source material, the droplets is still supersaturated with the ﬁrst material and a certain
amount of time (i.e. a certain thickness) is needed until it will be fully ﬁlled
with the second material. For this reason the achievement of axial superlattices with sharp interfaces in one of those cases in which top-down lithographic
approaches can be more successful than self-assembling.

1.2.2

Diﬀerent nanowires growth mechanisms

R. S. Wagner and W. C. Ellis concluded that the Au particles at the tips of
their Si whiskers were in fact binary liquid 𝐴𝑢𝑆𝑖 alloy particles during growth.
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This conclusion was partly reached due to the shape of their particles, which
were rounded with a hemispherical or truncated spherical shape. Additionally,
the 𝐴𝑢𝑆𝑖 binary system exhibits a low-temperature eutectic and growth at
temperatures above this eutectic point could allow for precipitation of solid Si
from a supersaturated liquid alloy. Actually, the real nature of the catalyst
during the growth is still under debate. Many papers report the growth of
NWs below the eutectic temperature, often concluding that the catalyst is
solid during the growth. This is not a decisive proof because the melting point
of small nanoparticles has been investigated by many groups, all of which
observed a strong depression in melting temperature at very small sizes (for
example, see [15]), according to the Gibbs-Thomson eﬀect. However, some
evidences have been reported about the fact that in several cases there is not the
presence of a liquid alloy during the growth, and a model named the VapourSolid-Solid mechanism has been proposed. In general, numerous VLS-related
mechanisms have been reported in which one of the states of the VLS system is
replaced with another phase. The state of the particle is an important question
to answer, since it is expected to inﬂuence growth kinetics, orientation, and
morphology of the nanowires. Most importantly, because interface formation in
heterostructure nanowires depends on diﬀusive processes through the catalyst,
the catalyst state is also expected to determine interface sharpness.
Sometimes, NWs growth has been observed without the catalyst assistance.
In this case the role of the oxygen has been investigated and an Oxide-Assisted
Growth mechanism has been proposed.
Vapour-Solid-Solid mechanism
The possibility that the metal particles retain their crystal structure and
solid state during the NW growth was ﬁrstly proposed by Bootsma et al. [16].
They termed this mechanism as Vapour-Solid-Solid (VSS) growth. NW growth
below the bulk eutectic temperature for the seed particle with the growth
material has been reported for very many systems. The ﬁrst ones explicitly
stating that the catalyst remained in the solid phase during NW growth were
T. I. Kamins et al. [17]. They showed that Ti-containing islands on a Si
substrate can also catalyze the decomposition of a Si-containing gas and form
Si NWs. However, the lowest liquid eutectic of Ti and Si shown on the bulk,
equilibrium phase diagram occurs at 1330 ∘ C, markedly above the 640-670 ∘ C
used to form the Ti-catalyzed NWs. They argued that if all the steps required
in the VLS process can occur rapidly enough at a solid catalyst particle, there
is no need for the particle to be in the liquid form (see ﬁgure 1.5(a) for a
schematic representation of NW growth process). Generally, the diﬀusion of Si
through or around the catalyst particle is likely to be dramatically diﬀerent for
a solid particle and for a liquid particle. The liquid-phase diﬀusion coeﬃcient
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(a)

(b)
Figure 1.5: (a) Schematic representation of NW growth process according to the VSS mechanism. (b) Transmission electron micrograph of long, straight wire and the
nanoparticle on the end of the wire. [17]

is usually many orders of magnitude greater than the solid-phase diﬀusion
coeﬃcient. To allow wire growth, transport of Si away from the surface must
not be the slowest process. If neither bulk nor surface diﬀusion is adequately
rapid, the Si decomposing on the surface covers the catalyst particle. They
demonstrated that diﬀusion through or around the Ti solid nanoparticle is
adequate to transport Si to the growing wire; moreover according to this work
the solid particle is a stoichiometric 𝑇 𝑖𝑆𝑖2 solution. In particular, they propose
that the catalytic reaction forms a very thin, Si-rich layer on the surface of the
𝑇 𝑖𝑆𝑖2 particle at the growing end of the wire. The Si excess near the surface
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results in a concentration gradient that causes the Si to diﬀuse into the 𝑇 𝑖𝑆𝑖2
island. The excess Si is likely to precipitate, usually at a surface or at an
interface. As the Si atoms precipitate on the underlying Si, the 𝑇 𝑖𝑆𝑖2 island
is pushed up, forming a wire. The above arguments suggest that the 𝑇 𝑖𝑆𝑖2
can move along with the growing wire tip, creating a Si wire with no 𝑇 𝑖𝑆𝑖2
at the base. Figure 1.5(b) shows a transmission electron micrograph of long,
straight wire and the nanoparticle on the end of the wire demonstrating that
these nanowires are crystalline and substantially defect-free.
Another important work demonstrating the possibility to grow NWs both
above and below the eutectic temperature has been done by S. Kodambaka et
al. [18]. Using in situ electron microscopy, they showed that, for the classic
Ge/Au system, NW growth can occur below the eutectic temperature with
either liquid or solid catalysts at the same temperature, although at diﬀerent
rates. They found, unexpectedly, that the catalyst state depends on the growth
pressure and thermal history suggesting that these phenomena may be due to
kinetic enrichment of the eutectic alloy composition. Figure 1.6 shows a series
of bright-ﬁeld images of a single Ge NW during growth as the temperature
is varied. The image in (A), at T0 = 335 ∘ C, is typical of wire growth by

Figure 1.6: Bright-ﬁeld TEM images showing the solid-to-liquid and liquid-to-solid transitions in a Au-Ge catalyst particle at the tip of a Ge wire during cooling and
heating, acquired at times t = 0 s (A), 328 s (B), and 897 s (C), respectively.
(D) The sample temperature versus time and catalyst state (open circle, liquid;
open square, solid) is shown. The letters A, B and C refer to the images in the
respective panels in the ﬁgure. [18]

the VLS process. The tip is composed of a Au-Ge eutectic droplet with a
smoothly curved surface. Upon cooling to a lower temperature, in this case
∼ 106 ∘ C below the eutectic temperature T𝑒 = 361 ∘ C, they observe abrupt
solidiﬁcation of the droplet, as indicated by the facetted surface of the image
(B). On increasing the temperature again to the original value T0 , they ﬁnd
that the solid particle does not transform back into a liquid. Re-establishing
the liquid phase requires a temperature well above T0 , as shown in ﬁgure (C).
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However, once the liquid has re-formed, upon cooling to T0 , they return to
VLS growth with the same growth rate as initially observed. This is a strong
evidence of a hysteresis in the solid-liquid phase transformation. Measurements
made on several wires show that VSS growth is 10 to 100 times slower than
VLS growth, presumably as a result of weaker surface reactivity and/or lower
diﬀusivity through the solid. All the wires, irrespective of the growth mode,
are crystalline, and the only obvious diﬀerence between the growth modes is
that the VSS process yields more tapered wires owing to their relatively slower
growth rates.
VSS mechanism has been investigated in these last years because it can
potentially provide advantages for the growth of ordered arrays, by which the
position and the size of individual NWs can be more predictably determined,
since the surface migration and coalescence of the solid catalyst can be eﬀectively suppressed during the growth [19].
Oxide-Assisted Growth
In 1998, Zhang et al. [20] tried to grow Si NWs by ablating a mixture of Si
and SiO2 by laser and using Fe as a catalyst. They intended to grow Si NWs
by the VLS mechanism at a temperature above 1150 ∘ C, which is the eutectic
temperature for the Fe/Si alloy. As the temperature T reached about 900 ∘ C,
they found surprisingly that the NWs were being grown without any particle
at the tip but with an oxide sheath formed around their lateral surface. It
appeared that oxide, instead of the catalyst, mediated the NW growth. This
experiment was repeated with the growth temperature raised to T = 1150 ∘ C.
Si NWs could again be grown but this time with the iron particle at the tip and
no oxide sheath at the lateral surface. This suggested that the Si NW growth
at ∼ 900 ∘ C was achieved by a mechanism diﬀerent from the VLS mechanism.
This new mechanism, as known today, is called the Oxide-Assisted Growth
(OAG) mechanism.
SiO-like suboxides possess high reactivity and low formation energies. Wang
et al. proposed [21] that during NW growth, suboxides land on the Si substrate.
They use their dangling bonds to bind themselves to the substrate. Together
with other suboxides they also form clusters. Thus they become immobile.
Dangling bonds of the non-bonded Si atoms of the clusters are directed outward
from the surface and exposed to the vapour. These non-bonded Si atoms of
the clusters absorb additional Si suboxides resulting in a Si core with (𝑆𝑖𝑂)𝜌 ,
𝜌 ≥ 2. Oxygen atoms of the clusters are expelled by the Si core to the edge
and form a 𝑆𝑖𝑂2 sheath: 2𝑆𝑖𝑂 → 𝑆𝑖 + 𝑆𝑖𝑂2 . The highly reactive 𝑆𝑖𝑂𝑥 (𝑥
≥ 1), accumulated at the tip of NWs, is semi-liquid, and hence acts as the
collector of other vapour-phase clusters. The main defects in the Si NWs,
which are stacking faults, have a role in the growth too, enhancing the axial
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growth rate. The 𝑆𝑖𝑂2 sheath formed at the periphery prevents, at the same
time, the lateral diameter growth of NWs. Theoretical works [22] predict that
if crystalline NWs are obtained, their preferred growth direction is the <112>.
Figure 1.7(a) represents schematically this model. A typical morphology of the

(a)

(b)

Figure 1.7: (a) Schematic of various stages of NW growth following cluster model. [23] (b)
A typical morphology of the as-grown Si NWs prepared according to the OAG
model. [24]

as-grown Si NWs is shown in the SEM image in ﬁgure 1.7(b), where two major
forms can be seen. Si NWs with uniform diameters and smooth surfaces are
one major component, while the other kind, Si nanoparticles coexist with the
NWs. Most Si NWs are extremely long (≥ 10 𝜇m), randomly oriented and
most Si nanoparticles appear in the form of chain. Short bars of amorphous
SiO2 connect these nanostructures.

1.2.3

Inﬂuence of the metal catalyst in VLS growth

Until now, it is clear that the metal seed has two fundamental roles in
the growth. Firstly it is a chemical catalyst because it drives the chemical
decomposition of the vapour-phase precursor. Moreover, it has a physical role
describing the region where the liquid alloy is formed and the axial growth
occurs, so ﬁxing the lateral dimension of the nanowire. Typically the catalyst
is a metal and we have already discussed the case of Au, Ti and Fe. In addition
we have seen that O can induce NW growth.
Recently it has been demonstrated [25] that the catalyst has also a role in

1.2 Nanowires growth mechanisms

23

determining some structural features of the NWs such as length and tapering.
In fact in the conventional VLS picture the catalyst droplet does not change
during growth, and the NW sidewalls consist of clean Si facets. J. B. Hannon
et al. grew Si NWs by Au as a catalyst in a Low-Energy Electron Microscope
(LEEM) with the possibility to introduce in its chamber a gas containing disilane (such as in a CVD chamber). This apparatus allows them to make transmission electron microscopy during the growth and immediately after the end
of the growth. A sequence of images from a growth experiment at 665 ∘ C is
shown in ﬁgure 1.8. These images reveal that the sidewalls of the NWs are not

Figure 1.8: In situ UHVTEM images recorded during the growth of Si NWs at 655 ∘ C and
labelled by the time (in seconds) after the start of growth. Scale bar: 50 nm.
[25]

perfectly straight, and the diameters of some wires increased with time during
growth (labelled as A), while those of others decreased eventually disappearing (labelled as B). Given that the Au/Si droplets on the surface coarsen at
550 ∘ C before growth, it is likely that the droplets continue to coarsen during
NW growth. That is, during NW growth Au preferentially migrates from the
smaller catalyst droplets to the larger ones to reduce the total droplet surface
area. In this process some of the droplets coarsen away completely, leading to
the shorter, cone-shaped (tapered) NWs. The diﬀusion of Au between droplets
suggests that the NW sidewalls are also covered by a signiﬁcant amount of Au.
Wetting of the sidewalls fundamentally limits how long the NWs can grow:
extending the NW length requires a transfer of Au from the catalyst droplet to
the sidewall. Au in the catalyst droplet will eventually be completely consumed
and VLS growth will terminate. Furthermore, the coarsening of the droplets
during growth is easier to understand if both the substrate and sidewalls are
covered by Au. The Au surface diﬀusion on the Si NWs sidewall has been
observed by other groups, supporting this description and providing a way to
control the growth itself by controlling the oxygen exposure during the growth
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(which modiﬁes the gold surface diﬀusivity) [26–29].
Even if most early work focused on Au as a catalyst, and as such it is
well-developed as a seed particle for many NW materials, the VLS mechanism
requires an impurity in general, and very many other materials (typically metals) have been investigated (as an example, see [30]). Figure 1.9 diplays a table
of the elements tested so far, with regard to their ability of catalyzing silicon
nanowire growth. The elements in green framed boxes are reported to promote

Figure 1.9: Table of elements tested with regard to their ability of catalyzing silicon nanowire
growth; green box: successful, red boxes: unsuccessful, blue boxes: controversal
reports. Adapted from [31] and references therein.

silicon wire growth, whereas the elements in red framed boxes have been tested
unsuccessfully. Concerning the elements in blue framed boxes, the reports in
literature are somewhat controversal [31]. The eutectic temperature for a series
of diﬀerent metal catalyst in the case of alloy with silicon (or germanium) is
reported in the table 1.1.
The selection of a proper impurity depends on a number of factors such
as, formation of a liquid alloy at the deposition temperature, vapour-liquidsolid interfacial energies, distribution coeﬃcient and inertness to the reaction
products. The choice of Au as a seed particle material is mainly one of convenience. In fact it forms low-temperature liquid alloys with many materials of
interest. It should be noted, however, that in comparative studies Au typically
outperforms most other metals in producing oriented, size-selected NWs. The
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metal catalyst
Ga
In
Au
Zn
Al
Cu
Ni
Pd
Fe
Pt
Mn
Co
Ti

NW material
Si
Si
Si (Ge)
Si
Si
Si (Ge)
Si (Ge)
Si
Si
Si
Si (Ge)
Si
Si (Ge)
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T𝑒 (∘ C)
30
156
363 (361)
420
577
802 (644)
810 (762)
950
962
979
1149 (720)
1258
1330 (900)

Table 1.1: Eutectic temperature for a series of diﬀerent metal catalyst in the case of alloy
with silicon (or germanium).

reasons for this are not entirely clear. Au is relatively inert and does not react
with gas-phase carriers. However, Au performs well as a seed particle even for
materials with which it does not form liquid alloys, nor even solid intermediate
phases.
As a drawback, Au is a very undesirable contaminant in semiconductor
processing. The primary problem with Au is that it forms deep-level traps
within the Si band-gap (0.54 eV above the valence band, exactly in the middle
of the band-gap), which are strongly detrimental for the electronic properties.
The very small size of NWs makes it more complicated to understand this eﬀect
than for conventional bulk Si. The unique processes involved in NW growth
may allow Au atoms to occasionally be incorporated kinetically, and these may
remain in the wire after growth ceases [32]. It is possible that Si NWs grown
using Au for the growth alloy will not be suitable for electronic devices due
to Au contamination. Moreover, it should be noted that Au is a problem not
only for Si NWs: Au atoms diﬀuse easily along Si surfaces, and may easily
be incorporated at low concentrations into Si-based devices even before NW
growth commences.
From a technological standpoint, a much more attractive catalyst material
would be aluminium, as it is a standard metal in Si processing. Figure 1.10(a)
shows the Al-rich part of the 𝐴𝑙𝑆𝑖 binary phase diagram. As indicated therein,
two diﬀerent growth modes are possible depending on temperature: VLS and
VSS. For VLS growth, the growth temperature has to be higher than the
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(a)

(b)

Figure 1.10: (a) Schematic of the Al-rich region of the 𝐴𝑙𝑆𝑖 binary phase diagram. (b) SEM
cross-sectional images (tilt 10∘ ) of Si NWs grown using Al catalyst particles at
a temperature of 490 ∘ C. [33]

eutectic temperature of 577 ∘ C so that the 𝐴𝑙𝑆𝑖 catalyst particle is liquid. Due
to the supersaturation of Si in the droplet, the position in the phase diagram
will be on the right-hand side of the liquidus line. In addition, VSS growth
using temperatures below 577 ∘ C also may be possible. In this case, the catalyst
particle remains in its solid 𝛼-Al phase. Compared with the VLS growth
mode, the Al-catalysed VSS growth of Si NWs oﬀers two major advantages.
First, the growth temperature can be lowered to the technologically important
regime below 500 ∘ C, and second, the solubility of Si in the catalyst particle
is reduced by about one order of magnitude. Figure 1.10(b) shows scanning
electron microscopy (SEM) images of well-aligned Si NWs grown on a Si (111)
substrate using Al catalyst particles at a temperature of 490 ∘ C [33]. This work,
performed by the group of Gösele, demonstrates the successful use of Al as a
catalyst to grow Si NWs epitaxially on Si (111) substrates at temperatures in
the range 430-490 ∘ C. In this temperature range the growth should be described
by the VSS mechanism. Although well-aligned epitaxial Si NWs could be
synthesized using Al as a catalyst, it was found that the Si NWs obtained
tended to be tapered, as visible in ﬁgure 1.10(b). This eﬀect was predicted by
Nebol’sin et al. [34]. Tapering is disadvantageous, and in contrast, Si NWs
grown with Au as the catalyst are in most cases uniform in diameter. The
tapering of the NWs can be strongly reduced by lowering the temperature.
The demand for size-selected NWs has led most works to focus on particles
with controllable size, including aerosol phase, colloidal and lithographically
produced particles [35]; as an alternative approach to size-selection, the pos-
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sibility to have NWs growth inside an alumina pre-formed template has been
also explored [36].

1.3
1.3.1

Growth techniques
Chemical vapour deposition

The ﬁrst and most used technique for the synthesis of NWs is Chemical
Vapour Deposition (CVD). It allows a massive growth, with a very high axial
rate (∼ 𝜇m/min) and dense specimen. NWs synthesis has been realized even
with diﬀerent techniques, such as physical vapour deposition (foremost, Molecular Beam Epitaxy - MBE). Some works in literature also report the growth of
NWs by using thermal evaporation or laser ablation. Despite the mechanism
underlying the NWs growth is similar, the speciﬁc growth technique has a relevant role in the properties of the NWs for the thermodynamic behaviour as
well as for the kinetics of the formation process.
In the case of CVD growth we have to consider that the precursor is not
signiﬁcantly cracked at the substrate surface. This, therefore, prevents the
incorporation of Si atoms; signiﬁcant growth does not occur at such regions,
which represent the majority of the surface. Moreover, the limiting step in
the NWs growth is not the diﬀusion of the supply species in the catalyst, but
the crack of the chemical species containing the supply atoms at the droplet
interface. This step usually requires the highest activation energy, and for
this reason CVD growth is reported in a temperature range higher than MBE.
Moreover, since CVD reactors usually work at pressures between 0.1 mbar and
103 mbar, the surface is covered with gas molecules. This prevents signiﬁcant
surface diﬀusion of Si ad-atoms, even though the substrate temperature is
higher than for MBE growth.

1.3.2

Molecular Beam Epitaxy

MBE is a Physical Vapour Deposition (PVD) technique. It requires UHV
conditions, very low deposition rates, and it allows a high quality of the epitaxially grown ﬁlms. The peculiarities of the NWs synthesis by MBE are the
substrate surface, the Si deposition and the seeding. Since the nominal pressure in a MBE chamber lies in the region of 10−10 mbar, the growth surface is
free of adsorbates from the atmosphere. If the substrate surface is additionally
cleaned and therefore free of a native oxide layer, a reconstruction of the Si
surface atoms is possible. The ﬂux of the growing species consists of single
atoms. The atoms, which have a speciﬁc kinetic energy, directly impinge on
the surface with a ﬂux rate in the order of ∼ 0.05 nm ⋅ s−1 . These ad-atoms
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may diﬀuse on the clean Si wafer surface for a speciﬁc time before their incorporation. They actually participate both to the VLS process and to the growth
of a competing planar layer on top of the substrate.
Figure 1.11 shows on the left a typical SEM image of Si NWs prepared by

Figure 1.11: SEM (a) and TEM (b) images of Si NWs grown by MBE. [37]

MBE [37]: the arrows indicate the presence of the Si wire having a cylindrical
shape and of the gold droplet on top of it. By analyzing these images, authors
concluded that only those NWs with diameters between 40 nm and 300 nm
grow. Smaller as well as larger droplets outside of this range did not initiate
NWs growth at all; they remain unaﬀected on the surface of the growing Si
layer. The right part of the image shows a TEM of one of the NWs. They
are <111>-oriented, defect-free and the sidewalls of the NWs are decorated
by tiny amorphous droplets of 𝑆𝑖𝐴𝑢 eutectic approximately 5 nm in diameter.
Point defects can be eventually observed due to Au atoms incorporation. It
is reasonable that they turn into a thin liquid layer on the Si surface during
the growth. Moreover, it is very important to note that the base of the NW
is always located in triangular pits formed during the growth process. This
clearly indicates that some surrounding Si material was deﬁnitely consumed by
the growing NW. Si ad-atoms impinging on the surface are not desorbed, but
diﬀuse on the substrate and then they are incorporated in the growing Si layer
[38]. In this case one would assume that the NW and the Si layer grow with the
same speed and no wire can be formed. However, ad-atoms in the proximity of
a NW also diﬀuse towards and along the NW. This is caused by a concentration
gradient since the concentration of ad-atoms drastically decreases at the liquid-
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solid interface where they are incorporated. The epitaxial Si layer contains a
high density of crystal defects at the location of the NWs, whereas at other
locations the defect density is very low. The defects are mostly dislocations
and stacking faults.
Schubert et al. performed several measurements to better understand the
NWs growth mechanism in this system [39]. In particular, they measured the
diameter and the length of the NW as a function of the growth time. Figure
1.12(a) shows the time dependence of the length of NWs as a function of growth
time 𝑡. The size 𝑙 denotes the length from the base to the top of the NW, 𝑙𝑠

(a)

(b)

Figure 1.12: (a) Time dependence of the length of NWs as a function of growth time 𝑡. (b)
Correlation between the length and diameter of Si NWs. [39]

the thickness of the grown Si layer and 𝑙𝑡𝑜𝑡 = 𝑙+ 𝑙𝑠 is the total length of the
NW including the base layer. The observed growth is nearly linear in time but
the axial rate is always predominant with respect to the planar layer growth
rate. On one hand, each data point in ﬁgure 1.12(a) represents the maximum
of a length distribution of NWs grown during a particular experiment. On
the other hand, each length distribution correlates to a speciﬁc distribution
of the NWs diameter 𝑑. As an example, ﬁgure 1.12(b) presents the situation
for a growth time of 240 min. For a given growth time the length of the
NWs is systematically longer for NWs with small diameters. By ﬁtting the
experimental data, one can deduce that
𝑙∝

1
.
𝑟

This phenomenon is caused by the additional surface diﬀusion of Si ad-atoms
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and it is peculiar of the MBE technique. In contrast for the CVD growth by
the VLS mechanism, it is well established [5] that NWs with a larger diameter should grow faster than those with a smaller diameter due to the GibbsThomson eﬀect.
The group of V. G. Dubrovskii devoted a lot of studies to the theoretical
analysis of the NWs growth by MBE [40–42]. Figure 1.13 schematically illustrates the model of NW formation they propose. They consider the stationary

Figure 1.13: Schematics of NW growth model for the MBE technique. [42]

growth of a prismatically or cylindrically shaped NW with constant radius 𝑅.
The latter approximately equals the radius of the drop 𝑅𝐿 so that the contact
angle between Au droplet and NW sidewall is close to 90∘ . It is generally
needed to consider ﬁve phases of the material: vapour 𝑉 with chemical potential 𝜇𝑉 , ad-atoms 𝐴 with chemical potential 𝜇𝐴 , liquid 𝐿 with chemical
potential 𝜇𝐿 , nanowire 𝑊 with chemical potential 𝜇𝑊 , and substrate 𝑆 with
chemical potential 𝜇𝑆 . The thermodynamic driving force for the growth is
the diﬀerence of chemical potentials between the vapour and the substrate,
determined by the surface temperature T and deposition rate 𝑣. The model is
able to determine the conditions of NW formation by surface diﬀusion in the
presence of the Gibbs-Thompson eﬀect. On these bases, they calculated the
relationship between many experimental parameters. For example, the NW
growth rate as a function of its radius at ﬁxed growth conditions is a function
with one maximum. It means that the growth of thin NWs (larger than a
minimum radius 𝑅𝑚𝑖𝑛 at which the growth rate is zero) is mainly determined
by the Gibbs-Thompson eﬀect, and the rate increases with 𝑅. The maximum
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is reached due to a competition between the Gibbs-Thompson eﬀect and the
ad-atom diﬀusion. The position and the value of this maximum depend on the
surface temperature. For larger 𝑅, the situation is reversed and the growth rate
decreases in normal diﬀusion-induced mode. The temperature dependences of
NW growth rate at ﬁxed 𝑅 are also functions with one maximum. It means
that the rate is zero up to a minimum temperature, then it increases to a
maximum value and it becomes zero again over a maximum temperature. The
growth domain is narrower for smaller 𝑅.

1.3.3

Thermal evaporation

NWs can be synthesized also by a physical evaporation method. The experimental apparatus consists of a quartz tube containing a silica boat. Samples
are placed in this boat and the mixed powder of Si and the catalyst is heated
in the tube under an inert ﬂowing gas. The major advantage of this technique
is the possibility to raise temperature up to very high values, i.e. 1200 ∘ C,
so to use catalyst forming an high temperature eutectic. Moreover, a massive
growth of a bundle of eventually crystalline NWs is achievable.
Figure 1.14 shows a schematic diagram for the growth of Si NWs using Fe as
a catalyst with the thermal evaporation technique [43]. The growth process can

Figure 1.14: Schematic diagram for the growth of Si NWs using Fe as catalyst with thermal
evaporation technique. [43]

be divided into two stages: the nucleation and growth of 𝐹 𝑒𝑆𝑖2 liquid droplets,
and the growth of NWs by the VLS mechanism. In the ﬁrst stage, the Si and Fe
atoms, eﬀused from the mixed powder at high temperature, lose their energy
rapidly by collision with the atoms of the buﬀer gas. This process produces
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a large supercooling of the mixed vapour of Si and Fe atoms, promoting the
spontaneous nucleation of nanosize 𝐹 𝑒𝑆𝑖2 droplets. The 𝐹 𝑒𝑆𝑖2 droplets can
grow up either by absorption of Si and Fe atoms from the mixed vapour or
through coalescence with other droplets. The rate of the latter process is much
higher than that of the ﬁrst process. The nucleation and growth of 𝐹 𝑒𝑆𝑖2
droplets take place mainly in the region very near to the powder source at the
highest furnace temperature (the melting temperature of the two elements).
In the second stage, which mainly occurs in an intermediate region, NWs can
grow up from 𝐹 𝑒𝑆𝑖2 droplets by VLS mechanism. Such a process will continue
until NWs with droplets are carried out of this region by the ﬂowing buﬀer gas
and the droplets become solid. NWs with small diameter and uniform diameter
distribution can be formed in the low ambient pressure. When the ambient
pressure is high, 𝐹 𝑒𝑆𝑖2 droplets grow up mainly by a coalescence process due to
the high probability of the collision among droplets, forming NWs with large
diameter and non-uniform diameter distribution. In this case, it is possible
that two NWs grow up in two opposite directions from one 𝐹 𝑒𝑆𝑖2 droplet,
leaving a 𝐹 𝑒𝑆𝑖2 particle in the middle of the NW.

1.3.4

Laser ablation

In 2008, M. L. Taheri et al. [44] presented an in situ method for laser assisted synthesis of 1D nanostructures using the dynamic transmission electron
microscope (DTEM) that permitted the details of laser-assisted NW synthesis
to be elucidated. Figure 1.15(a) shows images of the early stages of Si NW
development with laser heating. The frame (A) refers to a crystalline <111>Si sample with a 4 nm Au layer, before laser treatment. The frame (B) has
been taken after 10 laser pulses (8 ns each) below the ablation threshold. It
shows that heating was capable of producing some of the initial catalyst alloying steps in the VLS process. Frame (C) is an image of a wire with a distinct
catalyst bulb at the edge of the sample. However, the wire growth appears
to have been halted regardless of further laser pulses at these energy levels
(below the ablation threshold), thus the VLS process could not continue. In
fact VLS mechanism requires a vapour species to adsorb on the catalyst surface during growth. It was necessary to treat the sample above the ablation
threshold to produce vapour. This is the cause of the crucial diﬀerence between
the barely-nascent NWs shown in frame (C) and the well-developed crystalline
NWs shown in frame (D). Figure 1.15(b) reports the proposed growth mechanism of Si NWs during pulsed laser ablation. The initial stage is a <111> Si
wafer with a 4 nm Au layer on top. This ﬁlm is broken up into Au droplets
and/or particles with the initial laser pulse (ﬁrst step of the process). Further
pulses form an alloy of 𝑆𝑖𝐴𝑢, which acts as a catalyst (second step). These
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Figure 1.15: (a) DTEM images of the initial stages of Si NW development during laser
heating. (b) Proposed growth mechanism of silicon nanowires during pulsed
laser ablation. [44]

steps require a series of laser pulses able to heat the substrate, but under the
ablation threshold. Thereafter, additional pulses having energy above the ablation threshold allow the ablated 100-1000 Si atoms/nm2 to re-deposit onto
the remaining Si substrate and 𝑆𝑖𝐴𝑢 catalysts, providing a sudden, intense
inﬂux of heat and of fast-moving, non-equilibrated Si atoms. As the system
relaxes toward thermal equilibrium and gradually cools, excess Si atoms ﬁnd
their way onto the fast-growing (111) face on the end of the emerging Si NW,
resulting in the catalyst-wire morphology shown in the DTEM images.

1.4

Doping of nanowires

Doping of semiconductors in a well-controlled manner and ideally over a
wide concentration range is a prerequisite for the fabrication of any solid-state
device. Thus, advances in doping techniques are required that will allow the
introduction of controlled amounts of dopants into NWs without degrading
their electronic properties or morphology.
Several NW doping methods have been investigated to date. In situ doping
of self-assembled Si and Ge NWs, grown using the VLS mechanism, can be
achieved by co-ﬂowing dopant gases, e.g. diborane or phosphine, along with
the growth precursors. The doping atoms are incorporated into the nanowire
body through the nanowire surface. While high doping levels can be realized
using this approach, the dopant atoms, and in particular the p-type dopants,
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are primarily incorporated via conformal growth. This results in the entire
NW being doped with a doping concentration proportional to the exposure
to the doping agent. Furthermore, these doping methods have often resulted
in the formation of an intrinsic Si core covered with a doped amorphous shell
[45, 46]. Such enhanced surface doping during growth competes with dopant
introduction at the liquid-solid growth interface and will cause non-uniform
doping along the NW length, with higher doping closer to the NW base [47].
These issues are even more signiﬁcant for Ge NWs. The work of H. Schmid
et al. [48] is an example of in situ doping features. They demonstrated that
highly n-doped NWs can be grown in a cold-wall CVD reactor using phosphine
𝑃 𝐻3 as a doping gas without structural defects and high selectivity. Moreover,
they found that addition of the dopant reduces the growth rate by less than
8%. Typically, a short intrinsic segment (∼ 100 nm long) was grown initially,
followed by a sub 50 nm doped segments sandwiched within intrinsic (undoped)
segments. To investigate the incorporation of the dopant into the NWs, a series
of n-type NWs were grown using 𝑃 𝐻3 /𝑆𝑖𝐻4 gas-phase ratios corresponding
to diﬀerent dopant concentration. NWs are single-crystalline even at high
doping concentrations, but higher dopant gas concentrations did not lead to
an increase of the doping concentration beyond 1.5 ⋅ 1020 cm−3 . Figure 1.16
shows SEM images of Si NWs containing phosphorus-doped segments. Areas
of extended bright contrast correspond to the doped segments, as is indicated
in the schematic at the very bottom. The locations of the doped segments are
additionally indicated by bars. Furthermore, trimethylboron was investigated
as a p-type dopant source for the growth of B doped Si NWs [49]. Similar results
can be achieved by physical vapour deposition technique: single-crystalline
epitaxial Si NWs of short heights (∼ 280 nm) were grown and doped in situ
with B on a concentration range of 1015 - 1019 cm−3 by co-evaporation of
atomic Si and B by MBE [50].
Apart from these initial results, important properties of VLS-doped Si NWs,
for example, the maximum attainable doping concentration, the abruptness
of the doping proﬁle within a NW, and whether the doping concentration is
diameter-independent, are still unknown. On the other hand, for the case of
conventional Si processing, dopants are usually introduced using solid-state
diﬀusion or ion implantation based techniques (ex-situ techniques). In particular, ion implantation allows for precise control of the doping level and depth,
and uniform doping concentration. Semiconductor NW doping using ion implantation is more challenging compared with planar, bulk devices due to ion
beam-induced damage. Recent studies on Si NWs showed successful doping
by low-energy ion implantation, although dopant segregation during the activation anneal appears to prevent the realization of high doping concentrations
[51]. Thus, the development of ex-situ NW doping techniques is anticipated to
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Figure 1.16: SEM images of Si NWs containing phosphorus-doped segments. Areas of extended bright contrast correspond to the doped segments, as is indicated in
the schematic at the very bottom. The locations of the doped segments are
additionally indicated by bars. [48]

be useful for future applications. It is also of scientiﬁc interest to determine
how the widely studied solid-state diﬀusion processes for electrical doping of
bulk Si act in the small dimensions and large surface areas characteristic of
NWs.

1.5
1.5.1

Device applications
Nanowire-based electronic devices

Of particular importance to 1D nanostructures is the electrical transport
through the NWs, since predictable and controllable conductance will be critical to many nanoscale electronic applications. The scientiﬁc community is
performing a strong eﬀort to investigate the electrical properties of NWs and
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to exploit novel device architectures able to improve the state-of-art device performances. As an example, in addition to being attractive for integration into
conventional device architectures, NWs can be grown vertically with respect
to the substrate surface providing the potential for integration into vertical
device architectures. An early example is the demonstration of the feasibility
of a vertical wrap-around gate ﬁeld eﬀect transistor [52].
S. Chung et al. [53, 54] investigated the electrical properties of 15-35 nm
diameter Si NWs produced via VLS growth, nominally undoped. Wires were
transferred on top of a thick SiO2 layer pre-patterned with alignment markers. Standard e-beam lithography was utilized to write an electrode pattern
that connected the NWs to larger contact pads. A third electrode was also
deﬁned as a gate. Au and Ti were then deposited using e-beam evaporation as
metal contacts. Figure 1.17(a) shows an SEM image of a three-terminal device.
Once the devices were prepared, they were investigated using current-voltage

(a)

(b)

Figure 1.17: (a) SEM image of a three-terminal device, with the source (S), gate (G), and
drain (D) labelled. (b) I-V characteristics of two-terminal Au-NW devices.
Adapted from [53]

(I-V𝑏𝑖𝑎𝑠 ) measurements. These devices consist of a semiconductor connected
to two metal contacts, which is the equivalent of two Schottky-type diodes connected back to back. Overall, I-V characteristics of such a device is governed
by the reverse bias characteristics of Schottky diodes (i.e. transport of electrons from metal to semiconductor), as shown in ﬁgure 1.17(b). Moreover, they
exhibited currents in the range of tens of pA at V𝑏𝑖𝑎𝑠 = 4 V. Three-terminal
measurements indicated that the NWs are 𝑝-doped and this behaviour is sup-
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posed to be related to the presence of Au atoms inside the wire. These atoms
also act as deep scattering centres (which decrease the carrier mobility) and in
fact after a thermal annealing, these devices show a metallic-like conductance.
In the same year, Y. Cui et al. [55] reported the ﬁrst demonstration of
controlled doping of Si NWs and the characterization of the electrical properties of these doped NWs using transport measurements. Gate-dependent,
two-terminal measurements demonstrate that B-doped and P-doped Si NWs
behave as p-type and n-type materials, respectively; estimates of the carriers
mobility suggest diﬀusive transport in these NWs and show an indication for
reduced mobility in smaller diameter wires. In addition, these studies showed
that it is possible to incorporate high dopant concentrations in the NWs and to
approach the metallic regime. Temperature dependent measurements made on
heavily doped NWs show no evidence for Coulomb blockade at temperatures
down to 4.2 K and thus suggest that the NWs possess a high degree of structural and doping uniformity. Some years later, the same group reported the
high performance of Si NW ﬁeld eﬀect transistors [56]: thermal annealing and
passivation of oxide defects using chemical modiﬁcation were found to increase
the average transconductance and average mobility up to 560 cm2 /V ⋅ s. Comparison of these results and other key parameters with state-of-the-art planar
Si devices showed substantial advantages for the use of Si NWs as building
blocks in electronic devices.
Ge NWs (which are ideal especially for faster switching and higher frequency devices) seem to have a diﬀerent electrical behaviour, which is strongly
aﬀected by the nature of the surface. This is due to a pinning of the Fermi
level at the surface causing a p-doping eﬀect in the surface which dominates
the conduction.

1.5.2

Photonic devices

Recently, semiconductor NWs have been proven to be useful as basic building blocks for photonic components, including optically and electrically pumped
lasers, polarization-sensitive detectors, electro-optic modulators, and solar cells.
Nanowires as a light emitter
Si is the most important semiconductor in microelectronics but it has an
indirect band-gap and it is naturally unsuitable for optical applications. The
demonstration of eﬃcient light emission in Si nanostructures is a very important goal for the research community. A. R. Guichard et al. presented an
in-depth study of the optical emission from 𝑇 𝑖𝑆𝑖2 -catalyzed Si NWs [57, 58].
They prepared NWs by CVD technique; the eﬀective Si core diameter has been
restricted by proper thermal oxidation. In this way, they were able to obtain
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NWs having a Si diameter ranging from 2 to 15 nm, exploring the quantum
conﬁnement eﬀects regime. Figure 1.18(a) shows normalized room-temperature
photoluminescence (PL) spectra of Si NWs after each thermal oxidation step.
Measurements were performed using the 488 nm line of an 𝐴𝑟+ ion laser as the

(a)

(b)

Figure 1.18: (a) Photoluminescence spectra of 𝑇 𝑖𝑆𝑖2 -catalyzed Si NWs. Inset plots photoluminescence peak energy as a function of core diameter. (b) Dependence of
the photoluminescence decay lifetime as a function of the detection energy for
a NW sample having a diameter of 4 nm. The inset shows a typical PL decay
trace taken at energy of 1.65 eV. [57]

excitation source, with a pump intensity of 10 𝑊/𝑐𝑚2 . The largest NWs show
a broad luminescence band, peaking at 1.55 eV and with a full width at half
maximum (fwhm) of 330 meV. By reducing the Si diameter, the luminescence
band maintains a constant fwhm and shifts to the blue. The inset shows a
plot of the PL peak energy vs average Si NW diameter, demonstrating the
blue shift of peak luminescence wavelength with decreasing diameter. Figure
1.18(b) shows the dependence of the PL decay lifetime as a function of the
detection energy for a NW sample having a diameter of 4 nm. The inset shows
a typical PL decay trace taken at energy of 1.65 eV. The lifetimes at this and
other energies in the range from 1.45 to 1.9 eV were obtained by ﬁtting such
decay traces with a stretched exponential decay function of the following form:
𝐼𝑃 𝐿 = 𝐼0 𝑒

(− 𝜏𝑡 )𝛽
𝑑

where 𝐼0 is the PL intensity at t = 0, 𝜏𝑑 is the decay lifetime, and 𝛽 is a
constant between 0 and 1, where 1 corresponds to single-exponential decay.
The lifetimes are in the tens of microsecond range and tend to decrease with
increasing detection energy. The magnitude of 𝛽 monotonically decreases from
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0.63 to 0.38, indicating that the decay becomes increasingly multiexponential
at higher detection energies. These results are consistent with the quantumconﬁnement theory as well, so PL can be attributed to the recombination of
quantum-conﬁned charge carriers in the crystalline Si core.
Nanowires as a photovoltaic system
Solar energy conversion is a highly attractive process for clean and renewable power. The use of single NW as photovoltaic (PV) elements presents several key advantages which may be leveraged to produce high-eﬃciency, robust,
integrated nanoscale power sources. First, the principle of bottom-up design
allows the rational control of key nanomaterial parameters, which will determine PV performance, including chemical/dopant composition, diode junction
structure, size, and morphology. Second, single or interconnected NW PV elements could be seamlessly integrated with conventional electronics and/or future nanoscale electronics to provide energy for low-power applications. Third,
NW array shows much lower reﬂectance compared to thin ﬁlms and they show
a strong broadband optical absorption with a higher absorbance than their
thin ﬁlm counterparts [59, 60].
In 2005, B. M. Kayes et al. developed [61] a device physics model for radial
p-n junction nanorod solar cells, in which densely packed nanorods, each having
a p-n junction in the radial direction, are oriented with the rod axis parallel
to the incident light direction. Figure 1.19 shows a schematic cross-section
of this cell. This structure would enable a decoupling of the requirements
for light absorption and carrier extraction into orthogonal spatial directions.
High aspect-ratio nanorods allow the use of a suﬃcient thickness of material to
obtain good optical absorption while simultaneously providing short collection
lengths for excited carriers in a direction normal to the light absorption. It
facilitates the eﬃcient collection of photogenerated carriers in materials with
low minority-carrier diﬀusion lengths. The emitter layer (i.e. the exterior shell
of the nanorod) is assumed to be n-type, while the base (i.e. the interior core of
the nanorod) is assumed to be p-type. The modelling indicates that the design
of the radial p-n junction nanorod device should provide large improvements
in eﬃciency relative to a conventional planar geometry p-n junction solar cell.
Measurements on single NW solar cell are a valuable platform to validate
these properties [62]. In particular, two years later B. Tian et al. demonstrated
[63] that a slightly complex structure, a p-i-n Si NW element, yields a maximum power output of up to 200 pW per NW device and an apparent energy
conversion eﬃciency of up to 3.4 %. The coaxial heterostructure was prepared
as discussed above, ﬁrstly growing a p-type Si nanowire by conventional VLS
mechanism and then covering it with an intrinsic and then a n-type Si shells.
Selective chemical etching allowed isolating the p-type in order to fabricate
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Figure 1.19: Schematic cross-section of the radial p-n junction nanorod cell. Light is incident
on the top surface. The light grey area is n type, the dark grey area p type.
[61]

metal contacts selectively to the inner p-core and outer n-shell. Figure 1.20(a)
shows a schematic of device fabrication with the relative SEM images. The

(a)

(b)

Figure 1.20: (a) Schematics of device fabrication and relative SEM images. In the left part,
pink, yellow, cyan and green layers correspond to the p-core, i-shell, n-shell and
𝑆𝑖𝑂2 , respectively. In the middle part, selective etching to expose the p-core.
In the right part, metal contacts deposited on the p-core and n-shell. Scale bars
are 100 nm (left), 200 nm (middle) and 1.5 mm (right). (b) I-V data for a p-i-n
Si NW element. [63]
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diameter of this NW is ∼ 300 nm. The photovoltaic properties of the p-i-n
coaxial Si NW diodes were characterized under air mass 1.5 global (AM1.5G)
illumination. Figure 1.20(b) reports I-V data for this PV element. The maximum power output 𝑃𝑚𝑎𝑥 for the Si NW device at 1-sun is ∼ 72 pW.
The bottom-up approach can be extended to create structures of substantial
complexity. Tandem and multiple quantum well (MQW) structures are natural
extensions of the single axial or radial Si NW PV elements. Multiple diodes
or cells can be integrated in series in the axial or radial direction during NW
synthesis to yield these very promising structures [64].

1.5.3

Sensor applications

The interface between nanosystems and biosystems is emerging as one of the
broadest and most dynamic areas of science and technology. Devices based on
nanowires are emerging as a powerful and general platform for ultrasensitive,
direct electrical detection of biological and chemical species. Detection with
semiconductor nanowires takes advantage of their conﬁguration as ﬁeld-eﬀect
transistor which will exhibit a conductivity change in response to variations in
the electric ﬁeld or potential at the surface. For example, binding a protein
with net negative charge to the surface of a p-Si ﬁeld eﬀect transistor will
lead to an accumulation of positive hole carriers and an increase in device
conductance with a concomitant change in the voltage drop across the NW
sensor. Therefore, time dependent change in voltage output of the circuit can
be used to monitor the binding/unbinding of analytes. The main advantage
of such a structure with respect to planar ﬁeld eﬀect transistor sensor is that
binding to the surface of a nanowire leads to depletion or accumulation of
carriers in the bulk of the nanometre diameter structure (in contrast to only
a small region of the surface region of a planar device). This unique feature
can lead to suﬃcient sensitivity to enable label-free and real-time detection
of a wide range of chemical and biological species and make the detection of
single molecule in solution possible for an array-based screening and in vivo
diagnostics [65].
As an example of a novel application, B. Tian et al. reported about a single
Si nanowire photovoltaic device, operating under 8-sun illumination which was
used to drive a Si nanowire pH sensor without additional power sources [64].
The nanowire acting as a sensor is connected in parallel with the nanowire
acting as photovoltaic power source, as shown in ﬁgure 1.21(a). Figure 1.21(b)
shows measurements of the voltage drop across the p-Si nanowire sensor as
a function of time. A real-time reversible increase (decrease) in voltage is
observed as the solution pH was decreased (increased). The number near each
step in the graph is the pH of the solution. Moreover, this pH-dependent
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(a)

(b)
Figure 1.21: Integrated and self-powered nanosystems. (a) Schematic of self-powered NW
biosensor. (b) Real-time detection of the voltage drop across a modiﬁed Si NW
at diﬀerent pH values. [64]

conductance is linear over a large dynamic range [66].
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Chapter 2. Silicon nanowires by electron beam evaporation
Silicon is the main semiconductor in microelectronics. As a consequence, a lot of works have been devoted to the investigation of
the growth mechanisms of Si nanowires (NWs) made by diﬀerent
growth techniques. In particular, among the physical vapour deposition (PVD) methods, Molecular Beam Epitaxy (MBE) has been
extensively studied because it allows a very high purity growth in
order to easily understand the microscopic growth mechanisms. In
contrast, MBE has no industrial applications.
Electron beam evaporation (EBE) is a quite important physical method, as opposed to CVD. It is a relatively unexploited technique
(for the growth of nanostructures), much less expensive than MBE,
well diﬀused and, being a non-UHV technique, with a much higher
throughput, which makes it interesting for industrial applications.
Nevertheless, despite the huge literature on Si NWs, only a very few
works appear in the literature on Si NWs grown by this technique
[67, 68] and the mechanisms occurring during growth are unknown.
In addition, while it is known that NWs with diﬀerent crystallographic orientations can be grown, the growth rate orientation dependence has not been studied and ways to control the NW orientation are strongly sought for.
In this chapter our results on the growth of Si NWs by EBE will be
discussed. EBE has great potentialities for the Si NW preparation:
the main advantage is the possibility to obtain Si NWs epitaxial
with the substrate. Moreover it is cheaper than MBE and it allows an accurate control of the growth mechanisms and structural
properties in non-UHV conditions. In fact, by properly varying
the experimental parameters it is possible to deﬁne the length and
crystallographic orientations of the NWs that are critical characteristics for a direct application in nanoelectronics. The eﬀects of
the surface contamination and of the gold cluster preparation on
the NWs structural properties and density will be investigated too.
Finally, EBE enables a high reproducibility and a precise control of
Si NWs orientation, length and density oﬀering a pathway towards
high throughput production.

2.1 Electron beam evaporation as a growth technique
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Electron beam evaporation as a growth technique

Electron beam evaporation is a quite simple and well diﬀused preparation
technique. In the evaporation process, a block of the material (source) to be
deposited is placed in the anode and bombarded with an electron beam emitted
by a charged tungsten ﬁlament under high vacuum, accelerated to a high kinetic energy and focused towards the anode. When the accelerating voltage is
between 20 - 25 kV and the beam current is a few amperes, 85% of the kinetic
energy of the electrons is converted into thermal energy as the beam bombards
the surface of the ingot. Although some of incident electron energy is lost in
the excitation of X-rays and secondary emission, the surface temperature of the
ingot increases resulting in the formation of a liquid melt. The temperature of
the source (which has to be higher than the melting point of the source material) can be varied by changing the ﬁlament gun current. This process takes
place inside a vacuum chamber, enabling the atoms or molecules to evaporate
freely in the chamber, where they then condense on all surfaces and in particular on the substrate which has to be maintained at a lower temperature
with respect to the boiling point of the anode. The ingot itself is enclosed in
a crucible, which is cooled by water circulation to avoid any contaminations
of the liquid source in the chamber. The crucible can be usually made with
graphite, alumina, boron nitride, molybdenum or tantalum depending on the
source material. The material utilization eﬃciency is high relative to other
methods and the process oﬀers structural and morphological control of the
ﬁlms. EBE is commonly used for the deposition of metals, because it can be
performed at lower process risk and in a cheaper way with respect to CVD. In
general, dielectrics are very diﬃcult to evaporate, while semiconductor evaporation eﬃciency strongly depends on their melting point. Actually many binary
or ternary compounds have been successfully evaporated. Co-evaporation of
diﬀerent sources (eventually using a thermal evaporated source, following the
scheme of a Knudsen cell) permits the growth of doped or non-stoichiometric
ﬁlms. Among all possible materials, Si is considered a fair material for electron
beam evaporation. The most important drawback is the requirement of a very
low pressure during evaporation due to the formation of 𝑆𝑖𝑂 above 4 ⋅ 10−6
mbar. Indeed, both germanium and gold are excellent material for electron
beam evaporation. EBE is very suitable for coating processes and thin ﬁlm
growth. Due to the very high deposition rate, this process has industrial application for wear resistant and thermal barrier coatings in aerospace industries,
hard coatings for cutting and tool industries, and electronic and optical ﬁlms
for semiconductor industries. Moreover, EBE is a very ﬂexible technique, and
source materials can be changed very easily even without breaking the vacuum.
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The translational and rotational motion of the shaft helps for coating the outer
surface of complex geometries, but this process cannot be used to coat the inner surface of complex geometries. Another potential problem is that ﬁlament
degradation in the electron gun results in a non-uniform evaporation rate.
Samples studied in this thesis were prepared by evaporating both gold and
silicon or gold and germanium in the same apparatus. The system is a modiﬁed
Varian PVD chamber. A scheme of the deposition chamber is depicted in ﬁgure
2.1. Its base pressure is about 1 - 2 ⋅ 10−8 mbar; this vacuum is maintained

Figure 2.1: Scheme of the electron beam evaporation chamber.

by turbo pumps, ion pumps, Ti sublimation pumps and liquid nitrogen cooled
panels. High purity gold pellets and high purity silicon or germanium ingots
are used as sources. Gold and germanium have been ultrasonically cleaned
before loading in the crucible. In addition, silicon ingots have been chemical
etched with hydroﬂuoric acid (HF) to remove any native silicon oxide contaminations. Sources are stored in diﬀerent water-cooled crucibles inside the
chamber and they are evaporated using an electron beam with a maximum
power of 3 kW. Electrons are focused on a single crucible; their position can
be swept with an electric ﬁeld to ensure a uniform consumption of the sources.
Diﬀerent anode materials can be evaporated subsequently by moving the crucible liner without breaking the vacuum. The deposition rate can be adjusted
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by varying the electron-beam current; the distance between source and sample
ensure a homogeneous deposition over its area. The deposition rate and ﬁlm
thickness is monitored in situ by a calibrated quartz microbalance (Inﬁcon).
Substrate is eventually heated through Joule eﬀect; its temperature can be
varied from room temperature to about 700 ∘ C. It is measured with a k-type
thermocouple located under the substrate holder. The heater was additionally
calibrated using a low doped silicon wafer and measuring its temperature with
a pyrometer.

2.2

Experimental procedure

NWs have been grown on silicon wafer substrates to ensure a full compatibility with the VLSI technology. In particular, (111)-oriented n-type Si pieces
are used as substrates. This wafer orientation has been chosen because this is
the easiest orientation for the growth of axial structures by VLS mechanism.
Wafers have been cut into 1 cm x 2 cm pieces in order to have a homogeneous heating of the substrate in the evaporation chamber heater. Figure 2.2
schematically illustrates the experimental procedure for the Si NWs samples
preparation. Firstly, samples were UV oxidized for 2 minutes and then they
were dipped in HF (5% diluted in deionized water for 5 minutes). These steps
are part of the standard RCA wafer cleaning. The ﬁrst one allows the formation of a silicon oxide layer able to inglobate all the surface impurities and
organic residuals of the wafers. The chemical etch removes this 𝑆𝑖𝑂2 layer in
order to obtain an oxide free silicon surface without surface contaminations.
Samples were immediately located in the vacuum chamber of the evaporator
where a pressure of ∼ 10−6 mbar is reached after about an hour and the base
pressure of ∼ 1 - 2 ⋅ 10−8 mbar is obtained after a few hours. At the end of this
procedure we have veriﬁed that no native oxide layer is formed on the surface
sample.
Subsequently, a 2 nm-thick gold layer was evaporated on top of the samples maintaining them at room temperature. The thickness of this layer has
been conﬁrmed by Rutherford Back-scattering Spectrometry (RBS); plan SEM
images demonstrate that the evaporated ﬁlm is homogeneous with a good surface morphology showing only a typical granular structure. After deposition,
samples were annealed at 700 ∘ C for 2 hours in order to induce the continuous
gold layer breaking and the formation of gold droplets on the substrate. In
fact it is well known that upon annealing the gold at a temperature above
the eutectic temperature, silicon from the substrate will diﬀuse into the gold
layer, producing a liquid Au/Si alloy. In order to reduce its total surface and
interface energy, the Au/Si will break up into a distribution of Au/Si droplets.
In addition to these droplets, a certain density of gold ad-atoms will be present
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Figure 2.2: Schematic of the experimental procedure for the preparation of Si NWs samples.

on the silicon surface. These ad-atoms can diﬀuse on the silicon surface. Since
the larger droplets with their smaller surface-to-volume ratio are energetically
more favourable than the smaller droplets, gold ad-atom diﬀusion will lead to
a net transport of gold from the smaller to the larger droplets. Thus the larger
droplets will grow at the expense of the smaller ones, which will disappear.
This process of particle growth is known as Ostwald ripening. The thermal
budget in our procedure allows the formation of gold clusters having a gaussian size distribution peaked at a radius value of ∼ 60 nm. The gold cluster
density is of the order of 107 cm−2 . The steps described until now are repeated
for all samples. As a consequence, the catalyst size distribution and its density
is always the same for all samples.

2.3 Nanowire growth mechanism
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After the cluster preparation, the sample is heated for the Si NWs growth.
In particular, during the subsequent Si evaporation the substrate temperature
was ﬁxed at 450, 480 or 510 ∘ C. Temperature is raised up with a gradient temperature of ∼ 10 ∘ C/min and the silicon source shutter is opened when the ﬁnal
temperature is reached. During the entire growth process, the substrate heater
maintains the temperature at the ﬁxed value. Once the shutter is opened,
silicon evaporated atoms begin to reach the substrate; the ﬁlament current of
the gun was maintained constant to ensure a silicon ﬂux at the position of the
substrate of 2.5 ⋅ 1014 atoms/cm2 ⋅ s for all samples. In our samples, the silicon
ﬂuence has been varied in the range from 0.25 to 2.50 ⋅ 1018 atoms/cm2 . The
pressure during the evaporation was about 1 ⋅ 10−7 mbar. When the designed
ﬂuence is obtained on the sample, as measured by the quartz microbalance,
both the gun and the substrate heater are switched oﬀ: silicon evaporation
is suddenly stopped, the sample is cooled up to room temperature and the
pressure of the chamber quickly returns to the base value.
Samples are removed from the vacuum chamber and structural characterization is performed by a ﬁeld emission scanning electron microscope (FE-SEM)
Zeiss Supra 25. Plan, tilted (at a ﬁxed sample tilt angle of 65∘ ) and cross
images have been performed to investigate surface properties, nanowires structural features and layer thickness. Statistical analyses have been conducted by
the Gatan Digital Microscope software.

2.3

Nanowire growth mechanism

One of the main aspects to be clariﬁed in the NWs preparation by EBE is
the microscopic mechanism of growth. We studied the basic physical mechanisms leading to the growth of single crystal Si NWs by this technique.
In our samples we typically observe Si NWs grown both perpendicular and
inclined with respect to the substrate. Representative NWs are shown in the
scanning electron microscopy (SEM) images in ﬁgure 2.3. NWs appear to
be cylindrically-shaped with a gold droplet on top of it. Moreover, the NW
diameter is the same of the above standing droplet with no lateral or radial
growth. It is a clear demonstration that the VLS mechanism catalyzed by the
gold droplet is at the base of the growth of such one dimensional structures. In
addition, a clear dip starting at the base of the NWs is present indicating that
some of the silicon atoms near the nanowire itself have been consumed during
the growth. As a consequence, adsorption and diﬀusion from the substrate
are playing an important role in NWs growth. Cross SEM images conﬁrm
the growth of a planar Si layer on top of the substrate. The thickness of
this layer has been measured from these images and in all samples it is exactly
corresponding with the in-situ evaporated Si ﬂuence (as measured by the quartz
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Figure 2.3: SEM images of typical Si NWs grown both perpendicular and inclined with
respect to the substrate.

microbalance) multiplied for the standard crystal Si density.
Having in mind the features described above, the growth of NWs by EBE
can be explained in terms of two competing processes involving silicon atoms
directly impinging on gold droplets and silicon atoms adsorbed on the sub-
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Figure 2.4: Schematic of the Si NWs growth mechanism by EBE.

strate, as schematically depicted in ﬁgure 2.4. Silicon atoms impinging on gold
droplets start to diﬀuse inside it causing a super-saturation of silicon until the
conditions for the formation of the Au/Si eutectic are reached. At this point a
liquid Au/Si alloy is formed and a layer by layer epitaxial silicon growth occurs
just at the solid silicon / liquid eutectic interface under the gold droplet. This
mechanism reﬂects the VLS principles and it is surely active in these samples
as demonstrated by the gold droplet on top of the NWs. Atoms impinging
on the substrate have also a fundamental role in the axial growth: in fact the
growth conditions allow them to easily diﬀuse over the sample. Actually they
behave as ad-atoms with a mean diﬀusion length strictly correlated to the surface temperature. By moving onto the surface of the sample, some of them can
diﬀuse along the growing Si NWs sidewalls. These atoms can be adsorbed just
at the solid silicon / liquid eutectic interface under the gold droplet. Therefore
they may have an important contribution to the NWs growth. The existence
of this mechanism is clearly demonstrated by the presence of a dip around the
NWs, the atoms near the NWs acting as a sort of reservoir for the growth,
and they are consumed at expenses of the planar layer growth. Substrate
temperature plays a key role because it determines the mean diﬀusion length
of these atoms, and in particular their capability to epitaxially cover all the
substrate or, in contrast, to agglomerate with the formation of silicon atoms
cumuli. These atoms contributed also to a 2D silicon layer growth that we have
experimentally measured, clearly competing with the NW axial growth. Note
that for the inclined NW the dip at the base is due in part also to a shadow
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eﬀect which masks the deposition of the 2D layer. A third process has to be
considered for the description of the growth. Evaporated silicon atoms create
near the sample surface a supersaturation of gaseous atoms. It is a situation
very far from the thermodynamic equilibrium, and only some of the evaporated
atoms can be stuck into the sample. Actually these ad-atoms have only one
bond with the surface atoms of the growing layer until they reach a stable position by forming more than one bond. Thermal energy can break the ad-atoms
bond with the surface, allowing them to come back to the gaseous phase. As a
consequence, by increasing the substrate temperature the possibility to have Si
atoms desorption increases and the number of ad-atoms which can participate
to the NWs growth decreases.
Note that these processes occur at a silicon ﬂux of ∼ 2.5 ⋅ 1014 atoms/cm2
⋅ s. At higher silicon ﬂuxes we have not observed NWs growth. This suggests
that if the silicon atoms ﬂux impinging on the sample is too high, the 2D
silicon deposition rate is faster than the silicon diﬀusion over the gold droplet
and the subsequent epitaxial NW growth. The only eﬀect is a covering of the
gold clusters that will become inactive for the axial growth.

2.4

Nanowire length and growth rate

The length of NWs is one of the most important feature, both for the NWs
properties and for understanding the growth mechanism. In fact it is strictly
related to the axial growth rate, to be compared with the planar growth rate
in order to understand the eﬃciency of the catalyzed axial growth. For sake
of simplicity and clarity, NWs described and analyzed in this section are only
the perpendicular, [111]-oriented, NWs. NWs having other crystallographic
directions show similar trends.
We tried to grow Si NWs by evaporating a Si ﬂuence of 1.50 ⋅ 1018 cm−2
and maintaining the sample heated at 480 ∘ C. With these conditions, no NWs
are observable in the sample, as shown in the SEM image reported in the ﬁgure
2.5. Bright spot are visible, indicating that gold clusters are still present in the
sample surface, but no NWs can overcome the planar layer. We can deduce
that till now the axial rate is exactly equal to the planar growth rate.
After a slight increase of the Si evaporated ﬂuence (at the same substrate
temperature), NWs start to be visible in the sample. Figure 2.6(a) shows an
SEM image of a sample obtained with a substrate temperature of 480 ∘ C and a
silicon ﬂuence of 1.75 ⋅ 1018 cm−2 . We observe a few very short NWs with the
gold droplet on top and many clear spots over the whole sample. We correlated
them to gold droplets which are catalyzing axial growth, but the NWs length
is still comparable with the 2D layer so we do not observe them outside the
substrate. The situation dramatically changed by adding a further Si ﬂuence
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Figure 2.5: Sample prepared at a temperature of 480 ∘ C and a Si ﬂuence of 1.50 ⋅ 1018 cm−2 .

of 0.25 ⋅ 1018 cm−2 . In ﬁgure 2(b) the SEM image of a sample obtained with
the same substrate temperature (480 ∘ C) but with a Si ﬂuence of 2 ⋅ 1018 cm−2
is reported. In this sample we observed tall NWs emerging from the substrate,
always with a clear gold droplet on top, thus conﬁrming that VLS continued
to be the basic growth mechanism.
We measured the length of each NW in our samples, and we collected data
referring to each sample in a histogram graph. As an example, ﬁgure 2.7 show
this graph for the sample prepared with Si evaporated at 480 ∘ C up to a ﬂuence
of 2.0 ⋅ 1018 cm−2 This sample is shown in the ﬁgure 2.6(b). Each of these
graphs shows a gaussian distribution of the measured length. In fact by ﬁtting
these data we can access to the NWs mean length and to the standard deviation
of the distribution. The blue line in the ﬁgure represents the ﬁt with a gaussian
function of the histogram bars. In this case, the NWs mean length is of about
180 nm.
We performed this analysis for all samples and we report here only data
about the perpendicular, [111]-oriented NWs. Figure 2.8(a) reports an analysis
of the length of this class of NWs as a function of evaporated Si ﬂuence for
substrate temperatures of 450 ∘ C, 480∘ C and 510 ∘ C. It is very interesting
to observe that if the evaporated silicon ﬂuence is below 1.75 ⋅ 1018 cm−2
we did not observe any NWs growth at all temperatures. In other words,
despite the fact that we had gold clusters on the substrate and many silicon
atoms impinged on it, we had no catalyzed axial growth but only a layer by
layer deposition covering the sample. It means that NWs growth did not start
immediately, and a temperature-independent incubation time is needed before
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Figure 2.6: SEM images of NWs prepared with a substrate temperature of 480 ∘ C and an
evaporated silicon ﬂuence of (a) 1.75 ⋅ 1018 cm−2 and (b) 2 ⋅ 1018 cm−2 .

the 1D mechanism can begin. This is related to the time needed for the gold
cluster to become saturated with Si and transform into a droplet. Indeed, it
should be pointed out that even if some axial growth occurred, if the NWs
length is less than the 2D layer thickness, it is not possible to observe them.
Substrate temperature plays also an important role on the growth process.
For 450 ∘ C the NWs mean length saturates to ∼ 400 nm at an evaporated Si
ﬂuence of 2.5 ⋅ 1018 cm−2 . This NWs maximum mean length grows to ∼ 660
nm for a deposition at 480 ∘ C and it decreases again to ∼ 350 nm at 510 ∘ C.
We described two diﬀerent competing growth mechanisms in samples obtained by EBE: 2D layer and axial growth. It is very interesting to investigate
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Figure 2.7: NW length distribution for sample prepared with Si evaporated at 480 ∘ C up to
a ﬂuence of 2.0 ⋅ 1018 cm−2 .

which is the rate of these two processes to better understand the basic physical
mechanism behind them. In particular axial rate has to be higher than 2D
growth when we observe NWs in the sample; vice versa 2D covering is predominant if the NWs in the sample are not observable. Axial rate can be obtained
from a derivative of the data shown in the ﬁgure 2.8(a) taking into account
that the Si was deposited at a constant ﬂux of about 2.5 ⋅ 1014 atoms/cm−2
⋅ s, as measured by the quartz microbalance. The 2D deposition rate was obtained by measuring in all samples the thickness of the 2D deposited layer by
cross sectional SEM and resulted to be constant at a value of ∼ 0.05 nm/s.
These data are reported in ﬁgure 2.8(b) with open points. As described before, until a silicon ﬂuence of 1.75 ⋅ 1018 cm−2 we did not observe any NWs
growth. At the beginning axial growth was very slow, thus 2D covering was
still predominating. Results changed for higher evaporated silicon ﬂuences.
Although the evaporating ﬂux was always the same, we observed that NWs
started to grow more quickly and in fact the axial rate continuously increased
reaching a maximum value of about 0.45 nm/s, which is about one order of
magnitude higher than the 2D layer rate, at a temperature of 480 ∘ C. Axial
growth needs an incubation time to be initiated, but when it starts, it is very
eﬃcient for the presence of the gold as a catalyst and for the arrival of diﬀusing
ad-atoms. At 450 ∘ C and 510 ∘ C the observed picture is similar but the rate
is in both cases smaller than at 480 ∘ C. It is possible to conclude that 480 ∘ C
is the optimal temperature for the fabrication of the longest NWs by EBE at
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Figure 2.8: (a) Measured mean length of [111]-oriented NWs for samples grown at diﬀerent
temperatures. (b) Planar and axial rate values as a function of the evaporated
silicon ﬂuence for [111]-oriented NWs grown with substrate temperatures of 450,
480 and 510 ∘ C.

otherwise the same growth conditions. In fact, at this temperature Si ad-atoms
diﬀusion is very eﬃcient and therefore these ad-atoms contribute to the growth
of the NWs. By increasing the temperature the growth is probably limited by
the desorption of Si ad-atoms, in contrast at lower temperatures the ad-atom
diﬀusion is smaller and therefore their contribution to NWs growth is limited.
This is conﬁrmed by the observation that for NWs grown at 450 ∘ C the dip at
the base of the NWs is absent.
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Control of nanowire orientation

The possibility to grow crystalline and epitaxial nanowires is a very challenging issue; moreover, the ability to determine the crystallographic direction
of the growing NWs and to control the prevailing orientation in the sample by
changing the experimental parameters is a very important capability. In fact,
having in mind the possible NWs applications, it is well known the dependence
of the electrical and optical properties on the crystallographic NWs orientation [69, 70]. Indeed, we observed NWs both perpendicular and inclined in our
samples and we are able to demonstrate that by controlling the experimental
conditions of growth it is possible to control the NWs growth direction. In
particular we performed a detailed study on the growing physical mechanism
with the aim to control the NWs crystallographic directions.
Figure 2.6(b) shows an SEM image of a sample in which almost all NWs are
perpendicular to the substrate, i.e. [111]-oriented. This sample was prepared
with a substrate temperature of 480 ∘ C and an evaporated silicon ﬂuence of
2 ⋅ 1018 atoms/cm2 . Figure 2.9 shows an SEM image of the sample prepared
with a substrate temperature of 510 ∘ C and an evaporated silicon ﬂuence of
2.5 ⋅ 1018 cm−2 . In this sample the situation changes, because we observe NWs

Figure 2.9: SEM images of a sample with Si evaporated at 510 ∘ C up to a ﬂuence of 2.5 ⋅
1018 cm−2 .

with diﬀerent orientations: some of them are short and perpendicular, while
the others are long and inclined with respect to the substrate. Actually, many
of them are tapered, i.e. with a conic shape.
The angle formed between a NW and the substrate is directly related to the
crystallographic orientation of the NW itself. It is important to note that NWs
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showing a change in their direction during growth were not present, diﬀerently
to what reported for some cases of NWs obtained through the CVD technique
[71]. It is a direct evidence that EBE allows to grow epitaxial NWs which are
substantially defect-free. By considering the crystal silicon unit cell and the
substrate orientation, it is very easy to calculate the geometrical angle formed
between each crystallographic direction and the substrate. In particular, NWs
having [111] direction are predicted to be perpendicular to the substrate; [100]oriented NWs have a tilt angle with respect to the (111) substrate of 54∘ ;
[110]-oriented NWs an angle of 45∘ ; and [112]-oriented NWs of 74∘ [72, 73].
We measured the tilt angle of each NW in all SEM images of the samples,
so we were able to investigate the relative population and mean length of
each crystallographic family. As an example, ﬁgure 2.10 reports the relative
frequency of these angles for the same samples shown in ﬁgure 2.6(b) and 2.9
respectively. In the upper panel, referring to the sample prepared with Si
evaporated at 480 ∘ C up to a ﬂuence of 2.0 ⋅ 1018 cm−2 , we clearly observe
that almost 90% of the NWs are perpendicular to the substrate, i.e. [111]directed; in contrast in the lower panel, referring to the sample prepared with
Si at 510 ∘ C up to a ﬂuence of 2.5 ⋅ 1018 cm−2 , the directions of NWs are
concentrated around certain speciﬁc values assigned to crystallographic axes
only: perpendicular NWs are still the most part (about 55%), but NWs having
[100] and [110] directions are visible with relative frequencies of about 20% and
15% respectively. The presence of these angles only is a clear demonstration
that NWs are epitaxial to the substrate.
We performed these analyses for all samples, and ﬁgure 2.11(a) reports the
relative population for [111], [100] and [110]-oriented NWs both for samples
prepared with a substrate temperature of 480 ∘ C and 510 ∘ C as a function
of the evaporated Si ﬂuence. We do not report statistics on the [112] family
because we measured only a very few NWs with this orientation and only in
some of the samples. In the graph a clear trend is observed, valid for both
substrate temperatures. At the beginning, after a silicon ﬂuence of 1.75 or 2 ⋅
1018 cm−2 , substantially all of the NWs are perpendicular to the substrate, i.e.
[111]-oriented, being the relative population of this family of about 80 - 90%.
By increasing the evaporated amount of silicon, the percentage of perpendicular
NWs decreased (this is more evident for the lower substrate temperature), and
[100] or [110]-oriented NWs appeared. The percentage of [111]-oriented NWs
can decrease to values as small as ∼ 20% for 480 ∘ C growth at a ﬂuence of 2.5
⋅ 1018 cm−2 while the sum of [100] and [110] inclined NWs grows to values of
∼ 80% of the total population. Note that this decrease of the [111]-oriented
NWs is facilitated also by the fact that at high evaporated Si amounts the
growth rate of [111]-oriented NWs falls, as shown in ﬁgure 2.8. Note that the
total density of the perpendicular nanowires does not decrease in the sample
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Figure 2.10: NWs angle distribution for a sample with Si evaporated at 480 ∘ C up to a ﬂuence
of 2.0 ⋅ 1018 cm−2 (a); Si at 510 ∘ C up to a ﬂuence of 2.5 ⋅ 1018 cm−2 (b). Dash
lines are positioned at 45∘ , 54∘ and 90∘ representing speciﬁc crystallographic
directions, [110], [100] and [111] respectively.

prepared with the highest Si ﬂuence. It means that perpendicular NWs does
not change their direction during the growth, neither that they are covered by
the growing planar layer. Actually inclined NWs are visible outside the planar
layer only for the highest Si ﬂuences. By controlling the growth conditions, it
is hence possible to control the prevailing orientation. Indeed, [111]-oriented
NWs have always a much smaller growth rate and remain somewhat short. On
the other hand [100] and [110] NWs appear at a later stage but grow much
faster becoming quite long. In fact NWs longer than a 𝜇m are easily observed,
as described in ﬁgure 2.9. In other words, when the silicon amount reaching the
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Figure 2.11: (a) Relative population for [111]-, [100]- and [110]-oriented NWs for NWs prepared with a substrate temperature of 480 and 510 ∘ C. (b) NWs mean length as
a function of the evaporated silicon ﬂuence for [111]-, [100]- and [110]-oriented
NWs grown at 510 ∘ C.

sample is between 1.75 and 2 ⋅ 1018 cm−2 , we have not very tall NWs (about a
few hundred nanometres) but they are always perpendicular to the substrate.
By continuing to evaporate silicon, other crystallographic directions are visible
and they become quite tall.
In order to quantify the grow rate and length as a function of crystallographic direction we measured the NWs length in SEM images distinguishing
their inclination and these data are reported in ﬁgure 2.11(b) as a function of
the evaporated silicon ﬂuence at a temperature of 510 ∘ C. The trends are quite
diﬀerent, [100]-oriented NWs show a mean length up to 1400 nm, [110]-oriented
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NWs have a maximum mean length of about 900 nm and [111]-oriented NWs
of ∼ 350 nm. In all cases the maximum length is reached after an evaporation
of 2.25 ⋅ 1018 cm−2 . It should be noted that the mean NW growth rate is
twice higher for [100] with respect to [110] and four times higher for [100] with
respect to [111]. This is a very important result, because it is strictly related
to the microscopic mechanism of growth. The existence of an orientation dependence in the growth rate strongly reminds the epitaxial recrystallization of
amorphous Si layers [74]. In that case the growing crystal-amorphous interface minimizes its energy by forming (111)-oriented terraces connected through
[110]-oriented ledges. The epitaxial growth occurs through atomic ordering
along the [110]-ledges that are maximum for the [100] orientation, decrease
for the [110] orientation and are in principle zero for the exact [111] orientation. Finally, the present data suggest that epitaxial ordering along [110]
ledges onto (111)-oriented terraces is probably the main microscopic atomistic
growth mechanism also for the growth of epitaxial Si NWs.

2.6

Role of oxygen contaminations

Surface pre-treatment is the initial step in the NWs growth, so a clear
understanding of its eﬀects on the ﬁnal structural properties is crucial for the
control of the entire process. In particular, NWs growth requires a very clean
ambient, but till now the role of oxygen contamination is controversial. Some
works report that the presence of oxygen seems to reduce the possibility to grow
epitaxially to the substrate, eventually allowing the formation of a bundle of
amorphous NWs [75, 76]. On the contrary, the oxide assisted growth is a
well-established method to grow Si NWs, as described in the section 1.2.2 on
page 21. Moreover, it was theoretically demonstrated that the presence of
oxygen contamination enhances some crystallographic directions at expenses
of others [22]. This issue is still under debate, but it has a relevant importance
because oxygen is a very frequent contaminant in non-UHV techniques and
because the formation of 𝑆𝑖𝑂 molecules is possible during the Si evaporation
under low vacuum conditions.
To clarify the importance of the pre-treatment of the surface for NWs grown
by EBE, we prepared two speciﬁc samples following a modiﬁed procedure with
respect to the described one in the section 2.2. In particular, we exposed to air
the sample after the thermal annealing needed for the formation of Au clusters.
In this way oxide contaminations are formed between clusters. We performed
an HF etching (5% diluted in deionized water for 5 minutes) in one of these
two samples only to remove native 𝑆𝑖𝑂2 layer gaining an oxide-free surface.
This sample has the same properties of the samples prepared with the usual
procedure. The second piece has not been chemical treated before loading
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again the sample in the vacuum chamber again for the Si evaporation. We
simultaneously evaporated Si onto these two samples with the same Au clusters
but one with HF pre-treatment before loading it into the vacuum chamber and
the other without any pre-treatment, i.e. with oxygen contaminations on the
surface. The substrate temperature was raised at 480 ∘ C and a Si ﬂuence of
2.25 ⋅ 1018 cm−2 was deposited. Figure 2.12 shows a top-view SEM image of
the untreated sample. We did not observe any NWs but only the growth of a

Figure 2.12: Top-view SEM image of a speciﬁc sample prepared without the HF etching
process after the Au cluster formation. In this way oxide contaminations were
present between clusters.

planar Si layer with some overgrowth. Some gold clusters seem to be visible in
the centre of some of these overgrowths, thus indicating that an axial growth
tried to start with no success. The situation dramatically changes in the other
sample (in which an HF etch was performed before Si evaporation), because
we obtained NWs as usual.
This experiment clearly demonstrates that oxygen contaminations have a
key role in the possibility to grow NWs. In particular, it is well known that
Si surface diﬀusivity on Si is many orders of magnitude higher than on 𝑆𝑖𝑂2 ,
and Au diﬀuses faster on Si too. As a consequence, the presence of just a
very thin oxide layer strongly limits the diﬀusion processes, which have a key
role in the growth, thus inhibiting the axial growth. In conclusion, any oxygen
contamination has to be avoided during the whole growth process.
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Role of gold droplets preparation

The gold droplets preparation is a fundamental step in the NWs growth
itself, because of its catalytic role in the growth. In order to clarify the role
of their preparation in the ﬁnal NWs structural features, we prepared some
samples with a diﬀerent experimental procedure. Figure 2.13 reports on the
left hand side our usual procedure. Note that in this way gold is evaporated

Figure 2.13: Schematic of the experimental procedure for the preparation of Si NWs samples.

maintaining the sample at room temperature and a subsequent annealing form
the clusters. NWs prepared with this procedure have been analyzed previously
in this chapter. The right hand side of the same ﬁgure illustrates a slightly
diﬀerent procedure for the Si NWs growth. In particular, after the substrate
standard cleaning and loading in the evaporation vacuum chamber, the sample
was heated up to the process temperature, that is 480 ∘ C. After this temperature was reached, exactly the same amount of gold than before (1.0 ⋅ 1016
cm−2 ) was evaporated. Gold atoms arrive in the heated substrate, so they
have the possibility to diﬀuse over the substrate, immediately starting a ripening process leading to cluster formation. After this step, gold cluster are just
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formed in the sample and without cooling the sample or breaking the vacuum,
Si has been evaporated. The size distribution and density of the gold clusters prepared with this second procedure is similar to the ones prepared with
the ﬁrst procedure, as conﬁrmed by SEM analyses on speciﬁc samples whose
preparation has been halted after the gold evaporation to allow analysis.
Despite the gold and silicon ﬂuence are the same and the growth temperature is the same too, by only changing the gold cluster preparation, diﬀerences
are very impressive in terms of NWs density, growth direction and length, as
clearly visible from the SEM image shown in ﬁgure 2.14. This sample was

Figure 2.14: SEM images of a sample with Au and Si evaporated at 480 ∘ C. The Si ﬂuence
is 2.0 ⋅ 1018 cm−2 .

prepared by evaporating both Au and Si at 480 ∘ C and the Si ﬂuence is 2.0 ⋅
1018 cm−2 . This image has to be compared with the image of ﬁgure 2.9, which
refers to a sample prepared with exactly the same Au and Si ﬂuence, but Au
evaporated at room temperature. Note that the magniﬁcation of both images
is the same. We measured the tilt angle formed between each NW and the
substrate, their length and the NWs density in the sample in order to perform
a complete analysis of the diﬀerences among the two experimental procedures
in terms of NWs structural features.
Growth directions
A more complete analysis of the diﬀerences among the two experimental
procedure is oﬀered by ﬁgure 2.15 showing the relative frequency of the angles
measured between NWs and the substrate for the sample obtained evaporating
both gold and silicon at the temperature of 480 ∘ C. Diﬀerently to what has been
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Figure 2.15: Relative frequency of the angles between NWs and the substrate for the sample
obtained evaporating both gold and silicon at the temperature of 480 ∘ C.

observed before (angles were concentrated into three speciﬁc values), in this
case we have a quasi homogeneous distribution of angles in the range from 40∘
to 80∘ . The formation of random angles between nanowires and the substrate
is a persuasive proof about the non-epitaxial nature of NWs obtained with this
experimental condition. Anyway, they appear to be well shaped, suggesting
their crystalline nature despite no speciﬁc orientation can be deﬁned.
Nanowire length
We measured NWs length in the sample prepared evaporating gold and
silicon at 480 ∘ C. Figure 2.16 reports the relative distribution. It has to been
compared to the distribution shown in ﬁgure 2.7 which refers to the sample
having exactly the same Si ﬂuence, but Au was evaporated at room temperature. It is very impressive to note that exactly the same silicon ﬂuence in
the second sample yields to a mean length of about 620 nm. This value is
about a factor of 4 higher than the mean length measured in the other sample
prepared by annealing a continuous gold layer. Being the silicon evaporation
parameters identical, we can conclude that the gold cluster preparation inﬂuences dramatically the Si NWs growth rate and the so called incubation time,
the time needed to form the eutectic and supersaturate Au with Si.
By combining these evidences, we propose that by evaporating Au on the
heated substrate, the active droplets (saturated with Si) can be immediately
formed thus reducing drastically the incubation time. Moreover, we have a

66

Chapter 2. Silicon nanowires by electron beam evaporation

<l> = 607 ± 203 nm

Relative frequency

10
8
6
4
2
0
200

400

600

800

1000

1200

1400

NWs length (nm)

Figure 2.16: NW length distribution for sample with Au and Si evaporated at 480 ∘ C.

faster process, as demonstrated by the fact that the growth rate, and the measured NWs length in consequence of it, is about a factor of 4 higher than in
the other sample. Despite the axial growth seems to be more favoured, the
epitaxial nature of the NWs is aﬀected. In particular, a faster growth process
reduces the possibility of atoms arrangement and ordering in an epitaxial manner, as conﬁrmed by the fact that random tilt angle are formed between NWs
and the substrate.
Control of active catalyst droplet density
The preparation procedure of the gold catalyst inﬂuences also the number
of droplets able to catalyze the NW growth. As a proof, the sample with Au
evaporated at room temperature has a NWs density of 1.8 ⋅ 107 cm−2 , while
the sample where Au is evaporated with the heated sample has a NWs density of 1.2 ⋅ 108 cm−2 . So, by changing the Au evaporation conditions, we
succeed in increasing the active Au droplets by about one order of magnitude.
Depositing Au at a temperature higher than the Si/Au eutectic temperature,
the eutectic conditions are immediately reached, with the formation of liquid droplets that can actually be considered active to promote axial growth.
By subsequent Si evaporation, the NWs growth can really start with a faster
rate. On the contrary, by clustering the continuous Au ﬁlm with a subsequent thermal annealing and then depositing Si, the possibility to have active
droplets decreases because they can be covered while reaching the axial growth
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conditions. Only the active clusters can promote the axial growth, while the
remaining Au amount is covered by the 2D Si layer. Very small clusters cannot promote axial growth because of the well-known Gibbs-Thompson eﬀect.
Then, a cluster has to reach the eutectic temperature to become active and to
be supersaturated with Si; hereafter the nucleation has to start. In all cases
the planar Si layer growth is clearly competing with these processes, because
axial growth suddenly stops if Si atoms cover the droplet.

3
Heteroepitaxy of germanium nanowires on
silicon by electron beam evaporation
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The ﬁrst point-contact transistor invented by John Bardeen and
Walter Brattain at Bell Laboratories in 1947 was made of germanium. The ﬁrst commercial bipolar junction transistors produced
by Motorola were made of Ge too. Nevertheless, discrete transistors soon transitioned from germanium to silicon and silicon dominated research and applications in the last decades. One of the
main advantages of silicon is the existence of the thermally grown
silicon oxide which forms an excellent interface with silicon having
a very low interface-state density. Recently Intel started to produce
chips having hafnium oxide as an insulator (in place of silicon oxide). As a consequence, one of the strongest motivations for the use
of silicon came oﬀ and the researcher community is exploring the
possibility to use other semiconductors having better performances
for speciﬁc applications. Germanium is experiencing a renewed interest for microelectronic future devices. The eﬀective masses of
electrons and holes are lighter in Ge than in Si, resulting in higher
carrier mobility, making germanium a much better channel material for high-speed ﬁeld-eﬀect logic transistors. It was proposed
as the ideal semiconductor for indoor light converter into photogenerated carriers. Demand for germanium in ﬁbre optics communication networks, infrared night vision systems, and polymerization catalysts represented 85% of worldwide germanium consumption in 2000. Moreover, the germanium crystal growth is possible
at lower temperatures with respect to silicon. In the meantime Ge
nanostructures such as Ge nanocrystals and Ge nanowires received
attention because interesting modiﬁcations of the bulk properties are
expected.
In this chapter the preparation of single-crystal faceted Ge nanowires (NWs) heteroepitaxially grown on top of Si substrates by electron
beam evaporation (EBE) will be demonstrated. NWs have three speciﬁc crystallographic orientations ([111], [110] and [112]) and exhibit a faceted surface with {111} or {110} planes, depending on
their orientation. The growth mechanism is the result of a critical balance between Ge direct impingement on the gold droplets,
Ge surface diﬀusion and Ge desorption. Moreover, the structural
features as a function of the experimental parameters have been
investigated. It is demonstrated that [112]-oriented NWs are the
tallest ones at otherwise identical the growth conditions; the axial
growth rate shows a strong, bell-shaped temperature dependence with
a narrow temperature window in which NWs can be grown.

3.1 Germanium nanowires state of art
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Germanium nanowires state of art

Chemically derived low-dimensional nanomaterials such as nanotubes and
nanowires account for a new class of materials with great potential as building blocks for future electronics. Toward this end, Ge nanowires satisfy both
criteria, i.e. they are a new material with novel structures. In fact, Ge nanowires are reported in literature since 1998 [8] and tremendous research eﬀorts
have been devoted to developing preparation, characterizations, assembly, and
devices of these structures [77, 78].
Ge NWs are currently prepared by chemical vapour deposition (CVD) techniques [79, 80], or more rarely by pulsed laser ablation [81] following the vapourliquid-solid (VLS) mechanism. Gold is the most used metal catalyst because
the eutectic point between germanium and gold is at a relatively low temperature (∼ 361 ∘ C) and the germanium content in the eutectic liquid ensures the
stability of the VLS growth. Besides gold, diﬀerent catalysts have been used for
the synthesis of germanium nanowires, such us bismuth, indium or antimony
[19, 82, 83] especially with the aim to have low temperature catalyst or metal
which do not create detrimental electronic deep level inside the germanium
nanowires. Actually these alternative catalysts suﬀer of some drawbacks, such
as the possibility to be evaporated from the substrate and the low solubility
of germanium in the corresponding eutectic, with the ﬁnal eﬀect to lead an
extreme reduction in the nanowire density.
Germanium nanowires synthesized in chemical vapour deposition reactors
have been investigated for the possibility to be grown above and below the
eutectic temperature [18] giving an important proof to the vapour-solid-solid
mechanism. According to this model, nanowires grow from the solid substrate
under the solid catalyst which is enriched with the metal.
Moreover, many works in literature report about the shape, the control of
crystallographic orientation and the nature of the germanium nanowires heteroepitaxy obtained by CVD on Si substrates [73, 84]. In particular, orientation
and surface faceting of NWs prepared by CVD have been investigated [85, 86]
because these are key features strictly related to the microscopic growth mechanisms aﬀecting both the optical and electrical properties. On the other hand,
physical vapour deposition (PVD) is in principle the best method to have an
accurate control of the growth mechanisms and of the structural properties of
the NWs. Nevertheless there are no works about the heteroepitaxial growth
of Ge NWs on Si by PVD. In particular, electron beam evaporation (EBE) is
totally unexploited despite its numerous advantages.
Indeed, the use of Si as a substrate is still an important capability in order
to facilitate the integration of nanostructures of diﬀerent semiconductors in
the current VLSI technology. Germanium and silicon have the same crystal
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structure (a diamond-like lattice) but the cube side for silicon is 0.543 nm while
for germanium it is 0.566 nm, i.e. there is a 4% lattice mismatch. It is possible
to grow epitaxial strained planar layer of germanium on top of silicon, but
the lattice misﬁt puts enormous stress on a germanium ﬁlm and can cause the
formation of extended defects to relax the stress. As a consequence, strained
ﬁlms can be grown up to a maximum critical thickness which depends on the
thermodynamics during the growth. Lateral conﬁned systems could give the
possibility to increase this critical thickness: for example, it has been demonstrated that germanium nanowires could grow single crystalline and defect free
far from the base [75] up to a length much higher than the planar critical
thickness.
In the following the growth and characterization of heteroepitaxial Ge nanowires on Si by EBE will be reported.

3.2

Experimental procedure

The experimental procedure used to prepare Ge NWs by EBE is very similar to the procedure used for the Si NWs synthesis described in section 2.2 on
page 47. Ge NWs have been grown on n-type (111) Si substrates. Substrates
have been cleaned prior to loading the samples on the evaporation chamber.
The cleaning procedure is part of the standard RCA process. First of all an
UV oxidation has been conducted for 5 minutes in order to grow a silicon oxide layer which embeds surface impurities. Subsequently an HF etch has been
performed to remove this oxide layer in order to eliminate any surface contamination and impurities. The sample is loaded in the evaporation chamber prior
to the formation of the native oxide layer. The vacuum chamber has a base
pressure of 1 - 2 ⋅ 10−8 mbar. Both gold and germanium were evaporated by
focusing an electron beam on high purity gold pellets or germanium ingots.
The deposition rate and ﬁlm thickness was monitored in situ by a calibrated
quartz microbalance. The current of the electron gun was set to ensure a ﬂux
at the position of the substrate of 1.5 ⋅ 1014 atoms/cm2 ⋅ s for all samples. A
cross check was made by ex-situ measurements of the total amount of evaporated atoms/cm2 through Rutherford Backscattering Spectrometry (RBS).
This value combined with the thickness of the evaporated Ge layer measured
with cross SEM analysis revealed a density of the Ge evaporated ﬁlm of about
3.4 ⋅ 1022 cm−3 . This value is about the 75% of the density of a crystalline
Ge layers as reported in literature. It is reasonable that Ge layer obtained by
EBE contains structural voids or pores reducing its density. The ﬂuences of
the evaporated layers have been calibrated according to these measurements.
During deposition the substrate was resistively heated with the temperature
varied in the range from room temperature to about 700 ∘ C. Gold clusters (the
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catalysts) are prepared by a thermal annealing at 700 ∘ C for 2 hours of a 2 nmthick continuous Au ﬁlm evaporated on top of the clean samples maintaining
them at room temperature. Then, the temperature is decreased before initiating the Ge evaporation. In particular, the substrate temperature was ﬁxed in
the range from 360 ∘ C to 520 ∘ C. The evaporated germanium ﬂuence has been
varied from 0.25 to 2.00 ⋅ 1018 atoms/cm2 . The pressure during evaporation
was about 1 ⋅ 10−7 mbar.
Samples have been characterized by plan, tilted (at a ﬁxed sample tilt angle
of 65∘ ) and cross SEM images. Statistical analyses have been conducted by
the Gatan Digital Microscope software. The simulations of the 3D real lattice
cells have been performed with the CaRIne Crystallography software.

3.3

Crystallographic properties

Figure 3.1 shows a typical tilted SEM image of a sample containing Ge
NWs. In particular, this sample was prepared with a Ge evaporated ﬂuence
of 0.50 ⋅ 1018 cm−2 and a growth substrate temperature of 450 ∘ C. A pecu-

Figure 3.1: SEM image of a sample containing Ge NWs, prepared with a Ge evaporated
ﬂuence of 0.50 ⋅ 1018 cm−2 and a growth substrate temperature of 450 ∘ C.

liar feature of these samples is the presence of triangular terraces all over the
surface of the evaporated ﬁlm. Note the presence of the nanowires which have
a clear gold droplet on top, demonstrating that they grew via the VLS mechanism. Actually the gold droplet has a hemispheric shape, so a cylindrical
nanowire should be expected. Atoms belonging to the growing NW sidewall
can be conﬁned under the droplet itself, or on the contrary they can assume
geometrical conﬁgurations according to the epitaxial ordering. By analyzing a
large amount of SEM images, we observed that Ge nanowires grow on Si with
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speciﬁc tilt angles with respect to the substrate and they exhibit a perfect, repeated and distinctive geometrically shaped surface. The growth is catalyzed
by the gold droplet, which has not a physical conﬁnement role, because atoms
positioning follow the crystallographic ordering. The tilt angle with the substrate and the shape of the sidewall can give us useful information about the
nanowire crystallographic properties.
We adopted the CaRIne Crystallography software [87] to simulate the 3D
real lattice cell of germanium by using the lattice parameters usually reported
in literature. It means that we are assuming our nanowires have grown totally
relaxed. The simulated lattices were superimposed to the top-view SEM images
in order to align the triangular features showed on its surface with the atoms
forming the (111) plane in the cell. As an example, ﬁgure 3.2(a) shows a
typical top-view SEM image of the surface of the evaporated Ge ﬁlm. Note

(a)

(b)

Figure 3.2: (a) Top-view SEM image of the surface of the evaporated Ge ﬁlm in a sample
containing Ge nanowires. (b) Magniﬁcation of a triangle on the substrate of the
sample and the simulated cell simulated superimposed on top of it.

the presence of some nanowires in the very bottom of the image. Triangular
features are clearly visible all over the substrate. They exactly corresponds to
the shape formed by the (111) plane of the Ge cell. Figure 3.2(b) shows in the
background the magniﬁcation of a triangle on the substrate of the sample, and
the simulated cell superimposed on top of it. This alignment is propaedeutic
for the analysis of the crystallographic properties of the nanowires and it was
conducted in each SEM image before further analysis and comparison. The
red line reported in the simulated cell represents the [111] epitaxial growth
direction. It is perpendicular to the substrate and it will identify a particular
class of nanowires in the samples.
In the following of this section, it will be shown how the comparison between
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SEM images and software simulations can give useful insight on the growth
directions and the surface faceting of germanium nanowires.

3.3.1

Growth direction

We analyzed a lot of SEM images referring to samples prepared under very
diﬀerent conditions and compared them with the simulations. We can conclude
that nanowires have grown only with three speciﬁc crystallographic directions,
i.e. they belong either to the [111] or to the [110] or to the [112] family. [111]oriented NWs are perpendicular to the substrate. The other two directions
form speciﬁc angles with the substrate. Actually, according to the symmetry of
the unit cell, the [110]-oriented nanowires can have three diﬀerent directions in
the space, all of which forming the same tilt angle with the substrate. The left
hand side of the ﬁgure 3.3(a) shows a top view of the simulated cell reporting
all the three possible [110] growth directions, represented with red lines. The
[112]-oriented nanowires on the other hand can assume eight diﬀerent directions
in the space forming diﬀerent tilt angles with the substrate. The right hand
side of the same ﬁgure shows a top-view image of the simulated cell with all the
possible corresponding directions, represented with red lines. Moreover, ﬁgure
3.3(b) reports the same simulation viewed with a tilt angle of 65∘ (exactly
the same at which the SEM images have been performed). The [111] growth
direction, perpendicular to the substrate, is represented by a blue line; all the
possible [110] growth directions with red line and all the possible [112] growth
directions with green lines. In all of our samples we never observed nanowires
with tilt angles diﬀerent from those reported in these simulations (they could be
associated to other crystallographic growth directions or they could have grown
not epitaxially to the substrate, but this is not our case). This is an important
proof about the heteroepitaxial nature of these nanowires prepared by EBE on
top of (111) Si substrates. As an example of the identiﬁcation procedure, ﬁgure
3.4 reports a SEM image of a sample prepared with an evaporated Ge ﬂuence
of 0.80 ⋅ 1018 cm−2 and with the growth temperature ﬁxed at 420 ∘ C. The
image shows three diﬀerent nanowires, and they have been identiﬁed as [101]-,
[110]- and [011]-oriented nanowires. In fact in the inset of the image we report
the simulated unit cell with the three possible [110] growth directions. As a
comparison, the red line belonging to the same orientations are superimposed
to the nanowire in the SEM image. These nanowires belong to the same [110]
crystallographic family and they form speciﬁc tilt angles with the substrate
which can be easily recognized after the comparison with the simulation.
Figure 3.5 shows typical SEM images of Ge NWs, one for each growth
direction. On the top of the ﬁgure, a [111]-oriented NW (which is perpendicular
to the (111)-oriented substrate) is showed; on the left bottom a [110]-oriented
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(a)

(b)
Figure 3.3: (a) Top view of the simulated cell reporting all the possible [110] (left hand side)
and [112] (right hand side) growth directions. (b) Tilt view of the simulated
growth directions reporting the [111] direction (blue line), all the [110] directions
(red lines) and all the [112] directions (green lines).

NW is showed and on the right bottom a SEM image of a [112]-oriented NW
is reported.
We compared the simulations with the SEM images of all prepared samples.
In each sample we observed nanowires belonging to all the three orientations,
at otherwise similar growth conditions. First of all, we measured the density of the nanowires as a function of the orientation in each sample. We
averaged this value for all samples prepared at each temperature, despite the
speciﬁc evaporated ﬂuence. Results are reported in ﬁgure 3.6 in terms of relative frequency. In particular the averaged frequency is reported as a function
of the growth temperature for each growth orientation. Lines are guide to
eye. It is possible to observe that data reported for each orientation lie in a
line substantially constant with respect to the growth temperature. In particular, [110]-oriented nanowires are always the most frequent in the samples
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Figure 3.4: SEM image of a sample prepared with an evaporated Ge ﬂuence of 0.80 ⋅ 1018
cm−2 and with the growth temperature ﬁxed at 420 ∘ C. Red lines refer to the
identiﬁed growth directions and the respective orientation is reported near them.

(they represent about 70% of the total amount of nanowires). This orientation
is actually the favoured one in the growth by EBE technique. [111]-oriented
nanowires are about the 20% of the total number, while the [112]-oriented nanowires can be ﬁnd very rarely in the samples, being their relative frequency
of less then 10%. It is important to stress that there results are independent
from Ge evaporated ﬂuences and substrate growth temperatures. We can suppose that the Ge NWs growth direction depends on the processes occurring at
the liquid eutectic metal/semiconductor interface inside the droplet only. In
particular the surface energy of the diﬀerent crystallographic growing planes
has to be taken into account. It is well known that the Ge-Ge bonding energy
𝑏
is 𝐸𝐺𝑒−𝐺𝑒
= 3.56 eV. The free surface energy 𝛾{ℎ𝑘𝑙} of a generic {ℎ𝑘𝑙} plane
can be approximated as
𝛾{ℎ𝑘𝑙} =

1 #dangling bond 𝑏
𝐸𝐺𝑒−𝐺𝑒
2 surface unit

where #dangling bond refers to the number of dangling bond which are saturated by the nearest germanium atoms in the cell. Inside the growing nanowire,
the germanium surface is not free, because the gold droplet is on top of it. So
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Figure 3.5: Typical SEM images of Ge NWs belonging to the [111], [110] and [112] growth
direction.

we should consider the interface between the germanium growing plane and the
𝐴𝑢𝐺𝑒 surface. We can suppose that this interface energy is proportional to the
free surface energy of the germanium planes; we name the proportionality factor as 𝛼. We refer to the generic free energy associated to the interface growing
along the {ℎ𝑘𝑙} plane as 𝐸ℎ𝑘𝑙 . As an example, the energy corresponding to
the interface between 𝐴𝑢𝐺𝑒 and the {110} germanium crystallographic plane
will be
𝛼𝐸{110} = 𝛼𝑆𝛾{110}
being 𝑆 the interface area. Hence we can calculate the frequency 𝑝ℎ𝑘𝑙 of
each crystallographic plane after the normalization according to the Boltzmann
function:
1
𝑝{110} =
𝐸{111} −𝐸{110}
𝐸{112} −𝐸{110}
𝑘𝑇
𝑘𝑇
1 + 𝑒−𝛼
+ 𝑒−𝛼
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Figure 3.6: NW frequency for each growth orientation as a function of the growth temperature. Lines are guide to eye.
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𝑘𝑇
+ 𝑒−𝛼
1+𝑒
∘
By considering the temperature of 450 C, if we set 𝛼 = 0.015, we obtain
𝑝[110] = 0.64, 𝑝[111] = 0.30 and 𝑝[112] = 0.06. These values agree with the
experimental results. It demonstrates that the nucleation of the single crystal
germanium nanowires along speciﬁc crystallographic directions is determined
by thermodynamics processes.

𝑝{112} =

3.3.2

𝐸{111} −𝐸{110}
−𝛼
𝑘𝑇

Surface faceting

One of the most important and clearly visible features of the Ge nanowires grown by electron beam evaporation is their faceting. In fact they exhibit
a perfect geometrical shape which has to be related to their crystallographic
properties. In particular, we observed that [111]-oriented nanowires appear
cylindrically shaped; only very few NWs of this family have a triangular shape
exhibiting {111} and {110} planes on the surface. In contrast, the other crystallographic directions are always faceted. We linked the surface shape to the
atoms epitaxial ordering through the simulation of the real cell having the
growth direction of the analyzed nanowire.
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Figure 3.7(a) shows the SEM image (left hand side) and the simulations of
a [110]-oriented nanowire. In particular, we report a simulation with the same
perspective of the SEM analysis in the centre of the image (i.e. it has been
built with the same tilt angle with respect to the substrate and the same tilt
of the sample with respect to the point of view) and a top-view simulation in
the right hand side of the image. Surface planes are labelled accordingly. The

(a)

(b)
Figure 3.7: SEM image and the lattice simulation of a [110]-oriented nanowire (a) and of a
[112]-oriented nanowire (b).

strong similarities between the image and the simulation clearly demonstrate
that these NWs have been grown with precise crystallographic ordering. They
exhibit a quadrangular rombohedric shape and all faces are consistent with
{111} planes. Moreover, the very top part of the NW is not ﬂat, but it exhibits
{111} planes only. We analyzed a lot of nanowires of the same orientation, and
almost all of them exhibit this surface feature.
At the same time, we analyzed the [112]-oriented nanowires too. Almost all
of them exhibit the distinctive feature which is shown in ﬁgure 3.7(b). Again,
the SEM image is compared to the lattice simulations, one with the same
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point of view of the SEM image and the other top-viewed. It is clear that the
nanowire has a rectangular shape and lateral faces are oriented in an opposite
manner: two exhibit {111} planes, while the other two are {110}.
Data reported in this section demonstrate that the heteroepitaxial growth
of Ge NWs along speciﬁc crystallographic directions with respect to the Si
substrate is possible through a non-UHV electron beam evaporation technique.
NWs exhibit a speciﬁc faceting depending on the NWs orientation.

3.4

Nanowire length

After the identiﬁcation of the crystallographic properties of each nanowire
in the sample, we studied their structural features as a function of the experimental parameters in order to gain useful information about the axial growth
mechanism of the heteroepitaxial Ge nanowire grown by electron beam evaporation under non-UHV conditions.
First of all, it should be noted that the lowest evaporated Ge ﬂuence at
which we observed nanowires in the sample is 0.50 ⋅ 1018 cm−2 . In fact, we tried
to prepare samples evaporating lower germanium ﬂuences, with no success. As
an example, in ﬁgure 3.8 a tilt view SEM image of a sample prepared at the
growth temperature of 450 ∘ C and with a germanium evaporated ﬂuence of
0.25 ⋅ 1018 cm−2 is shown. This sample contains no nanowires and we do not

Figure 3.8: SEM image of a sample prepared at the growth temperature of 450 ∘ C and with
a germanium evaporated ﬂuence of 0.25 ⋅ 1018 cm−2 .

observe the triangular features observed before on the surface, but only the
deposition of germanium cumuli on the silicon substrate. Actually some gold
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droplets are observed in the surface of this sample: we can assume that these
are the nascent nanowire without a strong aspect ratio, and we are not able to
measure their structural features (such as the length).
Nanowires are observable after evaporating higher germanium ﬂuences, and
we measured their length in each sample. Figure 3.9 reports the NWs mean
length as a function of the evaporated Ge ﬂuence for a ﬁxed growth temperature
of 450 ∘ C. Trends are similar for the other temperatures. Data have been
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Figure 3.9: NWs length for each crystallographic orientation as a function of the evaporated
Ge ﬂuence for a ﬁxed growth temperature of 450 ∘ C.

analyzed for the three crystallographic orientations separately because it is
well known that the epitaxial growth rate strongly depends on the growth
direction.
Firstly, it is interesting to note that [111] and [110]-oriented NWs have very
similar mean length, ranging from 300 to 1000 nm. Indeed, the [112]-oriented
NWs are always the tallest ones, reaching lengths of about 2000 nm. Note that
the relative dataset is aﬀected by a larger error bars due to the low density
of nanowires. Despite the [112] growth direction is not the favoured one (as
demonstrated by the very low density of this family), we deduce that actually
they grow very quickly. Being their length about a factor of 2 higher than the
other families, we can estimate that the germanium axial growth rate in the
[112] direction is about twice with respect to the other nanowire directions.
Moreover, by considering the trend of the length as a function of the evaporated Ge ﬂuence, we can observe that the behaviour is very similar regardless of
the nanowire orientation. In particular, NWs length increases with increasing
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the Ge ﬂuence up to a maximum value generally obtained at a ﬂuence of about
1.5 ⋅ 1018 cm−2 . Before this value, the growth proceeds in a regime in which
by increasing the available germanium ad-atoms, the nanowire length increases
proportionally. After this value, the axial growth regime changes because NW
length does not increase anymore despite the evaporated germanium ﬂuence is
increased. We can suppose that a saturation, probably related to the size of
the nanowire itself, has been reached. In other words, a maximum length can
be obtained for this system, and it is not useful the addition of other vapour
source atoms.
In conclusion, germanium nanowires grown by electron beam evaporation
can have length up to 2 𝜇m, and the axial growth rate depends on the growth
direction.

3.5

Temperature dependence

We investigated the growth of germanium nanowires prepared with diﬀerent
substrate temperatures. This is a very important parameter for the system. In
fact, excluding the possibility to grow below the eutectic conditions according
to the vapour-liquid-solid model, temperature has to be higher than ∼ 360
∘
C. Indeed, two processes are energetically activated: the ad-atoms diﬀusion
and the ad-atoms desorption, so the axial rate is expected to be temperature
dependent. We can observe this dependence by measuring the nanowire length
as a function of the growth temperature. We varied the growth temperature
from 360 to 510 ∘ C and in this section the temperature dependence of the axial
growth mechanism will be elucidated.
A ﬁrst analysis can by conducted through ﬁgure 3.10. It shows the nanowire length as a function of the Ge evaporated ﬂuences for three diﬀerent
growth temperatures (420, 450 and 480 ∘ C) for the ﬁxed [110] nanowire orientation. Note that trends are similar for the other two growth directions. We
can observe that the three dataset show a comparable trend but there is a
temperature dependence. In fact the best temperatures for the growth of the
highest nanowires are 450 ∘ C and 480 ∘ C. The lowest temperature reported in
the graph corresponds to a lower mean length of the nanowires. Moreover, the
trend as a function of the Ge ﬂuence is always the same: the length increases
up to a ﬂuence of about 1.5 ⋅ 1018 cm−2 and then it saturates.
In order to better understand the temperature dependence of the nanowires
growth, we explored a wider range of growth temperatures. In particular, we
prepared a sample with a growth temperature of 360 ∘ C which is at the edge of
the eutectic temperature. Figure 3.11 shows a SEM image of this sample. Some
features are distinctive of this sample. In fact the substrate surface does not
show the typical triangular shape shown before indicating the terraces obtained
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Figure 3.10: Nanowire length as a function of the Ge evaporated ﬂuences for three diﬀerent
growth temperatures and a ﬁxed nanowire orientation.

Figure 3.11: SEM image of a sample prepared at 360 ∘ C with a Ge evaporated ﬂuence of 1.5
⋅ 1018 cm−2 .

in consequence of the growth along the (111) plane. Indeed the nanowires are
still present in the sample with a very low density, and they are always faceted.
Thus they actually have grown single crystal despite the growth temperature
is so low. Finally, note that a clear shadow is observable in the substrate in
correspondence of the inclined nanowires.
We increased the growth temperature at 390 ∘ C and the situation changed
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because in this sample we observe the typical terraces on the substrate which
allows us to identify the crystallographic direction of the nanowires and to
measure the mean length for each direction, although they have a very low
density. A complete analysis is oﬀered by ﬁgure 3.12 which reports the NWs
mean length for the ﬁxed Ge deposited ﬂuence of 1.55 ⋅ 1018 cm−2 as a function
of the growth temperature from 390 ∘ C to 510 ∘ C and for the three orientations.
Trends are similar for the other Ge ﬂuences.
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Figure 3.12: NWs mean length for the ﬁxed Ge deposited ﬂuence of 1.55 ⋅ 1018 cm−2 as a
function of the growth temperature and for the three orientations.

The three growth directions show a similar behaviour with respect to the
growth temperature. This parameter aﬀects the processes governing the adatoms possibility to contribute to the growth (diﬀusion and desorption) and
only weakly the mechanisms of atoms ordering inside the droplet. In particular,
above 390 ∘ C the NW length increases with increasing the growth temperature,
reaches a maximum at around 450 ∘ C and then it decreases again. We observe
a bell-shaped trend having a maximum at about 450 ∘ C. Note that for the
highest temperatures, nanowire length is reported as zero because above 520 ∘ C
no NWs are observable in the sample regardless of the orientations. Actually,
already at 480 ∘ C the [111]-oriented nanowires are not present in the samples,
while this is the highest possible temperature for the [112]- and [110]-oriented
nanowires which disappear at 510 ∘ C.
These data suggest that the microscopic growth mechanisms of heteroepitaxial Ge NWs grown by EBE is similar to the mechanisms proposed for Si
NWs grown by PVD both by experimental (see data reported in the chapter
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2) and theoretical works [42]. Growth is the result of a competition between
the NW axial growth and a Ge planar layer growth. Two basic processes are
involved during the axial growth: the direct impingement into the gold droplet
and the diﬀusion and incorporation into the droplets of Ge atoms coming from
the substrate. In addition, some Ge atoms can be desorbed and they will not
participate to the growth anymore. By increasing the temperature, we favour
the diﬀusion of Ge deposited on the substrate, and the axial growth rate increases in consequence of it. In contrast, if the temperature is increased too
much (480 ∘ C) the detrimental desorption process becomes dominant and the
axial rate decreases. Finally at higher temperatures, it is totally suppressed.
In conclusion, data reported in this section suggest that above the eutectic
temperature, the microscopic growth mechanisms lead to a narrow temperature
window in which nanowires can be grown (∼ 100 ∘ C wide) and to a bell-shaped
temperature dependence of the nanowires growth rate.

3.6

Role of gold droplet preparation

We have demonstrated that in the case of silicon nanowires the preparation
of the gold catalyst droplets has an important role on the ﬁnal structural properties of the nanowires. We investigated this inﬂuence also for the germanium
nanowires with very interesting results.
As described in ﬁgure 2.13 on page 63, gold droplets on the silicon substrate can be prepared both after a thermal annealing of a thin continuous
gold ﬁlm and by evaporating gold maintaining the sample heated. The ﬁrst
procedure has been followed for the preparation of the samples shown until
now in the chapter. We prepared some speciﬁc samples following the other
procedure, which is shown in the right hand side of that ﬁgure. In particular,
after the substrate cleaning and etching, the sample was loaded in the evaporation chamber and it was heated up to the growth temperature. Here we report
about samples prepared at 420 or 450 ∘ C. Exactly the same gold amount than
before (1.0 ⋅ 1016 cm−2 ) was evaporated on the heated sample and then germanium was evaporated without breaking the vacuum and without cooling the
sample. We checked that the size distribution and density of the gold clusters
prepared with this second procedure is similar to the ones prepared with the
ﬁrst procedure. In order to make a clear comparison, we evaporated a ﬁxed
germanium ﬂuence of 0.8 ⋅ 1018 cm−2 .
Figure 3.13 shows a SEM image of the sample prepared by evaporating both
gold and germanium with the substrate heated at 450 ∘ C. It is impressive the
high nanowire density in this sample. We have to compare this value with the
corresponding one measured in the sample prepared with gold evaporated at
room temperature and germanium evaporated at 450 ∘ C. We obtain a nanowire
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Figure 3.13: SEM image of the sample prepared by evaporating both gold and germanium
with the substrate heated at 450 ∘ C. The germanium ﬂuence is 0.8 ⋅ 1018 cm−2 .

density of about 4.4 ⋅ 106 cm−2 . By changing the catalyst preparation, the
nanowire density is increased by about an order of magnitude, i.e. we measured
a nanowire density of 3.2 ⋅ 107 cm−2 . We analyzed also the sample prepared at
the temperature of 420 ∘ C and we compared the density of the sample prepared
with the two procedures. In this case we have an increase of the germanium
nanowire density by a factor of 4.
Despite the diﬀerent sample preparation, we observe that germanium nanowires are always faceted, i.e. their crystallographic properties, and in particular the fact they have grown single crystal heteroepitaxially to the substrate,
seems to be not aﬀected by the gold droplets preparation. Indeed the number
of active droplets density, the droplets able to eﬀectively catalyze the nanowire
growth, changes. As described for the growth of silicon nanowires, we always
have two competing processes. The gold droplet can become active only if
it is not covered by the planar germanium layer. By evaporating gold with
the heated substrate, the eutectic conditions are immediately reached and the
growth starts before with respect to the other case. The evaporated germanium ﬂuence at the moment in which the nanowire starts to grow is smaller,
so the probability to cover the droplet is strongly reduced.
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3.7

Comparison between Si and Ge nanowires
growth

Silicon and germanium are two semiconductors with very strong similarities. The crystalline structure is the same, and the lattice parameters diﬀer
by only 4%. The silicon/gold and germanium/gold phase diagrams are very
similar: both have a single eutectic point, placed at substantially the same
temperature and the semiconductor compositions in the eutectic are comparable (19% and 28 % respectively). From a thermodynamic point of view,
their behaviour with respect to the nanowire growth by VLS can be considered
the same. Nevertheless, they have strong diﬀerences from a kinetic point of
view. In fact, despite the ad-atoms diﬀusion on the substrate proceeds with
the same mechanism (one of the four dangling bonds links with a dangling
bond of the surface and diﬀusion continues till the ad-atom ﬁnds a more stable
position where it can saturate two or more dangling bonds), it is well known
that germanium surface diﬀusivity on silicon is very diﬀerent from the selfdiﬀusion of silicon. Moreover, germanium melting point is 475 ∘ C lower that
the silicon one and recrystallization processes (such as solid phase epitaxy)
in germanium occur at much lower temperatures with respect to the typical
silicon temperature processes for crystalline growth. The diﬀerent bond energy between silicon/silicon and germanium/silicon atoms can account for this
diﬀerence, and, in consequence of it, for the very diﬀerent mobility of these
species.
We have demonstrated both for silicon and germanium nanowires growth
by EBE that diﬀusion processes are as important as thermodynamics especially
because ad-atoms give a very important contribution as a supply for the axial
growth. Moreover according to the paper of Zakharov et al. [88], which refers
to the MBE growth technique, atoms directly impinging on the catalyst droplet
allow the growth of the nanowires maintaining the gold droplet on top of it with
a maximum axial rate that is equal to the planar rate. One could expect that
silicon or germanium nanowire growth is observable in the same regime with
similar structural features. On the contrary, we observed many diﬀerences.
Figure 3.14 oﬀers a comprehensive comparison of the axial growth rate in
the case of silicon and germanium nanowires synthesized by EBE. Open triangles refer to the planar rate which has been obtained through cross SEM
measurements of the thickness of the planar layer grown by evaporation. The
density of this layer has been measured by Rutherford Back-scattering Spectrometry. The 2D rate resulted constant at a value of ∼ 0.05 nm/s. Red and
blue dots refer to the axial rate of silicon and germanium nanowires respectively. We are taking into consideration in both cases [111]-oriented nanowires
prepared at a growth temperature of 450 ∘ C. The axial rate is obtained from
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Figure 3.14: Planar (open triangles) and axial rate values as a function of the evaporated
semiconductor ﬂuence for [111]-oriented silicon (red dots) and germanium (blue
dots) NWs grown with substrate temperatures of 450 ∘ C.

a derivative of the measured nanowire length, taking into account the ﬂux at
which the semiconductors were evaporated, as measured by the quartz microbalance. Data are shown as a function of the semiconductor evaporated
ﬂuence. Note that the evaporated ﬂux for the growth of silicon and germanium nanowires is not the same. In fact, silicon has been evaporated with a
constant ﬂux of 2.5 ⋅ 1014 atoms/cm2 ⋅ s, while the germanium evaporation
conditions have been set to ensure a ﬂux of 1.5 ⋅ 1014 atoms/cm2 ⋅ s. Actually
the evaporated ﬂux values aﬀect the duration of the evaporation process and
not the rate, which are calculated at comparable ﬂuences.
Diﬀerences between silicon and germanium are very impressive. Evaporated
atoms can be directly adsorbed into the catalyst droplets or they can reach the
substrate. Adatoms start to diﬀuse, and the mean path length depends on the
mobility of the adatoms itself and on the substrate temperature. It is possible
to deﬁne the collecting area such as the circle having the mean diﬀusion length
as the radius. Only atoms impinging inside this surface area can potentially
participate to the axial growth, if these adatoms are not desorbed from the
substrate, if they do not ﬁnd a preferential site where they contribute to the
planar layer growth, and if they are able to reach the growing nanowire up
to the metal/semiconductor interface. Moreover, nanowires growth can start
only if a suﬃcient ﬂuence of adatoms reach the growing interface in such a way
that it is possible to cover many layers in the entire droplet area. We deﬁne
this ﬂuence as incubation ﬂuence. In the nanowires growth via electron beam
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evaporation, the idea of incubation ﬂuence ﬁts the description of the system
better than the concept of incubation time usually reported in literature. In
fact once the evaporation ﬂux is ﬁxed, the possibility to grow is not determined
by the time, but by the temperature and the mobility of the adatoms in order
to reach the minimal ﬂuence for the growth. Only adatoms impinging inside
the collecting area and participating to the growth can contribute to the axial
rate in order to make it larger than the 2D growth rate.
Figure 3.14 demonstrates that the axial rate of silicon nanowires increases
only at very high evaporated ﬂuences. As a consequence, despite we evaporate a silicon ﬂuence of 1.50 ⋅ 1018 cm−2 , we do not observe nanowires outside
the planar layer. Moreover, after the conditions for the catalyzed growth are
reached, the axial growth occurs in a limited range of evaporated ﬂuences (from
1.75 to 2.50 ⋅ 1018 cm−2 ), but it is very eﬃcient being about an order of magnitude higher than the planar rate. For the highest ﬂuence value, it assumes the
planar rate value again. The germanium behaviour is very diﬀerent. In fact
the incubation ﬂuence is strongly reduced, being less than 0.25 ⋅ 1018 cm−2 .
It is reported in literature that the diﬀusion mean length measured at 450 ∘ C
of Ge on Si is twice than of Si on Si [89]. Moreover, the diﬀusion mean length
of Ge on relaxed Ge is about a factor of 15 higher than Si on Si. In our case,
the substrate is silicon, so at the ﬁrst stages germanium ad-atoms move on
silicon. It is reasonable that a 𝑆𝑖𝐺𝑒 layer grow initially, till the silicon from
the substrate can not interact anymore with the germanium adatoms, and they
continue to move on a relaxed germanium planar layer. As a consequence, the
eﬀective collecting area for the growth of germanium nanowires is much higher
than for silicon nanowires, and the incubation ﬂuence value can be reached at
lower values at similar substrate temperature. Figure 3.15 shows a schematic
picture of the germanium nanowires growth on silicon substrate (left hand side)
and of the silicon nanowires growth (right hand side). Colour scale refers to
the evolution of the growth as a function of the evaporated ﬂuence. The axial
growth rate of the germanium nanowires assumes in the ﬁrst stages its highest
values (which is about half than the highest axial rate of silicon nanowires) in
consequence of the higher collecting area. By increasing the evaporated ﬂuence,
the nanowire is so tall than the contribution of the adatoms for the growth is
reduced, and adatoms are favoured to participate to the planar layer growth,
thus reducing the eﬀective collecting area. In the mean time the axial growth
rate slowly decreases reaching the saturation regime (when it is equal to the
planar rate) at a ﬂuence of 2.0 ⋅ 1018 cm−2 . At the ﬁnal stage the collecting
area has been totally ﬁlled by the adatoms. On the contrary, in the case of
the silicon evaporation, the incubation ﬂuence is much higher and the collecting area (much smaller than before) is continuously used as a reservoir for the
growth. As a proof, we always observe the dip around the silicon nanowires,
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Figure 3.15: Schematic picture of the germanium nanowires growth on silicon substrate (left
hand side) and of the silicon nanowires growth (right hand side). Colour scale
refers to the evolution of the growth as a function of the evaporated ﬂuence.

while this dip is less evident in the germanium nanowires sample.
It is reasonable to suppose that by lowering the substrate temperature up to
a value in which the mean diﬀusion length is equal to the mean diﬀusion length
of silicon at 450 ∘ C, we should obtain the same trend for silicon and germanium
and high incubation ﬂuence for germanium too. Actually this condition can
be obtained only at a substrate temperature of about 260 ∘ C [89], which is
below the eutectic conditions, i.e. in a temperature range where the nanowires
growth by VLS is not allowed. On the other hand silicon adatoms can have the
same diﬀusivity than the germanium ones only at temperatures higher than
510 ∘ C. In these conditions the desorption process is very eﬃcient and the axial
growth is not possible because adatoms come back to the gaseous phase before
they are incorporated inside the catalyst.
This scheme explains us the diﬀerent temperature regime in which germanium and silicon nanowires growth occurs. We have observed that silicon
nanowires growth is possible only from 450 to 510 ∘ C. Note that the minimum
temperature is well above the eutectic temperature. This is only a cut-oﬀ temperature, but the possibility for the growth depends on the diﬀusion processes
on the surface, which are strongly temperature dependent. Diﬀusion of silicon
ad-atoms on silicon substrates requires a higher temperature to be eﬃcient in
order to contribute to the nanowire growth. On the other hand, [111]-oriented
germanium nanowires growth is possible only from 390 to 450 ∘ C. The tem-
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perature window has the same width, but now we operate in a lower range of
temperatures. The eutectic temperature is an eﬀective lower bound now, and
the ad-atoms contribution is immediately able to promote the axial growth.
It is important to note that a higher mobility means a higher axial rate in
all the investigated range. As a consequence, germanium nanowires are generally taller than silicon nanowires. In particular, germanium nanowires length
is more than twice with respect to the silicon nanowires length at otherwise
similar experimental conditions. As an example, at the growth temperature of
450 ∘ C the maximum length reached by [111] silicon nanowires is about 450
nm, to be compared with the germanium nanowires maximum length, which is
of about 900 nm. This result is not observed at a speciﬁc evaporated ﬂuence,
but it is a general trend. Nevertheless the direct evaporated atoms impingements can be assumed similar in the two cases, the contribution of adatoms
impinging on the substrate is so important that the diﬀerent adatoms mobility
leads to a very diﬀerent nanowires mean length.
Finally, silicon and germanium epitaxial ordering should proceed in a similar way due to the similarities in the crystalline lattice. Actually some diﬀerences have been observed in the nanowires growth directions too. In fact in
the case of silicon, we observed [111]-, [110]- and [100]-oriented nanowires. The
[112] direction was never observed. In contrast, germanium nanowires possible
orientations are [111], [110] and [112]. We conclude that surface energy contributions are determinant to favour which directions can grow, and diﬀerent
results are obtained with the two semiconductors.
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Chapter 4. Modiﬁcation of the structural properties of Si NWs
Nanowires doping is an eﬀective challenge with the aim of the realization of eﬃcient devices. The possibility to insert and electrically activate both n-type and p-type dopants all over the volume
of the nanowire are explored since the early works about the nanowire growth. Many attempts have been explored referring both to
in-situ and ex-situ methods. The ﬁrst one essentially consists in
the addition of the dopants to the vapour source, but many issues
have still to be solved. Ex-situ methods actually are more promising
in order to obtain uniform electrical properties. Among them, ion
implantation represents an eﬀective and hopeful pathway.
The ion implantation process is the standard doping technique in
the microelectronic factories. Ion implantation is used to dope in
a controllable manner a selected area of the wafer and to prepare
amorphous materials. It is a violent process, and the eﬀects of the
ion beam penetrating on the target (in particular defects generation
and amorphization) have been widely investigated in the case of
planar targets. Despite the interest on the nanostructures, there
are no works in literature about the ion irradiation eﬀects on silicon
nanowires.
In this chapter the modiﬁcation of the structural properties of silicon nanowires after ion implantation and the possibility to recover
the relative damage have been investigated. We performed a very
detailed study by implanting germanium ions at diﬀerent energies
and ﬂuences on the silicon nanowires obtained by electron beam
evaporation. We observed a clear bending of a portion of the nanowires which ﬁnd a deﬁnitive modiﬁcation by aligning themselves in
the same direction of the beam and an opposite verse. On the other
hand, the unaﬀected fraction is not depending on the implanted ion
ﬂuence. Moreover, we observed that the bending occurs only in nanowires having a small size. The possibility to recover the ion beam
damage through thermal treatments is explored. After the annealing we observe an unbending of the nanowires suggesting a complete
recrystallization of the nanowire structure.

4.1 Ion implantation survey
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Ion implantation survey

Ion implantation process consists in the introduction of energetic charged
particles into targets with enough energy to penetrate beyond the surface region. An ion beam is accelerated at a ﬁxed energy, typically between a few keV
and some hundreds of keV, and it is rastered across the surface of the target.
Ions penetrate inside it, collide with its atoms, and lose their kinetic energy
through elastic collisions with the nuclei and inelastic collisions with the electrons of the material, ﬁnally coming to rest at some depth within the lattice.
The distribution of the implanted ions depends on several parameters such as
the ion mass and energy, the target mass and the beam direction with respect
to the main axes or planes (in the case of a single crystal target). The accelerating voltage determines the ion energy which deﬁnes the depth at which the ion
will be located. Integration of the beam current over the implant time provides
the total delivered charge and hence the total ﬂuence. The violent collision of
the ions with the target atoms displaces them from their equilibrium lattice
sites. For example, the minimum energy that should be transferred to a silicon
atom to be displaced is about 15 eV. If the knock-atom has enough energy, it
can create other displacements, giving rise to a collision cascade process. In a
crystal silicon target, for each implanted ion, 103 to 104 atoms are displaced
from their lattice sites. Low ﬂuences of heavy ions create individual isolated
damage regions around each ion track with negligible probability of cascade
overlap. This creates in the target a non-equilibrium atomic distribution containing many defects. At high ﬂuences one gets complete overlap when the
average separation between cascades becomes comparable to the cascade dimensions, and intercascade eﬀects start to occur. The ﬁnal eﬀect is a complete
amorphization of the implanted region. A commonly used unit of damage is
the number of displacements per atom (DPA). A unit of 1 DPA means that,
on the average, every atom in the aﬀected volume has been displaced from its
equilibrium lattice site once [90].
Annealing is a key step after the implantation process and most of the work
has been performed in this ﬁeld. A thermal process is necessary to electrically
activate the dopants and to eliminate the damage. In fact, after a suitable
annealing process, all the implanted dopant atoms can be located in substitutional lattice sites where they replace silicon atoms and become electrically
active. Moreover, the thermal energy allows a recombination of the defects
till a complete recrystallization of the damaged region. Recrystallization is
obtained by a planar movement of the single crystal-amorphous interface with
a velocity which depends on temperature, substrate orientation and doping.
This process is called Solid Phase Epitaxial growth [90, 91].
In the very recent years some works have reported the investigation of the
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electrical properties of implanted nanowires [92, 93]. However, the demonstration of ion-implanted nanowires acting as devices by themselves is still
lacking. Some preliminary results are reported by A. Colli et al. [94]. They
demonstrated the fabrication of n- and p-type ﬁeld-eﬀect transistors based on
Si nanowires implanted with P and B at ﬂuences as high as 1015 cm−2 . They
investigated the eﬀects of the ion implantation on the structural features of
the nanowires by electrical transport and Raman measurements and they afﬁrm that, contrary to what would happen in bulk Si for similar ﬂuences, in
Si nanowires this only induces a limited amount of amorphization and structural disorder. Moreover, they assert that a fully crystalline structure can be
recovered by thermal annealing at 800 ∘ C. L. Romano et al. reported [95] the
nanoscale manipulation of Ge nanowires by ion irradiation: nanowires exhibit
bending towards the beam during irradiation with 30 keV Ga ions which may
be reversed multiple times by changing the beam direction.
Actually these results are not yet clearly explained and they do not cover
a complete knowledge of the involved mechanisms. This issue is totally unexplored and the aim of this chapter is to shed some light on this important
topic.

4.2

Experimental

The implantation process has been conducted on samples containing silicon
nanowires having three diﬀerent crystallographic orientations, hence forming
three diﬀerent and speciﬁc angles with the substrate. The sample was prepared
evaporating a silicon ﬂuence of 2.5 ⋅ 1018 cm−2 ; the substrate temperature
during the growth was ﬁxed at 510 ∘ C. The perpendicular, (111)-oriented,
nanowires in the sample have a mean length of about 300 nm and the relative
percentage of their density in the sample is of about the 45%. (110)-oriented
nanowires are inclined with respect to the substrate of an angle of 45∘ ; they
have a mean length of about 800 nm and a relative percentage in the sample
of about 15%. (100)-oriented nanowires are inclined too, forming an angle
of 54∘ with the substrate. They have a mean length of about 900 nm and
appear with a relative percentage of about 20%. The absolute density of the
inclined nanowires, both (110)- and (100)-oriented, is about of 6 ⋅ 107 cm−2 .
The measured radius of these nanowires forms a wide Gaussian distribution,
peaked at 49 nm and with a FWHM equal to 16 nm. Moreover, inclined
nanowires are tapered, i.e. their size decreases in a continuous way up to the
maximum length. From a geometrical point of view, they actually have to be
represented by a cone rather than a cylinder.
The germanium ions are accelerated in a direction perpendicular to the
sample, so they impinge on the top of the perpendicular nanowires and on the
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lateral surface of the inclined nanowires in such a way that the beam forms an
angle with the inclined nanowire surface of about 45∘ . Figure 4.1 is a schematic
picture of the implantation process on the inclined nanowires. The blue volume

Figure 4.1: Schematic picture of the implantation process on tapered inclined nanowires.

represents the as deposited nanowire. Ion beam is represented by the arrows:
it impinges on the lateral surface so that the whole length of the nanowire
is exposed to the beam. In order to better understand the eﬀects of the ion
beam onto the nanowires, it is important to gain useful information from the
diﬀerent sizes of the nanowire along its length. We designed the experiment
in such a way that ion beam penetrates on the inclined nanowires with a
speciﬁc projected range which is smaller than the mean nanowire diameter
measured on its base. As a consequence, in the bottom part of the nanowire,
we will damage only the upper and exposed part, while the unexposed one
remains unaﬀected. An interface between amorphous and crystalline regions
will be eventually generated. On the contrary, in the top part of the nanowire
(which corresponds to a diameter equal or smaller than the implanted projected
range) we have a fully amorphized region. The situation is well described by
the ﬁgure 4.1 in which the red volume represents the unaﬀected part of the
nanowire, which remains crystalline. The remaining region is damaged by the
ion irradiation. Moreover, due to the axial symmetry of the structure, the ions
penetrating into the nanowire will pass through their border region, whose
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thickness is smaller than the projected range, while they will stop inside the
nanowire in its central part where the thickness is higher than the projected
range. Further analyses will be made referring to the actual length and size of
the speciﬁc nanowire, and not to the relative mean values.
We conducted a numerical simulation through the TRIM software [96] with
the aim to calculate the energy corresponding to a projected range of about
30 nm (which is about a quarter of the mean base diameter of the nanowires).
The calculation has been performed assuming an angle between the ion beam
and the nanowire surface of 45∘ , as explained before. It should be noted that
the calculation refers to a planar target, so there is not any constrain about the
dimension of the system during the ion collision cascade and surface eﬀects are
not taken into account. The energy which ﬁts these requirements is 45 keV.
As an example, ﬁgure 4.2(a) reports the implanted germanium distribution as
a function of the depth in the case of an implanted ﬂuence of 1 ⋅ 1015 cm−2
and an ion beam energy of 45 keV. The simulation is peaked at ∼ 30 nm as
desired.
It is very important to simulate the damage left by ion implantation, i.e. the
DPA, as a function of the depth. The DPA is a function of the implanted ﬂuence
and we experimentally explored a wide range of ﬂuences, from 1 ⋅ 1013 up to 2.5 ⋅
1015 cm−2 maintaining the samples at room temperature. Figure 4.2(b) reports
the calculated DPA for each implanted ﬂuence as a function of the depth. The
horizontal dashed line is ﬁxed at a value of 0.3 DPA, which is known to be the
threshold above which implantation on silicon substrates induces a complete
amorphization. Note that the three lower ﬂuences correspond to a damage of
the implanted region which actually remains crystalline. 5 ⋅ 1014 cm−2 is the
minimum ﬂuence at which we have amorphization. The maximum amorphous
depth is of about 65 nm, which is about half than the base nanowire mean
diameter. By this way, we are sure to create an amorphous/crystal interface
inside the nanowire. This value is indicated by the vertical dashed line.
Indeed, we varied also the ion beam energy, i.e. changing the projected
range of the beam inside the nanowire. In particular, we performed an irradiation experiment with energy higher than before, 70 keV. According to the
TRIM simulations shown in the ﬁgure 4.3, this process leads the germanium
distribution inside the nanowire peaked at about 60 nm and we obtain the
amorphization of most of the nanowire, up to a depth of about 70 nm.
Moreover, we conducted a particular experiment by implanting Ge ions
having higher energy in such a way that the projected range is well larger
than the mean nanowires diameter. In this case we want to obtain a full
amorphization of the nanowires. With this aim we chose a beam energy of 300
keV. Figure 4.4 shows on the left hand axis (black line) the Ge distribution
and on the right hand axis (red line) the DPA as a function of the depth
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Figure 4.2: (a) Germanium distribution as a function of the depth corresponding to an implanted ﬂuence of 1 ⋅ 1015 cm−2 and an ion beam energy of 45 keV at 45∘ . (b)
Calculated DPA for each investigated implanted ﬂuences as a function of the
depth. The horizontal dashed line is ﬁxed at a value of 0.3 DPA.

corresponding to an implanted ﬂuence of 1 ⋅ 1015 cm−2 and an energy of 300
keV. The horizontal dashed line is ﬁxed at the value of 0.3 DPA again. The
projected range of this implantation process is 150 nm and the calculation
conﬁrms us that the DPA is higher than 0.3 up to a depth of 300 nm, i.e. in
the entire nanowire volume.
The recovery of the damage has been investigated by thermal annealing in
a Carbolite horizontal furnace. The temperature is raised up to the ﬁnal value
with a growing rate of 10 ∘ C/min. During the annealing process a continuous
ﬂux of 𝑁2 at 2 LPM is maintained.
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Figure 4.4: Germanium distribution (left hand axis, black line) and calculated DPA (right
hand axis, red line) as a function of the depth corresponding to an implanted
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The analyses have been conducted by top-view and tilted (at an angle of
65∘ ) SEM images before and after the implantation and the annealing processes
respectively. Gatan Digital Microscope software was used for the statistical
analyses.

4.3

Ion beam damage of nanowires

We studied the damage of the silicon nanowires due to the germanium ion
implantation. With this aim, in this section we report the SEM images and
the subsequent analyses for each implantation ﬂuence.
First of all, we conducted a comparison of the as deposited sample with
the implanted ones. The SEM image shown in ﬁgure 4.5 refers to the as
deposited sample. This image is to be compared with the ﬁgures 4.6 and

Figure 4.5: SEM images of the as deposited sample.

4.7. The ﬁrst one refers to the sample implanted with a ﬂuence of 1 ⋅ 1014
cm−2 . It shows that the nanowires structural features are unaﬀected, i.e. no
modiﬁcation can be observable and the nanowires remain similar to the as
deposited sample. Actually only some rare nanowires show a slight deviation
from the original direction. This description is similar for the two samples
implanted with lower ﬂuences. The eﬀects of the ion beam are vey impressive
in the SEM image reported in ﬁgure 4.7. It refers to the sample implanted with
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Figure 4.6: SEM images of the sample implanted with a ﬂuence of 1 ⋅ 1014 cm−2 .

Figure 4.7: SEM images of the sample implanted with a ﬂuence of 1 ⋅ 1015 cm−2 .

a Ge ﬂuence of 1 ⋅ 1015 cm−2 and it is straightforward to note that almost all
of the nanowires exhibit a bending of their structure. The eﬀects of the ion
beam are very impressive in terms of modiﬁcation of the structural properties
of such nanostructures. The bending of the nanowires is observable in a similar
way also in the samples implanted with the higher ﬂuences.
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It is very strong the connection between the ﬂuence range in which we
observe the nanowires bending and the damage simulation. In fact according
to the TRIM calculation shown in ﬁgure 4.2, an implanted ﬂuence below 1 ⋅
1014 cm−2 corresponds to the lower implanted ﬂuence in which tha DPA inside
the nanowire is above 0.3. It is the case of the sample shown in ﬁgure 4.6.
Indeed the creation of defects on the crystalline structure of the nanowires
does not aﬀect their structural features. Above this ﬂuence threshold, the
calculation predicts that an amorphization of the implanted region is achieved.
In correspondence to the amorphization of the nanowire, the modiﬁcation of
the structural features becomes clearly visible, as reported in ﬁgure 4.7. It
is important to remember that the implanted and amorphized region does
not cover the entire nanowires, because the projected range is smaller than
the mean nanowire diameter, so we have a portion of the nanowires which
remains crystalline. Moreover, in the image shown in the ﬁgure 4.7 there are
perpendicular nanowires with respect to the substrates, i.e. parallel to the ion
beam. After the irradiation, they have an axial structure in which the base
is totally unaﬀected and the top is totally amorphized. Indeed, they do not
show structural modiﬁcations from the impinging ion beam at otherwise the
implanted ﬂuences.
In order to better understand the characteristics of this bending eﬀect, ﬁgure 4.8 shows a magniﬁcation of a bent nanowire in the sample implanted with
a Ge ﬂuence of 2.5 ⋅ 1015 cm−2 . Note that the ion beam impinges perpendicular to the substrate (so forming an angle of about 45∘ with the inclined
nanowires) and in consequence of it the structure of the nanowires is modiﬁed
in such a way that it bends toward the beam. Moreover it should be noted
that only a portion of the nanowire is bent. In fact the bottom part, near to
the base, remains unaﬀected. Then there is a clear critical size at which the
modiﬁcation of the nanowire structure begins.
A complete analysis of the images revealed that the ion beam produces
also other eﬀects. As an example, ﬁgure 4.9 is a SEM image of the sample
implanted with a Ge ﬂuence of 2.5 ⋅ 1015 cm−2 . It is evident, especially after
a comparison of this image with ﬁgure 4.5 representative of the as deposited
sample, that many nanowires are missing in the sample. In fact, note that all
over the substrate we observe the base of the pre-existing nanowires as a proof
of their absence after the irradiation. In other words, the implantation process
not only produces a bending of the nanowires but it destroys some of them
too.
We measured the bent and non-bent nanowire density of each implanted
sample in order to make a quantitative investigation of these two eﬀects. The
graph reported in ﬁgure 4.10 is the result of this analysis. The squared black
points refer to the left hand axis, which reports the measured inclined nanowire

104

Chapter 4. Modiﬁcation of the structural properties of Si NWs

Figure 4.8: Magniﬁcation of a bent nanowire in the sample implanted with a Ge ﬂuence of
2.5 ⋅ 1015 cm−2 .

Figure 4.9: SEM image of the sample implanted with a Ge ﬂuence of 2.5 ⋅ 1015 cm−2 .

density in the sample. The circle red points refer to the right hand axis, which
reports the percentage of bent nanowires in each sample. Data are plotted as a
function of the Ge implanted ﬂuence. First of all we observe that the inclined
nanowires density, i.e. the density of the nanowires which can eventually be
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bent by the ion beam, strongly decreases with increasing the implanted ﬂuence
from a value of about 6 ⋅ 107 cm−2 to about 2 ⋅ 107 cm−2 . It means that after
the highest implanted ﬂuence, only one third of the nanowires are still on the
sample and the remaining nanowires are missing: they have been destroyed
by the ion beam. We can suppose that during the irradiation their structure
is so fragile that they come oﬀ from the substrate. Obviously this process is
proportional to the amount of ion impinging on the nanowires. On the other
hand, red points indicate that in all samples about 70% of the nanowires are
bent. This percentage is relative to the actual density of inclined nanowires
in each sample. In other words, we can assume that the missing nanowires
were both bent and non-bent with ﬁxed percentage. Moreover, it should be
noted that some of the nanowires (about the 30% of the actual density) remain
unaﬀected despite the very high implanted ﬂuences and the violence of the
implantation process.
We conducted also a speciﬁc experiment performing a higher energy irradiation in order to obtain a full amorphization of the nanowires. In fact in this
case, according to the calculation shown in ﬁgure 4.4, the ion beam projected
range is of about 150 nm and the DPA is higher than 0.3 all over the nanowire
size. A SEM image of this sample is shown in ﬁgure 4.11. In this sample we
observe that the nanowires are not particularly aﬀected in their structural features: their direction is the same of the as deposited sample and only in some
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Figure 4.11: SEM images of the sample implanted with a ﬂuence of 1 ⋅ 1015 cm−2 and an
energy of 300 keV.

nanowires (about 30% of the total inclined nanowire density) a slight bending
in the same verse of the beam is observable, contrary to the previous results.
The inclined density of the nanowires after the irradiation is of about 3 ⋅ 107
cm−2 , which is about half of the density in the as deposited sample. Moreover,
this value is smaller than the corresponding value measured in the sample implanted with the same ﬂuence but the energy of 45 keV. In consequence of this
high energy irradiation, an higher number of nanowires is missing.
Hence the bending eﬀect is evident only if an amorphous/crystalline interface along the axial direction of the nanowire is generated in consequence of the
ion implantation. In fact if we have a radial amorphous/crystalline interface
(this is the case of the (111)-oriented nanowires) or if we have a full amorphous
structure, we have not detected modiﬁcations of the nanowires features.

4.3.1

Nanowires bending

The bending of the silicon nanowires after ion implantation is a very intriguing eﬀect and it is necessary to perform a quantitative analysis in order
to gain useful information and to understand the basic physical mechanisms
underlying it.
With this aim, we examined each single bent nanowire and we measured all
its structural features. In particular, we collected for each nanowire a complete
dataset containing its whole length, the length of the unaﬀected portion of the
nanowire (from now on, the unaﬀected length), its radius measured at the
base, the radius measured where the nanowire begins to bend (from now on,
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the bending radius) and the angle 𝜃 formed between the nanowire and the
substrate. Moreover, as shown in the ﬁgure 4.12, the dataset contains other
values directly related to the bending. In fact we measured for each nanowire

Figure 4.12: Magniﬁcation of a bent nanowire and the constructions to measure the values
of 𝜃, 𝜃𝑏𝑒𝑛𝑑 , 𝑟 superimposed to it.

the 𝜃𝑏𝑒𝑛𝑑 , named the bending angle, which is the angle formed between the
substrate and the direction of the bent portion of the nanowire. As an example,
𝜃𝑏𝑒𝑛𝑑 is reported in this ﬁgure for that particular nanowire. Furthermore, we
superimposed a circle to the bent portion of the nanowire and we measured
the radius 𝑟 of the circle which best ﬁts the modiﬁed nanowire. Accordingly,
the bending curvature is deﬁned as the inverse of this radius. Finally, we
measured the absolute density of the nanowires, distinguished in bent and
non-bent nanowires, in each sample.
We measured these values in a lot of nanowires for each implanted sample
in order to get a signiﬁcant statistical analysis. It will allow us to collect much
information which will be presented in the subsequent part of the chapter. In
particular, we will focus only on the samples implanted with a ﬂuence equal
or higher than 5 ⋅ 1014 cm−2 and a beam energy of 45 keV, after which we
observe the bending, and we will neglect the samples implanted at the lower
ﬂuences. Indeed, only the inclined nanowires will be taken into consideration,
due to the absence of modiﬁcations in the perpendicular ones.
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Curvature
We have measured the values of 𝜃𝑏𝑒𝑛𝑑 and 𝑟 of each nanowire in order to
understand how they bend. Figure 4.13 reports a histogram graph relative
to the absolute density of the measured 𝜃𝑏𝑒𝑛𝑑 in the samples implanted with
ﬂuences in the range from 5 ⋅ 1014 to 2.5 ⋅ 1015 cm−2 . Note that the height
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Figure 4.13: Histogram graph relative to the absolute density of the measured 𝜃𝑏𝑒𝑛𝑑 .

of each column represents the measured density of the nanowires having the
corresponding 𝜃𝑏𝑒𝑛𝑑 value. Moreover, the minimum of the x-axis is set to 54∘
which is the maximum observed value for the 𝜃 angle formed between the
nanowire and the substrate. If 𝜃𝑏𝑒𝑛𝑑 is equal to 54∘ it means that the nanowire
is unaﬀected. At higher value of 𝜃𝑏𝑒𝑛𝑑 we can observe a modiﬁcation of the
direction of the tip of the nanowire. The continuous lines represent a Gaussian
ﬁt of the relative data, and we used the ﬁt results to determine the 𝜃𝑏𝑒𝑛𝑑 mean
value for each sample. This value is reported in the graph with fonts coloured
accordingly.
It is very interesting to note that for the lowest ﬂuence at which we observe
bending (5 ⋅ 1014 cm−2 , blue bars), we measure a wide range of possible 𝜃𝑏𝑒𝑛𝑑
from 60∘ to 85∘ . This is a critical ﬂuence value at which the nanowires start to
bend, some of them assuming a very slight modiﬁcation of the direction, others
a clear bending. Anyway, we calculated through the ﬁt a mean value of 80∘
± 14∘ . Afterward, the situation will stabilize soon. In fact at all the higher
implantation ﬂuences the distribution is always centred at around 90∘ . This
result indicates that the bent portion of the nanowire is modiﬁed in order to
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align itself to the direction of the ion beam but in an opposite verse (i.e. the
tip of the nanowire is not headed toward the substrate but opponent to the
incoming ions). It is a very impressive modiﬁcation which can be explained
only assuming that the ion beam produces some structural stresses which can
be override in this conﬁguration only. Actually the ﬁt procedures gives a value
slightly higher than 90∘ and this value seems to increase by increasing the
implantation ﬂuence. It can be ascribed to a slight error in the positioning
of the sample inside the implantation chamber; moreover it could take into
account the fact that the tip of the nanowire is often somewhat wrapped to
form a circle rather than perfectly straight.
Note that the absolute densities of the single column bars relative to the
ﬁrst dataset (the lowest ﬂuence) are low because the distribution is very wide.
On the contrary, the other distributions reﬂect a more uniform situation in
which all samples have the same 𝜃𝑏𝑒𝑛𝑑 : the FWHM of the ﬁts are comparable
and they are equal to the errors during the measurements. The decrease of the
absolute density is due to the missing nanowires in the samples only.
In addition, we measured the bending curvature as a function of the implanted ﬂuence. We observed a diﬀerence in the behaviour of the sample implanted with the ﬂuence of 5 ⋅ 1014 cm−2 and the other samples. In fact the
measured curvature is (8.7 ± 0.7) ⋅ 10−4 nm−1 in the ﬁrst sample, while it
assumes the value of (13 ± 1) ⋅ 10−4 nm−1 for all the other samples despite
the increase of the ﬂuence.
According to these measurements, the critical ﬂuence at which the bending
eﬀect starts to appear corresponds to an intermediate situation in which the
nanowires are moving toward a full alignment to the beam direction but they
are only partially curved. By doubling the implanted dose up to 1 ⋅ 1015 cm−2 ,
the nanowires are full aligned in a direction perpendicular to the substrate and
they reach the maximum achievable curvature. The increase of the implanted
ﬂuence does not aﬀect anymore the structural features of the nanowires.
Length
As described before, the eﬀects of the ion irradiation are visible only into
a portion of the nanowires. In fact we always observed that the bottom part
of the nanowires remains unaﬀected. In order to evaluate this aspect, we
measured the total length of the nanowires and the length of the unaﬀected
portion. It is important to remember that the initial nanowire length before the
implantation has not a sharp distribution, because we have nanowires belonging
to diﬀerent crystallographic orientations and having lengths in a quite wide
range. Despite these diﬀerences among the implanted nanowires, it is striking
to observe a trend in the measured data.
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Figure 4.14 reports the measured unaﬀected length as a function of the
measured total nanowire length for the diﬀerent implanted ﬂuences (with different colours). In particular each point in the graph refers to a single bent
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Figure 4.14: Measured unaﬀected length as a function of the measured total nanowire length
for the diﬀerent implanted ﬂuences.

nanowire in the sample. First of all, it is very impressive that all points show a
clear trend. Moreover, this trend is not depending on the ﬂuence, considering
that data lie in the same part of the graph. In particular, nanowires which
were taller in the as deposited sample maintain a taller unaﬀected region. In
other words, the point at which the nanowires starts to bend depends on the
whole length of the nanowires and it is as distant from the base as tall were the
nanowires. The trend between the length and the unaﬀected length seems to
be linear, so we ﬁtted these data with a linear function thus obtaining a slope
of 0.61 ± 0.01. About 60% of the nanowire length exhibits no modiﬁcations in
the structural features, while the remaining 40% bends in consequence of the
implantation.
Size eﬀect
Another important analysis is relative to the size of the nanowires.
We measured the radius at the base of the nanowires and the radius at the
point at which the nanowire bends. These data are plotted in the graph of ﬁgure
4.15 for the various implanted ﬂuences. Each point represents the measure
on a single nanowire and the diﬀerent colours are relative to the diﬀerent
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Figure 4.15: Bending radius s a function of the radius at the base of the nanowires for the
various implanted ﬂuences.

ﬂuences. The data do not depend on the ﬂuence: in fact all the dataset lie
in the same region of the plot. Moreover, we observe that the bending radius
increases with increasing the nanowire radius. Interestingly, the maximum
bending radius is of about 60 nm (measured in the biggest nanowires). This
value corresponds to the maximum depth at which the implantation process
induces the amorphization, according to the TRIM simulation shown in ﬁgure
4.2.
A more complete analysis of the size eﬀect on the structural modiﬁcations
of the nanowires is oﬀered by the ﬁgure 4.16. The panel (a) of the graph shows
a histogram plot of the absolute density of the bent nanowires as a function of
the base radius. The panel (b) refers to the density of the straight nanowires;
in this panel the size distribution of the nanowires in the as deposited sample is
reported with black bars. The sum between bent and straight nanowires gives
the actual density of the sample after the irradiation. Therefore we calculated
the diﬀerence between the as deposited distribution and the bent and straight
distribution sum to obtain the size distribution of the missing nanowires, i.e.
the nanowires which are no more present in the sample due to a weakening of
their structure during the irradiation itself. The calculated missing distribution
is shown in the panel (c). Data are reported for the diﬀerent implanted ﬂuences
with diﬀerent colours. Continuous lines are the ﬁt of the histograms according
to a Gaussian function to determine the mean size and the FWHM of the
distributions. The results are reported in the table 4.1.
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Figure 4.16: Histogram plots of the absolute density of (a) bent, (b) straight and (c) missing nanowires as a function of the radius. Data are reported for the diﬀerent
implanted ﬂuences with diﬀerent colours. Continuous lines are the ﬁts of the
histograms according to a Gaussian function.

The as deposited sample has a very wide size distribution, comprehending
nanowires having a radius from ∼ 20 to ∼ 100 nm; the mean size is 50 nm.
After the irradiation with a ﬂuence of 5 ⋅ 1014 cm−2 , about 70% of them have
bent and the mean size of the relative distribution is similar, i.e. ∼ 50 nm.
But this distribution is narrower and the biggest nanowires remain straight.
In fact about 30% of nanowire density is observable in the panel (b) with a
mean size of ∼ 80 nm. In other words, the nanowires with the larger radius
are not aﬀected from the ion implantation process. It is reasonable that in
these nanowires the amorphous region is too small with respect to the entire
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implanted ﬂuence (cm−2 )
as deposited
5 ⋅ 1014
1 ⋅ 1015
1.5 ⋅ 1015
2.5 ⋅ 1015

bent (nm)
47 ± 8
34 ± 10
34 ± 9
38 ± 13

113
straight (nm)
49 ± 16
82 ± 26
58 ± 16
41 ± 18
36 ± 7

missing (nm)
56 ± 8
53 ± 9
53 ± 9

Table 4.1: Results of the ﬁtting procedures according to a Gaussian function of the size
distribution histograms reported in the ﬁgure 4.16.

volume to have signiﬁcant eﬀects. Remember that this ﬂuence value is the
one at which we have not reached the ﬁnal structural modiﬁcations yet. By
doubling the implanted ﬂuence, the distribution of the bent nanowires moves
toward the smaller sizes (its mean radius decreases to ∼ 35 nm): the smallest
nanowires remain in the sample and they are bent; the straight nanowires are
always a minor percentage; we calculate a strong density of missing nanowires,
having a mean size of ∼ 60 nm. So, we can identify three classes of nanowires:
the smallest one is bent and survive in the sample; the medium one is missing;
the biggest one remains unaﬀected. We deduce that the bending eﬀect is
observable in small structures only. We know that by further increasing the
implanted ﬂuence, the parameters previously discussed (bending curvature,
𝜃𝑏𝑒𝑛𝑑 , unaﬀected length and bending radius) do not change anymore. As a
further proof, the situation in terms of the size does not change even. In fact
the bent distribution remains centred at ∼ 50 nm, the missing distribution at
∼ 35 nm while the straight nanowires are always a minority.

4.3.2

Role of the beam energy

We performed speciﬁc experiments by varying the ion beam energy in such
a way to modify the projected range of the ions and the position of the amorphous/crystal interface in consequence of it. As explained in the experimental
section, we conducted an irradiation onto the same as deposited sample analyzed before, with an energy of 70 keV and a ﬂuence of 1 ⋅ 1015 cm−2 . According
to the TRIM simulation, in this case the nanowires should be amorphized up to
a depth of about 80 nm. The smallest nanowires will be fully amorphized, while
inside the biggest ones an amorphous/crystalline interface will be created.
Figure 4.17 shows a SEM image of the sample after this irradiation. It
is evident that some nanowires are bent, and they appear aligned to the ion
beam. On the other hand most of the nanowires are straight and a few of
them have bent in the same verse of the beam, i.e. opposite to what we have
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Figure 4.17: SEM image of Si NWs after the irradiation with a beam of 70 keV energy up
to a ﬂuence of 1 ⋅ 1015 cm−2 .

analyzed in this section.
In particular we measured the density of the bent nanowires, obtaining a
value of ∼ 6 ⋅ 106 cm−2 . They represent about the 30% of the total density
of inclined nanowires observed in the sample after the irradiation. Note that
this value is much smaller than the measured one in the sample irradiated
with beam energy of 45 keV. In fact in that case, as reported in ﬁgure 4.10,
we measured a density of bent nanowires of about 3 ⋅ 107 cm−2 , which is a
factor of 6 higher than in the sample described now. Indeed, we know that
a high energy implant, i.e. a complete amorphization of the nanowire, does
not modify the structural features of the nanowires, as described in the ﬁgure
4.11. We can deduce that in this sample only some nanowires, those larger
than ∼ 80 nm, can bend, while the others are completely amorphized and so
they remain straight.
We measured also in this sample the structural features of the bent and
the straight nanowires and in the following of this section we are going to
describe the relative results. In particular data are always compared with the
corresponding data measured in the sample implanted at 45 keV with exactly
the same ﬂuence in order to better understand the role of the beam energy.
Figure 4.18 shows the histogram plots of the value of the bending angle
𝜃𝑏𝑒𝑛𝑑 . Red columns refer to the beam energy of 70 keV, while blue columns to
the energy of 45 keV. Data are ﬁtted through a Gaussian function (continuous
line) and the results of this procedure are reported in the same graph coloured
accordingly. The height of the columns refers to the absolute bent nanowire
density. The diﬀerence between the two samples in terms of density is very
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Figure 4.18: Histogram plots of the value of the bending angle 𝜃𝑏𝑒𝑛𝑑 . Red columns refer to
the beam energy of 70 keV, while blue columns to the energy of 45 keV. Data
are ﬁtted through a Gaussian function (continuous line).

impressive. By increasing the beam energy only a small portion of nanowires
have bent. Indeed, they always move their direction in order to be parallel
to the ion beam. In fact the mean values of the 𝜃𝑏𝑒𝑛𝑑 angles are very similar.
Moreover, we measured the bending curvature of these nanowires and we found
a mean value of (10.5 ± 0.5) ⋅ 10−4 nm−1 . This is slightly smaller than the
corresponding value measured in the sample irradiated with the low energy
beam, and the diﬀerence can be related to the increase of the percentage of the
nanowire length which has bent.
Figure 4.19 reports the scattered data relative to the measured unaﬀected
length as a function of the length of the nanowires. Continuous lines are the
results of a linear ﬁt procedure. Two important outcomes can be obtained
from this graph. First of all, both dataset show a linear trend but with a
diﬀerent slope. In fact according to the linear ﬁt procedure, about 60% of the
length of the nanowire remains unaﬀected after the low energy irradiation. On
the other hand, by increasing the ion beam energy to 70 keV, the unaﬀected
part is decreased and the slope of the linear ﬁt is 0.45, i.e. 55% of the total
length have bent. Moreover, it should be noted that each point in the graph
corresponds to a measured bent nanowire. In this graph we observe that we
have no data corresponding to a length below 400 nm for the energy of 70
keV, while we measured bent nanowires having a smallest length in the other
sample. In fact the shortest nanowires in the sample have the smallest size too.
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Figure 4.19: Scattered data relative to the measured unaﬀected length as a function of the
length of the nanowire. Continuous lines are the results of a linear ﬁt procedure.

These nanowires have been totally amorphized after the irradiation and they
remained straight, so they are missing in this analysis.

4.4

Damage recovery of nanowires

After ion irradiation and amorphization, it is possible to recover the damage till a full recrystallization of the sample through thermal annealing. In
fact amorphous silicon possesses an excess free enthalpy relative to crystalline
silicon, and because of this free energy diﬀerence, thermal energy induces this
transformation. In particular, thermal agitation results in occasional formation of small, ordered arrangements of several atoms within their disordered
surrounding matrix. Through random ﬂuctuations some clusters eventually
become large enough that the bulk free energy gain from adding one more
atom to the cluster exceeds the surface free energy penalty, and the cluster
monotonically grows in size thereafter. This process takes the name of Random Nucleation and Growth (RNG). On the other hand, the conversion of an
amorphous matrix to a single crystal is possible only if there is a template
available to guide the atom arrangement. This process takes the name of Solid
Phase Epitaxy (SPE) and in this case we have a layer-by-layer conversion of
atoms from the amorphous to the crystalline phase. It is governed by a cooperative interfacial bond breaking and local rearrangement. In particular, seeds
responsible for the regrowth have been associated [91] to kinks and structural
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deformation of the amorphous/crystalline interface and rearrangement takes
place along the [11̄0] ledges.
It is very intriguing to investigate if the structural modiﬁcations (the bending) of the nanowires occurring after ion irradiation can be successfully reversed. We selected the sample implanted with an ion beam energy of 45 keV
and a ﬂuence of 1 ⋅ 1015 cm−2 as the reference sample for the subsequent treatments. A SEM image of this sample was shown in the ﬁgure 4.7. According

Figure 4.20: SEM image of the sample implanted with an ion beam energy of 45 keV and a
ﬂuence of 1 ⋅ 1015 cm−2 after an annealing process at 600 ∘ C for 1 hour under
𝑁2 ﬂowing gas.

to the literature [91], SPE is a thermally activated process having, in the case
of amorphous Si thin ﬁlm regrowth, an activation energy of 2.7 eV and a preexponential factor of 3 ⋅ 108 cm/s. Therefore we performed thermal annealing
processes onto the reference sample at the temperatures of 600 ∘ C and 800 ∘ C
for 1 hour under 𝑁2 ﬂowing gas. In the case of planar ﬁlms, at these temperatures the velocity of the interface motion should be 0.98 and 760 nm/s
respectively.
Figure 4.20 reports a SEM image of the reference sample after an annealing
process at 600 ∘ C. The diﬀerences with the image of the same sample before
the treatment (ﬁgure 4.7) is very impressive: most of the bent nanowires are
now straight, thus indicating that a recovery of the structural modiﬁcations
has been obtained. We measured the mean length of the straight nanowires in
these sample. As an example, in the sample annealed at 600 ∘ C we obtained
a value of ∼ 650 nm which is in full agreement with the mean length of the
inclined nanowires in the as deposited sample. This check ensures us that the
straight nanowires which we are measuring have not been broken during the
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annealing, but they actually have bent in consequence of the thermal process
and they got back their original structural features. This result can be referred
to the microscopic damage recovery occurring in consequence of the annealing
treatment.
In the following of this section quantitative analyses of the unbending eﬀects
will be presented.

4.4.1

Nanowires unbending
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We measured the density of the bent and non-bent nanowires in the sample
after the annealing processes in order to investigate which is the percentage of
nanowires which recover their structural modiﬁcations.
Figure 4.21 reports on the left hand scale (black squares) the inclined nanowires density and on the right hand scale (right circles) the percentage of
bent nanowires in each sample as a function of the annealing temperature.
The ﬁrst point is set at room temperature because it refers to the as implanted
sample. Circle red points clearly demonstrate that the percentage of the bent

0
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Figure 4.21: Inclined nanowires density (left hand scale, black squares) and percentage of
bent nanowires (right hand scale, red circles) as a function of the annealing
temperature.

nanowires decreases after the annealing treatments. In particular, in the as
implanted samples about 70% of the nanowires are bent; after the annealing
at 600 ∘ C this number is reduced by about a factor of 2, and it still decreases
with increasing the annealing temperature to become about the 30%. These
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data have to be linked to the squared black points, referring to the absolute
density of the nanowires in the samples. In fact we measured that it remains
constant before and after the treatments. It ensures us that there are not missing nanowires, and in particular that the nanowires that were bent, are still
present in the sample after the annealing but they are straight.
After the annealing processes, more than half of the nanowires in our sample totally recover the damage due to the irradiation. We deduce that the
unbending of the nanowires is related to a phase change of their microscopic
structure, with the achieving of a complete recrystallization according to the
SPE regrowth mechanism.
Curvature
First of all, we focused our attention on the nanowires that are still bent in
the sample after the annealing process, and we measured their structural parameters, in particular the value of the bending angle 𝜃𝑏𝑒𝑛𝑑 and of the bending
curvature.
In the ﬁgure 4.22 we report an histogram graph relative to the measured
𝜃𝑏𝑒𝑛𝑑 . The height of the column represents the absolute density of the nanoas implanted
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Figure 4.22: Histogram graph relative to the measured 𝜃𝑏𝑒𝑛𝑑 . Continuous lines represent the
Gaussian ﬁt of the data to determine their mean values.

wires exhibiting the corresponding angle reported in the abscissa. Continuous
lines represent the Gaussian ﬁt of the data to determine their mean values.
Data are reported for the reference and the annealed samples. Note that this

120

Chapter 4. Modiﬁcation of the structural properties of Si NWs

measure has been performed on the bent nanowires only. It is evident that the
mean values of 𝜃𝑏𝑒𝑛𝑑 are always the same, about 90∘ . As a consequence, the
nanowires remaining bent in the sample are still aligned to the direction of the
ion beam. Indeed, the density of this class of nanowires is strongly reduced as
clearly observed in the graph.
We also measured the bending curvature after the annealing processes, and
in both samples it assumes the value of (13 ± 1) ⋅ 10−4 nm−1 . It remains equal
to the mean value measured in the reference sample.
In conclusion, the nanowires which remained bent in the sample do not
modify their structural properties. Moreover, these data show that the unbending eﬀect is not a continuous process in which nanowires slightly move
from the curved to the original straight direction. On the contrary, it is a
very fast process and after the annealing we observe nanowires that are either
straight or with exactly the same bending modiﬁcation observed before the
treatment.
Size eﬀect
We measured the base radius of both bent and straight nanowires in the
sample to gain information about the size of the recovered nanowires after the
annealing process.
Panel (a) of ﬁgure 4.23 reports the histogram plot of the measured bent
nanowires density as a function of the radius. The as implanted sample is
reported as a reference together with the annealed samples. These data are
complementary to the data shown in panel (b). which refer to the measured
frequency of the radius of the straight nanowires. We ensured that the total density of the nanowires in the sample is constant after the annealing, so
we can calculate the density and the histogram plot of the recovered nanowires. In fact the diﬀerence between the straight nanowires measured on the
annealed samples and the straight nanowires in the reference sample results
in the nanowires that were bent before the annealing and in consequence of it
have recovered. We always checked that the sum between the recovered and
the straight nanowires distribution is equal to the distribution of the reference
sample both in the absolute values of the density and of the shape. Data are
ﬁtted through a Gaussian function to determine the mean size of each distribution, and the best ﬁts are reported in the graph with the continuous lines
coloured according to the column bars. The numerical results of such ﬁtting
procedures are shown in table 4.2.
As described in the previous section, the reference sample contains both
bent and straight nanowires (the ﬁrst one being about the 70% of the total
density of inclined nanowires). The non-bent nanowires are the largest one
(their mean size is about of 60 nm) while the smallest ones, having a mean size
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Figure 4.23: Histogram plot of the (a) bent, (b) straight and (c) recovered nanowires density
as a function of the radius.

annealing temperature (∘ C)
as implanted
600
800

bent (nm)
32 ± 10
39 ± 16
50 ± 13

straight (nm)
58 ± 16
40 ± 13
39 ± 14

recovered (nm)
36 ± 9
35 ± 10

Table 4.2: Mean radius as a results of the ﬁtting procedures of the data plotted in ﬁgure 4.23
through a Gaussian function.

of ∼ 30 nm, modiﬁed their direction. After the annealing at the temperature
of 600 ∘ C we observe that the density of the bent nanowires is strongly reduced
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and the relative mean size increased to ∼ 40 nm. This value slight increases
up to 50 nm for the annealing at the highest temperature, while the density is
further reduced. On the other hand, the density of straight nanowires strongly
increases with increasing the annealing temperature and the corresponding size
distributions after the treatments are always peaked at ∼ 40 nm. As described
before, this distribution actually contains the nanowires that were straight
before the annealing process together with those recovered in consequence of
it. In order to better understand the unbending eﬀect, panel (c) shows only
the recovered nanowires and it is very interesting to note that the mean size
does not change with the annealing temperature. In other words, the recovered
nanowires belong to the same class, and they have a mean size of ∼ 35 nm,
i.e. they are the smallest ones in the sample. The increase of the annealing
temperature induces only an increase of their density, with no change on the
size distribution.
In conclusion, according to the analyses shown in this section, the annealing
treatments cause a recovery of the structure of the nanowires, which can move
toward the original straight shape and direction with a fast process. The
switching of the structure involves about half of the bent nanowires after an
annealing at the temperature of 800 ∘ C, and only the smallest nanowires can
be recovered. The remaining bent nanowires do not show any modiﬁcations of
their structural properties, being their curvature exactly the same than before.

4.5

Discussion

In the previous sections of this chapter we have presented the experimental
results regarding the eﬀects of the ion irradiation on the silicon nanowires. In
particular we implanted our samples with Ge ion beam having diﬀerent energies
and ﬂuences. Moreover we demonstrated that thermal energy is able to restore
the initial nanowires structural features.
One of the main results we have showed is that a complete amorphization
of the nanowires does not aﬀect their structural features. In fact after the ion
implantation with the energy of 300 keV or the energy of 70 keV (considering
in this case the smallest nanowires only), we observe that the nanowires exhibit
the same length and direction than before the irradiation. On the contrary,
whenever we damage till amorphization only a part of the nanowires, forming
an interface with the original crystallographic ordering, we observe that the
bottom part of the nanowire remains unaﬀected while the top part bends.
The percentage of the unaﬀected volume depends on the ion beam energy,
i.e. on the position of the amorphous interface inside the nanowire. In fact
by increasing the energy, the depth position of that interface increases, and
in consequence of it we have observed that the unaﬀected volume decreases,
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as demonstrated by the fact that the measured unaﬀected length decreases.
Finally we have shown that this amorphous/crystalline interface has to be
formed along a direction not perpendicular to the nanowire axis. In fact all
the (111)-oriented nanowires, which are perpendicular to the substrate, have an
axial amorphous/crystalline structure after the irradiation but their structure is
never modiﬁed. It is important to note also that we observed a size dependence
of this bending eﬀect. In fact the largest nanowires remain straight despite the
irradiation, while the eﬀect is very impressive in the nanowires having the
smallest size.
No models are available in literature to comprehend these results because
this topic is totally unexploited. Some works report about anisotropic plastic
deformation of silicon microstructures (pillars 1.8 𝜇m in width) under high energy irradiation of heavy ions (the beam energy was in the order of MeV) [97];
similar deformations have been observed in silica glasses after Xe implantation
with energies as low as 300 keV [98]; density changes and plastic phenomena have been investigated also through wafer curvature measurements during
amorphization of silicon by ion implantation [99]. In general these high energy
implants on bulk or micrometer structures seem to produce some directional
eﬀects. Our investigation is very diﬀerent, because it involves nanometre axial
structures which are crystalline before the irradiation; moreover it is performed
in a much lower energies range. More appropriately, we have to take into account the literature results on the irradiation of silicon planar ﬁlms and in
particular the diﬀerences between the crystalline and the amorphous silicon
materials. It has been demonstrated that ion beam-amorphized Si has a density that is 1.8% lower than that of crystalline Si [100]. It means that the
amorphization corresponds to an excess free volume in the amorphous silicon,
i.e. to its expansion with respect to the crystal. Referring to our experiments,
in the nanowires implanted in such a way to amorphize only partially their
structure, we produce the expansion of the part exposed to the beam. Indeed,
the structure can not expand isotropically because of the strong constrain due
to the crystalline part of the nanowire which remains unmodiﬁed. As a consequence, the structure is compelled to move searching for a new equilibrium
shape which allows a stable position. The nanowire cannot bend in the same
verse of the impinging ions because of this constrain. On the other hand, the
alignment to the ion beam direction allows the nanowire to strongly reduce
the surface area exposed to the beam, achieving a reduction of the internal
stresses.
During the subsequent thermal annealing, the amorphous silicon region
has the possibility to come back crystalline. We observed that the most of the
bent nanowires recover their original structure and direction, thus demonstrating that the damage is reversible. Moreover we have not observed nanowires
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exhibiting a variable bending curvature or forming diﬀerent angles with the
direction of the beam. Either nanowires are straight or they are bent as before
the annealing. This means that either the recrystallization occurs completely
(and nanowires become straight again) or they remain bent at 90∘ (in the direction of the beam). Actually a few nanowires remain bent despite the thermal
process at the temperature of 800 ∘ C. In those nanowires a Random Nucleation and Growth process has taken place. It means that many crystalline
grains are formed in such a way that the structure can deﬁnitely remain bent
and crystalline. Indeed, some evidences reported in literature about silicon
nanocrystals [101] suggests that the activation energy of the crystallization
process are higher in nanostructures with respect to planar thin ﬁlm. So it is
reasonable that they remained amorphous because the crystallization requires
a higher temperature treatment. On the other hand, the Solid Phase Epitaxy
regrowth can be considered the process occurring inside the other nanowires.
According to the literature, it is a very fast process and it needs a crystalline
seed to begin. In our samples, the seed is represented by the crystalline interface inside the nanowire itself, and the atomic crystalline ordering allows
eliminating the diﬀerence in the density between the two parts of the nanowire. It deletes the structural forces and deformations and restores the original
structure and direction of the nanowire.

Summary and perspectives

The aim of this thesis has been the growth, the investigation of the properties and the modiﬁcation of group IV semiconductor nanowires.
Silicon and germanium nanowires have been grown through the VLS mechanism using gold as a catalyst. It forms a low temperature eutectic with both
silicon and germanium (at 363 ∘ C and 361 ∘ C respectively) and for this reason,
contrary to other metals, it is compatible with the industrial processes which
avoid high temperature treatments. The VLS mechanism is a self-assembling
method, which allows to determine the size of the nanowire in the range of
some nanometers accordingly to the size of the catalyst droplets, without the
expensive and time-consuming lithographic processes.
Electron beam evaporation (EBE) has been used to synthesize the nanowires. It is a PVD technique and we adopted it to prepare the catalyst droplets
and to grow the nanowires in the same chamber. EBE is a simply, low-cost and
well-diﬀused technique; we have demonstrated that it is a powerful technique
able to prepare very high quality nanowires. Despite the interest on semiconductor nanowires, the microscopic growth mechanisms were not clear. In
particular EBE was quite unexploited for the growth of such nanostructures.
In this thesis we have demonstrated that despite EBE is a non-UHV technique, it allows us the growth of single crystal silicon or germanium nanowires
on silicon substrates. The use of silicon wafers as substrates is an important
advantage for the integration of the nanowires in the current industrial mainstream. Moreover we have shown that the nanowires have grown with speciﬁc
crystallographic direction with respect to the (111)-oriented substrate. In fact
the growth directions have been identiﬁed by measuring their structural fea-
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tures, such us the tilt angle formed with the substrate or the comparison with a
lattice simulation. It is an important issue due to the dependence of the electrical and optical properties of the nanowires on their crystallographic direction.
Hence, we are able to determine which is the percentage of each direction in
the sample in such a way to design the experimental synthesis conditions according to the desired nanowires features. It is straightforward the possibility
to grow germanium nanowires heteroepitaxially on silicon substrates without
expensive techniques far from the industrial requirements. Moreover, germanium nanowires exhibit a faceted surface with speciﬁc crystallographic planes
corresponding to each speciﬁc growth direction, as a further proof of their high
crystallographic quality.
Besides the microscopic features, the length and the density have been also
investigated with the aim to understand the basic growth mechanism. A model
for the nanowires growth with the EBE technique has been proposed. It takes
into account the competition between three diﬀerent microscopic processes: the
axial growth rate, the growth of a planar layer all over the substrate and the
desorption of the ad-atoms from the substrate during the growth. In particular
the axial growth rate can overcome the planar rate only in a range of speciﬁc
growth temperatures and evaporated ﬂuences. We have investigated in details
the temperature dependence of these processes in order to achieve the desired
length of the nanowires. A comparison between the silicon and the germanium
nanowires growth has been conducted. Similarities and diﬀerences have been
elucidated, and we demonstrated that the kinetic eﬀects are more important
than the thermodynamic conditions for the growth. In particular, silicon and
germanium surface diﬀusivities on silicon are very diﬀerent and it has strong
consequences on the axial growth rate and on the maximum achievable length.
Finally, we have investigated the role of the surface preparation procedure, and
we have shown that any oxygen contamination is detrimental for the possibility
to grow the nanowires. Moreover, we prepared the gold droplets following two
diﬀerent procedures, and we have shown that it inﬂuences the density of the
active droplets able to eﬀectively promote the nanowires growth. The results
of this thesis oﬀer a pathway towards high throughput production.
One of the key steps of the materials processing for the preparation of devices is the introduction of dopant atoms. The most used technique is the
ion implantation, but the eﬀects of the ion irradiation on the structure of the
semiconductor nanowires are still unexploited. We implanted silicon nanowires
with germanium ions at diﬀerent ﬂuences and energies. We have shown that
by implanting the nanowires with ﬂuence able to amorphize part of the nanowires, we observed the bending of a part of the structure. The creation of an
amorphous/crystalline interface inside the nanowires is responsible of a structural stress due to the variation of the amorphous density with respect to the
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crystalline one. In consequence of this condition far from the equilibrium, the
nanowire prefers to bend up to reach an alignment with the ion beam direction.
The depth position of the crystal/amorphous interface can be varied by varying the implantation energy, and in fact we observed that the unaﬀected part
of the nanowires decreases with increasing the ion energy. On the other hand,
after a full amorphization of the structure, we do not observe any structural
modiﬁcation. This analysis is very important because it establishes which is
the maximum implanted ﬂuence at which the structure of the nanowires is not
aﬀected.
Indeed, the structural modiﬁcations are not permanent and a thermal annealing is actually able to recrystallize the nanowire removing the stresses
which cause their bending. In fact after annealing treatments we observe that
the nanowires have moved to the original shape and direction. Thermal energy
can activate some recrystallization processes. It is a further proof that the
presence of an amorphous/crystal interface is responsible of the bending. By
removing this interface, the nanowires come back to the original structure.

Finally, group IV semiconductor nanowires can really become the building
block of the future microelectronic, optoelectronic and sensor devices. The
comprehension of the microscopic growth mechanism, the possibility to control their structural features and in particular the crystallographic growth direction, the understanding of the ion beam eﬀects on such nanostructures can
help to early obtain a complete transition of these systems from the research
laboratories to the every-day devices.
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Oh, how laboriously the new truth was fought for!
What sacriﬁces it cost!
How diﬃcult it was to see
That things were thus and not thus!
With a sigh of relief one day a man entered it in the record of knowledge.
For a long time perhaps it stands there, and many generations
Live with it and regard it as eternal wisdom
And the learned scorn all who are ignorant of it.
And then it may happen that a suspicion arises, for new experience
Makes the established truth open to question.
Doubt spreads
And then one day a man thoughtfully strikes it out
From the record of knowledge.

from In Praise of Doubt
Bertolt Brecht

